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AN EXPERIMENTAL EVALUATION OF THE EFFECT OF HOLE FABRICATION/TREATMENT
TECHNIQUES ON RESIDUAL STRENGTH AND FATIGUE LIFE OF POLYCARBONATE SPECIMENS

WITH HOLES*

Daniel R. Bowman, UDRI
University of Dayton Research Institute

Dayton, Ohio 45469-0110
(513) 229-3018

ABSTRACT

An experimental test program was conducted to evaluate different techniques of fabricating/treating holes
in extruded polycarbonate. This program included surface finish evaluation and tension-tension fatigue and tensile
residual strength testiv- of polycarbonate specimens with open holes. Eight different hole fabrication/treatment
techmiques were developed, including drilling (several variations), step drilling, entry and exit radiusing, solvent
polishing, shot peening, and cold working. The differences in tensile residual strength for the specimens with Boles
was minimal; however, fatigue life varied by as much as a factor of ten between the best technique, cold working,
and the worst, chemical polishing. In addition, limited testing indicated that annealing extruded polycarbonate
decreases fatigue life by elimnating favorable residual surface compressive stresses.

SECTION 1
INTRODUCTION/BACKGROUND

As the usage of engineering plastics increases, the desire for better understanding of the plastic material
behavior increAses. In addition to basic material mechanical properties such as tensile ctrength, tensile modulus,
etc., it is desirable to understand the effect of flaws on material behavior, and to understand joining techniques such
as welding, bonding, and fastening with bolts or rivets. Flaws include inclusions, scratches, machined surfaces,
rough surfaces etc.. Fasteners ace often used ;o join plastics to plastics or other materials. Fasteners requi:e that
holes be made in the plastic. These holes and holes made in the plastic for other reasons are potential failure
locations as they can be thought of as flaws iz e material which result in stress concentrations. One of the uses
of plastics for the USAF is aircraft transparencies, which are typically bolted to the aircraft. These transpareucies
are subject to flight, thermal, and aerodynamic loadings, which independently or in conjunction with chemicais can
cause fatigue cracking at the fastener locations1,2 .

In this effort, testing was conducted to evaluate different techniques of hole fabrication/treatment for
polycrtbonate. While much work in this area has been conducted for metals, essentially no published work exists
fox plastic;.

PROGRAM OBJECTIVE/: :COPE

The objective of this effort was to identify hole fabrication/treatment techniques which had potential for
improving fatigue life, static strength, fracture toughness, and fatigue crack growth properties for polycarbonate.
As par-t of this effort, a number of different hole fabricationltreatment techniques for polycarbonate which had
potential for improving the properties listed above were identified and eight of these identified techniques were
evaluated. hiis evaluation consisted of tensile testing and tension-tension fatigue testing of unflawed dogbone
polycarbonate specimens as we'll as tensile residual strength testing and tension-tension fatigue testing of rectangular
r'pecimens with a hole at the center of the specimen.

* Performed under Air Force Contract F33615-92-C-3402 for the Wright Laboratory, Flight Dynamics Directorate,
Wright-Patterson Air Force Base, Ohio.
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SECTION 3
LITERATURE SEARCH AND INVESTIGATION OF HOLE DRILLING

A literature search was made using the NASA, COMPENDEX, and Chemical Abstracts data bases.
Subject areas included hiole drilling/fabrication techniques and fatigue, fracture, and tensile testing of specimens with
flaws or holes. The majority of the information in the data bases was for metals. Information on
fabricating/treating holes to improve engineering properties for plastics was virtually non-existent. Many of the
concepts which have been used to improve fatigue life, sLatic strength, fracture toughness, and fatigue crack growth
for metals are applicable to plastics.

There are a number of good reviews of fatigue testing of polymers3-6, and there are a number of papers
specifically dealing with fatigue of polycarbonate7"17 . Tayebi and Agrawal studied the effects of stress
concentrations around holes in
polycarbonatelS. They reported significant reductions in effective breaking stress for rectangular bar tensile
specimens with a hole drilled in the center. There is a very large body of data in the literature for fatigue testing
of metals and other materials. A number of techniques have been investigated and reported on for increasing fatigue
life and improving fatigue crack initiation and growth properties for both specimens and engineering systems which
have open holes (not loaded by a lug or fastener) or loaded holes (loaded by a lug or fasteneQ.

There are basically four areas in which efforts to increase service life and strength around holes in
engineering materials can be focused. There four areas are surface finish of the hole, residual stress in hole
vicinity, heat or chemical affected zone in hoie vicinity, and mechanical additions to the hole surface or vicinity such
as bonded patches and washers or bushings. It should be noted that there can be synergistic effects between these
four areas- Surface finish is a function of the hole fabrication/treatment technique and determines flaw size and the
effective stress concentration factor associated with the hole. Typically fatigue life and residual strength are believed
to increase with increased surface smoothness, both for holes and free edges of structural components (see Figure
I for a conceptual example); however, some materials are somewhat insensitive to surface smoothness, and it is
expected that there is a limit beyond which increases in smoothness do not result in great improvements in fatigue
life. An example of the effect of crack length (flaw size) on residual strength, taken from testing of metal
specimens, is shown in Figure 2. It should be noted that surface roughness can be thought of as a crack (or flaw)
of some finite length, such that specimens with different surface roughnesses can be thought of as specimens with
different "crack" lengths. Residual stress may be present in the material prior to fabrication of ihe hole, or it may
be caused by the hole fabrication/treatment technique. TLe heat affected zone is a function of cut' ig tool speed,
feed, and sharpness, as well as post fabrication treatments. The chemical affected zone is a function of the cutting
lubricant or pose fabrication polishing or chemical treatment. Mechanical additions to the hole surface or interior
change the load path through the hole, possibly resulting in a lower stress concentration factor. Table I lists the
specific potential hole fabrication/treatment techniques identified.

Both surface finish and the disturbed or worked state of the hole surface layer are discussed by Forsyth
for metallic specimens with an open hole 19 . For open hole specimens, Jarfall and Magnusson found no correlation
between surface roughness and fatigue performance for holes made with the same machining technique20 . Others
have shown that hole surface roughness features such as rifling (spiral) marks, drill chatter, etc. do not adversely
affect fatigue performance, while axial surface roughness features such as axial scratches and score marks along
the bore of the hole cause early initiation of cracks and reduced fatigue lives, and that surface roughness below a
certain value does not increase fatigue performance 21-23. Similar findings were reported by Noronha et al.; in
addition, they reported significant improvement in fatigue performance of open hole specimens and low load transfer
specimens with improved drilling techniques which included rotation of the drill upon retraction from the hole to
reduce axial scratches; they reported that drilled holes may be slightly better than reamed holes as removal of the
reamer can contribute to axial scratches; and, they reported that op•n holes drilled using non-standard production
techniques behaved only slightly worse than properly drilled holes when tested in fatigue24 . Findings summarized
by Coombe were that for open hole specimens and for interference fit fastener loaded holes, hole quality does not
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affect fatigue life, but for interference fit, interference is critical25 . Mann et al., found no difference in fatigue life
for clearance fit lug loaded holes as a finction of surface finish2 6 .

Fjelstad reported that electrochemical deburring of printed wiring boards can result in rounding of sharp
corners of holes in the board, in turn resulting in lower stress concentrations and increased fatigue life27 .

Adhesive bonding of fasteners or sleeves into holes has been shown to decrease stress concentration and
stress intensity factors and increase fatigue life of lug loaded holes in aluminum specimens, including those which
have all ready cracked2 8-30,

A transverse normal pressure in the vicinity of a hole in sheet molding compound, induced by using a bolt
with washers on each end to create a clamping force, was shown to increase tensile static strength and fatigue life
of an open hole (no load applied to the hole surfaces) specimen31 .

Shewchuk and others reported on a dimpling technique used for sheet metals which cold works the material
in the vicinity of the hole and results in increased fatigue life for fastener joined sheet metal specimens 32' 33 .

There is a significant body of literature dealing with cold working of holes to improve fatigue life and
fatigue crack growth performance. Stress coining techniques were reported by Speakman 34 . Other cold working
techniques are summarized by Phillips and Champoux35-37. A large number of papers deal with specific applications
of coldworking, a sampling of which are referenced herein23, 38 "45 . In addition, significant theoretical treatment of
coidworking has been conducted along with measurement of induced stresses, a sampling of which are referenced
herein46- 56.

Shot peening has been used extensively for automotive and aerospace applications. General summaries of
shot peening with many references have been published by the Society of Automotive Engineers57, and by the Metal
Improvement Company in a trade vublication5 8 . A brief summary of theory and application is included in a
company brochure by Pangborn59 . Shot peening of metal parts is covered by a Military Specification, MIL-S-
13165C 60 .

The most common, basic, and inexpensive technique of fabricating holes in engineering materials is drilling.
As this technique was considered to be the baseline against which other fabrication/treatment techniques would be
mneasuied, a limited investigation of hole drilling as a stand-alone topic was conducted. Based on an evaluation of
hole drilling and machining techniques for polycarbonate by TJDRI61 and on work conducted at UTDRI in the
development of a technique for measuring residual strain in plastics using the strain gage hole drilling technique 62,
the standard twist drill was chosen as the technique for producing all holes in the test specimens. Figure 3,
reproduced from Reference 62, shows induced machining strain in cast acrylic for a standard twist drill, a carbide
cutter, a lubricated carbide cutter, a relieved end mill, and a high speed carbide cutter. The induced strain caused
by drilling a hole with a standard drill was 4 to 200 times smaller for the standard twist drill than for the other types
of tools. While multiple drill tools and machining tools exist, evaluation of these was beyond the scope of this
program.

Prior to drilling holes in each of the specimens, a brief evaluation of the effect of hole drilling parameters
on inauced residual stress was conducted. A matrix of holes were drilled in a ten inch square blank of
polycarbonate, with feed rate/RPM combinations including feed rates of 0.0015, 0.003, and 0.006 inches per
revolution and tool speeds between 50 and 2500 RPM. The holes were drilled in a Bridgeport vertical milling
machine. The procedure was as follows: the holes were initiated with a No. 3 centering drill and then a new 0.250-
inch high speed drill, general purpose, manufactured by Ceveland Drill Company was used in the machine with
constant RPM and constant automatic feel. After allowing the blank of material to relax for 24 hours, stress in the
vicinity of the holes was estimated by viewing the vicinity of the hole using polarized sheets on the front and back
of the specimen. Fringe orders were counted and stress was calculated using a fringe order constant of 150 psi.
The lowest induced stress was for specimens drilled at the lowest tool speed; no gross differences in residual stress
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were discemable between the different feed rates. The effect of tool speed on residual stress is shown in Figure
4 and Table 2.

SECTION 4
CHOICE AND DESCRIPTION OF HOLE FABRICATION/TREATMENT TECHNIQUES

The techniques chosen for evaluation are discussed below. These techniques cover a broad spectrum of
the potential techniques from Table 1. Many of the techniques shown in Table 1 were considered to be too exotic
and expensive for this program, or not suited for plastics.

Hole fabrication/treatment techniques chosen for evaluation in this program are as follows:

[Notes: All holes were started with a centering drill except those drilled by PPG, and a new drill bit was used for
each different group of holes except as noted.]

Group 1. Holes were drilled in a Bridgeport vertical milling machine with a constant speed of 60 RPM
and a constant feed rate of 0.0015 inches/revolution, using a new 0.250 inch general purpose high speed steel
standard twist drill from Cleveland Drill Company. This technique represented the highest quality most controlled
single step production of holes. The shape of the standard twist drill evolved over the early history of machining
of materials, and has remained essentially unchanged for many years.

Group 2. Holes were step drilled with technique 1 using a new 0.242 inch drill first and then a new 0.250
inch drill. Step drilling decreases the amourc of material which must be removed with each cut, which, irn turn,
reduces the heat affected zone surrounding the hole.

Group 3. Holes were drilled using technique 1, then the entry and exit comers of the hole were radiused
with a modified counter sink which had a ii32 inch radius and a 0.250 inch pilot mounted in a drill press with a
stop counter sink to control deptb of cut and run at approximately 200 rpm with manual feed. The surfaces of the
holes were shot peened by Metal Improvement Inc. with various shot sizes ond intensities as shown in Table 3.
Shot peening can be used to relieve residual stresses, or to impart compressive residual stresses which tend to retard
ciack initiation and crack growth. The entry and exit comers of the hole were radiused to allow shot peening of
the hole comers.

Group 4. Holes were drilled by PPG Industries, using a new 0.250 inch general purpose high speed steel
standad twist drill and a proprietary hole drilling technique which they have developed specifically for drilling
polycarboLate aircraft transparencies. They have reported a substantial increase in birdstrike resistance of F-111
ADBIRT windshield transparencies with this technique over standard hole drilling techniques.

Group 5. Holes were drilled using technique 1, and were then polished by inserting a cotton swab soaked
in toluene into the L Ae and rotating the swab five times, and then inserting the swab into the hole from the other
side and rotating the swab five times. Chemical polishing techniques poteutially could be used to reduce burrs and
minor surface irregularities at minimal cost. Solvents can be used to polish the suiface by dissolving burrs and
softening the surface material, allowing irregularities to be smoothed out. Care must be taken not to contaminate
the specimens and not to apply the chemicals to specimens with high residual stresses, as crazing would result. A
number of candidate chemicals were identified as possible choices for polishing the holes. These candidates
included THF, MEK, acetone, methylene chloride, and toluene. Dichloro-Methane was used to solvent polish
machined edges in Reference 61 in an attempt to increase craze resistance of the machined edge. No noticeable i
improvement in solvent resistance was detected, however the edges did become glassy smooth. Polycarbonate is
at least partially soluble in all of these chemicals.

Group 6. Holes were drilled using technique 1, then cold worked using the setup shown in Figure 5 by
pushing a vaseline lubricated 0.2812 inch diameter tapered pin through the hole. Some developmental work was
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conducted to choose an appropriate amount of interference (12.5 % was chosen), but no effort was made to optimize,
the interference. Interferences of 2 to 4 % are common for aircraft grade aluminums, where the yield strain is on
the order of 0.5 %. For polycarbonate the actual yield strain is defined in different ways by different people.
Herein it is defined as the strain which corresponds to the yield stress, where the yield siress is the first stress peak
in the stress strain curve. For static strain rates, the nomintl yield stress for polycarbonate is 9500 psi and the
corresponding yield strain is 8 %. Cold working is one of the most promising techniques and has been studied
extensively for metals. Cold working results in compressive stresses at the surfaces of the hole, which tend to
retard crack initiation and crack growth.

Group 7. Holes were drilled using technique 1, then the entry and exit comers of the hole were radiused
with a modified coun.er sink which had a 1/32 inch radius and a 0.250 inch pilot mounted in a drill press with a
stop counter sink to control depth of cut and run at approximately 200 rpm with manual feed. Sharp comers are
generally associated with high stress concentrations. Removing the sharp corners by radiusing the hole entry and
exit reduces the stress concentration at these locations.

Group 8. Holes were drilled manually using a 0.250 inch general purpose high speed steel standard twist
drill from the machinist's tool box with a high speed air drill at a nominal speed of 3640 RPM. This technique was
considered representative of typical field or shop drilling of holes by band. Hand drilling with the standard twist
drill is the most basic and inexpensive technique for producing holes in plastics.

Extruded polycarbonate sheet has residual compressive stresses at the surface which may result in an
increase in various engineering properties such as fatigue, fatigue crack growth, fracture toughness, and toughness
during tensile testing. These residual stresses can be removed by annealing the polycarbonate. It is well established
that thermal history affects many properties of polycarbonate63 "78; yield strength increases with annealing, and
toughness (or elongation) decreases, The majority of the test specimens from this program were fabricated directly
from the extruded sheet with no additional theimal treatment; however, a number of tensile dogbone specimens and
several specimens with holes were annealed as per the thermal profile shown in Figure 6, to evaluate the effect of
annealing on tensile fatigue properties.

SECTION 5
TEST ARTICLE, SPECIMEN FABRICATION DESCRIPTION, AND TEST MATRIX

The material used for all testing conducted in this program was removed from a single 86 inch x 86 inch
x 0.25 inch sheet of aircraft grade polycarbonate Tuffak sheet manufactured by Rohm and Haas to meet Mil-P-
83310. The polycarbonate molecular weight of two samples from the sheet were characterized by UDRI; sample
1: M. = 15166, M, = 31008, Mz = 48908; sample 2: Mn = 16132, M, = 31299, M4 = 48184. The material
was subjected to no special conditioning except as noted in Section 4 for annealed specimens. The tensile dogbone
specimen designs used are shown in Figures 7-10. At certain stress levels, the tensile dogbone specimens
consistently failed outside of the gage length during fatigue testing. Initially specimen design was thought to play
a role in the failure outside the gage section, and several designs were tested with no change in the failure mode
(failure was still consistently outside the gage section at certain stress levels). A more complete discusaion of this
phenomenon is included in Section 8. The specimen design for the rectangular specimens with holes is shown in
Figure 11. The specimens were fabricated in the UDRI experimental fabrication shop. The specimens were
blanked out using a bandsaw. The dogbone specimens were fabricated one at a time sidecutting with an 1/2 to 3/4
inch end mill at 800-1000 rpm with hand feed. For the specimens with holes, stacks of four were cut with a 1 and
1/4 inch diameter fly cutter at 1200 rpm, with a table speed of 2-4 inche,/minute, The holes were produced as
described in Section 4. The test matrix is shown in Table 4.

SECTION 6
DOCUMENTATION OF HOLE SURI ACE FINISH

Surface roughness measurements were made using one specimen from each group (typically the 21st
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specimen produced). For the shot peened specimens, the surface roughness was characterized for only the Group
3.1 specimens, as sufficient specimens were not available for the other specimens shot peened using different
conditions. Circumferential surface roughness measurements were made ciunumferentially around the hole surface
at approximately half the depth of the hole, and axial surface roughness measurements were made along four lines
separated by 90 degrees parallel to the axis of the hole. Measurements were made at the Giddings and Lewis
Company Eli Whitney Metrology Laboratory using a Sheffield Indicorder Spectre. The iole surface roughnesses
are summarized in Tables 5 and 6. For a more complete discussion of the parameters memaere<, see Reference 79.
It should be noted that the circumferential surface roughness (which detects axial surface feat -.-A is probably the
most important measurement, since axial features (such as scratches caused by removing th dr.lliP3 tool) reportedly
influence crack initiation and fatigue life. This agrees with intuition as cracks tend to be purely axial, that is, they
are parallel to the thickness dimension of the material. Axial surface roughness (which detects circumferential
features) has less of an effect on fatigue life and crack initiation, as these features are perpendicular to tht axis of
the cracks.

In terms of circumferential surface roughness, Groups 6, 2, and 1 have the lowest roughness averages, R.,
of 10, 12, and 12 microinches respectively; followed by groups 4, 5, and 7 for which R, is 35, 40, and 58
microinches respectively; the roughest holes are from Group 8 with RN = 110 microinches, and Group 3 with R,
S142 microinches. Group 6 holes were cold worked by pushing a vaseline lubricated tapered oversize pin through
the hole. This apparently provides a polishing effect resulting in a slightly better surface finish than the drilled hole
alone. Group 2 holes were the step drilled holes. The surface finish of these holes is nearly indistinguishable from
the surface finish of the Group 1 holes which were drilled in one step. Group 4 holes were drilled by PPG
Industries. Group 5 holes were the same as group 1 except they were polished with toluene. This polishing did
not result in better surface finish; in fact the surface finish of the toluene polished holes was worse than the surface
finish of the unpolished holes. Group 7 holes were the same as Group 1 holes except that the entry and exit of the
holes was radiused. For reasons unknowin, the surface finish of the Group 7 holes is not nearly as good as that of
the Group I holes. They should have been very similar. Group 8 holes were hand drilled with a used drill bit
which explains the higher surface roughness. Group 3 holes were the same as Group 7 except they were also shot
peen--- , resulting in the highe-st surace roughness of an.y of th. holes.

SECTION 7
TEST SETUP AND METHODS

Special grips were made for this testing and are shown in Figure 12. The shoulder bolts used in the
specimens grips were torqued to 40 foot pounds. A special fixture was used to align the specimens in the grips.
The grip design was marginal in terms of grip area for the tensile residual strength specimens with holes, as a
number of those specimens failed in the grip. No problems with the grips were experienced with the fatigue testing.
The testing was conducted with MTS test machines. A displacement rate of 2 inches/minute was used for the tensile
testing, and the tensile fatigue tests were conducted at 2 Hz. The ratio of the minimum load to the maximum load
was 0.10 (no compression).

SECTION 8
TEST RESULTS/DISCUSSION

The results of the residual strength tfsting of the tensile dogbone specimens and ihe rectangular specimens
with holes are shown in Table 7. Typical stress-stra .a curves for the dogbone specimens are shown in Figrie 13.
Typical load displacement curves for th,; rmctangular specimens are shown in Figure 14. hI contrast with Tayebi
and Agrawal18, the reduction in effective breaking stress was minimal for the tensile/residual strength specimens.
Elongation was markedly reduced for specimens with holes. There was minimal variation in tensile residual strength
between the hole designs. No tensile residual strength testing was conducted for Group 3 and 8 specimens. Group
3 specimens were not tested as there were only a limited number available, and those were dedicated to fatigue
testing. Hand drilling (Group 8) was chosen late in the program and there was not sufficient time to conduct tensile
residual strength testing of these specimens.
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The results of the fatigue testing are sunmnarized in Tables 8, 9, and 10. A composite plot of all of the
fatigue data is shown in Figure 15. Plots for each of the individual specimen designs are shown in Figures 16-24.
The maximum stress reported on the tables and graphs is gross stress, not net stress.

Fatigue testing of the dogbone specimens produced some unusual results in the 8.5 ksi down to the 5.5 ksi
region. In this region, the life (cycles to failure) is nearly constant and may even be slightly shorter for some of
the lower stresses. In addition, the majority of the specimens in this region did not fail in the gage length. The
shape of the S-N curve for the dogbone specimens is similar to those reported for polycarbonate from References
14 and 16. It was suspected that the cause of the unusual shape of the S-N carve and the failures outside of the
gage length for the dogbone specimens was residual surface compressive stresses which were caused by the
extrusion process. Cracks tended to initiate at the specimen edges and propagate within the specimen. Cracks
which initiated at a comer also tended to propagate within the specimen and were retarded at the surface (indicating
significant residual surface compressive stresses). A limited number of specimens were annealed and tested. As
was expected, annealing resulted in shorter fatigue lives, the vertical portion of the S-N curve disappeared, and the
specimens all failed within the gage length.

The hole fabrication/treatment techniques evaluated in this program are listed below in order of fatigue
performance, with the high cycle fatigue at 1.25 ksi maximum stress as the criteria, and the best technique listed
first.

(1) Group 6 - Cold working
(2) Group 2 - Step drilling
(3) Group 1 - Drilling with new drill, one step
(4) Group 4 - PPG Hole Drilling
(5) Group 8 - Hand drilling
(6) Grour 7 - Radiused entry and exit
(7) Group 5 - Polishing with toluene

Group 3, the shot peened holes, are not included as no specimens were tested at 1.25 ksi. Group 3 would
most likely perform similarly to Groups 1, 4, and 8. Examination of the shot peened results in Table 10 indicates
that higher intensities and pressures may result in better fatigue performance. Higher intensities and pressures
would be expected to result in higher and/or deeper induced residual stress in the vicinity of the hole. The results
of the fatigue testing of shot peened specimens seems to indicate that at low pressures and intensities, shot peening
results in some degradation due to roughening of the hole surface. With increased pressure and intensities, this
roughening increases with minimal cold working, resulting in continued decrease cf fatigue properties. Eventually,
this trend changes and fatigue life starts to improve with increased pressure and intensity as the induced favorable
residual comprest :ve stresses start to overcome the degradation induced by increased surface roughness. In addition,
surface roughness most likely peaks out a some point, and does not increase with additional shot peening (this is
o. 1,,-stha-;.- hooa e, oh. o•nachni' or a pe| n .. ;tb thb hltot-na,, ^f nlacetec anti n% tecti-n a --as condhrtuA e n thie

program to confirm this). Group 7, with radiused hole entry and exit, did not perform well, it appears that removal
of the extra material to create the radius decreases fatigue life. Polishing with toluene, as with group 5, did not
perform welil. Careful hole drilling appears to be a much safer way of obtaining good surface finish than chemical
polishing after drilling. Based on thez;e test results, a carefully machined hole which is cold worked, Group 6, has
a fatigue life of 2 to as much as 6 times the fatigue life of a hand drilled hole. This represents a considerable
improvement.

It is important to note that depending on the stress level chosen to evaluate the different techniques, the
ranking would change. None of the techniques chosen were optimized, and optimization could easily change the
ranking. Also, testing more specimens at each stress level would result in improved definition of individual S-N
curves, resulting in more exact discrimination between different hole fabrication/treatment techniques.

The effects of surface finish on fatigue life can not easily be discerned from this testing. As noted in
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Section 3, surface finish is only one factor influencing fatigue, residual strength, etc. The hole fabrication/treatment
techniques evaluated in this report did not concentr,4tp. on surface finish alone. Comparing specimen groups with
drilled holes (and no other post-fabrication treatment), Groups 2, 1, 4, and 8 have increasing surfdce roughness,
with Group 2 holes being the smoothest and Group 8 the roughest, and Groups 2, 1, 4, and 8 have decreasing
fatigue life, with Group 2 having the longest lives, aad Group 8 the shortest. There does appear to be a correlation
betwoee surface roughness and fatigue life for specimens which were drilled (with no other post-fabrication
treatment), with the smoother holes having the longest lives.

SECTION 9
CONCLUSIONS/SUMMARY

A number of different potential hole fabrication/treatment techniques were identified. Eight of these were
chosen for tensile residual strength and tensile-tensile fatigue evaluation in this program. The differences in tensile
residual strength for the specimens with holes were minimal. While no attempt was made to optimize the bole
fabrication/treatment techniques, there was a fair amount of spread in fatigue performance for the techniques chosen
for evaluation. Fatigue life varied by as much as a factor of 10 between the best technique, cold working, and the
worst, chemical polishing. In addition to cold working, optimized hole drilling a-,d shot peening also show promise
for improvements in fatigue life. Based on limited testing, there is a correlation between surface roughness and
fatigue life for specimens which were drilled (with no other post-fabrication treatment), with smoother holes having
longer lives.

It should be noted that the results of this program apply to extruded polycarbonate and open (unloaded)
holes. Indications are, from the limited number of annealed specimens which were tested, that annealing decreases
fatigue life by eliminating favorable residual surface compressive-: stresses. The effect of annealing on tensile
residual strength was not evaluated in this program; annealing rjayht r,-sult in greater differences in residual strength
between the different hole fabrication/treatments. Also, specirleDF with lug-loaded holes may show marked
differences from the results reported herein. Evaluation of some of the parameters affecting hole performance,
evaluation of the hole fabrication/treatment techniques identified herein for lug-loaded holes, optimization of some
of the techniques identified herein for open holes, and evaluation of some of the identified candidate techniques for
improving hole performance (which were not chosen for evaluation in this program) are areas for additional
research.
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Table 1, Potential Hole Fabrication and Treatment Techniques.
HOLE FABRICATION TECHNIQUES:

1. Standard Twist Drill
2. End Mill
3. Boring Bar
4. Drills, Mills, and Boring Bars with Various Geometries and Materials
5. •'Cep Drill with (1) through (4)
6. Methods (1) through (5) with Coolants
7. Standard Drill, then Ream
8. Ultrasonic Hole Drilling
9. Water Jet Cutter a
10. Laser Cutter
11. Electric Discharge Machining (EDM)
12. Methods (1) through (11) with Radiused Entry and Exit
13. PPG Hole Drilling Technique

HOLE TREATMENT TECHNIQUES:

1. Mechanical Polish
2. Chemical Polish
3. Anneal Specimen
4. Quench Specimen
5. Cold Work

Tapered Pin with or without Bushing
Ballizing

6. Stress Coining
7. Shot Peening
8. Dimpling
9. Interference Fit Bushing
10. Polymer Coating

Table 2. Approximate Maximum Tangential Stress (PSI) Induced by Drilling 1/4 Inch
Polycarbonate Sheet With a 0.250 Inch Drill Bit as a Function of Drilling Parameters.

RPM 50 100 250 500W 1000 1500 2000 2500
SPEED (FPf,) 3.3 6.3 15.8 31.5 63 95 130 160

FEED (INIREV)

0.006 o 75 125 200 300 400 400 . 400

o0.0_ ; 75 1125 0 3W 400 40 4M

00015 so 75 125 200 300 400 400 400

Table 3. Shot Peening Data.
SHOT SIZE MI-70-H MI-70-. IMI70-H MI- 170-H MI-170-H MI-170-H MI-170-H MI-170-H MI-170-H
AIR PRESSURE (PSI) 10 20 70 5 1 10 205 30 40 80
ALMEN INTENSITY 4.4N- 7.4N 7.4A' 2.ON 4.6N,' 87N 4.3A 5.2A 7.5A
GFYUP NUMBER 3.6 3.8 3.1 3.5 3.3 L-3.2 I 3.9 I 3 I -]

*MEASUREMENT UNCERTAIN

SHOT PEENING CONDUCTED BY METAL IMPROVEMENT COMPANY, CINCINNATI DIVISION _
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TABLE 4

TEST MATRIX

TEST HOLE DESIGN GROUP NUMBER
WITHOUT
HOLE #1 #2 #3 #4 #5 #6 #7 #3

FATIGUE 45 16 17 25 17 17 14 14 18

TENSILE/ 13 3 3 0 3 3 3 3 4
RESIDUAL STRENGTH

SURFACE FEATURES/ 1 1
ROUGHNESS

TOTAL 226

Table 5. Summary of Hole Circumferential Surface Roughness Measurements.

MEASUREMENTI GROUP 11GROUP 21GROUP 3JU1 ROU 51OUP6GROU GR UP
12 12 1421 351 .4° 110,

H1 11: Wk I D 9 -w I 14U
Rz 58 55 257 82 90 - -330 3112
Rim 75 78 702 185 205 62 413 555
R " 15 15 185 ,50 52 12 80 142

7p . . .F 0 - 510 138 170 38 356 430
Rv -48 - -43Y - -- -T7U -52 -197 -410

-R_5001 500 4400 1700 1600 500 1900 3700

NOTES:
ALL MEASUREMENTS REPORTED IN MICROINCHES
CIRCUMFERENTIAL MEASUREMENTS MADE AT HALF THE HOLE DEPTH

KEY:
Ra - ARITHMETIC AVERAGE ROUGHNESS HEIGHT
Nt - MAXIMUM ROUGHNESS HEIGHT IN FIVE CUTOFFS
Rz , MAXIMUM ROUGHNESS HEIGHT IN ONE CUTOFF
Rim - MEAN "RI
Rq - RMS (ROOT MEAN SQUARE) AVERAGE ROUGHNESS HEIGHT
Rp - MAXIMUM PEAK HEIGHT IN ONE CUTOFF
Rv a MAXIMUM VALLEY HEIGHT IN ONE CUTOFF
Rsm AND Riq ARE ROUGHNESS SPACING PARAMETERS FOR KEY FEATURES
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TABLE 7
TENSILE RESIDUAL STRENGTH TEST RESULTS

- m
HOLE AVERAGE NET FAILURE STANDARD AVERAGE GROSS FAILURE STANDARD
DESIGN STRESS (KSI} DEVLATION STRESS (KSI) DEVATION

NO HOLE* 9.68 0.12 9.68 0.12

ANNEALED 10.7 10.7

#1 9.57 0.06 7.98 0.05

#2 9.57 0.07 7.98 0.06

#3 NO SPECIMENS
TESTED

#4 9.46 0.07 7.9 0.16

25 9.48 0.09 7.9 0.07

#6 9.48 0.04 7.9 0.03

1? 9.5 0.05 7.92 0.06

#8 9.59 0.02 7.99 0.02

[.NNEALED 10.28 8.57 j

"YIELD STRESS REPORTED FOR .PECIMENS WViToiOUT HOLES
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TABLE 8
FATIGUE LIFE (CYCLES TO FAILURE) FOR DOGBONE SPECIMENS

MAXIMUM ST s G TROUP A GROUP B GROUP 9(KSI) .. .

9.60 50 -
9.50 55
9.50 ANNEALED 2492
9.25 167
9.00 179 294 406

1 _328
9.00 ANNEALED 2599 2092
8.75 562

381 613
8.75 ANNEALED 2126
8.60 23519
8.50 34497

24955
8.40 ANNEALED 2989 2620 1896

1592 2723
CJAt nJULAJ IQ I A I[ - - ~~~27948 __ _ _ _ _ _

8.00 ANNEALED 2450 2 -2512
8.00 26229 26357 6559

17462 13632
"-7.5 22650 24984
7.00 14788 22943 8745
6.50 ANNEALED 5972
6.00 19909 )48
5W 200_,2,95550 ____ 21948 ___- _ 20335
5•.00 l•//, .. _ 36885
5.00 ANNEALED 14352 .....
4.50 31784 -_-_-
4.00 - 50749 53979
3.50 77559
3.50 ANNEALED 46441
3.25 52052

121811 ,_ _____
=3.00 10'219773*

* DID NOT FAIL
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TABLE9
FA7.GUE LIFE (CYCLES TO FAILURE) FOR SiECL4ESS WA•TrH HOLES

MAIMJ~~L~~h)U1 OU QUP 3.1 GROIf ir G 41 ,~

(KSI)-

_5 6-,
7.25 61 5.4 59 .. . ..

7.oo ,o1 ,..g .)7
117 I 127 111 52- 941 9•

-" 0 30 5-- 171---- 9556  21 0 3-66 i 246.oo "-T• -l'--3Y- 48,9
6.00 1243 9715, 94 503 .11 f2 4

-_ _ _ 1128 4 1081 ___ 85 869 j 2454 618
5.75 _ __ 1 ___5.53 E2"T-27

S.00 279 124-K127 7540 11418 W859 13558 8242
.0_ 15401 17378 C*694 70.?-S 13928 13258

.u ANNEAL- . . . 4791
4.00I 2849T7 .-259i 26253 "-4- 8981 50223 19665 *658

4?6379 1 25416 _L12999 34167 884W 55530" 32448
[4.- _____464-F 26163.50 - .I 24584

3.25 ] __]___18602

w 32754 26707 T 70003 3:5,63 9843 141096 24458 18019
__ _33-) 288991 286( 56994 13097 108904 19940

4469$ 35347 )3597 83374 17901 237339 41913 34749
55041. 31P42, 42919 16317 209995 34949

- "1TrTI 35F40 2/e69 20706
_ 120294

1.75 _ _ __53007
1.6"J•- ___�_ _I__!87199

1 1 c~~~,on flrrtfn .,r,------ - --
3E3_ _ _ O 17_ 09 C09 I _ _0 __4I 251978 122455

_ _858_5 
I II 

_ _ _ I _ _ _
- ___. ____"" ._J858350"] _____ 713271-- I1

" DID NOT FAIL THROUGH HOLE
"DID NOT FAIL
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PENETRATION AND SURFACE SPALLING DUE TO HYPERVELOCITY
IMPACT INTO FUSED SILICA GLASS

K. Edelstein
NASA/Johnson Space Center

M. L.. Fudgc;
Ku.nian Sciences Corporation
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Penetration and Surface Spalling due to Hpgervelocily Impact Into Fused
Silica Glass

Karen S. Edelstein
NASA/JSC

Michael L Fudge
Kaman Sciences Corporation

The principal author has conducted research at the Johnson Space
Center concerning the response of fused silica glass to hypervelocity impact
damage. The data collected in this research was compared to previously pub-
lished penetration equations for fused silica and theoretical penetration equa-
tions for general materials. Also, the co-author along with the principal
author has developed a new relationship between the diameter of the front
surface spall and the momentum of the impact. These data and equations are
being used in an effort to further understand the effect of such impacts on the
residual strength of the fused silica target.

Of the penetration equations used for comparison in this research, one

somewhat useful in bracketing the test data. The spall-momentum relation-
ship, when compared to the available penetration equations, provides the best
predictor of impact parameters given the dimensions of the crater and span.

The presentation will show examples of the penetration equations and
the test data. The spall-momentum relationship will be shown also. Examples
of how these relationships might be used to examine Shuttle window damage
will be given.

Pc Crater depth, penetration depth; also P
ri_ PrOierrilp ditrn pt~

VP Projectile velocity
Pp Projectile density
Cv Specific heat at constant volume
K Bulk modulus

Since the beginning of the manned space program in this country,
space craft have included windows. Beginning with the Apollo program, re-
searchers investigated a windows' ability to withstand orbital impact from mi-
crometeoroids. This ability has been a requirement from the start of the Space
Shuttle Orbiter des"gn.

In 1984, a window from STS-7 was removed and replaced because of dam-
age from such an impact. When the glass was cored and examined under a
scanning electron -nicroscope (SEM), the source of the damage was identified
not as a micrometeoroid, but as a very sruall piece of white paint -- space de-

676



bris, in orbit not by natural means but as the detritus of global space pro-
grams. The problei of man-made debris in low-earth orbit has since become
an important topic of discussion in the space business, triggering interna-
tional treaties, Shuttle avoidance maneuvers, and possibly some satellite
failures.

Although window replacement was an expected part of the Shuttle's
reusability, and has been done many times over the life of the Shuttle pro-
gram for impact damage and for other reasons, the original design only con-

s sidered the natural environment. Of course, our experience includes both the
meteoroids and man-made debris. The attrition rate of windows is not a safety
concern, but considering that NASA plans to fly this vehicle into at least the
near future, there is a renewed effort to understand the orbital environment
and its effect on Shuttle components like the windows. Cost saving are a majo;
motivation for this effort.

The current research was undertaken i an attempt to reduce the re-
placement rate for Shuttle windows. In the whole Shuttle program, through
STS-57, 36 windows have bee.7 replaced at a rate of about one window for every
ten mission days. Figure 1 shows how the replacement rate has varied since
STS-1. The decision to replace or retain a damaged window is based on an anal-
ysis that considers the depth of the damage, the stress environment the win-
dow pane must endure, and the life required of that window. This analysis
technique was developed along with the design of the windows and is ex-
tremely conservative.

Orbiter WiMdow Replacenwnt Rae

0.12

0.1
E 0,08 Predicted

G 0.06 Averagecc I
0 . 0.04 - Actual rate

0.02

0 I

0 100 200 300 400

Days in Orbit through STS-56

Figure 1

The objectives of this research are to defime a new technique for de-
termining when a window should be replaced, and to improve the existing
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penetration equations by broadening the database for hypervelocity impact
into glass targets. The current paper will address only the penetration equa-
tion part of this research effort.

The literature concerning hypervelocity impact penetration of fused
silica targets contains two penetration equations. Burton Cour-Palais, for-
merly of the NASA Johnson Space Center, developed a penetration equation for
fused silica glass during the Apollo program. The data he used were from hy-
pervelocity impact testing done from 6 to 7.5 km/s.1

=.53pVd•V4 ,g-cm-s, except V iskinls (1)

To support their preliminary design effort on the Space Shuttle program,
Rockwell (North American Aviation) engineers McHugh and Richardson 2

compiled Cour-Palais' data with their company's test data and derived their
own penetration equation:

P =.,64-d.2V, g-cm-s, exceptViskm/s (2)

Figure 2 demonstrates how equations (1) and (2) typically related to the test
data.

Crater Depth in Fused Silica; A] 2017 projectiles (.4 mm)
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Figure 2
4

The two equations are limited in the velocity regimes they can be ap-
plied to; both were derived from data taken primarily between 6 and 7.5 km/s.
Since the average velocity of orbital debris is 10 km/s, and the average veloc-
ity of micrometeoroids is 20 krm/s, this data base is inadequate. Also, many, if
not most, of the impacts experienced in low earth orbit are oblique. The nor-
real velocities of these impacts could be well below the 6 km/s tested in previ-
ous years.
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A word must be said about experimental error. The velocity, diameter
and density measurements involved in this experiment, Rockwell's testing and
Cour-Palals' work are all inaccurate to a certain degree. The measurement er-
rors in the current work have been evaluated, and should yield a predicted
crater depth value within 1096 using equations (1) and (2). The plot in Figure
2 demonstrates that experimental error cannot account for the differences in
test data versus predicted values.

Test Procedures
The target disks were prepared at JSC using six fused silica panes

scrapped from the Shuttle program (damaged thermal panes). One disk from
each scrapped thermal pane was cut around the pre-existing damage which
had caused the pane's removal. The flight-damaged disks were delivered to the
SEM laboratory for analysis.

The remaining fused silica was cut into about twenty disks per window.
These disks were used as targets in the light-gas guns at JSC's Hypervelocity
Impact Test Facility (HIT-F).

The HIT-F supports three light-gas gun ranges, with 1.7 mm, 4.3 mm and
12.7 ram calibers. These guns can launch projectiles sized from 100 micron
spheres to 12.7 mm cylinders, at velocities from 2 to 7 kn,/s; the smaller pro-
jectiles can be launched at even higher velocities.3 The majority of the shots
in this effort were done with the 1.7 mm gun; the remaining shots were on the
4.3 amm gun.

The velocity range used in this test was broad by design. Although
many shots were done between 6 and 7 kin/s, a good amount were also at nor-
mYal velocities below 5 km/s. A few shots were done between 7 and 8 km/s. but
high velocities are difficult to achieve and were often not possible due to the
projectile size.

The projectiles were selected to vary material density and diameter. The
sizes used ranged from 400 to 1000 microns, and the densities varied from 2.2 to
3.8 g/cm 3 . Since the crater depths from orbital impacts are of the order of .05
cm, the smaller projectiles were used more often than the large. Still, the
crater depths produced in this experiment are at least an order of magnitude
larger than those experienced in the Shuttle program. Only one Shuttle win-
dow has had a crater the size of those created in the laboratory. 4

After the targets were shot at the HIT-F, the crater depth and diameters
were measured tusing the same methods that technicians at KSC use following
Shuttle flights. A mold impression of the crater is made, then the mold im-
pressions are measured under an optical microscope. The front spall diameter
was measured directly on the target disk using a digital micrometer and mag-
nification.

A separate segment of the test was performed using a fractional fac-
torial matrix design. This portion of the test was specially designed to deter-
mine which projectile parameter, velocity, diameter, or density, had the most
effect on crater depth, crater shape factor and residual strength.

The experimental data can be found in Appendix A. Sixty-five targets were
shot and fractured; data from fifty-eight of these were used in this analysis.
Table 1 shows mean values of some of the test data.
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Variable projectile projectile Velocity crater front spall
diameter mass (mg) (km/s) depth (cm) diameter(mrn) (cm)

mean value 0.635 0.583 5.707 0.167 2.686

Table 1
Penetration Equation

Analysis of Practional factorial data
The "designed" segment of this experiment explored the qualitative ef-

fects of five variables on three results. The variables were projectile diameter,
velocity, density and angle of incidence, and the target thickness. The results
measured were crater depth, crater aspect ratio, and target residual strength.
A binomial matrix was used with a half fraction design (16 rims). The variable
settings are shown in Table 2:

IFactor proj. proj" -1proj. incidence [target
diamettr velocity density angle thickness
F o kmp _ pr/cm3 degrees in

low 0.395 4 2.8 normal .56

Ihigh 11 7 13.9 45 .69

Table 2

Analysis of the crater depth measurements indicated that projectile di-
ameter war, the most influential variable in this result Four other parameters
were also significant: projectile velocity, density, momentum and mass. The
mean crater depth in these 16 runs was .162 cm.

Although front spall diameter was not included in the results analyzed
during this segment, the crater aspect ratio data can be examined for trends
that would be true for spall diameter also (since aspect ratio is diameter divided
by depth). The most influential variable for crater aspect ratio was projectile
diameter, with impact momentum and normal velocity also significant. The
mean aspect ratio in these 16 runs was 17.12.

Dimensional analysis of all data
The penetration equations (1) and (2) are not dimensionally balanced.

To correct this, and hopefully to find a better correlation to the test data, a di-
mensional analysis was attempted.

During a hypervelocity impact event, the kinetic energy and momen-
tum of the projectile are transferred to the target material very rapidly
through a longitudinal shock.5 Extremely high pressures are generated in the
shocked materials of both target and projectile. The projectile is either par-
tially or fully shocked and may be entirely melted at the end of the event. The
target craters as the shock front travels through the material, sending an -
overpressure wave towards the rear surface. The shock front attenuates as it
propagates into the target and crater formation ends when compression no
longer occurs. The longitudinal wave continues through the material without-
changing the phase of the material it passes through. At a certain level of im-
pact velocity or momentum, a rear-surface spall, is created by this longitudinal
wave.
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In considering what material properties might influence the cratering
of glass during a hypervelocity impact event, the thermal effects appeared
important. So in addition to the impact velocity, projectile and target densities,
and the projectile diameter, the projectile and target specific heats were in-
cluded. Also, the projectile and target bulk moduli were included, to provide
some effect from the structural properties of the system. Equation (3) demon-
strates the proposed function.

P = f (D•,P'VPCv'K'PpCv" K) (3)

Table 3 shows how each variable in the penetration equation is de-
scribed in dimensional terms. A kg-m-s system is used in this analysis.

Physical Dimensional Formula
QOiantity Symbol

Penetration P L
Depth

Projectile Dp L
Diameter
Projectile pp 1:-3 M

Density
Projectile VP L Tp1
Velocity

Projectile Cvp L2  2 0-1
Specific Heat

Projectile Kp V1 M -2
Bulk

Modulus
Target A 1:3 M
Density
Target Cvt L2  -r2 0-1

Specific Heat
Target Bulk Kt L-1  M -2

Modulus

Table 3
a bvccd g pfv

P Dppvp CPvK•p, 9C,K, (4)

Using the dimensional formulas in the table above,

L = (Lf)(MIIL4-)(-rc )(• -2do-d )(M'r-2 -L )(M'-L3 )( 2'T G- o-)(MAT -2ALh)



Assuming c = Y3 and solving for the remaining variables:

a=l

b=b

d=d

e=e (6)
f =Y3-b

g =-d

Starting with four independent equations and eight unknowns, after assuming
a value for one of the unknown exponents, the dimensional analysis results in
three remaining unknown exponents: b, d, and e.

The penetration equation can be simplified:

pb DaV~ Ký1'- -IO
Ir LP V P

[fl I;t J Jt [1 (7)jt J
The final version used in the data analysis was:

" K, p, T K, f (8)

Swift6 derives the penetration equation by starting with the equiva-

V, =kE (9)

where Vc = crater volume
E• -energy of the projectile

-= proportionality constant

Equation (9) is expanded by assuming that the crater has a hemispheri-
cal shape and its volume is proportional to the projectile's kinetic energy.
Swift gives equation (10):

DP, L4 )
The energy relationship assumed here provides the rationale for

assuming c = Y3 in equation (7) above. Equation (10) also shows that the linear
relationship found between P and Dp is correct. (Swift notes that this linear
relationship deviates slightly; careful investigation has determined that an
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exponent of 1.06 on Dp is more accurate than 1.0. To maintain the dimensional
balance, the linear relationship is retained.)

Swift also cites the Eichelbeiger equation, describing the crater depth
¶ produced by a long rod in a thick target:

DP p,
S~(11)

This equation suggests assuming b = .3 in equation (7).

The materials used in this experiment and their corresponding
properties are given in Table 4.

Material Cv E v p K

ID J/kq-C GPa g/cc GPa
fused silica 740.6 73 0.17 2.202 36.87

Al 2017 962.2 71.7 0.33 2.796 70.29
pyrex 753.6 62.7 0.2 2.23 34.83

synthetic 759 148.2 3.98 49.40
ruby

Table 4

Further reading in the literature of hypervelocity impact penetration 7

points out the importance of the shock during the impact. Changes in pres-
sure, density and internal energy (heat) across a shock front are calculated
using the shock velocity Us and the particle velocity Up. The Hugoniot curve
for a material, sometimes referred to as the equation of state, is formed from a
set of points that describe the pressure-density states attained by shock
loading from a single initial state. This ci-ve is regularly used in numerical
modelling of impact events. The Hugoniot curve for a solid is often fit to ex-
perimental data with the form

Uz = a + bUp (12)

The constant a represents the wave velocity in an extended medium, and
the constant b is related to the Gruneisen parameter r.

3aK r = (13)
pcv

The appearance of the bulk modulus and specific heat in this relation-
ship suggests that the exponents d and e in equation (8) could be equivalent
and equal to 1. Equation (8) can then be written

" K pL j PCK (14)

Using the properties from Table (4), an equation was written for each projec-
tile type into the fused silica target. These equations were plotted vs. the test
data. Figure (3) shows the same data as Figure (2), plotted against the new
equation.
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Figure 3

Similar results are found for the remaining projectile materials and
sizes, except for the pyrex glass projectiles. The new equation underpredicted
those four crater depths by about 5096. Further testing of this equation is
planned with a different glass target material.

Spail Diameter
After examination of both the data from shuttle window impacts and the data
from the hypervelocity tests, two relationships have been proposed relating
the frontal spall diameter of shuttle window impacts with the diameter of the
impacting projectile. Both of these relationships relate the crater frontal spall
diameter to an expression combining the mass and the velocity of the impactor
(e.g., momentum and kinetic energy). The relationships were conjectured af-
ter relating the spall diameter to the impactor mass and the impactor velocity
separately, and finding no sound correlation.

The first relationship relates the crater frontal spall diameter to the mo-
mentum of the impacting projectile, and is expressed by the equation:

D t = kP°0.4445 (15)

where Dspall = spall diameter (m)
P = projectile momentum (kg-m/s)
k = 0.41212 (s/kg)

This expression was derived using a least squares linear regression of
the natural logarithms of the spali' diameters and the projectile momentums
obtained from the hypervelocity tests. Momentum of the impacting projectile
was found by assuming spherical projectiles for the given projectile diame-
ters, computing projectile mass, and multiplying by the given velocity.
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The second relationship relates the crater frontal spall' diameter to the--
kinetic energy of the impacting projectile, and is expressed by the equation: •-

DFwl = kEO'A° (16)

where E = projectile kinetic energy (kg-m2/s2)---
k = 0 .01336 (s2/(kg -m))_---

TI'As expf~ession was Gelived usinig a least squares lile~u regression uf •-
the natural logarithms of the spall diameters and the projectile kinetic-
energies obtained from the hypervelocity tests. Kinetic energy of the
impacting projectile was found by assuming spherical projectiles for the
given projectile diameters, computing projectile mass, andl multiplying by on-_.
half of the square of the given velocity. •-
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Comlparson of the two eguations
Table 5 summarizes the correlation coefficient R for each of the equa-

tions, and the mean deviation of each equation. The correlations were calcu-
lated in the logarithmic domain. The meall of the spall diameters from the hy-
pervelocity tests is 0.028 meters (2.8 cm).

correlation coef- mean deviation
ficient R

Equation (15) 0.937 0.00311ni
Equation (16) 0.936 VM0.36 run

Table 5

Although these two equations give similar results when using the hy-
pervelocity test data, the results given when using the spal diameter mea-
surements from shuttle window impact craters are not identical. Table 6 shows
four spall diameter measurements (in inches) taken from removed shuttle
window thermal panes and the projectile diameters needed (in microns) as cal-
culated by equations 1 3nd 2 to create that damage. The calculations assume
spherical aluminum impactors.
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Disk #26-03-01 Disk #26-23-01 Disk #26-06-01 Disk #26-17-01
STS-31 STS-30 STS-41D STS-41G

Spall Diameter (in) .105 .118 .088 .074

Equation (15) 82-105 89-115 72-92 63-81
Equation (16) 55-73 63-77 47-63 41-55

Table 6

2lication to Shuttle Prograr
The Shuttle window damage is well described once it is discovered

durihg vehicle inspections. However, the only information available from an
inspection is a detailed description of the appearance of the crater, and a mea-
surement of its size. Knowing the projectile material, velocity or incidence
angle is not possible from a visual inspection. An SEM analysis can show what
the projectile was and what range of velocity the event had, but more infor-
mation can only be guessed at. The equations derived in this paper will help
nairrow the guesses and improve our understanding of the low-earth orbit
environment. This knowledge will help us plan Shuttle missions more wisely,
and not damage as many windows.

Figure 7 and table 7 show data from several flight windows. These
windows have been examined with an SIN, and conclusive evidence has been
found indicating debris damage. The spall diameter equation (15) and the new
penetration equation (14) (for Aluminum projectiles in cases of debris) are
used to predict the mass of the projectile that would have caused the respective
damage.l. T'he twoeuat% onsI2~" predict ir-ia of the cnm nreipr of rmagnitudelp Nit
the bar chart shows how much variation there is in the predictioni. Part of the
problem with the flight data is attributed to inconsistent measurement of the
front spall diameter.

Predicted Matn of Projecti~e (g)
G.OCIE-o I

S.OOE-06

4.00 E-06
C3 PenetralJon oquation (14)l

3 3.OoE-06 IISsapaill-momeiintum 115)
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J- U.- in

Mission

Figure 7
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Mission Disk Seal Qa (cm) Crater depth (cr) Mass from (14) (ýq) Mass from (15) (g)
STS-50 28-18-01 0.5334 0.0570 2.09E-06 5.66E-06
STS-30 26-13-01 0.2459 0.0292 2.81E-07 9.91E-07
STS-31 26-03-01 0.1410 0.0254 1.85E-07 2.83E-07
STS-41D26-06-01 0.1905 0.0203 9.46E-08 5.58E-07
STS-41G26-17-01 0.1334 0.0178 6.34E-08 2.50E-07
STS-50 26-31-01 0.0838 0.0080 5.77E-09 8.80E-08

Table 7

Condcusons
A new penetration equation has been derived that includes both pro-

jectile and target parameters. This equation fits the data better than the pre-
vious equations "ound in the literature for fused silica.

A relationship for finding impact momentum from spall diameter has
been demonstrated with great correlation.

These equations will be used in future analysis of Shuttle window impact
damage. The information derived from these equations about the impact pa-
rameters in low-earth orbit will increase NASA's understanding of the low-
earth orbit environment and will make space flight safer and window re-
placements fewer.
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ABSTRACT: "1l'f focus of the Transparency Durability Test Criteria Program is to develop a durability
test methodology for aircraft tiansparency systems which will include laboratory coupon scale durability testing,
full scale durability testing, and field service data acquisition. These three areas will be used to develop, measure,
compare, and predict actual in service aircraft transparency durability, where durability is defined as the continued
ability of the transparency to meet specified performance requirements. A goal of the Air Force is that future
aircraft transparency systems have a four year service life (on the aircraft). This program is being conducted to
provide better tools for the transparency community to understand, predict, and increase transparency durability.

INTRODUCTION

The Transparency Durability Test Criteria Program is a three phase program. The first
phase of the program included a literature review [1], a review of test programs, test data, and
work relevant to transparency durability [2], coupon scale testing and field service data
acquisition [3], field service and full scale data analysis and full scale testing critique [4],
correlation of coupon and furl scale data with field service data and methodology development
and documentation [5]. Each of the successive phases is an iteration of the first phase, updating
collected information, building on and improving the methodology. Currently the program is in
the second phase. The purpose of the entire program is to develop the framework of a
methodology which can be used for any type of transparency system.

This paper is a compilation of the information reported in [1-5], which are interim reports
for the Transparency Durability Test Criteria Program. The overall methodology of predicting
aircraft transparency durability is based on Figure 1. This methodology includes coupon scale
testing, full-scale testing, and field service data acquisition and analysis.

The first step in assessing durability is coupon scale testing. Coupon scale testing can be
conducted for one or many competing transparency cross-section designs. If coupon scale testing_
produces satisfactory results, then full scale durability testing is conducted. If full scale durability

*Performed under Contract F33615-90-C-3410 for the Flight Dynamics Directorate, Wright

Laboratory, Wright-Patterson AFB, Ohio.
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testing produces satisfactory results, then the transparency design is ready for field service. if
coupon scale or full scale testing reveal problems with a design, the design can be changed. If
field service data reveals a problem, changes can be made not only to the transparency design, but
the entire methodology, which includes choice of coupon scale tests and interpretation of the

N, results of the coupon scale tests. Coupon scale and full scale durability testing are conducted with
correlations made between both of these and field service data. The whole process is iterative and
can change continuously as it is used to reflect lessons learned and improvements in testing and
interpretation of test results. At this stage of the program, only the skeleton framework of the
methodology is in place. Each of the components, coupon scale testing, full scale testing, and
field service data collection and analysis are identified and recommendations are made for
choosing test techniques and evaluating results; however, the parameters for and the
interrelationships between the components are not well defined. The system must improve with
implementation. The methodology is a general one which could be applied to any transparency
system. The exact choice of tests and interpretation of results is system specific. The choice of
tests and analvy.ia of results for a new system must be based on experience with similar systems.

It should be noted thla the currerva state of the art in aircraft transparency durability testing
can be described as comp,,rison testing, where a number of designs are subjected to the same tests
and then ranked in terms of peformance. Even though artificial wQathering or laboratory
conditioning is often conducted as part of ihe testing, no real attempt has been made to prcedict an
actual service life based on that testing. T"his piegram will address the issue of actually predicting
service life, realizing the extreme diffic.lies in doing so. Those include: development of a
realistic artificial weathering, corcelating coupon scale test results with field performance, and
facto.-s whicb af fect .dIrab,-_ity that cannot be a;wcountcd for in rconp on scale testing

COUPON SCALE DURABILITY TEST.MG

Coupon sca2e, testing xchniques have evolved and become more complex with the
development and use of plastics and polyneric materials in all types of products. Reference [2]
includes brief descriptions ,f many of the historical transparency coupon scale test programs.
The:e are several ways to increase durability of a given part. The major ways are, tn choose the
most durable material from a set oi materials, to customize a material, or to coat the material to
-%,Wt.bPt ;t frrnm thib PntW ,'nnm,.nt Placohr e -.-An.- rf r•..ulated, or ,nr,vý d d ,'d, ,al ,,f.-t t chA 2 -e

specific characteristics. The most common examples are the iosC of (anti)plasticizers, UV
stabilizsi, and wcrss-1rhdkng agents. This type of work (formulation and additive package.s) is
usuvally conducted by the plastic suppliers or the tranparency manufacturers.

The end user, in this case the. government, rarcly has any part in the material development,
but is often iavolved in evaluating durability and also basic performance characteristics (such as
Haze and Luminous Transmittance for transparent plastics), through different types of coupon
testing. Coupon testing has long been recognized a.• an evaluation tool with reasonable cost;
however, the choice of coupon tests and the interpretation of test data are not simple, are not
refined to the point of bcing an exact science, and are not genera!iy agreed upon by different
groups withirn the transparency community.
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The purpose of this section is to present coupon scale test methods which are available for
transparencies; identify those which appear to be valuable for measuring durability; describe the
proposed approach for evaluating durability with coupon tests; conduct proposed tests on a
transparency system of interest (in this case the F-11 ADBIRT windshield system); present
results of that testing; and finally, assess the effort to date and make recommendations for the ,
future phases of this program.

Identification and Classification of Tests
AL

Material PI.Qperty Testing

There are a large number of test methods that deal with what are often thought of as basic
material properties. These tests include mechanical tests such as tensile, compression, shear,
flexure, Poisson's ratio, fatigue, fatigue crack growth, and fracture toughness, thermal tests such
as coefficient of thermal expansion and thermal conductivity, optical tests such as index of
refraction, and luminous transmittance and haze, and various electrical tests. For many common
transparency materials such as glass, polycarbonate, and acrylic, most of these properties are well
defined at room temperature and at static strain rates. For interlayers and new structural and
surface ply materials, many of these properties have not been documented. The properties listed
in this section do not by themselves indicate anything about durability. The exception may be high
temperature tests of these properties which indicate that a material is not suitable for high
temperature requirements. Rather, changes in these properties after natural or artificial aging, or
simulated missions can b. used to measure durability. The most useful of these tests for assessing
dnhili•.v mqv hP toancilp tpet'inr Tjenile tPets of new ond aced material c'.- ,,reveal .MI ny, imt l-
changes and possible durability problems. For example, yield strength, initial modulus, and
elongation are usually affected by aging of plastics. Luminous haze and transmittance are direct
measures of transparency optical performance, and changes in these properties induced by aging
can indicate significant durability problems.

rmance Testn

The development of birdstrike resistant aircraft transparency systems produced a number
of "performance" test methods. These methods were developed to evaluate impact strength and
tou-ghrin:•s, e t utI•-Ut sl agnU bLut•ltrt, nteIMiaycl NCIILYI, a-d tedget iaLUdchlllel&IL SUC-1Igut.

These tests are related in a complex way to many of the basic material properties tests listed
above. Specific tests inclhied falling weight, three and four point loaded flexural beam, air
cannon, torsional shear, flatwise tension, wedge peel, notched and unnotched Izod, edge
attachment pull-out, and edge attachment flexure. These tests can also be used to evaluate
durability by comparing the results of these types of tests before and after natural or artificial
aging, or simulated missions.

DUrabilityTesting--

A third class of test methods was developed or adopted that could be used to address
service life, resistance to aging, and durability specifically. These methods often include the
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measurement of certain material properties before and after natural and simulated weathering (or
aging) or some type of simulated mission environment. Specific tests include rain erosion, dust
erosion, hail impact, salt impingement, oscillating sand (Bayer) abrasion, Taber abrasion, tape
peel, chemical stress craze, chemical attack (swelling), stress weathering, thermal shock,
yellowness index, gel permeation chromatography (GPC), differential scanning calorimetry
(DSC), thermal mechanical analysis (TMA), dynamic mechanical analysis (DMA), x-ray
photoelectron spectroscopy (XPS), energy dispersive x-ray analysis (EDXA), Raman
spectroscopy, gas chromatography mass spectroscopy, Fourier transform infrared (F'TIR), a3.1-d
optical and scanning electron microscopy (SEM).

Summary of General Test Methods

A list of test methods which have been used in the past for transparency testing is shown
in Table 1. These test methods are used to characterize different properties of the transparency as
a whole, or material by material. However, not all of these tests are necessarily applicable 'm
durability testing or prediction. When choosing a test to evaluate durability, it is helpful to think
in terms of what failure mode is being evaluated. A number of the tests listed in Table 1, alt.iough
used often to characterize various properties of transparent materials, do not yield any particular
information concerning transparency failure modes or durability. For instance, thermal
conductivity, while perhaps important for calculating heat transfer through the transparency, does
not significantly affect durability (although changes in thermal conductivity might be an indication
of a durability problem such as polymer degradation), since transparencies are not removed due to
changes in thermal conductivity.

Common failure modes as well as recommended tests to evaluate durability in terms of
those failure modes are listed in Table 2 for the transparency types of interest. Tests shown in
Table 2 are limited to those which have proven successfil and are favored by ihiany in the
transparency industry, or which, although new and not entirely proven, appear to show promise
for evaluating durability. An example is free volume. Free volume in a polymer is the empty
space in the molecular structure. Thermal aging below the glass transition temperature for
polycarbonate increases the order of the molecular structure, increasing the density of the
material, while decreasing the free volume. Consequently, free volume can give an indication of
thermal aging [6,7]. However, free volume testing and application are in their infancy and have
not yet been applied to any great extent.

The tests listed in Table 2 for each failure mode are tests which can be used to address
that mode. Where more than one test is listed per failure mode, the different tests may address
that type of failure mode in subtle or grossly different ways. For example, air cannon, falling
weight, flexure beam, and tensile testing are recommended to address structural degradation
caused by aging. However, each of these tests has a different application, based on the strain rate
of interest. As a second example, fatigue crack growth, fracture toughness, and tensile edge
attachment tests are recommended to evaluate cracking as a failure mode. Where aging is
affecu.ng the bulk transparency acrylic face sheet or the polycarbonatc, fatigue crack growth and
fracture toughness tests are appropriate to determine if these properties are changing due to
aging. However, where the bulk material is not degraded but the edge attachment is possibly

693



gr9adled, tensile rdge attachment testing is reconunended.

There are several failure modes wldch are not addressed in Tables 1 or 2. These include
distor•ton and delarmination caused by irsidual stress or wavy or out-of-contour plies; distortion,
dilarninatio•, or surface tdegraddation caused by in-flight and flight-line thermal effects; residual
strength after fatiipe, pressare., ind flight load stresses; anl multiple imaging. Distortion is
cause.d by geometric anomalies such as waviness of thf ply(s). Distortion can be present as
mantufictured, which is not 3 durability problem. Distortion can also be caused by in service
temperature extieries for plastic or plastic raced transparencies, rcsuiting in warping or
contraction of die plastic. This failure xi.e as well as failure modes cased by pressure l)ads can
general'.r/ ortly be addressed in full scale durability testing. Multiple imaging is a result of the
different indices of refraction for the different plies in a laminate, occurring when light passes
through the iaminate, at certain angles. Multiple imaging is not a durability problem, it is a design
aad mawxfacturing problem. Failure due co hail impact or fungus attack were not included in
1Table 2 as these are considered nt~ural hazards and, while existent, are relatively rare. Fungus
attack does not appear to be a problem for curTent USAF aircraft transparencies. The
development uff new face ply materials and coatings should include fungus testing for screening
ptuposes.

Combat hazards are not addressed in this program. It should be. noted that the ability of a
transparency system to resist combat hazards may change as the transparency ages. If combat
hz-ard proxectior. is required for a transparency system, that system should be subjected to
coupon scale artificial weathering and combat hazard testing, and then possibly full scale
durability testing followed by combat hazard testing.

Coupon Scale Methodology

The gol of the coupon scale testing is to conduct tests using coupon specimens from new
and artiticially weathered tOansparencies (from Table 2) which are related to the failure modes of
interet for a type of tra.sparency system. Changes in measured properties resulting from
artificial weathering and conditioning are evaluated (conditioning 'nay include parameters such as
abrasion during weathering). Figure 2 is an example of how a given test property might degrade
with time (under artificial weathering conditions)- Note that for non-destructive tests such as
h,•e and transmittance, data can be obtained at multiple intervals between zero and 4 years of
q~gng. whi)e destructive tests can only be conducted at one or two points for each specimen (to
keep costs reasonable, only baseline, 2 year, and 4 year artificially aged specimens were
destructively tested). Assuming that a transparency can be called "failed" when the property
degrades to a specified value, and that die shape of the degradation curve remains constant
indeptendent of the baselhie starting point, Figure 2 shows that any spread in the baseline data will
result in spread in "time to fail". This "failure time" is simply the time required for the property to
degrade to a specified minimum (or maximum, for tests such as haze).

Specification of a failure value for a given property will be determined from in service
aged caupon tests. In Phase II of this program, for those tests where measured properties
changed in Phase I artificially aged tests, similar tests wiil be conducted on a number of in service
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aged transparencies. As shown in Figure 3, scatter will also be present in service aged data; there
was significant scatter in coupon test results for coupons from in service aged F-111 windshields
in the Reference [4] program. To characterize the scatter, a minimum of three windshields will be
required for each in service age test data point. For instance, to characterize in service age test
performance at one, two, three, and four years, three windshields would be tested with service
lives of approximately one year, three would be tested with service lives of approximately two
years, three would be tested with service lives of approximately three years, and three would be
tested with service lives of approximately four years. Based on field service data, a failure time
will be identified on the in service degradation curves and the measured value (or mean value with
a confidence interval) of the property from coupon testing for that time will be identified. This
value will be used as the failure value for artificially aged coupons, if a positive correlation exists
between the property and the field service data. In this way the results of the testing of the in
service aged transparencies will be correlated with the test results of the baseline and artificially
aged specimens to provide a basis for predicting service life for a given test method and given
failure mode.

The assumptions made and the discrepancies which will result from this approach are
worth noting. The consistency of conditioning exposure will be better for the artificially aged
specimens than for the in service aged specimens, since no two in service aged transparencies are
exposed to exactly the same environment or conditioning. Until proposals for instrumenting
transparencies with micro-sensors (to monitor actual exposure history) are implemented, the best
measure of in service conditioning is time on the airplane, known as service life. It must be
assumed that coupons from one or two transparencies with the same in service age will be
representative of all transparencies with that same service age. This is obviously not true as one
transparency might be from an airplane that was stationed in an arid environment and another
might be from an airplane that was stationed in a sub-tropical environment. In addition, three
years of service life on one airplane might be much more severe (in terms of flight line and in-
flight thermal and pressure profiles) than five years of service life on another airplane, because of
different climates and different missions that might be flown at different bases. In addition to
scatter caused by in service aging, it is expected that there is scatter or variability among new
(baseline) transparencies which could be caused by manufacturing process variables, lot to lot
menrial vyrab ility, antd other f~actor. While we can meas,,e cenaj,, nr,,nn-rti,sc fnr hbse inf

transparencies and for in service aged transparencies, we do not know what baseline values for
these properties the service aged transparencies had when they were new. An average value and a
confidence interval can be assumed based on testing of baseline transparencies now; however, the
fact that scatter exists must be realized and interpretations based on test results of in service aged
transparencies must be cautious. For example, a certain measured property for a failed
transparency with one year of service life might be extremely low compared to average values for
that property in baseline transparencies; however, that property might have initially been very low
"for that transparency (if it would have been measured when the transparency was new) possibly
explaining the short service life; a second explanation for the low value after only a year of service
life c( uld be an exceptionally severe environment for that transparency. Scatter in the service
aged degradation curves may make it difficult to establish a trend similar to that of artificially aged
degradation curves. In a like manner, field data may also indicate that "failure times" or "service
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lives" for a particular failure mode contain so much scatter that it may be difficult to find or
establish a "failure value" for an identified property (or combination of properties).

Artificial Weathering Technique

One of the most important parts of a coupon scale test program to evaluate durability is
the choice of artificial weathering, or conditioning, techniques. Numerous past researchers have
concluded that outdoor "life" (without respect to any particular failure mode) and "life" due to
accelerated weathering do not directly correlate. The scatter in natural weathering data is too
large, and the interacting factors too numerous, for calculations of universal "factors" which
correlate natural and artificial "life" for all materials and environments. However, it is usually
possible to correlate the ranking of material performance in artificial conditioning to that in natural
conditioning as long as the artificial weathering adheres to critical factors found in the natural
environment. In the long run, given sufficient statistical data on natural weathering and
sufficiently large safety factors, it may be possible to develop conservative "life" values for natural
exposure on the basis of artificial and accelerated exposure.

For transparency materials, the important factois include the spectral distribution of the
sun's EM radiation, particularly in the UV region; temperature; and wet time (which includes dew
condensation and is distinctly different from total precipitation or humidity of the air). Also
important is the manner in which these factors vary on a daily basis over the course of a year.
UDRI reevaluated artificial weathering techniques used in the past, in an effort to identify or
develop a technique which has the following attributes: simple to operate, lab scale, commercially
available, accelerated, reasonable cost, UV sr.ectrum which is similar to the UV in the
atmosphere, moisture included, and thermal environment of the transparency simulated as much
as possible.

The evaluation showed the QUV [8,9] to have a number of advantages over other
laboratory scale weathering systems. The QUV is readily available and is inexpensive to purchase
and operate. Virtually all of the major transparency manufacturers have QUV machines at their
facilities. Tlhe QUV can duplicate periods of high UV exposure. and temperature- and low
moisture content, followed by periods of low UV exposure and temperature and high dew
condensation. UV, temperature, and moisture (wet time) can be varied independently.

"The artificial weathering profile for the QUV was developed by defining specific operating
values for UV, temperature, and wet time, based on natural weathering data taken at two
locations: New River, Arizona, and Miami, Florida. The former represents a location with high
temperature and UV exposure. The latter experiences lower UV doses but significantly higher
wet times. The basic approach, common to all three environmental parameters, was to examine
data collected by DSET Laboratories at the above mentioned geographic sites, and reduce the
daily data for each factor to a weighted average over a year's time. The weighting was dependent
on the factor being considered and how it was perceived to affect polymer degradation.
Specifically, monthly averages were calculated for 4 to 7 of the most recent years (depending on
the environmental parameter) for which complete monthly data was available for at least 10
months. Using this monthly data, a weighted yearly average was calculated for each parameter.
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These values were then correlated to QUV output measurements to calculate cycle times and
temperatures which would produce an equivalent year of wet time in Miami and an equivalent
year of UV exposure and temperature induced degradation in New River. QLYV cycles could
therefore be considered "worst case" by combining the most damaging environmental effects from
each location.

Using simple degradation models [10,11] to perform the calculations, the QUV exposure
cycle used in this program consists of alternating cycles of 8 hours of UV exposure at 70 degrees
Celsius using UVA-340 bulbs, followed. by 4 hours of dark/condensation at 50 degrees Celsius
(this was the highest maintainable temptrature in the UDRI QUV machines during the
condensation cycle). Based on sirnpl:ý modes, this cycle should roughly match the degradation
due to average total UV radiation energy (300-380 nm) and temperature in New River, Arizona,
and the average percentage wet time in Miami, Florida. Two weeks of exposure (336 hours) in
the QUV is being used to represent one year of natural weathering. Routine cleaning was
simulated by wiping the surface of the specimens 50 times with a 50/50 mixture of isopropyl
alcohol every other day (after 48 hours of artificial weathering), using a Kimwipe paper towel.

The artificial conditioning scheme developed for this program is generic in the sense that it
only includes weathering and could be applied to any transparency system. In t-'ie future, it is
recommended that work be conducted to add transparency system-specific conditioning that
includes equivalent thermal energy and other parameters which may be encountered during flight.
For instance, if an aircraft mission profile produces transparency surface temperatures of, say, 300
'F, exposure of coupon test specimens to temperatures of 300'F (and possibly other simultaneous
conditions) might reveal probiems which would otherwise go undetected until full scac d urability
testing was conducted.

PHASE I COUPON TESTING

Failure Modes and Selected Tests

As an example of how test methods are chosen for a specific system, the tests which were
chosen for evaluating the F-111 ADBIRT windshield are described below. The F- 111 ADBIRT
wIMMnU 1bdi l AUt idlUyc faLceaMInnate with two poiyeaibouliate suiuraitw, plies. While it would be
desirable to conduct testing on all aircraft transparency types with many or all of the test methods
discussed below, it was not economically feasible. The F- 111 v. ....... eld was chosen to be used
to develop and demonstrate a coupon scale test methodology as it represents a cross section
design of interest, baseline (new) transparencies are available, this system has the most complete
availa-le field service data, and full scale durability testing has been conducted for the F-1 11.
Test methods chosen for evaluating these transparencies were limited to those which were
established or required minimal development and which addressed common failure modes for
these (types of) transparencies.

Abrasion, aging, crazing, cracking, and delamination were chosen as the failure modes to
be investigated for the F-1 I1 transparencies. These failure modes are representative of failure
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modes encountered in service; see Reference 4 for more complete analysis of F- 111 failure modes.
Abrasion failures due to dust and sand impingement were very common during Desert Stonm.
Cleaning abrasion scratches are often evident when transparencies are inspected on the aircraft
during field service data acquisition trips. Crazing and delamination are the two most prevalent
failure modes reported in the F-I 1l field service data. Cracking at the edge and in the vicinity of
the bolt holes has become a reason for removal and is of s: ,ecial concern as cracks decrease
birdstrike resistance (it is important to maintain birdstrike protection during the service life of a
transparency).

Table 3 shows the Phase I coupon scale test matrix. Oscillating sand (Bayer) abrasion
simulates rubbing or contact type of abrasion, such as might be caused by cleaning a dirty
transparency or by a maintenance person rubbing up against the transparency during maintenance
operations. Salt impingement simulates ice crystal, sand, or dust impact during flight or on the
ground. These two types of abrasion tests are reasonable in cost and are used by many in the
industry. Currently, both have several drawbacks. The standard sand used in the Bayer abrasion
test and the standard salt used in the salt impingement test are no longer available. Consequently,
replacements were chosen.

Haze and transmittance testing of new, laboratory aged, and in service aged coupons can
be conducted as part of the salt impingement test, as these measurements are typically made at
one comer of the specimen which is not abraded. This test alone was utilized to evaluate aging of
the bulk laminate. Other tests have been used in the past and essentially no bulk polycarbonate
degradation has been detected as noted below. Molecular weight of polycarbonate from F-111 in
service aged windshields was evaluated in Reference [12], and molecular weight of polycarbonate
from F-16 in service aged forward canopies was evaluated in References [13] and [14].
Molecular weight was not found to be significantly affected by in service aging in any of these
programs. Reference [14] did report molecular weight degradation in one lot of canopies caused
by an improper additive used by the sheet manufacturer. In that case, the. material degraded
significantly even when stored in the laboratory. Dynamic mechanical analysis (DMA) was also
conducted in the Reference [12] program, and minimal thermal history effects were detected for
the polycarbonate. Typically interlayers, coatings, and face plies screen out UV befor, it reaches
the polycarbonate; however, it is possible that molecular weight could change for some types of
tr-n~psarenrit-c viwh ac glass farcepnnlvcarbnnate or mnonnlthic nnporlycrhnnate wi4th a L.V

transparent coating.

Infrared (IR) and x-ray photoelectron (XPS) spectroscopy were identified as techniques to
characterize the surface of the acrylic faced specimens before and after artificial weathering and
after in service aging. These tests are surface sensitive techniques which can be used to identify
changes in the polymer caused by weathering or chemical attack. Only XPS tests were
conducted. After XPS testing was complete, another technique, gas chromatography mass
spectroscopy, was chosen to evaluate acrylic aging. The most prevalent change in cast acrylic
(PMMA, polymethyl methacrylate) with aging is reversion of the polymer to the monomer [15].
Initially PMMA would have a monomer concentration of approximately 0.7%, and with aging the
concentration may increase as much as 2.5%. This increase in monomer decreases the craze
resistance of the acrylic. Reversion to the monomer is reported to occur only at temperatures
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near the glass transition temperature and is maintained only if the material is cooled rapidly. If the
material is cooled slowly, the free monomer will recombine. Gas chromatography mass
spectroscopy tests have been conducted on F-16 canopies with craze problems in the forward
viewing area by Polycast. The crazed areas which were in the forward portion of the canopy had
monomer concentrations of approximately 2.5% and the uncrazed areas had monomer
concentrations of approximately 0.7%. Apparently the forward portion of the canopy is exposed
to thermal conditions which result in reversion of some of the polymer to the monomer.

Chemical stress craze tests provide a straightforward evaluation of craze resistance for a
given chemical; however, the tests have not been related to field service durability. A second
technique to evaluate craze resistance is surface roughness. UDRI conducted a study of the effect
of surface roughness on chemical stress crazing of cast acrylic [16]. As expected, craze resistance
increased as surface roughness decreased; however, the technique used by UDRI to measure
surface roughness was not sensitive enough to characterize surface roughness of extremely
smooth optical surfaces. Other techniques exist such as the non-contacting laser profilometer
[17]; however, these types of systems are expensive and have only been used for small coapon
specimens to date. Other surface roughness measuring techniques were evaluated, including a .t

Scan scatterometer manufactured by TMA Technologies Inc. Craze resistance for acrylic is also
dependent on the amount of monomer present. As acrylic ages, especially in the presence of
elevated temperature, it reverts to the monomer, and the more monomer which is present, the
lower the craze resistance of the acrylic. The amount of monomer can be evaluated using gas
chromatography mass spectroscopy.

To evaluate the resistance of the edge attachment to degradation (cracking), coupon
specimens were subjected to tensile edge attachment testing. As reported in Reference [12],
fatigue crack growth and fracture toughness testing of the polycarbonate plies from baseline and
in-service aged F-111 ADBIRT windshield transparencies indicated that there was no significant
change in these properties in the bulk material with in service aging. These tests were not
repeated in the current program.

Flatwise tension and differential scanning calorimetry (DSC) or dynamic mechanical
analysis (DMA) were chosen to evaluate delamnination. Flatwise tension measures mechanical

61-'a "A% &And itsl changes wi agn. Thi test was use in Ah Refenc 4 pr og ram to auat
changes caused by in serice aging. DSC or DMA were identified as candidate techniques for this
program to determine if aging changes the cross-link density of the interlayer. DMA is preferred
as it gives more information about the poiymer than DSC; however, it is very difficult to fabricate
a DMA specimen from the interlayer. DSC was chosen as a backup technique to evaluate
changes caused by aging, but was not used. Molecular weight is not a suitable test for silicone
and urethane interlayers as they are probably not soluble and are highly cross-linked materials. It
is possible that the changes which cause delamination are not in the bulk interlayer, but are at the
interface between the interlayer and the substrate, and may involve primers. Changes at this
location may be difficult to detect and may require. surface analysis techniques such as IR
spectroscopy and XPS.
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Results of Phase I Artiticially Aged Coupon Testing

The goal of the coupon scale testing was to conduct tests of baseline and laboratory aged
specimens, and identify trends in the measured test results that could be correlated with
degradation and durability. The chosen coupon scale test methods and the chosen artificial
weathering technique produced recognizable degradation trends in a number of the test methods.
However, scatter existed in test values between different windshields with the same history,
making measurement and identification of trends difficult. It appears that more specimens need to
be tested for each condition to better quantify scatter, and that additional/different test methods -
must be identified to evaluate degradation and durability.

The oscillating sand and salt impingement tests were chosen to simulate abrasion. Results
from these tests were consistent with the goal of the coupon testing. Artificial weathering
combined with abrasion produced measurable decreases in optical properties, which followed
easily recognizable trends (Figures 4 and 5). Haze values were higher and transmittance values
were lower for baseline oscillating sand abrasion (no QUV exposure) than for oscillating sand
abrasion combined with QUV exposure. Weathering and cleaning actually polish the transparency
surface, resulting in better optics. Acrylic is very stable in UV light, and the moisture and
temperature exposures do not seem to be affecting the acrylic. Field cleaning is important for
maintaining transparency optical quality. This is evidenced by the drop in haze of the oscillating
sand abrasion coupons each time they were subjected to weathering and cleaning after being
subjected to oscillating sand abrasion.

The failure mode of crazing was evaluated utilizing chemical stress craze testing. As
shown in Table 4, there is a definite trend of decreased craze resistance with increased artificial
weathering. Two different types of crazing are reported in Table 4. The first has been referred to
as transient crazing, and refers to crazing which was identified during the actual test. It is
important to note that in some cases the transient crazing at high stresses was not detectable after
removal of the chemical and completion of the test. The second type of crazing reported has been
referred to as permanent crazing, and refers to crazing which was identified after testing was
completed under very close examination with a flashlight as a light source. In many cases
permanent crazing, though very faint, was detected at greater stresses than was detected during
the test.

Flatwise tension and DMA were used to evaluate delamination as a failure mode. The
effect of artificial weathering on flatwise tension strength varied from windshield to windshield.
Minor changes in the interlayer between the acrylic surface ply and the outboard polycarbonate
ply, as a result of artificial weathering, were detected using DMA. These changes in combination
with the flatwise tension results indicate that properties of the interlayers are not changing enough
to cause delamination concerns as a result of artificial weathering alone. Delamination problems
as a whole are most prevalent along the edges of transparencies and may be caused by
combination of moisture ingress, thermal effects (causing shrink-back, warping, etc.), and out-of-
contour effects (especially for glass outer plies). TIhese effects are not simulated in coupon scale
tests.

700



To evaluate the resistance of the ede attachment to degradation (cracking), tensile edge
attachment testing was conducted. The results of tensile edge attachment testing indicate that the
edge attachment is not affected by artificial weathering. XPS and gas chromatography mass
spectroscopy (GCMS) were used to evaluate aging of the acrylic surface ply. No significant
changes in the acrylic surface ply were detected using XPS; this technique is not sensitive to
subtle changes in acrylic. Gas chromatography mass spectroscopy analysis of the acrylic surface
ply did not reveal any significant changes in the acrylic.

It should be emphasized that while some of the tests chosen Jid not provide definitive
information about the specimens which were artificially aged in this effort, those tests still warrant
consideration, as they may still be valid for analysis of other artificially aged specimens or
specimens removed from service. For instance, thermal shock (rapid decrease in temperature
from temperatures near Tg) may occur often in service, increasing monomer reversion and
decreasing durability. QUV artificial weathering does not include thermal shock capabilities.
Phase II of this program will investigate the relationship of thermal shock to durability through the
use of density, hardness, and GCMS testing.

FIELD SERVICE DATA ACQUISITION AND DATA ANALYSIS

"The collection and analysis of field service data is critical to the understanding of the
zotual pe-fo.-mance of aircraft transparencies in the field. Accurate field service data is essential
not only for understanding the durability problem, but is also essertial to the development of

The foremost questions which field service data must answer are:

(1) what is the overall average service life for a type of
transparency,

(2) what are the failure modes for that transparency, frequency of
occwu-rence for each, and service lives associated with those
failure modes,

(3) what effect if any is there on service life, failure mode, and
firequency of occurrence resulting from factors such as
geographic lccation (home base), aircraft model, primary
mission, transparency design, manufacturer, etc.

Answering these questions requires collection of specific data. An example of the data
which has been collected in the past is shown in Table 5. Examples of the methods and
recommended types of analysis which can be conducted using the data can be found in Reference
[4], which included analysis of field service data for F- I11, F-16, and B--1 transparencies.
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Data Acquisition

There are a number of traditional ways which field service data has been acquired. These
include :he Air Force Maintenance Data Collection System (MDCS), field trips to bases to
examine transparencies and aircraft records, and field trips to warehouses where failed
transparencies are stored. These techniques have a number of drawbacks. The MDCS has not
proven to be useful in terms of accuracy or completeness of data [5]; field trips are expensive and
time consuming; warehouse storage requires extensive space, shipping costs, and a concentrated
effort by a significant number of persons at given time intervals to physically examine each failed
part. At this point, field data collection trips give the most useful (although sometimes limited)
data.

For the Durability Test Criteria Program, UDRI has accompanied WL/FIVR personnel on
a limited number of data acquisition trips for F-111 and F-16 aircraft. However, even on-sight
data collection requires piecing together information from a number of sources. For example,
during each trip for F-Ill data (Cannon AFB), the Weight and Balance (W&B) records,
transparencies currently on aircraft on the flight-line, and the parts in the scrap yard must be
examined to get service life and (some) failure mode data. These data, though, may be
incomplete: serial numbers recorded- iii W&B records aie often missing or incomplete.; failure
modes are rarely recorded in W&B mcords; the F-111 T.O. manual iequires recording of the
transparency cbangeout in W&B records orly if the difference in weight between old and new
transparencies is greater than 1/2 pound (so a data point may be completely missed); and the
failure tags from parts in the scrap yard are often incomplete or missing. As a result, considerable
effort is requixee- to obtain complete field service data. However, data that.is collected has proved
valuable in selecting appropriate coupon scale tests.

The situation is less severe and is improving for F-16 canopies. Until recently, the F.16
canopies removed from service were shipped to Hill AFB, where every two years or so they were
examined and the reparability/recoatability was assessed for ea'ýh transparency. Field service data
from such an assessment was acquired for approximately 1200 F-16 canopies removed in the two
years prior to June 1992. Currently, removed canopies are shipped back to Texstar for
evaluation.

The data acquired on these trips is being added to the database for these aircraft which
was developed by WL/F1VR. This upcdated database will be analyzed during the next phase of the
Durability program. Based on the experience gained from these trips and the analysis of the data
obtained, field service data collection activities for the second and third phases of this program
will be modified to improve field service data collection.

Also, UDRI is evaluating alternative data gathering techniques for the F-1 11, F-16, and B-
1 aircraft transparency systems. A data card is being developed in-house at FIVR to provide a
possible future data collection technique. UDRI is considering an interim data collection
technique which would consist of transparency data cards that are filled out by mainmeaance
personnel whenever a new transparency is installed in an aircraft. Example data crds for F-111,
F-16, and B-1 aircraft transparency systemis are shown in Figures 6, 7, and 8. These cards would
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be pre addressed, stamped, and could be on hand foi use at the base or depot. However, a better
approach would probably be to include a data card with each new transparency that has all
information about that transparency on the card (such as manufacturer, serial number, date of
manufacture, weight, etc.). The maintenance personnel would complete the data cards, filling out
all appropriate blanks which identify subject aircraft, transparency removed, reason for removal,
etc., and return the card to the data collecting agency. To make it easier for field personnel to
obtain the data from the transparency ID decal, a standardized decal which positively identifies
each of the pertinent pieces of information could be incorporated. Currently, many of the decals
are hard to read and interpret. In order for a system like this to work it is critical to obtain official
Air Force approval, and that the people who actually are going to fill out these cards be made
aware of the importance and reasons for collecting the data, and that they be motivated to collect
the data consistently and accurately.

Example F-Ill Field Data

A portion of the F-111 field data analysis is discussed below. Figure 9 displays the
average lit.., 95 percent confidence limits, and the number of cases for each specific failure mode.
The horizontal line is the average life for the failure mode and the extent of the vertical line
defines the 95 percent confidence limits on the average. The confidence limits are defined by the
expression

1.96s

-V "4i

whereT is the average for mode i, s is the standard error from the analysis of variance (i.e., the
pooled estimate of the scatter of lives from all of the failure modes), and n: is the number of cases
for mode i. The factor of 1.96 is the Student's t value for the large sample size in the estimate of s
of this aaalysis. Since the lengths of the confidence intervals are inversely proportional to the
number of cases in the averages, the longer confidence intervals result from small sample sizes.
Non-overlapping confidence limits are definite indicators that the averages lives are signtificantly
different. This figure indicates that windshields removed for acrylic crazing (Mode 1) and
delamninations (Mode 4) have longer lives on average than those removed for cracks (Modes 2
and 3).

Average lives with confidence bounds for the two windshield manufacturers with data are
presented in Figure 10. The difference between these averages is not statistically significant for
these relatively large sample sizes. To further investigate potential differences between the
manufacturers, average lives fer each manufacturer by failur-. mode combination were compared
when data were available. None of the differences in average life for the specific modes were
statistically significant and it can be c included that there was no joint effect of manufacturer and
failure mode on life.

To test whether last base of operation had a significant effect on windshield life, the
average lives were compared for the five bases. The observed averages, confidence limits and
sample sizes are shown in Figure 11. The differenc, s between the averages are not significant.
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The clear or metallic coating was specified in only 114 of the windshield records. Of
these, 99 indicated a clear coating and 15 indicated a metallic coating. The analysis of variance
indicated that the metallic coating average life of 36.4 months was significantly longer than the
clear coat average life of 25.2 months. Due to the very small number of metallic coating records,
comparisons of average life for failure modes was not generally possible. However, the average
lives for the 9 clear coated windshields and seven metallic coated windshields with a delarnination
(Mode 4) failure mode were not significantly different.

In 224 of the records with a positive partlife, the time between windshield manufacture
and installation was available. This wait or storage time was correlated with partlife. Figure 12
displays the correlation and indicates that storage time has a negative impact on the life
(durability) of ADBIRT windshields. The correlation is significantly less than zero but, as can be
seen ii the figure, may well be a second order effect if the wait is less than 24 months. There are
many other factors that affect service life.

FULL SCALE DURABILITY TESTING

The Air Force utilizes a test facility to evaluate full scale durability of aircraft
transparencies subjected to flight conditions. This test facility is known as the full scale durability
test facility and is located at WPAFB, Area B, Building 68. This facility has been used to assess
durability of F-1 11 ADBIRT transparencies, aid B-1 windshield transparencies are currently
being evaluated in the facility. A more complete discussion of full scale durability testing and the
test facility, a critique of the facility, and correlations between full scale testing and in service
•ging are included in Reference 4.

The full scale durability facility simulates transparency flight temperatures and differential
pressure on the transparencies during different types of standard missions. A mix of flight mission
profiles are developed to simulate each year of typical aircraft usage. Schematics of the test
system are shown in Figures 13 and 14. Temperature control is achieved by mixing air from a hot
air loop and a cold air loop with the test loop which contains the test article. Each loop is
controlled independently. Thenmocouples on the transparency surface provide information to a
control system which operates the hot and cold air loop valves to mfix air so that the desired

room temperature typically. Pressvre loads on the cockpit are simulated by pressurizing or
evacuating the cockpit to obtain the net pressure differential between internal cockpit pressure
and external ambient plus aerodynamic pressure that would occur dimi g flight. Thz transparency
surfaces have typically been cleaned at the beginning of each eight how shaft u'iizing auhorized
cleaning solutions. The surface area of the transparercy is broken up into different regions, each
of which is cleaned with a different solution. Periodically the transparencies are inspected, and
&-mage is documented and photographed. In the past, durability testing has not ircluded
environmental effects such as flight line temperatures, UV exposure, rain, humidity, or dust
impingement Recommendations regarding these additional factors were made in Reference 4,
and inclusion of some of these effects is being considered.
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Full scale durability testing is the logical next step in the development of durable
transparencies after coupon scale testing. Coupon testing cannot reveal every possible problem
with a design, nor can the flight environment be simulated accurately. Often problems develop in
fall scale testing which are a direct result of the edge attachments, the size and geometry of the
finished part, or the intense thermal profile associated with simulated flight. The tlre` biggest
drawbacks to full scale testing are the cost, the time required to test, and the limited number of
designs and systems which can be tested due to schedule and time constraints. In the past little or
no attempt has been made to document this type of testing, and there have been no correlations
with field service data.

Full scale durability testing has evolved from simply putting the trannspare.ncy on the
airplane and flying it, to the development of a facility for conducting full scale durability testing on
the ground. This facility has been criticized in terms of realism of testing, cost, time to test, and
relatively small number of articles actually tested; however, improvements in most of these areas
have taken place or are taking place. Full scale testing can reveal failure modes and system
problems which cannot be detected with coupon scale tests.

One of the single most important areas which still needs to be addressed is that
cort lations need to be made between full scale durability tsting and field service performance.
This program, the Transparency Durability Test Criteria Program, will address this issue during
the course of the contract. It is difficult to make suggestions to improve full scale durability
testing when the iclationships betwce.n simulated service and field service are unknowa.

CONCLUSIONS/RECOMMENDATIONS

Much of the work in this, Phase I, of the program was to develop the foundation of the
overall Transparency Durability Test Criteria Program. The focus of Phase I has been the
formulation of the methodology for assessing durability, and initiation of work in each of the
component areas of that methodology. The component areas are coupon scale durability testing,
field service data acquisition and analysis, and full scale durability testing. The major tasks are to
identify how each of these component areas should be addressed. Common failure modes from
field service data and coupon scale tests which address these failure modes have been identified.
ti laboad1J01ui so-ate auwfci.,a weauie-ing vechnique utizing the Quv machine has been deveioped
for conditioning specimens. The formulation of and preliminaiy testing to validate a coupon scale
test methodology has been completed. Field service data collection efforts have been initiated,
along with conceptual development of an improved field service data collection technique.
Extraisive analyris of tids field service data has been conducted, and full scale durability test
practices and the facility have been reviewed and critiqued (Reference [4]). Integiation of and
correlation between each of these areas is critical to the completion of a methodology; however,
integration and correlation are premature at this stage of the effort.

To reiterate, the methodology is a general one which could be applied to any transparency
system and can be described a. follows. The first step in assessing durability Is coupon scale
tething. Currently, coupon testing by itself cannot be used to predict durabiliiy in terms of time.
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Coupon testing can and has been used to comparatively assess durability for competing materials
or designs based on the premise that performance in a given test is a real measure of durability.
The choice of coupon tests is based on the transparency system being evaluated and for a new
system must be based on experience with similar systems. Coupon tests are chosen to address the
failure modes which can occur with the transparency system. If coupon scale testing produces
satisfactory results, then full scale durability testing can be conducted. If full scale durability
testing produces satisfactory results, then the transparency design is ready for field service. If the
coupon scale or full scale testing reveal problems with the design, the design can be changed. If
field service data reveals a problem, changes can be made not only to the transparency design, but 4
to the entire methodology, which includes choice of coupon scale tests and interpretation of the
results of the coupon scale tests. The whole process is iterative and can change continuously as it
is used to reflect lessons learned and improvements in testing and interpretation of test results.

Phases II and III of this program will continue to build on the foundation of this Phase I
work to continue the development and validation of a complete aircraft transparency durability
test methodology. Phase II test plans include testing of in-service aged F-111 windshields for
identification and correlation trends similar to those found in the artificially aged coupon tests.
Included in artificially aged coupon tests will be a series of Phase I1 tests investigating the role of
thermal shock in transparency durability. In these tests, a statistical Design of Experiments
approach will be taken to assess how thermal shock affects the results of various test methods.
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1. Introduction

Today's high performance aircraft require increasingly complex transparency systems to
meet changing mission requirements. At present, aircraft transparencies must meet a
variety of specifications including birdstrike protection, optics, and weight. Many of these
high performance, high cost transparency systems, however, are experiencing short service
lives. A need exists for specifying the durability of a transparency system during the
procurement process in order to reduce the overall life cycle costs of the system.

To meet this need, however, durability test methodologies and criteria must first be
established. The Structures and Vehicle Subsystems Divisions of the Flight Dynamics
Directorate, Wright Laboratory, have teamed up to develop and validate a full-scale
transparency durability test methodology. Overall program management is provided by
the Aircraft Windshield Systems Program Office (WL/FIVR), while testing technology is
developed and applied by the Structures Test Branch (WL/FIBT).

The Aircraft Transparency Durability Research Facility (ATDRF) is an essential tool in the
overall effort to develop durability test methodologies. In conjunction with several
coupon-scale tests that are under development, it should provide a sound basis for
assessing the durability of aircraft transparencies at the beginning of the procurement
process. The main goal is to gain control of transparency durability at the point of
acquisition rather than through belated correction of field problems. This can be
accomplished by applying validated durability test methodology to enforce required
product quality.
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2. Methodology/Purpose

Wright Laboratory's Flight Dynamics Directorate began researching methods for evaluating
the durability of aircraft transparencies in 1974. Initial testing methodology exposed the
aircraft transparencies to typical flight pressures and temperatures by evacuating or
pressurizing the cockpit module, and radiant heating with quartz lamps. The cockpit
module consisted of an actual aircraft fuselage to insure that the transparencies were
subjected to proper boundary conditions.

The structural use of composite and plastic materials in aircraft has increased over the
years. These materials have a broad range of coefficients of absorption and reflectivity
versus wavelength, which caused the results of tests using standard radiant heating
techniques to be questioned. Radiant heating of laminated transparencies caused
premature debonding at interlaminar boundaries, as each layer was affected differently by
the radiant energy from the lamps. Under actual conditions, the heat transfer is mainly
conducted from the outer surface through the transparency's thickness.

The need to develop a method of testing aircraft transparency lifetime durability with
respect to thermal and pressure loads in a more realistic simulation of actual conditions led,
in 1978, to the start of Work Unit No 24010508, Convection Heating Technology for
Structural Testing. This deveiopmeit began with the or,0ueP o[ a ...- ------
a single thermal conditioning unit upstream of the test section and eventually grew into a
system utilizing two independent thermal conditioning loops and a dependent test loop.
This system, called the Convection Heat Test Facility (CHTF), was developed to prove the
concept of durability testing using convective heat transfer. Transparencies for the F-1 6
and F-1 11 were successfully tested in this system between 1980-11987.

3. Facility Description
Tis V,-4 f-.•--iit .. . IrC at edr tospn an-rnte h. m,,rln:inkr fnr cnarp and noise

I ,, ICA 1. -'" . --........ .... ............. .....
considerations in 1987. The new facility was designed to overcome the limitations of
original setup. The new design increased thermal efficiency, minimized pressure losses in
the system and turbulence in the test section, and surpasses the performance and
capabilities of the original system. The maximum temperature rating is 1000 'F, and
minimum is -100 'F. The design maximum rate of change for the surface temperature of
the glass is 5 °F/s.

The methodology used to guide the facility is based on attempting to recreate flight
temperatures and loads experienced by the transparencies. To do this, the external
transparency temperature is controlled, as well as the interior air temperature and interior
air pressure (and vacuum). Each of these parameters has an associated set of centralized,
computer-controlled hardware, and some independently controlled hardware. The
external surface temperature control system has five subsystems dependent on the central
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Vax and no independent hardware. The internal air temperature control systern has two
dependent subsystems and one associated set of independent hardware. The internal
pressure control system has three dependent subsystems and two associated sets of
independent hardware.

Aircraft
"Transparency
Durability
Research

L L FacilityCOLD tO0P

HOT LOOP Thermal Loop
Schematic

AIRFLOW

The centralized computer resource is a Vax 4200 with 32 megabytes of RAM and 700
megabytes of hard disk storage. An ADAC expansion bus controls all output signals, and
all input signals are through a NEFF 470 signal conditioning unit.

The external surface temperature is controlled by passing hot or cold air through the test
section. Air flow in the facility is through two independent loops (hot and cold thermal
conditioning loops) and one dependent loop (test section). The test section contains the
transparencies, mounted in a sealed cockpit fuselage, and a shroud that covers the cockpit
and forms a closed loop system. The shroud is unique for each aircraft tested and is
designed to provide for a 10% per linear foot decrease in the cross-sectional area of the
airstream, providing for a more realistic front-to-rear temperature distribution over the
surface of the transparencies. The ductwork is made of 10 gage 24" diameter stainless
steel. Air flow is provided by two variable speed, low pressure centrifugal fans which
comprise the first two dependent subsystems of the external temperature control loop.
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Each fan provides continuously variable airflow from 12,000 to 24,000 CFM at the
extreme service temperature for each loop. The fans use variable speed (frequency
control) motors. The Vax outputs 1-10 volts through an ADAC card to adjust the speed.
A proximity switch on each fan measures the speed, and feeds back a 1-10 volt signal into
the Vax through the NEFF 470.

The third dependent subsystem of the external temperature control loop is the Hot Loop
"SCRs. The Hot Loop continuously circulates air at temperatures up to 1000 *F. The air is
heated by six 60 kW resistance type duct heaters. The heaters are controlled by two 300
amp, 480 v SCR controllers. The 0-5 volt drive for the SCRs is generated by the Vax
microcomputer through an ADAC card. Feedback to the Vax is provided by averaging
three J-type thermocouples probes inserted into the ducting. The setpoint for the Hot
Loop is approximately 20% to 40% higher than the maximum surface temperature
required, dependent upon the maximum temperature rise rate required. The Hot Loop
will follow a profile loaded into the Vax so that more (or less) heat is available as required
by the mission profile.

The Cold Loop, the fourth depenident subsystem of the external temperature control loop,
continuously circulates air at temperatures as low at -100 'F. Liquid nitrogen, supplied by a
local 11,000 gallon dewar, is injected into the airflow immediately downstream of the Cold
Lo pU- Id.i LU c oUU' Ile IUUl J. AA LYVU IIInch c.1U 6 lllre l ¥niVi Ig.o blvA. kx.= 1, r, .," • -

control signal generated by the Vax microcomputer through an ADAC card to maintaining
the loop temperature. Three T-type thermocouple probes inserted into the airstream are
averaged for control feedback. The setpoint for the Cold Loop is approximately 20 'F to
50 'F lower than the minimum surface temperature required, dependent upon the
maximum temperature fall rate required. The Cold Loop follows a profile loaded into the
Vax so that more (or less) cooling capability is available as required by the missiorn profile.

Six sets of 24-inch opposed louver valves control the airflow, three on each thermal
,onditi•oning op. The first a!!ows for airflow into the tet secti,-n the second controls the- -- -6 -- rl~~ l l . .. - 1 . ......- . .-e - -- Il. . . . .

bypass section, and the third allows returning airflow to enter the thermal conditioning
loop. These valves are the fifth and final dependent subsystem of the external temperature
control loop which consists of two parts: controlling valve movement and determining
valve position. In order to control valve movement, each valve has a resolver that reads
valve position and outputs a corresponding 0-1000 hertz analog signal on a 10 volt carrier
wave to an Autotech valve position unit, which outputs 0-900 millivolts to the Vax. The
Vax sends out ±10 volts from an ADAC card to an AC/DC servo amp which drives a 5
horsepower DC motor to move the valve. Valve position is calculated by the Vax based
on feedback from T-type ribbon thermocouples on the surface of the canopy.

The cockpit interior temperature is controlled so that the transparencies experience the
correct through-the-thickness thermal gradient. The interior temperature control loop has
two dependent subsystems and one independent associated set of hardware. The
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temperature extremes required to simulate extended exposure to both hot and cold
runway cockpit temperatures necessitated using 5 kW duct heaters and gasecus nitrogen
instead of the prior unit, a conventional air conditioning coil, to cool the cockpit. Four, 10
inch DC fans provide for 3800 cfm of air circulation.

The heaters are controlled by one 100 amp, 480 volt SCR controller which the Vax drives
with a 0-5 volt signal from an ADAC card. The gaseous nitrogen is controlled by a 1 inch
cryogenic ball valve, operated by a 0-5 volt control signal generated by the Vax. These
two dependent subsystems use three T-type thermocouples suspended in the cockpit to
provide feedback to the Vax.

The nitrogen is fed from a one inch line from a local 11,000 gallon dewar, and goes
through an independent heating manifold prior to entering the cockpit to insure that the
nitrogen is gaseous. A thermocouple reads the temperature in the manifold, and trips a
relay to activate a bank of 10, 1500 watt nichrome heater lamps as long as the gas
temperature remains below -280 IF.

The transparencies are subjected to a net pressure loading based on the calculated net
dynamic pressure loading from cockpit pressurization, altitude, and aircraft velocity at that
point in the profile. The pressure load is applied by evacuating or pressurizing the cockpit
as necessary. The cockpit pressure control loop consists of three dependent subsystems
and two associated set of independent hardware.

The air compressor, rated for a continuous duty cycle at 125 cfm at 120 psig, maintains a
640 gallon air reserve at 105 psig. The vacuum pump, rated at 475 cfm at 24 inHg,
maintains a 200 gallon vacuum reserve at -14.7 psig. These two independent subsystems
are both connected to the cockpit fuselage section by a single two inch pipe, the pressure
feed line.

The pressure and the vacuum lines each have individual two-inch, normally closed globe
,,.... drrien by a 4-10 milliArnp signal gpnerated hy an ADAC card in the Vax. Two

LVDT transducers, reading -2 to +1 5 psig, output 0-30 millivolts to provide feedback to
the Vax. The pressure and vacuum line valves are positioned prior to the junction where
the individual pressure and vacuum lines tee into the pressure feed line. These two
dependent subsystems are controlled to follow the pressure profile appropriate to the
mission loaded into the Vax.

The cockpit also has two two-inch vent lines that are open to the atmosphere. The vent
lines are controlled by two-inch normally open globe valves driven by 4-20 milliAmp signals
generated by an ADAC card in the Vax. The vent lines allow the control system to
compensate for the pressure fluctuations caused by the use of gaseous nitrogen to cool the
cockpit, and to provide for emergency dump capability for pressure in the cockpit. Also,
the pressure feed line has a two-inch, normally closed ball valve to allow for additional
emergency venting. It is controlled by the abort circuitry (discussed below) and opens
immediately whenever an abort relay is tripped.
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The Vax monitors all data channels ten times each second, and alerts the Test Operators if
any critkal test parameters are deviating from normal conditions. Critical test parameters
are defined as those measured conditions directly affecting the test article, namely the
external surface temperature, the cockpit air tempe,-ature, and the cockpit pressure. The
Vax will show three levels of error: follow, warning, and abort. Following errors indicate
that the control channel is experiencing small, acceptable variations. Warning errors
indicate that the control channel is experiencing conditions that, if sustained, may
jeopardize the validity of the test. Abort level error is triggered to prevent damage to the
test articles.

When a critical test parameter reaches abort level, the control system engages Z digital
dump which trips a relay, engaging the abort circuitry. The abort circuitry sends a five volt
signal to open the dump valve on the pressure feed line and cuts all drive signals to the
pressure control subsystems, closing the pressure feed valves and opening the vent valves.
The control system automatically begins to ramp the internal/externai temperatures to a
safe level (70 IF). If the control system cannot do this automatically, the Test Operators
can engage Manual Control Circuitry, which immediately disconnects all computer drive
signals, and manually adjust the drive signals. Once the test articles are secured, all
subsystems are set to a dump condition; that is, they are disconnected from all drive
signals, computer and manual.

Two thirty-two channel data loggers act as a redundant data system. The data loggers have
relays which can activate the Facility Control Console safeytv circuitry. The pressure system
has a mechanical Dwyer set to -11/7 psig to act as an independent redundant dump
system.

Due to the amount of data being monitored, it is only recorded every ten seconds.
However, the last 100 data points for 28 critical data channels, representing the last ten
seconds of testing, are saved separately in case of an abort. This allows for detailed
examination of the final conditions that led to the abort.

4. Summary of Past Test Results

The F-1 6A began pressure fatigue cycle testing in February 1980 and continued until
August 1980, when preparations were made to begin full scale flight test simula-.ion. Full
scale testing began in conjunction with runway soak and ultraviolet conditions in April
1982 and ended in August 1983. The previously unreported failure mechanisms that
occurred in this test, cracking of the acrylic ply, began to show up in the field within one
year, showing the applicability of the convective heat test method.

The F-1 11 transparency began full scale flight test simulation in August 1985 and ran
through September 1987. At this time, due to space constraints and growing
requirements for other test programs, the facility was moved from inside Building 65 to

Building 68.

After the new facility became fully operational in May 1990, the final set of F-I 11
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transparencies was tested. I hese tests continued through September 1990. All F-i 11
tests showed a good correlation to field service failures. One particular test article

experienced a large growth in delaminations, especially after high-speed missions. A limited
number of similar transparencies test were flown in Upper Heyford and Lakenheath,
England, and were removed after as few as 100 hours for delaminations. The crew chief

confirmed that he first noticed the delamination upon the aircraft's return from a

high-speed mission.

The B-i B transparency underwent full-scale flight test simulation from June 1992 through

January 1993. Both pilot and copilot production and prototype transparencies were

tested. None of these transparencies experienced the delamination problem to the extent
as reported on aircraft in the field. This test and its ramifications will be more fully

discussed in the next section.

Currently, the F-i 6 transparencies are undergoing durability testing. Testing of the F-i 6

began in August 1993 and is scheduled to go through November 1994.

S. B-IB Test Results

B-i B full-scale durability testing was conducted at Wright-Patterson AFB from 16 Jun 1992
to 29 Jan 1993. The results of the full-scale testing are inconclusive, since the failure
mechanism most common in the field (delamination between the polycarbonate structural
layer and the exterior glass ply) was not thc cause for removal for either of the production
windshields or either prototypes.

After the conclusion of the full-scale testing, representatives from WL/FIBT and WL/FIVR
met to account for the discrepancy between the test results and the field data. According
to I J•_ W•-D .QLOME'rI: VOLUME 1, .Ia AND• AUa•EN.•. Ssi-E i-
D mK (CLAYTON AND BOUCHARD, WL-Tfk-91-3087), the thermally tempered outer glass
ply is responsible for the delaminations in the field , since the thermally tempered glass
does not conform exactly to the compound curvature of the B-i B windshield. The interior
stresses caused by this enforced displacement from the natural position of the glass ply
were found, usino finite eiement analysis, to be greater than the ultimate strength of the
silicone interlayer'. Changing the outer ply to chemically tempered glass, which can be
more e'.ily formed to match the compound curvature of the polycarbonate structural ply,
was the recommended solution and was implemented on all prototypes. This theory
would indicate that delamination was mainly a function of time, which could very possibly
be accelerated by the induced thermal and mechanical stresses inherent to the fuil-scale
testing environment. The results of the full-scale testing, however, do not reinforce this
assertion.

The production B-1B windshields in the field exhibited lifetime of six to eighteen months,
where one year is equivalent to 350 flight hours. However, the production windshields
tested in the full-scale facility did not experience any delamination greater than ¼4" deep
and ¾A" wide until well into the third simulated year of testing (917 hrs total simulated
flight time). The d&laminations occurred only after the decision was made to attempt to
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increase the presence of humidity on the test articles. This was accomplished by cutting
the edge sealant back to expose the edge of the copilot transparency and spraying water
directly on the exposed surface at each inspection (roughly six to eight hour intervals).
After 963 hours of simulated flight, the copilot windshield experienced a delamination
approximately 1/4" deep that ran along most of the lower, outer edge. This delamination
showed no further- signs of growth.

a ° Neither prototype windshield experienced any delamination and both were removed after
607 hours of simulated flight. The prototypes were not expected to sustain any significant
damage at this point, based on the results of the haseline testing.

6. Lessons Learned from B-1B Full-Scale Testing

The lack of correlation between damage sustained by the test articles and the damage
experienced by windshields in actual field service indicated that either the facility was not
exposing the test articles to a condition (or conditions) critical to failure, or that the
facility's conditions were not severe enough to promote gross delamination. The latter
condition was dismissed by WL/FIVR personnel, who expressed a high degree of
confidence in the temperature range of the flight profiles.

The decision to go ahead with full-scale testing was not preceded by much analysis or any
testing. ideally, the expected failure modes should be listed, and the expected conditions
that cause such failures. Then, realizing that both methods have inherent strengths and
limitations, coupon or full-scale testing should be identffied as the most advantageous
method with which to continue. Neither this, nor any similar procedure, was done prior
to the B-1 B testing. The lack of communication and shared knowledge between the
coupon and full-scale personnel contributed greatly to the lack of an orderly approach.

7. Follow-on B-lB Testing

Since the conditions in the facility did not cause the transparencies to delaminate, various
possible synergistic conditions were investigated through system analysis, literature surveys
and contact with the vendors for the B-1 B windshields. The following specific factors were
investigated:

Factor: UV
*Theory: Exposure to UV degrades silicone/glass adhesion.

One vendor reported testing the silicone layer after combined UV/humridity
exposure, and reported that it did decrease the effective strength of the interlayer in
peel tests.

Factor: A/C structural loads carried by transparencies
*Theory: Torsion/bending loads in A/C add shear/tension forces to interlayer.

The B-1 windshield was originally designed to oe a load-carrying member. This
requirement was later removed, but the windshield design was not changed.
However, vendors report that the actual loads carried by the transparencies are
minimal.
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Factor: A/C vibrations

* Theory: Harmoniics affect normal stresses present in transparency interlayers.
No support for this theory cculd be found.

Factor: Structural changes to B-1 B test module

* Theory: The tezt module was modified from a B-1A ejection seat module test fixture,
and was refitted to conform to B-1 B structural specifications around the
transparencies. However, the entire underside of the module was rebuilt with 3/8"
stainless steel to hold test equipment and a 6 psi positive pressure load condition. This
considerable mass of metal did act as a large heat sink, which resulted in some unusual
temperature gradients across the transparency during hot missions.
"* All the non-standard modifications were structurally removed from the edges of the

frames, so the pressure load distribution applied to the transparencies should not
differ from that in an actual aircraft.

"* The temperature gradients caused by the heat sink, while not representative of
conditions experienced in flight, were not significant enough to affect the interlayer
directly.

Factor: Humidity

*Theory: Exposure to humidity degrades silicone/glass adhesion.
* Silicone adhesion is due to weak molecular forces and therefore resists absorption of

liquid water due to low surface energy, but water vapor readily migrates into silicone
elastomers. Degradation of bonds may occur by hydrolysis of siiicon/oxygen bonds
or disruption of electrostatic bonding sites. Additionally, testing has shown that
water exposure caused a rapid reduction in peel strength with SS 6569, a
conventional glass primer used by one of the vendors initially. "SILICONE INTERLAYER

ADHESION CHARACTERISTICS," JUENGST, LEMASTERS, AND WANG; WRDC TR-89-4044
S"....* humidity exposure... is considered the most adverse environment for
interlayer adhesion." "HEAT RESISTANT SHEET INTERLAYER," JE MAHAFFEY; AFML TR-76-54

" Failure mode in field experience is adhesive (between silicone and glass), not

cohesive, indicating a degradation of the silicone-primer bond or the primer-glass
LUI IU, UI ULI I.

All investigations showed that humidity is a major factor (if not the main factor) in silicone
interlayer degradation. If the B-1 B delaminations were solely a function of humidity, this
would explain the full-scale testing results, but not the depth of the problem as reported in
the field. Cases were reported to WL/FIVR where a transparency had delaminated in the
crate, awaiting installation. These cases occurred early in the cycle, and were never
wide-spread. Possible explanations for this are:

Different primers/adhesives used by manufacturers during production run;

"* Increased capabilities of newer materials provided increased performance.
" All primers/adhesives are proprietary, and information about changes is not readily

available.

Thermally tempered glass contours of test articles more closely match polycarbonate
structural ply contours of test articles:
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* Since the test articles were from the end of the production run, constantly improving
techniques throughout production run decreased amount of deviation of glass contour
from polycarbcnate structural ply contour.

Since no published data exists in
the public domain on the effects

of humidit: on the interlayer of
the B-i B transparencies,
WL/FIBT, WL/FIVR, and

UDRI decided to perform a
joint investigation using actual

B- 1 B transparencies as test
articles. The test will involve / ,.-
pulling plugs from actual B-i B Top View Sids View .......

windshields so as to test the B-11 Follow-on Test Article Diaarom

strength of the silicone

interlayer/prirner/glass system.
Multiple tests will be performed
on each windshield, allowing the
windshield to be exposed to a
progressive controlled
heat/humidity environment. A series of tests will then show the effect of humidity
exposure over time on the strength of the silicone interlayer/primer/glass system over
time.

S. F-16 Advanced Canopy Coatings Project

The current full-scale durability testing is being conducted on the F-1 6 advanced canopy
coatings project (in conjunction with the Mission Integrated Transparency System - MITS -
project). The objective of this test is to evaluate the capability of three separate
muiti-functionai durable coatings systerns to williitaid pes bsur e and thii Arm1-l ilod- I ad Liny g f,
simulated F-1 6 a/c mission environments. The coatings are intended to protect the
polycarbonate canopy structure against abrasion, crazing, and electrostatic discharge
(ESD).

A total of four F-1 6 canopies will be tested in the facility. The test articles include one
current production F-1 6 canopy and three canopies with prototype durable coatings. The

Scurrent production canopy structure consists of a bare acrylic face ply with a polycarbonate
structural ply and a gold solar coating on the inside (see figure below). The first prototype
canopy design consists of a hard urethane flow coat on polycarbonate with an indium tin
oxide (ITO) coating on the inner ply. The second is a conductive urethane flow coat
applied to polycarbonate with a bare acrylic inner ply. The third is a soft urethane liner on
polycarbonate. These prototype designs were selected because of their superior
performance in coupon scale testing (rain erosion, abrasion, craze, hail impact, flex beam).
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ACRYLIC LAYER-

POLYCARBONATE LAYER

GOLD SOLAR COAT

Production F-1 6 Canopy

HARD URETHANE FLOW COAT CONDUCTiVE URETHANE FLOW COAT SOFT URETHANE LINERIPOLYCARBONATE LAYER POLYCARBONATE LAYER

POLYCARBONATE LAYER POLYCARBONATE LAYER POLYCARBONATE LAYER

PLYCARBONATE LAYER I ACRYLIC LAYER LYAONTLYE
,TO COAT

Protoype # 1 Prototype #2 Prototype #3

Prototype F-1 6/MITS Canopies

The durability testing will subject the full-scale canopies to the pressure and thermal load
cycling representative of the F-1 6 a/c mission environment. By using a full-scale test
artic!e, the effects of the catiopy geometry and edge effects of the frame are accounted for,
which is not possible in coupon-scale testing. Previous F-1 6 full-scale durability testing (in
1980) indicated that pressure and thermal cycling was a significant contributor to the
failure of the older F-1 6 canopy designs.

For the first time, coupon-scale durability testing will be performed in parallel with the
full-scale testing in an attempt to further understand mechanics involved in the failure of
transparencies in the field. The thermal and pressure mission profiles will be applied to
coupon samples of the prototype canopies in order to establish a correlation between
coupon- and full-scale testing. In addition, half of the coupon samples will be exposed tommm ~U 1t-., i~ . . .:- _ 1L ' ,,fI . sI;•. g^ .; 1' ,^ ,1 ,• ', r ' i t nctin n n •f tk o n r rttcl txn P

u�uI dViIL weathering pri C, Wi U U -or tL u, du "' I ,ls•,,,. rAJ J . ... ... li .... ' . . r
designs indicated that artificial weathering (QUV) was an important factor in the
degradation of coating performance in most the tests (rain erosion, abrasion, flex beam).

Full-scale testing is scheduled to begin in early Aug 1993. Each canopy will be subjected to
the equivalent of four year's worth of flight time (approximately three months of facility
time). Testing should be completed by Nov 1994. The test methodology for the
coupon-scale durability testing is still under development, but actual testing should take
approximately three months total.

9. Facility Outlook - the Future

The mission of the ATDRF is to develop and validate test methodology and criteria to
assess the service life of a transparency system. To successfully carry out this mission,
several goals must be met.
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Short-term goals:

" Establish a standardized method for gathering field data to verify mission profile
calculations (temperature and pressure). This eliminates the last-minute scramble for
information that can verify/disprove any questionable calculations.

"* Establish a standardized procedure for calculating the mission profiles. Each test series,
thus far, has used a diff-erent method for calculating the temperature and pressure
"profiles. It is important to first obtain valid aircraft mission profiles and then use the
proper analytical methods to obtain the test profiles. STAPAT II, a transient,
three-dimensional aero-thermal analysis code, was used to obtain the test profiles for
both the B-1 B and F-1 6 transparency tests.

" Establish a standardized procedure for determining the potential value of testing a
transparency system in the ATDRF. Full-scale durability testing is too costly and
time-consuming to test every new transparency system. There needs to be an
established set of criteria for determining if the temperature and pressure cycling could
potentially be a significant driver of the failure of the particular transparency design.
This will be based on past experience of results from similar designs. Coupon-scale
test methods are being looked at ýo assist in this determination.

Long-term goals:

" Develop a coupon-scale durabillty test method that correlates to the full-scale method
as well as the field service life data, potentially eliminating the need for full-scale testing.
Full-scale testing is very expensive and, currently, transparencies can be tested only
one at a time. A validated coupon-scale durability test method would save time and
money.

" Increase efficiency of test preparations to minimize changeover time between tests.
Currently, changeover time is about six months between different aircraft windshield
tests. The time is used to install the new test stand, rewrite control system codes, and
check out system functions. To reduce the backlog of upcoming tests, changeover
time can be minimized by advance planning and preparations.

Devel op. , u....... ;ILIv evaluation 1- , eS tht "acn be usd to evaluate new
transparency designs independently, eliminatiig the need for a current production
baseline test. The F-1 6 canopy test will be the first to utilize quantitative techniques
(haze index, optical distortion, and birdstrike) to evaluate and monitor transparency
degradation in the facility.

*Develop standardized durability test criteria that can be used in the procurement of
transparency systems. The culmination of all durability efforts will be the establishment
of durability requirements to be used in the procurement process of aircraft
transparency systems.

10. Conclusion

The Aircraft Transparency Durability Research Facility is a one-of-a-kind, state-of-the-art
R&D test facility. Full-scale testing is less expensive than test-flying aircraft, but it is not
suited to the variety of conditions applied to coupon testing (abrasion, rain-erosion, etc.).
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The development and validation of durability test methodologies and criteria will lead to
the establishment of durability requirements for future transparency systems, but this will
only happen with an integrated testing methodology. The various aspects of full-scale
testing need to be fully investigated so that future transparency research can easily choose
the proper technique for the most accurate and efficient results.
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ABSTRACT: The objective of this work was to contribute to the development of a removal for cause
criteria for the KC-135 celestial navigation window by investigating the relationship between service-age and
interlayer burst strength. The testing conducted in this program included pressure proof testing of the celestial
window, and burst testing of the PVB interlayer. A suitable test system was developed which could be modified to
test other ta~nsparency systems. Statistical analysis of the data was performed to estimate confidence intervals and
extrapolate a lower age limit below which burst failure would not occur. A risk analysis based on the test data was
also conducted.

INTRODUCTION

There have been two catastrophic in-flight failures of KC-135 ce.e..... w ..i.d .. S, 0e
1974 and one in 1988. Each of these failures has resulted in rapid decompression of the aircraft
and a fatality. The location of the KC-135 celestial window on the aircraft is shown in Figure 1.
The window is a 13"x15" glass/PVB/glass laminate, see Figure 2. No information was obtained
regarding the failure of the first window in 1974. The cause of the glass ply failure was unknown
for the 1988 failure; however, the cause of the failure of the fail/safe PVB ply was determined to
be PVB degradation and subsequent fatigue cracking of the PVB at the periphery of the window
[1). In 1974 an engineering change was made to the window, which consisted of changing the
bumper from PVB to a sealant and covering the PVB at the edge attachment with a sealant. Both
transparency failures were the pre-1974 design.

During the life of the KC-135, celestial windows have been removed and replaced only if
they no longer met the optical requirements. There is no requirement for removal and
replacement after a given structural service life. In December 1988, for flight safety reasons, the
interior surfaces of the celestial windows were covered with an aluminum skin to prevent
additional failures. Also, a directive wa- issued to remove the celestial windows and replace them
with an aluminum plate as plates became available. The celestial window failures coupled with
the high average age of the fleet have led to general concerns over the effects of aging on
interlayer materials' resistance to degradation, since there are a number of Air Force aircraft with
windows of similar design which may be subject to similar degradation problems.

*Performed under Contract F33615-90-C-3410 for the Flight Dynamics Directorate, Wright

Laboratory, Wright Patterson AFB, Ohio.
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While the use of aluminum skins provided a short term resolution to flight safety concerns,
understanding the long-term degradation of fail-safe ihterlayers would allow use of these (and
other similar) windows by specifying limits for their useful structural life. The objective of this
work was to contribute to the development of a removal for cause criteria for the KC-135
celestial navigation window by investigating the relationship between service-age and interlayer
burst strength. With this strength vs. age data and appropriate limits for acceptable risk, a
removal for cause criteria based on structural durability can be developed.

TEST ARTICLES

Table 1 lists the KC-135 celestial navigation windows obtained for testing, and includes
manufacturing dates, approximate dates-of-removal, and approximate service age. Service age is
defined as the difference between date-of-removal and date-of-installation, minus a value
representative of the uncertainty in removal and installation dates. Uncertainty ranged from ± 4.5
months to ± 6 months depending on the manufacturing, installation, removal, and shipping data
available for each window. Most specimens were received with the aluminum plate still attached.
The amounts of adhesive remaining on the innei structural glass plies after plate removal were
considered small and were thought not to affect PVB burst pressure results. Visual observations
of the pre-test conditions of the windows showed a number of apparent delaniinations between
the PVB and the aluminum frame piece near the window edges (see Figure 2). Large voids
(bubbles) were also present in the center portion of some windows, apparently between the glass
and_ PVB plies. Rubbei sealing compound on the edge mounting surfaces was often peeled away.
When required, butyl rubber strips were placed in these locations to aid in sealing during the
pressure tests. With the exception of the use of butyl rubber, no other specimen preparation was
performed.

The majority of specimens were manufactured in the mid 1970's, and represented service
ages of roughly 15 years. Figure 3 shows the distribution of estimated service ages of specimens
used in this study. Note that the histogram is shifted toward the high service age end. This shift
is a result of the availability of windows for testing: a far greater number of "older" windows
have been removed since criteria for removal are based on the optical condition of the window.

PRESSURE BURST TEST SYSTEM

The Pressure Burst Test System, Figure 4, was designed and fabricated specifically for this
test program. The system consists of a two test cells fabricated to match the curvature of the left
and right side KC- 135 windows; a holding tank with an impact resistant polý carbonate lid in case
of catastrophic failure; a portable air pressure source; pressure control hardware with computer

"• q( controlled pressurizing of the test cell; and digital recording of pressure data. A video camera
was used to record the test.

The test article (celestial window) was mounted inside the two-part test cell against
flanges that matched the geometry of the transparency edges. The sealed test cell was placed
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inside the 4'x4' steel containment box for testing. The box included a transparent, impact resistant
polycarbonate lid through which the test was recorded on videotape. The system was designed to
allow future expansion of capabilities. The containment box size can accommodate larger aircraft
windows as well as other test hardware such as environmental controls. Computer system
hardware and software can be used to acquire any analog signal, such as strain gages and
thermocouples, and control numerous analog devices.

TEST PROCEDURE

Proof tests of the windows in as-received condition and burst tests of the PVB interlayer
were conducted on each window received. Proof tests were conducted first to assess the ability
of the window as a unit to withstand high pressure. Pre-test calculations indicated that the inner
structural glass ply should be capable of withstanding 60 psi. The proof test cycle consisted of a
pressure ramp to 50 psi over 5 minutes (0.167 psi/sec), a 1 minute dwell time, and a de-
pressurizing ramp back to 0 psi over 5 minutes. Ramp times were chosen to assure quasi-static
loading. Visual inspections were made before and after each test.

If the window passed the proof test (completed the cycle with no pressure iosses), a PVB
interlayer burst test was conducted. Loading of the interlaye' was assured by fracturing the inner
glass structural ply prior to the burst test. A simple hammer blow on the inside smuface at a
comer, where the glass meets the phenolic edge material, resulted in a networks of cracks and
minimal local chipping (Figure 5). The burst test cycle consisted of a ramp of 0.333 psi/sec until
the interlayer could no longer hold pressure, at which point the test was terminated. Pre- and
post- test visual assessments of the windows were made, including failure descriptions and
locations.

Reference [2] provides further details on the Pressure Burst Test System and procedures
used in conducting the tests.

TEST RESUL fIS AND ANALYSIS

Table 2 lists the results of Proof Tests, PVB burst pressure for the Fail/Safe Tests, and
descriptions of the PVB failure modes. The failure modes ranged from small PVB tears near the
phenolic edge to "blowout" of the window, characterized by complete tearing of the PVB
interlayer and large window pieces completely separated from the frame. Figures 5 and 6 show
typical specimens after PVB failure.

Figure 7 shows the PVB burst pressures as a function of approximate service life. The
data have been fitted with a least squares linear regression. The 99% and 99.9% confidence
intervals on the burst pressures are also shown. The data indicate a gradual reduction of burst
strength over long periods of time. In using linear regression to characterize the data the
assumptions were made that the trend in strength with service age can be accurately represented
linearly, andthat the burst strength for a given age can be represented by a Normal distribution.
The 99% confidence interval lower bound indicates the pressure below which, on average, 1% of

748



the windows in a random sampling of a specific service-age will likely burst. In other words,
based on the observed variance of burst pressures, it is reasonable to expect that (on the order of)
1 window out of 100 randomly selected windows will have developed burst pressures below the
99% lower bound.

For a minimum burst pressure of 10 psi, the 99% confidence interval lower bound
extrapolates to a service-age of 313 months. Equivalently, a 313 month-old window has a
"Failure Risk" of 1 in 100 at 10 psi. For any service-age, a "Failure Risk" at 10 psi can be

Uk , calculated by finding the confidence interval which passes through 10 psi at that service-age.
Figure 8 shows the results of these calculations for service-ages from 0 to 500 months.

"Failure Risk" can also be established on a flight hour basis by simply dividing the number
of flight hours at any particular service-age (A) into the Failure Risk (R). Assuming an average of
22.92 flight hours per month (275 per year), Flight Hour Failure Risk (RFH) is given by

R
RFH = (22.92)(A) (1)

The results of this calculation are given in Figure 9. Note that the graph does not include risk for
service lives less than 100 months. Equation (1) results in artificially high risk for short service
lives, since the graph of Failure Risk (R) vs. Service Life (A) is relatively flat for low service lives
(Figure 8) From (1), no change in R results in increasing RFH as A gets very small.

"YOT7' A ILTA T X'TO
£%JLO3 r~11% 1 1 L. " &~A.3 -1

Testing of KC-135 celestial navigation window fail-safe interlayers demonstrated a
gradual reduction in pressure retaining capabilities with increasing service life of the window. The
following risk assessment was performed to assist in the definition of a removal-for-cause criteria,
based on service life, for these windows. The risk assessment procedure follows MIL-STD-882C,
Military Standard for System Safety Program Requirements.

Hazard Severity

naizziu .eveity Categuiile ULU ucuicu tuL pIuviuC a quulitativeneasue UL V1LWtc, wo-
credible mishap resulting from component failure. The severity categories defined in MIL-STD-
882C are given in Table 3. Two previous in-flight failures have resulted in rapid cabin
decompression and death of a crew member. Given this history, pressure bursting of the PVB
interlayer is considered Category I, Catastrophic.

Hazard Probability

The probability that a hazard will be created during the life of a transparency system can
be described in terms of potential occurrences per unit of the population of windows in the field.
It can also be described in terms of occurrences per flight hour of the fleet. In the pressure burst
testing, linear regression analysis was used to identify confidence intervals for the reduction in
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burst strength with service age. Using hazard probability definitions suggested by MIL-STD-
882C [2], Hazard Probability Levels were defined and are shown in Table 4. Probability levels
were assigned based on the proposition that more than 2 failures per year fleet-wide is considered
"Frequent." The Failure Risk associated with 2 failures per year is approximately 5/100 (95%
confidence bound). The remaining Hazard Probability Levels were based on decade or half-
decade increments of Failure Risk. Number of Fleet occurances and Service Ages were obtained
from Figures 8 and 9. It nmust be emphasized that the actual distribution of service-ages in the
fleet is not accounted for in this analysis. That is, Number of Flight-Hour Occurences assumes
that all windows have service-ages equal to that given in the Service Age column. For removal- ' --.

for-cause criteria purposes, this iepresents a conservative approach, since at any given time, some
windows will have service lives less than than the recommended removal age. It must also be
emphasized that the confidence bounds, and therefore the Failure Risk and Service Age estimates,
are based on the variance in burst pressure demonstrated ii, actual pressure burst testing.

Hazard Risk Index

The Hazard Risk Assessment Matrix from MIL-STD-882C is shown in Table 5. For the
Catastrophic category, of which interlayer burst is a part, probability levels down through Level C

(0.1 to 0.5 failures for every 1000 windows) must be prevented. Risk associated with Level D

(0.05 to 0.1 failures for every 1000 windows) is undesirable, while risk associated with Level E is
acceptable.

Removal-for-Cause Criteria

Basea on Tables 3, 4, and 5, risk analysis indicates that requirements to prevent faihlMs

numbering 0.5 per 1000 service aged windowvs (0.017 per 100,000 flight hours) would be satisfied
by replacing the window when service life reached 126 months, or 10.5 years. A ten-year change-
out cycle would eliminate Unacceptable and Undesireable risk, as estimated by the pressure burst
test results. However, risk defined as Acceptable with Review would still remain.

CONCLUSIONS AND RECOMMENDATIONS

Currently, KC-135 celestial navigation windows are replaced only if the window fails to
meet optical requirements. Like many other windows of this design, no criteria exist which
specify removal based on likelihood of structural failure due to material degradation. This work is
a first step in establishing such criteria. A removal for cause criteria based on a 10 psi minimum
for the 0.05% Failure Risk level would require replacement of the window after 10.5 years of
service-age had elapsed. However, it must also be recognized that this program addresses only
the PVB fail-safe layer of the window. For a window blow-out to occur, both the inner and outer
glass plies must also fail. No effort has been made to assess the risk associated with glass ply
failure.

A planned changeout of 10.5 years represents a considerable reduction in risk compared to
current optical criteria, which may have windows in service for 25 years or more. Two points
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help to underscore this reduction. First, two catastrophic failures have occurred in the estimated
13.5 million flight-hour life of the fleet (through 1990). Therefore, the historical combined risk of
having a glass ply failure and a PVB interlayer failure occur simul,•,z.ously is approximately
0.015/100,000 flight hours. The 10.5 year changeout has an associated risk alone of
0.017/100,000 flight-hours, which is nearly the same as the historical combined risk. The risk
associated with 10.5 year changeout is therefore conservative. Second, as of 1990, as many as
110 windows still in the fleet had service ages over 22 years (264 months). These parts were at a
high risk for PV-B failure. According to Table 4, the Right-Hour Failure Risk can be reduced by a
factor of almost 5 (compared to 264 month-old parts) by removing parts at 10.5 years (126
months). This represents a substantial reduction in risk while a maintaining reasonable service-life
over which to spread replacement costs.

In establishing a more reliable removal for cause criteria, other factors would ideally be
accounted for. While difficult to track, actual flight hours (rather than estimated or averaged)
may be a more appropriate parameter on which to base a criteria. Exposure to thermal, moisture,
and chemical environments would be important and should ideally be considered for a true
understanding of degradation phenomenon. However, it must be kept in mind that the goal of a
criteria is not to improve the performance of a part, but merely to indicate when the chances of
performance degradation increase. The degradation of the PVB burst strength appears to be
long-term phenomenon, not a sudden decrease in performance which can be traced to specific
causes. Therefore, understanding specific causes of degradation may not be as important as
knowing when the degradation will occur. In this light, any further work should be directed
toward additional support for the observed trend. Most notably, burst data covering a wider and
. .rnnrp ,nnnl.t ranot-. nf service lives should het nhtaine4d in order to verify the t- nds an.d_ co.nfirm
the extrapolations.

It should be emphasized that the PVB in the KC-135 windows provides a fail safe
component for the windows. If the glass fails, the PVB is supposed to maintain structural
integrity and hold cabin pressure. The testing reported in this effort provides evidence that there
is a limited lifetime to this fail-safe protection. It is recommended that service life be limited for
this type of window. Other similar windows should also be investigated.
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Celestial Windows

Figure 1. KC-135 Celestial Navigation Window Location
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- •Figure 2. KC-135 Celestial Navigation Window Cross-Section
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KC-135 Celestial Navigation Window Specimen Age Profile
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Specimen 6-H-2-3-56 Showing Typical Fracture of Inner Glass Ply Prior to Burst Testing

Specimen G-H-2-33-56 Showing Complete Separation of Window from Frame Dur-ing Burst
Testing

Figtire 5. Pr,-- and Post- Burst Test Appearance of KC i.35 Window
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4e

Specimen 6-H-i 1-9-12. Typical Edge Tear During Fail-Safe Test

14 Specime&n 83-1-16-20-210. Typic.al Complete PVB Tear Duning Fail Safe fests.

Figure 6. Typical I'VE Interlayer Failures

757



KC-135 PVB Brst Strent Results
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Table 1. KC-135 Celestial Window Inventory

DATE DATE DA-.E
of of of LIFESPAN PVB Burst

UD# USAF# L/R MANUFACTURE REMOVAL SHIPMENT (Months) (psi)
1 6-H-8-21-30 R Aug-76 May-91 168 54
2 6-H-11-9-12 R Nov-76 May-91 165 82
3 6-H-2-11-31 R Feb-76 May-91 174 81
4 88-H-12-12-027 R Dec-86 May-91 44 99.6
5 6-H-6-14-13 R Jun-76 May-91 170 41
6 83-H-6-20-335 R Jun-83 Jul-90 77.5 86.4
7 87-H-03-09-169* Burst Tested as Window #43 Below 71
8 6-H-12-11-17 R j Dec-76 May-91 164 55
9 6-H-5-13-52 R May-76 Jun-91 172 50
10 6-H-12-11-11 Burst Tested as Window #44 Below 72
11 6-H-2-12-132 L Feb-76 Jul-90 165.5 64
12 6-H-2-3-56 L Feb-76 Jun-91 176.5 44
13 6-H-8-2-12 L Aug-76 May-91 169.5 60.1
14 86-H-09-22-583 L Sep-86 May-91 48.5 61.8
15 6-H-12-17-93 L Dec-76 Nov-90 158 59.6
16 8-H-1 -06-88 L Jan-78 May-91 151 58
17 6-H-12-6-101 L Dec-78 May-91 140 42
18 83 .H-6-20-204 L Jun-83 Oct-g0 80.5 98
19 6-H-2-3-58 L Feb-76 May-91 174 60
20 6-H-4-1-56 L Apr-76 May-91 173.5 35
21 84-H-8-20-469 L Aug-84 Mar-91 70 73
22 #2 (NO SN) May-91 - 67

7-ni-i'-u,-•f L Du•-,7 May-91 152.
24 #1 (NO SN) L Jan-00 Nov-90 72
25 5-H-2-20-11 L Mar-75 May-91 186 78
26 #3 (NO SN) May-91 - 66
27 6-H-6-18-51 L Jun-76 Jan-92 179.5 60
28 8-H-1-06-85 L Jan-78 Dec-92 171.6 48
29 7-H-1 1-02-13 L Nov-77 Dec-92 173.5 44
30 83-H-6-20-210 L Jun-83 Dec-92 106.5 60
31 6-H-1 2-6-98 L Dec-76 Dec-92 183 68
32 8-H-1 -06-71 L Jan-78 Dec-92 171.5 77
33 6-H-12-11-08 R Dec-76 Dec-92 184.5 52
34 6-H-1i1-9-41 R Nov-76 Oct-92 183.5 64
35 6-H-11-9-37 R Nov-76 Dec-92 185.5 76
36 6-H-5-14-38 R May-76 Dec-92 191.5 70
37 4-H-12-19-104 L Dec-74 Dec-92 208.5 92
38 6-H-12-11-15 R Dec-76 Dec.-92 184.5 64
39 4-H-12-19-90 R Dec-74 Dec-92 208.5 66
40 5-H-1 -29-40 R Jan-75 Dec-92 207.5 84
41 8-H-1-11-120 R Jan-76 Sep-92 168.5 65
42 #4 (NO SN) - 73
43 87-H-03-09-169 R Mar-87 Never Installed 0
44 6-H-12-11-11 R Dec-76 Never Installed 0
45 #5 (NO SN)
46 #6 (NO SN)
47 #7 (NO SN)
48 #8 (NO SN)

"AJso labeled 90-092)n 965
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Table 2. KC-135 Celestial Window Test S=vnbmy

P ROOFTEST CUTER PLY PROOFIndSUAST DATE DATE

LIFFESPAN RESULT PVl Burst OUAST TEST of of
i .qA USAF& (M0PjlhjL jPF) sDl) (Poll COM ME NTS REMOVAL StIPMENr

1 H-B-21-X 168 P 54 41 lea n around edge at 54 pe;. May-61
2 6-H-1--12 165 P 8W 45 PV puled away from edge. May-Al
3 6-H-2-11-31 174 P O1 Innri ply NOT broken poor I* burst lel.

"%Catomocie(blowoS) fbibre. Video failureA - s,"Ay er teat. May-91
4 884141-12-12-027 44 P 99.6 Comrowemr delay ner 60 i. PVB hoak now

edge atV4.6 psi. May-91
5 6-H4-14-13 170 P 41 41 Outer p and PVB pWled away fromt edge. May-SI
6 83-4--20-335 77.5 P b6.4 Seal failure o first Proof Te. Pesc a second

Proof teot PVB pulld wsey from edge at 86.4
pi during burst toe Jul-GO

7 37-"3-4-16S-* 0 P Burst Tested as U Mt Nover Inthalled
0-4-12-11-17 164 P 55 lPve edge look May-.l
6+-11-5-13-52 172 F 48 Faield Proof Iertat 4•p im. Catatrophic. Large

tee, of PVS layer tro"gh wrindow •,•etr Jun-410
10 6-H-12-i-ii 0 P - Burs Testede a UD A4. Never installed
11 -01-2-12.132 16&5 P 64 Catas••ophic falure at•t4 pji. Jul-9c
12 6-H-2-3-56 176.5 P 44 I-itld oft * eel 42 ps. Appeared to re-eee

end failed t 5 Psi. Catasrophic: comrpe,
oevap on of glae plies from frtme. Jun-S1

13 6-l-C-2-12 1695 P 60.1 PVB edge le at So pi. May-21
14 88-1-02-2483 48.5 P 61.8 CatarophNc failure at 61 psi. May-01
15 8-H-12-17-03 158 P 506 Catastrophic llure•t W0 pew Nov-g0
6 8-1--0" 151 P 58 PVP edge lok May-41

17 6-H-12--o101 140 P 42 50 Outepl fracture drnng Prod. PVB edge
rtluSre at 43 pi. May-S1

18 83-H-4-20-20' 80.5 P 0 - PVS edgo orfure at 5 psa Oct-so
S ","11.-3-56 174 P 60 960A e upture ato psi May-91

20 6- 1-1-56 173.5 P 3S 40 Outer ply fracum dunng Prod. PVB edge
rupsu at 3S psi May-S1

21 84-1.-20-gA. 70 P 73 - CLsooplhic failure at 73 psi. Mar-91
22 2 (NO SN) P 67 PVB edg rupre 67 p. k1y-91
23 7-M-12-07401 it2 P 54 Catealtphic failure at 55 lpi May.-I
24 1 (NO SN) P 72 PVB edge 6mm at 72 osi. Nov-SO
2 5-".2-20-11 186 P 78 - Pvedge geeups, at e A2psi. My-Sl

NOe. PVb edge let at 66 pm. May'01
27 -4-18-51 179.5 P 60 PVB edge i. 4 sure at 60 pm. Jan-92
28 8-H-1-06-85 171.5 P 48 PVB edgeaplum p SD psi. Dec-52
2 7-11-11-02-10 173.5 P 44 - PVf .edge um at 42 ps. ec-92
30 83-4--0-210 lot0s P 50 - Catastophic tfibre at 50 psi. Dec-02
31 641-12-6-08 183 P 68 Sleht seal lomt 4S peI. PV dget nus at 6!

ps, 0ec-92
32 8-44-1-06-71 171.S P 77 - PVSB edge supt' at 77 pal Dec.02
33 6-H-12-11-08 184.5 P 52 - PV edge P re es 52 pmi. Dec-95
34 -H-11 -0-41 1815 P ;4 PVl edge nujp tao 584 I:,. Oct-02
35 4--1- 1--37 1S.S P 76 - *doeRupturea&76 psi Dec-92
36 Z-1--S-i-18 191.5 P 70 PVB ledgoup at 70 poi. Dec-02
37 4-H1-1-19-104 208.5 P 92 Premum ba s e 90 pa. R""-saled at 75 p6a and

dtembld W,85 ps belfore etutrophlc tlehro,.
Dec-.al•

6 -6-1+2-11-1S 184.S P, 64 - CatamiZpiC failure at 64 psi. Dec-92
30 4-1.1 19-SO m0s P 86 - PVBedgernpupa des6 poi. I oc-02
40 5-H1-1-29-40 207.5 P 84 so Inner ply broken csing proof teeo. Window lo•t

pvemJr during proof lot but re-emaled and
cornpletedl pro mte. PVtS edge rupture at 4 psi
during •tmt te 1 Dec-02

41 8-1"1-11-120 188.5 P 65 Ceturroph flalure &1e0 psi. Sep-92
42 04 (NO SN) P 73 PVB fledro rupk at 73 pe.
43 7--103-0-W169 0 71 Proof Tested a UD 47. Catastrolofhi fira a

44 G-H-12-11-11 0 72 PrOdToatdemUDfIt0. I ,la1 llof eat so
psi. .eeeled 44.5, In, wed by PV ede lak
at 70 psi.

45 $5 (NO SN) F Inner and OWaler ge•a bedly damaged prior to
leto. Faled to meal even with additonal ing

& (butyl rubS-er) carnpond.
46 6• (NO SN) F Inner and ou glae badly damaed prior to

tat. realed to *"l even wth diedtional eselig
I(butyl Ajo~r) cowopound.

47 07 (NO SN) F Falled proof test ad Sopia,
48 88 (NO SN) F Iner ind •ter g•l& bIydamamrd. •ailed

- - - - lr oow eats50

*Ale labeled 90-08H110W5

761



Table 3. Hazard Severity Categories
Description Catego Definition

Catastrophic I I Death, system loss, or severe environmental )
___ ___ ___ ___ ___ ___ ___ ___ __damage

Critical II Severe injury, severe occupational illness,
.. _ _ major system or environmental damage

Marginal III Minor injury, minor occupational illness, or
minor system or environmental damage

Negligible IV Less than minor injury, occupational illness,
I or system or environmental damae

Table 4 Hazard Probabihty Levels and Corresp nding Service Lives
Fleet Number of Number of Fleet Service

Probability Level Description Occurrences* Occurrences** Age***

Frequent A Continuously >5 More than 0.5 >424
experienced (>2 per year)

Probable B Will occur 0.5-5 0.08-0.5 273-424
_frequently ... (0.32-2 peryear)

fl'Irn-minnaM C Will occur 0.1-0.5 0.025-0.08 178-273
several times (0.1-0.32 per year)

Remote D Unlikely, but can 0.05-0.1 0.017-0.025 126-178
reasonably be (0.068-
expected to 0.1 per year)
occur

Improbable E Unlikely to < 0.005 Less than 0.017 <126
occur, but (<0.068 per year)
possible

* Per 100 windows in service.
** First Row: Per 100,000 flight hours.

Second Row: Assuming 275 Flight Hours/Year, 1460 windows in service
*** Based on Figure 8. Service Age in Months.

15
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Table 5. Hazard Risk Assessment Index

Probability Categor
Catastrophic critical Marginal Negligible

_ _ _1 2 3 4

Frequent A 1A 2A 3A 4
Probable B 12B3B

Occasional C ______

Remote D .....
Improbable E -
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1. Introduction

Collisions between aircraft and birds are costly and potentially dangerous
events. The US Air Force alone suffers some 3,500 birdstrikes per year at-
an estimated cost of 65 million dollars. More seriously, the USAF has lost
seven lives to birdstrikes since 1987 (Merritt & Dogan 1992). Thorpe) w
(1990a, 1992) summarises recent serious birdstrike incidents involving;
civil airliners. These include the total loss of a Boeing 737 at Bahar
Dar, Ethiopia, in 1988 which left 35 passengers dead and 27 seriously
injured. A total of 96 passenger lives have been lost in birdstrike
related incidents since 1960 (Thorpe 1990b).

A great deal of research effort is put into improving the performance of
aircraft components either by developing new designs or incorporating new
materials into existing assemblies. For reasons of safety, the performance
of such new designs and materials in withstanding birdstrike damage needs
to be evaluated. Many aircraft components are therefore required to pass
certification tests before being allowed into service. Such tests involve
maintaining a certain level of performance following impact with a
specified number of birds of a given weight. Most manufacturers undertake
preliminary tests using dummy birds: cylinders or spheroids made of
gelatin. Dummy birds have a number of advantages for the testing process.
They are continuously available, of identical mass shape and density, are
clean in use and do not involve killing of birds for testing (Deveaux
1992).

The number, mass and density of the real and dummy birds used in
certification testing is the subject of continued debate (Deveaux 1992).
There are no regulations on the species of birds that are used in testing;
nor on the size. shape or density of dummy birds. This has resulted in
different companies employing a wide variety of bird species for their
twta. Birds as diverse as Herring Gulls (Larus argentatus), Mallard Ducks
(Anas platyrhynchos), Canada Geese (Branta canadensis), Quails (Colinus
sp.), Pheararts (Phasianinae), Plover species (Charadriidae), and domestic
ducks and chickens have all been employed. Similarly, the size and shape
of dummy birds vary from cylindrical to spheroid and differing densities
of gelatin are used. It is unclear whether the bird species used in
birdstrike tests are representative of those struck in operation in terms
of their size, shape and density or, indeed, whether the different bird
species and dummy birds used by various companies are comparable with each
other.

In the aeroengine field, the advent of the large high bypass ratio (HBPR)
engine and the increasing use of 'nig twin' airliners for transatlantic
travel have resulted in pLoposal- to increase the weights of the medium
and large sized birds used in tests from 1.5 and 4lbs to 2 and 8lbs
respectively. These proposals prompted Rolls Royce Aeroengines plc. and
the U.K. Civil Aviation Authority to commission research from the Central
Science Laboratory, Ministry of Agriculture Fisheries and Food (CSL) into
the flocking habits and flock structures of different bird species. The
work was designed to determine the true probability of encountering a
given number of birds during a strike with a particular species. These
data are independent of reporting biases present in birdstrike databases,
and can be used to help determine the numbers and weights of birds used in)
certification tests.

At the same time, research was being conducted in the USA by the USAF
Wright Laboratory and the US Department of Agriculture into the mass,
shape and density of wzld birds. The work was designed to determine w
whether domestic chickens used in windshield testing were representative
of the bird species being struck in operation by the USAF. The data were
also to be used to determine whether dummy birds used in preliminary tests
were of a comparable shape and density to wild birds.
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Rolls Royce also have an interest in the development of dummy birds for
use in engine testing. They have found that the results obtained from
tests with real birds are more variable than those from preliminary tests
with dummies. CSL was commissioned to study the structure and tissue
density within bird bodies in order to investigate this phenomenon. Three-
dimensional computer reconstructions of bird bodies were developed to
determine the mass, shape and density of the slices cut through a bird's
body by turbine blades during a birdstrike. These data can be used to
compare slice densities from wild birds with those from domesticated
species used for engine testing. They also allow density of dummy birds

M•" used for preliminary tests to be related directly to slice densities
likely to be encountered in operation.

Preliminary findings from the three studies described above have generated
considerable interest from both manufacturers and the regulatory
authorities. It was therefore decided to develop a research program that
would combine the three projects in order to provide the data needed to
validate biologically the test procedures currently used, and on which
future test criteria could be set. The research has the following
objectives:

1) To identify the bird species which pose the most problems to the
aviation industry world-wide.

2) To measure the shape, mass, volume and hence density of these species
and to compare these with the bird species and dummy birds currently used
in birdstrike testing.

3) To determine how internal density is distributed for each species and
calculate the size, mass and density of slices put by turbine blades
passing through the body at different angles.

4) To measure the three-dimensional structure of flocks of these species
so that the probability of striking a given number of birds can be
estimated.

2. Methods and preliminary results

The developmený of the techniques to be used in this project has been
carried out by CSL, USAF and USDA under a variety of research contracts.
The methods to be used to achieve objectives I to 4 are outlined below
and, where commercial considerations permit, examples of the preliminary
data obtained are given.

2.1 Identification of the bird species causing the greatest problems to
aviation world-wide.

in order to evaluate which species merited further study, it was necessary
to identify the species most frequently involved in birdstrikes, those of
relatively high weight, and those most often involved in multiple impacts.
It was important to ensure thar the datasets used were as representative
of the true world situation as possible. For this reason, a total of
twelve birdstrike databases were employed. These included US and UK
military databases, the UK civil database and the ICAO international civil
database split by region. These were 5upplemented by reference to

I * databases kept by manufacturers, such as Rolls Royce and to other sources
of published information where reporting standards were known to be
reasonably high.
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Table 1. The 40 bird species ranked as most hazardous to aircraft world-
wide. See section 2.1 for an explanation of the ranking method used and
sources of data.

Ao. OF
MEAN DATASETS FINAL -( #

SPECIES RANK UHERE RANK
PRESENT

larus argentatus (Herring Cull) 2.75 8 1
Larus ridibundus (Black-headed Gull) 2.71 7 2
Milvus nigrans (Black Kite) 4.00 7 3
Anas platyrhyncos (Mallard) 2.33 3 4
Columba paluabus (Voodpigeon) 4.67 6 5
Vanellus vanellus (Lapwing) 6.71 7 6
Columba livia (Rock Dove) 6.33 6 7
Iarus canus (Common Gull) 7.50 8 8
Buteo buteo (Buzzard) 6.flo 3 9
Gyps bengalensis (Uhite-backed Vulture) 1.00 1 10
Cacatua roseicapilla (Galah) 1.00 1 11
Buteo jamaicensis (Red-tailed Hawk) 2.00 1 12
larus marinus (Great Black-backed Gull) 6.33 3 13
Hagedashia hagedashia (Hadada Ibis) 2.00 1 14
Asia otus (Long-eared Owl) 3.00 1 15
Corvus frugilegus (Rook) 8.80 5 16
Bubulcus ibis (Cattle Egret) 6.50 2 17
Coragyps atratus (Black Vulture) 3.00 1 18
Haeuatopus ostralegus (Oystercatcher) 4.00 1 19
Corvus cornix (Hooded Crow) 8.67 3 20
Haliastur indus (irahminy Kite) 4.00 1 21
Eupodotis australis (Australian Bustard) 4.00 1 22
Apue apus (Swift) 9. 75 4 23
Sturnus vulgaris (European Starling) 11.71 7 24
Burhinus oedecnimus (Stone Curlew) SCO0 1 25
Branta canadensis (Canada Goose) 9.33 3 26
Falco cenchroides (Australian Kestrel) 5.00 1 27
Asio flanmeus (Short-e.red Owl) 6.00 1 28
Turdus aerula (Blackbird) 9.00 2 29
Phasianus colchicus (Pheasant) 6.00 1 30
Falco tinnunculus (Kestrel) 12.00 5 31
Alauda arvensis (Skylark) 12.50 6 32
Larus fusous (Lesser Black-backed Gull) 10.67 3 33
Cathartes aura (Turkey Vulture) 9.50 2 34
Vanellus indicus (Red-wattled Lapving) 6.00 1 35

Sar acaJ.s sin.&uy-ubi±±eu Gull) 10 67 3 36
larus dominicanus (Kelp Gull' 6.00 1 37
Apus affinis (House Swift) 7.00 1 38
Larue novaehollandiae (Silver Gull) 11.50 2 39
Gymnorhina tibicen (Australiar Bell Magpie) 7.00 1 40
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A ranking system was developed in which each species which ccnstztuted
more than 1% of recorded strikes in and dataset was ranked by strike
frequency, mass and the proportion of the strikes involving multiple
impacts. The mean of these three ranks was calculated to produce a final
rank score for each species. An overall rank score was cnnputed by taking

£the average final rank for each species across the twelve datasets and
combintng this with a ranking based on the number of datasets -n which the
species occurred, tne latter score reflecting how widespread the problem
posed by a particular species is. The final table includes some 86
species. The top 40 species are shown in table i.

r This ranking system gives equal weight to frequency, mass and proportion

of multiple impacts in calculating the final listing. The system can be
adjusted to give a greater weighting to one or more of these variables if
required. For example, those interested in impacts with windshields may be
morn concerned with birds of high body mass, whilst those involved in
engine manufacture may give more weight to species frequently involvec in
maitiple impacts.

Table 1 shows that the rarking technique employed here produces a species
list broadly in line with current thinking concerning which species
constitute the greatest hazard to aircraft. Large, flocking species, e.g.
gulls (Lerus p., identified by Milsom (ID90) as the 'priority group' for
bi.rd controllers feature prominently in the list as do larger raptors,
e.g. kites (Milvus sj.). The presence of some species (e.g. the Galah)
reflects the reporting biases inherent in datasets of this type (Thorpe
1990b). The Galah features only in the ICAO Asian/Australasian database
but, because of more rigorous reporting standards in Australia compared to
the rest of Asia, strikes with this species are more often reported to
ICAO. This ow.ves the impression that the Galah is an imnnrtant specinc
throughout Asia which is not in fact the case as it occurs only in
Australia. It is also likely that similar reporting inconsistencies will
result in species which form a significant hazard in parts of the world
where reporting standards are poor being omitted from the list. Despite
the acknowledged shortcomings of such a method, there are no alternative
means of establishing which bird species are struck world-wide.

2.2 H4eauurement of whole body mass, volume and density

This work has already been accomplished by USAF arc USDA staff on twelve
North American species (Hamershuck et al. 1993). Ten individuals of each
species were obtained and the total length, wingspan ano body
circumference at the widest point measured. Birds were then weighed wath
feathers in place and the volume of each bird determined by displacement
in water. This measurement was then repeated with the feathers fully
wetted to remove as much trapped air as possible. Finally, the bird was
plucked and bouh mass and volume re-measured. Three density measurements;
dry, wetted and plucked could thus be calculated. Table 2 shows the data
obtained for the species examined so far.
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Table 2 Dry, wetted and plucked densities (g/cc) of twelve North American
bird species. Data are means for ten birds. Figures in brackets are
standard dev.ations (From Hamershoct et al. 1993).

DRY BIRD WET BIRD PLUCKED
DENSITY DENSITY BIRD

SPECIES DENSITY

Sarrng Gull 0.602 0_743 0.879
(0.0S3) (0.046) (0.054)

Ring-billed Gull 0.644 0.706 0.928
(0.031) (0 028) (0.034) "

Rock Dove 0.648 0.802 0.987
(0.032) (0.02:-) (0.022)

Canada Gcose 0.669 0.807 0.917
(0.04:) (0.023) (0.023)

Laughing Gul. 0.700 0.831 0.935
(0.043) (0.027) (0.038)

Turkey Vulture 0.700 0.803 0.916
(0.018) (0.024) (0.025)

MalLard 0.739 0_977 0.959
(0.040) (0.nfl6) (0.016)

Brovn-headed Cowbirri 0.750 0.915 1.042
(0.029) o0.024) (0.028)

House Sparrow 0.751 0.913 1.050
(0.042) (0.039) (0.032)

European Star-liLs 0.776 0.947 1.027
(0.035) (0.024) (0.020)

Coasoa Grackle 0.809 0.924 1.005
(0.030) (0.023) (0.024)

Domestic Chicken 0.918 no data . 044
(0.041) (0.011)

Analysir Of vari=-c CA - 6r.1 F 554 r e. I
Between Species P <0.0001 P < 0.0001 P < 0 0001

The data show significant differences between the densities of the twelve
species studied. The Herring Gull, used by some organisations as a test
species, is 34% less dense than the domestic chicken which is used by
other companies. The Žaverage dry density for wild birds is 0.708 gicc
compared to 0.9i8 g/cc for the domestic chicken. There is clearly a need
to consider whether the test species used by different companies are
comcarable both with each other and with the wild sFecies most frequently
struck. The oathering of more data on a wider range of species would allow
the stai]dardisation of size and density as well as mass for certification
testing, and a representative bird species could then be chosen.
Szmilarly, these data could be used to produce clumrmy birds of a size, mass
and density more typical oi those n;pecies likely to be struck in
operation.

2.3 Determination of internal density distribution within bird bLoies

in order to determine how the internal dictribution cf tissue aeosity
varies between bard species, end to model th.e passage of engirne fan blades
tnrough their bodies, it was first necessary to develop a three--
drmensa.onal comouter reconstruction of the internal structure cf each A
bord. Thls was achieved by first freezing the bird, removing the neck,
wings and legs, and then slicing the torso at 0.5cm intervals
cerrenoicular to the loniiudi'nal axis. After each slice was removed, tue
exposed surface was p.otographed. Each photograph was digitaed on a
computer and the resulting ti.sue map fed into a speciaily modified 3-D tY

reconstruction program. A second b:rd was dissected ano samples of the
different tissues removed. Each tissue sample was weighed, its volume
measured by displacement iin water and its density determined. The density
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of each ticsue type was the-, fed into the computer reconstruction to
produce a three-dimensional censity map of the bird body.

The 3-D density map can then be used to model the passage of turbine
bades at any -iingle through the bird', body. A toal of over 8,000 sices
were modelled foi each soecies tested (the precise number of slices
depending 1-pon the size of the bird involved) . Ficu;°e 1 Shows the
distribution of mean sl:.ce density for two of the bird spec .s tested.
Commercial confidential ity prevents the disclosure of the e> .. - values
obtained, but statistically significant differences exist between the two
species shown.

The process of slicing, phocographing and digitising each individual bird

is extremely ti.me consu.ming and expensive, It is hoped that the software
can be adapted to take data from a Magnetic Resonance imager (MRI) so that
a simple scanning procedure car be used to generate the initial three-
dimensional model. Work o;n the adaptation of MRi data for use in the
modelling process is continuing.

Figure 1. Graph showing the distribmtion of elice densities obtained from
modelling the paiage of a turbine bluda through the bodies of two
freqxuently struck Euroesan bird species.
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2.4 Measurement of the three-dimensional structure of bird flocks and
cadlculation of the probability of multiple impacts.

Banilower and Goodall (1992) reviewed recent birdsarikes to a variety of
HBPR engines and compared data from 1981-83 with that from 1989-90. They9
concluded that the species and thus mass of birds involved in strikes had
not changed ssgnificantly over the period. The poor reporting levels of
birdstrike inciments from some countries, and the lack of specific
identification of the birds involved, raises questions concerning the
reliability of such data, however (Thorpe 1990b). For example, the A

information used tu calculate the masses of birds ingested by aircraft in
the USA during the study is based on only 16 reported incidents where the
bires involved were identified to species. Even in countries where the
reporting of all birdstrikes is mandatory, relying on existing datasets
where accuracy levels vary by factors of ten (the UK birdstrike reporting
form has categories of 1, 2-10 and 10-100 birds hit) to determine how many
birds should be used in certification tests is itself questionable. To use
data gathered on aircraft of an existing design and flying existing routes
to establish standards for new designs or new routes is clearly
undesirable. If we are to accurately predict the probability of striking a
given number of birds of a particular species in the future, independent
data without the biases imposed by the current reporting system are
required. Detailed measurements of the flock sizes and structures adopted
by bird species allow such predictions to be made.

Extremely limited data exist on the flock structure of birds. Van Tets
(1966) used single still photographs to estimate the flock sizes of a wide
range of species but with limited accuracy, whilst Dill & Major (1977)
used stereo still photography with high speed camezas to obtai &C<uL2d.

data on a very limited range of species in level flight. The species range
studied was limited by difficulties with gathering photographic
information in he field and with processing the large amounts of
information needed to follow the movements of a flock in three dimensions.

Advances in video recording techniques, and the advent of powerful
computers capable of running image analysis software mean that these
problems can now be overcome. CSL, under contract to Rolls Royce and the
Civil Aviation Authority, has developed a portable video system that can
record stereo images of bird flocks as they move in response to aircraft
or other stimuli. An automated image analysis system allows the three
di.mensional position of each bird in a flock to be calculated
automatically and statistics such as flock size, flock density and inter-
bird cistances calculated. The system can also be used to model the
passage of an aircraft or engine through a flock at any desired angle or
speed. The number and location of any resulting strikes can thus be
determined.

Data need to be gathered on the flock structures of the widest possible
range of species. The changes in flock structure that occur whilst birds
perform their various daily behaviours also need to be monitored. These
data will allow an independent estimate of the probability of striking a
particilar number of birds of a given species to be made. The most
hazardous species will thus be able to be identified and the data used to
help set certification s5andards. The ability to model different aircraft
configurations may also shed light on why some suffer more birdstrikes
than others.
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3. Organisation and timescale of future research

The proposed research involves capturing a number of birds of each
species an the top of the priority listing (subject to obtaining the
necessary licenses, etc.). Whole body density will be measared and
physical dimensions such as wingspan and cross-sectional area recorded.

* Internal density distribution will be modelled for eaclh species and the
density of the slices cut through the body by turbine blades determined.
For flocking species, stereo video recordings will be made of as wide a
range of behaviours as possible, with particular reference to behaviour on
or near airports. Flock sizes and densities will be calculated and the
passage of a variety of aircraft, engines, etc. through the flocks will be
modelled to determine the numbers of birds likely to be hit.

3.1 Funding

Since the research is of general interest to the whole industry, we
propose that the project should be funded by an 'industry club' consisting
of manufacturers, airlines, regulatory authorities and other interested
organisations each contributing annually a modest sum of money.
Subscription to the club would buy full access to all data gathered, and
the right to suggest changes to research priorities (e.g. to alter the
list of species to be studied or to have a particular aircraft or engine
type modelled for passage through flocks of a particular species) . The
project is scheduled to last for three years, with the possibility of
extension if a greater range of species needs to be studied. It is hoped
that the project will commence in 1993-4, with North American and European
birds from the top of the priority listing being selected as the first
targets for study. This is because USAF Wright Laboratory, UK Civil
nvJaQUoW L ULtiUirty anud RnlI Ruyce Aeroengines have already invested in
the project. The cost to individual subscribing organisations would
obviously depend on the number of members of the industry club and the
number and location of the bird species finally chosen for study.

4. Conclusion

This proposal constitutes the first comprehensive study of those species
which cause the greatest problems to the aviation industry world-wide. It
is designed to gather the biological information needed by manufacturers,

and regulatory authorities to help them make decisions about design,
testing and certification against birdatrikes. It will also assist
---- --- ---- -- o must meet tlhle cct of b damage, to EttiLuibe the
impact of birdstrikes on their operation.
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Abstract

Recently determined bird density, mass, length, and diameter data
were utilized to create cylinder models of six bird species often • A

struck by aircraft. These models were used to conduct X3D finite
element analysis on computer models of the 350-knot capability
current production model F-16 canopy. The results, conclusions,
and recommendations from these analyses are presented. This
report i; u3eful to advance aircraft birdstrike testing
techniques, regulation, and threat characterization.
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INTRODUCTION

Each year collisions between aircraft and birds cause
millions of dollars of damage and, occasionally, loss of human

4• life. In the USAF, since 1987, seven deaths have occurred due to
birdstrikes. Losses have increased from use of jet propelled
aircraft at high speeds and low levels. This has resulted in
engineers and biologists seeking solutions to prevent future
losses. One engineering solution has been to develop birdstrike
resistant aircraft components, including transparencies.
Numerous computer codes have been written as a method to
accomplish resistance testing of these components. One of these
codes is X3D.

The X3D finite element analysis computer code, developed by
the Universit'y of Dayton Research Institute, Dayton, Ohio, is "an
explicit finite element program suitable for analyzing transient
dynamic and impact problems in solids" (Reference 1). X3D has
been demonstrated to be useful as a modeling tool to augment and
possibly reduce the amount of costly and time consuming full-
scale transparency testing (Reference 2). X3D permits models of
both the canopy and the bird (typically as a cylinder). It
propels the bird at the canopy at a precise user-defined velocity
and impact point. The bird is modeled using a number of values,
including: mass, density, length, diameter, shear strength, and
elasticity (Reference 3).

Until the last year, values for bird properties have been
determined using mostly unreferenced sources and drawing from a
largely incomplete resourc.e of biological data. A recent study
was conducted to begin to validate and standardize some of the
biological unknowns (Reference 4). The obje'tive of this study
was to incorporate the new biological data into the X3D program
to discover limitations, assess results, and to determine if
improvements in biological and engineering technologies will
allow significant advancements to aircraft birdstrike modeling
techniques.

MATERIALS AND METHODS

Bird mass, density, length, and diameter values were used
from six bird species, including: Canada Goose (Branta
canadensis), Domestic Chicken (Gallus gallus), Herring Gull
(Larus argentatis), House Sparrow (Passer domesticus), Ring-
billed Gull (L. delawarensis), and Turkey Vulture (Cathartes
aura). The length was measured from the tip of the bill to the
tip of the tail (plucked). The diameter was of plucked birds at
its location of greatest magnitude. To compare the Domestic
Chicken to previous model applications, a mass of exactly 4-lbs
was used.

The typical bird modeling assumption of right circular
cylindrical geometry conscrains the bird mass, density, and
volune inputs to be dependent upon each other. Therefore, to
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work with the available biological data, one of the bird geometry
inputs had to be altered to fit the cylindrical assumption.
Diameter was slightly altered for each species to fit this _
dependence (Table 1). Each bird model was impacted, at a
simulated 350-knots, against the 350-knot capability current
production F-16 aircraft canopy computer model.

Historically the assumed cylindrical bird length-to-diameter
ratio has been 2:1; therefore, a second set of bird models was
developed to accept mass, density, and volume values conforming
to this ratio. Using measured mass and density values from the
same six species, volume values were calculated to correspond
with a 2:1 ratio (Table 2). Each bird model was impacted, at a
simulated 350-knots, against current production F-16 aircraft
canopy computer model (without head-up-display).

For all 12 simulations a "weak" bird model with a
= 3,000 psi was used. All other values and procedures were

accomplished consistent with X3D analysis of the F-16 current
production canopy accomplished by References 1 and 2. Cylinders
were directed to impact the canopy head-on, at Fuselage Station
(FS) 113.5. The canopy cross-section used was 0.530"-
polycarbonate (inner layer), 0.055" polyurethane, 0.125" acrylic
(outer layer).

Table 1- Bird geometry based on measured mass, density, and
lenath (Reference 4). Diameter adjusted to fit gylinder model. -

Mass Density Length Diameter
Species (lb) (g/cm') (in) - i)
House Sparrow 0.0496 9.827E-05 4.0866 0.6383
Ring-billed Gull 0.8807 8.685E-05 12.6772 1.6243
Herring Gull 2.0767 8.236E-05 16.9409 2.21.58
Turkey Vulture 3.7337 8.573E-05 16.1772 2.9800
Domestic Chicken 4.0000 9.771E-05 14.6969 3.0312
Canada Goose 8.4471 8.582E-05 30.1299 3.2826

Table 2. Bird length and diameter geometry adjusted to fit 2:1
ratio model.

Length Diameter
Species (in) - in
House Sparrow 1.8814 0.9407 _
Ring-billed Gull 5.1146 2.5573
Herring Gull 6.9292 3.4646
Turkey Vulture 8.3137 4.1569
Domestic Chicken 8.1439 4.0720
Canada Goose 10.9102 5.4551
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Canopy deflection was assessed at FS 113.5 (Node 273) and FS
140.5 (Node 579) due to requirements established by Reference 5.
FS 113.5 is the straight-on, center point of contact with the
canopy, in-line with the pilot, design eye location and FS 140.0

q is directly above the pilots head.

RESULTS

Tables 3-4 list maximum deflections for all 12 impacts.
Figures 1-E graphically display deflection results. In Figures
1-6 substitute "Canada Goose" for "Canadian Goose." Figures 7-8
display size relationships between bird models.

Table 3. Maximum deflections (in inches) of bird models
impacting model current production F-16 canopies. Models have
diameter adjusted.

Node 273 Node 579
Species FS 113.5 FS 140.5
T-Tousp qnPrrnw 0.05 0.01
Ring-billed Gull 0.67 0.08
Herring Gull 1.61 0.23
Turkey Vulture 2.63 0.67
Domestic Chicken 2.84 0.76
Canada Goose 4.40 2.94

Table 4. Maximum deflections (in inches) of bird models
impacting model current production F-16 canopies. Models
adjusted to 2:1 lenqth-to-diameter ratio.

Node 273 Node 579
Species FS 11-3.5 FS 140.5
House Sparrow 0.06 0.01
Ring-billed Gull 0.85 0.22

SHerring Gull 1 .98 0.48
Turkey Vulture 2.62 0.80
Domestic Chicken 2.90 0.89
Canada Goose 5.23 3.57
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DISCUSSION

At FS 140.5 the "diameter adjusted" and "2:1 ratio"
Canada Goose exceeded the 2.25" maximum deflection requirement
established for safe operation of the F-16 canopy by Reference 5.
All other species passed the requirement. None of the 12 tests
resulted in bird penetration.

Deflections for the Domestic Chicken at FS 140.5 were 0.76"
"measured" and 0.89" for the "2:1 ratio." Reference 2 shows a 4
deflection of approximately 1.1" tor a similar simulation using a
3100 psi "2:1 ratio" bird and slightly different canopy
properties. Deflection data from full-scale testing of F-16
canopies of 0.125" acrylic, 0.060-0.080" interlayer, and 0.500"
polycarbonate composition show results of Ž0.63" for a 352-knot
test and Ž0.94" for a 356-knot test (Reference 6). Data
"dropout" did not permit peak deflection to be ascertained;
therefore, actual deflection may have surpassed these test
values.

At FS 113.5, all 12 tests resulted in a pass (no
penetration). We expected the Canada Goose to penetrate. Why it
did not is not understood; however, the low density, use of
"weak" bird model, and uncertainty associated with the
polycarbonate failure criterion may be major factors. To model
birds, aul1 values of 3,000-4,500 psi have been tried. Reference
7 found the "weak" modol to be favorable in analysis of bird
impacts on flat plate injection molded panels. More analysis of
bird ultimate strength and polycarbonate failure criteria are
needed to understand the non-penetration of an 8.5-lb bird.

The deflection time histories appear to be only slightly
sensitive to whether the bird model is based on as-measured or
2:1 length-to-diameter ratio data. Modeling with a 2:1 ratio
produced more conservative results than modeling based entirely
on the as-measured data. Until these simulations are compared to
data from equivalent full-scale tests statements concerning
accuracy are difficult to make.

The Domestic Chicken had slightly higher deflection results
than the Turkey Vulture. The Turkey Vulture is the most
important species for the USAF to protect against. Turkey
Vultures cause 20% of damaging USAF birdstrikes and have caused
at least of $21M of damage since 1985. Since 1989, collisions
with Turkey Vultures have resulted in one pilot fatality and the
loss of two F-16's (USAF Bird/Aircraft Strike Hazard Team Data,
Tyndall AFB FL). Reference 4 recorded the average mass of 12
Sandusky, Ohio, Turkey Vultures to be 3.7 lbs (plucked mass
used). However, the USAF Bird/Aircraft Strike Hazard Team, • 4
Tyndall Air Force Base, Florida, considers the US average to be
4.5--lbs. A 4.5-lb Turkey Vulture may cause more damage than the
4-lb Domestic Chicken. This should be a concern of future
analysis and decision-making.

Choosing a cylinder to model the bird has limited
researchers to adhering to mathematical relationships governing



it. The result of this is not allowing for input of independent
biological variables. However, our preliminary results do not
show too much sensitivity to model geometry.

The biological data currently available for use during
4 modeling is relatively scarce. During model development,

biological data was generally unavailable; therefore. model
design did not have to incorporate the ability to input specific
values such as "length" and "diameter." Scientists should aim to
make the model fit the bird, not make the bird fit the model.

It is important for engineers to make their needs known to
the biological field. Density, ultimate strength, shear
strength, compressibility, body dimensions, and elasticity are
all areas that need to be better defined to advance bird
modeling. It is important for the biologists to understand the
limitations engineers work under and the high quality of data
needed. These investments will eventually save user time and
money during development of transparency systems.

The potential rewards for effective integration of
biological and engineering technologies are numerous and include:
improved accuracy of advanced computer modeling of birdstrikes,
aiding international standardization of full-scale testing
techniques, increased acceptability and validity to the use of
"artificial" birds for full-scale birdstrike testing, and
improving standards of birdstrike resistance. This paper is just
the begyiniiing uf ,Lwing .... 1.... how integration of current biological
and engineering technologies can benefit flight safety research.
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ABSTRACT
4. t

Military fighter aircraft occ, sionally suffer collisions with birds, sometimes at near-sonic
relative velocities. These collisions pose a threat to the structural integrity of the aircraft, and thus
are of concern to designers. An explicit three-dimensional finite element code for dynamic impact
analysis, named X3D, has been under continuous development for several years at the University
of Dayton Research Institute, with a major area of emphasis being the ability to analyze
birdstrikes of crew enclosure transparencies of fighter aircraft. The bird model used in these
analyses is critical only to the extent that appropriate loads are applied to the impacted surface,
but even with this limited requirement for modelling accuracy, the bird poses modelling
difficulties because of the tendency of bird bodies to behave as liquids during high speed impacts.
This paper presents the results of a study of two different bird models available within X3D, one
of which uses a conventional solid finite element representation, and the other which models the
bird as a closest-packed assemblage of spherical elements. Various modelling parameters are
studied, including element size and material constitutive properties. Contact forces computed
analytically are compared with experimental data to assess the two different bird models, and to
eStablich improve.d guifelP* ao trh,-e speci.ication of the various m.odelling pa.a.ini.rs.

INTRODUCTION

Military fighter aircraft occasionally suffer mid-air collisions with birds, sometimes at
near-sonic relative velocities. These collisions pose a threat to the structural integrity of the
aircraft, and thus are of concern to designers. As part of a long-term effort to improve the
resistance of fighter aircraft crew enclosure transparencies to birdstrikes, a finite element code
for the analysis of high-speed impacts has been under continuous development for several years
at the University of Dayton [1]. The finite element code, named X3D, is capable of performing
three-dimensional nonlinear transient analysis of dynamic events including impact, using an
explicit time integration scheme. Finite element bird models have been used in X3D in the
simulation of birdstrike events [1]. However, from the standpoint of engineering materials and
finite element modelling practices, the response of a bird body during a high-speed impact event
is quite unusual. Thus, there remain questions as to the best method for modelling the bird body,
and what material properties to assign to it. This paper presents the results of an analytical study n ,
intended to help answer these questions, and to provide the basis for developing and
implementing improved bird models for use in impact simulations with X3D.

The scope of concern here is limited to the structural loads expeiienced by an aircraft
component during high-speed birdstrikes. Thus, the bird's physical characteristics and behavior
during impact are important only to the extent that they influence aircraft structural loads. High-
speed here refers to velocities equal to and greater than the low-altitude cruise velocity of typical
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fighter aircraft. The basic work on high-speed bird impact loads was done during the mid-to-late
1970's using rigid-wall impact experiments [2-6]. Important conclusions of this work are noted
here. The stresses generated during an impact event so greatly exceed the tissue strength of the

4 bird that the bird behaves as a fluid with negligible viscosity [2,4,5,6]. The loads produced by
the bird are adequately duplicated by representing the bird as a right circular cylinder with the
same mass, density, and compressibility as the bird [4]. The bird may be modelled as a material
with 10% porosity (containing air) having an average specific density of 0.95 [2,4,6]. In rigid-
wall impacts, the impact event is characterized by an initial shock load, followed by a steady-
flow load, with the impact duration approximately equal to the length of the bird divided by the
initial velocity (assuming end-on impact) [5,6].

In the current investigation, two general mathematical soft-body bird models available
within the X31) code are studied through rigid-wall impact simulations. The bird models ar-e
assessed by comparing their impact response with the behavior expected based on the conclusions
noted in the previous paragraph. Computed values for contact forces and pressures are used to
quantify various aspects of the impact event, and visualization of the impact is used to establish
qualitative aspects of the bird-model behavior. For each of the two general bird models
considered, the parameters which characterize the material behavior are varied in order to create
a variety of specific bird models. Section 2 provides a brief description of key characteristics of
the X31) finite element analysis code, the bird models available, and post-processing parameters
used in the current investigation. Section 3 includes a presentation and discussion of impact-
simulation results for a variety of bird-model configurations. Conclusions from the current study
and recoixmmjeadidilsf'WEfuWiuie 'Woik are summarized in Section 4.

FINITE ELEMENT ANALYSIS

Overview of the X31D Finite Element Code

The finite element code X31) [11 is capable of performing three-dimensional dynamic
analysis of materially and geometrically nonlinear systems. The code uses an explicit time-
integration scheme which avoids the need to form large systems of equations for expressing the
equations of motion of the discretized system. This formulation is well suited to short-duration
dynamic events such as wave propagation and impact simulation but requires the use of very
small time increments, making the method unattractive for lorq'-duration events. X31)
incorporates both solid and shell finite elements, and can simulaw variety of material models.
Advanced pre-processing and post-processing features are available for finite-element model
development and output review. A full discussion of the basis and capabilities of X31) is included
in [1].

The explicit time-integration scheme is carried out in a three-step procedure for each time
increment, as summarized in the following equations for a single degree of freedom:

""3
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u(t +At) = u() + AtV(t +At/'2) (3)

where u, v, and a are the generalized displacement, velocity, and acceleration, respectively, m is
the generalized mass, I is the time at which the solution u is initially known, and At is the
nominal time increment between successive solutions. Quantity f., is the externally applied
generalized force, and fii is the internal generalized for e which would arise, for example, due
to non-zero stresses in an elastic body.

.' b,

In the actual implementation of the time-integration scheme, the time increments need not
be uniform from one step to the next. In order to maintain stability of the time-integration
scheme, the time increment is kept less than or equal to the value

At=. 2  (4)
We

where w, is the largest element natural frequency among all finite elements in the model. The
natural frequencies of each element are affected by the deformation history of the element, and
so the frequencies must be computed at each time step. The constraint on the time increment is
an issue in assessing the different bird models, as will be shown later.

A contact algorithm is incorporated in X3D to facilitate impact simulation. A control
surface through which no penetration may occur is defined in terms of "master elements." For
solid master elements, one surface is designated as the contact surface; for shell master elements,

ithe. Ulteineit Le[¢,IIlce surface is the contact surface. Tne opposing body in an impact is
designated in terms of "slave nodes;" these nodes are generally the nodes of some finite element
body, such as one of the finite-element bird models discussed later in this paper. The contact
constraint is that no slave node may lie in a specified region "behind" any master-element
surface. After the computation of the displacement solution at each time step, the contact
constraints are evaluated. Where the constraint is violated, the translational velocities of the slave
node and the nodes connected to the contact surface of the master element are adjusted so that
the following conditions are met: i) the relative velocity of the slave node normal to the contact
surface is zero, and ii) the linear and angular momenta of the system are preserved. (All mass
in the system is lumped at the finite element nodes.) Contact forces at a node are computed as
the sum of the internal forces and the forces required to accelerate the node to its corrected
velocity over the time increment just completed. From these contact forces, contact pressures are
computed.

X3D has a variety of ways to handle predicted material failure, and these are described
in [1]. Of interest in assessing mathematical bird models is the treatment of material failure in
the solid elements typically used to model birds in impact simulations. When the effective stress
in an element surpasses the specified ultimate stress (see [1] for a complete discussion), the
element is deleted from the finite element model. However, any slave nodes which are freed by
the deletion of an element remain in the model as point masses, and thus are able to further
interact with the master elements through the contact algorithm described above.
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Description of Mathematical Bird Models

Tetrahedral-element bird models: It has been a common practice among X3D users to
model birds and other impacting bodies using solid tetrahedral elements. Most commonly, a
"circular cylindrical shape is used for bird models, though this is not a limitation of the method.
A quarter-cylinder model which is used with two symmetry planes in the current study is
depicted in Figure 1. This model has 480 elements and 171 nodes. (Simulations of windshield
birdstrikes are usually performed with one symmetry plane using a half-cylinder bird model.)

Tetrahedral elements have four comer nodes and use linear interpolation functions for
displacements, so strain and stress measures are constant within an element. Common to all
material models for the element is the use of an elastic pressure-volume relation. Define a
compressions ratio r- as

'I " P/Po - 1(

where p is the material density, p. is the initial density, and positive and negative values of rI
correspond to compression and tension, respectively. The elastic pressure-volume relation is given
by

p =Kri T +K 2 112 +K 3rn 3  7->O (6)

p=K,- '9<0 (7)

it can be seen that a cubic reiation is accommodated for compression, whereas a linear relation
is used for tension. For all results presented in this paper, the following coefficient values were
used:

K1 =337,000; K2=729,000; K--2,202,000; K1=1000 (8)

where p is given in lbs./in.2. The compressive behavior defined by these coefficients is that of
water. The coefficient K, was selected without any particular quantitative basis; however the
impact simulations performed in this study have shown little sensitivity to the selection of this
parameter.

/

It remains to relate the deviatoric stresses .ij to the deformation of the material. The

deviatoric stresses are defined by

oj=oi-P6ij i~j = 1, 2,3 (9)

where p is the hydrostatic pressure of equation (6) or (7) and bii is the Kroniker delta function.
Two different general models for this aspect of material behavior were used in the simulations
reported here. The first is an elastic-plastic deviatoric stress model. Four key parameters are used
to specify the material properties: 1) elastic shear modulus G, ii) yield stress Oy, iii) ultimate
stress o, and iv) hardening modulus H, defined by

H= =E (10)
E-E'



where E is the slope of the stress-strain curve past the point of yielding. The details of this
stress model, described in [1], are relatively complex, and thus are not repeated here. Instead, a
degenerate case is used to illustrates some key aspects of the material model. Consider the case
of uniaxial tension with axial stress Y and axial strain P, with a linear pressure volume relation
defined by the coefficients K, =K,=K, K2 =K 3=O. For this case, K, G G, and Poisson's ratio v are
related by the equations

E E (11)
3(1-2v) 2(1 +v)

For this degenerate case, a schematic stress-strain diagram is shown in Figure 2. If the axial
stress reaches a., the material is assumed to have failed. The plastic strain EP defined in Figure
2 (ultimate strain minus yield strain) is a measure of the plasticity of the material. As can be seen

in the figure, small differences between cy and oq can result in relatively large values of tp ifE"
is small compared to E.

The second general material model used here is a viscous liquid model. For this model,
the stress comxonents are given by

a11 = -pfrl, +2pud. (12)

where u is the dynamic viscosity of the fluid and .. are components of the deviatoric Dortion
of the rate of deformation tensor. "These are defined by

I 1 Ov1  dv.
d'i=di.- ibi dk d.= ,( '+ ) ; i,j-=1,2,3 (13)

where v, are the velocity components, xi are the spatial coordinates of a material point, and
summation over repeated index k is implied.

Martin's spherical-element soft-body model: In [7], Martin presents a soft-body model
which is fundamentally different from a traditional finite element model, but which can be used
in conjunction with finite elements. The model has been implemented, with some alterations, in
the X3D analysis code. The model uses spherical elements, each one of which is centered around
a node used to track the element motion. Initially, the spherical elements are in a closest-packed
configuration, so that each internal element (not on a surface) is just touching 12 adjacent
elements. Denoting the initial radius of each element as R., the initial node-to-node spacing of
adjacent elements is 2R,,. The mass of the body is assumed to be distributed evenly among all
elements. The density of each spherical element is greater than the average density of the body
in order to compensate for the unfilled space which remains in the closest-packed model. A _
visualization of a half-cylinder model is shown in Figure 3. The nodes at the center of each
element are shown as small circles; the elements themselves are not shown.

A search distance D, is specified; after deformation has begun, only element pairs with
a node spacing of less than D, will interact directly. For all results discussed here, D,=2Ro.
Assuming that an element has n neighboring elements which fall within the check distance, the
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radius R, assigned to that element for purposes of determining -olume, density, etc. is given by

1. D1 D, Dn (14),R=(1+_! ... +-) (4
'n2 2 2

where Dj is the node-to-node distance to the fh neighbor. The pr., iure for the element is then
given by

p =K' q +K2 Y2 +K3 .93  d.• >0 (15)dt

p =K, di I <U (16)

where -q is given in equation (8)_ Equations (15) ar.J (16) are identical to equations (6) and (7),
respectivcly, except that the decision of which equation to use is based on the sign of the rate
d/lldt rather than on the sign of T1. For each pair of interacting elements, a contact area A is
defined, given by

A =34R0  -] , (17)
2 2

where D, is the node-to-node spacing. The force acting on an clement due to the interaction is
t•he interiial Pfc.uc Of the neighboring element muitiplied by the contact area, directed toward
the first element along a line ltetween the two nodes.

There is a significance to the use of the rate drl/dt in deciding whether to use equation
(15) or equation (16). Martin [7] found it necessary to use reduce the pressure in expanding
elements relative to the pressure in contracting elements in order to stabilize the response of the
soft body (to keep it from flying apart). Martin's pressure-volume relationship [7] is somewhat
different from that of equatioas (15) and (16), but his basic approach is to reduce the
compression-induced pressure of an element which is expanding to 1/3 the value of an clement
which is contracting. For that reason, two different bird mod,'. a: investigated here: i) an
"Undamped model" for which Kg=K,, and ii) a "Damped model" for which K1=K 1/3.

Results Presentation Parameters

A few parameters are described here which are used in assessing the performance of the
various bird models. These parameters are geared toward the nominally axisymmetric impact
event modelled here, namely a circular cylinder impacting a rigid wall end-on. It is assumed that
the rigid wall target lies in the z=O plane, and that coordinates (xy) or (r,8) are measured with
respect to the impact center. The cumulative impulse I(0) is given by

l(t)-=fJ fp(x,y,t) dA dt (18)

where p(x,yt) is the contact pressure. (The contact forces/pressures computed in an analysis are
extremely spiky with respect to time; the integration used in equation (18) provides a variable
which is much easier to interpret.) In the results presented, t=0 corresponds to the initial impact.



Two additional parameters are used in order to quantify the "spreading" of the bird during
impact. These are called "radial moments of impulse" HI and H2, and are defined by

[iH, H2]=-ftf f p~x,y,t) [r, r 2] dA dt (19)

where ti is the time at the end of impact. Because of the wnighting of the pressure by r or r2, the
more the bird has spread, the larger the measures HI and 112 be•ome. Norimaized values for the
radial moments of impulse are used for actual presentation of results:

177 HI - H2,=Tf- RH2 = I(!f) R 2  (20)

RESULTS AND DISCUSSION

Description of Test Case

A standard test case was used for all results presented here. The bird model is a right
circular cylinder with a length L=6 in., diameter D=3.5 in., and mass m=.005126 lbs.-seco2/in.=
2 Ibm.. The initial velocity is V=300 kts. (6076 in./sec.), and the cylinder impacts a rigid wall
end-on. The resulting impact event is nominally axisymmetric, although the finite element models
are three-dimensionai. For the tetrahedrai-eiement models, the quarter-cylinder model of Figure
I is used (except where otherwise noted). For Martin models, the half-cylinder model of Figure
3 is used (except where o.her wise noted).

All analytical results •'re referred to full-cylinder values. The reference impulse value is
the initial momentum of the model, Mr,,=mV=31.1 lb.-sec.. The reference time is the nominal
"squash-up" time, ti,=L/V=O.00099 see..

Standard In-House Bird Models

The first models investigated are three tetrahedral-element models representative of bird
models which have been used at the University of Dayton Research Institute (UDRI) in birdstrike
investigations. These all use the elastic-plastic material model. As mentioned previously, these
models use the pressure-volume relationship of water for compressed elements (see equations (6-
8) and the accompanying discussion). Other material parameter values include G=3000 psi.,
uy=3000 psi., and H=300 psi., and three different values for cru corresponding to three named bird
models. The values for or and the corresponding values of plastic strain EP (defined in Figure 2)
are indicated in Table I for the three bird models. The parameter values noted here were selected
without any particular quantitative basis, except that they provid impact simulation results which
appear to be reasonable, and the relative values of the parameters give the ability to adjust the
plastic strain at failure in the manner indicated. The lack of a better quantitative bases for the
parameter values was part of the motivation for the current study.
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Name 'u ] p j

"Weak Bird" 3000 0

"Semi-Strong Bird" 3100 33 %

"Strong Bird" 4500 500 %

Table 1. Ultimate stress and plastic strain levels for three standard in-house bird models.

Visualizations of impact simulations at five time steps are shown in Figure 4 for each of
the standard in-house bird models. Nodes which have been freed by element failures are depicted
as small isolated circles. A remarkable variety in the responses of the three models is apparent.
As each element layer of the Weak bird impacts the wall, the element layer is quickly deleted
due to predicted material failure. As a result of the loss of effective material volume which
accompaLtes element deletion, there is very little spreading induced, and the entire bird collapses
against the wall with little outward momentum. With the Semi-Strong bird, there is some degree
of outward momentum (spreading) induced as elements contact the wall, but the elements are
deleted before the spreading is significant. The energy absorbed during material deformation is
significant, because at the end of the impact event, a large chunk of the cylinder remains against
the wall with zero velocity. With the Strong bird, there is significant spreading, and indeed the
plastic strain to failure is so large that the momentum is absorbed with the failure of a single
element. The deformed bird actually bounces off the wall with a small amount of reverse
velocity. Nonc of the three standard bird models exhibits the fluid-like behavior expected based
on the conclusions of [2-6] noted in the introduction.

Plots of normalized cumulative impulse versus normalized time for the three standard bird
models are included at the bottom of Figure 4. Both the Weak and Semi-strong model are
successful in recapturing the initial momentum in terms of total impulse, and both models
complete the impact event at the approximate time t=t1,f. In contrast, the Strong model
accumulates a total impulse in excess of the initial momentum, because of the "bounce" which
it exhibits, and the impact duration is only about 60% of the expected value. The stairway profile
for the Weak bird clearly refler-ts the. shamr cnntart-!oand spike associated with the im pact of an
element layer and subsequent failure of all elements in the layer. The Semi-Strong model also
reflects an extremely spiky contact force history, though it is irregular compared to the Weak
model behavior. The spiky contact forces for the Weak and Semi-Strong models are not
consistent with fluid-like bird-model response which is sought.

flattening-Limited Element Models

As discussed earlier, a viscous-fluid material model is available within X3D, and this
model should, ostensibly, provide the fluid-like bird-model behavior which is sought. However,
the finite elements use a Lagrangian reference frame; this means that the elements move with the
fluid mateiial and are thus subjected to extrem'- element distortion which ultimately causes
numerical failure. Because of this fact, an effort was made to establish a set of parameter values
which could be used with one of the existing material models (thus allowing a quick proof-of-



concept) to create tetrahedral elements with the following two characteristics: i) the elements
should simulate low-viscosity fluid behavior, and ii) the element material should "fail" (and the
element deleted from the finite-element model) before the element distortion becomes so large
as to cause numerical failure.

The elastic-plastic solid material model discussed previously has a stress-based material
failure criterion available, so this feature is exploited in order to effect the element deletion which
is sought. Limited fluid-like behavior can be simulated with this material model by setting the
shear modulus G to a sufficiently low number. In order to specify a measure of element distortion
at which an element is deleted, the following procedure is used. The yield stress oy is set equal
to the ultimate stress o in all cases, so that the plastic hardening does not come into play. The
value of o. is set so that in an incompressible squashing of the material in one direction (with
expansion of the material in the remaining two directions) the material fails at a pre-specified
value of flattening f, defined by

f=hi- (21)
hinitiaI

where h is the dimension of a material element in the direction of the squashing. The
corresponding value of ultimate stress, derived in the Appendix, is given by

o =3 Gln(I/f ) (22)

Impact simulations were performed with the flattening-limited tetrahedral element bird
models for a range oZ values off. For comparison purposes, an impact simulation was performed
with a viscous-liquid bird model, using a dynamic viscosity value ten tiuies that of water.
Visualizations of impact simulations with the liquid bird model and with flattening-limited
element models for f=1119 and f=J/3 are shown in Figure 5. The liquid model experiences
numerical failure at a normalized time of 0.8, due to the extreme element distortion which
develops. For the: f=1/10 flattening-limited elements, the response looks similar to that uf the
liquid bird, but the deletion of the elements associated with material "failure" prevents numerical
problems. The f=113 flattening limited element model behaves similarly to the f=1110 model,
except that the earlier eiemren faiiures appt'a4 to Vedu) IUe Ie spreading soIewhat. A plot Of
normalized cumulative impulse versus normalized time foc ihe thrme models is shown in Figure
6. The curves for the liquid model and the f=1110 model are very similar up to the point of
numerical failure of the liquid model, and these curves are much smoother than the curves for
the Weak and Semi-Strong standard models, indicating a smoother contact-force history. The
curve forf=1/3 is less smooth than the curve for f.=-/10, but is still smoother than the curves for
the Weak and Semi-Strong standard models. *

The normalized radial moments of impulse for several flattening-limited element models
are plotted versus f in Figure 7. It was expected that the normalized moments would vary
monotonically withf, but they actually oscillate somewhat; nonetheless, the normalized moments
generally increase with decreasing f indicating, as expected, increased "spreading" as greater
element flattening is allowed. Assuming that, for small values off, the radial momninL of impulse
are close to physically realistic values, the results shown in Figure 7 are used to establish
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reference values Ifi-=.-J98 and 9-2,,f=1.33 for comparison with other results.

The regimes of initial shock loading and the steady-flow loading are generally treated
"W , independently in the basic literature [2-6], so exerimental data have not been located which are

directly suitable for computing Hi and H2. However to provide some measurement-based values
for comparison, nondimensionalized steady-flow iadial pressure distributions from gelatin-bird
impact tests from Figure 3.11 of [3] were used to compute the radial moments of impulse, dnd
these values are indicated in Figure 7. These radial moments are shown as ranges, reflecting the
uncertainty in the pressure distribution at large radius values. The selected reference values of
the radial moments are somewhat lower than the steady-flow-based values; however this is
appropriate because the reference values include the contribution of the initial shock loading
which occurs before significant spreading takes place.

A comparison of the normalized radial moments of impulse of the Weak and Semi-Strong
standard models with the reference values from Figure 7 is presented in Figure 8. The radial
moments of impulse of the standard models fall significantly below the reference values. This
gives quantitative evidence that the two standard models exhibit inadequate spreading on impact,
an. these models can be expected to produce a load footprint on a target structure which is
somewhat smaller and more concentrated than would occur in reality. Results from a refined-gi id
Semi-Strong bird model, for which the nominal element dimensions were reduced by 1/3, are
included in Figure 8. These results agree closely with the results for the baseline Semi-Stron&
model.

The results presented here support the use of flattening-limited elements in preference to
the standard in-house bird models. However, in some cases there is a penalty for using the
flattening-limited elements. As a tetrahedral element is flattened or distorted, the element's
natural frequency co, is generally increased. Because the highest natural frequency of all elements
in the model is used to set the time increment per equation (4), the flatter an element is allowed
to become the smaller the time increment may become, This directly affects the computational
expense of an analysis which spans a particular time interval. (Whether or not the bird elements
actually determine the allowable time increment depends on the rest of the finite element model.)
It would thus be advisable to use the largest value off(the least flattening) judged to be. acirate
based on Figure 7, perhaps a value of 0.2 or 0.25 . An alternate approach to flattening-limited
elements would be to delete bird-model elements whose natural frequency exceeded a specified
value. This method has the advantage that it weeds out the occasional element which is much
higher in natural frequency than all others.

Martin Soft-Body Model

Visualizations of impact simulations using the Undamped and Damped Martin bird models
are presented in Figure 9. As expected, the Undamped model exhibits inappropriate behavior-, the
outer layer of elements is expelled upon impact, and the model in general seems to expand too
"much. The Damped model appears to have qualitatively correct behavior. However, whereas the
initial outward expansion of the liquid element bird model is concentrated near the wall (see
Figure 5), the Martin model seems to expanad outward along much of its length.
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The cumulative impulse histories of the two Martin bird models and two flattening-limited
element models are plotted in Figure 10. The Undamped Martin model has not recaptured its
initial momentum (in terms of impulse) in the plotted time range, and appears unlikely to do so.
The Damped Martin model recaptures most of its initial momentum, although the impact duration
somewhat exceeds the nominal value of t,.t. Thert is a large initial build-up of impulse for the
Martin models as compared to the tetrahedn'l-element models; the Damped Martin model
accumulates 37% normalized impulse in the first tenth of the nominal impact duration, ccrnpared
with 18% for the flattening-limited element models. The following expianation is offered for this * ,
behaviorn because of the initial closest-packing of the spherical elements, the inclination of the
forward elements to splay outward upon impact is suppressed by a resistance to material shearing
caused by mechanical interference associated with the closest-packed configuration. In order for
the forward elements to expand outward, there must be a general expansion of the body along
the length. This is exactly the behavior noted in the previous paragraph based on impact
visualizations.

The normalized radial moments of impulse for the Martin bird models are compared with
the reference values in Figure 11. The values for the Damped model match very closely the
reference values, indicating that, in a time-averaged sense, the Damped Martin moiel spreads in
the desired manner. Results are also presented in Figure 11 for a refined Damped model which
used 840 elements/nodes as opposeJ to 344 for the base!ine model. The radial moments of
impulse for the two models agree closely.

An nttrotinn nf the Martin bird mrode! r-omnpred with the convontiona! tetrahe.1ral

element models is that the volume loss associated with deletion of tetrahedral elements is
avoided. The model is difficult to assess in theoretical terms, because it does not have quantified
continuum properties outside of the pressure-volume relationship, and because it requires input
parameters, such as the damping ratio and the search radius, which have no direct physical
meaning. The Damped Martin model seems to spread in the desired manner, but there is other
evidence that the expected fluid-like beIhavior is not closely represented. It may be possible
through experimentation to determine input parameter values which improve the response of the
model.

CONCLUDING REMARKS

Summary

An analytical assessment of bird models used in finite-element impact simulations was
conducted by performing high-speed rigid-wall impact simulations and inspecting the qualitative .

bird-model behavior and the contact pressure results. Bird models considered included solid
tetrahedral-element models with a variety of material properties, and the Martin spherical-elenment
model. Based on this study, several observations are made.

1. The standard in-house bird models used at UDRI incorporate a shear modulus value which
is too large, thus precluding the liquid-like behavior expected in a high-speed impact. The
weaker two models of the three considered experience early element deletion (associated with
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predicted material failure) which prevents the expected spreading of the bird model as is
squashes against the impact surface. The strong bird model suffers no material failure, and
actually bounces off the impact surface, which is not consistent with experimental
observations.

2. Material property values were established for a flattening-limited tetrahedral element model
which behaves similar to a liquid, except that material "failure" occurs for highly flattened
or distorted elements, leading to their deletion from the model before numerical problems
occur. This model appears to exhibit more realistic behavior than the standard in-house
models, and is recommended for use in conjunction with a flattening limit of 0.2 to 0.25. The
drawback of this model is a possible decrease in the mean time increment used between time
steps in the dynamic analysis.

3. The damped Martin spherical-element model exhibits some aspects of the qualitative behavior
which is sought, but some quantitative results for the model are at odds with results obtained
using continuum-based finite-element representations.

Future Work

Future work on this topic is planned at UDRI in the following areas:

1. Reduce the contact-force spikes caused by the sudden velocity correction when a node (with
9 A.G, J Mass, Pntrata, a Contact JI.. .JU U. U) ijUbig Li c eonsiraini g.. "uai-y
in a buffer zone above the contact surface, i.e., by regularizing the constraints.

2. Investigate the influence of air compressibility in a 10% porous bird material.

3. Establish realistic strength properties for various soft-body materials (bird tissue, gelatin, etc.)

4. Explore the performance of the Martin model with different parameter values, different initial
packing, etc.

5. Further assess bird models through simulations of oblique impacts, and using deformable
targets.
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APPENDIX - Ultimate Stress for Flattening-Limited Elements

Consider an element of material which is initially undeformed with uniform dimensions
axaxa. The element undergoes an incompressible flattening in the z-dirt.ction and uniform
expansion in the x- and y-directions, so that the deformed dimensions are given by

a(•l • x xf) (Al)

wheref=f(t) is now a variable flattening measure which is initially unity. The von Mises effective
stress a, corresponding to this flattening is now computed, because this value is compared against
the material ultimate stress in order to predict failure in the X3D code.

Define x, X, and u to indicate the vectors of spatial coordinates, material coordinates,

and displacements, respectively, in a Lagrangian reference frame, so that

i__?+W (A2)

The displacement f;.- !J tor the problem defined is given by

-l/. .- 1. 1 _(I -l --. ,

ý- V/ - )A tI :/(: wi )X2 1( )
0-( -f W3J 1 -(lif-1)x3j

Velocities are defined by

For the incompressible case here, the rate-of-deformation tensor components d11 and their

deviatoric contributions di. are identical, and are given by [1]

, i (AS)--
d ij L OiL

For the rotation-free case under consideration, the deviatoric stresses are governed by [1]

doij / (A6)
_... = 2Gd.-dt

and the deviatoric stresses can be evaluated in terms of the flatteningf using the equation

/ d~i dt(A7)
.-- • Id-



subject to f=1 at t=O. The von Mises effective stress a. is defined as [1]

lie = j(A8)

where summation over the repeated indices is implied.

When the equations given above are used to evaluate o, for the displacement field initially
described, it is found that

o¢ --3 G n(1/f )(A9)

Based on this result, the ultimate stress is specified according to the desired flattening limitf and
the specified shear modulus G using the following equation:

q =3 Gln(1/f ) (AIO)
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Figure 1. Quarter-cylinder tetrahedral-element bird model, 480 elements,
171 nodes (used with two symmetry planes).
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Figure 2. Schematic stress-strain curve for the elastic-plastic material model.
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Figure 3. Half-cylinder spherical-element bird model, 344 elements/nodes
(used with one symmetry plane).
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Figure 4. Vituaiizatiot is of impact simulations arnd normalized cumulative impulse
vs. time for UDRI standard in-house bird models.
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Figure 5, Visualizations of impact simulations for liquid and flattening-limrted
element models.



1.2

1 .0 -.-.-- ------ ----- ------ ----- ------ ----- -- . ' ' ---- ---..... .....

0.8 " -

0.6 Nuinesical failure with
6 -liqtid model

~0. -° .
E

8 Liquid model
E- -....... Flattening-limited, ju1/10

0.2 -- -.-- Flattening-limited, f-I/3Z

0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Normalized time, t/ref

Figure 6. Normalized cumulative impulse versus normalized time for
£1n df.04 ftn-A a1~fr.*arn I;m;*nM Aimn r'nA~Ir

2

----- 2 - ---- More sreading
Q.1-.5 --ve using 412

S-.-"----33 --0 -- Vak"s s
ai,.f-.33 reneaswurd steai

_____Al__ Pft NOR

Les spreadling
0.5

Z
*Gelatin-tird data of Bauer & Barber 131

I , I , * I * I ,

0 0.1 0.2 0.3 0.4 0.5 0.6
Flattening limit, f

Figure 7. Normalized radial moments of impulse versus flattening limit for
flattening-limited element models.



JAI

1.4 -M Reference values

Weak bird

" 1.2 U Semi-strong bird

E" L• Semi-strong bird, fine grid

0.8

0 .6 " -

0.

0.2

Figure 8. Comparison of normalized radial moments of impulse of UDRI standard
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Figure 9. Visuaiizatflns of impact simulations for Martin bird models.
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BIRD STRIKE HAZARDS: SUPPORT FOR A 4.5 POUND BIRD TEST CRITERIA

Ronald L. Merritt, Maj, USAF
HQ AFCESA/DMPS

Tyndall AFB, FL 32403

"and

Jeffrey J. Short, LtCol, USAFR
WL/FIVR

Wright-Patterson AFB, OH 45433

ABSTRACT

Over 20 percent of all U.S. Air Force (USAF) birdstrikes
occur during low-altitude, high speed training flights. These
low-level birdstrikes are usually the most damaging in terms of
aircraft damage and loss of aircrews. Since 1987, these
birdstrikes have resulted in the loss of nine aircraft and six
aircrew fatalities and an average annual cost of over $45 million
during low-level and range training flights.

The 4-pound (1.8 kg) bird is usually considered the design
standard for the aircraft structures and transparency systems.
The 4-pound birdweight distribution represents approximately 95
percent of all recorded birdstrikes (pre-1970) which were
c~lIolletedA Avrri nm A I ri cm- i- ii Air h~r 1-h o T I qAP'n the Federalcrn
Aviation Administation. The Bird Aircraft Strike Hazard (BASH)
Team collects data from both damaging and non-damaging bird
strikes. These data are used to identify installations with
hazardous wildlife hazard trends, develop local control
procedures, and as a baseline for bird avoidance modelling.

The objective of this study is to :-eassess the birdweight
distribution for low-level birdstrikes. Analysis of the data
extracted from the database from 1985-1992 for strikes occurring
during high speed, low-level flight and with identified bird
species and weights produces a cumulative distribution frequency
curve that strongly supports using a 4.5 pound test standard.



BACKGROUND
Each year the Air Force reports approximately 3,000 bird

strikes to aircraft worldwide. Since 1987 these strikes have
resulted in the loss of nine aircraft, six aircrew fatalities,
and an average annual cost of over $45 million. The Bird
Aircraft Strike Hazard (BASH) Team collects data from both ,
damaging and non-damaging bird strikes. These data are used to
identify installations with hazardous wildlife hazard trends,
develop local control procedures, and as a baseline for bird
avoidance modelling. The data are also helpful in assessing
damage to various aircraft components such as engines and
windshield/canopy systems.

A four pound bird strike capability has long been the
standard maximum bird weight for testing aircraft components.
The four pound weight distribution represents approximately 95
percent of all recorded bird strikes (pre-1970) collected during
a joint study by the U.S. Air Force and the Federal Aviation
Administration. Also, about 95 percent of bird species in North
America weigh less than 4 pounds.

The bird strike records supporting the four pound criteria
were scanty with regards to species struck as well other aspects
of the incident. The pre-1970 bird strike sample included
mishaps near airfields where aircraft operations and (in general)
baird h-i- - different than at n.Tc.. .... 1 f 'Iht altitudes.
Different bird behaviors or population distribution dynamics
could affect the type and weishts of birds struck.

A study conducted in 1990 by the second author (and reported
at the 20th Bird Strike Committee Europe, Helsinki, Finland)
of over 700 low-level bird strikes found a significant difference
in the bird weight frequency distribution when comparing all
phases of military aircraft operation and low-level only (Figure
1). The bird weight frequency distribution showed a much flatter
curve indicating that heavier birds are hit more often daring
low-level operations. Also, there was a significant difference
between the F-4 and B-52 bird weight distributions that could be
attributed to mission differences. Bomber aircraft, such as the
B-52, fly longer, further, and more night missions than fighter
aircraft (e.g.; F-4) which exposes them to heavier birds.

An analysis of data extracted from the USAF bird strike
database for 1985--1992 was conducted to examine bird strikes that
occur during low-level flight operations. The low-level flight
phase was chosen because it represents the worst case scenario
for energy impacts due to the high speed of the aircraft. Only -
bird strikes with identified species (and thus weights) wexe
included in the analysis. A sample for 402 bird strikes were
analyzed using Statistical Analysis System software. The mean
weight of birds struck was 46.3 ounces (std dev = 38.58 oz.), the ,
median weight was 40 ounces and the mode was 72 ounces (Table 1).
A cumulative frequency plot (Figure 2) shows a sharp break at 64
ounces (a weight represented by the Double-Crested Connerant) and
at 72 ounces (representing flack Vultures and Turkey Vultures).



A significant shift in frequency occures between the weight range
of 64 ounces or less (54.5%) and 72 ounces or less (94.3%).

CONCLUSIONS
These data clearly reflect the importance of the 72 ounce

bird as a basis for aircraft component testing. Birds in the 72
ounce weight class (n=160) accounted for 39.8 percent of all
birds struck during low-]evel flight. These data also reflect
the altitudinal distribution by weight class: large birds such
as vultures use thermal lift for se.aring and subsequently have
greater exposure to aircraft flying low-level missions. Analysis
of data collected from the most current bird strike database
clearly support the use of a 4.5 pound standard as a minimun for
aircraft that fly low-level missions.
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FIGURE 1I
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SAS

UNIVARIATE PROCEDURE

*Vatiable=WEIGHT

Moments

N 402 Sum Wgts 402
Mean 46.38109 Sum 18645.2
Std Dev 38.58842 Variance 1489.066
Skewness 1.522114 Kurtosis 7.124787
USS 1461900 CSS 597115.4
CV 83.19859 Std Mean 1.924615
T:Mean=O 24.09889 Prob>,T, 0.0001
Sgn Rank 40501.5 Prob> SI 0.0001
Num ^= 0 402

Quantiles(Def=5)

100% Max 288 99% 153
75% Q3 72 95% 80
50% Med 40 90% 72
25% Q1 7.7 10% 1.5

0% Min'i 0A 5% 1
1% 0.5

Range 287.7
Q3-Q1 64.3
Mode 72

Extremes

Lowest Obs Highest Obs
0.3( 259) 153( 247)
0.5( 388) 160( 236)
0.5( 375) 210( 5S)
0.5( 324) 288( 1091
0.5( 287) 288( 308ý
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SAC

UNIVARTATE PRý;ýEDURE

Variable-WEIGHT

Freqýuency Ta.:le

Percents Percents

Value Count Cell Cum Value Count Cell Cum
0.3 1 0.2 0.2 20 4 1.0 32.6
0.5 5 1.2 1.5 21 1 0.2 32.8
0.7 1 C.2 1.7 22 1 0.2 33.1
O.A 8 2_.0 3.7 24 4 1.0 34.1

1 14 3 15 7.2 28 2 0.5 34.6
1.4 1 0.2 7.5 2838 1 0.2 34.8
1.5 24 6.0 13.4 30 3 0.7 35.6
128 1 0.7 13.7 32 13 2'.2 38.2

2 0.5 14.2 34 1 0.2 53.1
2.5 14 3.5 17.7 36 1 0.2 35.3
2.6 1 0.2 17.9 36.6 1 0.2 39.6

3 4 1.0 18.9 38 1 C.2 39..8
).5 2 0.5 19.4 40 1• 02.7 52.5

4 7. 2.7 22.1 48 2 0.7 53.2
4.5 1 0.2 22.4 60 2 0.5 53.?

S5 4 1.0 2:. 4 f.4 3 0., 54.!

5.3 1 0.2 27.6 72 160 39.5 94.3
5.5 1 0.2 27..9 7 1 0.2 94.5

6 1 0.2 247I 75 1 0.2 94.8
11 0.2 2484 13 1 0.2 95.0

7.7 3 0.7 25.1 88 2 0.5 95.5
9 3 0.7 25.9 92 1 0.2 95.8

10 5 1.2 27.1 96 i 0.5 96.3

10.5 2 0.5 27.6 112 1 0.2 96.5
11 1 0.2 27-o9 128 6 1.5 98.0

12.", 1 0.2 28.1 132 1 0.2 98.3
14 4 1.0 29.1 144 1 0.2 98.5
3.5 3 0.7 29.9 150 1 0.2 98.i
16 3 0.7 30.6 153 1 0.2 99.0

17 2 0.5 31.1 160 1 0.2 99.3
18 1 0.2 31.3 210 1 0.2 99.5
19 1 0.2 31.6 288 2 G.5 100.0
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TURKEY VULTURE BIRD STRIKE HAZARD AND
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D. J. Rubin
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Turkey Vulture (Cathartes aura) Bird Strike Hazard and Using Satellite
Telemetry for Bird Avoidance

David J. Rubin
USAF Bird Aircraft Strike Hazard (BASH) Team

Spectrum Sciences and Software Inc.
HQ AFCESA/DMPS, Tyndall AFB, Florida

ABSTRACT:

Turkey Vultures (TV) (Cathartes aura) have accounted for approximately twenty percent
of all USAF damaging bird strikes from 1985-1992 resulting in the loss of two aircraft,
one pilot fatality, and more than 21 million dollars in damage. The majority of these
strikes (72.5%) have occurred during the low-level phase of flight. The pilot fatality and
the loss of an F-16 aircraft resulted from windscreen penetrations (1.2% of total TV
strikes). Buird avoidance during low-level taidning can reduce th expu•u -f a ,,--Crt

components to bird species such as the Turkey Vulture (4.5 lbs.), which surpass the
standard bird weight used for windshield development. Bird avoidance is based on an
understanding of the behavior patterns of hazardous bird species. These patterns have
not been adequately studied for Turkey Vultures. The USAF BASH Team has proposed
research to study the long-distance seasonal movement patterns and altitude distribution
of Turkey Vultures using satellite telemetry. The ARGOS Data Collection and Location
System will he used to gather remote data. Meteorological data will be collected to
evaluate the impacts of weather on TV movements and altitudes of flight. Additionally,
correlation between TV movements and habitat and topographic variables will be
examined. These data will be integrated with additional geophysical and biological data

b •on a Geographic Information System (GIS) to improve the USAF BASH Team's Bird
Avoidance Model (BAM). Component design and bird avoidance are integrai in
protecting mission resources during low-level operations.
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��T jU (Caehanls aura) BIRD STRIKE HAZARD AND USING
SATELLITE TEEMETRY FOR BI]RD_._IDATCE

INTRODUCTION:

Each year the U.S. Air Force reports more than three thousand bird strikes resulting in
approximately sixty-five million dollars a year in damage. Based on microscopic
identification of bird strike remains from 1985-1992, twenty percent of all damaging bird
strikes (>$10,000) have been found to involve Turkey Vultures. Most of these damaging
strikes (72.5 %) occurred during the low-level phase of flight. Current mission emphasis
on low-altitude, high speed training flights has significantly increased aircrew
vulnerability to serious bird strike mishaps. Aircraft collisions with Turkey Vultures have
resulted in the loss of two aircraft and one pilot fatality since 1989. One of these aircraft
losses and the pilot fatality were due to windscreen penetrations during low-level
operations. Bird avoidance during low-level flights can reduce the exposure of aircraft
components to bird species such as the Turkey Vulture, which exceed the standard bird
weight used for windshield development.

The Bird Avoidance concept is based upon an understanding of the behavior patterns of
hazardous bird species. The reproductive biology, foraging behavior and flight strategies
o^f bth m•igatoryan ridtnt birrcs rmuct hb eyaminoed in oreat dretil fnr -qeh .peiie.s,
Bird behavior is often predictable and once the factors influencing that behavior are
identified, bird avoidance measures can be implemented to reduce the bird strike hazard
potential, These influences have not been adequately studied for Turkey Vultures.

The USAF BASH Team has proposed research to study the long distance seasonal
movement patterns and altitude distribution of Turkey Vultures using satellite telemetry.
The ARGOS Data Collection and Location System will be used to monitor up to ten
birds for up to one year. Bird locations will be determined from calculations of the
doppler shift associated with the satellite's movement past the transmitter. Transmitters
will be modified to incorporate altimeters that will be used to determine the bird's
altitude above ground level (AGL) at each location. Meteorological data will be
collected to evaluate the impacts of weather phenomena on vulture movements and
altitudes of flight. Additionally, relationships between vulture movements and habitat
and topographic variables will be examined. Significant data will be integrated with
existing geophysical and biological data in the USAF BASH Team's Bird Avoidance
Model (BAM) on a Geographic Information System (GIS). The BAM is designed to
calculate the relative risk for an aircraft collision with a bird. Risk is calculated based
on population density, bird weight, and specific flight behaviors. The temporal. aspects of
hazard, including time of year (seasonal variation) and time of day (diurnal vaiiation)
with altitude distribution for each temporal component, is incorporated into the risk
assessment. These Turkey Vulture behavioral data will fill the largest data gap that has
been identified (USAF BASH Team) in the new Bird Avoidance Model.
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ROUND ROBIN TESTING TO DETERMINE THE PRECISICN
AND ACCURACY IN MEASURING MULTIPLE IMAGES IN

AIRCRAFT TRANSPARENCIES
& 4

William N. Kama
Visual Display Systems 2zan.ch

Human Engineering Division
Armstrong Laboratory

Wright-Patterson Air Force Base, Ohio 45433-7022

ABSTRACT

A round robin testing study was conducted to determine the
precision and accuracy of a test method used to measure
multiple images in aircraft transparencies. A total of 12
measurement technicians from 6 laboratory facilities served
as subjects. Stimulus materials for this sudy were four 8 x
10, black and white, multiple imaging photographs which
represented 4 different camera-to-array distances - 15, 23,
23.5 and 25 feet. Each photo was creates by photographing a
light array of known size at a specitied distance from the
design eye position of the windshield. The subject's task
included (i) determining a scale factor (used c,) relate
linear distances on the photograph to actual angular
distances as seen from the design eye position) for each of
the 4 photos to be measured and (2) making linear
measurements in millimeters (mm) for each light on the
photograph to determine the separation between the secondary
and primary images. The linear measurements were made using
a pair of digital calipers. All subjects were carefully
instructed on how to calculate the scale factor, how to use
the digital calipers, and the maiaiine. in which they were to
make the linear measurements, from the "center" of the
secondary image to the "center" of the primary image.
Subjects measured each photo twice so that a determination of
the repeatability of their measurements could be made.
Subject performance was evaluated with respect to the
performance of two measurement technicians who were highly
skilled and proficient in using this measurement technique.
Their scores were used as the baseline for this study.
Findings from this study indicated that (1) measurements were *
highly accurate, differing on average from the baseline score
by 0.37 mm, (2) repeatability (precision) was also high,
scores differing, on average, between trials 1 and 2 by 0.08
mm, and (3) the calculated scale factors were larger, on
average, by 0.24 mrad/mm, than the baseline scores.
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INTRODUCTION

Multiple imaging is caused by multiple reflections of light
from external sources (e.g., runway marker lights and VASi
lights). As shown in Figure 1, the light travels through the
outer surface of the windshield to the inner surface where
part of it is reflected back towards the outer surface where
it is partially reflected back towards the pilot's eyes.
This process may occur several times so that a third or
fourth image may be visible under the right conditions. A
pilot looking through a wLndshield under these conditions
will see two or three images of each external light source.

Although multiple imaging occurs both in the daytime as well
as at night, it is typically visible only at night because
the secondary and/or higher images are masked by the brightly
lit daytime scene. Indeed, this effect might not be seen,
even at night, if the secondary or higher images happen to
fall directly on top of the primary image. In this
situation, there is no angular separation so that the
secondary (and higher) images cannot be distinguished from
the primary image and only one image is perceived.

The severity of the multiple imaging occurring in a
windshield is dependent on (1) the materials involved, (2)
the curvature and thickness of the windshield, (3ý the
intensity of the light source, and (4) the darkness of the
surroundings around the light source.

During late 1985 and early 1986, the Arms:rong Laboratory
developed a technique for measuring and determining the
severity of multiple images noted in aircraft windshields,
specifically the B-lB windshield. Development of this
technique was based on the two characteristics that are most
noticeable in multiple images - the ratio of intensity of
the secondary image to the primary image and the magnitude of
separation between the secondary and primary images. Based
on laboratory data gathered on 3 windshields that had been
removed from service because of multiple imaging, the angular
displacement between the secondary and primary images was
selected as the basis for this measurement technique (Ref.
1).

b

The measurement technique developed consisted of the
following steps: First, a photograph is taken of a light
array (Figure 2) of known size that is located at some
specified distance from the design eye position of the
windshield being evaluated. Second, an 8 x 10, black and
white, matte-finished photograph of the light array is used
to obtain linear measurements of the image separations as
well as for determining a scale factor. Finally, the linear
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measurements are converted to angular units using the scale
factor obtained in step 2. In 1988, this technique was
accepted as a Standard Test Method by the American Society
for Testing and Materials (ASTM) and is identified as ASTM F
1,165-88, "Standard Test Method for Measuring Angular
Displacement of Multiple Images in Transparent Parts" (Ref.
2).

As an accepted test method, this technique had to meet an
ASTM requirement that all test methods contain a precision
and bias statement, To meet this requirement, this round
robin testing was conducted. Its purpose was to determine
the precision and accuracy of measurements made of multiple
images from multiple imaging photographs.

METHODOLOGY

Subjects

A total of 12 subjects were used in this study. All were
measurement technicians from 6 laboratory facilities:
Armstrong Laboratory at wright-Patterson AFB, OH; PPG, Inc.
at Huntsville, AL; NORDMC.T inc. at Tulsa, OK; Texstar, Inc.
at Grand Prairie, TX; Sierracin Corp. at sylmar, CA; and
Pilkington Aerospace at Garden Grove, CA. Each of the
facilities provided 2 technicians. No attempt was made to
assess the experience level of each of these technicians
regarding the measurement of multiple images.

Two technicians from the Armstrong Laboratory who were highly
skilled and proficient in the use of this measurement
technique performed the same task as our 12 subjects. Their
scores served as the baseline performance against which
subjects were evaluated.

Stimulus Photos and Equipment

The stimulus material used consisted of 4 multiple imaging
photographs. These were 8 x 10, black and white, matre-
finished photos that were created by photographing a 7 x 7
light array grid board (see Figure 2) through 3 different B-
lB windshields from the design eye position. Three of the
photos were taken in the windscreen facility at the Armstrong
Laboratory and one was taken in the field at Dyess AFB, TX.
Each photo represented a different camera-to-array distance.
The distances depicted were 15 feet (photo 4), 23 feet (photo
3), 23.5 feet (photo 1), and 25 feet (photo 7). Figure 3
shows all four of these photos.
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Two pieces of equipment that made using this techn'que
simpler and easier were a scientific hand held calculator and
a pair of digital calipers (Figure 4). The caaculator was
used to facilitate the calculation of the scale factor that
is used to convert the linear measurements made from each 4

photo to angular separations that are seen from the pilot's
eye position. The digital calipers made the measurement of
the linear separations much more precise and faster.

Procedure

The procedure employed during the conduct of this study was
as follows: The experimenter traveled to each of the
facilities that were participating in this study and spent
approximately 3 to 4 hours there. He brought with him a hand
held scientific calculator, two pairs of digital calipers,
clear document protectors, several sets of the stimulus
photos, and other necessary items. The experimenter apprised
each subject of the purpose of the study, the task that they
were to perform, how to use the digital calipers, how each
measurement was to be done, and most importantly, how to
calculate the scale factor. If the subjects had any
questions, they were answered at this time. Both technicans
at each facility were tested at the same time in the same
room. To combat order, practice or fatigue effects, the
order in which subjects measured each of the 4 photos was
counterbalanced. Each subject measured each photo twice in
order that we might be able to determine the repeatability of
their measurements. The following task was performed by each
subject:

First, they were required to calculate the scale factor for
each of the four photos in units of milliradians (mrad) per
mm that is based on the photographic geometry conditions and
the enlargement process. Calculation of this scale factor
required the completion of Lhe following two steps:

Step I involved determining the angular subtense,
in mrad, of the separation between 5 lights on the light
array grid board for a specified camera-to-array distance,
i.e., 15, 23, 23.5 or 25 feet.

Step 2 involved measuring the distance between 5
lights on the photo being measured in rm. For purposes of
uniformity, the fourth row of the array was selected for this
measurement. The distance between the lights in column 2 and
6 (4 segments between lights) for this row was than measured.
The measurement was made from the "center, of the primary
image of light 2 to the 'center" of the primary image of
light 6. The distance measured was then divided into the
angular subtense value obtained in step 1 to determine the
scale factor.
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Appendix 1 presents a detailed, yet simple, explanation on
how to calculate the scale factor.

After calculating the scale factor for the photo being
measured, the subject than measured the linear separations
between the secondary and primary images for each light on
the photo. The photo was placed in a clear document
protector before these measurements were made to prevent them
from being scratched or marred by the calipers. Excluding
the two topmost rows (rows 1 and 2), they were instructed to
measure all lights on the photo which exhibited multiple
imaging. They were to make these measurements from the
"center" of the secondary image to the "center" of the
primary image. If no secondary images were visible or a
light was occluded, its position on the data matrix sheet was
left blank or a line was drawn through that location.

RESULTS

As stated earlier, the accuracy of the measurements made by
subjects was oecormined by compaiing Lit-'.L perforrmance to
that of two highy skilled measurement technicians. Both of
these technicians were proficient and experienced in the use
of this measurement technique and had been making multiple
imaging measurements since this technique was first
develcped, a period of approximately 7 years. Both of these
technicians calculated the scale factor and made linear
measurements on each of the photos that were used. Their
obtained scores were used as the baseline scores for each
photo and the standard against which subject performance was
judged. The scale factors and the overall mean for the
linear measurements o--taincd on cach photo by te two
technicians are shown in the Table below.

Table 1

Baseline Scores for Two Highy Skilled
Measurement Technician

Photo 1 Photo 3 Photo 4 Photo 7

Scale Factor 2.33 2.34 2.32 1.85
(mrad/mm,

Overall Mean 4.12 3.66 3.83 3.04
(n8m)



Q-,bject perrormance was evaluated using two performance
¶ measures - (1) the magnitude of the difference between the

calculated scale factors and the baseline scale factor and
(2) the difference between the overall mean value (for all
the linear measurements made on each photo) and the baseline

V, ýmean value. Repeatability of the measurements was determined
by comparing the overall mean for the first trial to that of
the second trial for each photo. Since we were concerned
primarily with the accuracy of the measurements made, only
the linear measurements are used to evaluate performance.
The conversion to angular separations involved performing the
mathematical process of multiplying the linear measurements
by the scale factor (e.g, multiplying 4.12 by 2.33 yields an
angular separation value of 9.60 mrad). This step was not
included in this study.

The scale factors obtained by each subject for each photo are
shown in Table Z along with the baseline values. Inspection

Table 2

Scale Factors (URAD/iM1) Calculated By
Each Subject for Each Photo

Subject Photo 1 Photo 3 Photo 4 Photo 7

1 2. 33 2.34 2.32 1.84
2 2.33 2.34 2.32 1.84
3 2.54 2.56 2.53 2.50
4 2.53 2.54 2.53 2.49
5 2.03 2.05 2.53 1.99
6 2.53 2.05 2.03 2.00
7 2.55 2.55 2.52 2.48
8 2.53 2.55 2.53 2.50
9 2.53 2.56 2.53 2.50
10 2. 53 2.55 2.53 2.48
11 2 55 2.50 2.54 2.50
12 3.34 2.55 3.35 2.50

SA
Mean 2.53 2.43 2.52 2.30
Variance 0.09 0.04 0.09 0.08

Baseline 2.33 2.34 2.32 1.85

of the data in this table indicates that 75% (36 of 48) of
the calculated scale factors were larger than the baseline
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scale factor for each photo, averaging C.26 mrad.'mm mcie.
The data also indicates that the variability of the
calculated scale fact-ors were quite small, averaging 0.08.
For photo 1, the scale factors ranged irom 2.03 to 3.34 with
a mean value of 2.53 and a variance of 0.09. For photo 3,
the factors ranged from 2.05 to 2.56 with a mean value of of
2.43 and a variance of 0.04. Photo 4 ranged from 2.03 to
3.35 with a mean value of 2.52 and a ,ariance of 0.09 while
photo 7 had a range of 1.84 to 2.:0 with a rrean of 2.30 and a
variance of 0.08.

To determine the repeatability of subjects' measurements, the
difference in linear measurements made in trial I versus
trial 2 was determined. These differences are shown in Table

Table 3

Difference Scores Between Trials I and 2 for Each
Phoc (mrm)

Subjects Photo 1 Photo 3 Photo 4 Photo 7

3 0.09 0.11 0.09 0 .09
2 0.20 0.02 0.05 021i
3 0.10 0.10 0.01 0.00
4 0.12 0.00 0.04 0.14
5 0.04 0.07 0.14 0.19
6 0.16 0.07 0.16 0.15
7 0. 02 0.04 0.13 0.03
8 0 10 0.01 0. 09 0.11
9 0.16 0.07 0.13 0.01
10 0.00 0.08 0.07 0.02
11 0.00 0.06 0.21 0.00
12 0.17 0.03 0.04 0.10

Mean 0.10 0.06 0.10 0.07

3. Inspection of the data in Table 3 indicates that the
repeatability of the measurements were very high, averaging
0.08 mm. For photo 1, the average difference was 0.10 m-m;
for photo 3, it was 0.06; for photo 4, i_ was 0.10 and for
photo 7, it was 0.07 :u_.

Table 4 shows the data for the linear measurements made on
each photo. The score shown is the mean of subjects'
measurements for both trials. This mean score is compared
with our baseline score to determine how accurate each
subjects, measurements were.
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Inspection of the data in Table 4 indicates that subjects, on
average, tended to make larger measurements (than the
baseline) on photo i; smaller measurements for photos 4 and
7; and had the same average measurements on pDhoto 3. For
photo 1, th.ý measures ranged from 4.13 to 4.79 with a mean of
4.46 and a variance of 0.04. For photo 3, they ranged from
3.44 to 3.87 with a mean of 3.66 and a variance of 0.02. For
photo 4, they ranged from 2.84 to 4.13 with a mean of 3.32
and a variance of 0.12 while for photo 7 they ranged from
2.13 to 3.01 with a mean of 2.42 and a variance of 0.09.

Table 4

Mean Linear Measurements for Two Trials
for Each Photo (mm)

Subjects Photo 1 Photo 3 Photo 4 Photo 7

1 4.25 3.87 3.11 3.01
2 4.58 37rO 2.88 2.95
3 4.56 3.51 2.24 2.30
4 4.45 3.79 4.13 2.55
q 070 71 2.98 2.55
6 4.39 3.57 3.45 2.25
7 4.79 3.79 3.52 2.32
8 4.50 3.64 3.46 2.23
9 4.34 3.63 3.41 2.24
10 4.53 3.72 3.52 2.39
11 4.13 3.49 3.29 2.13
12 4.24 3.44 3.2- 2.15

Mean 4.46 3.66 3.32 2.42
Variance 0.04 0.02 0.12 0.09

Baseline 4.12 3.66 3.83 3.04

DISCUSSION

As stated earlier, the purpose of this study was to determine
the precision and accuracy with which multiple imaging
rmeasurements could be made using the only available
measurement technique. To determine the accuracy of the
measurements wade, subjects' scores were compared to those of
two highly skilled and proficient multiple imaging
measurement technicians. Table 4 presents the measurements
.,ado by each subject on each photo (over two trials) and the
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baseline scores of our two experienced technicians. Taken by
photos, the data shows that the largest difference was for
photo 7, where subjects showed a reading that averaged less
than 0.62 mm than the baseline score. Photo 4, showed
readings that were less than the baseline an average of 0.51
mm. Photo 3 showed the same average reading as the baseline
while the readings on photo 1 averaged 0.34 mm more. Since
we are dealing with mm, the difference observed does not seem
unreasonable and indicates that subjects were fairly accurate
in cheir measurements. Taking the difference between the
overall mean and the baseline and dividing the result by the
baseline value yields an average error of approximately 10%
between the observed scores and the baseline values.

To determine the precision with which the measurements were
made, the repeatability of subjects' measurements were
determined. This data is presented in Table 3, where the
difference in scores made on trial 1 and trial 2 is
presented. Examination of the data in this Table indicate
that the average difference for the first and second trial
for photo 1 was 0.10 mm. For photo 3, the average difference
was 0.06 mm; for photo 4, it was 0.1C mm; and for photo 7, it
was 0.07 mm. With the average differenca for all
measurements made on all photos being equal to 0.08 mm, it is
not unreasonable to assume that the measurements were highly
repeatable and hence indicates some precision in the
measurement process.

In using this measurement technique, calculating the scale
factor as accurately as possible is of great importance.
This is because the scale factor is used to convert our
linear measures to angular units, which in turn are used to
meet the optical specifications for multiple imaging. An
incorrect scale factor can bias the angular separation scores
in one direction or the other if not detected. For example
using the two scale factors calculated by subjects 1 and 12
for photo 1 (Table 2) and multiplying a linear measurement of
4.12 mm by these scale factors yields an angular separation
value of 9.60 for subject 1 and a value of 13.76 for subject
12. Clearly the larger the scale factor the larger the
angular separation value becomes. This could lead to the
rejection of a windscreen that may be optically acceptable.
Conversely, a scale factor that is too small can lead to the
acceptance of a windshield that should be rejected.

Examination of the data in Table 2 indicates that the
calculated scale factors were larger than the baseline scale
factors. For photo 1, the scale factor was 0.20 mrad/rnm
larger than the baseline; for photo 3, 0.09 larger; for photo
4 it was 0.20 while for photo 7, it was 0.45 mrad/mm.
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CONCLUSIONS

Based on the results from this study, the following
conclusions may be drawn:

1. Accuracy of the measurements was determined to be
fairly high, the average difference between the measured
values and the baseline value being 0.37 mm. Additionally
the average error of all the measurements made was only 10%.

2. The precision of the measurements, as determined by
the repeatability of the measurements, is also high. The
average difference for all measurements was equal to 0.08 mm.

3. The calculated scale factors averaged 0.24 mrad/mm
more than our baseline scale factor. This can lead to larger
angular separation scores which, in turn, can lead to the
rejection of an optically acceptable windscreen.
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APPENDIX 1

S> This appendix documents the steps used to calculate the scale
factor.

The first step is to find the angular subtense of the
distance between 5 lights on the light array. For the
Armstrong Laboratory Light array, the distance between each
light is 16 inches or 1.33 feet measured on-center to on-
center. Therefore the distance between 5 lights is 64 inches
or 5.33 feet. The angular subtense, in degrees, for the
distance between these 5 lights (at a specified distance) is
determined using the following formula:

A = 2arctan (x/2y) where A = angular subtense in
= degrees degrees

x = distance between 5
lights (5.33 ft in this
case)

and y = camera-to-array
distance (15, 23, 23.5
or 25 ft)

The second step is to convert the degrees to
milliradians by multiplying the angular subtense obtained in
step 1 by 17.45 mrad/degree. Hence,

A' = A x 17.45 mrad/degree where A' = angular subtense
- mrad in mrad

and A = angular subtense
in degrees

The third step involves measuring the distance between 5
lights on the photo being evaluated. For purposes of
uniformity, the distance between the 2nd and 6th lights of
the middle or fourth row of the array is selected for this
purpose.

The last step involves dividing the angular subtense in
mrad (A ) by the distance found between 5 'ights on the

SA photo. Hence,

S = A'/d where S = scale factor in mrad/mm
= mrad/mm A' = angular subtense in

mrad
and d = distance between 5 lights

measured on photo
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Using a scientific calculator, this process becomes iather
simple. Using photo 1 as an example, the following st-ey. are
inputted to the calculator:

Step 1 - ensure that calculator is in degrees mode
Step 2 - enter 5.33 (distance between 5 lights on array)
Step 3 - divide 5.33 by 47 (the camera-to-array distance

for photo 1 [23.5 ft] which has been doubled)
This yields the tangent value Of 0.1134.

Step 4 - using the 2nd function, find the arctan value
by initiating the tangent button. This gives
us a value Of 6.4699.

Step 5 - multiply the obtained value by 2 to get the
angular subtense in degrees or 12.9399

Step 6 - multiply this result by 17.45 mrad/degree to
get the angular subtense in mrad, 225.80 mrad

Step 7 - measure the distance between 5 lights on the
photo (for photo I it was 96.93 mm)

Step 8 - divide this distance 96.93 into the angular
subtense 225.80 to get the scale factor. In
this case 2.33 mrad/mm
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A SURVEY OF NEW HIGH USE TEMPERATURE THERMOPLASTICS
FOR STRUCTURAL TRANSPARENCY APPLICATIONS

Marilyn R. Unroe
Polymer Branch, Materials Directorate, Wright Laboratory

WL/M1,BP, 2941 P Street Ste 1, Wright-Patterson AFB, OH 45433-7750

ABSTRACI

Current and future performance and maintenance requirements for transparent thermoplastics to use
as novel canopy designs and retrofits has pushed the limit of the current state-of-the-art polymeric
transparency materials beyond their physical capabilitites. A new genre of high use temperature materials
will be required to face the design parameters such as light weight, structural integrity beyond speeds of
Mach 2, compatibility with other structural and nonstructural plies in a laminated canopy, particle crazing,
and logistics needs such as resistance to flight line cleaning solvents and aircraft maintenance fluids, and
longer life cycles to cost Most new transparent engineering thermoplastics are currently limited by their
commercial availability in bulk quantities, high cost, or by significant data gaps concerning transparency
performance parameters.

The purpose uf this report is to summarize data on some of the transparent materials currently
advocated for high use temperature (i.e., 450°F (232°C)) applications. Emphasis shall be given to novel
aromatic neterocyclic polymers with glass transition temperatures in the region of 572'F (300'C) or greater.
One particular set of heterocyclic polymers discusseu is the polybenzazoles with hexafluoroisopropylidene
groups, also known as the 6F-PBO's. The Materials Directorate of Wright Laboratory is currently
sponsoring an R and D effort to exploit the useful technologies of 6F-PBO's at use temperatures in the
realm of 4500F and a summary of the historical work in•the Dt itp _ te An A'P-P1O's is di.uiised.

INTRODUCTION AND BACKGROUND

Current state-of-the-art thermoplastic polymers used in structural transparency
applications have been pushed to the limits of their respective performance characteristics
by the demands for speeds at or beyond Mach 2 and by demands for tighter maneuvers in
the existing fighter aircraft. Typically the thermal limitations of the laminated canopy are
dictated by the service ceiling of the lowest use temperature structural ply. For high
performance aircraft such as the F- 16 fighter, the service ceiling of the canopy is
established by the outer acrylic ply with a very short term use temperature of 200'F (93°C).

The interests of the Polymer Branch were historically concentrated upon high use
temperature polymeric reinforcements and matrices for structural composite applications.
Usual estimations of the maximmn use temperatures of structural composite materials are
set at 50'C below the glass transition temperature (Tg) of the polymers and/or the loss of
50-60% of the room temperature mechanical properties. While the application of the latter
estimation is not necessarily the best approach for determination of the service ceiling of a
canopy ply, the former estimate is a good point of departure for focus of any initial physical
property determinations in novel materials. At the Polymer Branch, we have taken an even
more conservative estimate for service ceiling of transparency materials at 75-100'C below
the Tg. The goal of our research is to examine any materials with Tg's near 300'C (572°F)
which translates to use temperatures in the realn of 400-450'F (204.-232°C), an increase of
at least 200'F for the service ceiling of the canopy when the acrylic ply is replaced. The
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research also targets to substitute the acrylic ply with a material which either meets or
exceeds the current mechanical and inherent optical properties of the polyacrylates.

The Polymer Branch's entry into basic research and development with the ultimate
goals of improved transparency materials was coincidental with a mission needs statement
from Aeronautical Systems Division (now Aeronautical Systems Center) to the Materials
Directorate in 1990 for internal support to explore future canopy materials. There are many
problems associated with cmnopy materials; the work at first blush is very basic with much
effort required in the future to improve the current data base on chemical structure-property
correlations and how chemical structure affects intrinsic optical properties of new polymer
compositions. Other constraints such as purification processes and fabrication processes
which affect optical quality of the final polymers are also under consideration.

This report not only incorporates work performed at the Materials Directorate, but
also includes the current work reported in the open literature on new high temperature
thermoplastic materials which, as a family of polymers, may be under consideration for
canopy structural phes. What is not addressed in this report are any proprietary materials
which are known but are not protected by patent law and therefore not publicly releaseable.

DISCUSSION

A. §EDPi!

Since the mid-1980's the Polymer Branch of the Materials Directorate has been
interested in examining polymeric materials with Tg's in the range of 3000C (572TF) for use
as guest host matrices in nonlinear optical (NLO) applications. From a chemical structure-
prperty corre ltion perspective, this temperature requirement woud limit chenh__ic•
structures to those polymers with aromatic character in the polymer backbone. In addition,
one of the goals of the in-house efforts in the NLO area was to prepare polymers with
aromatic fused ring heterocycles in the backbone of the polymer. While high use
temperature is realized, the presence of fused ring heterocycles may impart high degrees of
electronic conjugation in the polymer backbone and may result in highly colored materials.
About a decade ago it was reported that the incorporation of hexafluoroisopropylidene (6F)
groups in the polymer backbone could render the resulting polymers less colored by
disturbing the electronic environment of the nt-electrons of the backbone and improving
solubility in comm. on organic solvents without sacrificing thermal stability.1 During some
in-house work into the preparation of the fused ring polybenzazoles in nonacidic media, a
literature reference for the preparation of simple benzoxazoles using trinethyisilyl-
polyphosphate (PPSE) in 1,2-dichlorobenzene was utilized. 2 This preparative procedure
was not proven for the preparation of polybenzoxazoles with 6F groups (6F-PBO's) until
personnel at the Polymer Branch synthesized such polymers. 3,4 A family of 6F-PBO
homopolymers with various aromatic spacers was prepared by this method.
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/• .- •/:-CF3HO CF3  OH + HOOC-Ar--COOH

H2 N CF3  H2

o-dichlorobenzene, CF 3
trimethylsilyl- 0 0
polyphosphate

RT--p-135°C, 24 h NFAr

1350--a 165 0C, 24 h fl

The beauty of the preparative procedure is that one is limited in the chemical
composition of the 6F-PBO polymer only by the availability of the diacid monomers.
Many such monomers are commercially available through commodity or specialty chemical
vendors in a purity grade such that the monomers can be used as received or purified by
multiple recrystallizations to obtain monomer grade material. The procedure also allows for
deuie ~VI Uk aiuu2xyui. 4a.&JU LILI'IVLJI'.-LZ U14LL %4,riOaU% JUL ýLLWJLIC CUALLLIA-U Q i bw..uia Snas

polyphosphoric acid. Other cost advantages of the one-pot PPSE procedure are the
commercial availability of the 6F monomer (6FAP), PPSE, and 1,2-dichlorobenzene.
Since the materials are prepared in an organic solvent rather than a strong acid medium,
waste volume is minimized and neutralization of acid before disposal is avoided. Despite
the advantage of the synthetic procedure using nonacidic media, several 6F-PBO
homopolymers have been prepared using highly polar, strong acidic media5 ,6 with the final
result of obtaining higher molecular weight material. Because the mechanical properties
were not determined for these polymers, a reasonable conclusion about the superiority of
one procedure over the other cannot be drawn.

382°C (199-720 0 F), a range of long term (i.e., 200 h) thermooxidative stabilities at 346'C
(6550F), and variations in solubility in acidic and nonacidic media (Tables 1 and 2).4.5,7
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TABLE 1. SUMMARY OF 61--PBO'S PREPARED. 7

Ar Anaiysis Tlinha'd 'f Solubility
Polymer Spacer Calc. (Found) or [ (d]g)bJ _ _

C, 60.01 (59.68) MSA

H, 2.19 ( 2.38) TCE-phenolN, 6.09 ( 5.79) 2 .82 a T Heo
F, 24.77 (23.60) -250 4

C, 60.01 (59.55)
H, 2.19 ( 2.53) MSA

2c N, 6.09 ( 5.80) 2.23a
F., .. 77 (23.60)

N C, 57.28 (56.75) MSA
H, 1.97 ( 2.13) at2SO4
N, 9.11 ( 8.93) 1.8 2a
F, 24.71 (23.59)

C, 57.28 (56.00) MSA
H, 1.97 (2.29) MSA4c N, 9.11 (8.54) 2.18 2S 4
F, 24.71 (23.40) _

o7 C, 66.82 (66.14) a
H, 6.52 ( 6.56) 0.92 MSA
N, 3.63 ( 3.37) 0 .5 2 d CHCI3
F, 14.75 (14.27) THF

FH, 2.55 (2.68) 43 NISA
N, 5.07 (5.20 0 .7 5 c,f H-2 S 4

F, 20.64 (20.72) 7. 9 b,e CHCI3, THF

C, 63.05 (62.83) MSA
e ~- lH, 2.55 (2,53)

7 0 N, 5.07 (4.35) 4.bH 2S
F, 20.64 (20.70)

C-ýD _O ..O D , 65.22(63.15) j MSA^0 1 1 "1 1 0,' 1 l 2 6".0b H.SO

UN, 4.34(4.14) CHC13 , ThF

(a) Inherent viscosity in methanesulfonic acid (0.15 g/dL) at 300C.
(b) Intrinsic viscosity in methanesulfonic acid at 30TC.
(c) Prepared in PPSE/o-dichlor)benzene.
(d) Inherent viscosity in o-dicltlorobenzene (0.15 g'dL) at 30TC.
(e) Prepared in phosphorus pentoxide/methanesulfonic acid.
(f) Inherent viscosity in 1,1,2,2-tetrachloroethare (0.15 g/dL) at 30°C.
(g) Prepared in 83 % polyphosphoric acid.
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TABLE 2. THERMAL CHARACTERISTICS OF 6F-PBO THERMOPLASTICS. 7

Polymer Tga (0C) TGAb (oC) , TAC (%)
)532 "a

1 300 524 He 95
533 air

2 382 525 He 94
"539 air

3 329 528 He 92
530 air

4 352 517 He 59
414 air

94 426 He 50 d
_.301 564 air ---

7 266 535 air ---
8 " 245 545 air ---

(a) Glass transition temperature determined by DSC (AT = 10°C/min).
(b) Extrapolated onset of major decomposition determined in air and/or helium.
(c) Isothermal aging, weight retention after 200 h at 346TC (6551F) in circulating air.
(d) Weight retention after 50 h at 3460C (655TF) in circulating air.

The neat resin mecharical properties of some of the 6F-PBO's were evaluated under the
rigorous conditions applied to composite matrices (Table 3)8 and the values obtaiaied were

49



TABLE 3. NEAT RESIN TENSILE PROPERTIESa OF 6F-PBOb AT VARIOUS
TEMPERATURES AND CONDITIONS. 8

Test Conctition Tensile Tensile Strain-To-
Temperature, (Dry/WetC)d Strength, Modulus, Failure

,C (OF) MPa (Ksi) GPa (103 Ksi) (%)
Dry 103 (14.9) 2.63 (0.38) 5.93

24 Wet 103 (14.9) 3.14 (0.46) 4.56
(75) Dry 108 (15.6) 2.90 (0.42) 11.6

Wet 106 (15.4) 3.03 (0.44) 11.6
DI•y 60.6 (8.8) 2.13 (0.31) 5.06

177 Wet 65.5 (9.5) 2.43 (0.35) 4.75
(351) Dry 51.2 (7.4) 1.88 (0.27) 5.14

Wet 50.3 (7.3) 1.91 (0.29) 4.95
Dry 29 (4.2) 1.96 •(0.28') 2.62e

260 Wet 29 (4.2) 1.67 (0.24) 3.07e
(500) Dry 21 (3.0) 1.58 (0.22) 2.41e

Wet 22 (3.2) 1.51 (0.23) 2 .50e
Dry. 16 (2.3) 1.01 (0.15) 2.00e

288
(550) _

ka) Standard deviations omitted for brevity. For details se Reference 8.
(b) Both Polymners I and fi, Table 1.
(c.) 0'SpeAunC .I s s c days n a..... ... I,. , .
(d) 6F-PBO-1 (Reference 9) (Polymer 6. "[able 1) in bold values.
(e) Strain-to-yield values. Polymers have entered onset of respective Tg's at test temperatures.

found to approximate the reported room temperature values for the polyacrylates. When all
the data is compiled, the 6-F-PBO's meet or exceed the neat resin mechanical properties of
the polyaciylates and some of the properties of polycaxbonates t ° (Tigure 1 and Table 4).
In addition, the polymer's equilibrium moisture uptake at temperatures up to 7 10C (160 0F)
was in the range of 0.8 wt percent maximum. Resistance To aliphatic and aromatic
hydrocarbons as well as ketones was limited to a maximum of 6.5 wt percent uptake ow;
two weeks of immersion.7
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TABLE 4. IMPACT TESTING 10 OF 6F-PBO-1.

PROPERTY 6F-PBO-1 [LEXAN SL 3000 PLEXIGLAS 55
T (6C) 293
Continuous Service
Temperature ('F) 450-500 250
Tensile Strength
(Ksi), RT, dry 15.6 + 0.6 8.00 (mri) 11.1
Tensile Modulus
(Ksi), RT, dry 421 +46 325 450
Strain-to Failure
(%), RT, dry 11.6 + 0.8 90 4.7
Notched Izod
(ft-lb/in), ASTM 0.32 + 0.03 2.09 + 0.4 0.40
D236-88

Impact site broken No cracks observed
Falling Dart InipacL out at 6.22' with at similar or greater
ASTM F736-81 min. 20'/s vel and impact E's and

25 ft-lb impact E heights
Solvent Crazing razing at 5500 psi Fully crazd at 1500
(50% aq. MEK), stress, 25 min under psi under similar
ASTM 791-82 stress stress and < 25 min
SOVI~rIet CAVzmg no av 375 p ,hly crazed at 1....
(50% aq. IPA), stress max, 25 witin psi under similar

ASTM 791-82 under stress stress and < 25 min
Salt Abrasion, Inconclusive 3%T(81% haze)
ASTM 1128 after 100 cycles of

blast ._-

What was not known at the time this effort was performed was the origin of the coloration
of the 6F-PBO's in. the composite matrix. When high "g thermoplastic 6F-PBO's are
processed via standard cormipression molding techniques, they require at least 2500 psipiessuies to prod---" ...... -- - --- A d--- -U- -. . . -. (, I

must be near or above the Tg for complete consolidation. These high pressures are
expected for the processing of high Tgý ihermoplastic materials with stiff heterocyclic units
in the backbone. However, the 6F-PB3O's homopolymers that have been currently
processed as consolidated neat resin tensile specimens exhibit a drastic color change about
50'C below the respective Tg's of the polymers. 9 Free standing, solution cast films of 6F--
PBO's do exhibit coloration at room temperature as evidenced by the transmission data of
ASTM D19259, but the film must be of sufficient thickness (_ 10 mri) to discern coloration
with the naked eye.

The origin of the color in the neat resin 6F-FBO's is a source of much speculation
at this time. From the data presented in a subsequent paper in this symposium9 and in
some unpublished data internal to the Polymer Branch, the source of coloration may
oxiginate from several possibilities. Those possibilities are intrinsic coloration in the
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structure of the polymer backbone, chromophoric impurities in the monomers or
polymerization media, simultaneous oxidative-degradation mechanisms, density and
packing behavior of the polymer chains, or charge transfer effects between chains.

B. Other Fluorinated and Nonfiuorinated Polymers

There are other polymer compositions which employ the use of 6F groups in the
backbones or 3F groups as pendants of aromatic groups in the backbones of polymers.
Some of these matefials are known to possess Tg's in the range of 200'-250'C (392-482°F)
and good thermal stabilities based upon their chemical architecture. Some of these
polymers include 6F-polyarylene sulfones, 9 6F-polyesters,9 and 3F-pendant
polyamides. 11 6F-44 Polyimide, 12 with a T above 300'C (572), may be another
candidate material, but it is known that the efongation-to-break of this polymer is low.
Low break values empirically translate into reduced toughness and low impact strength. In
addition, the cost of fully fluorinated polymers is very high in comparison to hydrocarbon
analogs.

There are some nonfluorinated polymers recent to the literature. These include the
polyarylene ether ketone homopolymers and copolymers,13 and the polyarylene
ca'bonates.1 4 Again thermal stability and thus use temperature may be compromised, but
the advantage to these materials choices may lie in the wealth of literature available on the
structure-property characterizations of such materials. One promising new criterion for
predicting impact toughness has developed from some recent research on the polyarylene
carbonates which relates a Tg/Ty ratio for polymers to the impact strength. 14

CONCLUSIONS

A. 6F-PBQ's

If intrinsic coloration of the heterocyclic portion of the backbone is at fault, then
benzoxazoles, even with 6F moieties in the backbone, will not be candidate materials for
transparent canopies. There is some empirical evidence to support intrinsic coloration due

11 LIL f..lit',aIUJ~*~lfbLJl ~ ey Pale yellow CmO n~ s ~vr1 f 27-3 0 00). htoU LIc Vc,.l cue I ALVIJ.. f ,I VV %.,VJLVL%/. '3V, ' ,.1.ýL110.m J .. ....

this evidence implies is that the incorporation of 6F groups into the backbone of aromatic-
heterocyclic polymers may not always impart colorlessness through the disturbance of the
7t-electrons. The absence of color is also determined by the choice of spacer. Classic
examples from the previous synthetic efforts are the structures of the very yellow powder
of Polymer 5 and the green-white powder of Polymer I (Table 1). Each 6F-PBO polymer,
therefore, must be carefully examined as a significantly thick film or consolidated specimen
and not taken at face value because the solid phase of the polymer is white. Despite the
intrinsic color, there may be structural alterations which allow the disturbance of' the

* electronic environment in the polymer chain. Incorporation of highly electron-withdrawing
groups into the aromatic spacers of the 6F-PBO's is one possible route to investigate by
synthetic methods.

Many of the other possibilities listed above for color contnuL,,don to 6F-PBC are
currently being examined in-house. The status of this effort will be published at a later
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date. There are analytical means by which the contributions of any impurities may be
examined; however, there are limitations on the detection limits of certain analytical
instruments. Since charge transfer effects have been examined by electron spin resonance
(ESR) studies in polyimides, 15 a method exists by which to study charge transfer in 6F-
PBO. Packing behavior of consolidated specimens may be explored by x-ray diffraction A

techniques. Some solutions to dense packing in consolidated samples may lie in the
preparation of 6F-PBO's with very bulky but thermally stable spacers; work is currently
proceeding on such novel spacers.

If the coloration problem is solved, choices will also have to made between the
desire for ultimate optical, physical and mechanical properties. After all the canopy issues
are resolved, the presence of fluorine in the outgases of a catastrophic failure of the canopy
by thermal degradative means must be weighed against the use of such a canopy material.
During normal use temperatures, there would be no problems with 6F-PBO in a canopy ply
since a low oxygen index and flame resistance are dictated by the inherent chemical
structure. However, if temperatures exceeded 500'C, there would be generation of BF
radicals during the combustion process and subsequent unheatlthy personnel exposure to
such gases.

B. Other Fluolinated and Nonfluorinated Polymers

There is some promising data for the incorporation of 6F and other fluorinated
polymers into consideration for canopy materials. However, some thermal stability and
thus use ter.nniw re. mayv he. Svacrificed if lower Tg materials are chosen. At this time most
mechanical properties as well as any optical properties are unknown for these materials.
Toxicity problems upon catastrophic degradation of the fluorinated material will still come
into effect.

For the consideration of nonfluorinated materials, stringent structure choices will be
needed to be made to balance processability with high use temperature and cost. Again
some compromises may have to be made in use temperature to get the desired optical
properties.
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AROTECTIVE AIRCRAFT TRANSPARENCIES

John A. Brown
JOHN BROWN ASSOCIATES INC.

ABSTRACT

A new class of laser-protective optical filters
consists of thin-film stacks of organic polymers of
alternating high and low refractive indices applied
in open-to-the-air chemical process equipment. The
process is amenable to the fabrication of sheets
large enough to be laminated into aircraft
transparencies.

With the emergence of Limited Warfare and Special Operations
type conflicts as major challenges, there is a growing need
to provide airmen with laser eye protection; because lasers
are cheap weapons. Figure I shows the beam wavelengths of
several commercial lasers that someone might use as
battlefield weapons.

Many approaches to laser protective filters have been
explored, including holographic interference filters,
absorptive dye filters, conventional dielectric stack
interference filters that reject specific threat wavelengths,
and the "Tristimulus" interference filter that blocks all
popular laser wavelengths yet permits full natural color
vision. Figure 2 shows the transmission spectrum of the
Army's Sun-Wind-and-Dust (SWD) goggle which incorporates some
laser protection, and Figure 3 shows the transmission
spectrum of the JBA Tristimulus filter.

Most of the current laser-protection R&D is going into
protective goggles and visors, but an attractive alternate
approach would be to build the protection into the aircraft
windows and canopies. The problem is how to do that. The
darkness of the SWD goggle cannot be tolerated, and

* I conventional interference filters would be prohibitively
expensive in such large sizes.
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Conventional interference filters are ,,ade by evapora-.ive
deposition of dielectric pairs such as zinc:
sulfide-and-cryolite or silica-and-titania in high-vacuum
equipment, are limited to small sizes, and are very
expensive. But this laboratory has recently demonstrated the
fabrication of interference filters from thin films of
organic polymers (nitrocellulose and polystyrene) in the open
air -, literally in Mason jars!

Two different proof-of-principle interference filters were
made, one reflective in the green and one reflective in the
red. Their transmission spectra are shown in Figure 4. They
were abbreviated stacks of only 1.3 layers and were not
intended to be protective filters, but they proved the
feasibility of making interference filters in open-to-the-air
chemical process equipment rather than in the usual
high-vacuum equipment.

The proof-of-principle filters were small - one inch by two
inches - and were made on glass microscope slides by
dip-coating. Very large filters could be made on thin sheets
of My~ar nr polyvirethane nn conventional Pravure machines.

and then laminated between sheets of polycarbonate or acrylic
to make all-plastic, laser-protective, aircraft
transparencies.

Nitrocellulose and polystyrene were used for the proof-of-
principle wozk, but better polymers are needed for practical
filters. We are currently working on two UV-cure polymers,
one with a refractive index of 1.4 and one with a refractive
index of 1.6. One film is laid down and cross-linked with
UV, and the other film is then laid down cn top of the first
and cross-linked. And so on in alternation until the
complete stack is assembled.

Filters can be designed to block virtually any desired
wavelengths by suitable choices of layer sequences. Figure 5
shows a design to block a narrow band around 532nm, and
Figure 6 shows a design to block a wider band. Figure 7
shows a design to block solar infrared without attenuating 9 -
visible light. The possible combinations of passbands and
stopbands are virtually unlimited.

The filters are not in production; uurrent work is focussed -
on optimizing the two UV-cure polymers and the deposition
technique. We would welcome comments and suggestions as well
as specific requirements and applications.
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FAILURE ANALYSIS OF DIAMOND-LIKE CARBON (DLC)
COATED POLYCARBONATES: MECHANICAL CHARACTERIZATION

Note: Manuscript of this paper was not submitted.
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A. J. Hsieh
Army Research Laboratory
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NEW HIGH TEMPERATURE 6F-PBO MATERIALS

FOR CANOPY APPLICATIONS

Rakesh K. Gupta, Ram B. Sharma, and Pamela J. King

Daychem Laboratorie•, Inc., 143 Westpark Road, Dayton, Ohio 45459-4814

and

Marilyn R. 'nroe

Polymer Branch, Materials Directoeate, Wright Laboratory,

WL/MLBP, 2941 P Street Ste 1, Wright-Patterson AFB, Ohio 45433-7750

New Transparent thermoplastic materials suitable for higher

use temperature (350-5006F) are required in airframe

applications to replace the existing sta-Le-o-the-art Ca'nop

materials. These materials must retain or surpass the

physical properties of polycarbonates and acrylics at higher

use temperature. Several candidates from the families of

thermally stable aromatic/heterocyclic polymers without

extended conjugation are being evaluated for this application.

In this report a family of polybenzoxazoles with

hexafluoromoleties (6F-PBO) has been synthesized and evaluated

as transparency materials for canopy applications. Several

candidate £F-PBO systems are synthesized with different

spacers, as homopolymers, copolyzers and terpolymers with

other thermally stable polymer systems. The processing

parameters, thermal data, mechanical anL1 optical properties of

these systems are presented in this report. This is an

ongoing effort, the data established to date is presented.
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Future aircraft will require strict demands on composite

materials much as strength, service temperature capability,

and durability. The materials that are being developed are

meeting these demands and are far superior to the currently

available materials. The new thermoplastics are being

developed in such a way so as to minimize the cost in

manufacturing and processing. The polymer systems most

emphasized are hexafluorinated polybenzoxazoles (6F-PBO's).

A group of 6F-PBO's have been analyzed for mechanical

strength, thermal stability, and optical quality. All data

obtained was evaluated and summarized in this paper.

Research is currently being done at Daychem Laboratories,

Inc. in scale-up synthesis, processing, and characterization

of 6F-PBO systems as well as other candidate polymers. 6F-PBO

systems synthesized (Reference 1) are shown below:

IO-4cftd lm, ,e
MC 24 6&

145C241 w.
Ile C 24 lIn

.44
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Polymers synthesized that have had desirable physical

appearance were further analyzed (Table 1). Elemental

analysis for 6F-PBO-I, 6F-PBO-2, and 6F-PBO-3 showed that the

materials have high purity. Semi-quantitative analysis also

confirmed this data. Solution viscosity data for the

materials was obtained. The inherent viscosity measurements

fall within the range for this type of polymer system.

Other polymer systems that were synthesized would include

terpolymer 6F-PBO's, hexafluoro polyesters (Refsrence 2),

and hexafluoro polysulfones (Rteference 3) as shown below.

S C24 li.
145 C 24 lI
hI C 24 tat

6F-PBO-X1 40% 40% 0% 20%

6F-PBO-X2 0% 0% 20% 80%

6F-PBO-X3 30% 0% 20% 50%
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Table 1. Physical Characterization of Selected

6F-PBO's

40

Eg~dHZR ELEMENTAL-B-A&L-Ifl 21iJhl1v.100..!LIl hAkEZ 1kQ? 60LUBILZTY
S]FOAIU. in K__,SA (30"C j.1

6F--I_0-l C 63.05 (62.91)
N 5.07 ( 5.19) white total
H 2.55 ( 2.45) 1.27 dl/g beaded (light
Si 0.00 ( 0.007) powder yellow
P 0.00 (0.19) solution)
Cl 0.00 (0.021)

6F-PBO-2 C 63.05 162.45)
N 5.07 (5.08) off- total
"U 2.55 (2.43) 0.51 dl/g white (medium
Si 0.00 (0.008) beaded yellow
P 0.00 (0.10) powder solution)
Cl 0.00 (0.35)

61-PBO-3 C 55.99 (56.13)
N 4.05 (4.21) white total
H 2.06 (1.92) 0.91 dl/g beaded (light
Si 0.00 (0.005) powder yellow
P 0.00 r0.11) solution)
Cl 0.00 (0.17)

6F-PBO-XI 1.20 d1/g off-white partial
beaded (medium
powder yellow)

6F-PE-1 0.706 dl/g stark total
white (color-
beaded less)
powder
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Stxodfohicne
0 _

1,3-diacid chloride 6F-PE-l

1,4-diacid chloride 6F-PE-2

3 03

6F-PBO-Xl, 6F-PE-1, and the GF-Polynulfone all had

desirable physical appearance and were further analyzed.

The thermal characteristics of 6F-PBO-l, 6F-PBO-3, and

6F-PBO-1E (6F-PBO-lE homopolymers endcapped with aromatic

-ioGiastit sho high ,-se temperatures for these materials. The

glass transition temperature as shown by thermomechanical

analysis (THA) ranged from 3096C for 6F-PBO-3 to 2956C for 6F-

PBO-1. Both 6P-PE-1 and 6F-Polysulfone have a glass

transition temperature slightly above 2001C.

Thermogravimetric analysis (TGA) was performed on 6F-PBO--l and

6F-PBO-3 to 8509C maximum in air and both materials retained

95% of their weight up to 5500C. Decomposition onset was

above 5006C (Table 2) by TGA.

8FO



Table 2. Thermal Data

Glarms Trans. Temp. TGA (air) RS0°C Decomposition
AT- lOCfmin.
pg TH_ ;air) St_•;. retention Onset TGA (girl

6F-PSO-i 2930C 295 0 C 5500C 5640C

6F-PBO-I - 2780C 525 0C 5720C
4a&

6F-PBO-3 3090C 5750C 518eC

Oxidative isothermal aging was performed on 6F-PBO-1, 6F-PBO-2,

and 6F-PBO-1E. All of the polymer samples showed signs of

discoloration starting at 6000F. Weight loss was not apparent

until 6500F. At this temperature, 6F-PBO-3 was the only sample

that retained 95% of its initial weight. Unconsolidated powders

of 6F-PBO-l and 6F-PBO-3 remained colorless for 200 hours at

5009F (Table 3).

Table 3. Isothermal Aging Properties of 6F-PBO

Materials (200 Hours, Total Weight Loss).

500"F 6001P 650"1 700'F

6P-HiO.I uec 9 ydkw red brews block
<2% 5% U6S

6P-P9O-2 abgt ku nd brows bLack bA
is 7% 76%

GP-riO-3 wbw WT white )Veulw yelow geld
<I% <2% 10%

OF-PSO-I1 IWU yell"w b-ow, black biack
<1% 6% 705

Mass spectroscopy/TGA was also performed for the same group of

polymers. Major degradation at 5120C for all of the samples

followed the same pattern. Degradation of the benzoxazole



ring was apparent at a temperature of 650 0 C. This data is

summarized in Table 4.

Table 4. Occurrence and Relative Abundance of

Major Products for 6F-PBO's

6FE~~ 6F-R-2 6F-PBO,1 6F-FBO-IE

TLC max (-C) 550 660 570 660 550 760 560 650

Sample Weight 19 15 21 14 50 <2 20 15

Loss (- %)

HF 100 100 100 100

Co 60 60 50 50 50 33 .-0 50

H20 14 14 23 23 10 15 15

CO2  16 18 8 15 13

HCN 18 15 7 8

NH3  6 8 3 10

CF 3H 4 5 5 3

6F-PBO-1 was processed by thermal compression molding.

It was apparent from the thermal data that temperatures close

to the glass transition temperatures would cause discoloration

during processing. For this reason processing was difficult.

To obtain complete consolidation without discoloration

required pressures of 75,000 psi at a temperature of 5751F.

These processing parameters gave a molded specimen with the

least- amount of discoloration; however, the molded specimen

still possessed medium yellow color and was translucent.

Processing of these materials is being investigated further at
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this time. Transmission data shows that there is a decrease

in transmission as film thickness is increased. The

°• I yellowness index of 6F-PBO's was compared to polycarbonates

(Table 5). It is desired to replace the polyacrylate outer

ply of the aircraft canopy with 6F-PBO materials. The

polyacrylates have a yellow index of one; as can be seen by

the data, 6F-PBO's have higher index values.

Table 5. Yellowness Index for 6F-PBO's Vs.

Polycarbonate (ASTM D1925)
Thgng Y ellownegs Index

Poiuarbonate •Blue" 0.25" 0 -. 1

Polycarbonate "Yellow" 0.25" 9.424

F-16 Laminate with Solar
Coating 39.031

6F-PBO-1 0.005" 16.450

6F-PBO-3 0.003" 7.940

6F-PBR-X-1 0.005" 20.620

6F-PE-1 0.012" 3.520

6F-PBO-IE 0.005" 10.870

Processing was also done on 6F-PE-l as well as 6F-

"Polysulfone. Both polymer materials were processed at

temperatures approximate to their glass transition

temperatures. The processed specimens were both colorless and

transparent.
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Conclusions and Recommendations

The discoloration of 6F-PBO-l during thermal processing

is a problem that needs to be further investigated. The

source of this color can possibly be attributed to several

factors. One possibility is that impurities may have remained

from the synthesizing process. The likelihood of this

explanation; however, is diminished due to undetectable signs

of impurity from the physical data. Another possibility is

that the polymer itself may inherently be colored. There are

two reabons for this. Initially, conjugation between the

nitrogen in the benzoxazole ring and the aromatic ring of the

diacid may cause a certain amount of discoloration. Secondly,

, colar mmy also he attributed to the thickness of the molded

specimens. Transmission data shows that thicker films have

less transmission than a thin film. If inh2rent color is

determined definitely one possible solution may be the

addition of additives to counteract the color. This process

is considered commonplace i.n the processing of many polymers.

One final explanation for discoloration could be in the

existence of trace amounts of oligomers or lower molecular

weight polymer chains. These oligomers may have a tendency to

break down at the processing temperatures that are needed to

get complete consolidation of materials.

In conclusion, the 6F-PBO system needs to be investigated

further to determine its likelihood as an aircraft canopy

transparency. Other likely polymer systems with similar

properties also need to be studied. Copolymer systems that
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have potential for mechanical strength as well as transparency

qualities are being investigated at this time. A few examples

are shown below:

Polybenzoxazole-ester copolymer

Polybenzoxazole-sullono copolymer

Polylmlde ester copolymer

0 0

Finally, other commercially available candidates also

require analysis to determine their feasibility in regards to

desired applications.
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Abstract

Advanced Canopy Coatings will reduce the vulnerability of flight
vehicles in the natural and combat environments which cause
abrasion and cracking of transparency systems. The advanced
-- II ..... e on of the main ii-,or• to doubliin the

current nominal two year service life of transparency systems to
meet the four year service life goal. The Air Force's Windshield
Program Office, Flight Dynamics Directorate/ Wright Laboratory,
WPAFB, Ohio started the MITS Advanced Canopy Coatings Program to
design a transparency system using these coatings and to develop a
test methodology for accepting them. This paper will discuss the
various coatings tested and detail the test methodology developed.
The payoffs include reduced replacement time, increased mission
ready status, and considerable cost savings. This paper covers the
sub scale screening and larger coupon tests, full scale test
results willn b 1 in a separate report.
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a 4 INTRODUCTION

Advance Canopy Coatings reduce the vulnerability of flight
vehicles in the natural and cnmbat environments which cause
abrasion and cracking in transparency systems. These coatings are
one of the main contributors to doubling the current nominal two
year service life of transparency systems to meet the four year
service life goal. The coatings will protect the transparency from
external environmental and chemical damage. The Mission Integrated
Transparency System (MITS) Advanced Canopy Coating Program was
focused on increasing the service life of transparency systems.
The first of two objectives for this program was to demonstrate a
coating with a four year service life. The second was to develop a
test methodology to validate the service life.

There were some general principals followed in the development
and completion of this program. First materials were off-the-
shelf, no new materials were to be developed. Multiple sources
were used for manufacturing and testing the coatings. Service life
was the single most important goal. The MITS Program requirements
were use as pass/fail crt -eria. Finally eatr dU . ..n...trti

on the F-16 transparency was planned. A bare (non medalist)
polycarbonate substrate was used as the baseline, but medalist
versions were also included in the testing effort for future (and
in reality selected) implementation.

The overall technical approach is summarized in Figure 1 and the
participants in the program are shown in Table 1. First Baseline
Subscale tests were conducted, followed by additional subscale
tests and scaled up verification tests. Full-scale ground tests
and flight test evaluation are on going currently. All of these
tes lead to an evaluation and uvpdatirnr o t-4 vmetkhcd ý%

ultimately a four year coating test methodology. The Program was
managed be the Flight Dynamics Directorate with the prime
contractor being General Dynamics (now Lockheed). Most testing
materials were provided by PPG, Sierracin/Sylmar, Swedlow (now
Pilkington), and Texstar. Testing was conductcd by the University
of Dayton Research Institute, General Dynamics, PPG,
Sierracin/Sylmar, Swedlow, and Texstar. Evaluation was conducted
by everyone involved.

v Eighteen candidate coating/substrate combinations were
evaluated. Both polycarbonate and acrylic substrates were employed
in bare and metalized (enha. ced gold and indium tin oxide ITO))
conditions. The type coatings tested included hard coats, liners,
and thin, films. The application/processing requirements for the
candidates included casting, lamination, and flow coat. Tables 2
and 3 show the general characteristics of the tested candidates.
The samples were coded by manufacturer and type, specific details
must be obtained directly from the manufacturing company.
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- Others Conducted "Preferred" 'Tests

TABLE 1
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DESCRIPTION OF CANDIDATE COATINGS DESIGNS ON BARE
POLYCARBONATE

44--

LMANUFACTURER CODE TYPE PROCESSING

PPG Al POLYURETHANE LINER CELL CAST FLAT

SWEDLOW 01 POLYURETHANE APPUED TO

02 FINISHED-CONTOUR

D3 PARTS

SIERRACiN E3 POLYURETHANE SOFT COAT FLOW COAT

TEXSTAR F1 COMPLEX ACRYLIC THIN FILM FLOW COAT
F2 SAME AS F4

F3 THIN-FILM POLYURETHANE FLOW COAT
F4 POLYURETHANE LINER LAMINATED

TABLE 2

DESCRIPTION OF COATINGS DESIGNS ON ACRYLIC AND/OR
METALLIZED SUBSTRATES

MANUFACTURER CODE TYPE SUBSTRATE PROCESSING

SWEDLOW 04 POLYURETHANE (01) EZ IPOLYCARIBONATIE APPLIED TO
03 (02) EG I POLyCARBONATE FLMiSHED-CUNTOUR

05 (03) EGIPOLYCARBONATE PARTS

07 (01) fTO IPOLYCARSONATE
08 (02) ITO i POLYCARB(ONATE

os (01) ACRYLIC
-010 (01) EG I ACRY.IC

SIERRACIN El POLYSILUATE HAR1D COAT ACRYLIl FLOW COAT

E2 POLYSILICATE METAL ACRYLIC FLOW COAT I
SYSTEM (ITO) VACUUM SPUTTER

E4 POLYSIUCATE METAL POLYCARBONAIE FLOW COAT I
SYSTEM (rTO) VACJUUI SPUTTER

Table 3
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Although each of the participating suppliers conducted their own
tests on their candidate materials, only those tests that were
conducted by the University of Dayton (UDRI) and General Dynamics
(GDFW) on all candidates will be summarized.

DISCUSSION

The testing conducted on the MITS Advanced Canopy Coating
Program was based on a methodology developed for this program, but
with a more general goal of defining a comprehensible testing
methodology for estimating the potential service life of
transparency materials. In order to define this methodology we
solicited inputs from both the MITS subcontractors and the
transparency community in general through ASTM Subcommittee F7.08.
After a survey of these participants regarding the most important
natural hazards that limit service life and the most effective way
of testing resistance to these hazards, we selected the baseline
laboratory tests listed in Table 4 as the initial "combined-
environment" tests. These tests may be updated and revised in the
future as results and feedback from full-scale testing becomes
available.

Although baseline tests on unweathered samples were conducted,
all the testincr included simulated weathering plus testing in
another environment. A QUV, Q-Panel Co., maohine that combines the
effects of UV wavelengths of sunlight with heat and condensation
was used to simulate accelerated weathering. The test operates in
alternating cycles of 7 hours UV followed by 5 hours condensation,
with 168 hours run time equal to one year. We used four years, 672
hours, accelerated weathering time. It is interesting to note that
artificial weathering by itself has very little effect on the haze
characteristics of all the coatings tested. All coatings, as shown
in figures 2 and 3, passed the MITS requirement of less than 6 %
haze after 4 years of QUV. Artificial weathering by itself then is
not a good discriminator to aid in service life estimation.

Rain erosion tests were conducted at the University of Dayton
Research Facility located at Wright Patterson AFB. This facility
uses a 1 inch/hour rainfall rate. Samples were tested at a 30
degree installation angle at 350 knots (400 mph), 500 mph, and 500
knots (576 mph). The test was conducted at 1, 5, 10, 30, and 60
minute intervals, with a 20% coating reroval, pitting or
delamination criteria used for failure. The minimum screening
criteria was no damage after 5 minute exposure at 350 knots. Cast
acrylic samples were used for comparison and appear in the
following tables with the designation G1. Figures 4 and 5
summarize the rain erosion results for the coatings at the 576 mph
(500 knots).

The stress-craze tests were conducted using ASTM F-484 and F-791 as
guidelines. A maximum fiber stress (cantilever-beam loading) of
4000 psi was used to accelerate failure. Our goal was to cause
failures and provide a severe screening environment for the coating
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candidates. The chemicals tested (ethylene glycol, isopropyl
alcohol, toluene, JP-4 jet fuel, and an MEK/Water mix) were
selected as representative hazards on the flight line environment.
Testing was done at room temperature, and the coating surface was
kept continually covered with fluid for 30 minutes, and the lowest
stress level to which crazing occurred was noted. Tables 5 and 6
summarize results of the stress craze tests after 4 equivalent
years of QUV weathering.

The salt impingement (salt blast) tests were conducted with a
grit blast gun operating with controlled pressure, duration,
interval, and number of blasts. ASTM F-1128 was used as a
guideline. Figure 6 summarizes the most severe salt blast testing
used. The 4-inch X 4-inch sample is subjected to a different
number of salt blasts on each four locations. Referring to the
figure, location 3 on the sample received 8 blasts after each
"year" (week in real time) of QUV weathering for a total of 32
blasts after 4 equivalent years. Figures 7 and 8 summarize the
worst case results for the coating candidates. Figure 9 shows, for
reference, baseline (unweathered) results for bare (uncrated)
polycarbonate, stretched acrylic, and two types of cast acrylic
(Poly-76 and Poly-84).

Figures !0 and 11 show the results for haze after 4 equivalent
years of accelerated weathering and 600 cycles oscillating sand
abrasinn- _--ppr hr-in ripraue was ASTM F735-81, this
test is essentially a shaking table test, not a rolling sand test
as in Taber abrasion. Changes in lurainance transmission for these
samples were insignificant and one notes that only 2 of the
candidate coatings on bare substrate has changes in haze greater
than 4 %.

Ultra violet, visual, and infrared (UV/VIS/IR) spectrum
transmission measurements were taken on all coatings before and
after accelerated weathering. These measurements (300-900
nanometer wavelengths) showed that all the coatings on
polycarbonate and acrylic had good transmission, greater than 85%
on the average. Figures 12 and 13 illustrate the difference in
UV/VIS/IR transmissions for weathered and baseline samples for bare
polycarbonate and metalized polycarbonate respectively. Negligible
differences were noticed between the baseline and weathered
samples. There was a slight difference in the transmission levels
on samples with metallic services, this was expected, and the
transmission measurements were acceptable.

Thermal cycling tests were conducted in which the candidate
coatings designs on polycarbonate were cycled between room
temperature and an elevated temperature that ranged from 250 to 350
degrees F, with a level time of 10 minutes at the elevated
temperature. Visual inspection revealed no significant "
delamination or optical deterioration in the coatings after this
cycling, although most coatings became soft near the 350 degree
level. Some self healing was rioted on sample5 that had surface
blemishes prior to the elevated-temperature exposures.
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The MITS team selected five coating designs on bare
polycarbonate were D2, D3, Al, D1, and F3 as the top candidates
based on a summary of all these tests. These candidates represent
three manufactures and coating types, slight differences in
thickness are the differences between D1, D2, and D3. On a
metalized polycarbonate top two designs were D5 and D8 . It should
be noted that D2, Dl, D5, and D8 are all variations (thicknesses)
of the same material. These coatings not only passed each
criteria, they all demonstrated outstanding performance under quite
severe test conditions.

Following these coupon level results, scaled up testing was
conducted on types Al, D2, and F3. The coatings were applied to a
complex curvature (dome shaped) samples approximately 24 inches
square. After accelerated weathering, rain erosion samples were
prepared and tested under the same conditions described earlier.
All of these coatings again achieved better performance than the
MITS minimum requirements.

In MITS Phase III the two remaining best coatings candidates are
being applied to F-16 canopies for full scale evaluation. The MITS
Program has combined with the F-16 540 knot canopy program to
evaluate a third coating full scale. Two coatings will be on bare
polycarbonate, while one selected will be over a metalized
polycarbonate. Three full-scale ground test are planned: Optical
evaluation by Armstrong Laboratory personnel (AL/CFHO); Structural
integrity/durability testing by Wright Laboratory personnel
(WL/FIVR); and Birdstrike testing at AEDC in Tullahoma, Tennessee.
The Air Force intends to conduct flight evaluations of these
coatings, once they have passed full scale evaluation, at two
different bases.

Throughout these scale-up and full scale evaluations we will
revisit our initial laboratory testing baseline and correlate the
results to update the lab test methodology as appropriate.

in addition, the Air i'orce is evaluating additional coatings at
thu time of this papers writing. The results of the full scale
testing and the additional testing will be presented in a separate
report at a later date.

A CAUTION: An assumption that a coating will provide comparible
performance on another substrate -or even the same substrate- is
risky in this rapidly changing technology area. It is strongly
suggested that a coating being considered for a specific point
design be screened using this MITS criteria.
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SULLINER (UE-100) ANTI-CRAZING COATING FOR ACRYLICS

J. J. Demeester
Sully Produits Speciaux



SULLUM (UE-lao) Arn-PAZIMzn COTI IME ACRYLICS

Jean J., Dm~se
Engireering Ynaenr

SJLidY Podl~ts Sp-lu

Acrylic trwnsparencies are currently affected by crises of premature crazing,
a pherornet cominnl~y ascribod to tbe flight avuzwiuiut beozuira temporarily
uzrwe aggressive. -, *rAt
A duirable- rfhf -t jeon nf ^rrylicm against*4t w~A .uE!~?T

(uE-ioo) , a c.b-=caaLy xwistant, "w-slf4rwalingjf 0 sft coatuing. Gam into
service in March 1987, coated cabin vm&7d still do no shco any trame of
crazing in sp-.-te of the ccnsiderabJle nmbter of flight lhzs they hame logged.
A service life sevexral times that of similar urxmatd parts is airsldy provm..
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1. SCOPE

Acrylic materials are largely employed to produce aircraft transparencies
as they shcw good mechanical aid thermal properties, can be easily formed
and machined and have a low density. Unfortunately, Ike many other plastic
materials, acrylics may be affected by crazing, a pattern of tiny
superficial fissures caused by the arbinedr effects of tensile stresses and
chemical attacks. The moderate resistance of acrylics to abrasion
contributes also to initiate crazing, as surface flaws are produced that
open the way for water and chumicals to penetrate the material. Fissures
tend then to grow frm the flaws and cannect to each others to form a craze
pattern. fL.s awkward ptimnt grows with service life (flight hours and
cycles) and progressively inpairs visibility. Eventually, operators are
forced to raeove the windows for periodical refurbishiaM or repqlwnt.
Whenever volcanic emissicrs and/or other atmospheric tenmeia make the
flight envirmrrent temporarily nore aggressive, crises of prematwe crazing
may occur that tremendously increase the nainteazx costs of acrylic
transparencies.

Cobatng acrylics with anotIrnr material, mo resistant to chemicals and
abrasion, is unwabtly the bmt method to avoid crazing. Mis is why
Sully/saint-GQtain have developed SULLI•I. Formerly referenced UE-100,
S&iLIeS is a soft coating of lw cross-likied urethane that is featured by
astmishing "self-h•aling" prcerties and appar remarkably resistant to
abrasicn, chemicals and weathering. Extensive laboratory testing and flight
evaluations have shown that SuL2IR fully protects acrylics from crazing
with no degraation of the basic material properties. The latter feature
allows any existing parts to be cated with no requalificaticn.

T SULLINER coating process perits '"preýated" or "pust-woated"
transparencies. This provides an appeciable flexibility in SLJai
applications and all cockpit and passenger wixxtws, either new or properly
repaired, can be coated.
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. FRMWWM OF' aa AqIIw--___

K-ard moatings fnr a•ylirz intri1cially hlv limitad capailitioý of
elongation and may dvelop tenile cracku. Even, in some cases,
-catastrophic failures have been obuerv, due to criic'c proagatioxs from
the coating to the acrylic. It is therefore essential to make sure that the
original pLuperties of the coated materiaL are preserved.
Althugh rao &-Laaiorati*m of acrylic was feamzd fran SJtMM, due to its
favourable softness and chemical cmposi1tim, tests have been xIxdu to
validate this asauqpticn. F'rom the results in table 1, it appears that
aplying SULLL x stretdied acxylic dxw not modify significwttly the
material properties and all KI-P-25690 reqirents as we mt or a by
the coated material.

[- ~ ~ ~ai am = I! __ 1 .

r

24 hurs - 200oF( C) I I(0I I

aze reistanc/30 psiI
30 min isoxtpyl alcoho no =irgj uI cAzing Ino crazing
30 min toluerw/iao~tyl actate w R crazingj no crazing jno crazing
20 rmin sulfuric acid (75%) I no crazing I no c q I no crazing I

i crack pn.,gatico rsistawwe j J J
averaW (Wblin3/2) I >2550 274• I 255

I wi - >240 I 2.o20 240

I Tensile strength - 70"F(21"C) I >9000 psi J 12730 psi I 12500 psi

In-plane shear strei~h -I -3000 psi , 3625 psi 3625 psi

TABL I

• AMU is the stretched acylic material produced by Sully. AcRYLEX has
been approved to the MaL-P-25690 oeciti•a ti• by the US Naval Resarch

' • Labor-atory in 1988.
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3. AMO

SJLLfl4DR Oxw~i an er.0elent adhesicEon stretckwZ acxylic as 1OC.% adnies ion-
at crosshatc.h tert has ),e'a foumft.

4. ~ASI14 ROIS'ThNC

BecausE, of its low cro-s ink nhcc'rrw~tz, L~~srw a,'~
unai~n abi.lity to spntaneously recvomir f rm seratches aiter a shzrr
period of, time. This "lself -he~alincý" capebility provisd3 SM.L423 with mzr
ece~llanz. abH c7& n res.Lstwice: abr.de awxrdbi-g to 19iX D 1,044, Thber
test .reLhr4, tisir u CZ; .QF %ftel Iwneci at, 503 S (1.1 1h) for 1.00 c'ycles,
the rjoted sampes featur~e L2 tim-- less haze trzai the ;xyt " swples.

mzabinacdi j dbrwW I 1ta

.L.IJ&I. ~I - -A I -_ - _--

hawe 0 .51 29.1% I -28.0%

light trawmissimr 92.7% 92.0% I -0.7%
I hawe J 0.7% 1 2.3% 1 +1.6%

'Stretched froma F~tn 249 cast acrylic

TfABLE 2

5. M om 12V1)zf u

The possible effects xi SJtLLPE of hxzuidity, liN radiatitxe, terperature
changes, salt spray, fungi and3 muaI oxrtwinantr. have been carefully

9JLLMN2M coated sairples have been miintwý fodtr tw~o 'ueek at 54-C '

(1300F) and 100% relative humnidity.
Nob d terioration, m- loss of adhesicn, rbo reduction of abrasion or
craze resistance have re~sulted from this e~xpmure.
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5.2 liV rwltatiaw

SJLLInEI want'a ysples htve been twps1 for 1000 tas at 40oC

(104'F) and 100% relative himnidity with UV rsciiatia'z 50% of the tint-.
No yktarioratiat wo Jon at adwkcni, wx reclrtia oft obasim or
craze rnsiatanxe hav rulatal from this ejpsure.

5.3 Thqemuare cycle

SJUfltM ccatad smizil have bow sL6.its to twea~ecycles. Each
cycle Txar-izta1 C4 4 mini at BOC (1767-*), follaal by 4 hours at
-5O"C (-58?F).
No atariraticn, no icas of ateaicn andl m rudtrta of abrasiai or
craze resi~stance bins iwns fani after i0n cycles.

SaULLIM camta ow haum bumi tattd c*nrduz to WHG¶L-81PMM
usalto 509-2, prtxluct J: tapeaiture 3Y*C (95-p)I cntjati 4a tours,
wIaC1 concentrataion 5%.
Noa deten~oratiar has rssulu4d inn this wqCS2YS.

CI ThY flJ nv-e&Ata CZM4r% csqw. ac WM- hint W ) tem't sn 4 I 4n MIT ...1.AI (M

uet~i 58-Si, atiqry 1: dtntaicn 28~ days, tavemratur 30-C (86-P),
relative htnxclity 95%, aoAflsxg by aspezgillLm fl"vus aqmcrgilhs niger,

njrs-I I his vu*rsicnlnr, proiailln fiiuma and dhaatanii

Noa fugus c-.nkcr-nt nd no attenal daetriontacnimywae bWen tmrmle.

5.6 Fluid xaainst'rn

!vset of Uti man= ccntaniannts haw-. no effect cxi &tLIf2t. sCII iurz
eqy9reSSive cbur~icais WaY PXUce T-l igtit su)Irficiat cýsgM±.Ltiai, tuft
the astocr~tang "self-hmaliar4 cz eblity of SflCflIW iaatly a~lCmL
the natsrxULI to sirntmannly rexvvt: its urigazrl aspect after a
1inuite per=c of tame.



Actually, actylic senples coated with SJUJIZ hav bem exposa to the
following contaminants: *

- mild soýp and water
- 50% water + 50% almhol
- •eronene-,

cartor tetrachloride
- etl•ylen glycol
-oil FiB, F34, F46, P54
-grease 0353, 0359, 03C2, $720
- hydraulic liquid ML-.0 0150, 0156, CISO
Each of these contaminants has bmen awplied for 48 honr at 59°C
(138-F). No permanet dwterioratian has xesultal.

6. fJWLVAfL• UMT

Ouiter panes of passenger wutc*a are ideal mupcrts to evaluate an
anti-crazing cmating, cinmo thcy tmaly at* at a nlativtly 1,4A euwm
level sa-i have therefore a qrws-ta tant%==t- to "auwe t'wi orwr acry'lic
windows. This i2 why the fl ight evaluaticmu of WAUI have bes mainly
concaitratd an cabin wirmi of rspwairraft. Swe partb have 1n
flown inceasingly sure March 1987 and have [01 loav4 consikrmble rzduzer
of flight hojrs an cycles.

- The catd passengar )6m of a Uftthwvx- Boeing 747 did nt show
any trace of crazing after 23,000 fliot hour ad appra.azately
4,000 cycles.

&domstic Airlunes) did rot sfhw an tnce of cnairg after 9,555 flig*rt
hours and 10,153 cycles.

7. aTCLzSICA4

As establisbtd by labratory and flight tests, SQL41 is a soft mating
that totally prxvents the acrylic materials frcu txazing aince it fully,
protacts them against all detximnatal effets frau the flight envirawrt.
A txwu&ie4as Jspzvvmwnt of abrasion resistace is also Prmiad with nr
mnhificatia- of the basic material prvpertisis.

At last, WLWLZX can be ailied ovur all a kpit and cabin wixbas , ei•tlr
nev or properly reaired.
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Abstract

Electrostatic charge buildup occurs on aircraft transparencies during var-.
ious operational and atmospheric conditions. One of the causes of the charge
buildup cemes from particles such as ice impinging on the transparency and leav-
ing a net charge. This is called precipitation static (p-static) charging. This
charging causes several problems for aircraft and personnel: electrostatic dis-
charges (ESD), coating burn as a result of ESD, pilot and ground crew shock, dust
and sand attraction and adhesion, and electromagnetic interference on radios
and avionics. This project attempts to solve these problems by understanding the
source, effects, and mitigation strategies of p-static charging oh airborne trans-
parencies by use of computer modeling and laboratory simulation to analyze and
evaluate the static-charging susceptibility of different transparency corifigura-
tiou-b. The validated computer mudel will provide the necessary guidance in the
design of the electrical properties of coating systems to find the best system to
prevent or reduce the adverse effects of p-static charging on aircraft transpar-
encies.

1. INTRODUCTION

1.1 Problem

Electrostatic charge buildup occurs on aircraft. transparencies during various operation-
al and atmospheric conditiuns. One of the causes of the chtge buildup comes from particles
such as ice or sand impinging on the transparency and leaving a net charge (usually negative)
behind. This is called triboelectric charging. Even the friction of airflow over air vehicle sur-
faces leads to significant charging, leaving the whole aircraft at a high potential relative to
earth. When excess charge arcs across the transparency to reach the equipotential airframe,
the radio-frequency noise ib called precipitation static (p-static).

This charging causes stveral problems for aircraft and personnel visible electrostatic
distharges (ESD), transparency metallic thin-film coating burns as a result of ESD, air crew
and ground crew shock, dust and sand attraction and adhesion (a serious problem for helicop-
ters), and electromagnetic interference on radios and avionics.

1.2 Approach

The problems associated with p-static chai ging have become iacreasingly troublesome
with the growing airspeeds of modern aircraft and helicopiei s and the increased use of large-
frontal.-surface-area plastic (acrylic, polycarbonate) transparencies anid cinopies.

The goal of this study is to ,cquire an incaeased understanding of the processes associat-
ed with buildup of excess charge on plastic transparencies and thls zubsequt.nt discharge to the
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airframe "ground." As part of this effort, a computer model was developed to simulate the elec-
trostatic charge buildup. This model can accept three-dimensional transparency geometries
and includes the effects of air conductivity, pressure, and charging-particle angle of incidence.
By using an estimated worst-case triboelectric charging environment for jet aircraft, the mini-

"%R rmum conductivity required on the outer transparency surface to suppress ESD voltages can
then be calculated.

New technology is now available to attack the two persistent problems of plastic trans-
4ý,, parencies: vulnerability to surface wear and triboelectric charging.

A solution to the abrasive wear problem is an exterior coating that is more durable than
the plastic. Such coatings have been under development since the early 1980s.

It was realized that if these new antiabrasive coatings could be doped with a conductive
component which did not impair any of their other properties, the p-static charging problem
might be solved at the same time as the abrasion/scratch problem. Several companies which
fabricate aerospace transparencies have developed such doped coatings which appear to have
conductivities in the range needed to suppress ESD and its attendant effects.

1.3 Background
Triboelectric charging is a phenomenon whereby two electrically neutral material ob-

jects are placed in mechanical contact and then separated, each gaining equal and opposite
charge upon separation. Materials are ranked qualitatively in a triboelectric series to denote
their tendency to give up or attract electrons. In general, plastics tend to collect excess elec-
trons. During flight conditirns, this buildup of excess charge relative to the airframe ground
can eventually lead to high current discharges to nearby f round points and result in damage
to thin-film metallic coatings on the transparency. Th se discharges, together with the
steady-state bleed-off of 'harge from the airframe, also let d to the electrical static noise re-
ferred to earlier as p-static.

During the last 40 years, a number of studies have been undertaken to understand and
quantify the nature of the p-static noise problem (Refs. 1-6). This body of work contains nu-
merous references to the magnitude of the charging term and its dependence on atmospheric
conditions and &ir spe.d. This information has been reviewed and utilized to provide estimates
of worst-cas charging environments. The highest reported chargin,; term (Ref. 7) was 440
pAlm2-. To maintain art adequate baifety niargain, we aSssiuae tWe worst Lf hrigenvIron-
ment to be on the ordc. of 1,000 jsA/n,2 . Previous measurements of discharge-current wave-
forms have enabled calculations of the average energy released during a discharge and its ef-
fect on thin-film coatings These will be presented in Section 2. Several of these past efforts
have been associated with laboratory simulations of the charging environment and provided
insight as to the types of discharges observed (flashover vs. punch through). This work was
also reviewed and a small-scale charging simulator was constructed to measure discharging
rates on coupon-size Lest samples.

k Previous researchers realized that an electrically conductive outer layer would be capa-
tbe of bleeding off the excess charge built up during flight and keeping induced voltages below
discharge levels. However, conductive coatings such as gold, stannous oxide, or indium tin ox-
idf (ITO) are not durable enough to be used as exterior coating materials on plastic substrates.
The recent development of electrically conductive polymer materials which can withstand the

At A rigors of high speed flight have the potential for solving the p-static charging problem by pro-
vidinga low-resistance pats to airframe ground for accumulated charge buildup.
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2. DISCUSSION

2.1 Joint Services Organization

This study on the control of p-static charging of air vehicle transparencies is being sup- ' 0
ported by the U. S. Army and Air Force. The Army is especially interested in miLigating the
static electricity effects on helicopter transparencies, while Air Force jet aircraft are exper-
iencing higher voltage effects that can be hazardous to personnel and degrading to canopies.
The cognizant Army office is the Army Research Laboratory in Watertown, MA, with Pete
Dehmer being the point of contact (POC). For the Air Force, the Wright Laboratory at Wright-
Patterson AFB, OH, is handling the analytical aspects, with Lt. Erik Joy as POC. For the Air
Force hardware/test side of the house, Capt. Stephen Hargis and Stephen Wortman at McClel-
lan AFB, CA, have been coordinating in these areas. All of these organizations have provided
valuable inputs and support for this study.

2.2 Analytical Modeling of Proposed Canopy Configurations

As mentioned earlier, excessive charge buildup can be controlled and maintained at
nondischarging levels by giving the transparency an outer-surface coating with enough elec-
trical conductivity to carry the collected charge to the airframe ground without requiring a
large potential gradient. Developers of canopy substrate and coating materials are currently
pursuing this approach in two ways. The first approach involves depositing an antiabrasive,
semiconductive coating (l06-108 ohms per square [f/sq]) over the outer surface of the dielec-
tric transparency and grounding this coating to the aircraft through the transparency frame.
Charge deposited on the transparency daring fiight then has a conductive paLh across the cktu-
opy surface to the aircraft structure thus avoiding the development of large differential poten-
tials. The second approach is to utilize a thin metallic ccating (30 Q/sq Au or ITO) on the outer
transparency surface and they protect this film with a slightly conductive antiabrasion poly-
rmer coating. With this configuration, deposited charge flows normal to the surface to reach
the conductive metallic layer and is regulated by the bulk resistivity of the conductive poly-
mer. The metallic film is grounded to the fuselage via the canopy frarce. The bulk resistivity
of the conductive polymers used in both configurations must be low enough to prevent dielec-
tric breakdown through the film (punch-through discharge), as well as surface flashover.

These two configurations, together with designs currently being flown, were analyzed
assum.ing a a-state charge injection rate. Figure I -l.w.S a cross-scctional vi v.. of a cur--
rent F-16 transparency design together with the two proposed configurations. These will be re-
ferred to herein as Design 0, Design 1, and Design 2, respectively. In these analyses, a worst-
case incident charging current density J, of 1 mAim 2 was assumed. A circular slab geometry
as illustrated in Figure 2 was used to calcuiate the electric field and potential profile as a func-
tion of radial distance to the grounded edge which simulates the canopy frame.

In Design 0, a metallic film is located on the inboard side of the transparency and
grounded to the a'rcraft frame- The dielectric material has fairly high resistivity (> 1013 (-m)
and will quickly charge up to high potentials when exposed to an incident current source. As a d
capacitor, the voltage can be computed as

J J.dAdtq = (1)

Ci C - ( .

where the integrals are over the area of the transparency and the time duration of the charg-
ing event. The capacitance C can be estimated as
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Design 0
Exterior Surface

case'nte~ayr ~ \%%iZALŽ•<0.1125 acrylic
000/ "0 n0.500 polycarbonate

30 f/sq gold coating* . .. . Abrasion coating (0.001)

Design 1
Conductive Exterior Surface

polymer (0.004)*[. m[S~0.125 acrylic

0.050 interlayer

0.500 polycarbonate
30 f/sq ITO coating* . - . A s c n .

30 flfs."metallic coatin . " ",, "-', -., <-;" ".' - Y.", Abrasion coatinm r0.001)

Design 2
Exterior Surface Semiconductive

30 U/sq metallic coating*i polymer (0.005)

0.050 interlayer 4•"'N•/;•••012aryi

Abrasion coating (0.001 .. .......... .a-

*Grounded to airframe

31677
Fig. 1. Current F-16 canopy design (Design 0) and two proposed canopy configurations

using conductive overcoats.

Ji (AnM2
1

V (r, z

SV (rw R, z)-0

Fig. 2. Cylindrical slab geometry used to analyze charging of dIfferent transparency

material configurations.
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C= o- (2)

d

where d is the thickness of the dielectric. For a 1-_m2 area, d-= 0. 5 irnch, and a moderate charg-
ing terin of 10-4 A/m 2, a charging rate of 70 kV/s is readit ac'hievabic. Unless a lovy inped-
ance outlet for the charge buildup is provided, dielectric discharges (surfa.ie fa-shover or bhui
punch through) will occur when the breakdown voltage threshold is reached. Typical break-
down threshold field values can range from 4X I15 V/m (surface flashover to I X 10S V/rn
(punch through).

It hab, been observed that, with regard to Design 0, gold filns are more. prone to show
signs of discharge "tracking" than ITO coatings. The tracking appears to be oriented prefe:en-
tially along the circuaiference of the canopy (perpendicuiar to the flight axis) but shows signs
of random changes in direction, similar to a lightni-ng boli. The tracks are typically -..2 mm in
width, although gaps of up to 1 cm have been observed on severely damaged canopies Using
the thermophysicaI properties of gold and ITO, and measured discharge-current paru.neters
(= 1 A, r-0.33 ps), the temperature rise produced by Joule heating in a thin film during a
traiksient discharge caxi be calculated as

psr 105 (,IT='---L - .... (3)
cplax- Cpd

whete d 2f; the fihla thickness (A), z is the track wit,&, p is the mass density of tht film mate:i-
al, andC is the spe;oifhc heat (J!g-0 C). The 10!5 rnu.tiplie:- assumes a channel wic..h of 6.1 cin
and that no sigrnficsnt ther-mal conduction takes plat.: during the time scale of the disclhg-
pulse '\ psI) Table I summarizes; these resuit., wmich shov, a mucn larger texis-rature ex-
cursion for gold than for ITO. '&'bis is due predmn~tan. y to the thinmer coating of gold versus
ITO neeacc to achievec th,- desired surface reý.Astiv.y. A iiicker layt v of gold would be: more rc-
bust, but would also suffer irom a decicxea.u in opticaxl rrau-;n-iuance.

Tabie 1. Sumrmm-ry of gý?h: and 1. 'j thrn f.11, ae•. tg calculaticns assuzing
SA cLsc'harge c.irrent i. 1-mn traci• foi 0.33ps du•ation.

Material Prope: -ies Gold ITO

30 Lvisq thickness (i) 10- 30U

Mass density (g/cM 3a) 19 3 7.1

Specific heat (J!g-°C 0.6.33 0COL-

Melting point (0C) 1,0(4 1 ,96C

Temperature rise (CC) 1r.705 54C

to be 5 to 10 time's thicker because the mass dert-•ty is less than a. per- s.ad.
However, the areal densis~y (pdi will be abou- thu. same tor the actuat
thicknesses.

For" Deuigv. 1, tht incident charging curreril wit flS. x rad-ali3 to thf- eais :reL:ing a ra-
dial electxic field given by
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Er=p S J Js (4)

where Er i iii V/m, p, is the surface resistivity in Q/sq, and J4 is a surface current density in
A/re. The field will increase as one nears the edge of the circular slab, since the current is in-
creasing linealy with radius as

Thus, the maximrum electric field fo': Design 1 will be at the edge (r-R) and is given by

S=PsXJX () (6)

For a 0.2-rn diameter slab, and p, = 108 fl/sq, a field strength of 5 X 103 V/m would be
present at the edge of the transparency The threshold for flashover discharges in air is about
4X 105 V/m, so that a safety margin of almost two orders of magnitude is available with De-
sign 1. The size of the slab (0.2 mx diameter) was chosen to correspond to the size of test articles
which are being examined under this effort. From Equation (6), one can see that the maxi-
inurn field will increase in a linear fashion as the radius increases. The maximum voltage on
the slab occurs at the center, and can be obtained by integrating E, along the radius. For the
above conditions, Vma, =250 V.

For Design 2, a normal electric field is establisheca which drives the incident current
density through the semiconductive overcoat to the inetaillic film bereath and then to airframe
ground. Using Ohm's law, the field strength is simply

E =pbJi (7)

where Pb is the bulk resistivity in QI.m of the serniconductive overcoat, E, is in V/m, and J1 is in
A/m 2 . For Pb = 4 X 1010 f -m, and assuming the worst case incident charging current densit. of
10-3 A/m 2 , the normal electric field strength will be 4X 107 V'tr. For this particular coating
material, at a 5-mil thickness, the bulk dielectric breakdo;wn field strength is on the order of
I X 108 V/mrn i.e., voltages greater than 10 kV are needed to induce a breakdown. The calcula-
tion predicts a voltage level of about 5 kV, so a factor-of-two safe.yy margin is present with DE-
sign 2 for the assumed conditions.

An additional consideration for Design 2 is the electric fieiC st;erigW, in the region near
the edge of the transparency. Due to the potential gradiet.i betv ve:. the gruoumdeL edge and
the top surface of the semiconductive overcoat near the edge, an clecuis field will exist parallel
to the overcoat surface which could initiate surface flashover dischimg•. I rom a stea-y-st.ate
analysis (V.J = 0) of this edge region, an expression for the tange.-itial electric fie'd can be de-

E t /=J PPb d exp (-Kx) (•J

where d is the coating thicKne. s, x-R- r is the distance from the gi odt..,dd edge fl-at: e anc R
i* 1i efined, as KI=pI(pbd). Figure 3 plots the calculated electric fiO.ld ar:i. potentia. profilies
near the transparency edge. Not- that the surface and bulk resisteiviiis a'e trevaLd indetp-e.-
dently. That is, if the surface resistivity p, was just due t,) the bulk eleccri.a. coriductior. paral-
le' to the surface of the overcoat throughout its thickness, the,. Pa - pgd. however, tLe surfatý:
resisti ;ity is often influenced strongly by surface conditions, e.g., con, tmxix.ants, moisi u:;', or

9$ 5:



- ii (paiPjbd)I/2

-Vx

Vmax Jipsd

L E; (X.

0 x R-r

31679
Fig. 3. Electric field and potential variatie n near grounded air frame for Lesign 2.

outgassed atoms. The result is that the sur-ace resistivity is jaually smaller tha-n one would
calculate from the bulk re sstk vity, at leasz for thin dielectrics.

The importance of the auo'e eipressior. Lor E, wit respec. to Desijn 2 is that die.ectric
surface breakdown fields are much smaller thaz the fields requirt . for breakdown tnrough the
bulk of a dielectric; especially urner nonvacuum cond-tiow. Assu-T.ing Dp = Pd4d Iworst case), a
maximum tangential field at xz= of E:= J1 p,=(10- 3 AivL-)(4 Yi01- f.zm)=-4X10 7 V;,m is
calculated. This is two orders of mag.ituae greater thai, ý..pical surface breakdown field
thresholds observed for dielectr~cs in air It is envisioned that 4ie susceptibi-ity of Design 2 to
surface flashover near the edge will me exaruned in more detail inroujh the concurrent. testaig
effort under the present program.

2.3 Computer Modeling of Prosiosed Canopy Configaraa.ons

Using a previously developed ele:zrostatic coiaputer code c&. .ed EITACC (Equatior. In-
de,*ndent Time-Average-. Conformal Code), the two-dimensional ylyhndrical getcaetry was
modeted in finer detail. to compare with tne aLove analytical resulti The code mcreling was
also a test of the feasibility of performini, a ful- three-dimensional cumputer analysis using a
modified version of the EITACC codt (BODY) dý-veloped by Jaycor, Inc Both codes asiane a
steany state (6plat V-J =-O and Gaa-s's law (v-E-p/s), and that Ohm's law holds (E=pbJ).
I he resistivity, Pb, is related to the charge aensity p, iy the mobility, p, ias

f 1
Pb " (9)

Subsoituting for J andp in the sie. y sawe reiaýioxm yields the second-order equation

V-4E (V-E)I= 0 (10,

wincl, assumes a constant mobility and permittivity. Ue coces solve this relation numerical-
12 tLu cternine the vector dlet-ri- field E(r,z). Tue potceatiid profiles are calculated oy inte- a -

g;i atrn the electric field as
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V(r, Z)- E-df 11

' [ Iwith V=0 at the grounded edges. As in the analytical approach, the two-dimensional prcblem
was set up as a planar disc geometry with a uniform incident charging current density, J, To
model the conductive polymer layer over a dielectric substrate, however, the coating was sub-
divided into four separate sublayers with different conductivities. This corresponds more
closely to the actual nonuniform conductance profile in the coating material. Figure 4 shows
the thickness and conductivity assumed for each of the four sublayers. Also, the finite coziduc-
tivity of the surrounding air (.pb=4X 1013 0-m at sea level) was included.

S~1 rail 1012 Q/sq=

S~1 mil 1010 9 /sq

1 rail 109 Q/sq

1 rmil 108 Q/sq

M.125 inch acrylic

31680
Fig. 4. Configuration used to model 4-mil conductive polymer overcoat on Design 1.

For Ji=10-3 A/m2 (assumed worst-case charging environment), Figure 5 shows the
steady state solution of the potential profile for Design 1. A maximum voltage relative to the
grounded edge of 233 V was computed compared with 250 V for the previous analysis. The
lower value is due primarily to the air conductivity which acts as an additional drain for
charging current. Figure 6 is a closeup of the vector electric field distribution near the edge of
the coating where the largest field values exist. I'or this configuration, the maximum tangen-
tial electric field is 24 X 104 V/m. This is much higher (facter of 5) than the previous value cal-
culated using the uniform conductance coating and is due pi edominantly to the higher value of
surface resistivity in the outei .;'o sublayers of the coating model.

For Design 2, no additional changes to the coating model were needed since the conduc-
tivity is more uniform through the coating thickness than in Design 1. The computed maxi-
mum voltage of 5.08 kV is very close to what was calculated in the previous analysis The
maximum tangential electric field near the edge is 4.8 X 1C7 Vim, which is close to the analyt-
"ical result of4X 107 V/m.

Using the BODY code and an engineering drawing of an F-16 canopy, a three-
dimensional model of the worst-case charging potential profile of this canopy type was comput-

' •ed using the two different proposed transparency designs as input parameters. In addition to
including the finite air conductivity, as was done in the two-dimensional case, the incident
charging current density was made proportional to the angle of incidence relative to the flight
vector (assumed to be parallel to the canopy axis for the initial computer runs). Thus, there
bre regions of the canopy, e.g., overhead and along the sides, which receive relatively low
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Fig. 5. Steady-state electric potential contours for Design I with J 1 1 mA/rn2 .
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Fig. 6. Vector electric field E(r, z) near grounded edge for Design I with J, 1 mA/m 2.
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Fig. 7. Three-dimensional contour plot of the electrical potential profile for al F-16
canopy with Ji 1 mAIm 2 parallel to the main body axis.

charging c.rrents compared to the forward facing surfaces. Figure 7 shows the results of run-
ning this geometry for Design 1. The maximum potential is about 80 V. For Design 2, the
maximum is about 1,910 V. Both maxima are located on the forward surface of the transpar-
"ency, directly over where the heads up display (HUD) is located in the cockpit. For Design 0,
voltages on the order of 106 V are predicted;, however, discharge thresholdF are reached well
below this value. Also, air conductivity becomes a limiting factor in the computer model at
these higher potentiai levels.

Future work will include modeling of different canopy types, e.g., an OH1-58 helicopter
transparency design. For helicopters, charging current densities are one to two orders of mnag-
nitude lower than for high speed jet aircraft-, however, present de~igns typically have a high-
resistance material on the outer surface and reports of static charging arid dust attraction are
common. As an extension of the present modeling techniques, a hydrodyiamic airflow subrou-
tine will be included in the BODY code to determine the pressure profile over the cenopy dur-
ing flight. From Paschen's law, as the pressure decreases from 1 atmcsphere (atrn) to levels
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found at high altitude (30,000-50,000 ft), the breakdown voltage also decreases for gap spac-
ings of 0.1-10 cm. For high-performance aircraft, local pressure minimums on the aft and
sides of the canopy may be as prone to discharging as the forward-facing surfaces, due to the
lower breakdown voltage threshold in these areas.

p

2.4 Test Program

As part of the current study, a laboratory examination of the material properties of com-
monly used transparency materials and of the newly proposed semiconducting polymer mate- On

rials is being pursued. Test coupons of uncoated substrate materials (polycarbonate, acrylic,
and stretched acrylic) and of various coating configurations were fabricated by Texstar.

The coupons are 10-inch squares approximately 0.25 inch thick. The polycarbonate sub-
strate complies with MIL-P-83310, the cast acrylic meets MIL-P-5425, and the stretched acryl-
ic is oriented-MIL-P-8184 meeting the requircments of MIL-P-25690.

The following coats were applied to the three different substrates, using the material

types and thicknesses indicated:

a. Soft coat (1-2 rail): aliphatic thermoset polyurethane.

b. Soft coat (5 mil): aliphatic thermoset polyurethane.

c. Soft liner (20-25 mil): aliphatic thermoplastic polyurethane.

d. Hard coat (0.5 mil): methyl polysiloxane thermoset resin.

e. Semiconductive coat (4 mil): inherently conductive polymer dispersed in the soft-
coat formulation.

These coupons provided the samples from which the surface resistivities of the various
coatings could be measured. In order to obtain a sample configuration from which the bulk re-
sistivity of the coatings could be determined, the above coatings were also applied to sub-
strates which had been given a sputtered gold film of 20 P/sq. The gold was treated to induce
an oxide layer for enhanced optical transmission (enhanced gold). The gold film was left ex-
posed around the border of the coupons so it could be accessed as an electrode.

As part of the testing procedures, all test coupons are measured for their bulk and sur-
face resistivities following ASTM guidelines. A summary of those test samples measured to
date is given in Table 2. These properties are used as input parameters in the analytical and
numerical modeling to further refine the predicted performance for each transparency design
in a given environment.

In addition to the static resistive properties of the materials, a measure of the material's
ability to store and bleed off charge is made using a high-voltage-corona charging facility. The
design of this facility was based on previous work (Ref. 1) and provides a simulation of the
charging environments which might be encountered during actual flight. Figure 8 shows a
schematic diagram of the apparatus used to deposit and measure the charge on a 10-inch
square test sample. A high-voltage bias is applied to the array of nails and field emission from
the nail tips (negative bias) results in electron flow toward the sample. A grounded plate is lo-
cated beneath the test article to minimize the potential needed for corona discharge at the nail
tip. Typical bias potentials of 30-40 kV are utilized to deliver up to 1 mA of charging current
to the test sample.
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Table 2 Summary of surface and bulk resistivity measurements made on

test sample matrix.

Substrate Coating Ps (Q/sq) Pb (0-m)

Polycarbonate None 3.6 x 1017 4.0 X 1015
Hard Coat (0.5 mil) 2.5 x 1017
Soft Coat (1-2 mil) 2.0 x 1014

Soft Liner (20-25 mil) 1.8 X 1014
Conductive Polymer (4 mil) 1012-1013

Acrylic None 9.5 X 1015 1.3 X 1016
Hard Coat (0.5 mil) 2.9 x 1016
Soft Coat (1-2 mil) 3.5 X 1013

Soft Liner (20-25 mil) 5.4x 1013
Conductive Polymer (4 mi) 1.0 x 1012

Stretched None 1.2X10 17  3.5X1016
Acrylic Hard Coat (0.5 mil) 2.6 X 1016

Soft Coat (1-2 mi) 2.7 X 1014
Soft Liner (20-25 mil) 5.2 X 1013

Conductive Polymer (4 mil) 2.0 X 1012

_.reed ±.t60 -60kW
electrometer DC supply 1

;D -Corona
I generator

7• Side view Test article

0 "001---,-a -UU0 001
0000000000000 000

OO:0Q"O000000oNOdOOO
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Fig. 8. Diagram of high-voltage-corona charging source and potential profile diagnostics.
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To determine the spatial charge distribution on the test article, a noncontacting high-
voltage probe is moved in increments of 1 cm and the probe output is monitored on a strip chart

recorder to determine the charge decay time constants. Figure 9 shows a typical decay curve

for an uncoated polycarbonate substrate sample. From the measured capacitance of the test

sample, the effective resistance is then calculated from the RC decay time and compared to #
that obtained from the measurements of bulk and surface resistivity and with the numerical
modeling output, which includes air effects.

3. SUMMARY AND CONCLUSIONS

To summarize the results of the present effort to date, we have succeeded in modeling
the charge up of two- and three-dimensional canopy geometries using realistic material prop-

erties and configurations. From past reports and field observations, an estimate has also been

made that the worst case charging environment for high speed aircraft is on the order of 10-3

A/m 2 . For present transparency designs, an understanding has also been reached as to the dif-
ferences in performance of gold- and ITO-coated jet canopies, i.e., the thicker ITO coating is
much less likely to reach melt/vaporization temperatures during discharge conditions than the

thinner gold coating. From the analytical and numerical modeling, newly proposed semicon-
ductive antiabrasion coating configurations appear capable of mitigating the effects of P-static
charge buildup by providing relatively low impedance paths to airframe ground and thereby
keeping impressed voltage levels below the thresholds for static discharge.

Polycarbonate MIL-P-83310
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31685
Fig. 9. Typical voltage decay curve measured for polycarbonate (uncoated) compared

with single and dual time-constant exponentials.
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Further efforts in this study will include exposing the coupons that were tested for elec-
trical properties by Jaycor to other environmental effects such as humidity, WeatherOmeter,
UV, sand shake, and sand and dust. Then the electrical properties will be recharacterized. Of
special interest will be any loss of conductivity in the doped antiabrasion coating.

When antistatic coated transparencies and canopies are deployed in the air vehicle
fleets, it may be necessary to periodically check canopy surface electrical conditions and
continuity between the surface and the airframe. A commercially available handheld surface-

* resistivity meter with decade resolution has been obtained and will be investigated for
suitability for this purpose.

As a technology demonstration, a test transparency for an AH-lW SuperCobra helicop-
ter will be fabricated with an antistatic abrasion-resistant coating. Several F-16 canopies
with prototype conductively-doped coatings are presently being flown. They are being evalu-
ated for their ability to suppress the effects of excessive p-static charging.
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ABSTRACT

TRANSPARENCY REPAIR
TIME - TRAINING - QUALITY

by
John Archer

Micro-Surface Finishing Products, Inc.

Transparency repair and restoration methods are being
scrutinized in an effort to develop more effective systems.

"Battle damage repair" during periods of conflict require
methods that are not conducive to good repair but are
expedient.

Day to day flightline or maintenancc shop repair, while less
pressured, still suffers from the need to get the aircraft
flying again.

Logistic support centers, central repair stations, and
contract repair stations doing off the aircraft repair,
produce quality work using time effective methods.

This paper presents an overview of transparency repair
situations, methods and personnel. The strengths and
weaknesses of existing and experimental processes are
examined.

Highlighted are the needs of aerospace, commercial and
military aircraft in relation to transparency repair. Data
collected over the past 25 years has been reviewed to
determine if methods for more time effective transparency
repair systems result in sacrifices in quality or safety.

The question is, can transparency users live with less
quality as a trade off against speed of repair and the
creation of expensive scrap? Is such a "trade off"
necessary or only imagined?
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TRANSPARENCY REPAIR
TIME - TRAINING - QUALITY

John E. Archer
MICRO-SURFACE FINISHING PRODUCTS, INC.

Aircraft transparency repair began shortly after the first
"plastic windscreen was installid on an aircraft.

The plastic was subject to natural and manmade crazing, bird
strikes, rocks and other debris, and scratches of all kinds.
Today the most commonly repaired transparencies are
variations of stretched acrylic, polycarbonate or
combinations of these materials. While much stronger, these
transparencies are still subject to the same abuse.
To repair or not to repair -- is not the question. Given a
transparency price range of $300 to $30,000 or more, repair
should always be considered.

Commercial airlines have repaired cabin and cockpit windows
for twenty years with significant annual savings. A 1983
Navy study indicated that crazing removal on F-14 canopies
at one base saved $174,000/year(1). A later Airforce study
on C-141 windows showed once again the cost of repairing was
significantly less than the cost of new replacement
material(2).

Given a transparency that is repairable that has a thickness
above manufacturers minimum, the repair is a simple matter
of removing the damage from the surface and restoring that
surface to optical clarity -- Or is it simple? The factors
of time, training and quality are always involved in any
transparency repair.

The urgent need to return an aircraft to service, during
time of military conflict tor example may dictate a iadical
departure from optimum repair procedures. Line of sight
areas are the most critical for heads up display and weapon
sighting. Other areas could get by with less than optimum
optics.

(1) Effectiveness Report on Acrylic Transparency Surface
Restoration Utilizing MICRO-MESH Procedures, Harold G.

* . Geasley, Value Engineering Administrator, Naval Air
Rework Facility, Norfolk, VA 23511, February 1983

(2) DCASMA Contract No. F09603-87-C-1174, June 1987
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Page 2 - TRANSPARENCY REPAIR

However, other than battle damage repair, the urgency of
transparency repair normally drops. The time factor is now
more related to the economics of keeping the aircraft
grounded long enough to replace the transparency or do an
acceptable optically clear repair.

The key to producing an optically clear transparency is to
have as simple a system as possible to use. The system must
be one that produces the desired optical clearness with
minimum amount of time. The system must be one that can be
used by personnel whose training, skill and motivation may
range from limited to highly skilled.

Because of this wide range of training, a system of
transparency repair and surface restoration was developed
about 25 years ago(3) that add-esses all levels of operator
skill and training. This system employs a two part approach
whereby common coated abrasives we.e used to sand away the
damage and cushioned abrasives were used to restore the
optical clearness. This system is specified under Mil Spec
MIL-M-5809IA(4) and is incorporated into most aircraft
manufacturers' specificationss.

This system works because of its' use of cushioned abrasive
products and because all the abrasive sanding was done by
hand. While hand sanding was not time effective, everyone
who used it arrived at the same result - optical clarityi

For those not familiar with normal transparency repair, it
is first necessary to remove material from the surface to
the level of the deepest damage. For example, on a scratch
.015 deep, at least .015" of material must be removed. The
removal can not be localized but must be spiead over a wide
area of the transparency or distortion will result.
After the damage is removed the scratch marks from that
sanding step must be removed with successive sanding or
polishing steps to achieve optical clarity.

Under the pressure of time, the transparency users now call
for machines rather than hand sanding as a transparency
restoral method. For commercial airline cabin windows which
are flat or nearly flat, the window can be brought to a
milling or abrasive slurry machine and set on to it. The
operator is only required to push a button.

(3) Surface Restoration Techniques for the Repair of
Acrylic Transparent Aircraft Enclosures, Robert J.
Stillman, Micro-Surface Finishing Products, Inc.

(4) MIL-M-58091A, 17 May 1971
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However, with curved surfaces such as canopies, windscreens
or cockpit windows the machine must be brought to the
transparency due to the physical size configuration or
location of the transparency.

The machine most commonly used by repair technicians is the
random orbital sander usually with a 5" abrasive disc backed
by a firm foam pad. Typically these machines move the
abrasive disc in an elliptical orbit at 6000 - 10,000 rpm
under no load. As compared to hand block sanding, this
machine significantly increases productivity. However, now
the operator has to do more than push a button. Without
using a trained operator the use of a machine will result in
significant problems.

The technician must hold this 3-4 pound machine, with
abrasive disc attached, against a curved surface and move it
up and down or back and forth across the surface at a
uniform speed while applying uniform pressure. Holding the
machine at the wrong angle, sanding too long in one area or
not maintaining a sanding pattern, will result in distortion
to a greater or lesser extent. There is great truth in the
training axiom that putting distortion into a transparency
is a heck of a lot easier than taking it out.

A quick word here to those advocates of robotic finishing
where we replace the operator with a computer c6ntrolled
robotic arm. One of the functions of the trained technician
is to evaluate damage in all areas and remove only enough
material in areas of different damage to get rid of damage.

Gages to accurately measure depth of damage in different
areas such as crazing, scratches or gun gas clouding are
available. However, to compute this and respond to
different damage depths all across the transparency is not
being Anne as far as I know. When all forms of damage are
present on one transparency in different locations, the
human technician can quickly adjust the removal rate to
accommodate. However, when we attach the transparency to a
robot, we set the robotic machine to remove material to a
given depth or to dwell for a certain time. The benefit is
time and labor saved. But often more material is removed in
some areas than necessary. A well-trained technician can
judge damage removal requirements and adjust as they work.

"Whether human or robotic arm is used, we still must address
the problems of a machine finish. The elliptical orbit of
the random orbital sander produces a sanding pattern which
appears as a series of "fishhooks" on the plastic. With

, - common coated abrasive discs, the abrasive crystals are
fixed in position. The abrasive crystals dig in like
chisels and the fishhook pattern they generate is deep.
Often even deeper random fishhooks are generated by the
unevenness of the common abrasive cutting surface.
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It was observed in a 1988 paper on crazing of acrylic(5)
"that crazing occurs more quickly in rough surfaces".
Common coated abrasives, if used by themselves, will. leave a
potential craze producing scratch pattern. This scratch
pattern is accentuated by the use of the random orbital
sanding machine. The machine and operator together produce
a heavier down pressure on the abrasive than a hand sanding
block.

The key to produce the best surface finish on a transparency
is to revert to the previously mentioned military
specification method which starts with common abrasive to
remove damage but uses cushioned abrasives to remove the
deep scratches of the common abrasive and restore the
optical clarity. Since cushioned abrasives can be used on a
random orbital sander, the time element is improved
significantly.

Cushioned abrasives are built with a thin resilient layer
between the backing and the abrasive crystal. This allows
the abrasive crystal to recede to a common level when
applied to the transparency. This engineering produces a
planing action rather than a chisel action on the
transparency surface with the :esult of no deep scratches to
pronagate crazing.

Typical of industrial applications, using cushioned abrasive
discs on the transparencies produce optical clarity in fewer
steps than common coated abrasives discs. Fewer steps mean
less total time the technician must spend on the
transparency with abrasives and a random orbital sander.
This shortened sanding time reduces the chances for a
distorted surface.

The issue of time in transparency repair is unquestionably
important. Taking the sanding materials from the
technicians hand and putting those materials on a machine
such as a random orbital sander will enable the technician
to do more in less time.

Now the question becomes one of time, versus training,
versus quality. Without adequate training, inadequate
quality results. Inadequate quality means we must either
A). rework the transparency which takes more time or B).
scrap the expensive transparency and buy new at
significantly greater expense.

(5) UDR-TM-88-23 Crazing of Acrylic as Function of Surface
Smoothness, Kevin L. Poorman & Blaine West, University
of Dayton Research Institute, July 1988
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To accomplish a quality repair the operators must be trained
to use the tools, gages, arid machines. The FAA requires an
18 month apprenticeship under FAA certified trainers to
become a certified transparency repair person(6). This rule
also allows a certified A & P mechanic to do this work with
little specific training. Military training programs vary
with the need of a particular base, aircraft type and
frequency of repair normally done. The unfortunate cost of
the inconsistency of these programs comes in the form of
many scraped transparencies.

To accomplish a quality repair the correct machine
techniques and materials must be used. Using the right
machines and materials, such as cushioned abrasives that
require less effort and less time spent in contact with the
transparency, will reduce quality errors. The technicians
must be trained to evaluate damage and how to use a grid
board. They should have thickness measurement gages and
minimum thickness specifications so they know how much
material can be removed. The importance of quality repair
is directly related to pilot safety. Keeping records of a
repair and the history of the transparency also prevents
serious quality errors.

The concerns of this conference center around providing a
window through which a p-iot or passenger can see wiLh
optimum clearness and adequate safety. I have addressed
concerns that are directly related to these two issues.

If we are to maintain optical quality when repairing a
damaged transparency, the time to do the work must relate to
the level of training and skill of the worker and the tools
and materials at his disposal. Anything else will result in
safety concerns and scrap.

0•

(6) FAR 65.101

931



A

EXTERIOR SURFACE COATING SYSTEM FOR ELECTROSTATIC DISCHARGE
DAMAGE PREVENTION FOR THE F-16 CANOPY

S. Sandlin
R. L. Fogarty
M. V. Moncur
Pilkington Aerospace Inc.

992



PILKINGTON
AEROSPACE

EXTERIOR SURFACE COATING SYSTEM FOR
ELECTROSTATIC DISCHARGE DAMAGE PREVENTION

FOR THE F-16 CANO1Y

S. L. Sandlin, R. L. Fogarty, M. V. Moncur

Pilkington Aerospace Inc.

ABSTRACT

Triboelectric charging on the outboard surface of F-16 forward transparencies is a
major problem, especially for solt-r coated designs. The electrostatic charge build-
up and associated discharging I csults in: shock hazards to pilots; damage to the
transparency, especially tb the solar coating system in the form of burn tracks;
v.sual distractions in flight from "St. Elmo~s tre"; and communication, navigation,
end electrical subsystems interfcrence and noise. Damage to the sola: coadng
system often results in premature replacement of forward transparencies,
vom-tAimes after a single flight.

An exterior surface electrostatic discharge damage prevention coating system
(EDS) has been developed by Pilkington Aerospace Inc. The EDS coating system
consists of a polyurethane protective liner topcoat (SS-6831) and an Enhanced
Gold conductive coating. The Enhanced Gol, coating also functions as a solar
coating.

This paper suUi-uiaies t'.-Le "i.u... of •J .... prora k, Cocem by I .eO L itics
Center, P-16 Structural & Systems Section (00-AEC / LAA.EA) to qualify the EDS
coating system to the F-16 Transparency Critical Item Development Specification
(16ZKO02E) and to scale-up and manufacture prototype F-16 A/C forward
transparencies for flight test evaluation (Contract No. F42600-89-D-0658, D.O.
0074). Three EDS-coated forward transparencies were manufactured and
delivered to McConnell Air Force Base in February, 1993, where they are
currently undergoing flight evaluation testing.

"Performance data for the EDS coating system are presented. Qualification test
results, including specimen-scale impact and fuli-scale p-static testing, are
summarized. The EDS-coated forward transparencies are described and field
performance results obtained to date are presented. Birdstrike test results for a

* ,, new 550 knot, EDS-coated F-16 A/C forward transparency design are also
discussed.



INTRODUCTION

Pilkington Aerospace Inc. (PAD) has developed a family of transparent electrically
conductive / protective liner coating systems for use on the exterior surface of
plastic aircraft transpare,.cies. The coatings may be applied to large compound
curved shapes such as those currently used for military jet fighters.

One of the PAl coating systems, Enhanced Gold conductive coating with SS-6831
protective liner, was recently evaluated as a part of the MITS Advanced Canopy
Coatings Program (ACCP). The coating system corresponds to samples coded "D-
4" and "D-5" from the MITS Critical Design Review (REF 1). As a part of the
ACCP Program, the coating system underwent extensive durability testing with
impressive results. The Enhanced Gold / SS-6831 system emerged as the only
conductive coating system to pass the MITS environmental, mechanical, erosion,
and optical test requirements.

The F-16 solar-coated forward transparency has been plagued to date by
substantial electrostatic charging problems. Based on the performance from the
ACCP program, PAI proposed that its exterior surface coating system could be
used on current F-16 forward transparencies to eliminate the static charging
problems.

A contract wLs issued to evaluate the coating system thru the F-16 Structural &
Systems Section (LAAEA), Ogden Logistics Center, Hill Air Force Base (OO-ALC).
Mr. Reed Nelson served as the program engineer. The program was managed for
OO-ALC by Lockheed Fort Worth Division (formerly General Dyiiainies Fort
Worth Division) as a call contract (No. F42600-89.D-0658, D.O. 0074). Mr. Lynn
Early was the engineer at Lockheed.

The program objective was to qualify the PAI coating system to the requirements
contained in the F-16 Transparency Critical Item Development Specification
(16ZKO02E), to scale-up and manufacture prototype F-16 forward transparencies
with the coating system, and to evaluate the prototype parts via flight testing. The
program started in February, 1992; three prototype parts were delivered in
February, 1993.
• A 14TD A 1 , AD "ES A Nn l ELE.CTRWO(S.qTAT'IC CHARGflING

Transparency electrostatic charging is caused by the impact of a transparency in
flight with quantities of particles such as dust, ice, snow or rain droplets in a
process known as triboelectric or frictional charging. Sometimes the phenomenon
is also referred to as precipitation static (or p-static) charging since it is often
associatedI with "static" noise detected over aircraft communication systems.

Electrostatic charging results from a charge transfer mechanism where initially
neutral particles impact with a transparency surface, move away with a net
charge, usually positive, acquired from the surface contact, and leave an opposite
and equal charge, usually negative, on the transparency surface. The process may
be regarded as a continuous current source event because the deposition of
additional charge does not depend on the amount of charge previously transferred
to the surface. Therefore, unless a charge dissipation mechanism is in place,
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charge can continue to be transferred to the exterior surface, even when the
surface is highly charged, such that hundreds of kilovolts of surface potential can
be generated.

F-16 ELECTROSTATIC CHARGING PROBLEMS

Solar coated F-16 forward transparencies currently have an electrically conductive
coating located cn the interior surface. The conductive coating is attached to
system ground thru the transparency frame via grounding bushings. In general,

C• location of a conductive coating on the interior surface (or within a laminate)
increases the severity of electrostatic charging problems for transparencies. This
has been the case for the F-16.

During an electrostatic charging event, charge deposited on the outside surface
results in the generation of "mirror" charge of opposite polarity on the conductive
coating on the inside surface. The mirror charge, in turn, holds the outside surface
charge more efficiently thus allowing more charge to be bound to the outside
surface. The resulting system may be thought of as a capacitor, consisting of the
bound outside surface charge as one electrode, the conductive coating with mirror
charge as the second electrode, and the structural cross-section as the dielectric.

For the F-16, in-flight electrostatic discharging has resulted in significant damage
rates to the inside surface solar coating (REF 2), The damage often results in
premature replacement of transparencies. including some after a single flight.
The damage usually occurs in the form of burn tracks that typically extend hoop-
wise across the transparency.

When enough charge is built-up on the outside surface in flight, the charge flashes
over the surface to the frame or some other attachment point. When the flash-over
occurs, mirror charge also flows thru the solar coating in a transient current pulse.
The pulse may exceed the current carrying capability of the relatively thin and
fragile solar coating. When this occurs, the coating can be evaporated and burn
tracks formed. The tracks can then isolate different areas of the solar coating from
each other and cause arcing between these isolated areas.

In-flifht surface flash-over also results in additional problems for the F-16. "St.
Elmo s fire" from the flash-over can temporarily blind or at least distract a pilot,

at .,;gb 'Pba flnch-over aso prndondrp secondary current transients in
ele.ctrical subsystems and may produce noise and interference in communication,
navigation, and avionic equipment.

Shock hazards are also a problem. A pilot may be shocked in flight from the mirror
charge and current transients that are generated on the inside solar coating
surface, especially if he reaches toward the inside surface. It is also possible for
ground crew to be shocked from residual charge stored on the outside transparency

q •surface after the aircraft has landed. Just as a capacitor can store charge for a
significant period of time, an F-16 transparency can, depending on humidity and
atmospheric conditions, remain charged for hours after landing. Crew chiefs have
been shocked so severely that their arms have been numbed for hours.
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EDS DESIGN

The Pilkington Aerospace Inc. EDS design utilizeb a conductive coating on the
exterior surface of the transparency to eliminate the F-16 electrostatic charging 7 -•
problems. The conductive coating provides a pathway to continuously drain
charge deposited on the outside surface to system ground. By providing such a
continuous path, all of the problems discussed in the previous section are
eliminated. Surface voltages needed to create flash-over in-flight are never A
reached.

An exterior surface coating system was proposed for the F-16 as early as 1981 by
General Dynamics (REF 3). However, until the recent development of the PAI
Enhanced Gold / SS-6831 coating system, the technology for a durable exterior
conductive coating system for plastic transparencies did not exist. For glass-faced
windshields, however, anti-static coatings have been used for many years,
including for the B-lB. Exterior glass anti-static coatings have been quite
effective in eliminating electrostatic charging problems.

The EDS coating system is shown schematically in Figure 1. The exterior surface
is coated with Enhanced Gold and SS-6831 liner. The Enhanced Gold also
functions as the solar coating. SS-6831 is a durable polyurethane protective clear
coat for the Enhanced Gold which is applied Ut a thickness of approximately 0.005
inch.

Bec.ase the Enhanced Gold coating on the outside surface also functions as the
solar coating, the interior surface solar coating is not needed with the PAM EDS
system. Therefore, the interior solar coating is removed from transparencies
(where it exists) and replaced with SS-6590, a silica-filled polysiloxane hard
abrasion resistant coating. SS-6590 protects the interior polycarbonate surface
from scratches, marring, and environmental degradation. SS-6590 is currently
used on B-LB and B-2 windshields.

To drain electrostatic charge to system grouad, the Enhanced Gold coating must be
grounded to the transparency frame around the circumference of the part. The
prototype parts delivered under the EDS Program were grounded by a conductive
paint that was placed over the outside surface of the edge of the transparency
above the stop crack groove and or. the t, p fAc Of thebU hn ... .... . A e.... ic. Ilv
conductive dry fairing seal contacted the paint and grounded the EDS coating
directly to the canopy frame side fairings. Future configurations will ground the
EDS coatings to the grounding bushings currently used on the F-16.

EDS COATINGS

Enhanced Gold is a multiple layer coating in which a gold film is sandwiched
between antireflective dielectric or semiconductor layers. The multi-layer gold -if
stack has improved light transmittance and durability compared to conventional,
single-layer gold, Although Enhanced Gold has somewhat lower light
transmittance and more color than ITO, it has superior ductility and strain
allowable compared to ITO and can withstand exterior surface thermal / pressure
cyclic loading.
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SS-6831 protective polyurethane liner is an extremely tough material optimized
for exterior surface durability (REF 4). It has excellent tear strength, abrasion
resistance, and erosion resistance (rain, sa. .d, dust). SS-6831 is formulated with
UV absorbers, antioxidants and heat stabilizers to further enhance its inherent
environmental resistance and to protect the underlying Enhanced Gold film. SS-
6831 also contains a proprietary treatment to efficiently drain electrostatic charge
thru the coating to the Enhanced Gold film below.

The EDS coating system has undergone extensive durability testing at Pilkington
Aerospace Inc. and at independent laboratories. It was the only conductive coating
system on plastic to pass the MITS Program durability requirements from the
ACCP program.

16ZKO02E QUALIFICATION

The performance, design, development, and test requirements for F-16
transparencies are documented in 16ZKO02E, the Critical Item Development
Specification. Along with the proposal for the EDS program, Pilkington Aerospace
Inc. submitted a Qua)ification By Similarity Report (REF 5) to General Dynamics.
The report contains data from previous testing of the EDS coating system that
were applicable to the 16ZKO02E requirements. General Dynamics responded
with a test plan (REF 6) which qualified by similarity many of the performance
requirements from ].6ZKO02E. Additional sub-scale tests were successfully
completed for soiventislcrazing and specimen. scale Impact requirement.s- A full-
scale test was performed to demonstrate electrostatic charge drain capability.

Additional coupon scale high strain rate impact testing was performed on samples
sectioned from an F-16 transparency. A set of control samples without EDS
coatings was tested alongside the coated samples. The testing was conducted at
the University of Dayton Research Institute in October, 1992. The tests were
performed using three-point loaded beam specimens per ASTM F736, Type B. The
strain rate was 70 - 100 in/in/sec and the samples were impacted on the EDS coated
side (because the EDS coatings are on the exterior surface).

Test results are presented in Figure 2. The test demonstrated that there was no
reduction in impact threshold energy density from application of the EDS coatings.
Actually, the EDS coated samples had higher damage threshold energies than the
uncoated control samples.

550 KNOT DESIGN BIRD STRIKE TEST

In addition to the subscale impact tests, a full-scale F-16 part has been bird strike
tested. An F-16 A/C forward transparency constructed from a two-ply
polycarbonate laminate (polycarbonate exterior ply / interlayer / polycarbonate
"interior ply) with the EDS coating system, inchlding SS-6590 abrasion resistant
coating on the interior surface, was successfully bird strike tested at Lockheed Fort
Worth Division on 10 March, 1993. The test was conducted with a Lantirn HUD.
Bird velocity was measured at 548 knots. The new bird strike and EDS upgraded

* - part configuration is identified as Pilkington Aerospace Inc. part number 93109-1.
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The structural subassembly for the test part was designed and manufactured by

Texstar, Inc.

FULL SCALE ELECTROSTATIC TEST

Method Selection

The F-16 Critical Item Development Specification states that precipitation sw.Ltic
discharge "shall not degrade the solar coating". However, a test method and a -

current density (current per unit area) test level are not specified. To fulfill tue
full-scale electrostatic test requirement, a multiple point electrode charge spr4y
head method was selected. The method was first developed at McDonnell Aircraft
(REF 7,8) and has been extensively used for laboratory simulated triboelectric
charging tests.

The multi-electrode charge spray method is ideal for evaluating external
conductive coating systems. The method is a good laboratory simulation of true
triboelectric charging because uniform current densities can be applied over large
surface areas and to complex shapes. Voltages, currents and test area can be easily
measured to determine the applied charging rate current densities.

Single electrode charging techniques, such as the Van deGraaff generator, are not
as useful for exterior coating evaluations because they do not apply uniform
current densities over large areas. Instead, they apply nonuniform, high charge
densities to small, localized areas. This makes it difficult to determine an effectivetest area. The Van deGraaff generator is useful for creating and evaluating
damage to interior surface coatings because the high (hundreds of kilovolts)
exterior surface voltages needed to cause damage can be obtained.

Test Description

Using the multi-electrode method, a full-scale test on an F-16 EDS coated
transparency was conducted at the Northrop Aircraft Division (NAD) Lightning
Laboratory Test Facility (REF 9,10). The test configuration is shown in Figure 3.
The transparency was supported on non-conducting stands. A 40 KV DC power
supply was connected to the multiple electrode assembly (MEA) thru a 15 ohmseries resistance for i1oiciU o---- wer.. SUp_•. A _p4. , . 4. . + "dn•r .... .... d

ISO~dL~Fly U tzUV& unj. X-L iLULA %, 1.. --.. - -

to monitor the power supply output voltage. Negative voltage was applied to the
MIEA. Current was measured directly from the test part thru a 15 Kohm isolation
resistor. Two current return leads were attached to the test part, one on each side,
at the position where the irame side fairing would contact the conductive
grounding paint. The test equipment set-up is shown in Figure 4.

The MEA (Figures 5 and 6) was shaped to the contour of the forward region of the
transparency. The edge of the MEA was positioned approximately 2.5 inches from
the inside edge of the part stop crack groove along the forward arch and longerons
and extended back to bolt hole position number 23. The MEA consisted of 246
point electrodes equally spaced on 2 inch centers. A typical point electrode is
sbown in Figure 7. For testing, the electrode tips were positioned approximately
o e inch from the top surface of the liner coating. The MEA effective charging
surface area was 7.2 square feet. For the transparency installation position on the
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F-16, the air stream facing frontal area projected from the 7.2 square feet test
surface area was 2.3 square feet (Figure 8).

Current Density Test Level

As far as Pilkington Aerospace Inc. is aware, electrostatic charging levels have not
been measured in-flight directly on the F-16 transparency. However, p-static
current densities up to 50 microamps per square foot of frontal area have been
published as extreme conditions (REF 2, 11). Frontal area refers to the
transparency projected area normal to the flight path.

In addition, Hanson (REF 12) has also derived the following relationship which
expresses charging current density as a function of aircraft velocity for flight thru
cumulo nimbus ice crystal clouds (a severe charging condition):

J = 3 x 10-6 v (1)

v is velocity in meters per second.
J is current density in amps per square meter.
J refers to projected surface area of the windscreen normal to the line of
flight or frontal area.

From the Hanson relationship, at a velocity of 700 knots, a frontal area current
density of 1.1 milliamps per square meter or, after converting units, 102
microamps per square foot would occur. Using the frontal area to surface area
ratio measured for the MEA test configuration described in the prev ious section for• :
the F-16, the 102 microamps per square foot frontal current density level
corresponds to 32.6 microamps per square foot of transparency surface area
current density. Current densities at this level (and beyond) were applied during
the full-scale electrostatic test.

Test Results

Test resulks are summarized in Table 1. Frontal area current densities from 99.6
to 157.8 microamps per square foot were applied. Corresponding surface area
current densities were 31.8 to 50.4 microamps per square foot, respectively.
,xposure time at ach _vef 1.5 to4 milnit q The (negative) voltages

needed to apply the current leve to the MEA ranged from 7.8 to 9.0 kilovolts. The
relatively low voltages indicate the efficiency with which the EDS coating system
was able to drain the current. As stated earlier, the current drain path is thru the
liner to the Enhanced Gold and then to system ground.

No arcing or damage to the coatings was observed after testing at the 99.6 / 31.8
microamps per square foot test level (extreme flight conditions). At the highest
test level (beyond conditions that could ever be reached in flight), at 157.8
n-.microamps per square foot frontal area, a few isolated arcs were observed during
the test. One of the discharge events was captured on film and is shown in Figure
9. The rows of lights are corona activity at the MEA electrode point tips. The
single bright light right of center is the discharge event. Following the test, close
inspection of the transparency revealed two pinholes in the liner coating, with
diameters of 0.070 and 0.050 inches (Figure 10). The third arrow, at the bottom of

I
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the photo in Figure 10, is an inclusion in the transparency interlayer and not a
pinhole. The lack of burn tracks and the presence of only insignificant damage
after the (beyond flight conditions) test level demonstrates the durability and
current drain effectiveness of the EDS coating system.

9

Following each current density level test, after the MEA voltage was decreased to
0 volts, it was observed that the current decreased to 0 amps with a lag time of
about 2 seconds. It was also observed that insignificant residual charge was left on
the transparency (liner) surface. Shock hazards from residual stored surface
charge are thus eliminated.

EDS F-16 PART CONFIGURATIONS

For the prototype test parts manufactured during the program, the EDS system
was applied to service used non-solar coated "clear" transparencies provided by
OO-ALC (part number 16VK10001-813). The exterior acrylic ply surfaces were
first refurbished and then coated with the EDS system, thus upgrading the parts to
solar and EDS coated units.

The coating system may be applied to service used or new as well as to clear or
previously solar coated parts. It may be applied to laminated acrylic exterior ply
(type 11) designs, to monolithic polycarbonate (type I) designs, or to the new
laminated polycarbonate exterior ply (550 knot bird strike upgrade) designs.

FLIGHT HISTORY OF TEST PARTS

Three prototype test parts were completed and shipped to McConnell Air Force
Base, Wichita, Kansas, in February, 1993. The parts were installed on aircraft
with the 184th Kansas Air National Guard and flew for the first time on 23
February 1993. Photographs of the aircraft are presented in Figures 11 thru 13.

As of July 28, 1993 the (three) parts have accumulated a total of 316 flight hours
over five months of service. The aircraft have flown in heavy rain and have been
used for a wide variety of mission profiles, including air to air and live bomb drops.
Pilot comments for the test parts are being logged on special squawk sheets.
Comments to date have been very favorable with many comments noting enhanced

There have been no reports of electrostatic discharge damage or shock occurrences
to pilots or ground crew from the three EDS test transparencies. Other aircraft
within the unit with conventional interior solar coated transparencies have
experienced electrostatic charging damage and shocks to ground crew chiefs
during this time period.

The exterior surface coating system is holding up well to regular squadron level
maintenance functions. The crew chiefs have noticed that it is more difficult to
clean bug splatter from the exterior surface, unless the surface is cleaned on the
same day as the flight. However, even if the bug splatter has a chance to"bake"
onto the surface, such as over a long weekend, it can still be cleaned witL,
additional effort.
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ADDITIONAL BENEFITS FROM EDS SYSTEM

In addition to the elimination of electrostatic discharge problems, it is anticipated
that the EDS coating system will improve service life for F-16 transparencies. By
re-location to the exterior surface, damage to the solar coating from hehlet scuffs,
dings, etc., from the current inside surface location will be eliminated. Such
damage is currently a significant "cause for removal" item. Also, the exterior
surface coating system will provide additional environmental protection to the
outboard acrylic ply (and to outboard polycarbonate plies for 550 knot upgrade
designs). Star craze and sand erosion damage should be significantly reduced.

Enhanced Gold has improved light transmittance compared to conventional
single-layer gold. The prototype parts have light transmittance values of 70%.
The F-16 specification is 65%. The improved light transmittance allows
conductive coatings with lower sheet resistance to be applied.

Near IR transmittance is also improved for Enhanced Gold with substantial
transmittance improvements to 950 nanometer wavelengths. The EDS system is
Night Vision Goggle (NVG) compatible.

CONCLUSION

1. An exterior surface electrostatic discharge damage prevention coating
system is now available for the F-16 forward transparency.

2'. Pelim-i-,r field performance figbt t+t. r.vii1t.• have been very
encouraging.

3. The coating system can be applied to service used forward
transparencies to refurbish and upgrade clear or solar coated
transparencies to EDS and solar coated configurations.

4. The EDS coating system can also be applied to new 550 knot birdstrike
protected F-16 designs, as well as to other advanced fighter canopy
systems.

5. A full-scale, multiple electrode charge spray head electrostatic discharge
test method was used to demonstrate the charge drain capability of the
exterior surface EDS coating system. The method is ideal for evaluating
exterior surface coating systems.
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FIGURE 4 - ELECTROSTATIC TEST EQUIPMENT SET-UP

FIGURE 5- MULTIPLE ELECTRODE ASSEMBLY
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FIGURE 6 - MULTIPLE ELECTRODE ASSEMBLY
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FIGURE 9 - ELECTROSTATIC DISCHARGE EVENT

FIGURE 10 - PINHOLE LOCATIONS GiN REST PART
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FIGURE 11 - EDS TEST AIRCRAFT
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FIGURE 12 - EDS TEST AIRCRAFT
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FIGURE 13 - EDS TEST AIRCRAFT



TABLE 1

FULL SCALE ELECTROSTATIC TEST RESUtLTS

Surface Frontal
Current Voltage Current Current Comments

Density Density
(pamps) (kV) (pA/sq.ft.) (pA/sq.ft.)

229 7.8 31.8 99.6 Corona audible

~�,• U.2 40.6 127.0 Cnrnna visible

363 9.0 50.4 157.8 (2) pinhlves in
liner 0.070 in dia.
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TRANSPARENCY IMPACT SIMULATION: STATUS AND RESEARCH ISSUES

R. A. Brockman & T. W. Held
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INTRODUCTION

Computer simulation of transparency birdstrikes has reached an exciting state: computer
technology and mathematical modeling techniques both are powerful enough that very large,
detailed impact calculations can be made on a routine basis even on desktop computer systems.
This improved analytical capability opens up new opportunities for exploring new designs,
materials, and manufacturing methods for transparency system components. At the same time,
many limitations exist in the current state of the art in transparency impact analysis, which call
for careful and critical thinking by the engineering analyst.

In this paper, we review the current technology for performing analytical simulations of soft-body
impact events. While the methods employed at various organizations differ in detail, a number
of basic trends are quite clear; in what follows we will attempt to provide a realistic summary.
In some technical areas, significant research issues exist which affect the reliability of these
simulations in a fundamental way. For these subjects, we take this opportunity not only to
identify the shortcomings of existing technology, but to emphasize the need tor sensitivity
experiments and parametric study in current applications.

IMPACT SOLUTION TECHNOLOGY: CURRENT STATUS

This section reviews the primary ingredients of current impact simulation techniques, including
physical models, approximation techniques, and solution technology. We confine our discussion
to detailed analysis models, typified by finite element techniques, as opposed to many simpler
techniques used for more preliminary design work.1

Solution Methodology

Discretization techniques such as finite elements, finite differences, or assumed mode techniques
lead to systems of algebraic equations, usually quite large in size, which must be integrated in
time to determine the impact response. The choice of a solution method is crucial because it
affects one's choice of physical models and discretization techniques rather dramatically.

In the past several years, explicit solution methods have emerged as the most effective choice for
birdstrike simulation. Explicit techniques are markedly different from the more familiar implicit
(matrix-oriented) solution procedures embedded in popular finite element packages such as
NASTRAN, ANSYS, and MARC. The explicit approach employs no large matrices, advances
in time by extremely small (sub-microsecond) time steps, and works best with very simple finite
element approximations. To the analyst familiar with more conventional finite element methods,
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the number of elements, degrees-of-freedom, and time steps used in an explicit solution all seem
an order of magnitude too large.

EQUATIONS OF MOTION

SUMMATION OF TIME INTEGRATION 'V
INTERNAL FORCES

Figure 1. Explicit Solution Procedure.

The advantages of explicit techniques for soft-body impact analysis include the ability to employ
more detailed material models, to consider complicated nonlinearities (contact and sliding,
material failure) without numerical misbehavior, and to recover time history data in much more
deail than is possible with conventional solution methods. Due to the absence of large matrix
operations, the explicit solution data normally resides entirely in high-speed memory, with disk
access limited to initial input and output dumps. Conventional, matrix-oriented solutions quickly
become I/O-bound for larger models, making less efficient use of computer resources.

One factor limiting the rate of growth of explicit solution techniques has been lack of quality
software. This class of methods originated in the high-energy physics community, with software
being generated in-house by DOE2'3'4 and Army' laboratories and their contractors. Other
explicit codes,67 have originated in university environments, functioning primarily as research
tools. In most cases, the software has been designed and written by engineers and physicists; the
lack of a commercial market has, until recently, made user support a minor issue.

Commercial explicit finite element packages are beginning to appear, mainly in the form of
modified versions of the earlier codes mentioned above. MSC/DYTRAN8 , for instance, combines
the explicit DYNA3D3 code and the Eulerian continuum mechanics program PISCES9 ; HKS'
ABAQUS/Explicit1° appears to draw heavily from the methods and algorithms in the earlier
PRONTO 4 code. LS/DYNA11 is a commercial version of the Lawrence Livermore National
Laboratory's original DYNA3D.
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Finite Element Technology

While it is possible to model the transparency impact problem using fully three-dimensional
elements, this strategy is impractical in general. Several solid elements per layer are needed to
match the stress accuracy of plate or shell elements, which in turn produces extremely thin
elements and unacceptable time step limitations.

Researchers have made steady progress in improving the state of shell element technology' 2'13.
In particular, the causes of fundamental problems such as shear and membrane locking are
known, and several effective approaches have been identified for avoiding such pathological
behavior. A basic deficiency of low-order, selectively integrated and hybrid elements, in the
form of excessive twisting flexibility, 14 has been removed1 3to permit good behavior in both
bending and twisting modes. Most shear-flexible shell elements still restrict attention to moderate
transverse shear strains, but this assumption normally is reasonable in transparency applications.

Most of the remaining critical problem areas in plate and shell elements are related either to
material modeling, or to the representation of laminated constructions. Each of these items is
discussed separately in what follows.

Some strategies for bird impact modeling involve detailed finite element modeling of the
impacting body with three-dimensional solid elements. A number of open questions exist, as

Structural Modeling

Some interesting problems persist in the representation of stractural characteristics which do not
appear explicitly in the nodal geometry of a finite element model. Examples include shell
laminate stiffness properties, cross sectional properties of beam/arch elements, and discrete
connections (fasteners) between components.

Perhaps the most difficult structural modeling problems arise in connection with laminated
transparency sections. The extremely small stiffness of most interlayer materials permits
relatively large transverse shear deformations in the interlayels, even when the overall rotation
of the shell cross-section is quite small. The most dramatic effect is the resulting bending
flexibility, which allows the shell to absorb impact energy more readily. Unfortunately, the
kinematic assumptions embedded in virtually all common plate and shell elements assume a
linear displacement variation through the thickness, resulting in excessive bending stiffness.

One solution to the laminate problem which has been used with some saccess is based on shear
flexibility correctiois 15. This method captures the gross bending and twisting properties of the
laminated section, and permits the estimation of transverse shear stresses layer by layer. For
more complicated material models (specifically, those which include viscous effects), certain
theoretical problems exist with the shear correction model. More general laminate models are
needed to describe the transverse shear behavior of laminates with viscoelstic and inelastic
layers.
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DEFORMED LAMINATE DEFOFRED ELEMT

)

UNDEFORMED LAMINATE UNDEFORMED ELEMENT

Figure 2. Deformation of a Laminate with Soft Interlayers.

Conventional beam elements are adequate for representing closed-section, metal arch designs.
Composite arch designs, which may have significant off-axis stiffness, exhibit coupling effccts
which cannot be modeled correctly using traditional beam elements. A suitable theoretical basis
for composite bean-, eleia-ents, which strikes an appropriate balance between beam- and plate-ike
response modes, i. needed. An additional gap in existing element technology is open-section
beam models (including cross sectional warping). Open-section formulations exist (and are
available in a few general purpose codes) but have not been implemented in a general-purpose,
explicit finite element code.

Material Characterization and Failure Models

The lack of adequate material models and data is the most serious weakness in our ability to
simulate transparency impact response. Structural materials for transparency applications exhibit
viscoelastic response, rate-dependent yielding and plastic flow, and failure characteristics which
are poorly understood. Interlayer materials typically are nearly incompressible and nonlinear, and
exhibit viscoelastic behavior which can become an important feature of the impact response,

The material models present in the current generation of impact analysis codes were, developed
with metals in mind, and cannot capture the complex behavior of high polymers under rapid
loading. Figure 3 shows an example of a typical rate-dependent plasticity model with failure
criterion based on von Mises stress. The yield point increases with strain rate, according to a
power law formula. The strain hardening characteristics are reduced to a single parameter, the
post-yield slope of the stress-strain curve, and the onset of failure is determined by the value of
the von Mises stress.
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Figure 3. Rate-dependent Elastic-plastic Material Model.

Clearly such a model is inadequate to describe the time-dependent response of a viscoelastic,
viscoplastic polymer uncler rapid ioading. Figure 4 shows a common side elfc.fm of us-,ig sidlh
an oversimplified material model. As a single integration point (or element) reaches failure, the
internal forces are redistributed throughout the section, which tends to increase the strain rate
(and the strain) in the remaining material. With increasing rate, however, the failure strain in this
remaining material decreases. TDie result is that the complete section "unzips" far too readily
when isolated material points approach failure. This particular problem is a direct result of the
failure criterion, which is sensitive to von Mises stress but not to mean stress or strain rate. If
the material model parameters are defined in a way which reproduces the rate dependence of the
yield stress, failure occurs at strains which are much too small.

For interlayer materials, the situation is equally poor. Many finite element impact codes contain
models for incompressible materials, and models for viscoelastic materials, but not for
viscoelastic materials which are incompressible (or nearly so). Furthermore, some viscoelastic
models art restricted to a single viscous term, which implies a single characteristic relaxation
time; such a model is incapable of capturing the damping effect of the interlayer during impact,
which involves a wide variety of fh,4uency components.

iImpact Loading Models

Description of the loading which occurs during a transparency birdstrike is a difficult question.
The bird behavior is fluid-like, although the presence of material strength effects is evident in
high-speed films of full-scale tests. A number of approaches have been attempted, each with
some success: Lagrangian7"16 (solid) and Eulerian8 (pure fluid) finite element models of the bird;
specialized numerical models based on potential flow solutionsi1 ; ad hoc loading models based



on overall momentum transfer 18; and "free Lagrangian" techniques with variable mesh

connections.
19

One problem area common to all methods which model the bird explicitly is the issue of material

modeling. Both real and artificial birds are used in transparency development tests, and our

knowledge of the mechanical behavior of both types is rather poor. The range of velocities of

interest for transparency birdstrikes encompasses both solid-like and fluid-like behavior, for both
real and artificial birds, so that the choice of a basic material model is not always clear.
Furthermore, little effort has been devoted to the experimental determination of mechanical
properties for either real or artificial birds.

Lagrangian finite element bird models are attractive since they take advantage of existing element

and modeling technology, including the contact algorithms needed to handle the interface

conditions. Potential problems exist with Lagrangian methods when excessive mesh distortions

occur, since the mesh (which is updated continuously) can become tangled. As a result, the

simplest elements tend to work best. We routinely perform applications with tetrahedral

Lagrangian elements in which the failure strains are on the order of 500 percent.

Eulerian finite element models of the bird, which employ a mesh fixed io space, remove the

mesh distortion problem entirely. The most challenging aspect of the solution is in locating and

tracking the boundaries of the body, which consist of both free surfaces and moving contact

interfaces. An additional burden of the Eulerian solution is the need to solve the continuity
. . - I .' - .- _ . _. A - I. -

equation, since mass is not conserved automaticaiiy in an Eula ,i-wmt. AtL -- Ln,te e

few codes with the capability to address the birdstrike problem using Eulerian bird models, and

most Eulerian models are limited to fluid-like behavior. MSCIDYTRAN has been used with

success to model turbine blade birostrikes, with the bird replaced by water. For transparency

birdstrikes, which often involve much 'tower velocities, it may be necessary to introduce fluid

viscosity and/or strength effects with th is approach.

The "fluid element" technique originated by Martin19 is quite interesting, since it has a finite

element flavor, but without predetermined mesh connections. Internal forces are developed in

resvonse to changes in the mean radial distance to an element's nearest neighbors. Thus far this

method has been used only for higher-, .eed (turbine Made) problems, but appears promising foi

use in transparency impact problems if a suitable material model can be introduced.

Visualization

Tc,, years ago, engineers performing transparency impact simulations viewed color-coded plots

and animated results sequences :, luxury items, usually reserved for dog-and-pony show use.

As our ability to perform more simulations, using moie refined models, increases, we find that

tools like animation are essential to a thorough understanding of our numerical solutions. With

explicit solutions in particular, an impact simulation using a mesh fine enough for reasonable

stress accuracy produces far too much data to be assimilated any other way.

From our perspective, the ability to animate analysis results within a short period of time has

changed our basic approach to birdstrike simulation. Viewing an aninmated results sequence very
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often reveals response which, with a small change in physical data, might change in character
rather dramatically. Considering the uncertaiaties M, the submodels fom- material behavior,
laminate response, impact loading, and other details of the solution, some numerical
experx-nentaticn is usually a wise idea. As such, the typical transparency impact study often
involves several individual simulations even for a single impact condition. The results of a
successful study consist not of precise numerical data for a single computed solution, but of
information about the response regime for a particular impact situation.

"Although the visualization tools needed to support high-quality animation have existed for quite
some time, the task of animating engineering data in a highly automated fashion still is not well
supported by the mainstream modeling and graphics packages. At plesent, we produce
animations using a sequence of half a dozen software packages, moving data between two or
three computer syszems in the process. The work required to integrate these rather tedious steps
into a seamless, automated process which deals properly with the finite element data and provides
useful engineering data (as opposed to colorful images) is straightforward, but remains to be
accomplished in full.

RESEARCH IN PROGRESS

Having enumerated some of the shortcomings anid problem areas in current impact simulation
methods, we wish to mention some current work which addresses the most serious of these
issues. The list presented below is not exhaustive, but provides a brief summary of the kin&, of
research efforts currently directed toward improving the state of transparency impact simulation
techniques.

An effort is underway to combine nonlinear viscoelastic material models based on the free
volume conceptP0 with rate-dependent viscoplastic models2 ' to represent the nonlinear behavior
of structural plastics like acrylic and polycarbonate. In connection with this work, material tests
(some conventional, some rather unusual) are being perforined to collect data for several
materials of current interest. A description of the approach, with some preliminaLy results, is
available elsewhere in this proceedings. 2

Definition of the impact loading, another major concern in most simulations, is addressed in a
current effort at the University of Dayton.23 In this work, emphasis is placed on separating the
issues of "bird material modeling" and "structural material modeling." Most experimental soft
body impact data involves structural plastics as the target which, for purposes of simulation,
ii troduces the additional question of accuracy in the target material model. Our current attempts
to isolate a suiwble soft body model focus on reproducing rigid-target force data2 and response
"data for metal targets25 for which relatively accurate material modeling is possible.

In the area of transparency design software, a major effort is underway involving the U. S. Air
Force, the University of Dayton, and PDA Engineering to integrate existing computational tools
into a common softwame environment called ADP2. 6 This work encompasses both impact
simulation software and graphics!/aimation tools, in addition to other major transparency design
codes. A related effort is directed toward the management and manipulation of materials-related
data, both for irapact simulation and other transparency design tasks.27
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SUMMARY AND CONCLUSIONS

This paper provides a brief review of current capabilities for transparency impact simulation.
Emphasis has been given to technology gaps, things that can go wrong, and open research issues.

The good news is that the state of ihe art in impact analysis has advanced tremendously during
the past several years; very large, detied models may be analyzed in a timely fashion, providing
much more information to the analyst. On the other hand, modeling and sub-model uncertainties
are such that numerical experimentation is needed routinely, and some improvement is called for
in results presentation and graphics to assist the engineer in assimilating such a large volume of
information.

We describe several current research efforts intended to address the problem areas identified with
theoretical models and software tools. More detailed descriptions of this work may be found
elsewhere in thd proceedings.22' 23' 26'27
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Abstract

One major impediment to computer aided design and simulation for transparency systems
is the lack of appropriate mathematical models for the most commonly used structural materials.
Acrylic and polycarbonate compounds exhibit both viscoelastic (rate-sensitive modulus) and
viscoplastic (rate-sensitive flow stress) behavior. Typically, such materials are analyzed using
elastic-plastic or linear viscoelastic models, which capture only selected features of the material
response. A related problem area is the uncertainty associated with the material test results for
moderate strain rates (10&-10 in/in/sec), at which uniform rates are not achievable in
conventional tests.

This paper describes our recent efforts to construct mathematical material models for
transparent structural materials. The objective of this work is to capture the essential features
of the nonlincai viscueiasiu-viscoplasuc material a . , m,,el ..t,,,- . h eA-1#"-ýs" in

finite element analysis methods. The paper outlines the theoretical basis of a general material
model formulated for use in transparency impact simulation, where nonlinear and rate-dependent
material behavior plays a central role in determining the structural response. Issues related to
test data reduction and experimental evaluation of the model parameters are discussed as well.

Introduction

Due to their high impact resistance glassy thermoplastics such as polycarbonate and
acrylic constitute the most commonly used materials for aircraft transparencies. The primary
reasons for their high impact resistance are high ductility, which allows structures made from
these materials to undergo large deformation before failure, and nonlinear -iscoelastic/viscoplastic
response, which allows the materials to transform a great deal of impact energy into heat or
internal energy.

The same nonlinear viscoelastic/viscoplastic behavior which gives these plastics good
impact resistance also makes prediction of their response very difficult. In general, the state of
stress and strain at any point in a structure is dependent on the temperature, pressure, and time
history of loading. The types of equations developed to model the stress-strain relations are

k, usually highly nonlinear and, hence, difficult to use for analyzing structures of non-simple shape.

The possibility of analyzing complex structures using constitutive theories which include
all of the key features observed in tests have been made possible by recent order of magnitude



increases in computational speed and by the development of explicit finite element analysis
(FEA) techniques. In explicit FEA, which is best suited for short duration dynamic or impact
problems, a stress wave is propagated across a mesh of discrete regions, or elements, which
represent the structure being analyzed. The time increment by which the solution can be
propagated is limited by the minimum time for a stress wave to traverse the smallest element in
the mesh. Thus, many thousands of time steps may be required to complete the problem.
Because the time increments are very short, stress and strain states change by only small amounts
within an individual increment. Fairly simple schemes may be employed to integrate nonlinear A
constitutive relations over each time increment, and one can use sophisticated constitutive models
without the computational cost becoming prohibitively large.

Currently, nonlinear viscoelastic and viscoplastic model exist which, based on results
presented in the literature, appear to encompass the types of material behavior observed in short
time duration events. However, very little research has been done in combining these theories
in a consistent manner to arrive at mathematical models which describe all of the phenomena of
interest Also, due to the complexity of the material response, those performing mechanical
property tests on plastics have generally taken a rather narrow view of constitutive models (such
as examining just viscoelasticity or just plasticity) and have not examined critically all of the
phenomena which occur simultaneously.

The objective of the research outlined in this paper is to combine recent theoretical
,e..lop...nts ;in iscoeoas-Icit- ••nd viscoelasticity wih infnrmtfinr collected from a var'etv of
mechanical tests to produce a correct mathematical model of the time dependent behavior of
some common plasti.. Accomplishment of this objective requires efforts in four areas. First,
existing specialized theorie.s must bce adapted to form a complete model capable of characterizing
the materials in both the elastic and plastic regimes. Second, mechanical tests sufficient for
characterizing the response of the materials over the range of conditions typical of bird impact
must be performed. Third, methods for identifying material model parameters from experimental
data using numerical optimization procedures must be developed. Finally, the ability of the
mathematical theory to represent the behavior of the specific polymers should be demonstrated
for hipact problems with practical applications. Accomplishments to date and planned efforts
are described below.

Material Model Development

For developing nonlinear viscoelastic/viscoplastic constitutive relations we are following
a methodology similar to that of Kitagawa, Mori, and Matsutani1 . This approach is to use an
existing elastic/viscoplastic law which does not use a yield criteria and replace the linear elastic
portion with a nonlinear viscoelastic relation. This approach was chosen for two reasons. First,
it appears to be much simpler for implementation and experimental validation than
viscoelastic/plastic constitutive relations which include a yield surface 2 3 . Second, and perhaps
more. importantly, this approach appeared to provide good agreement with experimental data for
glassy polymers.
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In this development we want to expand Kitagawa, Mori, and Matsutanis' work in three
areas. The goals for expanding this theory are: (1) include multiaxial deformation, (2) use a
theory which is suitable for reversed loading, and (3) use a general nonlinear viscoelasticity
theory which can model most of the pressure, rate, and strain effects observed in tests. Although
properties of the materials are also a strong function of temperature, the constitutive relations are
only being developed for isothermal conditions. One set of constitutive equations which should
meet these goals can be obtained using the viscoplasticity theory developed by Bodner and
Partom4' 5 and replacing the elastic portion with the nonlinear viscoelastic relations developed by
Knauss and EmriS,

Numerical simulations will be used to determine whether these equations meet the three
goals. If they do not, it may be necessary to use similar but more general viscoelasticity
relations, such as those developed by Shay and Caruthers 9, or more general viscoplasticity
relations, such as those developed by Stouffer and Bodnert ° or Bodnert 1

Regardless of which sets of viscoelasticity and viscoplasticity equations are used, we
characterize the Cauchy (true) stress oij and the strain ij as separable deviatoric (shear) and
dilatational (bulk) components.

ii -•jj÷p&j (1)

Furthermore, we assume that the deviatoric portion of the strain rate can be divided into
viscoelastic and viscoplastic components:

-ýVe (3)eij "= eij +3

and that the dilatational portion is defined only by viscoelastic relations. W th these assumptions,
we can evaluate the viscoelastic and viscoplastic contributions to the total stress and strain rate.

Emri-Knauss Viscoelastic Model based on Free Volume

The following equations identify the key relations used in defining the viscoelastic stress-
strain relations. The dilatational and deviatoric stresses are related to their respective strain
components by through relations similar to the integral relations of linear viscoelasticity:

t
p K~t'(t)_tI(•)].• (4)

0
t (5

"-iC =f G[t'(t)-t'(4)] (5)

0 e
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The bulk and shear relaxation moduli used in these relations are those typically used for linear
viscoelasticity:

N N -t/c,,

K() =K0 + E Koe (6)
n-1

N
G(t) = Go + E Gne-t/c, (7)

n=1

Nonlinea-ity is introduced into the relations through a reduced time relation which couples the
dilatational and deviatoric stresses. The reduced time is computed as"

I, d'" (8)

where the shift function is related to the free volume through Doolittle's relation:

log -- -(9)

Finally, the free volume is linearly related to the dilata" on:

fit) = fo + Ce(t) (10)

This model, or a similar procedure developed by Schapery12, have been shown to provide most
of the characteristics observed for glassy polymers undergoing monotonic loading 7'13"14. The
ability of these relations to model reversed loading conditions remains to be verified.

In these viscoelasticity equations, the stress components are derived from hereditary
integrals. That is, the computation of stresses at time t requires the strain history for the entire
intm--w, I0,t] It is possible, however, to recast these equations in a rate form15. This form

eliminates the need for storing strain components at each time increment of an analysis and
makes the relations suitable for use in an explicit finite element code.

For the preceding relations, the parameters which must be experimentally identified are:

Shear moduli G. (P• = 0, 1, 2, .. ,N)

Bulk moduli Kn (n = 0, 1, 2, .... N)
Relaxation times tn (n =1, 2,..., N)
Initial free volume f0
Doolittle constant b
Free volume coefficient C.

968



Bodner-Partom Viscoplasticity Model

The following equations identify the key relations used in defining the viscoplastic stress-
strain relations. In these equations, as in many plasticity relations, it is assumed that the plastic
portion of the deviatoric strain rate is proportional to the deviatoric stress:

The factor of proportionality is defined in terms of the second invariant of the deviatoric stress,
J2 and the "flow resistance," z:

0 Doe (12)

where J2 is:

(13)J 2 = 1/12"Oij~ij (3

The flow resistance is defined in terms of the first order evolution equation

2(t) = nZ 1 -Z(t))Wp (14)

where the rate of plastic work is given by:

Wp = Gija j (15)

It should be noted that in Equations 11 and 15 the total and deviatoric plastic strain rates are the
same since the dilatational component of plastic strain is assumed to be zero.

For the preceding viscoplasticity relations, the parameters which must be experimentally
identified are: D0 , n, m, Z_, and Z1. 70 is the initial value for the flow resistance z.

Mechanical Properties Testing

In order to develop appropriate material constants for any constitutive models, good data
from mechanical properties tests are needed. Although a large amount of data from mechanical
properties tests on glassy polymers is available in the literature, most of this data deals w.in only
a single indicator of behavior, such as yield or failure, from a single type of test, such as tension
or shear. In order to obtain complete descriptions of the behavior of a select group of polymers,
a variety of tests are being performed on coupons from a single formulation of each polymer.

For this effort, tests are being performed on three materials which are representative of
those used for aircraft transparencies. These are: Rhom & Hass Tuffak (MIL-P-83310)
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polycarbonate, Polycast P-84 (MIL-P-8184) cast acrylic, and Swedlow (MIL-P-25690) stretched
acrylic. All three materials were formed as 14-inch thick sheets. For purposes of describing the
characteristics that we wish to capture, only results of tests on the stretched acrylic are shown
in this paper. Results for the other materials follow similar trends, except cast acrylic has less
ductility and polycarbonate has less rate sensitivity.

In general, a majority of constitutive models attempt to represent the response observed
in a tensile test. Figure 1 illustrates some of the effects observed from nominal stress and strain
data (that is, loads and deformations normalized by initial dimensions) for tensile tests on glassy
polymers. As is the case with most materials, both the initial slope of the stress strain curve and
the stress at yield (which we can take for this discussion as the location of an initial maximum
of the nominal stress-strain curve) decrease with increasing temperature. These curves also
illustrate the effect called strain softening, which is the decrease in nominal stress which occurs
after yield for most glassy polymers.

Strain softening is generally accompanied by the formation of a "neck," or region of
reduced cross section, which travels along the length of the specimen. The formation of this
traveling neck can be predicted from the Considere' construction 16, which is shown in Figure 2.
If the tru,• stress ( that is, load normalized by the instantaneous cross section of the specimen as
the tests progresses) versus nominal strain curve has only one tangent point, as shown in Figure
2a, then a traveling neck will not occur. However, if the curve has two tangent points, Figure
2b, then a traveling neck can occur. Although Figure 2b shows a dui-asxt ii Ute stess -L wiLh
increasing strain, only the two tangent points are required to initiate a neck, and the true stress
may be monotonically increasing' -19. The presence of necking makes the determination of true
stress and strain significantly more complicated since, even for test as simple as uniaxial tension,
the stress and strain states are not constant over the length of a test specimen once necking
commences.

Figures 3 shows true stress and strain data for both tensile and compression tests at two
rates. This figure shows that, at a given temperature, the slope of the stress-strain curve is a
function of strain rate, strain, and loading direction. Other measurements have shown that a
tensile stress-strain curve for glassy polymers can also be strongly affected by application of a
hydrostatic pressure20 .

All of the preceding describe characteristics observed in monotonic loading tests.
Reversed loading tests show other types of nonlinear behavior. Figure 4 shows stress versus time
data from a series of tensile tests in which deformation was applied under strain control up to
a preset strain level, urdoaded back to zero and held at zero strain to allow relaxation to occur.
The curves show that, for tests in which the peak stress does not exceed the initial peak in the
nominal stress-strain curve, the stress relaxes to zero. This indicates that all of the deformation
for strains in this range can be characterized as nonlinearly viscoelastic with no plastic
deformation. For tests in which the stress does exceed the peak in the curve the .,tress does nut
relax to zero, indicating that plastic deformation begins near this apparent yield point.

In Figure 5 the stresses and strains shown in Figure 4 are plotted against one another.
The hysteresis curves show highly nonlinear recovery. Cyclic tests at strain levels above yield
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also show extremely nonlinear recovery21. The hysteresis shown in these curves indicates that
large amounts of energy are being converted to heat or internal energy by the material. This
energy conversion tends to rapidly damp out free vibrations of structures made with these
materials, such as the free vibration of a transparency after bird impact. Accurate modeling of
this nonlinear recovery is necessary for appropriately representing the response of transparencies
subject to impacts which do not cause plastic deformation.

Figure 6 shows isochronous curves based on the initial loading portion of the data shown
"in Figure 4. Each curve is created by taking corresponding values of stress and strain at a
specific time from a series of tests at different rates. A straight line on this plot indicates that
the material follows the relations of linear viscoelasticity. It can be seen from Figure 6 (and has
been observed from tests on a wide variety of glassy polymers22) that, for strains less than about
1%, the stress-strain trace can be approximated well by the relations of linear viscoelasticity.
However, cyclic loading tests with peak strains between 1% and yield deviate from linear
viscoelasticity rather rapidly.

In order to defime parameters for material models which adequately include all of the.
effects described in the preccding paragraphs, it will be necessary to perform a fairly wide variety
of tests. These types of tests can be classified in two general categories: "traditional" tests, which
have simple, well-defined stress states (at least, up to yield) and are commonly used to identify
properties of material, and "non-traditional" tests, which have less-well defined stress states or¶--.t! - t._. .~!- t. -- - .-.. .. -C..11.. Aa. na .k rarnn-, noo,,€,. a,., ,.,.,•.,4,ail i•ndn 'nrnnlavXIoad isoIes buL _t --- -"--

load situations. The "non-traditional" tests are required because "traditional" types of tests often
do not provide accurate representation of strain rate effects, and, in many cases, do not provide
predictable strain rates at all.

The "traditional" tests will include standard tensile and compression load-to-failure tests,
such as those for which data is shown in Figures 1 and 3, at strain rates up 200/second.
Unfortunately, some of the data measured by experimental stress-strain trace may not accurately
repisent the properties of the materials. The onset of plastic deformation may not always
coincide with the peak in the nominal stress-strain curve. Also, the measured changes in initial
slope of the stress-strain curve may be due to both changes in viscous response and elastic
stiffness.

In order to define the yield and post-yield behavior, cyclic load and unload tensile tests,
such as those shown in Figure 4, will be performed. Tensile specimens will be loaded to pre-set
strain levels and subsequently unloaded. The strain levels will be increased until permanent
deformation is measured at zero load (after sufficient time for creep to occur), indicating the
onset of plasticity.

In order to distinguish changes in viscous response from changes in elastic stiffness,
tensile tests with an oscillating strain will be performed. Specimens will be stretched or
compressed at a low rate to a nominal strain level and a small oscillating load will be applied.
The time lag between the applied load and the measured displacement will allow the
determination of the viscous response and the amplitude of the stress-strain trace will allow a
determination of the elastic stiffness. The tests will be performed at a variety of strain rates and
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strains in the range preceding the onset of plasticity. The properties measured in the oscillating
tests should validate those measured in the initial portion of the standard load-to-failure tests.

Since impacts of polymers usually generate strain rates on the order of 102 or 03 per-
second, tensile property data at strain rates up to 1000 per-second will be generated using a split 46

Hopkinson bar test. In this test a specimen is attached between two steel bars. The input bar
is impacted, sending a compressive wave through the input bar, specimen, and output bar. The
wave reflects off the end of the output bar, travels back through the output bar as a tensile wave Al
and into the specimen. The strains in the input and output bars are measured throughout the test
and used to compute the time history of deformation of the specimen.

The "traditional" tests described above have (up to the onset of plasticity) reasonably
simple load histories and stress states which can be analyzed to provide direct estimation of some
of the parameters required for any constitutive models. Since the goal of this research is to
establish constitutive relations which predict the response of materials under multiaxial stress
states, it will be necessary to perform some "non-traditional" tests (i.e. those which aren't
performed in any standard set of material characterization experiments). The non-traditional tests
will not be used to directly determine properties of the materials, but will form part of the
database from which "optimized" material model parameters are developed. Two types of tests
will fall into this category: tension-torsion and flatwise tension/compression.

Tension_,o,�,si,, tt, u-0j be performed on thin-walled cylinders of material. The
cylinders will be simultaneously stretched and twisted to produce a bi-axial state of stress.
Different combinations of stretching and twisting will allow a series of stress states to be applied
to the materials.

Flatwise tension/compression tests will be performed on coupons which are much larger
in the two lateral dimensions than they are thick. The coupons will be bonded between steel
plates and stretched or compressed. Mechanical response in these tests, which approximates a
state of plane strain, is dominated by the dilatational components of stress and strain. These tests
contrast with the standard tension and compression tests, where the response is dominated by the
deviatoric components of stress and strain.

Optimum Parameter Estimation

For selection of optimum parameteis, test simulation models will be deveioped for eacht
of the types of tests described in the preceding section. Parameter estimation will be performed
in two steps. First, trial-and-error will be used to define parameters which reasonably
approximate the results of the "traditional tests." Subsequently, a least squares error minimization
procedure will be used to minimize the total error betwee•n the predicted and measured responses
for both the "traditional" and "non-traditional" tests.

The least square error minimization process is outlined in Figure 7. Code for
implementing this process is currently being developed using the ADS optimization software23 .
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In this procedure each of the test simulation models is run sequentially, based on the initial
estimates of the material model parameters. Experimentally determined strains (or displacements)
as a function of time are used as inputs to the models. The predicted stresses (or loads) are used
to form an objective function which is defined as the weighted sum of the squares of the
differences between the predicted and measured stresses (loads) at a given time and strain.
Function minimization routines are used to minimize tie objective function by modifying some
or all of the material model parameters.

Although the approach described above appears relatively straightforward, there are some
key r ifficulties which must be overcome to make the procedure feasible. The nonlinear equations
make the possibility of multiple local minima of the error function highly likely. In fact,
attempts by this author to use least squares error minimization on the linear viscoelastic series
representations for moduli given in Equations 6 and 7 have shown that these functions alone
produce an objective function with multiple local minima. In order to overcome these
difficulties, it is anticipated that some of the parameters, such as the terms in the linear
viscoelastic representations, will be determined directly from the test data and held fixed during
the optimization process. Ihe remaining parameters will serve as variables for optimization. The
methods used in this research to resolve these problems should provide guidelines for obtaining
parameters for materials other than those evaluated here or for other nonlinear constitutive
relations.

Material Model Validation

Of course, developing new material models is only useful if the models do a better job
of representing structural response than currently-available models do. The ability of the
constitutive relations and parameters selected to model short duration events will be evaluated
using tests which have more complex stress states and/or loading histories than those used in
developing the parameters for the models. The constitutive relations will be implemented in the
explicit FE code X3D24 . Impact-type tests will be performed and compared to predictions made
wit. the LFE %,%^,Me. A" W'" U3" this " " 0 a on l .. th, t poynt hnd

test and the free-falling dart impact test.

Three-point bending tests will be performed at cross-head rates up to 12,000 inch/minute.
Both monotonic and cyclic loading tests will be performed. Loads and displacements will be
measured throughout the tests. Good agreement between predicted and experimentally observed
responses should provide confidence in the material model to match the modulus of the material
at various loading rates and strain levels.

The free-falling dart test is a standardized test used for determining the impact resistance
of plastic sheeting"5. The test uses a metal impactor with a hemispherical tip which is dropped
onto a flat sheet of plastic. Typically, this test is run as a pass-no pass test at a series of
increasing velocities for determining the energy required to fracture a particular material.
However, for ductile plastics impacted below the velocity which induces failure, a permanent
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indention forms. Good agreement between the predicted and experimentally observed post-test
shapes for a range of tests velocities should provide confidence in the material model to predict
yield and plastic deformation of the polymers evaluated for impact loading.

A -

Conclusions

Currently, nonlinear viscoelastic and viscoplastic models exist which, based on results
presented in the literature, appear to encompass the types of material behavior observed in short
time duration events. However, very little research has been done in combining these theories
in a consistent manner to arrive at mathematical models which describe all of the phenomena of
interest. The efforts currently underway will provide a general mathematical model of the
nonlinear time-history dependent stress-strain relations for thermoplastics in the glassy state. In
addition to advancing present analysis capabilites, this work will form a broad foundation for
further investigation of the response of thermoplastics at moderate and large strains. Many
related areas of analysis, such as long-term creep and stress relaxation, exist for which the results
of this work may serve as a suitable starting point.

A second important result of this work will be the development of guidelines for, and the
performance of, a set of tests for determining appropriate parameters for modeling the high-rate
response of specific polymers. Numerical experiments will be made to ctetermine the capabilities
of nonlinear optimization procedures for defining "optimum" parameters for the model based on
the test data. Although tests are being performed only on a few selected polymers, the guidelines
will be general enough that the same strategy can be applied to other materials.
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AbstracL

The Wright Laboratories effort to develop technology for direct forming of
aircraft transparencies has demonstrated that thick walled optical quality
transparencies can be injection molded utilizing low pressure, long cycle
processes. Complexity and cost of molds dictate that the molding process and inputs
to the mold design be generated analytically. Molded transparencies and molds
should not be built by trial and error.

Commercial-Off-The-Shelf (COTS) computer software is available for
simulating typical injection molding processes for thin walled parts. Major
differences exist between the direct forming process for transparencies and typical
injection molding. This paper addresses the application of one COTS simulation
package to direct forming of aircraft transparencies. Typical injection molding is
contrasted to expected cycles for molding aircraft transparencies. Modifications to
simulating software which may be necessary for simulating transparency molding
are highlighted. Utilization of molding simulation software as an integrated module
of the aircraft transparency Analytical Design Package (ADP) developed by Wright
Laboratories is also discussed.

Under the current Air Force effort to develop technology which permits
forming aircraft transparencies directly from molten bulk resin, injection molding
has been demonstrated as a direct forming process. This capability generates
potential improvements in life cycle cost and performance which is unprecedented
in the history of transparency design and manufacturing. A discussion addressing
these potentials and progress in demonstrating the new technology is included in
reference 1. Identifying and simulating major differences in the demonstrated -
injection molding process and "normal" injection molding are critical to the
success of this direct forming method.

The purpose of this paper is to introduce the analytical simulation of
injection molding, to illustrate how these simulations are being confirmed as a part
of the direct forming and frameless transparency technology development, and to
discuss known disparities in existing simulation and the specialized process needed
to produce aircraft transparencies.
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Since transparency design for high performance aircraft must consider
flight loads, impact resistance, and thermal environment, efficiency of design and
manufacture demands that analytical structural and thermal simulations be utilized

S4 to perform design iterations prior to investing in tooling and prototype fabrication.
Finite element analysis is common to analytical simulations for static loading,
impact loading, thermal exposure, and injection molding. Because a common
geometrical model can be shared by these simulations and because design iterations
are coupled, the development of an Analytical Design Package (ADP) which
integrates software packages has been added to the technologies currently being
demonstrated. The major goal of the effort to develop technology for directly
formed and frameless aircraft transparencies is the development and confirmation
of the ADP represented in Figure 1. C-mold, a Commercial-Off-The-Shelf Software
(COTS) package for simulation of injection molding is currently being integrated
into the ADP.

The approach to confirming the ADP includes exercising the ADP to produce
a directly formed frameless transparency design and the injection molding
parameters which dictate the design of an injection mold, fabricating the mold,
molding transparencies, testing these transparencies, and comparing test results to
transparency design objectives. When the ADP objectives and test results are in
agreement, the ADP can be applied to specific transparency requirements to
produce directly formed transparencies for use in the field.

The transparency currently being utilized for ADP confirmation is generic
in nature as opposed to a configuration for a specific flight vehicle. Tilis
transparency is referred to as the Confirmation Frameless Transparency (CFT) and
is described in reference 1. The CFT configuration (Figures 2 and 3) will be utilized
in illustrations which accompany the text of this paper.

Description of Injection M_ olding Simulators

Software for simulation of injection molding may be obtained in a package
for this purpose alone or integrated with Computer Aided Design (CAD) packages or
Computer Aided Engineering (CAE) packages which may include capabilities for
geometric design, structural design, and numeric machine control typical of
Computer Aided Manufacturing (CAM).

Injection molding software normally includes the capability for modeling
geometry of the molded part, a capability for creating a finite element mesh for
this geometry (see example in Figure 4) and routines for numeric solution of
governing equations for fluid flow and heat transfer from resin as it fills the mold
cavity, cools, and solidifies. Forms of finite element and finite difference methods
are used to obtain solutions for generalized flow of viscous, compressible molten

T resin under non-isothermal conditions with asymmetric thermal boundary
conditions. Calculations should be performed across the full thickness of the
molded part for generalized thermal conditions and generalized flow. Various
simplifying assumptions can be made when desired results are limited, or when
molded parts or process can be simplified. One approach is to conduct a series of
simulations with increasing analysis complexity and model refinement.

Successful simulation of injection molding is highly dependent on properties
of the material to be molded. Further the methods for obtaining material properties
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must be orchestrated with simulation modeling and analysis. A typical approach
for simulation vendors is to offer testing of resin to the users of their software.
Variations of thermal and rheological properties with temperature must be known
for successful molding simulation. Handbook material property values are not
generally considered adequate for rigorous simulation.

Typical Process and Cycle

Injection molding includes forcing molten resin into a relatively cool cavity, Al
holding the resin under pressure as it solidifies, and additional cooling to a
condition compatible with removal of the molded part. The mold is then closed and
the cycle repeated. Equipment required includes a method for melting and
injecting resin, a mold enclosing a cavity and a resin delivery path, and a method
for removing heat. Figure 5 is a schematic representation of a typical molding
system. Additionally, a clamping method for holding the mold together during
injection and permitting molded part removal is required.

Simplistically, the cycle can be characterized as having three stages: Filling,

post filling, and mold open. Figure 6 shows these sequential stages.

Filling-

Filling is initiated when the mold is closed. A hydraulically driven
displacement controlled ram (generally, the screw for masticating resin as it is
melted also serves as the ram) forces resin injection. The filling stage is complete
when the cavity is filled and ram motion has essentially stopped. Often, stopping
the ram just before the cavity is completely filled is necessary to offset the effects
of inertia and to prevent a very high momentary pressure which would result as
the cavity is completely filled.

EaxtLFill'

After the cavity is filled, pressure (typically less than the maximum
injection pressure) is maintained on the molten resin by the ram. As polymeric
resin cools to solidification, resin volume decreases generating the need for entry
of additional resin into the cavity. This phase in the post filling stage is referred to
as packing.

When all of the resin in the cavity has solidified, the ram can be retracted,
relieving pressure. During the remainder of the post filling stage, heat is removed
until the temperature of the molded part has dropped to a level which insures
stability of the molded part after removal from the mold.

During this stage the mold is prepared for the next cycle. In simple cycles
this may reflect the only time required for the mold clamping hardware to effect
closing of the mold. When inserts are required in the molded part, they are placed
in the mold at this time. In typical injection molding, part removal temperature is
essentially equal to the mold temperature during filling so heating or cooling of
the mold is not required during this stage.

Macroscopic Flow and Cooling Considerations
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As the molten resin fills the mold cavity, a flow front with meniscus like
cross sectional shape is formed (see Figure 7). When the resin contacts the cool
(relative to melt temperatures) cavity wall a thin solidified skin is immediately

4 formed. As the flow front progresses, the thickness of solidified resin previously
formed thickens at a rate which depends on the rate of removal of heat from the
resin and the volumetric flow of the new melt. This concept points out several very
important situations:

As frozen resin at the walls thickens, flow cross section area decreases,
and higher pressure is required to maintain flow. This effect is
prominent in molding of thin walled parts. At some pressure level the
clamp holding the mold together will be defeated and the part will flash
with resin extruding outside the cavity and compromising process
control.

Ram displacement control must be programmed to maintain volumetric
flow to adequately fill the cavity while preventing excessive friction
heating which will occur if the flow area is excessively reduced due to
the thickness of frozen resin at mold walls. At some temperature level
the resin will be degraded.

After filling, resin volume decreases as the resin cools, , requiring more
resin to enter the cavity. This resin must flow through cavity walls
near the gate where frozen skin has been building in thickness since

due to cooling cannot be met, the frozen skin will pull away from the
mold wall to offset volume decreases. A surface defect in the molded
part known as "sink" will result.

Remedies for these concerns can be applied. Design of the molded part and the
mold can prevent the need for filling large volumes through smaller volumes,
multiple gating arrangements can shorten the length of injection paths, or the
mold could be differentially heated. Predicting these situations and application of
effective remedies can be part of the design stages If simulation is used.

C-Mold. an T1ijction M Sldin Simulation Packrago

The software currently being considered by WL/FIVR in the development of
direct forming technology and specifically for ADP integration is a COTS package
available from AC Technology, Inc., Ithaca New York (reference 3). This package is
well developed for conventional injection molding of thin walled parts. C-Mold
contains three simulation programs: C-Flow, C-Pack, and C-Cool.

C-Flow addresses only the mold filling. This analysis considers generalized
incompressible flow of a viscous polymeric melt under non-isothermal conditions.
Thermal boundaries are assumed to be symmetrical. The analysis seeks numerical
solution for pressure and temperature fields and tracks moving melt fronts.

Potential problems related to filling the mold can be studied with minimal
input from the user. Short shots, weld lines, and air traps can be discovered.
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Optimum process conditions including melt temperature and filling time can be
developed. A WL/FIVR study comparing shapes of intentional short shots and
predicted flow front shape and position confirmed the validity of this type of
modeling and analysis for predicting flow front junctures (weld lines) and air traps
in sub scale panels with thickened edges. Figure 8 illustrates C-Flow indication of
an air trap near the center of the CFT aft arch when latch inserts are not modeled.
This air trap is not indicated (Figure 9) in C-Flow simulations of the CFT when latch
inserts are included in the thickened sills. Flow front contours in Figure 9 also
indicate the effects of inse, ts on flow front velocity in thickened sills.

A simplified version of filling simulation is included in C-Mold as C-Flow EZ.
This simulation requires minimal user input and computer time. The geometric
model and finite element mesh can be checked out and a profile for controlling ram
speed is suggested.

C-Pack

C-Pack simulates the entire molding process including fluid flow and heat
transfer within the polymer as it fills the cavity, solidifies during the packing
process, and cools to a temperature suitable for part removal from the mold. Mold
wall temperature is not varied during the C-Pack analysis. If a C-Cool analysis has
preceded the C-Pack simulation, a temperature distribution over the mold is used. If
no C-Cool distribution is available, C-Pack uses an average mold wall temperature
value based on temperatures in cooling channels if channels are included in the
finite element model. If channels are not modeled, an average temperature value
based on coolant manifolds is used.

C-Pack can be utilized to improve the current mold design, optimize packing
pressure profile and duration, determine overall part weight, and verify flow
orientation.

As an example of C-Pack output, Figure 10 shows temperature variation
through the thickness of CFIT nodes at 1040 seconds into the cycle time. A much
higher temperature exists at the center of the 2 inch thick aft arch than at nodes in
the optical area where the thickness is .75 inches. Also it is obvious that the
pack/hold pressure should not be remuved at Utis tite since the aft arch has not
cooled significantly.

C-Cool

Based on a cooling channel network which can be geometrically modeled
utilizing C-Mold software and techniques, a program for obtaining flow rate and
pressure drop in each cooling channel element runs as a part of C-Cool. Using the
flow rates, C-Cool calculates the heat transfer coefficients for heat exchange
between the mold and the coolant. In addition to this heat transfer, heat transfer
within the polymer melt and heat transfer within the mold material is considered.
The analysis matches the temperature and heat flux at the mold/melt interface.
Direct output includes mold wall temperature and heat flux distributions, polymer
bulk temperature, and heat load from the molded part. Heat removed by each
channel is predicted and can be used to size pumps and temperature controllers.
Uneven cooling when comparing cavity and core walls can be identified.
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When C-Cool is run prior to C-Pack, a file is generated which permits C-Pack
to utilize a more realistic temperature distribution at mold walls. Without the C-Cool
result, C-Pack will reflect the same average temperature on cavity and core walls.
With this improvement in thermal boundary condition, improved C-Pack simulation

4• can be expected.

Figure 11 shows the CFT C-Mold model including cooling channels and a
distribution of mold wall temperature during the filling.

Elf M11a di

Efforts are currentl3 underway to develop a molding process for directly
formed frameless transparencies at Envirotech Molded Products, Salt Lake City UT.
A more detailed discussion of this effort is included in reference 1. For this
development a unique mold and Heating-Cooling (H-C) system have been prepared
and installed at the Envirotech facility. Some of the mold and H-C features which
may impact the simulation of injection molding for aircraft transparencies will be
discussed here.

The CFT Is a large molded part, but is not unprecedented in size. Envirotech
has extensive experience in molding items which are much larger (reference 2).
Relative to many large injection molded parts the CFT is very simple, requiring no
complicated ribs, bosses, sharp corners or flanged openings. Figures 12 and 13 are
photographs of the CFT mold cavity and core. The combination of requirements for
transparency, impact resisLance and waII tLiAk[itess W•i•hL vriie ,lu,' LL-c.K (.75
inches) to very thick (2.25 inches) makes molding the CFT a unique challenge. A
collapsing core has been incorporated into the mold for demonstrating the
capability to mold large objects which would "wrap around" or trap a one piece
core.

The first 80 shots at Envirotech will be made to develop molding process. The
starting point for these shots will reflect the process developed during the molding
of about 500 flat and conical panels which were sub scale, but incorporated most of
the CFT features and requirements. Based on this experience, expected successful
process parameters for CFT molding are as follows:

Melt temperature 560 deg F (normal for polycarbonate)

Mold temp during fill 300 deg F (avg for 8 zones, unusually high)

Injection pressure 1000 psi (tow for simulating software)

Total time for resin at melt temp 45 minutes (unusually long)

* Filling time 60 seconds (long for simulating software)

Pack/hold pressure & cooling 50 minutes (long for simulating software)

Mold open time 10 minutes (long for simuilating software)

The H-C system developed for the CFT (and anticipated subsequent
transparency molding) has the capability for independently heating and cooling
eight mold zones. This is accomplished by maintaining two constantly flowing oil
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circuits. The hot oil circuit can be maintained at a maximum of 500 deg F and the
cold oil circuit can be kept at a temperature as low as 37 deg F. Set temperatures and
temperature ramps are achieved for each mold zone by a feed back control system
which, based on temperatures sensed in input lines to each zone, cycles a controller
which controls flow rate and alternates flow from the hot or cold circuit to achieve
the desired temperature set values at programmed times. As many as eight
temperature ramps can be programmed for each of the eight mold zones during the

molding cycle.

As a simulation system C-Mold has the capability to model independent zones
(manifolded coolant channels) in the mold, but the temperature and flow rate of
coolant is constant for the cycle and the temperature is not normally greater than
the temperature for opening the mold. Normally simulated systems are for cooling
(removing the heat brought to the mold by the molten resin).

Low injection pressure anticipated for the CFT molding cycle is representative
of the 750 psi pressure used to mold the sub scale panels. Pressures ten to twenty
times these values are utilized in most injection molding and the simulation
routines are written for that magnitude. In C-mold, 1,000 psi and the resulting
filling times are considered beyond "reasonable" limits. Low injection pressure
results in several advantages for transparency molding. It is suspected that long
time intervals at melt temperatures can be better tolerated by the resin if the resin

is not subjected to shear and friction associated with being forced through small
gates and between thinly spaced mold walls at high velocity. Transparencics are
thick walled and are relatively simple shapes with a minimum of corners or other
restrictions to the flow of resin. A major driver for conventional injection molding
is high production rate which dictates high pressure and short cycdes. At present,
the motivation to make more than one transparency per hour is not great.

Because the wall thickness of the typical aircraft transparency is thick
compared to typical injection molded parts, the effect of the thickness of frozen
resin at the mold wall has minimal effect on the resin passing through during the

mold filling when these velocities are highest. Mold zoning and the capability for

programmed changes in heating and cooling during the molding cycle are
expected to permit filling of thick sections at the end of long injection paths and to
enhance resin flow to these areas during packing thereby minimizing sink. Also,
to promote filling and surface quality, zones near the gate may need to be heated to
temperatures greater than the mold open temperature which is normal for
simulated injection molding. The H-C system developed for transparency molding
will be utilized to accomplish this during the mold open phases of each cycle.

The current simulation of flow front and associated benefits is expected to be
applicable to the injection molding of transparencies. Utilizing present programs
for simulations strongly related to low injection pressures and changes in the
temperature of coolant during the molding cycle will probably require changes to
the software or changes in the methods for modeling the molded parts, molds, and
systems for thermal control,

The CFT mold has been fitted with 33 thermocouples and 8 pressure transducers
which are monitored continuously through each molding cycle. Molding
personnel may scan current values or view time histories of these data during the
molding cycle. Data from these sensors can be utilized singly or in arrays to adjust
subsequent cycles or to assess causes for molded transparency defects arid the
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effects of cycle changes on the quality and performance of molded parts. The
effectiveness of simulation will also be assessed utilizing this data.

4
1. Simulation of injection molding as the direct forming process for aircraft
transparencies permits identification and correction of problems related to
transparency design, mold design and process parameters during transparency
design. This prevents the need for costly post fabrication modification of molds
and other molding hardware. Simulation capability is critical to the success of
injection molding of aircraft transparencies.

2. Commercial-Off-the-Shelf simulation packages are currently capable of
simulating the filling phase of anticipated aircraft transparency injection
molding cycles.

3. Successful simulation of packing and cooling phases of anticipated aircraft
transparency Injection molding cycles have not been demonstrated.
Modifications to existing software to obtain useful simulation of these phases is
believed to be necessary.

Recommendations

1. Utilize currently available mold, heating-cooling system, and
instrumentation to get experience in molding CFT full scale frameless
transparency (this molding is currently being conducted).

2. Augment current molding efforts with simulations arid study simulation and
actual molding results to identify disparities between simulation and molding.

3. Involve vendors of simulation software packages in the resolution of
mismatches in current simulation programs and the process which is being
developed for directly formed aircraft transparencies.

4. Customize, if necessary, at least one simulating software package for
maximum effectiveness in simulating injection molding of aircraft
transparencies. This customization should reflect molding experience gained
during current molding efforts to develop molding process.

1. Pinnell, W. R., "Development of Directly Formed and Frameless Aircraft
Transparency Technology, an Overview," to be published with the proceedings
form A Conference on Aerospace Transparent Materials and Enclosures, San Diego
CA, 9 - 13 August 1993.

2. Mills, C., and Pinnell, W. R., "Injection Molding as a Direct Forming Method
for Aircraft Transparencies," to be published with the proceedings form A
Conference on Aerospace Transparent Materials and Enclosures, San Diego CA, 9 -
13 August 1993.

3. -, "C-Mold v3.2 Reference Manual and Users Guides," Advanced CAE
Technology, Inc., January 1993
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ANALYTIC i, DESiGN PACKAGE - ADP2
A COMPUTER AIDED ENGINEERING TOOL
FOR AIRCRAFT TRANSPARENCY DESIGN

I
J.E. Wuerer, PDA Engineering

M. Gran, Wright Laboratory
T.W. Held, University of Dayton

ABSTRACT

The Analytical Design Pr&Kage isb d part of

the Air Force Frameless Transparency Program (FTP). ADP2 is an integrated design
tool consisting of existing analysis codes and Computer Aided Engineering (CAE)
software. The objective of the ADP2 is to develop and confirm an integrated design
methodology for frameless transparencies, related aircraft interfaces, and their
corresponding tooling. The application of this methodology will generate high
confidence for achieving a qualified part prior to mold fabrication.

ADP2 is a customized integration of analysis codes, CAE software and
.atetial databases. rlhe primary CAE integration tool for the ADP2 is P3/PATRAN,

a commercial-off-the-shelf (COTS) software tool. The open architecture of
P3/PATRAN allows customized installations with different application modules for
spec.fic site requireinents. ltrgration of material databases allows the engineer to
select a material atd those material properties are automatically called into the
relevant analysis code. "The ADP2 materials database will be composed of four
inntependent schemas: CAE Design, Processing, Testing and Logistics Support.

The design of ADP2 places major emphasis on the seamless integrtion of
CAE -,nd analysis nc.'ules with a siagle intuitive graphical interface. This tool is
being designed to ser,,e and be used by an entire project team, i.e., analysts,
designers, materials expcrts and managers. Rte final version of the software will be
delivered to the Air Force in JTnuary, 19S4. The Analytical Design Package (ADP2)
will then be ready fcr transfer to industry. The package will be capable of a wide
range of design and manufacturing applications.
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1 INTRODUCTION

ADP2 is an integrated design tool consisting of existing analysis codes and
Computer Aided Enginering (CAE) software. The objective of the ADP2 effort is to
develop and confirm an integrated design methodology for frameless aircraft 0
transparencies. ADP2 analysis capabilities include: aerodynamic heating, transient
thermal response, static and dynamic structure response, optical ray trace, injection
molding process simulation, and an aircraft transparency related material properties 4t

modeling and databank system. The design process is to be iterative and capable of
producing frameless transparency designs, information needed for the design of
integral aircraft interfaces, and information needed to support the design of
injection molding tooling and the specification of molding process parameters for
specific materials.

ADP2 is a second generation analysis system.. The initial ADP development
was initiated in 1989, References 1, 2 and 3. Since the inception of the original ADP,
significant developments in both CAE and design support software relevant to
aircraft transparency design have evolved. In addition, certain current design
requirements, e.g., optics analysis and material properties modeling, were not
addressed in the original ADP. Finally, significant advances in computing hardware
have occurred making it possible to perform the required computations on
wo... t , ion system•• eems as opposed to mainframe platforms.

Recent developments in CAE design tools have introduced the ability to
integrate special purpose and commercial-off-the-shelf (COTS) software in a user
friendly (intuitive/interactive) envi-onment. That is, to have a single user interface
serve the primary analysis functions, specifically:

1. Modeling

- Geometric Modeling (constru,.tion and modification)

- CAD and IGES File Import

- Graphics Manipulation

- Meshing

- Loads and Boundary Conditi-ons Specifict'on

2. Materials Data Management £

-- Analysis Code Properties Input

- Test Data Processing and Reduci ion ,

3. Analysis Module and Module Parametei Specification
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4. Results Evaluation

The design of ADP2 places major emphasis on the seamless integration of CAE and
analysis modules with a single intuitive graphical user interface.

2 ADP2 SCOPE

The principal objective of the ADP2 end product is to provide an integrated
CAE tool to support the design of frameless (injection molded) aircraft
transparencies. This tool is being designed to serve and be used by the entire project
team, i.e., analysts, designers, materials experts, and managers. Emphasis is being
placed on ease of use with the need for the user to learn only one common graphical
user interface.

The ADP2 design places emphasis on the use of standardized methods for
electronic communication of data to support the CAE process. Specific examples
include: (1) the ability to import CAD and/or IGES files to simplify geometry model
development, (2) the ability to store, process and import materials property data to
support the design process, and (3) to allow users (including users at different sites)
to share analysis results.

Finally, the ADP2 design addresses the issue of cost effectiveness. Where
possible, commercial o.1-ne-htell St,\ wale J Spec:,A. 7"-,;,. .....

alleviates the need for the software owner to support and upgrade the software
system as relevant new developments and improvements emerge. In addition,
(COTS software portability is generally maintained for common engineering wAork
station platforms. Cost effectiveness is also addressed through ease of use and
enhanced design team communication. For example, the design team will have the
ability to review analysis results from the perspective of their individual needs. Ease
of use will allow all members of the design team to communicate through direct use
of the ADP2 to support their individual roles.

The specified analysis module requirements for the ADP2 are listed in Table
1, (note the ADP2 column). A comparison of the original ADP and ADP2 analysis
module set is shown. It can be seen that the specified upgrades are extensive. In
fact, none of the original ADP modules are planned for the ADP2 end product. This
is the result of several major developments since the original ADP was defined
some four years ago. It is planned that ADP2 will be configured so as to eventually
allow the evolution of an ADP based on commercial-off-the-shelf (COTS) software.

k "This potential evolution is indicated as ADP/COTS in Table 1. Although
,ADP/COTS is not a development target for the iresent program, it is, however, an
important planning issue for ADP supportability and has a direct impact on the
ADP2 architecture.

Table I ADP Development Phases
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MODULE FUNCTION ADP ADP2 ADP/COTS
Design Process Managee, IRIS 4-SIGHT P3/PATRAiN P3/PATRAN
Graphical User Interface, . --
and Project Manager __

Modeling/P,:,;t-Processing PATRAN 2.4 P3/PATRAN P3/PATRAN
CAD Interface IGES File P3/UNIGRAPHICS P3/UNIGRAPHICS

P3/IGES P3/IGES
Aeroheating Envirornent STAHET STAHET I1 P3/CPD
Thermal Response TAP TAP II P3/THERMAL
Structural Analysis MAGNA P3/FEA P3/FEA
Birdstrike Analysis MACNGA X3D ABAQUS EXPLICIT
Optical Raytrace NONE OPTRAN CODE V
Injection Molding C-MOLD 1.5 C-MOLD 3.2 C-MOLD 3.2
Materials Properties and FTPMAT M/VISION M/VISION
Prccess Data Management Sys. P3/MATL. SELECTOR P3/MALkTL. SELECTOR
Results Animation NONE I P3/ANIMATION P3/ANIMATION

The primary CAE integration tool for ADP2 and ADP/COTS is P3/PATRAN.
The open architecture of P3/PATRAN provides the option to use several solver
modules other than the baseline modules indicated in Table 1. A listing of
alternative solvers which are commercially integrated with P3/PATRAN are listed
in Table 2. This flexibility of P3/PATRAN will expand the opportunity for ADP2

-.. _ Or rJ. , 'L i %.".-- I, .... J S L u' f L- fav17orite j ,oles

Table 2 Application Modules Commercially Integrated With P3/PATRAN

MODULE FUNCTION MODULE TRADE NAME

CAD INTERFACE UNIGRAPHICS
CADDS 5
CATIA
Pro/ENGINEER
EUCLID-1S
IGES
PDES/STEP

THERMAL RESPONSE P3/THERMAL
SINDA
P3/ADVANCED FEA
ABAQUS

STRUCTURAL ANALYSIS ABAQUS
ANSYS 0
MARC
MSC/NASTRAN
P3/?EA
P3/ADVANCED FEA
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ADP2 is initially being developed for the Silicon Graphics (SGI) Iris
workstation which has a UNIX (IRIX 4.0.5) operating system. A development goal is
to have the end product portable to common UNIX based engineering workstations.
The specific development work station is an SGI IRIS CRIMSON / ELAN with 64
megabyte main memory, a 50 megahertz (MiPS R4000) processor, and a 3.8 gigabyte
capacity system disk.

The overall architecture of the planned ADP2 end product is shown in Figure
1. The primary CAE integration element of ADP2, P3/PATRAN, provides the basic
framework for the executive control to implement application module integration,
preprocessing (modeling) capability and post-processing (results display) capability.
The basic capability of P3/PATRAN is extended by the ADP2 customization,
indicated by the shaded area in Figure 1.

3 ADP2 INTEGRATION

What does the ADP2 Customization consist of? This is a question that many
ADP2 users have asked. Comments have been made to the effect that one is not
able to determine where P3/PATRAN ends and ADP2 begins. The reason for this is
actually one of the advantages of using the customization features of the all new
P3/PATRAN as the core of ADP2. Enhancements made to P3/PATRAN via th 2 use
of the COTS supported PATRAN Comm nd Language (PCL) tool kit makes all
added functionality seamless. In other wo ds, the enhancements actually appear to
be a part of P3,'PATRAN.

3.1 ADP2 System

The ADP2 system includes several specified commercial and non-commercial
software application modules which support the design and manufacturing process.
These sottware products are then integrated with castom software to simplify the
work of the engineering analyst.

Specifically, the software modules specified for ADP2 were listed in Table 1.
ADP2 System functionally consists of two major parts: the Project Manager and the
Application Interfaces. The Project Manager manages all data which the engineer
creates and accesses. It also manages the process flow between P3/PATRAN and the
various simulation tools. The Application Interfaces integrate the specific
simulation tools with P3/PATRAN. The overall architecture of the system was
shown in Figure 1.
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3.2 Project Manager

The Project Manager is responsible for all items that relate to Project
Management and Process Flow. Under most instances, the user will no longer need
to keep track of his files. All data within ADP2 is referenced with respect to a specific
project or task. The user simply selects the task or project that he is interested in and
begins modeling or analyzing. ADP2 will even keep track of where the user was
during his last visit to ADP2 and place him at the same task the next time he visits
ADP2.

The Project Manager also ensures that the analysis tool requested by the user
will be used on the model associated with the specified task. The Project Manager
actually informs P3/PATRAN of which analysis tool is to be used with a specific
model. So, when the engineer specifies that he would like to perform an analysis,
P3/PATRAN will know exactly which analysis to perform.

Another feature of ADP2 is the ability for engineers to share data. An
engineer can easily copy data from one project to another. He can also copy data
from the outside world (data existing outside of the ADP2 system) into the ADP2
Project Management System.

3.3 Application Interface

The Application Interface consists of all analysis tools as well as their forward
and reverse translators to P3/PATRAN. It also consists of the graphical forms
interface with which the user interacts with to specify what it is that he would like
to do with a specific analysis tool.

For instance, take the case of the application interface for the birdstrike
analysis module, X3D. Once the Project IVIanager has handed the mod.,el to
P3/PATRAN, the user can use P3/PATRAN to improve upon the model. When
the user is ready for analysis, he selects "Analysis" on the menu bar and the X3D
graphical forms are displayed to assist the user in specifying the parameters for the
type of simulation he would like X3D to perform. These forms are part of the
custom code developed for the Application Interface of ADP2. When the user is
satisfied with the model and parameters that he has specified, he will "Apply" these
parameters and begin the simulation task. In the case of X3D, The model and
parameters are automatically input into the forward translator. This translator
converts the data into the format required by X3D. This translator is also a part of
the custom code deveioped for the Application Interface of ADP2. After the model '9 4,

and parameters have been translated, X3D is autowiatically submitted as a
background job. Once the X3D job has completed, the results can be imported back
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into the PATRAN 3 model by use of the reverse translator, another piece of the
custom code developed for the Application Interface of ADP2.

,4

4 ADP2 APPLICATION MODULES

There are a total of nine primary modules integrated into the ADP2 analysis
tool. An overview of the functionality embedded in each of these modules follows.

4.1 P3/PATRAN

P3/PATRAN is an advanced computer aided engineering (CAE) integration
tool introduced by PDA Engineering, Costa Mesa, CA, in June of 1992, Reference 4.
P3/PATRAN tool has an open architecture which provides several important
capabilities. These include:

1. direct software links to leading CAD systems,

2. direct software links to analysis software programs, both leading
commercial and user developed programs,

3. pre- and post-processing capabilities to allow geometry and FEM
development, as well as analysis results display,

4. an integrated subset of the materials selection capability from PDA's
M/VISION family of products, and

5. a fully integrated set of P3/PAT1t \ N analysis modules for performing
structural, theiinal, computational fluid dynamic, fatigue, and other
types of mechanical analyses.

P3/PATRAN has a user friendly "mouse activated" window environment
graphical user interface (GUi) which provides execution of the analysis system
without the need to remember a particular command syntax. The open system
aichitecture and GUI provide the basic capability to build a user friendly executive
control capability for ADP2.

4 P3/PATRAN has been specified for ADP2 primarily for its capability as a CAE
system integration tool. However, there are several analysis modules that are fully
developed and completely integrated with P3/PATRAN. These analysis modules
inclade:

1 'P3/FEA for comprehensive finite element analysis,
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2. P3/ADVANCED FEA which is a nion-linear module de-, eloped jointly

with 1-IKS based on.ABAQUS analysis technology,

3. P3/FATIGUE for durability analysis,

4. P3/CFD is a state-of-the-art computation fluid dynamics module for
w~orkstations,

5. P3/T.HERMAL is a state-of-the-art finite element based thermal analysis,
and

6. P3/ANIMIATION is an advanced, state-of-the.-art animation capability
co-developed with Intelligent Light.

All of the above modules have specific relevance to the requirements of the ADP.
However, the initial development plan includes only t-wo modules. Thesýe are
P3/PEA which is reviewed in Section 4.5 and P3/ANI-MATION which is reviewed
in Section 4.7.

4.2 M/VISION
M/VISION is a PDA Engineering miaterials software system. which provide0-

for data visualization, selectioni and ini-graitivii, 1xel:ICILLU -,. MV 'VISIO-N uI centralized relational databases organiZed to reflect the classes of materia's
in~ormatio-, needed in, the des.gt.-to-nmanufacturing process:

1. TMlteriaI7 Material source and das-gnations, as vvell a-- extemlacon to
account for the multiplt so-irce.. as,3ociatedl with composite materials.

2. Specimen. Detailed iniori.iation a' -out the spec:imens ilicluding
comj. 'sitiofl and proceýsimg sp-_cificsý

3. Envirinment: Specilik iti'urifia i )it abuvt Ca

ihclhiding temperaturer and hurnilifty as welt as statistics eand q :alin/.

materials including extension.. tc a--count fýor anisotrop Curves and
rasteriZed imnages arý represýentifd as well.

M/,ViSION provides a very sign-ifican-t upgrade for .. mi'sna-:eriahl dotabas'e
managemnent functio~aaity, cornpi.recd to that, in~ the original kL P. Details of th~e rule
of M/IVYSlON in the ADP.') desigi, methoduogoc are presei ec in Lheeleik' -e 6. The
following partial list suinrarizes se:veraj pr~~tinen-. fea aiis provideý' by the
M/'l. )IiON COTS product:
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1. Complete graphical user interface (GUI) that provides visualization of all
materials database functions.

S2. Customization of database schema; i.e., attribute list, relationships, etc.
Easy to expand database to include more properties and more property
types.

3. Units easily changed to SI or any user defined system.

4. Metadata and footnotes provided with data values that enable inclusion
of material source, specimen conditions, test environment, test
anomalies, etc.

5. Data can be stored and manipulated using an extensive spreadsheet
functionality.

6. Database queries using engineering terminology to define search
conditions.

7. Full-featured manipulation and storage of tables, graphics, and CAT scan
images.

8. Strict adherence to governiment and industry standards.
Q _ - 1

9. Provides data importing and exporting features using the following
exchange protocols:

- IGES
- PDES/STEP
- PATRAN Neutral File
- ASCII Text Spreadsheet Files

10. M/VISION databases can be accessed directly or queried using the new P3
""ater;als sel ector" functio,_jaljty 1,via G13i form driven features).

As a powerful stand-alone, product, M/VISION can be utilized in a variety of
ways, within the design-to-manufactu'ing process. Generally, throughout the
design process, engineers do not have a central on.-line source and electronic access
to high quality materials information required for analytical design assessment
simulations. Often the materials information that is available is missing critical

4 property values requiring further testing or analytical material synithesis. Therefore,
M/VISION's role could be two-fold. As a central source for database management,
M/VISION could serve to create, update, and stoic al?. the available materials
information pertinent to the transparency design community. Ii this role,
M/VISION would be executed and maintined by a Mat.rials and Pr,.cesses gioup(s)
for the overall design-to-manufacturing process. Materials data, needed by aes.gn
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simulation modules, would be accessed using one of the various transfer protocols

listed above.

4.3 571A1-ETI11

STAHET II performs the comnputations which predict the aerodynamic
heating history to the transparency system for a specific aircraft configtiration and
miss-ion profile. The resuits of thest computations are then used as input boundary
conditions to the transient heatint- analysis (TAP II) for the detailed transparency
Model, as discussed in Section ;L 4.

The STA--'.ET II arid TAP II coc~es are embed.ded in the STAPAT 11 (Specific
Thermal Analyzer Code for Air :ra 't Trar.:pareiicies) development. STAPAT 11,
rather than a sirLgle computer prug- .am, is act-,ýlly an analysis methodology
incorporating a set of compute: codes. There a-re 5 major elements of this
methodology, specifically:

1. develop the forebody mc. del..

2. compute the ae: oheatin- over tlae transparency surface using the
STAHETI comp -ite-. code and these mr.-dels (3TAHET"),

3. develop the trarnsp-eyervcfini~tet eaeme - t moca.A- (STADLD.,

4. compute trne tr-ansier.t, threv dimensional transparency system
temperaturcs us..ng the TAP cor_ýputer codt- and the finite element
model (ThJ'j, and

5. display the models and results u-Ing the STAPLT com~puter code

(STAPLI).

Details of the above rnethjdAlogy are reported in F.-ferences 7, 8, and 9.

The above methodc 1.,og)y has several irL ;onsistencie& with the ADP2
architecture, specificallN 7 with respect to Item 1, forebudy model; Item 2, transparency
finite elemerLt model; and Item 5, display models ana results. In ADP2, all of these
tasks are handler, by P$/PATRAN. In addition STAPAT II was specifically
developed fo'- the DEC VAX/VMS computer systerns. For ALIP2, both STAHET 11
and TAP II have been ported to UNIX based platforms.

STAHE'l L represents a signirr;.cant upgrade to the STAI-ET code which is
ernbedd.!6 in the fiist gei -ttion of ADP (Reference 3). The ground rules for
developin& the code wen- that STAI-LET II must. (1) be user friendly and non-
propirieta;y, (2) provide accurate trar~sparency teil-4peratures without excessive
computing' resources; (3) use existing nA-_thodologieý, to piedict hfeating rates arid
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temperatures; and (4) retain or improve all original STAHET capabilities, Reference
7.

The general capabilities of the STAHET II code are summarized in Table 3.
Details of the indicated capabilities, their assumptions and limitations, and their
implementation are presented in References 8 and 9.

Table 3 General Capabilities of STAHET and STAHET II

STAHET STAHET II IMPROVEMENTS

Two Streamline Tracing Methods * Simplified Streamline Tracing Techniques
* Modified Newtonian Pressure Calculation Selected as Default

SLaminar and Turbulent Heating Correlations - User Input of Streamline Starting Angles
SBoundary Layer Transition Options Added

* Wall Temperature Effect Modeling * Four Shadow Region Pressure Prediction
% Mission I roiile (Mach and Altitude) Input Tcchniques Added

for 3-D Geometries - Wall Temperature Effect Modeling
a 2-D Wind Tnunnel Modeling Improved
e Stanidard Day, Hot Day, Cold Day a 3-D Wind Tunnel Model Capability Added

Atmospheres * Extension to Hypersonic Flow
* Ideal Gas Air Model

I .__ __ _ __._ __ _ __ _ __ _ _ I

The integration of STAHET 11 ivrt, the ADP2 product is limited to those
capabilities relevant to current tactical and stldtegic aircraft. Capabilities relevant to
hypersonic vehicle applications, i.e., Mach Number greater than about 4 and
altitude greater than 100,000 feet, exist in the basic STAHET II code. The
implementation of this capability would require an extension of the ADP2/STAHET
II application interface.

An important feature of the STAHET II integration into ADP2 is the
inclusion of (and ready availability of) aircraft forebody geometries. The complete
file of 16 STAHET II geometries has been included. Geometries relevant to
conventional military aircraft include F-16, F-15, F-4, F-18, and B-lB. Low RCS
aircraft, missile, and several hypersonic forebodies also exist in the library. The
example of the F-1b iorebody configuration is shown in Figure 2.

An example of an ADP2/STAHET II result is provided in Figure 3. Shown is
a fringe plot of aerodynamic heating rate over the portion of the forebody relevant
to the transparency. The relevant aerodynamic heating parameters are then
transferred to TAP II where the predictions of the transient thermal response for the
transparency are conducted.
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4.4 TAP II

The TAP (Transparency Thermal Analysis) application module performs the
transient thermal response analysis for the transparency structure. The primary end
result of the analysis is the temperature field as a function of time for the detailed 3- p
dimensional finite element model. These data may then be queried to examine for
critical temperatures and/or be directly handed off to the thermal stress finite
element model via the P3/PATRAN FEM Field Interpolator.

The ,eneral capabilities of the TAP application module are summarized in
Table 4. Details of the above capabilities and their implementation are discussed in
References 8 and 9.

An example geometry used to build the TAP finite element model (FEM) is
shown in Figure 4. The specific geometry is for the designated "Confirmation
Frameless Transparen~cy" (CFT7A) as specified by Wright Laboratories. Example
TAP II results are shown in Figure 5. Shown is the temperature field, at a specific
mission time point, displayed in the TAP II FEM via the P3/PATRAN post-
processing capability.

Table 4 General Capabilities of TAP and TAPF E

TAP TAP II IMWROVEMENTS

"• 3-D Finite Element Solution * Defog Modeling Improved
"* Material Property Data Base * Cabin Cooling Air Velocity Default Added
"* Aeroheating Imposed on Externaal Surface 0 Fluid Gap Modeling Improved
"• Thermal Boundary Conditions * External Anti-Icing Improved

- Generalized Convection * Line Source Capability for Convection
- Defog Added
- Anti-Ice (Hot Air Blast) a Earth Radiation Sink Temperature Added
- Electrical Anti--ce a Expanded Material Propeity Data P-Sce
- Generalized Heat Flux * Viscosity and Molecular Weight Added to
- Radiation-to-Sky Material Property Data Base
- Element-to-Element Radiation * Gap Fluids Added to Material Property

"* Standard Day, Hot Day, Cold Day Data Base
Atmospheres a Extension to Hypersonic Flow

"* Mission Profile (Mach, Altitude and Time)
Input

4.5 P3/FEA

P3/FEA is a finite element based structural analysis solver that is fully
integrated with the P3/PATRAN family of COTS products. P3/FEA has a wide
variety of analysis capabilities, solution sequences, element types, and material
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models, including temperature dependent laminated composite and nonlinear
material properties, Reference 10. P3/FEA makes full use of the graphical user
interface (GUI) forms system provided by P3/PATRAN. P3/FEA analysis jobs are
assembled, submitted, queried, or aborted from within the P3/PATRAN
environment. Results evaluations are completely menu driven and fully
integrated with the P3/FEA results database.

P3/FEA solves a wide variety of structural problems. An extensive finite
element library and set of solution procedures, which can handle very large matrix
equations are available in P3/FEA. No translators are needed to transfer model data
from P3/PATRAN to P3/FEA or to transfer results back to P3/PATRAN for post-
processing. The close coupling of P31PATRAN and P3/FEA provides the user with
all the efficiencies related to integrated software.

P3/FEA can handle extremely large problems. Models of over one-hundred
thousand degrees-of-freedom have been analyzed. A restart capability is provided
for large problems that require efficient re-analyses as new cases are defined for
existing models.

P3/FEA will provide two basic analytical simulations needed to support the

ADP2 transparency design assessments. These are:

J 1. stlt -nI-•,• is (linear and nonlinear) and

2. dynamic normal modes.

The static analysis wili include mechanical load environments (pressures)
and/or thermal load environments (in-depth thermal gradients). The
load/temperature values defined for these analyses are provided by the TAP II
aerothermal simulation module solution results. Automated procedures to
interpolate the TAP II results onto and into the P3/FEA model are included in the
P3/PATRAN FEM field interpolation function. The transparency FEM can include
"contacl only" nonlinear elements in the regions of attachment to simulate joint
details. The nonlinear iterative procedures to establish the discontinuous contact
elements' unique combination of contact and gapping is provided as one of the
P3/FEA solution procedures. The transparency material properties used in these
static analysis simulations can be temperature dependent and/or nonlinear in their
defined constitutive relationships. P3/FEA provides the static solution piocedures
to accommodate temperature dependent element material property evaluations.

The dynamic environments to be simulated by P3/FEA for the transparency
design assessments will include normal modes evaluations and possibly subsequent
frequency response and random vibration solutions. P3/FEA provides enhanced
dynamics analysis capability sufficient to simulate any foreseen transparency
dynamic load environment or modal content survey. P3/FEA can solve these
problems in either a time or frequency domain.
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An example P3/FEA result is shown in Figure 6. Shown is a fringe plot of
Von Mises stress on the transparency surface displayed on the P3/FEA finite
element model. The illustrated stress is the result of the combined effects of
pressure and thermal loading.

4.6 X3D

X3D is an explicit FEA code, used to simulate soft body impact problems,
including the birdstrike of aircraft transparencies. It provides substantial
improvements over the MAGNA analytical functionality of the original ADP.

The analytical simulation of transparency non-linear transient dynamic
response to birdstrike represents a distinctive class of impact structural behavior.
The University of Dayton Research Institute (UDRI) has developed and is
continuing to enhance a new explicit non-linear dynamic response FEA code, X3D
(References 11, 12 and 13). X3D utilizes an explicit solution approach simailar to
other well-known FEA codes; e.g., DYNA3D, WHAMS, and ABAQUS Explicit.
These solution methods and codes have been widely used for the numerical
simulation of a variety of shock and wave propagation problems. Impact problems
in general can be dominated by complicated contact surface conditions which can
require very small numerical integration time steps which in turn remove the
solation advantages of an implicit solution approach.

X3D provides functionality to idealize both the bird (impactor) and the
transparency (target) and to allow them to come into transient contact with the
physics of momentum transfer defined by the non-linear explicit solution algorithm
solution results. That is, no analysis assumptions regarding contact pressure time
histories or spatial distributions are required.

X3D has been evaluated through executions and correlations with
benchmark test cases; i.e., impacting Taylor cylinder, exploding cylindrical shell, and
F-16 centerline transparency impact. Although documented validation problems
are limited, those completed to-date show promising correlations and demonstrate
the improved simulations possible with the use of X3D code.

The X3D impact dynamics code provides a significant numerical tool kit to
simulate the complex soft body impact environment of transparency birdstrike:

1. FEA Elements

Both 3D solid (HEX and TElr) and 2D layered shell elements are
provided. The 2D layered shell element accommodates soft
interlayers (plane selections do not remain plane over the overall
layered shell thickness)

2. Material Models (2D)
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- Elastic-Plastic, Rate Sensitive, Isotropic

- Linear Elastic, Orthotropic, Brittle Failure

- Viscoelastic with failure

o. Material Models (3D)

) - Elastic-Plastic, Rate Sensitive, Isotropic

- Same as above with Discontinuous P-V

-- Newtonian Viscous Fluid

4. Automated Contact Surface Evaluation Procedures

- Slave and Master node sets that are nonlinearly evaluated for contact

5. Simple "Rigid Wall" designation procedures

6. Linked element lists for failure assessments

7. Element and integration stabilization features

An example X3D result is shown in Figure 7. The deformed transparency and
bird finite element models are displayed, for the specified time point. A fringe plot
of Von Mises stress is displayed on the model.

4.7 OPTRAN

OPTRAN is a raytrace code which evaluates the optical quality of aircraft
transparencies subjected to operational load conditions. The code was developed by
the University of Dayton Research Institute, References 14 and 15.

The raytrace optical code is interfaced to finite element thermal and stress
analysis codes to permit the effects of operational loads to be modeled. Thermal,
displacement, and stress field definition data computed by the finite element codes
are input to the optics module. This information is required to compute the
orthotropic indices of refraction throughout the material volume of the aircraft
transparency. This computation is performed at each step along the propagation

4% path of each ray.

The optics code tracks rays of various wavelengths through the transparency.
The deformed geometry generated by the stress analysis is used to determine angles
of reflection and refraction at ti ansparency layer boundaries. Birefringent indices of
refraction are computed as a function of material, temperature and stress state at the
refracting surfaces and within the transparency material.
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Key results include angular deviation, transmiitance, and polarization effects
over specified regions of the transparency. Displacement vectors and deformed
grids can also be generated.

4.8 C-MOLD

The C-MOLD product is a family of computer code6s designed to support the
design of tooling and specification of process parameters for fabrication by injection
molding, Reference 16. The modular product supports both the processing of
thermoplastic and reactive materials. C-MOLD is a commercial-off-the-shelf (COTS)
product developed and marketed by AC Technology, Ithaca, NY. AC Technology
also provides materials characterization services and maintains a materials database
relevant to the injection molding of plastics.

The frameless transparency development is concerned with the use of
thermoplastic materials. Therefore, there are three primary processes requiring
simulation. These are:

1. the process of the initial filling of the mold (C-FLOW),

2. the post-filling process where shrinkage occurs (C-PACK), and

3. "me trdali1eiL cLUU±L Of6 C; part pri.or t- moldsration 'C-COOL. .

The product modules which address these processes are defined in parentheses
above.

The C-FLOW analysis models the mold filling process as a generalized Hele-
Shaw (very slow motion) flow (Reference 16). The flow conditions are for an
incompressible viscous polymeric melt under non-isothermal conditions and
symmetric thermal boundary conditions. The numerical solution is based on a
hybrid finite-element/finite-different method to solve pressure and temperature
fields, and a control-volume miethod to track moving melt: frmont•t-0. Detarils of the
analysis methodology arE presented in Re'erences 17 and 18.

The C-PACK analysis module extends the above analyses module to include
the effects of asymmetric thermal boundary conditions. A set of unified governing
equations for the flowfield is used throughout the filling and post-filling stages. The
analyses can model a three-dimensional, thin cavity with a melt-delivery system
that may contain cold or hot, circular or non-circular runners. The influence of
shrinkage is also included. Details relevant to the C-PACK analysis are presented in
References 19, 20, and 21.

C-COOL is a three-dimensional mold cooling simulation to assist in
designing the cooling channel system for plastics injection molding processes. The
capability exists to model a homogeneous, three-dimensional mold with a thin
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cavity and with a cooling system that contains circular or non-circular channels,
baffles and bubblers. A channel network analysis within the program within C-
COOL predicts flow rates in different cooling lines.

The C-COOL module uses a strategy which minimizes input data
requirements, user time and computer memory requirements. Heat transfer within
the polymer melt is treated as transient, local, one-dimensional heat conduction
with static solidification. Heat transfer within the mold is treated as transient, three-
"dimensional conduction. Heat exchange between the channel surfaces and the
cooling fluid is treated as steady and is accounted for using correlations for the
convective heat transfer coefficient. To solve the relevant governing equations
simultaneously, C-COOL uses a hybrid scheme consisting of a modified, three-
dimensional boundary element for the mold region and a finite difference method
with a variable mesh for the melt region. These two analyses are coupled iteratively
to match the temperature and heat flux at the mold/melt interface. A special
algorithm has been developed which reduces the computational memory
requirements by a factor of 100, compared to the requirements for a traditional
approach.

An example C-MOLD result is shown in Figure 8. Shown is a result from the
C-FLOW module, which shows the melt front as a function of time during the mold
filling process. The example modeled the Configuration Frameless Transparency,
using a representative polycarbonate resin.

4.9 P3/ANIMATION

P3/ANIMATION is a powerful tool that offers interactive visualization,
animation, photo-realistic rendering and video tape output of geometry and results
data, Reference 22. It is designed to assist engineers in the investigation and
presentation of data which are normally very difficult to visualize. With
P3/ANIMATION, information can be displayed in a number of different ways
including: Wireframe, Hidden Line, Solid Shaded and Fringed models. Display can
be further enhanced with the use of motion to view the data from a variety of
angles and a host of other variables such as transparency, surface coloring and
shading characteristics.

P3/ANIMAFION uses on-screen animation to show geometry and results as
dynamic moving pictures. After completing an analysis in P3/PATRAN, static,
modal and transient data sets are read directly into P3/ANIMATION. The user then
has complete control over visualization in both space and time. Models may be
positioned or rotated to gain a better view and any single time step or range of time
may be examined. Fringe plots and arrow fields are used to display scalar and vector
data, respectively, and model deformations may also be displayed. Sophisticated
timing controls can be used to zoom in on portions of the analysis that are
particularly interesting, while skipping over portions of less interest.
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The Animator Tool can be used to create simple or key frame animations. In
simple animations, models cycle through the results data while rotating about a
single axis. In key frame animations, different groups can be posed with various
rotations, scales and rendering transforms applied. Posing allows for much more
creative and illustrative animations, in which many attributes and transforms can
be set or varied over time.

Once an animation is defined, the Flipbook Tool can be used to compute
sequences of frames or flipbooks for subsequent playback on any X Windows device
in the network. Flipbook images are created and displayed using available graphics
hardware to increase performance.

5 CONCLUDING REMARKS

ADP2 has been designed specifically to support the Air Force Frameless
Transparency Program. The completion of the planned work will provide an
important suite of tools to aid in the design and performance evaluation of
injection molded transparency systems. The validation of these tools will be a
critical aspect of the ADP2 development process.

.A"1-pov~e fully Antegra'~d in~-thod.-'. relevant to the gepneral
problem of aircraft transparency design- A key aspect of ADP2 is the seamless
integration of the analysis modules with P3/PATRAN, an advanced commercially
supported CAE integration tool. This integration provides a single form driven
user interface which serves to manage the analysis process and the analysis module
input and output (results) data. The user remains in an intuitive environment and
is freed of the complexities and/or pecularities of the computer operating system
throughout the entire design process. The support provided by the employment of
a commercial CAE integration tool and the selection of state-of-the-art application
modules will provide Air Force and its contractors with a cost effective tool with a
significant life potential.
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ABSTRACT

An Air Force program for creating an engineering workstation devoted to the design of aircraft
transparencies, ADP2 (Analytical Design Package), was structured around a materials data server (M/VISION
coupled with PATRAN), [1]. The material data server is at the core of the system and is used to integrate a
number of applications and databanks, both commercial off-the-shelf (COTS) and special purpose items
developed by the Air Force and the University of Dayton Research Institute (UDRI). It provides the focal point
for loading, processing, cataloging and automated transferring of materials data between the various
applications.

The ADP is being developed as a part of the Frameless Transparency Program (FrP). It is a design tool
consisting of existing analysis codes and Computer Aided Engineering (CAE) software. Within the FTP, the
objective of ADP2 is to develop an integrated design methodology for frameless transparencies, aircraft
interfaces, and their corresponding tooling. The scope goes all the way from materials testing through design
and analysis to manufacturing. Several categories of materials data are handled, including raw test data,
mauMnUMUatur' 14W test data, -an-,acturer's p-oduc, dat,, elud p--roarty A.d svpefi .. tion data (s..h .S

from Military Handbooks), and synthesized or simulated properties data. The functional environment requires
multiple iterations or cycles through the design process, with evolving material properties, processing
parameters, as well as various testing, manufacturing, and analysis environments.

INTRODUCTION

Modern transparency system design drivers, and their associated information database requirements, are
both diverse and complex, as illustrated in Figure 1, [2]. This, combined with the transition from a "build and
bust" to a "design and anal tically simulate" philosophy for transparency system development, has led to an on-
going need to organize and subsequently computerize the vast amounts of new and existing information. With
new transparency materials, new design and manufacturing concepts, and improved analytical simulation tools
continually emerging, the need for computerized access to concurenift, onsisteiit and controlled (quaitky
standards) materials and manufacturing process data has become an important, but difficult, problem within the
transparency design community. Recent ADP2 software system development efforts have addressed the
technical information database access requirement and, more specifically, have provided direct computerized
access to materials and manufacturing process data within the ADP2 integrated design/simulation module
software system environment. It is this integrated functionality which is addressed in this paper.

WHY MATERIALS AND MANUFACTURING PROCESS DATA
HAVE BEEN COMPUTERIZED WITHIN ADP2

A concurrent "Design/Analysis/Manufacturing" engineering process requires concurrent access to
concurrent, consistent and controlled (quality standards) materials and process information. Computerization
can provide a method for the systematic organization of large amounts of diverse and complex information (i.e.,
relational databases), while simultaneously providing for rapid electronic access (i.e., standard SQL database
queries) by designers, analysts and process/test engineers within the product development cycles. Once
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computerized, materials information can be. more easily integrated into the CAD/CAE simulation process, and
then updated, if needed, during product development cyzles where materials and/or manufacturing processes are
evolving.

Standard M&P data control and quality procedures are more easily maintained and enforced across all
disciplines in the transparency design/simulation process. Accurate and up-to-date material properties for
multiple complex analytical simulations can be provided from ofl ;ource (i.e., thermal, structural, injection
molding, optics, etc.). Automated materials data production can be supported to reduce cost and time to input,
synthesize, store, generate, and access material properties. Reliable units' conversions can be ensured through
user (or developer) definable and selectable "soft" templates, provided within the computer software being
utilized. Both tabular and graphical data can be provided (displayed) simultaneously in a spreadsheet environ-
ment that accommodates data modification/generation and subsequent database storage. Consistent material and
manufacturing process designations (attributes) can be defined across all information databases (CA,..A9' Processing, Testing, Logistics, etc.), which provides a method to eliminate a well documented product
development problem; that being non-conforming materials and processes. The provision for consistent
material and process designations is of particular importance for plastics and composites, which often evolve as
part of the product development cycle.

HOW MATERIALS AND MANUFACTURING PROCESS DATA
HAVE BEEN COMPUTERIZED WITHIN ADP2

The Analytical Design Package (ADP2) is being developed as part of the Air Force Frameless
Transparency Program (FTP). ADP2 is a software design tool that has a single graphical user interface (GUI)
and executive control system (ECS) provided by a PATRAN Command Language (PC) customization of
P3/PATRAN, [3]. The ADP2 Project manager, as illustrated in Figure 2, provides a fully integrated
transparency design software system environment with the following features:

"* Computer Aided Design (CAD) import
"* Computer Aided Engineering (CAE) functionality

"* Geometric and finite element modeling (FEM)
"* Analytical simulation code (FEA) solutions

Structural (MAGNA, X3D, P3/FEA)
Thermal (TAP)
Aeroheating (STAHET)
Optic (OPTRAN)
Injection Molding (C-Mold)
Animation (P3/Animation)

"* Analytical resulLs post-processing
"* Materials and Processes (M&P) database access and modification (CALS compliant)

The objective of the ADP2 effort, as part of the FIT, is to develop and validate an integrated desigpme thdology for firaieless b- .- L4 FPaV1 ..... atehUaninta, niC'rro-"4Ft 11tarfora r4I tcjn rrn,lmnrrnpntc
C&Mbg/ U~t'IL aOOiA"•tll, UL& W'•l . 4ft~ lag ~at•,lWv '.l • -•N wl..-- -... . .

The overall design process must be iterative, and capable of producing frameless transparency and
associated aircraft interface designs, high confidence transparency injection mold designs, and Analyilly
defined molding process parameters and complex high strain rate mateAial property relationships. This will help
ensure accurate simulations of actual full-scale transparency processing and test (i.e., birdstrike) results. The
computerization of materials and manufacturing process database information, and its subsequent
implementation within the ADP2 software system architecture (Figure 2), is critical to the overall design
process, and the subject of discussion for the remainder of this paper.

ADP2 Materials Software Tools' Functionality and Role Within the ADP2 System

As shown in Figure 2, two (2) commercial off-the-shelf (COTS) software products are at the core of the
ADP2 materials and manufacturing process data server:
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M/VISION Materials System Builder (MMSB', [41

Figure 3 sununarizes the key materials environment functionality that this COTS product provides the
integrated ADP2 system. MMSB serves as the central electronic databank source for all ADP2 materials
and manufacturing process test data and CAE analytical simulation module material propern- d- ta. Each
material property can have its own units, precision and footnotes. Materials behavior, best O%.'.ribed by
figures (i.e., a-e curves, S-N curves, etc.), are storable directly in MMSB databanks as cur- ;, 'catter
and .runout points with error bars, axis labels, units, and footnotes, Property tables, figur,,-t &nd images
(i.e., nicro-photographs, CT images, ultrasound scans, etc.) are related with the complete pedigree of
material, processing and test conditions.

Databanks, spreadsheets and other MMSB comaponent building blocks can be customized and assembled
to meet specific company, project and/or user needs; fulfills critical requirement of the ADP2 software
system integration solution. Requirements for company, project or user MMSB databanks are easily
defined and constructed into new user-defined databases. Extension of the database schema, including
the addition of new attributes and extension of relations, can be implemented at any time, even after
partial loading of the database. Customized spreadsheets can be seamlessly integrated to input,
synthesize and store data, to visualize trends (full graphics functionality of spreadsheet data), to model
material responses, and to build entire databankr. The MMSB's spreadsheet environment is the gateway
to electronic manufacturer's or test data sources, other spreadsheets, and other databases. Standardized
Remote Procedure Call (RPC) [5] access to C or FORTRAN programs is provided from within the
spreadsheet environment. The RPC spreadsheet interface is a feature of particular importance to the
ADP2 system integration solution.

MMSB adheres to current and emerging standards for materials data exchange [6,7]. MMSB supports
data transfer in PATRAN® neutral file and IGES standard formats. MMSB reflects a continued
participation, by its developers, in the emerging product data exchange standard using ISO/STEP
(PDES). This has produced an MMSB which supports both EXPRESS import and export Physical file
data.

P3/MATERIALS SELECTOR P3MS 31--

PATRAN 3 module that provides a direct, auditable link between MISB material databanks and the
PATRAN 3 CAE simulation modeling environment (core COTS product of the ADP2 system solution).
As shown in Figure 4, P3MS provides a form driven graphical user interface environment, within the
PATRAN 3 "Materials" Application, to select material property information directly from MMSB binary
databanks (i.e., Standards (MIL-HDBK-5 and 17, PMC90), Producers (Plastics, Metals, Ceramics,
Composites), and ADP2 Defined (CAE, Processing, Testing, Logistics)).

As shown in Figure 5a, a simple mouse pick selects the particular MMSB materials databank to be
accessed for consistent, concurrent and controlled material properties to be assigned to a particular
simulation module's analytical material property model. The entire selected databank, including
footnotes, is displayable within the "Material Selector (MS)" form, as illustrated in Figure 5b. A full
feature spreadsheet environment, with database query functionality, is provided to reduce the desired-as re. " ... *..A . ....-- .'ltohao C arp alnruna1tirl.
Udih3-bas Setf-l WI Ivvlew. 1J1~,~'ri.A-A Se '211VU~4 ..

transferred from the MMSB binary database to the P3/PATRAN model database, as illustrated in Figure
6a, including the time and date, the source MMSB databank identification, the pedigree of the property
set, an a record of any data that was modifieo from its original database value or supplied by the analyst
(if data value is non-existent within the MMSB databrank).

Invoking the "Query" button in the MS form (shown in Figure Sb), opens the MS Query panel, shown
in Figure 6b. The query is "constructed" (operator panel assistance) to describe the design criteria that
identifies acceptable material conditions. The query form lists all available types of materials
information, and requires no knowledge of database terminology or programming. The user can select
the desired units system to represent the material property data, as shown in Figure 7a (soft template
units file provided for customized units definitions). P3MS is not restricted to special databanks with
specific property (attribute) names, but rather works on any MMSB databank. The key to this flexibility
is the pro, erties mapping form, Figure 7b, where each P3/PATRAN material property is associated with
its MMSB counterpart. The mappings can be modified, saved arid recalled. The mappings work in
combination with all ADP2 simulation module preferences, and all other P3/PATRAN supported 41

solvers.
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ADP2 Database Requirements and Implementation

Although serving the tiansparency design community well for many years, MIL-HDBK-17A, Part II,
[8] was last updated in 1977, to reflect major changes in material utilization required by evolving birdstrike
design requirements [2]. Today's transparency systems are not only faced with the evolving design
requirements shown in Figure 1, but with evolving design and manufacturing concepts, as well as vastly
improving analytical simulation tools. A key to successfully meeting all these evolving design, manufacturing,
analysis, testing and supportability requirements is the development of expanded materials and processes
information databases, fully integrated into a design- to-manufacture software environment, such as that
provided by the ADP2 system.

Figure 8 summarizes the specific databases defined for the ADP2 system, to meet all of the
aforementioned transparency system evolving requirements. Critical database design/support issues for the

-• CAE design database are summarized below:

"* Must support multiple material types (i.e., plastics, composites, metals, ceramics, elastomers, etc.)

"* Must support multiple CAE user requirements (i.e., mechanical, thermal, optical, electrical, etc.)

" Must support automated, electronic input, synthesis, and storage of raw test data (i.e., load-time,
strain-time, etc.)

"* Must support standard property data (i.e., D3039 tensile test, etc.)

"* Must provide access to a variety of data sources (i.e., Military handbooks, Producers data sheets,
ADP2 test/computed, etc.)

"* Must provide for modeled material properties (i.e.. Rule-of-Mixtures, Lamination Theory,
synthesized elastoplastic/rate sensitive relationships, etc.)

"* Must provide a database schema that supports relations for typing, designating, describing, the
testing of, and the definition of material properties and material responses.

The CAE Design database schema, shown in Figure 9, has been implemented and lightly populated for the
ADP'2 System's rapid prototyping code development effort. Figures 10 and 11 show examples of MMSB GUI
displays of CAE Design database information which was instantiated. The "Report Window" (right-most
vertical form) presents a continuous update of all higher level relations' picks.

The Transparency Processing database must provide information (knowledge base) for frameless
transparency design and, levelopment that includes process (injection molding) optimization, material property
identification/classification, and processing data archiving. The Transparency Processing database schema must
address the following ADP2 issues:

"• Promote information transfer from processing site (data, metadata, footnotes)
"- hridge in.fo.rmatino to the CAE Desiol: database
"* Allow for expansion (i.e., relations, attributes, etc.)

The Transparency Processing database schema, shown in Figure 12, has been defined and lightly populated for
the ADP2 System's rapid prototyping code development effort. Figure 13 shows examples of MMSB GUI
displays of Transparency Processing database information which was instantiated. The "Report Window"
(right-most vertical form) presents a continuous update of all higher level relations' picks.

The Transparency Test and Logistics Support database schemas (i.e., relations and associated attribute
lists) are under review at the present time, and will be implemented witlin the ADP2 System's rapid prototype
"code development effort. The highest relation level for both of these additional databases might be more
appropriately defined using transparency designation information, such as canopy type. (F16A), construction
(injection molded), etc., where specific material designations are defined in lower relations. Again, consistent
attribute naming for material designations will accommodate a conforming materials "finger prhit" throughout all
ADP2 database information.
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Toe Transparency Test database must support the following information requirements:

* Access to data to validate simulation module(s) analytical predictions
* Access to data that provides design guideline iniformation for new design concept definitions
• Access to data to verify or define supportability/maintdinability requirements and/or limits

The Logistics Support database should be configured to support the decision making process (i.e.,
maintain, repair or replace) for each individual aircraft transparency. Each transparency should have its own
service-life record stored in this database, that contains on-going inspection data (i.e., NDE images, aging
surveillance reports, etc.), environmental exposure data, repair history data, etc. This type of logistics
information can provide qualitative data needed to complete "in-service" transparency system analytical
evaluations. As logistic support criteria are defined for transparency replacement, the particular inspection data
requirements, test procedures (i.e., modal surveys, etc.), analysis margin prediction levels, fatigue life
estimates, etc., can be stored, accessed and updated periodically. Once a transparency is replaced, it could be
used for further testing and analysis correlations (i.e., birdstrike), with the test results stored in the
Transparency Test database and used to establish service-life reductions in transparency design allowable bird
impact velocities. The retired transparency tests could also include "aged" material property characterization
testing (stored in CAE Design database with "AGE" attribute defined), local attachment detail subelement tests
and full-scale durability testing (stored in Transparency Test database).

Automated Spreadsheet Procedures to Input, Reduce and Store Test or Processing Data

Figure 14 summarizes the hierarchy of structural property charact,-rization test parameters typically
considered in support of birdstrike analytical assessments. Fundamental test data quantities (force,
disphtcement. strain, etc.) are measured as a function of time, as well as geometric data. The data is acquired
digitally and stored as columns of ASCII text data. From these data, derived quantities, such as stress-strain or
pressure-volume curves are constructible for each specimen.

A customized MMSB spieadsheet was designed and developed for ADP2 to support the automated,
electronic data input, reduction and storage requirements, outlined in Figure 14, for the abridged an reduced
fundamental test data (i.e., force versus time, strain versus time, etc.). The procedures followed by this
example illustrate a computerized data exchange paradigm that will be utilized for other ADP2 system
requirements (i.e., injection molding processing data import, syntiiesi•. and storage procedures for the
Transparency processing database).

Figure 15a shows a simplified spreadsheet layout schematic of this customized MMSB spreadsheet, and
Figure 15b shows the specific reduction parameters provided for input to cells B6 through B 10. The piecewise
linear curves shown in Figure 15b typify the type of fuxdamental test data to be input, reduced and stored.
Figures 16 and 17 show selected portions of this customized spreadsheet with instantiated example values input.
'This spreadsheet provides the following specific functionality:

"* Cells B2:L2 - ASCII input file name designations that contain the text descriptions
(test infodspecific.dat) and data points (i.e., specimenl.e.dat) acquired
digitally during testing.

" Cells A4ýB12 - Input quantifies (user typed) that define the specific "Master Curve" type
(i.e., strain versus time, EPSI 1VSt) the number of specimens (3) to be
input reduced and the reduction parameter values, shown in Figure 15b
(3, le-6,0.01,300,0,2e -6,5,100).

"* Cells A20:B64 - Attribute designations and instantiated values (i.e., Type of Material =
Plastic) for the test series being input, as input automatically from the
text description file, whose name is input in Cell A2.

13
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" Cells C20:V"max" Piccewise linear test data pairs (i.e., (e ,t)) for "n" specimens (n = 1 to
(max = maximum number 10 for this demonstration spreadsheet). Unlimited number of
of data pairs encountered unabridged data points accommodated. This data is automatically loaded
for any specimen) into the spreadsheet when the associated test specimen text data file is

designated in one of the Cells C2:L2 (i.e., spIcimenl_e.dat in Cell C2).
At this time a curve representation is generated automatically and defined
as a "polyline" entity (Cell C18) for the data points input (Ceil
C21 :D"a", where a = number of input pairs encountered in the input
read function).

" Cells W20:BK"a" Cell locations associated with the Remote Procedure Call (RPC) that
(a = Cell B12 Value + 20) accesses the specific FORTRAN code(s) to perform the shift, clip, and

0 regression fits of all input and abridged test specimen data pair sets
(Cells 20:V "max")

"• Cells AQ20:AZ31 - Second order regression fit equation coefficients for all input specimens.

"* Cells BA20:BK"a" - Fitted test data at Cell B 11 increments up to Cell B 12 upper limit value.

"° Cells CA20:CG"a" - Averaged data set from all specimen sets input, and standard deviation
data set.

" Cells C5:D14 Database "put" function directives that automatically instantiate the
opened database with the data contained by is argument list
designations. Up to ten (10) specimens possible, including specimen
average and standard deviation sets, also.

In summary, the spreadsheet user first inputs the ASCII data file names (B2:L2) and then the nine (9)
input quantities in Cells B4:B 12. He then selects and invoke. the RPC function in Cell W20, and lastly selects
and invokes the database "put" directives in Cells D5:D14, to load all abridged data sets (Cells W20:AP"a") and
fitted data sets (BA20:BK"a", CA20:CG"a") into the database. The user may cycle through the shift/clip/fit
process as many times as he desires (changing the values in Cells B6 through B12), before invoking die "put"
function commands, based on his visual inspection of the spreadsheet -poiyiine: sets illustrated in Figure i 8a.
Once the user has obtained the desired data reductions, and the data is then stored in the database, it can be called
up and displayed, as shown in Figure 1 8b, with its full "Report Window" pedigree shown.

Further customized spreadsheet development is planned for ADP2 to support property synthesis
procedures, as summarized pictorially in Figure 19. Master curves from selected material/temperature
combinations and from available nominal strain rates will be loaded into the customized spreadsheet, from the
CAE Design database. Finite element analysis results can be imported into the spreadsheet from an ADP2
simulation module (X3D) configuration if necessary. RPC access to material propm'ty synthesis FORTRAN
codes will be accomplished from within the spreadsheet. The RPC function will return an updated set of X3D
analysis properties to be stored, by the spreadsheet ("put" commands), in the CAE Design database. These
synthesized analysis properties will be selected (P3MS) by the X3D zirnulation module user to complete the
FEA birdstrike analyses. Figure 20 illustrates the basic scheme for the RPC synthesis routines. It is essentially
a function minimizaion procedure, in which the function is an error quantity anrived at by comparing analytically
generated stress-strain curves to stress-strain test data. The analysis consists of calculating stresses (using the
new material model) from strains recorded in the material test, or generating stress-strain curves from a full X3D
analysis of the material test. An initial guess at the materia! properties is input to the routine. Strain rate (or
displacement rate) data from the master curves is used to run an analysis of the material tests and compute a
stress strain curve. This curve is compared to the stress-strain test data from the master curves. If the error
between the two is acceptably small, the. properties input to the analysis are correct, and are stored. If not, new
trial properties are computed, and the cycle repeated until correct properties are obtained.

Computerized Materials and Manufacturing Process Needs

The computerization of materials data clearly requires careful attention to standards to control (quality
issue) and communicate materialh and manufacturing process data. ASTM and other standards organizations,
"such as the International Standards Organization (ISO), are continuing to promote and develop new data
exchange standards, like the Standard for the Exchange of product Data (STEP). STEP provides a mechanism
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for sharing product data, including data specific to materials and manufacturing process information needs. The
transpareney design-to-manufacture community needs to be aware of STEP, and plan for its acceptance and use.
This means supporting and promoting the definition and implementation of application protocols (AP) that
explicitly deal with the problem of representing and exchanging product data within the transparency design
community and between software systems (tools) that use them. Also, it means becoming familiar with the
infurmation modeling language, EXPRESS, which is used for all STEP standards.

Without a common data exchange format, specialized translation programs must be continually written to
meet the format requirements of all prouares that must share the data. Consequently, if a materials database
must be interfaced with several COTS software packages (or systems) a considerable effort must be extended.
If, however, one common neutral format, such as the STEP/EXPRESS standard, is used, then only one
translation program would be necessary to translate the data into and out of the neutral format. Other software
can then access the data through their own specific translation codes. It should be the goal of the transparency
community to support and promote standards for data exchange. The benefits to be gained are enormous andlasting.

CONCLUSIONS

Computerized materials and manufacturing process data requirements have been defined and
implemented within the ADP2 transparency design software system. Commercial off-the-shelf (COTS)
software tools have been used exclusively, to define, construct, and load the necessary database schemas, to
support complete automated, electronic data exchange (customized spreadsheets, materials information selector
module, ADP2 executive control utilities (PCL based), etc.), and to support material property data modifications
and databank updates. The updates are based on improved ceirelations with actual test results (RPC FORTRAN
code access from within a customized spreadsheet environment). Continued instantiation of the defined
databanks and continued implementation of PDES/STEP standards for data exchange are the primary tasks still
ahead for the evolving ADP2 system.
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VALIDATION OF BIRD IMPACT DESIGN TOOLS
FOR THE F-22 CANOPY SYSTEM

Michael P. Bouchard Lt. Joseph C. Davisson
University of Dayton Research Institute USAF/WL/FIER -
Dayton, Ohio Wright-Patterson AFB, Ohio

ABSTRACT

A combined experimental and analytical program to validate analytical tools and
procedures used for bird impact-resistant design of the F-22 canopy system is described. The
program utilizes the prototype YF-22 canopy system as the baseline for validation of FEA (finite
element analysis) models used for "bird-proof' design of the production F-22 canopy system.
MAGNA and X3D analysis of the YF-22 canopy system are described and compared. Test
setup and plan for bird impact testing of the prototype canopy system are then presented. The
results of the analyses, including deflection, plastic strain, and reaction loads, will be comparedW.,_t It t-.est -- ""LU ". -̀ , .... -1---l ....A ;= be tuned, if necessary', to better reprooduce

the test behavior. The lessons learned in tuning the YF-22 models will be incorporated into the
models utilized in the design and analysis of the production F-22 canopy system.

INTRODUCTION

The YF-22 aircraft (Figure 1) brings together many advanced technologies in providing
the USAF with a prototype of the next generation of air superiority fighter aircraft. The aircraft
features state-of-the-art technologies including "supercruise" (supersonic flight without
afterburner), vectoring thrust for greater maneuverability, and reduced radar signature. The YF-
22 canopy's single piece elongated bubble shape is similar in concept to, but larger than, the F-
16 canopy. The canopy is monolithic polycarbonate of nominal (prior to forming) 0.75 inch
thickness.

As the aircraft design nears its final configuration, canopy design refinements to
incorporate the very latest technologies are anticipated. Prior to incorporation of design
refinements, however, validation of analytical tools to be used in the redesign must be
accomplished. The objective of the effort described herein is to validate the FEA (finite element
analysis) tools and procedures used for bird impact design and analysis of the F-22 production
canopy system. The approach to meeting this objective involves both analysis and test of the ,
prototype YF-22 prototype canopy system. The approach is to perform FEA of the YF-22
canopy using the MAGNA and X3D FEA programs, perform bird impact testing of the protoype
canopies, correlate analytical and experimental results, and tune the finite element models, if
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necessary, to better reproduce the test behavior. The lessons learned for the prototype canopy
can then be applied to the design and analysis of the production canopy system.

BIRD IMPACT ANALYSIS

Both MAGNA1 and X3D 2 FEA programs were used for the analysis. MAGNA utilizes
traditional isoparametric element technology, requires assembly and solution of global stiffness
and mass matrices, utilizes Newmark time integration (resulting in unconditional solution
stability), and includes piece-wise linear uniaxial plastic stress-strain behavior. X3D uses
"simple" elements (linear displacement, constant stress elements), employs single-point
integration stabilized with anti-hourglassing forces, utilizes explicit central difference time
integration (which results in conditional stability but forgoes assembly of global stiffness and
mass matrices), provides a number of advanced material models including strain rate sensitive
plasticity and viscoelasticity, allows for direct modeling of the bird, and provides for element
and ply failure.

Figure 2 shows the MAGNA finite element model. The MAGNA model consisted of 545
20-node solid elements representing the canopy and aft cockpit bulkhead and 65 3-node beam
elements representing the perimeter frame, resulting in 4106 nodes and 12,826 degrees of
freedom. Boundary conditions were applied along the centerline to enforce symmetry and at five
'nftioys along the imll c to rproesnt the canpy assembly latch-down hooks. Additional beam
elements linked the nodal rotations of the perimeter beam elements to the nodal translations of
the solid elements. Table 1 presents the elastic-(piecewise-linear) plastic material properties
which were used to describe the polycarbonate. Bird loads were estimated prior to FEA based
on rigid target pressure data and applied via user subroutines. 3 The loading was conservative
in that no lateral spreading of the bird was allowed, thereby concentrating the loads over the
projected area of the bird onto the canopy. The peak pressure point was assumed to remain
fixed at the point of initial bird-canopy contact (the pressure dropped linearly from this point
to the farthest point away in the bird footprint). A correction to the load was made in the user
subroutines to account for the change in impact angle due to deformation of the canopy. Figure
3 presents the bird load (before impact angle correction) and loaded area. The con-binied

Newton-Raphson iteration scheme (two full Newton iterations followed by constant-stiffness
iterations) was used, with iteration being performed at every fifth time step.

The X3D model shown in Figure 4 consisted of 1520 4-node plate elements, resulting
in 1620 nodes and 9203 degrees of freedom. The bird was represented by a 4.2 in DIA x 8.4
in long cylinder consisting of 1920 tetrahedral elements, 561 nodes, and approximately 1500
degrees of freedom. Boundary conditions enforced symmetry along the centerline of the canopy
and bird. The frame was simulated by boundary conditions, either all fixed or all pinned,
around the canopy perimeter. The polycarbonate was represented by a bilinear elastic-plastic
stress-strain curve, with the yield point stress being a function of the strain rate. The bird was
represented by an elastic-plastic material with discontinuous pressure-volume behavior. The
material models and properties are given in Table 2 and 3.

To date, analyses have been performed to investigate the following parameters: 1) X3D
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bird strength; 2) X3D perimeter boundary conditions; and 3) bird impact location. The analyses
and results are discussed below.

X3D Boun~daivConditions •-•

A simple approach for modeling of the perimanter frames was tried for the X3D analyses.
Rather than extensively model the frame with finite elements, boundary conditions were tried.
Two cases were run: all fixed or all pinned around the perimeter. The results are shown in
Figure 5 using a "semi-strong" bird (see next section for discussion of bird strength) impacting
a one inch thick canopy. Virtually identical peak deflections and plastic strains (4% fixed, 3.9%
pinned) were obtained. Thus the perimeter boundary conditions in the X3D model are a
sufficieritly accurate representation of the frame for capturing the canopy centerline behavior.
(On the other hand, obtaining accurate support reactions will require a more realistic simulation
of the edge support.) Pinned conditions were chosen for all subsequent analyses.

X3D Bird Strength
The X3D bird material model describes both the bulk and shear behavior of the bird

material. The shear strength has been found to have a major influence on bird behavior and
canopy response, necessitating a parametric study of this value. 5 "Weak," "semi-strong," and
"strong" birds (Table 3) were analyzed. Figures 6 and 7 present a series of deformed geometry
plots for "weak" and "semi-strong" birds. The "weak" bird elements failed early in the impact
event, while most of the "semi-strong" bird elements remained intact. Note that though elements
fail and thpeir stiffness is dropped from the solution, the nodes (dots in Figures 6 and 7) and their
mass were free to move and contact the canopy, transferring momentum. Figure 8 shows the
effects of the "weak" and "semi-strong" birds on peak canopy deflection. Table 4 summarizes
the peak deflection values and includes peak plastic strain values (see Figure 9 for a typical
plastic strain plot). Also included in Figure 8 and Table 4 are the results for the MAGNA
analysis. Both the MAGNA peak deflection and peak strain values are bounded by the X3D
results for the "weak" and "semi-strong" birds. The shift in peak deflection times for the
MAGNA and X3D runs was due to the difference in bird loading models: the X3D model
permitted sliding of the bird along the canopy, so that peak deflection occurred farther aft and
therefore later in time for X3D compared to MAGNA. The use of the "semi-strong" bird was
conservative compared to the MAGNtA bi:rd Wa^a

Bird Irapac L.ogatign

This effort was performed to ascertain the "worst-case" centerline bird impact location.
Six different locations were chosen for analysis, as shown in Figure 10. Output data of interest
were peak deflection, deflection at the IIUD location, peak plastic strain, and plastic strain at
the HUD at the instant of initial canopy-HUD contact. Results are summarized in Table 5. The
results indicate that impact at Site E maximized the deflection and strain at the HUD. The high
deflection at the HUD location indicates that high canopy-HUD contact forces will be
encountered. Impact Site E was therefore chosen as the impact site for future bird impact testing
of the YF-22 canopy system. Additional analyses are being considered to include the HUD
model and therefore the interaction between the canopy and HUD. Such complex contact
analysis has proven difficult in the past using MAGNA (time steps become too small for efficient
solution), but has been performed successfully using X3D. 5
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Computer Resourceg
The MAGNA analysis was conducted on the ASD/WPAFB CRAY X-MP/28 (two

processors, 8 megawords = 64 MB memory). To speed throughput, the analysis was split into
four medium-sized jobs, thereby permitting use of a higher priority queue. The X3D runs were
performed on the ASD/WPAFB EASE SS2 SUN SPARCstation 10 workstation. Usage of the
Sun Server was much heavier than the CRAY. Run times and storage requirements are
summarized in Table 6. MAGNA run mag02c was run to 6.8 msec. Time step size for mag02c
started at 50u sec, switching to 100 itsec after the bird load was gone. All X3D analyses were
run to 10 msec. In contrast to MAGNA, the average X3D time step size was 2.7 ltsec,
characteristic of the need to maintain stability of the explicit time solution. Printed MAGNA
output was obtained for every other time step. Printed output and restart file for X3D were
obtained at 0.5 msec steps (approximately every 185 time steps). Disk storage space
requirements for MAGNA were high primarily because the results file was in ASCII format and
also because a separate restart file was generated. X3D combines results and restart information
into a single binary file. Note that without a judicious choice of output frequency, X3D could
easily generate an order of magnitude more output than MAGNA simply because. so many time
steps are required for a solution.

Considering the differences in computer workload, solution time, and computer charges
(the CRAY required payment for use while the workstation did not), and considering the need
to divide the MAGNA job into medium-sized jobs (with attendant need for file management and
job resubmittal)., the bird impact simulation using the X3D program on a UNIX workstation
provided a competitive alternative to performing this task using an implicit-formulation program
on supercomputers.

BIRD IMPACT TESTING

Preparations are in progress for performing the bird impact tests. A rigid stand was
constructed to which the canopy/frame assembly will be attached. Attachment is via the canopy
system latching hooks and pivot hinge, thereby simulating the actual installation on a fuselage.
LTflUiad-Ula VIo pUinii1ts l rl ^h, canopy iad recorded byk ,rh sp,,e.d (5b * frames/sen)

movie cameras during the bird impact tests will provide canopy deflcction data. Strain gages
will be applied in back-to-back pairs along the inside and outside of the perimeter fairing to
monitor the load being transmitted by the canopy into the frame. Strain gages will also be
applied to the canopy hinge structure and HUD to determine the hinge and HUD reactions.
The first shot will be conducted without a HUD to provide the simplest case for collecting
canopy deflections, while the second will be conducted with a HUD to determine the canopy-
HUD interaction. The deflection and reaction results will be correlated with the finite element
results to provide a check on FEA parameters such as bird strength.

SUMMARY

A program to validate the FEA tools and procedures to be used for design of the
production F-22 canopy system has been initiated. The program utilizes the prototype YF-22
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canopy as the test bed for the validation. MAGNA and X3D PEA models have been
constructed. To date, the models have been analyzed for bird strength, boundary conditions,
and bird impact location. Additional X3D analyses which incorporate the HUD and account for
thinning of the canopy due to forming are being considered.

The test progrcm to validate the FEA resuits is underway. A rigid stand to support the
canopy assembly has been designed and constructed. Bird impact tests will be performed with
and without the HUD. The FEA will be correlated with the test results and the models tuned
(e.g., adjust boundary conditions or bird strength) as necessary to better simulate the tests. The
lessons learned will be applied to the use of FEA in the design of the production F--22 canopy.
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Figure 1. YF-.22 Aircraft.
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Figure 2. MAGNA Finite Element Model (Exploded View).
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Figure 3. MAGNA Bird Load History and Distribution.
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Figure 4. X3D Finite Element Model (Bird Elements Not Shown for Clarity).

Peak Deflectim Time Historis3

"-" 2'?'
3 1.5 1

'I-.SROWBA

0.5 -d

* -" Time (resec)
IMPACT CONOITIONS:

-FS310.636, WL 135.1922 BLO
- 400 k•s. 4 lb bird [- I , ,o3--R u .a,•
- No HUJD I =

1.00 inch thick anopy
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Figure 6. Deformation Sequence Showing Behavior of "Weak" Bird (X3D Run atf0J5).
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Figure 7. Defomiation Sequence Showing Effect of "Semi-Strong" Bird (X3D Run atfW6).
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Table I. MAGNA Model Polycarbonate Mechanical Poperties.

E Young's tensile modulus 324,000 psi
v = Poisson's ratio = 0.38
p = Density = 0.043 lb/in3

Plastic stress-strain curve:

Stress Strain Plastic Strain Comments
(psi) (in/in) (in/in)

6,353 0.0195 0.0000 Yield Point

8,061 0.0262 0.0066

9,392 0.0450 0.0254

9,700 0.2696 0.2500

10,043 0.5196 0.5000 Break Point (50%
Strain

10,728 1.0196 1.0000 Extra point soMAGNA will not "fall

off' end of curve j

Note: These properties from Reference 4.

Tab!e E_. X3D Model P31ycarbonate Mechanical Properties.

Material MJde.1: Elastic-Plastic, Rate-Sensitive Isotropic

E =Young's tensile modulus = 325,000 psi
Poisson's ratio = 0.39

p = Density = 0.043 lb/in3

ay0 - quasi-static yield = 7140 psi
if = hardening slope = 36,100 psi
D = inverse of rate sensitivity scale fantor = 196,500
p = inverse of rate sensitivity exponent = 12
ar,,It = ultimate stress = 13,000 psi

where ay = Uy°[1 + (d/D)('p)j
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Table 1I. X3D Bird Material Model.

Mateirial Model: Elastic-Plastic with Discontinuous Pressure-Volume
Behavior

Po = initial density = 0.0343 lb/in3

K1 = linear bulk coefficient = 337,000 psi
K2 = quadratic bulk coefficient = 729,000 psi
K3 = cubic bulk coefficient = 2,020,000 psi
G shear modulus = 30,000 psi

= yield strength 3000 psi
= hardening slope = 300 psi

oralt = ultimate strength = 3000, 3100, or 3500 psi
(corresponding to "weak," "semi-strong," "strong")

where p = EKii, i = 1,2,3, p = pressure, - = plpo-1

Table IV. Effect of X3D Bird Strength on Canopy Response.

Canopy = 0.75 in thick YF-22
Boundary Condition, -pinned
Impact Location = WL 135.1.92, BL 0
Bird Mass = 4 pounds
Bird Velocity = 350 knots

Bird Strength Run Peak Peak Plastic
(psi) I.D. Deflection Strain

_ _ _(in) (percent)

3000 (Weak) atf05 2.9 3.0

3100 (Semi-Strong) atf06 4.6 8.9

MAGNA mag02c 3.8 3.3
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Table V. Effect of Impact Location on Canopy Response.

Canopy = 0.75 in thick YF-22
Boundary Conditions = pinned
Bird Mass = 4 pounds
Bird Velocity = 350 knots
Bird Strength = 3100 psi

Impact Run Peak Peak Plastic Deflection Plastic Strain
Site I.D. Deflection Strain I at HUD at HUD*

(in)a(percent) (in) (percent)

A atf07 4.1 10.3 0.2 NC

B atf08 4.6 10.2 0.6 NC

C atf09 4.2 6.9 1.2 NC

D atfl0 3.8 6.0 2.3 2.3

E atfll 5.0 6.8 5.0 3.9

F atfl2 2.6 3.9 1.5 NC

C mg04b~j 3.8 3.4 TBD TB J

* At instant when canopy/IUD contact would first occur.
** MAGNA analysis.
NC = No Contact between HUD and canopy.
TBD = To Be Determined.

Table VI. Typical Computer Resources Requ. red for MAGNA and X3D.

Run ID No. Total Run CPU Wall Clock Memory Disk*
Time Time Time Time

Steps (msec) (sec) (hrs) (MB) (MB)

MAGNA 90 6.8 386 3 11.4 235
(mag02c)
X3D 3678 10.0 N/A 9 N/A 20
(atf01)

*Disk space required to store all output

N/A = Not Available
MAGNA run on CRAY, X3D on SUN workstation; see text for description of computers.
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ESTIMATING LIFE-CYCLE COSTS OF HAZARDOUS MATERIALS

Lt Col Jeffrey J. Short, USAFR
WL/FIVR

Wright-Patterson AFB, Ohio

Abstract

In its 1986 report, Selection and Use of Hazardous and Toxic
Materials in the Weapons System Development and Acquisition
Process, the United States Air Force Scientific Advisory Board
noted that the extensive use of hazardous materials during the
development and maintenance of weapons systems must be curtailed
to reduce costs associated with the generation of hazardous
wastes and improve workforce health and safety. With the
Department of Defense Directive 4210.15, Hazardous Material
Pollution Prevention (July, 1989), the concept was extended tc
consider the entire life-cycle of systems through avoiding or
reducing the use of hazardous materials during the acquisition
process.

The Air Force has developed a Hazardous Materials Life Cycle
Cost Estimator (HM LCCE) that could be used for estimating the
costs of using hazardous materials during the lifetime of a
weapons system, from concept to disposal. The estimator is based
on validated hazardous materials and hazardous waste costs from
the deployment of three weapons systems. The HM LCCE is designed
for use by the systems program offices to compare hazardous
material alternatives during system acquisitions. The HM LCCE is
programmed in Ada and designed for use on an IBM-compatible
microcomputer using an MS-DOS operating system.

The transparency design community should become aware and
utilize, where appropriate, the existing life cycle cost
estimation tools and expertise to reduce the costs of ownership
that are related to hazardous materials during the design,
production, maintenance and disposal of aircraft transparencies.
Inputs are needed to refine the HM LCCE regarding transparency
systems.

4
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INTRODUCTION
Annually, the Air Force spends about $30 million to dispose

of over 20,000 tons of hazardous wastes from over 200 installa-
tions and facilities. Sixty percent of the total voluxe comes
"from depot level maintenance at the Air Logistics Centers (ALCs).
The majority of Air Force hazardous waste results from mainte-
nance operations involving: (1) cleaning and degreasing;
(2) protective coating application and removal; (3)

4 electroplating and finishing; and, (4) vehicle maintenance.
These requirements for specific maintenance processes that result
in hazardous wastes are called for during the system acquisition
and procurement procedures; they are "built in" during the
acquisition process.

By 1992, the Air Force had reduced its generation of
hazardous waste by 56 percent from 1987 levels (Figure 1),
thereby exceeding the Department of Defense goal. Much
of this reduction was due to improved waste minimization and
management initiatives. However, this strategy often resulted in
shifts of pollution from one media to another (e.g.; wastewater
to landfill). Continued progress in reducing waste must rely
more on preventing pollution than merely managing pollutants. To
accomplish this, systems must rely less on the hazardous
materials and supporting processes must be developed and
evaluated that generate less hazardous waste.

In recent years, hazardous waste minimization initiatives
have focused on industrial plant end-of-pipe controlc and
associated hazardous waste minimization research, development and
acquisition programs. But end-of-pipe controls merely serve to
contain hazardous waste which eventually find its way into the
environment through further treatment and disposal.
Additionally, ever more stringent environmental criteria
continually drive up the costs of compliance. The Air Force has
realized that to prevent the generation of hazardous waste, it
must focus on the source of the waste which is conceived at the
earliest phases of acquisition. Source reduction (sometimes
called pollution prevention) is more desirable than simply
managing the waste because it reduces cost and liability.

PURPOSE
The purpose of this paper is to discuss the development of

a tool that can be used to compare the life-cycle costs of using
hazardous materials in the development and production of
transparency materials and enclosures. Reducing the use of
hazardous materials will ultimately reduce the cost of ownership
of transparency systems and will minimize associated
environmental, occupational health and safety concerns for both
the manufacturer/vendor and the Air Force.

POLICIES AND GUIDANCE
A 1986 Air Force Scientific Advisory Board (SAB) report

entitled, "Selection and Use of Hazardous and Toxic Materials in
the Weapons System Development and Acquisition Process",
concluded that many hazardous processes or substances are built
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into weapons systems early in the concept and design stages. The
SAB report noted that the acquisition process lacks the technical
expertise to adequately address hazardous materials issues at the
Systems Program Offices (SPOs). Basically, the Air Force needed
a comprehensive program to identify, evaluate and prevent
pollution throughout the life of a weapon system--from production
to disposal.

In July 1989, the Deputy Secretary for Production and
Logistics approved DoD Directive 4210.15, Hazardous Material
Pollution Prevention (HMPP). Under this Directive, Defense
Components are required to develop HMPP Plans to consider the
total life-cycle costs associated with our weapons systems. The
Directive emphasized less use of hazardous materials rather than
simply managing hazardous waste. The Directive provides for the
selection of hazardous materials based on the lowest life cycle
cost by considering environmental, safety and occupational health
costs associated with manufacturing, operation, maintenance and
disposal. Subsequent changes to the DoD 5000-series of
acquisition directives in 1991 have ensured further that
environmental concerns are considered on par with safety and
health issues presented by the requirements for hazardous
materials.

Department of Defense Instruction 5000.2, Defense Acquisi-
tion Management Policies and Procedures, ensures that system
designs incorporate safety, health and environmental considera-
tions into the systems engineering process. System safety
hazards resulting from either the operation or support activities
must be eliminated or mitigated 'efore Milestone III, Production
Approval. The environmental, safety and occupational health
concerns associated with the selection and use of hazardous
materials in the system must be evaluated as to the impacts
associated with the manufacturing, operation, maintenance and
disposal of the system.

The Air Force is committed to maintaining environmental
quality as an integral part of supporting the overall mission to
fly, fight and win. Compliance with environmental mandates is an
issue of paramount importance; failure -to coLtpl nay not only
subject the Air Force, its commanders and employees to civil and
criminal liabilities, but may also prevent timely accomplishment
of some important aspect of the mission.

A joint Air Force Chief of Staff and Secretary of the Air
Force memorandum (dated 7 January 1993) proposed an action plan
to meet an Air Force goal of reducing hazardous waste generation
to as near zero as feasible. The first objective of that plan
focused on reducing the reliance on hazardous materials during
the development and fielding of new weapons systems. Other
objectives were to improve inventory control and identify
opportunities to replace hazardous materials and processes with
non-hazardous ones. Achieving these objectives will eventually
save the Air Force operations and maintenance resources through
integrated planning, programming and budgeting of improvements to
the system acquisition and support process. The Air Force's
strategies, policies and regulations reinforce its commitment to
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national environmental values and will conserve resources.
In 1989, the Air Force conducted a preliminary study of the

aircraft systems acquisition process and to identify tasks to
reduce the use and generation of hazardous materials. A series
of issues and tools was defined that will improve the
incorporation of hazardous materials concerns into the decision-
making process. Integral to this process is the application of a
tool to calculate the contribution of costs over the expected
system lifetime for a specific hazardous material alternative.

HAZARDOUS MATERIALS LIFE CYCLE COST ESTIMATOR (HM LCSEI
Developing the tool for estimating the life-cycle costs of

using hazardous materials for new as well as existing systems is
a complex matter. A life cycle cost estimating methodology is
under development by the Human Systems Center Pollution
Prevention Office at Brooks AFB, Texas. The HM LCCE focuses on the
direct and indirect costs of using hazardous materials during the
design, production, operation, support, and disposal of weapons
systems. The HM LCCE was developed by studying cost and usage data
for the B-I bomber, F15 and F-16 fighters and aircraft engines.
Other data on the acquisition of the U.S. Army Ml-Al (Abrams)
Tank and the H-60 (Blackhawk) Helicopter and the U.S. Navy M-50
Torpedo. Data was collected from maintenance depots, operating
locations and prime contractors. West, Long and King (1993)
note that seven out of twelve cost elements (asterisked below)
account for over ninety-rive percent of weapon's life-cycle cost:

* 1. Procurement - the actual purchase price of the hazardous
materials including the cost of transportation to the contractor,
base or depot site;

2. Transportation - the cost to transport material from one
location to another at the point of use;

* 3. Handling - the cost of subdividing, labeling, and
distributing the materials as well as any productivity that is
lost due to restrictic-ons and controls;

* 4. Management - the cost of those functions necessary to
maintain oversight of the hazardous materials where used;

5. Training - the cost of training personnel in the proper
handling, storage, and use of hazardous materials plus the cost
of training personnel in the proper use of protective equipment;

* 6. Personal Protection - the cost of personal protection
equipment including its maintenance and support, the cost of
worker inefficiency from wearing equipment and the costs of
dispensing the equipment;

1059



* 7. Potential legal/environmental liability - the potential costs
of toxic torts, correspondence with regulators, damage to real
property or natural resources and treatment of contaminated water;

* 8. Medical - the costs for occupational physical examinations
(including lost time while they are being administered, medical
surveillance and industri 1 hygiene surveys, and worker lost time
due to illness/injury as a result of exposure to hazardous
materials;

9. Facilities - The cost of facility cost and maintenance
required for the use of hazardous materials;

10. Support equipment - the cost of special equipment needed to
handle hazardous materials and hazardous wastes;

11. Emergency response - the costs of personnel and equipment to
respond to an emergency related to hazardous materials including
lost time from work stoppage;

*12. Disposal - the cost of operating an industrial wastewater
treatment plant, when applicable, the labor costs for waste
collection and handling, the cost of contractor disposal of
hazardous waste (including permit and licenses), costs of
hazardous waste analyses and classification.

HM LCCE and DEPOT CANOPY REPAIR
The HM LCCE can be used to evaluate the total environmental,

safety and occupational health costs of employing hazardous
materials during depot canopy repair. The HM LCCE contains a
section that can calculate the expenses accordable the hazardous
materials used in removing, refurbishing and replacing canopies
at the depot level.

Inputs to the HM LCCE are provided by knowledgeable systems
engineers or occupational health professionals. The H2M LCCE
provides a variety of outputs that will support the decision-

are most cost-effective when made prior to decisions to actually
produce and field a system. The use of a standardized HM LCCE
will help remove institutional impediments to decisions regarding
the tradeoffs involved with hazardous materials during the
systems acquisition process.

The HM LCCE was used to estimate the environmental and
occupational health concerns relating to hazardous materials used
during depot-level canopy repair activities. The estimation
parameters are summarized on Table 1. Those substances required
by military specifications were highlighted for the analysis.
The estimated canopy repair costs, by cost element in discounted
1991 dollars, show that personal prctection and medical cost
drivers are nominal and relatively reasonable (Table 2). A
breakout of the specific hazardous substances and related
personal protection equipment required for their use indicates
that opportunities still exist to reduce associated personal
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protection and medical costs during depot canopy repair
activities (Table 3).

The HM LCCE can be used to consider the economic tradeoffs
involved with design, acquisition and operation of replacing
hazardous substances for inclusion in the supportability cost.
A good application of the HM LCCE would be to reduce the use of
ozone depleting chemicals during the design, testing, production
and support of aircraft canopy systems. Certain

a chlorofluorocarbon (CFC) and halon chemicals are believed to
contribute to the depletion of stratospheric ozone. The
production and use of the most environmentally harmful (Class I)
of these potentially ozone depleting chemicals (ODCs) will be
phased out by 1995. For other CFC chemicals that are not being
phased out, financial disincentives may drive up the expenses of
using CFC chemicals to where their continued use may not be
economically practicable. One solution may be to substitute
alternate chemicals and processes for those now requiring CFCs.

As of June 1, 1993, the Air Force requires waivers prior to
the award of any contract that requires the use of Class I ODCs.
Waivers are evaluated by representatives from the acquisition,
logistics and maintenance and civil engineering functional areas.
Waivers are also required for the purchase of Class I ODCs or for
their withdrawl from stockpiles for replacing diminished stock.

CONCLUSION
The- Ali- Forc is•,• muo ing from -t• c l • an- .. ... •. -'-4-• '1 .ý-•

pollution prevention strategy to one encompassing all phases of
the Air Force way of life. Considerable progress already has
been made in the reduction of hazardous waste by replacing
hazardous processes of cleaning and protecting aircraft parts.
The Air Force is successfully integrating environmental
considerations and assessment techniques into the basic design
of new systems. Integral to this process is the full
inclusion of environmental, safety and occupational health
costs of operation with other supportability costs.

Contractors involved in the design and production of weapons
systems can have ithe m er ffec -by choo sing materials and
processes that will not require the use of hn- -dous materials or
generate hazardous wastes. Inputs into the F1!H LCCE by the
transparency design community can improve life cycle cost
estimation to reduce the costs of transparency ownership that are
relatud to hazardous materials.
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Table 1.

jw

HAZMAT ESTIMATE PARAMETER INFORMATION REPORT

ESTIMATE TITLE: TRANSPARENCY CONFERENCE EXAMPLE

ESTIMATE DATE : 08- 11-93

DISCOUNT RATE: .100

INPUT BASE YEAR: 1991

ESTIMATE EASE YEAR: 1991

SERVICE ....... : AIR FORCE
SYSTEM NAME...: AIRCRAFT

SYSTEM TYPE...: FIGHTER

SUBSYSTEM NAME: AIRFRAME

NUMBER OF SU8SYSTEPS: 1

SYSTEM ECON0MIC LIFE: 5
NUM4ER OF OPERATING UNIIrS: 48
NUMBER OF TYPE PER UNIT: 1

._aISER OF OPEQATING LOCATIONS; 18

OPERATING & SUPPORT QUANTITY: 86a

SURFACE AREA OF SUBSYSTEM: 24

CCIPOSITE SURFACE AREA OF SUBSYSTEM: .....
TITANIUM SURFACE AREA OF SUBSYSTEM: .....

*.#.EST IRATE MEMO:



Table 2.

TRANSPARENCY CONFERENCE EXAMPLE
Costs by Cost ELeenit in DISCOUNTED DoLlars

a of 08- 11-93

THOUSANDS of FY 1991

Running

1997 1998 1999 2000 2001 2002 2003 TotaL

DISPOSAL .00 .00 .00 .00 .00 .00 .00 .00
EMERGENCY RESPONSE .00 .00 .00 .00 .00 .00 .00 .00
FACILITIES .00 .00 .00 .00 .00 .00 .00 .00

HANDLING .01 .01 .01 .01 .02 .02 .02 .10
PO3TENTIAL LIABILITY .08 .07 .06 .06 .11 .09 .08 .55
MEDICAL 18.50 16.82 15.29 13.90 25.28 22.98 20.89 133.66
MANAGEMENT .00 .00 .00 .00 .00 .00 .00 .00
PERSONAL PROTECTION 104.95 95.41 86.73 78.85 143.36 130.33 118.48 758.11
PROCUREMENT .37 .33 .30 .28 .51 .46 .42 2.67

SUP'IMT EQJIPMENT .00 .00 AOC .00 .00 .00 .00 .00
TR aNING .00 .00 .00 .00 .00 .00 .00 .00

TRANSPORTATION .00 .00 .00 .00 .00 .00 .00 .00
TOTALS 123.94 112.67 102.43 93.12 169.30 153.90 139.91 895.27

2004 ... ... ... --- . ---- ....

DISPOSAL .00- - -...........-----------...........----------------------.......... .00
EMERGENCY RESPONSE .00 ----------.----------.--------------------------------.---------- .00

FACILITIES .00 ...........-----------..........-...........-----------.......... .00
HANDLING .01 ----------.- .-------------------.----------- -.......... -----------. 11
POTENTIAL LIASILiTY .07 .......... .......... .......... .......... .......... .......... .62

MEDICAL 18.99 .............................................................. . 152.65
MANAGEMENT .00-------------------- ..........---..........- .................. --. 00
PERSONAL PROTECTIOW 107.71 .... .............................................................. 865.82

PROCUREMENT .38 ..........-----------------------.......... ........... ----------- 3.05
SUPPORT EQUIPMENT .00 ............ .................................. ................. .00
TRAINING .00-------------------- ....................... ............------ ----. 00

TRANSPORTATION .00 ......................---------------------- .......... -----------. 00
TOTALS 127.19 ----------.----------.--------------------------------.---------- 1022.46

14
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Table 3.

FHAM/FPROCESS: OPERAI:NG & SUPPORT /AFA DEPOT CANOPY REPAIR

SlEET ID UISTANCE WANE ISUI PROOTY OTT USED EQUIPMENT NAW

000822450 EPOXY PRIMER CWITING KIT 1 .0896
d 001178310 ADHESIVE KIT 1 .0299
i0014N293 ADNESIVE BOX 1 .0040 CI4-RESISTANT SAFETY GOGGLES

COS FACE-SNIELD KIT Y/SAFI CP
AIR RESPIRATOR BO (1SHIN)

RESPIR ORGANIC VAPOR ACID GAS
001450020 ADHESIVE Oz 3 .0015 CHI-RESISTANT SAFETY GOGGLES

COWI FACE-SKIELD KIT WISAFE CP
001658614 ADIESIVE OT 1 .096 CHE-RESISTAIW SAFETY GOGGLES

PeI RESISTANT GLOVES
0017i¶50f LAC aER GAL 1 .0001
002Z52737 DiCUL.ORUNETNANE PINT 1 .0224
002254548 ADHESIVE KIT 1 .0096 CHENRESISTANT SAFETY GOGGLES

COTTON INSPECTORIS GLOVWS

RESPIR ORGAIC VAPOR ACID GAS
0023,&378 SODIUM SULFIDE, NONANYORATE, A GRAM 500 .0224 COW FACE-SNIELD KIT U/SAFE CP

CHEMICAL COVERALL

AlI tilrimAu0k *GA (i1llN)

00200926 PETIOLES I2 1 .0003 FACE SHIELD
PCU RESISTANT GLOVES

0026 3 METHIYL ETHYL KETONE Oz 3 .0000 VISITSK'S SAFETY

CNEN-RESISTANT SAFETY GOGGLES
COMB FACE-SHIELD KIT V/SAFC CP

00265064 NAPTNA GAL 5 .0090 CHIN-RESISTANT SAFETY GOGGLES
AIR ERSPIRATOR SM (1SWIN)

002M67748 43AnM L, ALf.D-L GAL 5 4.7761 FUTWRA GOGGLES
PC2 RESISTANT GLOVES

OIGANIC VAPOR RESPIRATOR
003190834 CLEANING COKPOID Ld 11 .0038 COO FACE-SHIELD KIT N/SAFE CP

RESPIE ORGANIC VAPOR ACID GAS
00357r736 DETERGENT 02 22 .00m
004222169 CALCILN CHLORIDE Ls 80 .7463 COEN-EESsTIrAHT SAFETY GOGGLES

CHEMICAL COVERALL
RESPIR ORGA9IC VAPOR ACID GAS

005152211 PRIMER COATING GAL 5 .0M SPLASH (5MM CHEN SPLASH GOGG
TYV•E UISP ELASTIC TOP BOOTS
NEOPREWE GLOVWS

CHEMICAL COVRTALL
RESPIR ORGANIC VAPOR ACID GAS

OC5??N16 ENAMEL GAL 1 .0010 CI4"RESISTANT SAFETY GOGGLES
005511487 1,1,1-YRICNOROETMUAE GAL 55 .0000 CNEN-rISISTANT SAFETY GOGGLES

COO FACE-SHIELD KIT WSAFE CP
POLY-COATED GLOVES

AIR RESPIRATOR SCM (iSNIN)
006646910 GLASS CLEANER SW 1 .0014

O07WSW46 AIIESIVE KT 1 .0036 WILLSCN GALAZY SAFETY GLASSES,

StAKLEnt NAT4UAL lt*$t GLOWS
Or•f'lW• EPUX , iTCH KIT 1 .0009 ChC,-1RSISIJ•T SAFITY (kICCZ4IS

SEAMLESS NATURAL ftURI (iLOCJwE;
OM3 s9 MLW•It LOATING aIM 1 .0002 GENCAIL 1P•1Rl•A FACL HIEtLD



PHASE/PROCESS: OPERATING & SUPPORT /AFA DEPOT CANOPY REPAIR

SUSST 10 SUBSTANCE NAME MSUR PROOTY QTY USED EQUIPMENT NAME

DISPOSABLE BOOTS
SEAMLESS NATURAL RUBBER GLOVES
NEOPRENE APRON

RESPIRATORS DUST & MIST
008430802 ADHESIVE SEALANT KIT 1 .0023 UILLSON GALAXY SAFETY GLASSES

COTTON INSPECTOR'S GLOVES
008510211 ADHESIVE KIT 1 .0033 COG FACE-SHIELD KIT U/SAFE CP

COTTON INSPECTOR'S GLOVES
008556160 ISOPROYL ALCOHOL GAL S .0075 CHEM-RESISTANT SAFETY GOGGLES

CHEMICAL COVERALL
RESPIR ORGANIC VAPOR ACID GAS

0087M0077 PRIMER ADHESIVE OT 1 .0075 COMB FACE-SHIELD KIT W/SAFE CP

RESPIR ORGANIC VAPOR ACID GAS
008807616 SILICONE COMPUP Oz 8 00224 CHEN-RESISTANT SAFETY GOGGLES

CMW FACE-SHIELD KIT U/SAFE CP
COTTON INSFECTUR'S GLOVES

fESPIR ORGANIC VAPOR ACID GAS
0C9023871 ADHESIVE KIT 1 .0007 WILLSON GALAXY SAFETY GLASSES

SEAMLESS NATURAL RUBBER GLOVES
009353794 PLASTIC POLISH BOX 1 .1194 WILLSON GALAXY SAFETY GLASSES

SEAMLESS NATURAL RUBBER GLOVES

SEAMLESS NATURAL RUBBER GLOVES
RESPIRAIORS DUST & MIST

0112004050 ETHYL ETHYL KETONE LB 5 .0089
011840329 SEALING CQOP3JSD Oz 6 .8420 COMS FACE-SHIELD KIT WUSAFE CP
012602534 LUBRICANT OZ 16 .0075
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Abstract

Based on a direct forming method demonstrated under a Wright Laboratories
contracted effort completed in 1988, a major effort to develop technology for
directly forming aircraft transparencies is nearing Completion. Since direct
forming affords designers the capability to tailor thickness and to form the
Transparency with integral aLtLtalzelit 1eardw•a-a, hilalckenied e dges Car le ut'Ili.z
to eliminate the necessity for peripheral metal or composite frames. This class of
transparency is referred to as "Frameless". Elimination of the frame also eliminates
the necessity for bonding or bolting and sealing a conventional "bent-from-sheet"
transparent panel to a frame. Since directly formed transparencies have (except
for sprue removal) their final shape when they are removed from the mold, the
requirement for post forming machining is also eliminated.

Direct forming can be utilized to manufacture transparencies as
replacements for bent-from-sheet panels attached to frames with conventional
methods. The directly formed transparent panel can feature thickness tailoring to
save weiLght, gain bilrd imnpact ritncor te% xacieave improve opic. ecus
direct forming (injection molding) is not labor intensive and produces consistent
and repeatable parts in a very short time (one hour molding cycle), transparencies
can be produced at very low cost.

The evolution of windshields and canopies for high performance fighter and
trainer type aircraft has been heavily influenced by the need to provide resistance
"to in flight impact with birds. Another influence has been the requirement for
maximum and unobstructed field of view for pilots and aircrew members. Often
modern designs sacrifice optical quality and weight to attain these goals. Because
unobstructed field of view demands minimal opaque structure and compound
curvature, transparent panels must be formed from very tough and formable
plastic materials. Currently, impact resistance in transparencies is provided by
extruded flat polycarbonate sheet.
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Current Transparency Design and Manufacturing

The extruding process for sheets of molten polycarbonate resin produces
surfaces which must be heated and pressed between high quality surfaces to gain
optical quality. Flight and impact loads require thicknesses of three quarters to one
inch in forward facing transparencies. Extruded sheet stock does not have
dependable impact resistance in thicknesses over about three eighths of all inch.
To obtain the necessary structure. transparent panels must be laminated from two
or more sheets. Further, to prevent migration of cracks from one ply to another,
the laminations must be separated by an elastomeric inner layer. The lamination
process must be closely controlled to minimize optical distortions which can result
from unparallel surfaces and dissimilar materials. Laminating is labor intensive,
expensive, and can produce rejectes for imperfect bonding or optical quality.

Flat constant thickness laminates must be heated to a state which permits
bending to the final transparent panel shape. Bending is accomplished by
wrapping around a mandrel for simple shapes or forcing the laminated sheet into a
cavity for shapes with compound curvature. This bending process requires
stretching which also thins the laminate in an uncontrolled manner. The integrity
of the lamination is threatened by the thermal cycle and stresses associated with
bending and stretching. Variations in design shape and thickness as large as two
tenths of an inch are not uncommon. Optical distortion is difficult to control
during the heating and bending process and residual stresses are difficult to
nrpvpnt 2nd(I dtrot

After forming, the transparent panel must be trimmed to final shape by
machining the peripheral edges. When the panel is to be bolted to a frame, holes
for the fasteners are drilled zlong the edges. Polycarbonate is notch sensidve and
even very fine machine marks can become the origin for cracks as the material
ages or is loaded. Machined edges are more susceptible to moisture and chemical
absorption than surfaces formed during the polymer cooling process. Cracks often
originate at holes for fasteners. Delaminations usually start at or near fastener
holes or machined surfaces.

In transparencies with laminated panels, the iur~ctvre wiZd the frame may
loosen due to thinning of the soft inner _ay2r material. Inner layer thinning can
be caused by fastener compression or the cla-uphig acdoi. of frame edge mfj.mbers
or fairings. A loose joint is subject to penetration of moisture and chiemicals which
can be absorbed by the machined polycarborate .dydes catusaag crazing, cracking,
material degradation, delaminadon, and !hoitened scr~rice life. This juncture may
be the source of cockpit pressure leaks.

Major discontinuities in load patns a:ist at the juncture betwecn frames aud
transparent panels where fasteneiL or bonding imn-robiliTzes ;plastic material. Bird
impact failures in forward facing wirdshie_;ds often originate at the zft arch wbere
this discontinuity exists. Although elastomeric bushings are often used .in
oversized fastener hoies, differences ir. thexmai tiongatxoir i, the frame material
and in polycarbonaze can result !,.t .3resscs in the panel material. Bonding pant.hs
to frames, if the bond is successfal, [manobilizes tiv:. polycarbonate -with respect to
the frame material avd stress in the plastic is highly cnw.e±ntrated along this line.
Utilizing the structuial benefits inherent in polyca:bonate toughness depends oni
permitting elastic detori.ation of the nitaterlai. Large pcrnancnt plastic
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deformations should be permitted for absorbing dynamic loading associated with
bird impact.

The need for frame attachment along the edges of transparent panels leads to
the necessity for greater thickness in the panel to obtain strength where sections
are reduced by holes or where the plastic is immobilized by a bond to very stiff
frame material. Since extruded sheets or laminations of sheets are of constant
thickness before forming this added thickness may be carried in areas of the
transparency where thinner sections would withstand applied loads.

Concepts for Technology Development

Technology is being developed for two related concepts; Direct Forming and
Frameless Aircraft Transparencies. Direct forming technology can be applied to
eliminate undesirable attributes associated with the current bend-from-sheet
manufacturing method while reducing cost, extending service life, and improving
performance. Direct forming advantages can be applied to existing and new
aircraft. The frameless concept can be utilized to eliminate undesirable traits
associated with the current necessity for attaching transparent panels to
peripheral frames. Since frameless transparencies are directly formed, all of the
direct forming advantages are also included. Potentials associated with the
frameless concept may be limited in retrofits to existing aircraft, but offer major
advantages to the designers of new aircraft.

Direct Forminz

Direct forming entails manufacture of an aircraft transparency directly
from molten thermoplastic resin in one thermal process. This technology can be
utilized to produce replacements for bent-from-sheet transparent panels or as a
method for producing frameless aircraft transparencies. Low pressure, long cycle
injection molding (Reference 1) is the direct forming method which is the basis for
current technology development.

Injection molding produces transparencies by filling a mold cavity with
molten resin, packing additional resin into the mold as the resin solidifies, cooling,
arid removing the molded transparency from the mold. The thermal condition of
the mold and enclosed resin/polymer is closely controlled to insure optimum
material properties, transparency quality, and dimensional repeatability. The
forming cycle takes only about one hour and can be repeated immediately. Post
forming machining is limited to removal of gating sprue for frameless
transparencies. Drilling of fastener holes in the molded transparent panel which
must be moulited into a frame is necessary only if molding the panel with holes is
imupractica!..

Because direct forming is not labor intensive, major manufacturing cost
r,ý6uctnons relative to bent-from-sheet methods can be realized.

Injection molding is a repeatable process which can be simulated (Reference
2) in computer aided engineering software, eliminating the need for trial and error
development of most process parameters. Control and programming of temperature
and pressure conditions during injection and polymer cooling produces material
w~th consistent and repeatable properties in thicknesses required for reacting both
static and dynamic loading conditions. Based on testing (Reference 3) of directly
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formed sub scale panels, monolithic cross sections are expected to provide bird
impact resistance in full scale transparencies.

Forming in a cavity which controls all surfaces and produces the final
transparency shape affords the capability for tailoring and closely controlling
thickness. Thickness tailoring can provide optimized structure while reducing
overall weight (Reference 4). Weight reduction can be accomplished by
thickening the forward facing areas for bird impact resistance and gradually
decreasing thickness as impact incidence decreases to aft facing area where only -
flight loads must be reacted.

For given outside mold lines, optical characteristics can be optimized by
distribution of thickness and inboard shape to achieve the best optical relationship
between inside and outside surfaces. Precision control of thickness and shape, and
the distribution of thickness and shape may afford the capability for designing
transparencies to optical requirements. Thickness and shape distribution must
consider both structure (impact and static) and optics. Repeatability of thickness in
sub scale panel molding where simplified molds and thermal control were utilized,
has been demonitrated within plus or minus .002 inches. Utilizing dimensional
mapping (Reference 5) of molds and molded parts, a method for predicting
shrinkage distribution (Reference 6) has been developed. Thickness control and
repeatability in fail scale transparencies is expected within .005 inches of design
thickness in optical areas. This precision, which is unrelated to complexity of
shape and curvature, may be more than an order of magnitude better than
uncontrolled thickness variations associated with bend-from-sheet forming
methods.

Frameless

Contrasted to conventional aircraft transparencies which are assemblies of
transparent panel(s) and a frame of dissimilar material, the frameless
transparency requires no peripheral frame, has thickened sill edges of the same
material as the optical areas, includes minimal molded in hardware for attachment
to aircraft, and is formed in a single thermal process. The frameless concept is
dependent on direct forming technology and ofi ers all of the advantages of direct
forming in addition to advantages associated with elimination of the requirement
for a peripheral frame.

Elimination of the frame can substantially reduce transparency acquisition
and life cycle cost. Although frames are typically (for bolted panels) reused, the
initial cost is great, and the cost of inspection and refurbishment each time the
transparent panel is replaced must be considered. Logistics for supplying the
frame, fasteners, bushings, and seal (panel to frame) sets must also be considered.
Because the panel to frame seal, attachment fasteners, and fairings are eliminated,
changing the frameless transparencies in the field requires less aircraft down
time.

Residual stresses in transparent panels which result from deformations of
the panel to fit the frame, compression of plastic by fasteners, and continuous
attachment of the panel to a thermally dissimilav material can be eliminated.
Considering the eliminated installation stresses, minimal residual strcss due to
forming with the long molding cycle, elimination of machined edges and fastener
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holes, and elimination of the panel to frame seal, significant increases in service
life are expected.

Loads as great as 11,000 pounds have been required to pull a single latching
insert from a molded panel thickened edge. Testing of insert pull out loads after hot
and cold mission cycling has indicated that the inserts can be expected to react
mission loads successfully in a frameless transparency. A seal required between
transparency frames and ;-'zraft cockpit sills will be required for frameless
transparencies and will require that the thickened edge be structurally designed to
prevent deflections between latchbng inserts which would break this seal. This
stiffness has been analytically predicted for the design of the first frameless
transparency which is presently being molded.

Elimination of the need for dissimilar (frame) materials and attachment at
arches and. sills precludes major structural discontinuities. Designers can utilize
thickness and shape tailoring to transition static and impact loads to aircraft
structure through tough plastic materials without the effects of fastener holes and
materials that have greatly different response characteristics. This capability is
specifically important during bird impact on forward facing surfaces which
include an arch. Balanced design at the arch juncture is critical to preventing bird
penetration and controlling deflections. Cross sections (Figure 1) and shapes
which utilize the toughness inherent in impact resistant plastic can be chosen to
dissipate energy and transmit loads efficiently. These all plastic designs without
fasteners or dissimilar materials are simple to model for structural analysis tools.
Predictions of deflection and failure conditions can be made analytically with good
confidence. Bird impact tesing of molded sub scale panels witti thickened and
shaped edges have demonstraLed the capability for large elastic deformations which
have been indicated by analytical prediction methods (Reference 4).

Technology Development

Approach

Technology for directly formed and frameless aircraft transparencies is
being developed in three phases:

Lirst, a contracted study identified low pressure, long cycle injection
molding as a candidate for forming thick walled and impact resistant
transparent parts. This contract also included molding and testing sub
scale panels to demonstrate the feasibility of this method. This effort
(Reference 5) was completed in June 1988.

Second, development of technology required to design and fabricate
directly formed and frameless transparencies utilizing the direct
forming method previously demonstrated is currently being completed.
The product of this phase has been defined as the Analytical Design
Package (ADP) for aircraft transparencies. This phase includes design
of a Confirmation Frameless Transparency (CFT), design and fabrication
of a mold, molding of this transparency, testing, and utilizing test data to
confirm the ADP.

The -Tiird phase includes production of a prototype frameless
transparency for field use utilizing the ADP for design and methods
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developed during the confirmation of the ADP (second phase) for
fabricating this transparency and the required mold. This phase will
terminate with the delivery of the mold, process, and prototype test data
to the acquisition organization for the aircraft which will use the
transparency in the field.

PrQg~ress

Technology Based on Sub Scale Molded Panels

Table 1 summarizes demonstrated facets of the overall technology based on
moldcd sub scale flat and conical panels (Figure 2). The effort to accomplish these
demonstrations has been conducted in parallel with, and in support of major
cootracted efforts to design and fabricate the CFT mold, molding hardware, and
support equipment. Contracted support in the form of molding and testing has
been essential to these demonstrations which have been conducted by WL/FIVR as
In-House projects.

Table I

Technology Demonstrations Based on Injection Molded Panels

Direct Forming Process Structural (UDRI Test Support)

Two Molding Sources Dart Impact
Five Resin Types Bird Impact
Thick Monoliths Static Material Properties
Mold Temperature Zoning Insert Loads
Molding with Inserts Thermal Cycling
Melt Flow Index Effects Thermal Cycling Loads

Dimensional Design/Control

Dimensional Mapping Methods
Mold Design Methods

ADP Development

An early form of the ADP was developed and delivered as a part of the
Frameless Technology Program (FTP) conducted by Lockheed tort Worth Company
(LFW;C), then General Dynamics, Fort Worth Division.

The ADP as delivered by LFWC is being further developed by PDA
Engineering and the University of Dayton Research Institute (UDRI) as a part of a
WL/FIVR contract. ADP development is proceeding in accordance with an ASTM
method for software development which includes two Beta evaluation cycles. The
Beta 1 evaluation was conducted in February 1993. This evaluation included on site
participation of potential users at PDA Engineering in Costa Mesa, California.

Figure 3 is a graphical representation of the ADP. The ADP utilizes
P3/Patrarn, a Computer Aided Engineering (CAE) code to generate a common model
which can be utilized by structural, thermal, optical, and molding simulation codes
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to iteratively develop transparency designs from aircraft geometry and mission
requirements. As the common CAE software, P3/Patran accesses material properties
from an M/Vision data base and maintains pre and post processing files for each of
the analytical tools. Reference 8 includes a detailed discussion of the ADP and

a progress in ADP development.

ADP Confirmation Frameless Transparency

4 The design of the Confirmation Frameless Transparency (CFT) has been
completed. The CFT geometry is based on the forward half of the F-16 canopy as
shown in Figure 4. Design input includes F-16 mission and 350 knot, four pound
bird impact requirements. Thickened sills and an aft arch were added to generate a
forward windshield sized frameless transparency. Thickened sills enclose latch
inserts and an aft threaded insert for attachment to a modified F-16 frame for
ground testing. The CFT design represents the mission of a high performance
fighter with complex optical shape and frameless forward windshield features. No
attempt to optimize optics by thickness tailoring was made. The design goal
includes a constant three quarter inch thickness in the optical area. Figure 5 is a
graphic representation of the CFT showing thickened edges and latch inserts.

LEtML0I

A single cavity collapsing core mold was designed and fabricated. Figures 6
and 7 are photographs of the mold cavity and core respectively. A 2.75 inch
diameter sprue bushing is transitioned to the shape of the most forward CPT cross
section by a single fan gate. This resin delivery systeni xeflects the low pressure,
thick wall, long injection molding cycle demonstrated in previous molding of sub
scale panels.

Based on experience in molding sub scale conical panels, the mold cavity
thickness was tapered to correct for the effects of shrinkage (Reference 6). Sizing
of the mold cavity also included thermal expansion effects. The objective of mold
cavity sizing is to produce a constant thickness optical area and CFT design
dimensions. The mold has been thoroughly dimensionally mapped utilizing a
coordinate measurement machine with methods developed by WL/FIVR for
obtaining an accurate cavity thickness distribution.

Because the CFT interior surface "wraps around" (larger cross sections exist
inside the peripheral edges) the mold core, the CFT could not be removed from a
single piece mold core. Two opposed areas of the core surface were replaced by
sliding blocks which will be retracted by a hydraulically driven internal
mechanism before the mold can be opened. These slides produce the "collapsing
core" mold feature and permit CGT removal. A witness line in the form of a small
ridge extending from the surface will be formed at the edges of the sliding blocks.
The shape and location of these blocks was chosen to keep witness lines away from
the prime optical area.

Ihe CFT mold was cut from solid billets of P20 steel. The cavity surface was
polished to a 1200 diamond paste "mirror" finish. Cavity surfaces were hardened by
ion nitriding for durability.

Blocks for retention of latch and threaded inserts are fitted into the mold
core billet. These blocks secure inserts during injection and are removed from the
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mold with the CFT, then separated and replaced in the mold with an insert set for
the next injection. A system for initial motion of the retention blocks at mold
opening is provided.

Thirty seven channels were drilled for heating/cooling oil to control the
temperature of the mold. A total of 32 thermocouples and 8 pressure transducers
are located in cavity, core, slide, and slide mechanism billets.

Design, fabrication, polish, surface hardening, and mechanical confirmation 4
checks have been completed. The CFT mold has been installed in an Envirotech Wk

molding station and prepared for process development molding trials.

CE Remo¥val System

To preclude manual handling of molded CFTs, a mechanism for CFT removal
from the mold has been designed and fabricated. This removal system is attached to
the aft face of the mold cavity and includes a carriage which travels along rails to
position cradling fixtures at the sprue and CFT aft corners when the mold is open.
The cradling fixtures are hydraulically actuated to lift the CFT off mold stripping
blocks and the carriage is removed from the mold bearing the CFT. Molded CFTs will
be lifted from the removal system and placed on wooden pallets which are also the
bases for storage and shipping containers.

Fabrication and installation of the removal system is complete. An opaque
CFT casting which was formed inside the mold was used for functional checks of the
mold and •EuvIUa. system.

Mold Heatipg/Cooling (H-C) System

The H-C system developed for the CFT (and anticipated subsequent
transparency molding) has the capability for independently heating and cooling
eight mold zones. This is accomplished by maintaining two constantly flowing oil
circuits. A hot oil circuit can be maintained at a maximum of 500 deg F and a cold oil
circuit can be kept at a temperature as low as 37 deg F. Set temperatures and
temperature ramps are achieved for each mold zone by a feed back control system
which, based on temperatures sensed in input lines to each zone, cycles a controller
wlhich controls f"low rate and alternates flow from the hot or cold circuit t% achieve
the desired temperature set values at programmed times. As many as eight
temperature ramps can be programmed for each of the eight mold zones during the
molding cycle.

Figure 8 is a schematic of the H-C system as it is presently installed at the
Envirotech plant. The system is on four modular skids designed for mobility. A gas
fired burner on one skid supplies heat for oil in the hot oil circuit, a chiller skid
removes heat from the cold oil circuit, oil supply and reservoir tanks are contained
on a tank skid, and a secondary loop skid includes a pumping and control circuit for
cach of the eight mold zones. Skids are installed exterior to the molding facility
building and oil piping connects the skids to inside manifolds where oil flow in
each zone is divided to specific channels in the mold.

d

The H-C system represents a major investment in an asset which can be
utilized for development of additional technology related to direct forming of
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aircraft transparencies. It is also anticipated that the H-C system will be utilized in
production molding of directly formed and frameless transparencies in the future.

Programming, control, and monitoring the 1l-C system will be accomplished
by a series of virtual instruments within LabView software utilizing a Macintosh
computer. The LabView system will also continuously record output from each of
the mold thermocouples and pressure sensors. LabView software has been
configured to record data in files on a hard disk with the capability for observing
current values, recent data history, and down loading time segments of data as the
molding cycle progresses.

The H-C system and the LabView based control and recording system are
complete and installed at the Envirotech plant. Testing to establish performance
limits are currently being conducted prior to initial CFT molding trials.

CFT Molding

A three phase program for molding the CFT as the first directly formed
aircraft frameless transparency is currently being conducted. All molding will
utilize Dow 300-6 Calibre polycarbonate resin. It is expected that CFT molding will
be completed by 30 September 1993.

Process Development Molding

Eighty injection molding "shots" will be devoted to the development of an
optimum process for forming the CFT. During this molding phase process
parameters will be varied and resulting molded CFTs tested at the molding site to
assess effects.

Process Development Testing

During process development molding, each molded CFT will be tested to assess
the effects of process changes and to evaluate CFT quality, repeatability, and
performance. The results of this testing will be utilized by the molding team to
.L1LrLC-L LIM~ ICVVJ1ULI'J1 U1 LSL %-t I LuAlJl.L1II, k.1iJlus 330. AtwuJlAIA~.J4~JL £& .I I*1I a a 1.

polycarbonate extruded sheet and coupons cut from bent-from-sheet F-16 canopies
will also be tested- Testing at the molding site will include:

Inspection and Evaluation of CFTs for molding defects and overall
quality will result in a grading value for each CFT. All CFTs will be
subjected to this inspection and evaluation.

Measurement of Overall Dimensions to establish conformance to design
and repeatability. This data will also be used to evaluate methods for
sizing the CFT mold cavity.

Micrometer Measurement of Thickness at the edges of dart test coupons
removed from CFTs. This data will be indicative of actual thickness
distribution in the CFT optical area. Data will be compared to mold cavity
thickness distribution based on dimensional mapping of the mold cavity



and core. The effectiveness of the WL/FIVR method for shrinkage
distribution in cavity design will be assessed for process parameter sets.

Drop Dart Impact testing to establish the impact resistance of molded
material will be conducted after each CFT has reached ambient
temperature. Six inch square coupons will be cut from four CFT
locations, held in apparatus which matches the local curvature of each
coupon, and subjected to the impact of a 60 pound dart dropped from
heights up to 23 feet. The dart has a 1.5 inch hemispherical nose.
Process parameters will be varied to attain maximum impact resistance
within the dart testing capability. Coupons will be subjected to impact
on both inside and outside CFT surfaces.

Optical Distortion Mapping for each CFT will be conducted utilizing an
on site Optical Test Fixture (Reference 9). Angular deviations in
azimuth and elevation will be measured over the CFT optical surface
from the design eye point. Effects of process parameter changes will be
assessed.

Light Transmittance and Haze will be measured for dart coupons before
impact. Effects of process changes will be assessed.

F&ffyctiven= of Injection Molding Simulation

ýr•,•-m- •-~r a,,•l -m•"r. rol1,ino mol ingon.ltrantq from AC Technologzv. the

vendor for the C-Mold software package, will join WL/FIVR and UDRI personnel at
the molding site for assessing the effectiveness of this simulation package. An on
site Silicon Graphics Indigo work station will be utilized with a CFT model
previously generated by LFWNC and WL/FIVR to simulate molding and generate
process parameters. Process parameters generated by the simulation will be
compared to the actual process. Because C-Mold is intended for typical (see
Reference 2) injection molding cycles. it is expected that major disagreements will
be evident. AC Technology consultants will be expected to provide changes to
modeling methods, C-Mold run procedures, and minor changes to C-Mold default
restrictions which will improve the accuracy of simulation for the low pressure,
thick .wall. long cycle CFT molding process. Additionally the simulation
effectiveness effort is expected to result in recommendations for customizing the C-
Mold package as necessary for effective simulation of the direct forming process
for aircrft transparencies.

Ca Test item Moljdjng

The process which evolves from process development molding will be
utilized to produced 55 identical CFT items to be utilized for ADP confirmation testing
subsequent to the molding trials. As a check on process stability and to establish
repeatability limits, every tenth CFT will be subjected to the on site testing utilized
for process development. Depending on the magnitude of observed variation,
optical distortion mapping may be conducted for all CFTs. All CFl's will be subjected
to inspection and evaluation. Gating sprues will be removed from these CFTs by the
molding contractor.
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CJ LMolingIf~anr Ljtin 1i&

Fifteen CF-Is will be molded utilizing tne process which evolves from process
deveiopment molding for subsequent applicatior. of abrasion resistant coating.

* TI~ese items will then be tested for effectiveness of the coating relative to material
properties, coating adhesion, and bird impac, resistance. The seventh of these CFrs
wtli be subjected to on site zesting to check for continuity in molding process. All
CF~s will be mubjected to inspection and evaluation. Gating sprues will be removed

4 fromt thezse CFI's by the molding contractor.

Efforts to complete the development of the ADP are currently concentrated
on refino'ment of thermal and structural code integration, incorporation of an
optricjl codIe, and limuited application of the ADP to current design tasks.
Prept~iations for the Beta 2 evaluation ar-e under way.

Iresting for gencrpting data zo be used to confirm the ADP, methods utilized ii
mold design, and the effectiveness of abrasion resistant coating will include
dimensienal mapping, establishment of material properties, static stru;cturall
testing, and bird impact kesiing. Tlhis, Lvstiiig will 1-gi -4t Che e-11r ofAL% tW1 t
molding with dimensional mnapping. After mapping, some CFTs will be cut into
couponxs for ma,'t:nials property testing, and some will be shipped to coating
facilities for application of abrasion resistant coatir,;. Both coated and uncoated
(:FTs will be subjected to) bird imapact testing to obtain deflection time data and to
determine faiiure coriditkoas. CFT testing is expeczed to be complete by the end of
calexidar year 1993.

th X D? de,.'elopment will continue with the integration of an optical code and

the Beta 2 evaluaazioa, PD)A Er-Fineering. the developmnent contractor will prepare
the ADP fu.r delivery' early 41 cealdar year 1994.

AMLouLimadi~

The ADP configuration defiv~ered ait the eud of the development contract will
be utilized co redesign tl~e CYT based on *kw same mission requirements and
geometry input set whicth was xsed in the original CIFT design. Materials prcipernies
used as ADP input will inclu'.' thase resulting from CFT vestingý.

If the resulting CL1T design is sui'stantially different in thickness, aft arzh
cross sectiot%, or thickness distribufion, then tile ADP structural, thermual, and

iF optical analytical modules will be uitilized to assess the CFI configuration as molded
and tested foi tnisert latch Icad limits, bird imp.-.ct failure condition (Including
origin oi f;;iiure), deflection 'iistories for selected C17T surface points (including
points. on the aft arch) during tLQ bird impact event, and diss:ributioi. of' Optical



distortion. The customized (if apprapriate) version of the molding simulation
software will be exercised to obtain process parameters and mold design input.

Actual test results are to be compared with the CFT design goals or wkith the
assessed performance in areas mentionze, in the preceding paragraph. Where
differences exist, changes to modeling methods, application of analysis tools,
mnethods of design ft,..rations, or interpretation of material properties will be
identified to improve this agreement. After making appropriate changes, and after
reasonable agreem-ent between ADP Iresults and actual test data has been reached,
the ADP will be considered confirmed, Documentation of these efforts and
limitations of the ADF, including molding simulation, will be generated and
distributed. This documentation is expected to be available in mid calendar year
1994.

Technology Transition

Transition of developed technology to users was started in the second
technology development phase by actively involving potential users in the ADP
Beta I evaluation. This will continue with the Beta 2 evaluation. In parallel with
WL./HVR testing to confirm the ADP, users will be offered an opportunity to become
operational with tile AD,) and to apply the ADP to design tasks which may or may
not involve direct iorming or frameless transparencies. After ADP confirmation
molding and testing, SM-ALC/TIEC will initiate a program to apply the ADP and
direct forming technology to the development of a dirertly formed (but not
frameless) replp.cr-ment for thie current i--l6 canopy. WL,/F1VkR NVMi SUPPOrLthEfl
program by pioviding technical consultation and assistance.

Frameless aircraft transparency technology can also be transitioned to users
when the ADP has been confirmed since the transparency configuration for ADP
confirmation is frameless. The frameless flight denionstration to be conducted as a
part ok the third phase wil complete the technology development.

JirL==EQrs

Conduct of this technology development program has been the responsibility
of WjFIrVR. Additionally WvL/F!i7VR has absuined a mauia c' oiC in, the technicals
achievements and technical direction of the program. Some asp-cts off the programn
are beyond the scope of Wl-/FIVR capabilities and co.-uld niot be accomplished
without substantial contracted effort. The following list identifies contractols
which have been or are now involved in this program:

Lo~ral (formerly Goodyear Aerospace' - Dltx forming process

Subcontractors:

Envirotech (formerly Eiinco) - sub scale panel -noldin.g

UDRI - sub scale panel testing

"Lockhzeed Fort Wcwc~i Comnpan~y (formnerly Gerieral Dynamics) - Prime
contractor for initial ADP deveinprentm, Optical test Jfixtu-re, CVF design,
CET mold, HI-%- system, and CHr molding.



Subcontractors:

Envirotech (formerly Eimco) - CFT molding and sub scale panel
molding

Delta Tooling - Design and fabrication, CET mold and removal
fixture

Ak Budzar (sub to Delta) - It-C system design and fabrication

UDRI, (under WL/FIVR Transparency Technology Sipport Contracts) -

Prime contractor for sub scale panel molding tes:ing and evaluation,
fabrication of CFT and partel test apparatus, CFT insert fabrication, CFT
molding (coating evaluation), ADP development, ADP confirmation
testing, and ADP confirmation.

Subcontractors:

Envirotech (formerly Eimco) - CF"T molding and sub scale panel
molding

ALCOA - Thermoplastic insert molding, sub scale panel molding

Hettinga Molding Equipment Co.- sub scale panel molding

PDA Engineering - ADP development

Giddings and Lewis - Dimensional mapping of sub scale panels

Funding for this effort has been shared by WL/FIVR (30%) and the
Reliability And lNidintainability Technology Insertion Program (RAMTIP), managed
by the U. S. Air Force Material Command, CSTI/PIPR.

1. A low pressure, long cycle injection molding process has been demonstrated
for forming thick wailed, impact resistant, and transparent panels from
polycarbonate resins.

2. Tailoring thickness in injection molded thick-walled panels without loss in
material properties including impact resistance has been demonstrated.

3. Forces required to pull latch inserts from thickened edg:o• of molded panels
before and after hot and cold thermal cycling indicate the feasibility of utilizing
latch inserts to resist transparency attachment loads.

4. Thickness distribution in sub scale molded panels with directly formed
frameless aircraft transparency features can be controlled with better
precision than thickness in transparencies formed using bent-from-sheet
"Iethods.
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5. Fabrication of injection molds for frameless transparencies with collapsing

core segments to permit removal of molded transparencies is feasible.

Reseommendatio

1. Planned efforts for completing ADP development and confirmation,
including CFT molding and testing, should be completed.

2. Actions to proceed with the development and subsequent production of a
directly formed (but not frameless) F-16 canopy should be launched when CFT
bird impact testing has indicated that injection molded monolithic sections are
suitable for impact resistance in aircraft transparencies.

3. WL/FIVR efforts to produce a frameless forward wind shield prototype should
proceed when CFT bird impact testing has indicated that injection molded
monolithic sections are suitable for impact resistance in aircraft
transparencies.

4 The capability for designing directly formed aircraft transparencies to optical
requirements should be pursued. This capability should be added to the ADP.

5 An investigation to determine the feasibility of removing witness lines which
result from segmented molds should be conducted.

6. The CFT mold and the H-C system should be utilized for demonstrating
technologies related to direct forming for aircraft transparencies. CFT molding
with abrasion resistant film in the mold before injection should be considered.

7. CFT molding for refining process beyond the 80 shot process development
molding of the current program should be considered.

8 Formulation of resins specifically for the low pressure, thick wall, long cycle
•roc;ess should be considered. These formulation efforts should strive for
traprovement. in impact re sistance in monolithic sections, higher temperature
r•ies•tn-r fnr monlipcd trmnsnar•ncies, and increased abrasion resistance.

9. The CFT mold and H-C system should be utilized for qualifying resins
formulated specifically for the direct forming of aircraft transparencies.

10. A study to develop methods for and the effectiveness of molding
transparency panels with holes for fasteners should be conducted.

11. The H-C 4ystem developed for CFT molding should be considered for
production molding of transparencies for field use. a.'

1. Mills, C., and Pinnell, W. R,, "Injection Molding as a Direct Forming Method

for Aircraft Tratnsparencies," to be published with the proceedings form A
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EnavlrotechU has been, fistu .. .. enital ir, .lll•iLng .- 1.--- cK- wa--_lllL•% I.. %---Jl•:~l • .. . .. .. LL. £•IXLOIpcA IZLL

panels under projects funded by the Air Force Wright Laboratories since 1986.
More than 350 flat and conical test panels have been molded. Envirotech is
presently conducting a molding program for developing the process for the first
full scale directly formed frameless transparency.

This paper addresses injection molding practices applicable to forming thick
walled large transparent parts. Low pressure, long process injection molding is
compared to standard molding processes. How low pressure processes can produce
required dimensional control, impact strength, and optical quality will be
explained. Transparency design features which can simplify molding and enhance
melding; qu1--ality will blea suggested.

Envirotech has unique and extensive experience in injection molding of
very large parts. Shot sizes as large as 460 pounds and dimensions as large as
60x80x4 inches have been molded from a variety of resins. The majority of items
molded by Envirotech are industrial and municipal products including staged
mining filters (Figure 1) and fittings for large, heavy walled plastic piping (Figure
2). Envirotech's products are generally opaque. Filled and unfilled resins are used.
Polypropylene, PVDF and nylon are the most commonly molded resins. Envirotech
routinely works with innovative molds and the development of processes which
economically produce large parts is a specialty. Envirotech has been involved in
the Air Force effort to develop direct forming technology since 1986 and is
currently conducting frameless transparency molding programs for the Air Force
as a subcontractor to Lockheed Fort Worth Company (LFWC) and the University of
Dayton Research Institute (UDRI). Sub scale panels (Figure 3) molded for the Air



Force were subjected to extensive testing including simulated in flight impacts with
birds.

Based on the successful molded panels, the Air Force has funded design and
fabrication of a full scale mold for the first frameless transparency, a heating and
cooling system for the mold, and handling fixtures for the molded transparency.
These items are currently installed at the Envirotech plant where functional
checks are being conducted. Molding will consist of three phases: The first 80
shots will be dedicated to developing the optimum process to produce impact
resistance, optical clarity, minimal optical distortion, and dimensional consistency.
A second molding phase will produce 55 transparencies using the developed process
to be tested off site by the Air Force to obtain data for confirmation of an Analytical
Design Package (ADP) for directly formed transparencies which includes injection
molding simulation. The third molding phase will produce 15 frameless
transparencies which will be used to demonstrate the effectiveness of abrasion
resistant coatings. An in-depth discussion of this testing arid the technology
development program is included in Reference 1.

The purpose of this paper is to contrast Envirotech's bulk molding process
with standard molding processes and to discuss advantages offered by the bulk
process to molding of transparencies.

Standard Injection Molding

The main advantage of standard injection molding over other thermoplastic
processes is high production rates at low cost. To do this, parts are designed witlh
thin walls to decrease cycle time. The limiting factor for cycle time is how fast the
part can be cooled to a temperature low enough to eject the part from the mold. Non
uniform walls increase the cycle time as the thicker sections are the controlling
feature. The experience of most molders is that thick sections have sink marks
and/or voids especially where the flow is from thin to thick sections. Proper
gating is a must to avoid this problem.

Injection molding is essentially flowing a fluid (molten plastic) between
parallel walls. The pressure required to force fluid flow is inversely proportional
to the distance between the walls to the third power. The viscosity of most plastics
is high and flowing Lthrough sall areas requires pressures frOM ,0 ps -i t ,0r,-100
psi. Some molding machines are designed for pressures up to 30,000 psi. for
injecting very high viscosity engineering plastics.

During the injection cycle, the mold must be held closed by a clamp. The
force necessary is equal to the injection pressure times the part projected area in
the direction normal to the mold parting plane. For 10,000 psi injection pressure,
the clamp force is 5 tons per square inch.

The use of chillers to keep the mold temperature low is common practice in
injection molding. Plastics are natural thermal insulators and the higher the
temperature differential between the molten material (typically 400 - 600 deg F)
and the mold, the greater will be the removal of heat from the part. Chillers are
used to lower the temperature of the mold to as low as 40 deg F.

Standard injection molding machines are usually fully automated. Robots are
used to install inserts and to remove and handle the parts as they come out of the
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mold. Hydraulic rams and mechanical cams are used to actuate side draw cores and
mold sections if needed. The molding cycle is fully automated with all of the
different portions of the cycle actuated by timers. Operators are present to monitor
the process, check parts, and usually do some part finishing.

Standard injection molding machines are very efficient when the parts are
properly designed for the process and the maximum automation and optimum
processing conditions are used. This results in the maximum production rate and
the lowest unit costs.

Slandard Injection Molding Summary:

Molded parts with thin, nearly urniform wall sections.

High injection pressures (10,000 to 20,000 psi), high injection rates

2.5 to 15 tons per sq. in. clamp forces

Chilled molds

Highly automated tooling and molded part handling

Short molding cycles, maximum part production rate

Standard molding is a well developed practice which is at its best for small orthin walled p. .iui W .... IILUh- be p u - t.L•. J L?.S kLA 0 L l J IrI

software packages have been developed for this type of inoding. Many of the
characteristics which make the standard molding optimum for small thin walled
parts are not appropriate for large parts with thick walls. The high injection
pressure related to production rate and fast injection would necessitate very large
damping capacities for large items.

Bulk Injection Molding

Early in the 1960's a need was seen for thick-walled, heavy plastic industrial
parts to be used as replacements for stainless steel and other exotic alloys used in

-the chemical process induustries. E.: .'q"uipment, was ,designed and process parameters
were determined that allowed plastics, mostly polypropylene at the start, to be
molded in sections from 3/8 to 5 inches with sinks and the other problems
associated with thick sections. Th,. molding equipment was not automated because
none of the parts required high volume production and manual operation was less
costly overall. This process, which concentrated on molding very large parts with
thick walls and with limited production rates, was termed bulk injection molding.

Several benefits associated with bulk injection molding have been
discovered. Material flowed readily and filled molds at 1,000 psi or less. This means
that clamping pressure could be 1/2 ton per square inch. For a given clamp
capacity, much larger parts could be molded. Low injection pressure requires that
molds be heated to produce a smooth surface finish, Even for industrial parts, an
acceptable surface could not be produced unless the mold was heated. This resulted
in very long cycle times required to cool the part and to pack in additional material
as the part shraak. With long cooling time, the hot mold is a natural annealing
fixture, therefore, bulk molded parts have low molded-in-stress. Since stress
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reduces impact strength in polycarbonate, transparencies must be molded with
minimal residual stress. High injection pressure and cold mold surfaces are known
to induce stress in molded parts.

4V The equipment designed for the bulk injection molding process allows
greater freedom in gating most parts. This equipment permits gating into the
thickest sections and permits part designs with large differences in wall thickness.
Material can be readily packed into thick sections reducing sinks and voids.

A
Bulk InIjection Molding Summary:

Thick cross sections 3/8 in. minimum

Injection pressures 1,000 psi or less

1/2 tons per sq. in. or less clamp force

Wide variations in cross section thickness can be molded

Long pack times, reduction of voids and sinks

Heated molds for good surface finish

Manual operation for most molding

ConCluSiQn

Bulk injection molding offers the following advantages to molding aircraft

transparencies;

1. Thick monolithic parts can be molded with minimal residual stress.

2. Thickened edges, relative to the optical area, can be molded.
This permits elimination of a bolted or bonded frame.

3. Thickenaes c he tailored over the entire part to match local structural
or optical needs.

4. Production of one transparency per hour is possible.

5. Materials can be molded which are not normally available in sheet form.

1. Pinnell, W. R., "Development of Directly Formed and Frameless Aircraft
Transparency Technology, an Overview," to be published with the proceedings
form A Conference on Aerospace Transparent Materials and Enclosures, San Diego
CA, 9 - 13 August 1993.
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An Optical Test Fixture (OTF) developed for WL/FIVR for evaluating directly formed
and frameless transparencies at molding sites has been evaluated and will be
utilized to determine optical quality of injection molded transparencies. The OTF
features an external collimated light source directed through a rotating test
transparency. A computerized system synchronizes rotational position with
televised screen images of the light source which has passed through the canopy.
The light image position in captured screens is compared to an image without the
transparency. Changes in the image position due to the transparency are utilized
to calculate angular deviation i n azimuth and eievation. Distribution uf ansg lat
deviation can be obtained and displayed over large azimuth and elevation sweeps.

This paper includes a discussion of unique OTF features, mounting of
transparencies, and conduct of evaluation runs. Optical evaluation results for a
control transparency is presented. OTF data are compared to results obtained
utilizing another apparatus. The plan for using the OTF as an on site facility to
optimize transparency direct forming processes is discussed.

Under a current US Air Force effort, technolugy which perraits fabrication
of aircraft transparencies directly from bulk resin is being developed (ref 1). As
opposed to traditional transparency forming by bending previously extruded sheets
to transparency shapes, direct forming permits closely controlled tailoring of
thickness over the transparency. In addition to permitting fabrication of
transparencies optimized for structural and impact loading, and elimination of
peripheral frames ("frameless"), the potential for varying thickness in optical
areas to obtain optimum optical quality for a given external geometry is afforded.

Low pressure injection molding is the direct forming process currently 4P

being demonstrated by the Air Force effort. It has been shown that the precision
with which thickness can be controlled is as much as an order of magnitude better
than can be achieved in bent sheet forming when curvature and depth are
extreme. Further, it is known that precise control of the relationship of the inside
to outside transparency surfaces is dependent on injection molding process
parameters including zoned temperature control of the mold.
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Initial molding of a transparency configuration includes optimizing the
molding process. A series of molded transparencies will be necessary to establish
the molding process. Testing at the molding site to insure that design objectives are
being met are essential. In addition to coupon impact, dimensional accuracy and
consistency, and molded quality inspection, confirmation of optical quality and
consistency will be necessary to assure that the process produces the desired optical
design. Direct forming implies a transparency production rate of about one per
hour.

The OTF was developed for the Air Fo-ce program by Lockheed Fort Worth
Company (LFWC, formerly General Dynamics, Fort Worth Division). Requirements
for this apparatus included:

Portability to permit relocation at molding sites.
Automated data acquisition and processing to permit on-line feedback.
Data sampling over a wide azimuth and elevation range
Emphasis on geometry related optics (angular deviation)
Quick and accurate mounting of test transparency
Eliminate need for reflective screens, target boards and photographs
Eliminate the need for personnel with special interpetative skills

Geometry Related Optics

Optical performance in aircraft transparencies can be expressed in
quantifications or characterizations of distiortiou, biuioculatt disparity, angular
deviation, displacement, haze, transmission loss, multiple imaging, and
birefringence. Angular deviation (Figure 1) is caused by relatively local areas of
nonparallelism as well as overall nonparallelism of transparency surfaces. Lateral
displacement (also Figure 1) is a small constant effect which is normally neglected
as small relative to the image distance. Angular deviation can be measured by
comparing the displacement of some form of "line of sight" like a, laser, or
theodolite when the "line of sight" passes through the transparency. Distortion is
often defined as the rate of change of angular deviation. The OTF is an apparatus
for determining angular deviation. Light transmission and haze will also be
evaluated at molding sites utilizing a haze meter under standard conditions. Other
optica• anomalies may bec-o . im.at but a"rc n-,t pr esnat-lyr beinga rimnci tiored

for on line feedback at molding sites. The OTF can be utilized to evaluate binocular
disparity by gathering and combining angular deviations with the transparency
positioned for right and left eye positions.

Visualized Transparency

Image q Deviation
_ 4D apilot's

eye
Actual 

.)_ ey

Image L Lateral

Displacement

Figure 1 Graphical Representation of Angular Deviation (ref 3)
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The OTF consists of a transparency mounting platform which rotates about a
vertical axis and an arm which rotates about a horizontal axis while holding a
collimated light source and a video camera so that the collimated light is coincident
with the camera optical "3xis. Test transparencies are mounted so that the eye point
is located at the intersections of the platform and arm rotation axles. For given arm
positions (elevation), the mounting platform is rotated (azimuth sweep) at a *
controlled speed. During the azimuth sweeps at each elevation setting, video screen
grabbing software captures the collimated light source image. The combination of
image capture frequency and mounting platform rotational speed determines the

MECHANICAL FIXTURE
AND INSTRUMENTATION

COLIJMATOR

/ QIMBAL CENTER

//EYE POSITION DATA ACQUISITION SYSTEM
TV CAMERA

L I

MODEM

Figure 2 Optical Test Fixture, Schematic

azimuth position at the time of image capture. The mounting platform moves
continuously between azimuth extremes. The video camera focal plane is inside
the transparency (located at the debignI :ye poinL) and fixed with respect to the
elevation arm at the arm rotational axis. An in depth description of the OTF is
included in reference 2. The OTF mechanical arrangement is shown in Figures 2
and 3.

Variable speed permanent magnet motors are utilized for the mounting
platform and elevation arm chain drives. A position potentiometer is also driven by
each chain. Output from the potentiometers is fed back to control circuits within
the PC for precise control of the mounting platform speed and position and. for
position of the elevation arm.

The OTF is configured to cover maximum elevation and azimuth ranges of -14
to 34 and -80 to 80 degrees respectively. Default angle increments are two degrees.
Ranges less than maximum and the angle increment can be can be chosen by the
operator.
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Figure 3 Optical Test Fixture

Captured video screens are 262 by 144 pixtels (about 10 by 7 inches). Prior tom
initiation of azimuth sweeps, PC softw are prompts the OTF operator to set a threshold
which ignores illuminated pixtels outside the circular (10 pixtel diameter)
collimated iiight image. A~ two stage search ofl echLI video scree is --- l.... L u
locate the light image centroid. The first search covers the entire screen and
results in a rough location. An area (approximately 2 inches square) is then
searched which results in a more precise centroid location. Angular deviation in
azimuth and elevation directions are computed by comparing the light image
centroid position to the reference (transparency not mounted) image position.

OTF Opration

The entire OTF operation routine is controlled by PC software which prompts
the operator for a sequence of actions. The OTF routine includes the following

Enter data file header information.
Set azimuth and elevation ranges and limits
Adjust pixel illumination threshold
Establish reference screen and light image position
Mount test transparency
Set platform and elevation arm zero positions

Conduct rotational speed check runs and return to zero positions
• •. Initiate azimuth sweeps and data gathering routinesm

Close data files

Ei

Check data validity utilizing PC software for reading and plotting files
Remove transparency

After five tear down, move, and set up cycles for the CFT, portability can be
said to require three persons for four hours for each tear down and pack or for
each unpack and set up. The entire OTF including PC, all control equipment, and
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tools for operating and assembly can be packed in a crate approximately 6 x 10 x 7
feet.

Approximately 45 minutes was required to complete 25 azimuth scans
required to cover the maximum OTF range at 2 degree increments. A 60 minute total
evaluation tine would including time for pre and post run operations.

TI'ita Remasults

Data files saved to the PC hard disk contain angular deviations for azimuth
and elevation, intermediate centroid calculation values, and speed and timing
information. Menu driven software is provided to convert these files from binary
to text format. Data manipulation and plotting software is provided which can be
used to produce data listings, histograms, statistical representations, contour or
shaded angular deviation maps, distortion grid plots, and data comparisons for
different transparencies.

Figures 4 and 5 are representative of angular deviation contour raaps and
histograms for azimuth and elevation respectively. Contour maps are generally
printed in color. Figure 6 shows combined azimuth and elevation angular
deviations in distortion plots employing gain levels of 1, 5, and 10 to amplify areas
(bands for this canopy) of relatively high distortion.

z-ne demonsrrareri OTF repeitia'ulity loL IrepetedClty me.•aSUnng 6 angulr.a.r
deviations at the same point is .07 milliradiaais.

A flight worthy (acceptable angular deviations less than 10 milliradians)
laminated F-16 canopy was adopted for repetitive OTF evaluations. Considering two
evaluations by LFWC at the original set up site, one evaluation after a LFWC
relocation, and two evaluations after moving the OTF to WJFMI, repeatability
within .2 milliradians was observed for given data points.

A second control transparency was a very old monolithic F-16 canopy which
has several scuffs and scratches in the outside surface. Only the forward portion of

n•j cano.-.p. • m..A U., r-tulti 'Ti cronsnsirn,•clir sepon •3-l2 rltt C-

evaluated. Opaque tape two inches wide was added to the outside surface of thi
canopy surface simulating an aft arch. This configuration roughly simulates the
geometry of a fighter/trainer forward windshield. Repeated OTF evaluation, before
and after moving the OTF at WL/FIVR also indicate repeatability within .2
milliradians.

In order to confirm OTF capability, OTF evaluations were compared to angular
deviation evaluations conducted by Armstrong Laboratory (AL), Human System 'a

Division at Wright Patterson AFB. The flight worthy F-16 canopy utilized as an OTF
control transparency was evaluated by AL utilizing a fixture developed by them. A
second F-16 canopy retained and evaluated by AL was evaluated by' WL/FIVR
utilizing the OTF. The transparency areas evaluated were limited to the area (-2
through -12 degrees elevation, -10 through 10 degrees azimuth, at 2 degree
increments) usually covered by AL for F-16 canopies.
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The AL evaluations were conducted utilizing the Windscreen Angular
Deviation Measuring Device (WADMD). The WADMD is a fixed location device based
on a collimated light source internal to the transparency and an external receiving
unit. A function of the light source is to project an L shaped beam through the
transparency. The receiving unit splits the L shaped beam into separate legs for
azimuth and elevation. Each of these beams is projected on a charge coupled linear
array which (with associated electronics) quantifies beam position. Comparing
beam positions with "no transparency" beam positions yields angular deviations for 4

azimuth and elevations, A more rigorous description of the WADMD is included in
reference 3.

Figure 7 is a histogram showing a distribution of the absolute value of the
angular deviation difference for one evaluation of the same transparency on the
OTF and on the WADMD. Results are within 1.4 milliradians for 75% of the data and
within 3.5 milliradians for 96% of the data. A few (8 of 264) wild points are believed
to have resulted from local damage or contamination on the transparency surface.
These differences also include unknown effects of transparency mounting and
relative accuracy of angular positioning. Reference 4 includes data lists and more
information on this comparison.
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Figure 7 Histogram - Absolute Difference Between OTF and WADMD
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1. The OTF can be utilized to measure angular deviation over a large
transparency area.

2 The OTF is portable to the extent that relocation at potential transparency
molding sites is feasible.

3. A 60 minute OTF evaluation cycle time is compatible with anticipated
production rates for directly formed (injection molded) transparencies.

4. Based on evaluation of the same transparency, and a limited transparency
area, the OTF results are in good agreement with those produced utilizing the
WADMD.

Recommendations

1. Tile effectiveness and applicability of OTF evaluations to evolution of direct
forming processes (injection molding) should be established as a part of the first
molding program.

2. Although the OTF was developed to support the development of technology
for directly formed and frameless transparencies, this device should be considered
for angular deviation evaluations for transparencies in general.

Rleerences

1. Pinnell, W. R., "Development of Directly Formed and Frameless Aircraft
Transparency Technology, an Overview," to be published with the proceedings
form A Conference on Aerospace Transparent Materials and Enclosures, San Diego
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Lockheed Fort Worth Company (formerly General Dyanmics Fort Worth Division),
copy available from W. R. Pinnell WL/FIVR, WPAFB OH, phone 513 255 2516.

3. Genco, Louis V., O.D., Lt Colonel and Task, Harry L., Phd., "Aircraft
Transparency Optical Quality: New Methods of Measurement," AFAMRL-TR-81-21,
AFAMRL, Aerospace Medical Division, WPAFB OH, February 1981.

4. Robson, Teri L., "Comparison of Two Methods for Optical Evaluation of
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ABSTRACT

Technology for directly forming aircraft transparencies is currently being
developed under a US Air Force program. As part of this effort, sub-scale flat
panels have been injection molded from various polycarbonate resins. One of the
capabilities of the new technology is precisely controlled thickness tailoring. A
series of bird impact tests has been conducted to demonstrate the relative
suitability of the resins for designing and molding full-scale frameless
transparencies. Deflection shapes during the impact event were derived from
high-speed photographic data utilizing an Air Force developed triangulation
technique. An explicit finite element analysis was qualified by comparing
predicted deflection shapes with the experimental data. Once qualified, the
analytical technique was utilized to conduct a limited study illustrating the
effectiveness of thickness tailoring for weight reduction while maintaining bird
impact resistance and acceptable deflection.



EFFECTS OF THICKNESS TAILORING
ON THE IMPACT RESISTANCE OF

DIRECTLY FORMED TRANSPARENCIES

DAY1VN William R. Braisted and Marc A. Huelsman (UDRI)

William R. Pinnell (WI/FIVR)

INTRODUCTION

Recent advances in manufacturing technology permit the fabrication of
large, thick-walled, transparent, impact resistant plastic components by injectien
molding. This method of manufacturing eliminates the necessity of a constant-
thickness transparency, removing the need for a separate frame and its associated
fasteners. The techniques required to manufac-.ure transparencies by injection
molding are being developed as part of the Air Force effort to develop technology
for directly formed and frameless aircraft transparencies. This effort has been
referred to as the Frameless Transparency Program (FTP). As part of this
program, candidate materials, injection molding parameters, and different
configurations for attaching frameless transparencies to aircraft are being
evaluated. During the next phase of the FTP, a windshield-size transparency
ha~vng~ n rolci-lin'e shap based on the fon.u-n-ad hkalf cf Cho pirr~nftF_16; ,ircrsaft

canopy will be molded. This Confirmation Frameless Transparency (CFT) will not
be a flight item, but will become the subject of extensive optical and structural
testing. CFT test results will form the basis for confirming an Analytical Design
Package (ADP), which is currently under development, for the directly formed and
frameless transparency concept.

Structural integrity of the injection molded transparency systems must be
maintained during a bird impact. This paper describes bird impact testing and
triangulation analyses conducted to evaluate structural performance of several
candidate C'r7 resins. Birdstrike results were used to confirm the explicit finite
element analysis code, X3D, which is being integrated into the ADP. Finally, a
series of X3D analyses was performed to demonstrate how the ADP can be used to
design a canopy with a tailored thickness to provide a lightweight transparency
with the required birdstrike protection. This thickness tailoring capability with
the associated weight savings is a primary advantage of a directly formed
transparency design.

BIRDSTRIKE TESTING

The ability to injection mold transparency materials which maintain
structural integrity during a bird impact is one of the primary objectives of the
FTP. A birdstrike test program was conducted at the University of Dayton
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Research Institute (UDRI)-to evaluate the birdstrike resistance of panels molded
utilizing an Envirotech molding machine and several candidate CFT resins [1].
The test article was a relatively flat injection molded polycarbonate panel,
depicted in Figure 1. The thickened edge sections of the panel represent a
potential method for eliminating the frame used in current transparency designs.
Inserts can be molded into the thickened edge regions to attach the transparency
directly to the aircraft. The panel also contains a coupling region which
represents a coupling between two panels as might occur between a windshield
and a canopy.

Z.ZO 5-tz o

r.4.00 -i 0.75 1 6 . 0.374 1. 47

1 1--

TR 0.50 "•R 1.50
4.13 4-R 1.68

CITAL A DUTAL 3
OTU ALL DiAKS AW 01 MCa

Figure 1. Injection Molded Panel Geometry.

The polycarbonate panels that were tested were molded from four different
Dow resins, namely, XU-5.5, 300-15, 300-6, and 300-4. The testing objective was
to identify the birdstrike threshold of each resin to determine if one resin was
preferable based upon the birdstrike resistance.

4• Birdstrike testing to support the FTP was performed in the U.DRI Impact
Physics Laboratory with a seven inch internal diameter gun. Plastic sabots were
used to deliver the 2.0 lb artificial birds to the target. The Air Force test fixture
allowed for adjustments so that the panel could be positioned at the appropriate
height for the gun barrel while maintaining a 30 degree impact angle. Laser
timing equipment was used to compute impact velocity and synchronized high-
speed cameras were used to record each shot.
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During testing the panels were clamped to the fixture on three sides,
leaving the aft edge (coupling region) unrestrained. Rubber pads were placed
between the test fixture and the panel along the clamped edges to prevent the
panel from being in direct. contact with the steel fixture. The support clamps were
tightened until compression of the rubber pads was visible.

Each impact test was performed in the same manner, except that the bird
velocity was varied. The impact location was a point on the panel centerline, 9"
forward of the aft edge, as indicated in Figure 2. Projectiles used in the test
program were 2.0 lb artificial birds molded from gelatin [2]. The bird geometry
was a right circular cylinder with a 3.5" diameter and a 6.0" nominal length.
Minor adjustments were made to the bird length to obtain the 2.0 lb weight
specification.

0.75"

300

Bird Path

Figure 2. Impact Location.

TRIANGULATION ANALYSIS

A method for obtaining deflection-time-history data for points on a
transparency during a bird impact event has been developed by the Air FOrce [3].
This triangulation method determines point locations as functions of time from
two simultaneous high-speed film images, known pre-test point locations, and
known camera positions. Appropriate camera positions, which were selected based
upon light requirements, lens combinations, camera mounting sites, and camera
shielding requirements, are depicted in Figure 3.

A coordinate system (triangulation space) was defined at the test site to
define the relative positions of the triangulation cameras and the initial location of
the points on the panel. Acrylic paint, which does not degrade the polycarbonate,
was used to mark the points on the panel with a template having a known grid
spacing as indicated in Figure 4.

Calibration data was obtained for each camera/lens/shieldiprojection
combination to account for the magnification of the cameras, lenses, protective
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Figure 4. Panel Grid Definition.

shielding, and projection equipment used in the birdstrike testing. A calibration
film was generated by exposing several film frames with the camera positioned at
various distances away from a uniform grid board. During calibration the
distance between the camera and grid board was varied over a range of distances
which encompassed all likely point-to-camera distances to occur during the
birdstrike.
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To insure results validity, a single projector and projection size (15" x
11.125") was maintained for all triangulation data reduction. A calibration film
was loaded into the projector and measurements were made from behind a
transparent screen to determine the length of three 2" grid spaces at several
different locations and orientations on the image. A magnification factor was
computed by dividing the known actual length by the measured projected image
length from the calibration film. Results from the measurements made at several
different locations and orientations on the projection were averaged to determine
an effective magnification factor at each grid distance. Linear regression was used
to determine a relationship between magnification factor and distance for each
camera.

After the test the triangulation films were examined to identify the film
frame at or just prior to impact (frame 0) in order to sequence the cameras. Using
the same projection size that was used in the calibration effort, the film from one
of the cameras was loaded into the projector and advanced to frame 0. The data
reduction procedure entailed placing a piece of tracing paper behind a transparent
screen and recording the positions of each grid point at every frame of interest
over the impact event. Several points which remained stationary during the
impact event, such as a portion of the support frame, were also traced to align
each frame image properly prior to data collection.

At the end of the tracing procedure, there was a tracing sheet for each
camera which indicated the change in position of the grid points during the impact
event. For each grid point of interest, data files consisting of azimuth (AZI) and
elevation (ELE) data from each triangulation camera were generated. The
positive ELE direction is defined on the tracing sheet as the direction opposite of
the bird path. For a rear projection tracing the positive AZI direction is defined
such that the resultant of AZI crossed with ELE is in the direction away from the
origin of the projected image. The AZI/ELE data was generatd using a digitizing
tablet to extract the coordinates and to record them in a file.

A common pulsating timing light signal on the fims was used to calculate
the frame rate of each camera. For the triangulation algorithm to function
properly, both cameras must provide information about the motion of a particular
point at the same instant in time. When the frame rates of the two camera's vary
significantly, the effects of simultaneity can be lost. The Air Force triangulation
program contains modules to normalize the faster camera data to the frame rate
of the slower camera.

With the normalized AZI/ELE data files for each camera, the camera frame
rates, the calibration films, and the coordinate data for the cameras and panel
grids, the triangulation code was executed. The triangulation code runs on an
IBM compatible PC under GW BASIC. Output from a triangulation analysis was
a single file which indicated the deflection-time-history of a single grid point
during the birdstrike. To evaluate the deflection response of other points on the
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transparency the triangulation program was rerun. Once the deflection of several
points was evaluated, the results were combined to determine the deflected shape
of the transparency at various times during the impact event.

4

X3D FINITE ELEMENT ANALYSIS

An impact analysis was performed using the X3D finite element analysis
code [4]. The objective of the impact analysis was to determine analytical
deflection-time-history data which could be correlated with triangulation results.
The X3D analyses simulated a 2.0 lb artificial bird impacting a panel at 256 knots.
The 30 degree angle between the surface of the panel and the bird path, as well as
the impact point, matched the configuration of the test program.

Figure 5 shows the model constructed within the ADP for the bird impact
simulation. The panel was assumed to be rigidly constrained along the forward
edge and along the panel edge opposite the centerline. Symmetry conditions were
enforced along the panel centerline. The model contained 1200 shell elements in
the panel and 960 tetrahedral elements in the bird, and potential contact surfaces
on both the panel and bird. Note that X3D permits modelling of both the target
panel and the impacting bird. Algorithms in X3D automatically account for the
contact conditions so that no ad hoc loading condition or estimation of the impact
zone was necessary.

Figure 5. X3D Impact Analysis Model.
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The polycarbonate material was modelled using the following material
property data obtained from 1991 CFT materials characterization testing [51:

E = 300,000 psi " H 7,000 psi u = 0.39 D = 1.E+07 sec 1

p 0.000111 Ibf -sec2/in4  p 14 cy = 7,970 psi a, = 16,400 psi

Note that the polycarbonate material model in X3D is a bilinear rt ess-strain
curve with strain rate dependence and ultimate failure. The artificial bird
material was represented by the following material properties [4j--

p = 0.0000888 lbf -sec2/in4  G = 30,000 psi H = 300 psi a. =au = 3,000 psi
K1 = 337,000 psi Kc2 = 729,000 psi K3 = 2,020,000 psi IK = 1,000 psi

This represents what is referred to in the X3D manual as a low strength bird
model. A high strength bird model with ou = 4,500 psi (-500% plasdic strain to
failure) was considered, but these bird properties resulted in deflections
considerably larger than the experimental results indicated.

The X3D solution was performed for 10.0 milliseconds with displacement
and stress results being generated every 0.5 milliseconds. The X3D trace option
was used to determine the deflection-time-history response of nodes which
corresuonded to the panel grid points on the centerline. Thus, trace results were

Lpare'UJ LdL VU LLI dIL U LtU W& WA VVGAC%% W&V

properties.

RESULTS AND DISCUSSION

Results of the 0.75" polycarbonate panel birdstrike testing are summarized
in Table 1. The 0.75" thick panels were studied in great detail because the CFT
will be that thickness, and the birdstrike threshold of each resin was desired to
help determine the optimal CFT material. [1, 6, 7]

The impact thresholds of the three candidate CFT materials for the 0.75"
panels are summarized in Table 2. Note that the XU-5.5 was evaluated in the
test program, but the resin was experimental, not as well characterized as the
other resins, and not available in sufficient quantities for use in the CFT. Results
show a slight decrease in birdstrike resistance with an increase in melt flow index
(dashed number in the resin name) for the Dow 300 resins, but the effect does not
appear to be significant. based on the limited test data. For the purposes of CFT
materials selection any of the Dow 300 resins should provide adequate birdstrike
protection.

A pattern in the failures became evident when the test films were reviewed.
A majority of the panels that failed had failure initiation along the sides of the
panel near the aft edge of the clamp. It appeared that the boundary conditions
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Table 1. Birdstrike Test Summary of 0.75" Polycarbonate Panels

Panel Resin Velocity Result Triangulation
__ (kts) SmWK(in)
920415-05 ML2050 Dow XUJ-5.5 450 Fail -

920415-06 MX2050 Dow XU-5.5 355 Fail
920415-07 MX2050 Dow XTJ-5.5 297 Pass

920413-07 M 049 Dow 300-15 201 Pass
920413-09 MX2049 Dow 300-15 302 Fail -

920413-10 MX2049 Dow 300-15 256 Pass 1.0

920414-05 MX2048 Dow 300-6 302 Fail 1.4
920414-07 1MX2048 Dow 300-6 252 Pass 1.2
920414-08 MX2048 Dow 300-6 277 Pass -

92041--05 MX2047 Dow 300-4 302 Pass 1.4
920416-07 MX2047 Dow 300-4 357 Fail -

920416-08 MX2047 Dow 300-4 327 Fail

1l~. UA!• J. J.,L .•J ,,IU.LL1 '; JILJLJ ; kLULL. ALUJ U.S LU A. tI~I..LLIL.#JAAA.l.a , ilA.•I

Resin Impact Thresbold (kts)

Dow 300-15 250-300

Dow 300-6 275-300

Dow 300-4 300-325

were inducing failure such that the birdstrike threshold became a system
property, not a material property. Changing the test fixture may be required
should additional testing be warranted.

Four 0.75" thick panels were selected for triangulation analysis; three
panels that passed the birdstrike test, and one panel that failed. One panel that
failed was selected to determine if the deflection-time-history response prior to
"failure was similar to that of panels which passed the birdstrike test. It was
determined that no considerable differences existed between the panel responses.
Maximum deflections from the triangulation analyses were presented in Table 1.
Deflection-time-history results for the different Dow resins were very similar.

An X3D analysis simulating the 256 knot birdstrike test of panel 920413-10
MX2049 (Dow 300-15) was performed to correlate the finite element analysis and

1139.



triangulation results. Figure 6 shows the deformed geometry at one millisecond
intervals during the X3D impact simulation. Note that the low strength bird
model used in the X3D analysis resulted in a large number of bird element
failures.

Figure 7 compares the X3D and triangulation results from impact test on
panel 920413-10 MX2049 at centerline panel locations near the leading edge, (-,1),
at the impact point, (-,4) and near the aft edge, (-,7). The X3D results showed
good agreement with the experimental data up to the point of maximum
deflection. However, during the rebound the X3D solution diverged from the
triangulation results, particularly in the aft portion of the panel. Potential
reasons for the solution divergence include different boundary conditions between
the testing and analysis, possible slippage of the test article during impact, and
uncertainty in material properties of the polycarbonate and the bird. It appears
that the X3D model does not have sufficient damping built into the material
model, which may be another cause for the solution divergence.

The analysis results indicated that X3D is a useful tool in the study of bird
impact response. The X3D solutions were able to capture the fundamental
behavior of the bird impact event up to the point of maximum deflcction. More
work is required to refine the analysis tool, but X3D shows promise for
trans-aren,-v d.,e•in witbin the ADP.

THICKNESS TAILORING STUDY

To demonstrate the use of X3D within the ADP, a preliminary design study
was performed to determine if the thickness of a transparency could be tailored to
produce a lighter-weight design that maintained sufficient birdstrike protection.
Traditional transparency construction results in a nominally uniform thickness
over the part. Thus, a traditional canopy has a thickness based upon the
birdstrike requirement at the worst impact locatimn. Trhe rcmai.,.ng portion of the
transparency is thicker than required to resist a birdstrike because the impact
angle diminishes as a result of the transparency curvature.

With the processes now available in direct forming of transparencies
developed under the FTP, it is possible to vary the transparency thickness
continuously over the part. To study the effectiveness of the thickness tailoring
concept, a series of X3D analyses was performed to assess the difference in
birdstrike performance resulting from thickness changes on F-16 canopies. Oldy
one impact location was considered, namely F.S. 113.5, which is the design eye
location and a critical location for the birdstrike requirement. The F-16 canopy
model is shown in Figure 8.

A baseline analysis was performed to determine the capability/response of a
0.75" monolithic polycarbonate canopy to a 4.0 lb bird impact at 350 knots. The

S1VO



�

4

A

0

Ca)

E

V

1 ii



Deflection Time Historv
Defleion Time ist i)

11 41 j , It

'92i413-10 MOO@ - - i

Deflection Time History

" I-I

a 4- -" 7 9 1 to I ;

LI I "i

I I ! ,'I7 I, ! !
* - -|*- • -

.. ,,1 ~ ~ ~ . ( ,M)i i i s

Iij\\% Iia.

F--7241-0b049 - O (2-0 1Wh

Deflection Time ailAosy

i i t12

'Z I ____ _ Al 4.' 'f " 1.i-
l... i4..i..," I-
1 1 ! I I 3 -G! •

Q I I 4 1 I 3 S .S:. -

Figure 7. Deflection Comparison of Triangulation and X3D Analyses.

Ii•2



Figure 8. F-16 X3D Analysis Model.

baseline model did not represent thinning which might occur in the extremely
stretched crown area. Next, a series of tapered canopy models were evaluated at
the same 350 knot, F.S. 113.5 condition. The tapered configurations are depicted
in Figure 9. These hypothetical canopies are directly formed but not frameless. A
molded canopy of this configuration could be utilized as a replacement for the
current canopy and be attached to the current F-16 frame.

The initial approach was to optimize the thickness so that the birdstrike
capability was the same over the frontal projection area of the canopy. This
resulted in models 1 and 2. Concern about maintaining optics and suffficient
thickness along the sill led to additional models 3 and 4. Table 3 shows the
weight savings for each of the tailored models of the uniform thickness canopy.
Note the potential for a 5-15% weight reduction is achievable through directly
formed processing. For this preliminary study, only one impact location and one
impact velocity were used, but the X3D results were encouraging, Figure 10
shows the deflection-time-history for the baseline and each tapered model at
F.S.130. Table 3 lists the maximum centerline deflections at F.S. 130, F.S. 113.5
(design eye location), and F.S. 140 (pilot's head).

The capabilities developed under the FTP have made transparency
thickness tailoring a realistic possibility which warrants much more study by the
transparency community. With the exception of the most severely tapered case
which has unacceptably large deflections (see Table 3 and Figure 10), the tapered
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Table 3. Thickness Tailoring Summary

Max. Centerline Deflection (in)

Canopy Weight % Weight
Model FS 113.5 PS 130.0 FS 140.0 Weight Reduction Reduction Acceptable?

(Ib) (1b)

Baseline 2.62 1.30 0.71 145.3 - - yes

Model 1 2.80 3.18 1.17 110.7 34ZC 23.8 no

Model 2 2.64 1.52 0.90 119.4 25.9 17.8 yes

Model 3 2.68 1.55 0.86 130.0 15.3 10.5 yes

Model 4 2.63 1.47 0.81 134.3 11.0 7.6 yes

F-16 Thickness Tailoring Study
Deflection Time History at F.S. 130

3-
-2.5-

0

S1.5-

0.5
0

sB elne -- 3- Model I Model 2

b4- Model 3 -i-* Model 4

Figure 10. Deflection Time Histories of Tailored Analyses.

model deflections were not much greater than the uniform thickness model. Much
more work is necessary to investigate other impact locations, optical integrity, and
direct forming limitations, but the preliminary study has demonstrated an
enormous potential for thickness tailored transparency designs which have
significant weight savings over conventional transparencies.
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CONCLUSIONS

As a result of the birdstrike test program, triangulation./X3D analyses, and
thickness tailoring study, the following conclusions were reached regarding the
birdstrike resistance of candidate materials for the Confirmation Frameless
Transparency (CFT):

* Twelve polycarbonate panels were successfully birdstrike tested at
UDRI. Each panel was impacted by a 2.0 lb artificial bird at a 30A
impact angle with an unrestrained aft edge. Approximate thresholds
of the three candidate CFT resins were 250-300 knots for Dow 300-
15, 275-300 knots for Dow 300-6, and 300-325 knots for Dow 300-4.

* Triangulation data was successUly obtained using the Air Force
triangulation program. Of the twelve 0.75" thick panels tested,
triangulation was performed on three of the panels that passed and
one of the panels that failed. Triangulation results indicated that
maximum panel deflections ranged from 1.0 to 1.4 inches
approximately 3-5 milliseconds after impact, depending upon the
resin and impact velocity. Note deflection-time-history response of
the panel that failed was similar to that of the panels which survived
the birdstrike.

* The explicit finite element. analysis program, X3D, was successfully
empioyed to simulate 256 knot impact by a 2.0 lb artificial bird on an
FTP polycarbonate panel. Results from the X3D analysis compared
well with triangulation results up to the point of maximum deflection.
Divergence in the X3D and triangulation results after maximum
deflection was thought to be the result of differences in boundary
conditions and material properties between the test and analysis.
Continuing development is necessary, but the results from tiis
program indicate that X3D is a viable tool for impact simulation in
support of the ADP of the Frameless Transparency Program.

"* Repeated failure occurrences along the right side of the panel near
the aft edge indicate that the materials have become strong enough to
withstand a sufficient birdstrike, such that a change in the test
fixture may become an issue of concern in the future.

° X3D analyses performed to demonstrate the usefulness of the ADP
indicated potential significant weight savings could be achieved by
tailoring the thickness of the canopy. Thickness tailoring is now a
realistic possibility due to the advances under the FTP. Preliminary
studies showed good promise, but many issues such as optics,
producibility, and latching (for frameless configurations) must be
addressed along with considering additional impact locations.



SRE C O M M E N D A TIO N S

As a result of the birdstrike testing and analysis conducted under this
program, the following recommendations are made regarding the birdstrike
resistance of candidate materials for the Confirmation Frameless Transparency
(CFT):

X3D results compared favorably with triangulation data from a Dow
panel up to the time of maximum deflection at which point the
solutions diverge. Results from this program indicate that X3D is a
viable tool for impact simulations, but that more effort is
recommended to determine the cause for the solution divergence and
to implement appropriate modifications.

To perform comparative impact analyses, it is critical that high strain
rate material property data be available for each candidate material,
and that updated material models be incorporated into X3D. More
effort is recommended to refine the material modelling techniques in
X3D and to define appropriate parameters for the material models
used for the CFT.

Bird i-pact anal.yses f tin t.ilored- t-ransparen÷cies indir-Ated a
potential for weight savings over traditional transparency designs.
The preliminary efforts conducted to date are promising, but different
impact locations need to be considered as well as optical, latching,
and producibility issues.

Thickness tailoring for structural and weight benefits must be
compatible with optical quality. An optical code which is planned for
the ADP is a necessity for a viable thickness tailored transparency
design evaluation.
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Abstract

Techniques required to manufacture aircraft transparencies by injection molding are currently
being developed as part of a US Air Force program for developing the technologies required for
directly formed and frameless aircraft transparencies. Components have been molded from
several candidate materials under a variety of molding process conditions. Several types of
coupon-level tests have been performed to identify the best combinations of materials and process
conditions, to measure the mechanical properties of the materials, and to validate the capability
of directly-formed components to perform like components fabricated with current processes.
Strength, stiffness, and elongation to failure have been evaluated using tensile tests at several
rates. Impact resistaice has been evaluated using falling dart tests. Integrity of latch inserts,
which could be used to attach a frarneless transparency to an aircraft fuselage, has been evaluated
through static pullout after thermal and load cycling. Results and conclusions from the tests will
be presented.

Introduction

"Th, ,mary, mvaufaturingr tethnique _ for the cmrent generation of high performance

aircraft transparencies consists of extruding flat sheets of plastic, laminating these sheets with
interlayers, and bending the laminated assembly into the desired shape. Fasteners at the edges
of the assemblies are used to mount the transparencies into metal or composite frames. The holes
near the edge which are required for installing the fasteners, the stresses due to differential
thermal expansion between the flame and plastic, the multiple thermal cycles required to form
the panel, and the necessity of constant panel thickness all tend to degrade the performance of
the transparency during a bird impact1.

Utilizing the toughness inherent in impact resistant transparent plastics and methods for
direct forming provides many potential improvements over current design and manufacturing
practices. Elimination of frames from transparency assemblies and single process direct forming
permits both an improvement in performance and a reduction in costs. Previous "ivestigations
have indicated that injection molding is currently the most viable method for direct forming
transparencies from bulk polymers2'3 . Techniques required to manufacture aircraft transparencies



by injection molding are currently being developed as part of a US Air Force program foi
developing the technologies required for directly formed and frameless aircraft transparencies.
As part of this rogram methods for attaching frameless transparencies to the aircraft are also
being evaluated.

This paper describes tensile, falling-dart impact, and latch insert pullout tests performed
on coupons cut from injection molded polycarbonate panels. The tests described in this paper
represent a portion of the tests performed as part of a study5'6 whose objectives were to
characterize the mechanical properties of injection molded materials being evaluated for use in
directly formed and frameless transparencies and to validate the capability of directly-formed
components to perform like components fabricated with current processes. Results of these and
other tests5 8 were used to select materials for developing the Confirmation Frameless
Transparency (CFT), a test item for confirming the developed technology.

Three formulations of polycarbonate were used for molding the panels evaluated: Mobay
APEC 9350, Dow Calibre 302-5, and GE Lexan 4701. Additionally, extruded GE Lexan 9034-
112 was used as a baseline for comparison with the results for the molded materials. This
extruded material had not been subjected to any of the thermal or mechanical forming processes
which are required to form a transparency and which may alter the properties of the polymer.

Tensile Tests

Tensile tests were perfor.ned on injection molded materials at two strain rates using the
two types of coupons shown in Figure 1. Comparison of the data from the coupons5 showed that
the moduli and yield strengths were consistent between the two geometries within the
experimental variation observed for the individual specimer geometries. Differences between
the two coupons were noted in the elongation at failure, where the failure point had a higher
value for the mini-tensile rod than for the ASTM coupons. This difference can be attributed both
to the much larger volume and surface ca of the ASTI coupons, which allows for more failure
initiation sites, and to the sharp comers on the ASTM coupons, which are the most common
location for failure initiation.

The results presented here are from the tensile .ests on the mini-tensile rods only. These
cMpons, which are planned for use in quality control tests on future directly-formed
transparencies, axe preferred over -tandard ASTM coupons because: they require less material;
they can be machined from irregularly shaped material, and they can be used for high-rate tests
on machines with limited load capacities. However, this testing showed higher scatter in the •. -
results from the mini tensile rod coupons than from the ASTM coupons. Thus, to achieve a
specific confidence level requires more mini-tensile rod coupons than ASTM coupons.

Results of the tests on three molded and one extruded formulations of polycarbonate are
summarized in Table 1. The values listed in this table, identified as "engineering" properties, are
based on the dimensions of the samples in an undeformed state. Trends indicated by the data
in this table are presented in graphic form in Figures 2 through 5.
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Figure 2 shows the tangent modulus as a function of strain at a nominal 0.5 in/in/sec
strain rate. The decrease in slope of the stress-strain curve is typical of glassy polymers. It can
be observed that the molded GE material has an initial modulus which is 10-15% lower than that
of the other materials. The low initial modulus occurred for several, but not all, of the molded
tiE panels, and may have been caused by poor packing of the material during molding. Figure
3 shows the change with strain rate of the tangent mcdulus at 1% strain. These two figures
illustrate that the modulus of the molded materials, with the exception of the molded GE
material, is very similar to that of the extruded polycarbonate.

Figure 4 shows the ultimate elongation of the four materials as a function of strain rate.
It can be seen that, on average, the molded Dow material had an elongation at failure nearly
equal to that of the extruded material. Figure 5 shows the increase in yield point with increasing
strain rate. The yield stress shown in this figure is the "true" stress which is based on the cross
section of the coupon as the test progresses rather than the initial cross sectional area. True stress
is used in this figure in order to facilitate identification of a "critical" strain rate, at which the
yield stress equal the stress at rupture. True stress at rupture was determined for the coupons by
dividing the load just before failure by the measured the cross sectional area after failure and
compensating for elastic recovery. The yield stress versus strain rate curves were then
extrapolated out to determine the point at which the yield stress would equal the true stress at
failure. It can be seen that the molded GE and Mobay materials have critical strain rates on the
order of 103 in/in/sec while the molded Dow and extruded GE materials have critical strain rates
on the order of 106 in/in/sec. This indicates that the molded Mobay and molded GE materials
were more brittle than the molded Dow and extruded GE materials for the processing conditions
chosen.

The tensile test show that the molded Dow polycarbonate has properties which are very
similar to those of extruded material, while the molded Mobay and GE materials appear to be
more brittle. This embrittlement may reflect formulation modifications necessary to allow higher
temperature uses for the Mobay and GE resins or may have been caused by the higher
temperatures used in molding these materials.

It should be noted that the data indicates that there is a correlation between the degree to
which the mold is packed (i.e. how well the material is compressed in the mold) and the tensile
properties of the material. Thus, when using properties such as those presented here for
predicting the response of directly formed transparencies to impact, the particular molding process
as well as the type of resin mast be considered.

-A Falling Dart Impact Test

Falling dart impact tests were performed on 6-inch square samples of material with a
nominal thickness of 0.5-inch. The coupons were mounted in a holder which had a 5.5-inch
square opening and were impacted by a dart with a 1.5-inch diameter hemispherical nose. The
fixture is illustrated in Figure 6. For all of the tests, the dart was dropped from a height of 20
feet, providing an impact velocity of approximately 35.9 ft/sec. Weight of the dart was varied
to provide a range of impact energies.
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Results of the tests are summarized in Table 2. For each of the four materials tested, the
table indicates the percentage of coupons at a specific impact energy which deformed in a ductile
manner or shattered in a glassy manner. Also, a few coupons, identified under the heading "pass
with cracks," showed large ductile deformation with small cracks near the tip of the indentation,
which indicated that the coupons were on the verge of failing.

Results of the tests show a few key trends for the molded materials. The molded Dow
material showed ductile response up to an impact energy of 1200 ft-lbs, where testing was halted
due to machine limitations. Small cracks in the some coupons indicated that 1200 ft-lbs was near
the fracture threshold for the Dow material. The molded GE material showed ductile behavior
for an 800 ft-lb impact, but failed in a brittle manner under a 1200 ft-lb impact, indicating that
the energy required to fracture the molded GE coupons was in between these two levels. A lack
of samples prevented a more refined definition of the energy which would cause this material to
fracture. The molded Mobay coupons showed rather erratic results. All of the coupons taken
from one panel which was molded improperly fractured under impacts as low as 400 ft-lbs.
Coupons from other panels indiceted that the threshold for fracture of properly molded materials
was on the order of 1100 ft-lb:;. The extruded GE polycarbonate used as a baseline material
behaved in a manner similar to the molded Dow material. A 1200 ft-lb impact was sufficient
to cause small cracks in some coupons, indic nting that 1200 ft-lbs was near the threshold beyond
which the baseline material coupons would fracture.

Deforined shia b " ... bUy t-e UL 01 Lunpons ifte 110deD.r r__ ... A --- &`L-
the extruded GE polycarbonates are compared in Figure 7 at three different impact energies.
When normalized by thickness (all coupons were between 0.46 and 0.53-inch thick), the
deformations of coupons from the two materials are very similar at the two higher rates, thus
illustrating the similarity in yield and plastic flow behavior of the two materials.

The dart impact tests indicate that the molded Dow polycarbonate had propexties similar
to those of extruded polyearbonate. For the molding process conditions used, the molded GE and
Mobay materials had lower impact resistance than the extruded polycarbonate or molded Dow.

Latch Insert Evaluation

An important feature of any frameless transparency is the hardware used to connect the
transparency to the aircraft fuselage. One promising configuration is a hollow shell which can
be overmolded by the frameless transparency material and which contains a pin with which a
hook mounted in the fuselage can hold the transparency ir, place. This type of hardware, refenxed k -

to as latch inserts, must be capable of reacting cabin pressure hads, thermal stresses, and
birdstrike forces. Structural integrity must be maintained throughout the life of the transparency.

Latch inserts were molded from aluminum and GE Ultem 23W0 (a glass-reinforced
polyetherimide) and were subsequently overmolded with polycarbonate. The latch insert/molded
polycarbonate coupons were then subjected to thermal/load cycles and room-temperat.ire pull-to-
failure.
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The setup used for the tests is shown in Figure 8. The 14-inch long oupon was placed
in a yoke and supported by pads 1O-inches on center. A hook engaged a pi in the latch insert
and applied load to the coupon. The entire assembly was placed in the envi.vu.mental chamber

* of an Instron machine, allowing both temperature and load to be varied simultaneously. Tests
were also performed on coupons cut from production F-16 canopies in which the standard F-16
edge attachment was simulated over a span of 4 bolt holes.

1 Thermal/load cycles were designed to simulate a typical F-16 mission of 68-minute
duration on a hot or cold day9. Temperature profiles in the environmental chamber were based
on computed outer-surface temperatures of the CFT and loads applied to the coupons were based
on the difference between internal and external cabin pressure plus an allowance for compression
of the sill seal. Figure 9 shows the loads and temperatures used to represent a cold day mission.
The duration of the test cycle exceeds the 68-minute duration of the mission due to limitations
on heating and cooling rates for the environmental chamber, which lessens the severity of thermal
shock during the tesE but increases the stresses due to thermal mismatch between the insert and
polycarbonate. Figure 10 shows the load and thermal cycle initially used to represent the hot day
mission. After initial tests showed extreme softening and deformation of both latch insert
coupons and production F-16 coupons, the peak temperature for the hot day mission was reduced
from 340 'F to 265 °F, which is the maximum temperature iequired by F-16 canopy
specifications1°. Figure 11 shows the loads and temperatures used to represent the hot day
simulation cycle with a 265 'F peak temperature.

Results of the tests are summarized in Table 3. Results are grouped by molded material
and latch insert type. Coupons molded from Dow Calibre 202-5 and 302-5 resins with aluminum
latch inserts soften during the hot day mission 340 'F cycle, but showed no visually observable
degradation after up to seven cycles of the cold day mission or hot day mission 265 *F
simulations. Static pullout tests showed that failure loads after the cold day mission cycles were
the same as for coupons which had not undergone any cyclic testing. Failure loads for coupons
which had undergone the hot day mission 265 'F cycles were somewhat lower than those of the
other coupons in this category, but were nearly a factor of 2 higher than the 3,200 pounds peak
burst pressure plus seal loads which could occur for the CFT.

Coupons molded from Dow Calibre 202-5 and 302-5 resins with Ultem inserts also
showed no degradation after three cycles of the cold day mission cycle or the hot day mission
265 'F cycle. Static pullout tests showed that failure loads after thermal/load cycles were the
same as for coupons which had not undergone any cyclic testing. In all cases, failure of these
coupons was caused by brittle fracture of the Ultem (as opposed to the fracture of the
polycarbonate which occurred for those coupons which had aluminum inserts). Failure loads for

.4 the coupons with Ultem inserts were significantly lower than those for the coupons with
aluminum inserts.

Coupons molded from Mobay APEC 9350 with aluminum latch inserts showed potential
40 for better high temperature capability than coupons manufactured from Dow materials but were

also more brittle. The Mobay coupon tested using the hot day mission 340 'F cycle did not show
any softening, but cracked at room temperature at the end of the cycle. Also, two of three
Mobay coupons tested at with a cold day cycle cracked at the extreme cold temperatures. The
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cracking appears to be caused by a combination of residual stresses and brittleness of this
material, both of which result from the relatively high temperature used in molding. Thermal and
mechanical stresses during the cyclic tests were sufficient to fracture the coupons.

Although the number of coupons evaluated iii each category was relatively small, the
testing indicates that CFT's formed from Dow Calibre 202 or 302 class materials with aluminum
inserts meet current pressure loading and temperature requirements for F-16 transparencies.
Ability of the latch inserts to withstand bird impact forces must still be evaluated. The Ultem
inserts offer the potential of reducing stress due to thermal mismatch, and the Mobay material
offers the potential of higher temperature performance. However, additional effort will be
required to permit the use of either of these materials.

Conclusions

Coupon-level tests indicate that some molded polycarbonate formulations have mechanical
properties and impact resistance similar to an unprocessed extruded polycarbonate sheet. Thus,
transparencies molded from these formulations can be expected to have bird impact resistance
similar to transparencies of similar design fabricated from extiuded materials. Also, tests indicate
that latch inserts can be overmolded with polycarbonatk to provide a means of attaching a
f-m•neless transp'are,,cy n- an naircraft fuselag •nopnn-level tests . indicate that structural integrity
requirements can be met for all expected thermal and flight load conditions.
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Table 1 Room Temperature Engineering Properties
From Mini-Tensile Rod Tests

TANGENT TANGENT TANGENT TENSILE PERCENT AVERAGE
STRAIN MODULUS MODULUS MODULUS STRENGTH ELONGATION ELONCATIOS

MATERIAL RATE (0% STRAIN) (1% STRAIN) (IS STRAIN) ATYIELD ATYIELD ATBREAK
(I-SEC0 . (__I (KJ I? (KSI1 PSI

MOLDED o.O5 370 30O2 234 9A40 4.2% 173%
DOW 03 341 299 236 1_q44 4". 140%

CALIVRE 32-5 1OO* 4= 3.1 27" 11V43 7J.2% 140%

MOLDED ODDS 375 30 2340 0,4"0 63% 113%
MOB&1V 0.3 371 2"9 227 11.430 7.0. 100%

APEC 0350 loc. 3lai 343 2" 17.2w 7.A% 70%

MOLDED 0005 347 z" 228 11,002 7.7% 145%
CE 0.3 116 210 245 lZ.1) $.2% 70%

LEXAN 4701 100.. 413 340 306 13.255 1.2% 110%

ETrRUDED O00S 395 311 226 9.914 6.41, 1110%
0 CELEAN 03 373 313 214 11 10*.4 190%

_04.112 10". 420 341 302 11.40 7. 170%

- Strain .. tes. qfl wta ar, ing e*1t- port io oIf 'mi .

Strain .aes, during plasti, p oniat al tflh "'5 nppto.i"I'ly 3 tires. o large.
. ST-in vat,, nary during elastic portion "f high rntei,..

Strain rate of lO/Sec is approximate value when specimen yields.
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Table 2 Results of Falling Dart Impact Tests C

Material Inmap ReS ImWpat Energy (ft-kl)

MokiW Dow Calibr 202.4430R1E ra 100% 100% 80%
Fass wl oracks 0% 0% 20
Shatter 0% 0% 0"

Molded GE Lexan 4701 '5a 100% 0%
Pau w/cracks 0% 0%
Shafter 0% 100%

Molded MoWj APEC 9350 TPass 33% 0% 601%. 100% 0% 03
Pas w/cracks 0% 0% 0% 0% 100% 0%
Shatter 67% 100" 50% 0% 0% 100%

Extmrd GE 9034-112 Lexan P-- 100% 100% SO0
Pau w/ cracks 0% 0% 50S
Shatter 0% 0% 9%

NOTE: impact at nrminal eoc"ty of 36 Wttec
Couporis are nonknaly 1/2.e'O thdc

Table 3 l~atch Insert Evaluation Test Summary

PANEL COUPON LOAI.TI*WAAL CYCLE STATIC PULLOUT
LD. P0ON0 TEST DES•RPTION FALIIE LOAD

Dow Z0WpoJ0 ffsow bo n alutrirumi mswt,Oii0ti post rVa 760o
90010861 Pod n/a 711

9008r2 Sat 7 ,IOT DAY 6 P CYCLES M0
D0910109816 port 3 COLD DAY CYCLES 12l0
0910100916 Wbd 7 COLD DAY CYCLES 10600
0910109019 - SOFTENED DMtJNG HOT DAY 340 F CYCLE na
0910100#19 116d 3H;TDAY26SFCYCLES 7M

Dow 202"0 pohboe wth U ,wn ,wd:
0010109917 port OVERLOAD DUINOG HOT DAY 266 F CYCLE wn,
0910109#17 oft 3 HOT DAY 26 F CYCLES 4640
0910110906 port 3 COLD DAY CYCLES 4500
D910110906 sid WK 4100
09101100M pCA SOFTENED DLRW HOT DAY 340 F CY=CL n/a
0910110906 slid nw 448W

Manty APEC DOW0 pdycwtwsswith 06 alininum ,noe:
90011 2 sQid rotW 6075

Uowl 6 43 port ns 39W0
6001691 pt 3 WOT DAY 2W F CYCLES 4080
9001169,1 dd CRACK(ED DRING WHOT DAY 340 F CYCLE
91168. Pod rwp "7200
M910111912 sIo c COLD DAY CYCLDS 5130DY--.
41910111t 12 awh CRIACKED DURING COLD DAY CYL nf% ,&

M910111 913 sft CRACIO DU CNGOCLD DAYCYCLE 's•

F-16 p,,,ion nhpsuncy wah bad plas boled 6D loe
04.3-1 n's SOFTE-NED DING I-OT DAY 340 F CYCLE r/B
0433-2 r/A 3HOT DAY 65 F CYCLES 506-
0433-3 wa 3 COLD DAY CYCLES 97
04M,-4 d/ n/s 9740
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DIMENSIONAL MAPPING AND SHRINKAGE CHARACTERIZATION OF LARGE,
THICK-WALLED, DIRECELY-FORMED TRANSPARENT PANELS
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Florida International University

1162



Dimensional Mapping And Shrinkage
Characterization Of Large, Thick-Walled.
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Mr Kevin Roach, University of Dayton
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for
Conference On Aerospace Transparent Materials And Enclosures

9-13 August 1993

Abstract

A significant advantage of directly forming transparencies is the potential
capability to closely control the dimensions of the finished part, and to repeat this
control from part to part. This control can result in better fitting transparencies,
improved optical quality, "designed in" thickness variation, and optical tailoring.
However, it is well known in the molding industry that flnishdrl nlastic nparts have
a slightly different size and shape than the mold fTom which they were made
because the part shrinks as the molten plastic cools and solidifies.

A dimensional mapping effort was initiated to investigate the shrinkage
characteristics (i.e. the differences between final panel dimensions and mold
dimensions) of large, thick-walled, directly formed, transparent panels. The term
"dimensional mapping" refers to the acquisition of coordinates of points on the
surfaces of a molded part and/or it's mold, using a coordinate measuring
machine (CMM). Thickness and overall dimensions are then calculated from the
point coordinates. A CMM was used to take advantage of it's high accuracy,
repeatability, and automation capabilities.

The paper will discuss the CMM procedures used, and the difference
between dimensional mapping and other measurement techniques. Results of
the investigation include confirmation of standard shrinkage factors used in the
molding industry, and a description of the variable shrinkage found in the subject
panels.

lntt~oductign

The Aircrew Enclosures Section of the US Air Force - Wright Laboratories
(WL/FIVR) at Wright-Patterson AFB, OH currently manages and directs the
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Directly Formed Frameless Aircraft Transparency Program (i.e., the Frameless
program). The objective of the program is to demonstrate the feasibility of directly
forming (ie. injection molding), frameless aircraft transparencies, and to confirm
the analytical tools used to design a directly formed transparency. An overview of
the potentials and progress of the Frameless program are discussed in Reference
1. Included in that discussion are potentials for cost savings in manufacture. life-
cycle cost savings, and improved performance, as well as other potential benefits.
This paper addresses efforts undertaken by WL/FIVR to quantify the potential for
improved dimensional control by directly forming transparencies.

Preceding the Frameless program, WL/FIVR funded Loral Defense
Systems in a program (October 1985 - September 1988) to identify and demonstrate
an optimum forming process for large, thick-walled, transparent parts. The
process Lcral and WL/FIVR selected was a low pressure, long cycle, injection
molding process. The molding took place at Envirotech (formerly EIMCO) Molded
Products, Salt Lake City, Utah. Hundreds of flat and conical panels (Fig 1) were
molded during the program, using several different materials, and a wide variety
of processing parameters (temperatures, pressures, shot size, cycle times, etc.)
Panels with desirable characteristics were typically molded from clear
polycarbonate, at approximately 750 psi, with a cycle time of approximately 30
minutes.

After the. T.nrnl e.ffnrt w ' .q cnmnn.t.o.Vd WTI/FIVR participated in three more
molding trials. In January 1990, 68 half-inch flat panels were molded from four
different materials at Envirotech Molded Products, Salt Lake City, Utah. In
October 1990 and January 1991, 105 half-inch flat panels were molded at Hettinga
Equipment Company, Des Moine, Iowa. During this molding, four materials
were used for molding. In April 1992, WL/FIVR went back to Envirotech and
molded 27 half-inch conical panels, 32 half-inch flat panels, and 35 three-quarter
inch flat panels. The April 1.992 molding was done with resins having four
different melt flow indices. All of the above molding trials used a low-pressure,
long cycle molding process; one not used for typical injection molded parts.

Under the frameless program in February 1991, the design of the CFT was
nearing completion, and conceptual designs of the CFT mold were underway.
One of the many points for consideration in the CFT mold design was how much
the molded CFT would shrink after molding. Because the molding process to be
used for the CFT is much different from typical injection molding processes, a
concern was that standard shrinkage factors provided by resin vendors may not
apply to the CFT molding.

Also at the time, preliminary work was underway to outline the CFT testing
that would take place after CFT molding. One of the efforts envisioned for testing
was an extensive dimensional check of the molded CFTs. The flat and conical
panels molded under the Loral and subsequent efforts were measured, but not
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extensively, and the values available were not sufficient to make an assessment of
how different the panels were from their molds. It was evident that a more
complete dimensional check of the CFT and CFT mold was going to be required.

4 With these future CFT related tasks in mind in February 1991, WL/FIVR
initiated an effort to do a rigorous dimensional check of a number of suitable flat
and conical panels that had been previously molded, and had not been cut up for
testing, There were 4 conical panels and 15 flat panels available at the time. The
flat and conical molds were also included in this effort. The objectives of this effort
were to; measure the panels and molds, compare the dimensions of like panels,
and to compare panel dimensions to mold dimensions. If applicable, information
obtained would be applied to the CFT and to the CFT mold.

The checking of panels and their molds came to be known as "dimensional
mapping" (DM), and the February 1991 effort was the first of two dimensional
mappings of the flat and conical panels and their molds. The second DM effort
was planned for panels molded in April 1992. One of the objectives of that molding
was to mold panels from the same family of Calibre polycarbonate, but to include
resins having four different melt flow indices. Based on this molding trial and
subsequent testing, a resin would be selected for CFT molding in 1993. One of the
tasks in the testing was dimensionally mapping the panels, and again, the molds.
Typically, the molds would not have had to be mapped again, but both molds had
been altered slightly. The cone mold's optical surface had been scratched during
shipment the year before, and the scratch had to be polished out before molding in
April. The polishing had changed the mold cavity thickness an unknown
amount. Also, the flat plate mold was changed slightly in that it now incorporated
a removable shim, which allowed the molding of both 1/2" and 3/4" panels.

The DM effort for the April 1992 molded panels began in July 1992. In the
1991 DM effort, we could only choose from panels left over from previous molding
and testing, and this limited our selection. Since mapping was planned for the
April 1992 panels, a better selection could be made. Essentially 12 groups of panels
were molded; 1/2" cones from each of 4 resins, 1/2" panels from each of 4 resins,
and 3/4" panels from each of 4 resins. We selected at least 3 pailels from each of
the 12 groups for dimensional mapping.

What is mp•iol nnn

The term "dimensional mapping" was coined by WL/FIVR because a
description, or mapping, of the thickness distribution of panels and their molds
was required, as well as the overall dimensions. "Dimensional Mapping" (DM)

1k seemed to describe the whole exercise nicely. On the flat panels, the DM effort
required obtaining thickness values at target point locations described by a one
inch by one inch grid on the 2' x 2' surfaces (Fig 2). Also, the length and width of
the flat panels was required at several locations. The same grid was used for the

1 target points on the flat panel mold. On the conical panels, thickness values were
required at target point locations described by a one inch by five degree grid on the
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optical surfaces of the panel, and a one inch by one inch grid on the sill edges (Fig
3). Again, the same grid of target point locations was used for the cone mold.

A couple of approaches were considered to perform the DM effort. One
approach briefly considered was measuring the items with hand held
instruments; either traditional measurement tools such as calipers and
micrometers, and/or surface positioned devices which can measure normal
thickness using either light or sound. These approaches were not pursued
because of the problems involved in repeating the measurement locations from
panel to panel, accessing desired locations without destroying the panels, and/or
the inherent possibility of human error degrading the measurement process.
Also, measuring the thickness of the molds presented special problems since the
mold halves had to be measured separately, and then the data combined to yield
cavity thickness.

The approach chosen to perform the DM effort was to use a cooidinate
measuring machine (CMM). A CMM (Fig 4) is a measurement device that
incorporates a precision probe with a spherical ruby tip, electronics, and part
measuring routines to contact surface points on a part.

Fig 4 Ring-Bridge Coordinate Measuring Machine

The CMM keeps track of the probe-s X, Y, Z position in the measurement space,
and records the coordinates of the contact point. There were several advantages to
the use of a CMM, including; accuracy, repeatability, automation, and minimal
operator interface in data acquisition. Additionally, the manufacturer of a line of
high precision CMMs happened to be located locally. Sheffield Instruments
Company (now known as Giddings and Lewis Measurement Systems)
manufactures CMMs and other measurement devices in Dayton, OH.

MrI. f, P" use in the A; rnensi -n a m~apping afrn-tS was an Annlln

Cordax "ring-bridge" model. The details of the specifications for the CMM are
quite complex, involving considerations for specifications relative to gauge
surfaces, unknown surfaces, and flat or curved surfaces. To summarize though,
the accuracy of the CMM used in the DM effort, on the panels and molds, is on the
order of ± 0.0001". The accuracy can be viewed as -he confidence one has in the
actual spatial location of the probe's position. The repeatability of the CMM is
defined as the capability to repeatably obtain the same coordinates for the same
physical point on a surface. To record the repeatability of the CMM as v sed on our
parts, a test procedure was run where the probe contacted a series of 24 widely
spaced points on the surfaces of a flat panel, and the series was repeated 20 times.
The variance in the data was on the order of ± 0.0002". Data acquisition by CMM
can be highly automated. For our purposes, a part measurement program was
developed for each type of panel, and the program was run to acquire the
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coordinates of the points of interest. This approach allowed the CMM to obtain
data on each panel in the same fashion, with no operator intervention.

3 Dimenakorm lE[moln" ]Um

As mentioned above, grids of target point locations were defined by
WL/FIVR for the panels and molds. The task of the CMM operator was to locate
these targ6t points and to obtain the actual point coordinates in the same manner
for each panel and its mold. It was essential that the same point location was
contacted on each part. In only this way could comparisons between panels, and
between panels and molds, be made. The procedure of staging (mounting) a part,
locating the part in the measurement volume of the CMM, locating the target
points, and approaching and contacting the points on the part is described in this
section.

The electronics and software routines resident on the CMM eliminated the
need for a precision mounting of the parts. The CMM can orient a frame of
reference relative to a part, instead of having the part fixtured precisely in a
certain place and orientation relative to the CMM'e default frame of reference.
The chance for error in fixturing was thus not present in the dimensional
mapping of the panels and molds. A consideration in mapping the molds was
that we had no choice but to map the mold halves separately. This presented a
challenge in bringing the 2 sets of data together (1 for the mold core, 1 for the mold
cavity), in an accurate manner. The trials and errors of this will be discussed
later. In contrast to the molds however, we could stage the panels in such a
manner that all target point coordinates could be obtained in one staging. This
eliminated the need for bringing 2 sets of data together; all data acquired on the
panels was relative to a single frame of reference.

Flat Panls

The flat panels were staged on the CMM as shown in Fig 5. The panel was
set upright, on one thickened sill edge. Blocks were placed under the lower sill
edge so the target points on the lower edge could be contacted. The panel was held
in place by a simple C-clamp and angle iron jig. Although the flat panel data
acquisition program would automatically establish the reference frame and
acquire the data, the operator had to initialize the program by letting the CMM
know where the panel was. This was accomplished by the operator manipulating
the probe to contact several points on the panel. The operator touched 3 points on
one of tha oFtical surfaces, 2 points on the upper sill edge, and 1 point on the fiat
surface adjacent to the curved "arch" of the flat panel (the arch-plate surface).

& The part program already had the nominal dimensions of the panel, so with these
operator-supplied points as input, the part program could then take over the
mappin• urocedure.

4 Reference Frame Establishment: The CMM first established a primary
plane by touching seven widely spaced points on the core side optical surface (Fig
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6). A best-fit plane was then calculated through the seven points, and this was
defined as the X = 0 plane. Next, five points were touched on the arch-plate
surface, at X = -0.25". A best-fit line was calcdlated through the five points,
translated to X = 0, and was defined as the Z axis. This fixed the X = 0 plane in
rotation, and defined Y = 0 location on the X = 0 plane. The Z = 0 point on the Z
axis was found by calculating the mid-line between two lines best-fit through five
points on each of the sill edges, at X = 0. This procedure produced a flat panel
reference frame that had its origin midway between the sill edges, at the
intersection of the core side optical surface and the arch-plate surface. This
procedure for reference frame establishment was used on all flat panels, and a
slightly modified version was used on the flat plate mold.

Data Acquisition: With the reference frame established, the CMM
proceeded to acquire the coordinates of the target points. During data acquisition,
the part program directed the probe to move in a systematic order across the
panel's optical surfaces. With the probe positioned approximately 1/4" off (in
either the + or - X direction) of the intended surface, the CMM moved and
positioned the probe to the desired Y and Z coordinates. Once in position, the probe
then approached the surface in the desired X direction until contact was made.
Upon contact, the CMM first recorded the actual X, Y, Z coordinates of the probe
tip's center. Because the location of the target points for the flat panel were all on
flat surfaces, the CMM could easily approach the points in a normal direction.
This simple surface shape allowed for a simple 'ball radius compensation" to be
calculated (Fig 7) by the CMM which translated the X, Y, Z coordinates of the
probe tip center, in the approach direction, to the surface of the probe tip. This
resulted in the X, Y, Z of the actual contact point. In a like manner, the CMM
obtained the coordinates of all target points on all the intended surfaces of the flat
panels.

Flat Panel Mold

Reference Frame Establishment: As mentioned above, we had no choice but
to dimensionally map the mold halves separately. Although the mold surfaces
are mirror imiages of the par. suiraces, atu.r •es found on tAhe• c.avity- half of the

mold may not be present on the core half. For this reason, reference frame
establishment on the flat panel mold halves was modified from that on the flat
panels. The core of the mold happened to have all the surfaces required to
establish the frame of reference in the same manner as the panel, using the
optical surface, arch-plate surface, and sill edge surfaces. The cavity, on the other
hand, has no arch-plate surface and it only had a couple of very small surfaces at
the sill edges. The cavity does have an optical surface, although it is offset from
the core side optical surface by either 1/2" or 3/4". To establish the "same" frame
of reference then on the cavit. half, we had to make use of other features of the
mold.

During )peration, the mold halves are aligned by tapered guide pins on one
half, and tapered sockets on the other half (Fig 8). When establishing the frame of
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reference on the core half, the intersections of the axes of the guide pin sockets
with the parting plane were found. The positions of these intersection points were
then recorded relative to the established frame of reference. In this manner, the
distance from the mid-line and the arch-plate surface to the intersection points
was found. On the cavity half, the primary plane and mid-line were found using
the optical surface and the small sill edge surfaces, respectively. A temporary
arch-plate location was assumed, in order to establish a temporary frame of
reference. The intersections of the axes of the guide pins with the parting plane
were then found. Based on these intersection point locations, appropriate
translations were performed to bring the cavity half s frame of reference into
alignment with the core half s.

During the 1991 DM effort, in order to have more confidence in bringing the
data for the core together with the data for the cavity, 12 additional target points
(six on the core, six on the cavity) were identified for the mold. Six widely spaced
parting plane points on the core would be acquired, as would six similarly located
parting plane points on the cavity. When the data halves were brought together,
the two sets of six points should have been coincident. In practice, this did not
happen. Although the 1991 DM data %as usable, lessons learned during that
effort resulted in external tooling spheres being used in mold mapping in the 1992
effort. The reasons why, and the adjustments made will be discussed in detail
later.

Data Acquisition: After reference frame establishment, the dimensional
mapping of the flat panel mold halves proceeded much in the same manner as on
the panels. The probe was positioned over a target point in Y and Z, and then
approached in the X direction until contact was made. The same ball radius
compensation was performed, and the contact point coordinates were recorded.

Conical Panels

The conical panels were staged on the CMM as shown in Fig 9. The cone
was placed nose down on the CMM. table, so that all desired target points were

4...... n %1.. +- .. .- l'Jn n ..- o I-.1,-n1A 4" n -l n r4 
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arrangement that applied a slight pressure to the aft faces of the two aft tabs
(however, Fig 9 shows the clamps on the forwrd tabs). As with the flat panels, the
CMM operator needed to manipulate the probe to contact several points on the
cone so the CMM knew where the cone was in its measuring volume. The
operator touched three points on the flat, semi-circular aft edge surface, two
points on each of the flat sill edges, and three points on the outer optical surface.
The part program already had the nominal dimensions of the cone, so with these

4 operator-supplied points as input, the part program could then take over the
mapping procedure.

Reference Frame Establishment: The CMM first established a primary
plane by touching seven widely spaced points on the flat, semi-circular aft edge
(Fig 10). A best-fit plane was then calculated through the seven points, and this



was defined as the Y = 0 plane. Next, three points were touched on each of the flat
sill edges. A best-fit plane was calculated through the six points, and the
intersection of this plane with the primary Y = 0 plane was defined as the X axis.
This fixed the Y = 0 plane in rotation, and defined the Z = 0 location on the Y = 0
plane. Next, the probe touched seven equally spaced points on the outer optical
surface, at Y = -0.25". A best fit circle was generated through the seven points,
and the center point of the circle calculated and translated in Y and Z to the X
axis. This procedure produced a conical panel reference frame that had its origin
at the intersection of the aft edge plane and the axis of the cone described by the
outer conical surface. This procedure for reference frame establishment was
used on all conical panels, and a slightly modified version was used on the cone
mold.

Data Acquisition: With the reference frame established, the CMM
proceeded to acquire the coordinates of the target points. During data acquisition,
the part program directed the probe to move in a systematic order around the
cone's surfaces. A short discussion of the target point grid for the cone is in order
here (ref Fig 3).

Sill Edge Target Points: The sill edge target points were arranged in a one
inch by one inch grid. The grid was defined by the intersections of two sets
of section cuts. One set of sections were parallel to the aft edge surface,
spaced one inch apart, starting at 0.25" forward of the aft edge. The other setr[ ec ois . . . . . 1.1 11.. -.•11 -A -.. .. ,-.. .. t,%A ,,mn.l ;n-kw~ nnr f,6f seetiousi wei-e parallel to thleafat. sillJ Vd srface spce oeinh pat
starting at 0.25" from the sill edge surface. This grid defined four stations
(or rows) of target points on each of the four curved sill edge surfaces, with
each station having 13 points in the aft to forward direction.

Optical Surface Target Points: The optical surface target points were
arranged in a one inch by five degree grid. The grid was defined by the
intersections of two sets of section cuts. As on the sill edges, one set of
sections were parallel to the aft edge surface, spaced one inch apart,
starting at 0.25" forward )f the aft edge. The other set were radial sections
ori.inating on the cone's axis. These included a centerline section, and
sections from +65 degrees from centerline to -65 degrees from centerline, at
5 degree increments. This grid defined 27 stations of target points, with a
varying number of points in each station, counting from aft to forward. The
centerline station had 13 points, while the ±_ 65 degree stations only had 3
points each.

At the sill edges, the CMM acquired data by positioning the probe at the
desired Y and Z coordinates. Once in position, the probe then approached the
surface in the desired X direction (either inboard or outboard) until contact was
made. At the optical surfaces, the CMM positioned the probe at the desired Y
coordinate, and then approached the surface along the radial direction, toward (or
away from) the cone axis. Upon cont- ct, the CMM first recorded the actual X, Y, Z
coordinates of the probe tip's center. As with the flat panels, the simple "ball
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radius compensation" (ref Fig 7) was calculated by the CMM which translated, in
the approach direction, the X, Y, Z coordinates of the probe tip center to the surface
of the probe tip. In a like manner, the CMM obtained the coordinates of all target
points on all the intended surfaces of the conical panels. However, unlike the flat
panels, where approach by the probe was normal to the surface, the actual contact
on the cone surfaces was not completely normal to the approach direction. This
effect is called "ball tangency error" and was compensated for during the
reduction of the conical data. This will be discussed later in this paper.

Cone Mold

Eeference Frame Establishment: As with the flat panel mold, the cone
mold halves had to be mapped separately. Also like the flat panel mold, the

parting plane and tapered pins and sockets were used to align the two reference
frames with each other. The core half of the cone mold had all features necessary
to establish it's reference frame in the same manner as the conical panel (Fig i1).
Intersection points of the socket axes and the parting plane were also found so
that these locations could be used to assist in reference frame establishment on
the cavity half. The features used on the cavity half were the conical surface,
parting plane, and the tapered pin axes. Through translations of feature
locations, the cavity reference frame was brought into alignment with the core
half s.

(six on the core, six on the cavity) were identified for the cone mold, to assist in
bringing the two halves of data together during data reduction. Also as with the
flat panel mold, external tooling spheres were used in the 1992 DM effort to do a
better job of bringing the data halves together.

Data Acquisition: After reference frame establishment, the dimensional
mapping of the cone mold halves proceeded much in the same manner as on the
panels. At the sill edges, the probe was positioned over a target point in Y and Z,
and then approached in the X direction until contact was made. The ball radius
compensation was performed, and the X, Y. Z coordinates were recorded.
At the optical surfaces, the CMM positioned the probe at the desired Z coordinate,
and then approached the surface along the radial direction, toward (or away
from) the cone axis until contact was made. The ball radius compensation was
performed, and the X, Y, Z coordinates were recorded. In a like manner, the
CMM obtained the coordinates of all target points on all the intended surfaces of
the cone mold halves. As with the conical panels, the ball tangency error
encountered was compensated for during data reduction.
Data 4uetion 1nd Post- s•ng

The data for each of the panels and mold halves was delivered to WLJFIVR
as ASCII .text files on computer diskette. The data was transferred to a
workstataion and converted to a format readable by PATRAN, a computer aided



engineering (CAE) software package marketed by PDA Engineering, Inc. Once
read into PATRAN, the data could be processed in a 3D environment, making the
task of data reduction and post-processing easier to visualize (Fig 12-14). The data
reduction procedure essentially consisted of calculating thickness values and
overall dimensions from the point coordinates. The panel thickness values were
subtracted from the mold thickness values to yield through-the-thickness
shrinkage values. Panel overall dimensions were subtracted from mold overall
dimensions to yield overall shrinkage. The post-processing basically entailed
creating contour plots and X-Y plots of thickness and shrinkage results (Fig 15-
16).

Flat Panels and Mold: Since the CMM probe had approached the flat panel
and mold surfaces in a normal direction, the data delivered was coordinates of
actual contact points. Furthermore, the grid of target points was constructed
such that the points on the core side of the mold had the same Y and Z coordinates
as the points on the cavity side (ref Fig 6). Thickness calculations were performed
by finding the X displacement between the core points and the cavity points. The
length measurements were determined by finding the difference in Y between
the points on the arch end of the panel and the points on the gate end of the panel.
Likewise, width measurements were determined by finding the difference in Z
between points on opposite sill edges. Typical results for the flat panels are shown
in Fig 16.

Coni-a! Panne- antd Mold! The thickness and overall dimension
calculations for the cones and the mold required additional calculations because
of the ball tangency error noted above. Fig 17 shows an exaggerated blow-up of the
probe tip contacting a small portion of the center line section on a cone. The probe
approaches the target point T at a constant Z value, and toward the cone axis.
Instead of contacting point T however, actual contact is made at point A. The
CMM is keeping track of the probe tip center 0, and upon contact performs the
ball radius compensation that results in the coordinates of point C being recorded.
The point recorded is short from the target point T by the distance "d". If not
corrected, the result would be panel data that showed a thickness greater than
actual, and mold data that showed thickness less than normal. The correction
applied was to further translate the coordinates the additional distance "d".
There were several reasons this correction was carried out during the data
reduction instead of internally to the CMM including: programming difficulties,
CMM scheduling, and the fact that the correction seemed simple enough to take
care of in the data reduction.

Once the cone and cone mold data were in PATRAN on the workstation at
WL/FIVR, the ball tangency error was corrected. The correction entailed
generating lines through the "C" data points, finding the local angles required at
the "C" data points, calculating the distance "d" required, and generating the new
coordinates of the intended target points "T" (ref Fig 17). Once this was done, lines
were generated through the new data points on the outer surface, and the normal
thicknesses from the inside surface points to these lines were calculated.
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Appropriate care was taken to account for the reversed direction of approach to
mold surfaces as compared to panel surfaces. For the probe to approach the outer
surface of the panel, it travelled toward the cone axis; while to approach the outer
surface of the mold, it travelled away from the cone axis.

The overall dimensions of the cone and cone mold were found in much the
same manner as in the flat panels and mold. Width measurements were
calculated from the difference in X of corresponding points on opposite sills.
Length measurements were calculated from Z differences between points on the
aft edge surface and points on the forward faces of the forward tabs. The nose face
of the cone was not used because it was not a molded surface, but a machined or
sawed off surface. Additionally, the con mold did not have a corresponding nose
surface. Typical results for the cones are shown in Fig 18.

Data From Separate Mold Halves: Care was taken to establish reference
frames on the mold halves such that the data obtained from one half was correctly
orientated with data obtained from the other half. In theory, this was a sound
approach, but in practice slight adjustments had to be made. When the mold data
was reviewed, we found that the parting plane points from the core half of each
mold were located internal to the plane defined by the cavity half parting plane
points. In essence, that the mold halves were compressed together further than
physically possible. This was attributed to the fact that the primary planes are
best fit to points on a machined surface, and the best fit was different for the two
halves. On a panel, only one primary plane was defined and all data from the
panel was taken relative to the one reference frame. On the molds, a primary
plane is found for each half, and hence two separate reference frames are
generated. An adjustment was in order, and the approach taken in 1991 was to
translate all data points from one half until the parting plane points became as
coincident as possible, without the parting planes penetrating one another.

The same approach was used during the initial stages of the 1992 DM effort.
However, another complication arose. We knew that the cone mold had been
scratched and then polished between the two DM efforts. We therefore expected tosee slightly thicker cones an, a Slightl"y ti•cker cone old ay. We mapped the

cones first, and did indeed see the increased thickness where the polishing took
place. However, when we applied the same parting plane point adjustment to the
cone mold data, we observed reduced thickness in the cone mold cavity as
compared to the 1991 data. After checking the data and adjustments made for
both efforts, it was decided to re-map the cone mold with external tooling spheres
attached.

Three tooling spheres were attached to the external surfaces of each mold
half (Fig 19, only two spheres are seen here, the third is hidden from view). The
tooling spheres were calibration balls precision ground to within 0.000005" of
perfect roundness. The mold halves were mapped as before, except that the CMM
also calculated the three centers of the core tooling spheres relative to the core
frame of reference, and the three centers of the cavity tooling spheres relative to
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the cavity frame of reference. Then the mold was put together (Fig 20, two of the
spheres are hidden from the view), as it would be just prior to molding, and the six
centers of the tooling spheres were calculated relative to a single reference frame.
When the mold data was brought up on the workstation, an adjustment in mold
half positions could be made using the tooling sphere centers. When the
adjustment was made, it was found that the parting plane points did not "pierce-
through" each other. In fact, there was a slight gap (0.001" - 0.005") between five of
the six sets of parting plane points. The gaps can be attributed to imperfections,
such as unobserved high spots, in the parting plane. The lesson learned here was
that in combining two separate halves of data, precise external surfaces need to be
used as references.

Although the imperfect parting plane adjustment brought into question the
validity of the 1991 DM data, results of the 1992 DM effort showed the same trends
and magnitudes of shrinkage. This indicates that the errors in the values of the
1991 data are slight, and that the general approach used in applying the 1991 data
to the CFT and CFT mold design was still sound.

RPM-tts SRummary Of ThA 2J1 A&q I9 D.nn•oa aDn iot

It was found that staging a part only once for data acquisition is highly
preferable to multiple stagings. If a part must be staged more than once, extreme
care must be taken to ensure that the multiple sets of data can be accurately
combined.

An attempt was made to confirm the thickness values calculated from
CMM data by cutting up one of the dimensionally mapped cones, and using a
micrometer to measure the thickness at a group of target points. The micrometer
thickness readings were consistently within 0.001" of the dimensional mapping
thickness values. However, the repeatability of the micrometer readings also
varied by approximately +L 0.001", presumably from human factors and/or
positioning the micron.cter accurately in the same place.

observed in the flat and conical panels was very close to the shrinkage quoted by
resin manufacturers, even though the panels were molded using an atypical low
pressure, long cycle process. The shrinkage observed for panels molded from
plain vanilla polycarbonate was on the order of 0.007 inch/inch, essentially the
same as the quoted 0.006 inch/inch.

Shrinkage through the thickness of the panels was not only much higher
than quoted values (ie. 0.020 - 0.035 inch/inch), it also varied with location on the
panels. The details of shrinkage observed and possible reasons for the shrinkage
are described in Reference 2.
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Based on the same trends and magnitudes shown in both DM efforts, the
use of a CMM to acquire data points for part measurement is determined to be a
very reliable method.

The accuracy, repeatability, and automation capabilities of a CMM are very
desirable in part measurement. When compared to techniques involving human
manipulation of hand held instruments, the CMM is at least an order of
magnitude more accurate and reliable.

The use -of a CMM however, is orders of magnitude more complex and
expensive than using hand held instruments. The automation capabilities can't
be realized without a potential lengthy program development period. Additionally,
CMM's are definitely not portable, they require installation in a controlled
environment in order to realize the accuracy and repeatability benefits.

Extensive communication is required between the party wanting the part
measured, and the party using the CMM to measure the part. Both parties in
these efforts learned a great deal from each other.

Ky-rman-lptia~nQ.z

The data for these efforts has been acquired and processed over the last two
years. Most recently, the flat plate mold data was processed in June 1993.
Although the data has been processed and analyzed, a complete and final study
and analysis of all the data should be accomplished.

The CFT mold fabrication was recently completed in June 1993, and the
mold was dimensionally mapped as a final step in that fabrication. The CFT mold
DM data should be analyzed and thickness values produced prior to CFT molding
• ,.- A,, .,,,,, -- 104nQ
in1 AX£k& LVLLRtJ.UU

Once molded, the CFTs should be dimensionally mapped using the same
target point grid as the CFT mold.

The CFTs should also be thoroughly measured by hand, and a
determination should be made as to whether or not dimensionally mapping
transparencies by CMM is required.

4 Optical evaluation data for the CFTs should be correlated with the CFT
dimensional mapping data. This correlation may prove valuable in possible
future efforts to design transparencies to specific optical requirements.
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ABSTRACT

One of the objectives of the WL/FIVR frameless program is to
mold the Confirmation Franmeless Transparency (CFT), a research and
verification windshield. Alchough the CFT was not designed as an
actual flight item, it has a size and shape representative of a
typical aircraft windshield. One of the many tasks involved in
designing the CFT and the CFT mold was to attempt to compensate
for the variable shrinkage found in large, thick-walled, directly
formed transparency panels. Excessive thickness variation in the
optical area would result in distortion of scenes viewed through
the transparency. In order to produce closely toleranced,
directly formei transparencies, it is essential to understand the
relationships between molding process parameters and part
shrinkage, and to apply that understanding to the design of the
mold.

This paper includes an analysis of the shrinkage
characteristics of large, thick--walled, directly forme'i
transparency panels, and a review of the molding parameters used
for each panel. The optimum molding conditions, based on overall
molded quality are discussed. The potential causes of variable
shrinkage were investigated, and correlations between shrinkage
and process parameters are included. Additionally the application
of shrinkage compensation to the CFT mold and to future
transparency molds is presented.

I
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INTRODUCTION

The increasing demand for more efficient transparency design,
low cost manufacturing, and longer service life has led to the
concept of the directly formed frameless transparency program.
The goal of the frameless transparency program is to eliminate the
metal frame and all components necessary for attachment of the
transparency panel to the frame. This can be achieved by forming
the transparency directly from the molten plastic resin in a mold
which permits thickness control to provide structural stiffness at
transparency edges. The hardware facilitating a direct interface
between the transparency and the aircraft can also be molded in
place when. the transparency is formed.

The direct forming method offers many potential advantages for
aircraft transparency fabrication. It. is capable of producing
transparencies in large quantities at a low cost with practically
no finishing operations. The surfaces of injection molded parts
are usually as smooth as the surfaces of the mold cavity in which
they are formed. Furthermore, the process allows tailoring of
transparency thickness in the optical area to achieve optical
quality and structurally adequate sills to accommodate
transparency to aircraft interfacing. Compared to current forming
techniques which are labor intensive and difficult to control,
injection molding is primarily a one process technique in which
part quality can be closely contrclled and repeated.

To prc-',lce closely tolerancec. transparencies using a direct
forming (i.e. injection molding) process, it is essential to be
able to characterize part shrinkage after forming. This shrinkage
data will then be used to compensate fucure molds to obtain parts
of desired shape and sizs. To incorporate part shrinkage into
the mold design. the current practice is to scale up the mold
cavity dintensions uniformly by a constant shrinkage allowance
factor, which in theory indicates how much the part will contract
after it cools down. But except for simple shapes, some critical
dij' 1ension! of the part will generally deviate from the
compensated values as the shrinkage tends to vary with location.

The thickness distribution in the optical area is critical to
optical qu&.1ity of a transparency. Excessive thickness variation
wouid result in distortion of scenes viewed through the
transparency. Dimension contro3. objectives for the Confirmation
Frameless Transparency (CFT) included achieving design thickness
in the optical area within plus or minus .008 inches and
thickness gradients of less than .004 inches in 4.0 inches in any
direction from any point in the optical area. This stringent
requirement for dimensional accuracy has made compensation for
variable shrinkage one of the moet critical tasks during the mold
design.



OBJECTIVES

The goal of this research was to characterize shrinkage which
occurred in thermoplastic injection molded panels in support of
the directly formed frameless transparency program. The
effects of molding process parameters on part shrinkage were
examined and the causes of variable shrinkage in the part were
investigated. Specifically, this study aimed to achieve the
following objectives:

(1) Correlate part shrinkage to molding parameters used.

(2) Apply a shrinkage compensation to the CFT mold.

LITERATURE REVIEW

The increasing use of injection molding in the plastics
industry during the past few decades has spawned a great deal
of research on part shrinkage after molding. Many studies have
been carried out to understand and predict shrinkage for the
purpose of sizing the mold. Part shrinkage for molding with
different types of plastic resins, geometries, and process
conditions have been documented in Ref erer: t a:±d I * --
results pertinent to this work are summarized here.

1. Part shrinkage 4.s a local phenomenon, instead of a global
one. Therefore, shrinkage values in a part would vary from
location to location. For simple parts, the variation is minimal.
But for large, 'chick-walled components, the variation can be
quite significant. Since shrinkage is not uniform in all
directions, this may often lead to many modifications of the mold
and occasiorially to a complete retooling.

2. Part: shrinkage is a function of molding process conditions and
possibly of geometric factors. It depends on the parameters such
as packing pressure, melt temperature, injection pressure,
packing time, screw speed, melt flow index, part thickness, and
flow length. To completely characterize part shrinkage, the
dominant process variables must be identified and the correlations
between %hose variables and shrinkage established.

Typically, previous studies have been limited to molding of
relatively small plastic parts. Shot sizes of only a few ounces
in weighr are common. Consequently, the findings from previous
work may not be directly applicable to the mold design for large
thick-walled parts, which is the main interest of this study.
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PROCESS CONDITICNS AND PART SHRINKAGE FOP. PANELS

To further develop process conditions and study the shrinkage
9 characteristics for large, thick-walled panels, WL/FIVRB has

molded hundreds of process evaluation test panels during a number
of injection molding trial-_ T7he process evaluation panels
fabricated consist of two shapes: flat and conical panels, as
shown in Figure 1. Both geometries possess key features of a
frameless transparency: a constant-thickness optical area and
thickened edge sections The thickened edge sections simulate the
potential to eliminate the frame currently used on aircraft
transparencies. In addition, mechanical inserts could be molded
into this region to facilitate direct attachment of the
transparency to the aircraft. The development of the process
conditions and the characteristics of part shrinkage are
discussed as follows.

Molding ccnditicns:

- Injection pressure : 750 psi
- Packing pressure : 750 psi
- Melt temperature: 572 deg F
- Screw speed 5C, rpm
- Filling time 7.5 - 11 sec.
- Cylel tixe . -30 minuces;
- Mold temperature- 200 deg F

The molding process for large, t:hick-walled parts is
characterized by a low injection pressure and a long cycle time.
The Low injection pressure was selected to reduce residual
stress in the part and a lower machine clain;ping force during
molding. As a result, the filling and cycle times for large thick-
walled panels are substantially larger than those for traditional.
molding processes. Molding with these parameters has produced
panels with acceptable overall molded quality. Extensive coupon
tosting has also shown that impact .2'esistan'e and other material
properties of injection molded panels meet or exceed properties
measured for extruded sheets of the same material.

To cnaracterize through-the-thickness _.hrinkage aftt.r the
part cooled to room tempe•-ature, a dimensional mapping study ot
molds and molded parts was undertaken at Sheffield Measurements
Inc. of Dayton, OH. Dimensional mapping .s simply a recording of
the X,Y,z coordinates of selected poinus on the surface of the
parts and the molds, using a coordinate measuring machine (CA14) .
The raw CMM data was processed on a Silicon Graphics Iris
workstation by Patran/PCL routines to produce part and mold cavity
thickness data and contours. The shrinkage pattern of the pairt
was thena. calculated by subtracting the part tbicknEss from the(
mold cavity thickness. A typical tabular listing of shrinkage in
thickness and shrinkage contours- for a conicalr panel are shown
in Fioures 2 and 3, respectively. The details of dizcensional
nmapping of flat and conical panels are described in Reterence 3.



The general characteristics of part shrinkasje- from the.
dimensional mapping studies are summarized below.

- The thickness dimensional data revealed some unusual values and
trends. Along the f low direction,. the molded panels are generally
thicker near the gate and become progressively thinner away from
the gate, toward the aft plane. Along the transverse direction,
variable shrinkage is also observed. Shrinkage is largest along
the centerline and decreases gradually toward thie thickened edges
or; each side.

- The overall dimensions of the panels also shrink after molding.
The dimensional differences between a conical panel and t-he miold
at fi-ve locations are shown in Figure 4. In general, the overall
dimensional data revealed no extraordinary results. values. and
t--re-nds shown in the data support the magnitude of a starndard
shrinkage factor that wo-uld typically be considered for clear
polycarbonate.

-. Part dimensions from panel to panel are fairly cornsist~entý. For
both flat and conical pariels, t~he variation irn thickness is
between 0.001" - 0.003", for the same location and sirt-ilar molding
condi.tiocns. This result illustrates one of the adiantages in

- T~ ~&~erl Oil the thickenied edges atayexpanided.
tli(= LIhet-iickene(: edgez. thi*cker than. the mnoi d ca-,i:.yisef

This iý an unusualA. phenomeiior. btut is niot a majcor ccon,:ern as the
t Iih-.ckn F-s- of the thicker..-d edges, u~sed mainly for soructural

r. rpoesis oct- critical for the. tranispareýncy's optical
perorn),ý,nc.e.

EFET OF MWA~LLA~r PAR~h-TEA.L ONi THL SHRIMi3F. P&A-~T'ERN

During the ilujc-.zIt.on mol-i.nc urials of transpa.-ent pan:-els,
sever~.- molding par4ýn;.-:ers had Ilee:. variec;. The effe--tts of these
Nvaried parvirriters on parz shrý.inkaý,e are pezs-ý-nteu. hezýe.

l ldj~nac__,- z- Two different. ty,-pes of mc1:.gmachir,--s at two
m,,oldina facilities havce beer;se to n1old fl:panels'-; Heý!ttinua
aTnd Evi~j.rotech (for~iirly Eim:ýc) moldingc mach-ýie:. one ofthe inaiL a
differences bet~-'een the-ý- two macf~ines x-.as the size oftb
ric.zz le/ gate in tc!-e mold. 11h(- nczzle: on the ?-;-et':inga rahn a
0.625" in diameter, as oppose-d to the 2.25"dinoe nozzl~e onl the
Lnx,:irotech machine-. A smialler g.ýtte promot~es sai-akag E ;a:s it
can freeze, oft rmtrl an.d thu!L term-natý jpar-t pack tng tor,
s oor. As a result-, the i:'-rinkage i.r the tt-ic!,zness di2r-ection
showed two di-fferent ptea.Trhe on-es raolded usi-Ig the
Envirotrech mach~i~ne shcw-e-d 'larger s-rinkage a''from the g-4ate,



with maximum shrinkage along the centerline being approximately
0.024". The flat panels molded at Hettinga showed less shrinkage
variation in the optical area, with as much shrinkage near the
gate as shrinkage away from the gate. The higher shrinkage near
the gate was possibly caused by premature freezing of the gate
as a result of smaller nozzle.

RpjU__!ni j Several polycarbonate resins by different
4 manufacturers have been used in the molding trials: Dow Calibre

200-4 and 300-6, arid General Electric Lexan 4701. The shrinkage
patterns for different resins are generally similar, except for
slight differences in values. The Lexan 4701 exhibited more
shrinkage than the Dow materials.

Pagking Different degrees of mold packing has also been studied:
fully packed and unpacked. Fully packed panels exhibited much
lower shrinkage than those not packed (approximately 0.024" less)
in the optical area.

j•lflow index (MFI Dow Calibre 300 polycarbonate resin with
three different indices: 4, 6 and 15, and an experimental resin
with an MFI of 5.5 were molded. The larger the melt flow index
is, the easier for the resin to flow in the mold. Thus the resin
with larger index tends to fill the mold easier a -d shrink lesst
The melt flow index vs. shrinkage obtained for flat and conical
panels show different results. For flat plates, the results in
Figure 5 indicate that the larger the index, the lower the
shrinkage. For conical panels, larger index did not cause
lower shrinkage. This discrepancy may be caused by the
interaction between IFI and the geometry. However, the effect of
melt flow index on shrinkage is small and resins with different
MFI show the same shrinkage trends in the optical section.

G LLy Two geometr.ies have beena tested: flat and conical
panels. Even thougmrh theý fl rwA pAt- er-Tn. a Mri fill ing for botlh
panels are quite different, the shrinkage patterns in the
thickness are fairly similar: shrinkage is lower near the gate,
and higher away from the gate. However, the shrinkage along the
transverse direction are much more r-ronounced in the case of
conical panels, probably due to higler pressure drop in that
direction.

Part thickness There were two different thicknesses used in this
experiment for flat panels : 0.5" and 0.75". Figure 6 shows that
the shrinkage values along the centerline for 0.'75:' thick plates
are slightly larger, but the difference is negligible. The:
bigher shrinkage associated with thickeL places can be attrib'auted
to the fact that the cooling rale is reducel for large: thickness
and consequently shrinkage increases.

This study indicates that, amonrig different paramz':ers
investigated, cavity pressure (pressure iriside the mold cavcty)
seems to be the most dominant molding parameter responsible foi
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the variable shrinkaoe in the thickness direction. Other
paramLeters may also affect. shrinkage, but their effects are either
negligiLble or can be compensated easily. The mechanism for cavity
pressure causing variatle shrinkage is offered as follows:

As the molten resin flows through the gate and en*:ers the
mold cavity, the material that comes into contact with the mold
wa-Il will solidify imnred._.ately since the wall temperature is
maintained around 200 dt;g F. The temperature and pressure of the
resin will drop as it e_-iterE the gate and flows toward the aft.
portion of the par-t. The ir.::oming new ir.a-terial will keep the
solidified material thin anoý close to the wall near the gate.
For the reg..on far away from the gate, the inolten material is
cooler and pressure lower, the solidifie2_-ý. plastic is thicker and
can; shrink. Itý is harder to push it- agaim,.t t~he wall. Therefore,
the part awa-. from the ga--er is less conz~pactý a.-nd exhi,:its more
shrinikage.

The shrinkage variation due to pressure-- drolp during packing is
inherent in th- proce:ss, e.3peciLall- foi the ge_-ometry with long
flow length. To reduce thicy;ness vitiathe best, way is to
understand the process,, come ur, with a bez-t estima':e: foa.
variable shrinkage, and tLen. try to cc.:rrect it by de-sign the mold
cavity slightly differenti.1 f. --xn re inteiided part.

APPLICATI1:N GF PAWEL RRILU.,S TO CFT MOLD DESIGN

The shrinkagE p-attern for con-cal moldi ha-ve been used to
atterapt: to account for expected varia&..e Gftrinkage in the CET. The
Confirmation Frameleis T~ransparency, ý_ research and ve' ification
windshield, has been, designed to de.,oristrate the viab-ility of
injection molding in fabricating an a...rc.-aft transparency. The
molding trials for the CFT are current-y under way at Eti_-Jrotech*
Molded Products at- Siilt Lake City, U: . The compensation is
accomplished by addinc the "thickness c._)rrection" to tne target.
CFT optical area and --her. base the moll cavity surface on the
thickness corrected CF2-S outer mold line_ su!rface. The thickness
correction factor used can be representeý. graphically by a 3-D
curved surf~ace, shown in Figu~re 7.

In that f.L-gtre, the X-axis relresents tnie nori-.alized distance
from centerline to sill. The Y-a;x.-,s represents the normalized
distance fromn the gaze to the aL_ arch, along the centerline. The
L-axcis represents thle "expec-:ed,' shrinkage, and therefore, the
value to add to tahe d , gn thickness at- th:at location. The tapers
iL- Figure 7 are t~o acco-.nt for the shrinkage in the
long-ituciinal. ar~d transverse direction, respectively. The detailed
description for including thicknse;ss coirection data in the optical
zare;a of -the confi~rmation frameleas transparency is given in

CC'NCLUSIOLS AND RECOHNNN-DT IONS



- Based on the experimental results for process evaluation
panels, it can be concluded that injection molding is a viable
technique for fabricating aircraft transparencies.

- Two types of shrinkage were examined in this study: shrinkage in
overall dimension and shrinkage through the thickness. While the
shrinkage in overall dimensions can be compensated for by a
constant. shrinkage factor, the shrinkage compensation in part
thickness can only be made by proper mold design.

- The relationships between process parameters and shrinkage f(r
large thick-walled parts, in general, are similar to those for the
traditional thin-walled parts. However, the long flow length
typically encountered in large, thick-walled parts, such as
aircraft transparencies, makes variable shrinkage a very
pronounced phenomenon.

- Cavity pressure is the most dominant molding parameter for part
shrinkage. Another parameter that may also influence shrinkage
strongly is cavity temperature. To study its effect, a mold with
variable temperature capabilities should be used. An ideal mold
should have different temperature zones that can be controlled
independently.

- An instrumented mold with the capability of measuring cavity
pressure and temperature should be used to monitor pressure and
temperature in the mold cavity ind to correlate those parameters
with variable shrinkage.

- The predictive procedure developed in this study will be refined
after dimensional mapping results are obtained for the CFT's. In
particular, magnitude of shrinkage correction for mold cavity will
be determined for future frameless transparencies.
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Figure 4. Overall Dimnensions at five locations (A-E)_

PAR A _B C D

NOLD 21.891 9.3095 12.005 12.006 10.9440

DB80614_09 21.852 9.2330 11.961 11.963 10.8720

D880614_12 21.75*7 9.1556 11.953 1-1.941 10.8595

D880614_13 21.926 9.2439 11.946 11.955 10.8500

1)88061502. 2i.760 9.1695 11.956 11.955 10.8725

A - Aft end

B - Forward end

C - Port, measurement from aft plane to forward face of forward tab

D - Starboard, measurement from aft plane to forward face of forward tab

d E - Distance from sill edge base to aft-most, center-line. grid point.

I il / i l i t i I n n ,I~ l ~ -, i. lk~~~l I I ; -u i • lii i. 120.9: -



Conical Panels, Average Centerline Shrinkage
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Figure 5. Melt flow index vs Shrinkage

1220



1/2" Plates, CenterlinR Shrinkage
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Figure 6. Part thickness vs shrinkage
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