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AN EXPERIMENT AL 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 testing of polycarbonate specimens with open holes. Eight different hole fabrication/treatment
techiniques were deveioped, 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 holes
was minimal; bowever, 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 elininating 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 fustening with bolts or rivets. Flaws include inclusions, scratches, machined surfaces,
rough surfaces etc. Fasteners ace often used 10 join plastics to piastics or other materiais. Fasteners requice 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 in e material which result in stress concentrations. One of the uses
of plastics for the USAF is aircraft transparencies, which are typitally bolted to the aircraft. These transparencies
are subject to flight, thermal, and aerodynamic loadings, whick independently or in conjunction with chemicais can
cause fatigue cracking at the fastener locations!-2,

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

CTATIHON 7
VA LINAY &

PROGRAM OBJECTIVE/ .COPE

The objective of this effort was to identify hole fabrication/treatrent techniques which had potential for
improving fatigue life, static strength, fracture toughness, and fatigue crack growth properties for polycarbonate.
As part of this effort, 2 number of different hole fabrication/treatment techniques for polycartbonate which had
potewtial for improving the properties listed above were identified and eight of these identified techniques were
evaluated. This evaluation consisted of tensile testing and tension-tension fatigue testing of unflawed dogbone
polycarbonate specimens as weil as tensile residual strength testing and tension-tension fatigue testing of rectangular
cpecimens with a hole at the center of the specimen.

* Performed under Air Force Coatract 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 basss.
Subject areas included Lole drilling/fabrication techniques and fatigue, fracture, and teusile 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, siatic strength, fracture toughness, and fatigue crack growth
for metals sre applicable to plastics.

There are a number of good reviews of fatigue testing of polymers3®, and there are a number of papers
specifically dealing with fatigue of polycarbonate’!’. Tayebi and Agrawal studied the effects of stress
conceatrations around holes in
polycarbonate!8. They reported significant reductions in effective breaking stress for rectangular bar tensile
specirnens with 2 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
bave open holes (not loaded by a lug or fastener) or loaded holes (loaded by a lug or fasteneg).

There are basically four areas in which efforts to increase service life and strength around holes in
engineering materials can be focused. These four areas are surface finisk 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 bouded 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
1 for & conceptual example); however, some materials are somewhat insensitive to surface smoothness, and it is
expected that there is a limiv 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 cag 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” lengihs. Residual stress may be preseat in the material prior to fabrication of e hole, or it may
be caused by the hole fabrication/treatment technique. The heat affected zone is a function of cut” ig tool speed,
feed, and sharpuess, as well as post fabrication treatments. The chemical affected zone is a function of the cutting
lubricant or pos¢ 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 1 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!®. For open hole specimens, Jarfall and Maguusson found no correlation
between surface roughness and fatigue performance for holes made with the same machiniag technique?®. Others
bave shown that hole surface roughness features such as rifling (spiral) marks, drll 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 carly initiation of cracks and reduced fatigue lives, and that surface roughness below a
certain value does not increase fatigue performance?!"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 open holes drilled using non-standard production
techniques behaved only slightly worse than properly drilled holes when tested in fatigue?*. 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 critical?’. Mann et al., found no difference in fatigue life
for clearance fit lug loaded holes as a function of surface finish?$,

Fjelstad reported that electrochemical deburring of pristed wiring boards can result in rounding of sharp
corners of holes in the board, in tumn resulting in lower stress concentrations and increased fatigue life?’.

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 cracked?3-30,

A transverse normal pressure ia the vicinity of a hole in sheet molding compound, induced by using a bolt
with washers cn 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) specimeu".

Snewchuk and others reported on a dimpling technique used for sheet metals which cold works the material
in the vicinity of the hole and rosults in increased fatigue life for fastener joined sheet metal specimens32'33.

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 Speakinan®*. Other cold working
techniques are summarized by Phillips and Champoux33-37, A large number of papers dea} with specific applications
of coldworking, a sampling of which are referenced herein®-38-45, In addition, significant theoretical treatment of

coldwc:ﬁrksigg has been conducted along with measurement of induced stresses, a sampling of which are referenced
herein™ %,

Shot peening has been used exiensively for autorotive and aerospace applications. General summaries of
shot peening with many references have been published by the Society of Automotive Engineers®’, and by the Metal
Imprcvement Company in a trade publication®®, A brief surmary of theory and application is included in a
compag'obrochure hy Pangborn®®. Shot peening of metal parts is covered by a Military Specification, MIL-S-
13165C°".

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
measured, 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 UDRI®! and on work conducted at UDRI in the
development of a techniquo for measuring residual strais in plastics using the strain gage kole drilling techniqueS?,
the standard rwist 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, u lubricated carbide cutier, a relieved end mill, and 2 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 toois and machining tools exist, evaluation of these was beyond the scope of this
program.

Prior to drilling holes in each of the specirnens, 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 drilied 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 Cleveland Drill Company was used in the machine with
constant RPM and constant automatic feed. After allowing the blank of material to relax for 24 houys, 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 discernable between the different feed rates. The effect of tool speed cn 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 poteatial techniques from Table 1. Many of the techniques shown in Table 1 were considered o be too exotic
and expeansive for this program, or not suited for plastics.

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

[Motes: 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 (0015 inches/revolution, using a new 0.250 inch general purpose high speed steel
standard twist drill from Cleveland Diill 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 drll. Step drilling decreases the amournc of material which must be removed with each cut, which, iu turmn,
reduces the heat affected zone surrounding the hole.

Group 3. Holes were drilled using technique 1, then the entry and exit corners of the hole were radiused
with a modified counter sink which had a 1/3Z inch radius and a 0.250 iuch piici mounted iv a driii press with a
stop counter sink to control depth 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 and intensities as shown in Table 3.
Shot peeniug can be used to relieve residual stresses, or to impart compressive residuul stresses which tend to retard
crack initiation and crack growth. The entry and exit comners 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
standa:d twist drill and a proprietary hole drilling technique which they have developed specifically for drilling
polycarborate aircraft transparencies. They have reported a substantial increase in birdstrike resistance of F-111
ADBIRT windshield transparencies with this technique over standard bole drlling techniques.

Group 5. Holes were drilled using technique 1, and were then polished by inserting a cotton swab soaked
in toluene into the b sle 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. Solvenis can be used to polish the suiface by dissolving burrs and
softening the surface material, allowing irregularities to be smoothed out. Care must be takea not to contaminate
the specimens and not {0 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
improvement in solvent resistance was detected, however the edges did become glassy smooth. Polycarbunate 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 clLosen), 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 ihe actual yield strain is defined in different ways by different people.
Herein it is dsfined as the strain which correspends to the yield stress, where the yield siress is the first stress peak
in the stress strain curve. For static straio rates, the nominel 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 eatry and exit corners of the hole were radiused
with a modified counter sink which bad 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 bigh 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 thermsl history affects many properties of polycarbonate®3-73; 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 thermal treatment; however, a number of tensile dogbone specimens aad
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 §
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, M, = 48908; sample 2: M, = 16132, M, = 31299, M, = 48184. The material
was subjected to no special conditioning except as noted in Section 4 for annealed specimens. The tensile dogbope
specimen designs used are shown in Figures 7-10. At certain stress levels, the tensile dogbone specimens
cousistently 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 coasistently outside the gage section at certsin stress levels). A more complete discussion of this
phenomenon is included in Section 8. The specimen design for the rectangular specirens with boles 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 dismeter fly cutter at 1200 rpm, with a table speed of 2-4 inches/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 2ist




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 pecned using differcnt
conditions. Circumferential surface roughness measurements were made circumferentially around the hole surface
at approximately balf the depth of the hole, and axial surface roughness weasurements were made along four lines
separated by 90 degrees parallel fo the axis of the hole. Measurements were made at the Giddings and Lewis
Company Eli Whitney Metrology Laboratory using a Sheffield Indicorder Spectre. The aole surface roughnesses
are summarized in Tables 5 and 6. For a more complete discussion of the parameters measuces, see Reference 79.
It should be noted that the circumferential surface roughness (which detects axial surface feap::.<) is probably the
mnost important measurement, since axial features (such as scratches caused by removing th- dr.1lin 3 tool) reportedly
infiuence crack initiation and fatigue life. This agrees with intuition as cracks tend to be purely axial; that is, they
are parzallel to the thickness dimension of the material. Axial surface roughness (which detecis circumferential
features) has less of an effect on fatigue life and crack initiation, as these features are perpendicular to the axis of
the cracks.

In terms of circumnferential 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 R, = 110 microinches, and Group 3 with R,
= 142 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 vnpolished holes. Group 7 holes were the same as Group 1 holes except that the entry and exit of the
holes was radiused. For reasons unknowu, the surface finish of the Group 7 holes is not nearly as good as that of
the Group 1 holes. Thaey should have been very similar. Group 8 holes were band 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
poened, resulting in the highest curface roughness of any of the holes,

SECTION 7
TEST SETUP AND METHQODS

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 t2sting of the tensile doghone specimens and ihe rectangular specimens
with holes are shown in Table 7. Typical stress-straia curves for the dogbone specimens are shown in Figrre 13.
Typical load displacement curves for thu rectangular specimens are shown in Figure 14, Iu contrast with Tayebi
and Agrawal'8, the reduction in effective breaking stress was minimal for the tensile/residual strength specimens.
Elongstion was markedly reduced for specimens with holes. There was minimal variaiicn 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 progran: and there was not sufficient time wo conduct teosile
residual strength testing of these specimens.
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The results of the fatigue testing are summarized 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 siress 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 coastant 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 curve and the failures outside of the
gage length for the dogbone specimens was residual surface compressive stresses which were caused by the
extrusicn process. Cracks tended to initiate at the specimen edges and propagate within the specimen. Cracks
which initiated at a corner 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 technigues 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 35 - Polishing with toluene

Group 3, the shot peened holes, are not included as no specimens were ested at 1.25 ksi. Group 3 would
most likely perform similarly to Groups 1, 4, and 8. Examination of the shot peened resuits 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 minitnal 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 compres: .ve stresses start to overcome the degradatiou 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
2 hypothesis based on the author's experiences with salt blasting of plastics end no tecting was conducted in thig
program to confirm this). Group 7, with radiused hole entry und exit, did not perforia well, it appears that removal
of the extra material to create the radius decreases fatigue life. Polishing with toiuene, as with group 5, did not
perform weil. Careful hole drilling appears to be a much safer way of obtaining good surface finish than chemical
polishing after drilling. Based on these 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 leve! 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




Section 3, surface finish is only one factor influencing fatigue, residual strength, etc. The hole fabrication/treatment

techniques evaluated in this report did not concentrate on surface finish alone. Comparing specimen groups with

drilled boles (and no other post-fabrication treatment), Groups 2, 1, 4, and 8 have increasing surface 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, and Group 8 the shertest. There does appear to be a correlation

between 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 teasile 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 hole
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 2 correlation between surface roughness and
fatigue life for specimens which were drilled (with no other post-fabrication treatment), with smoother holes haviug
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 r.uht rosult in greater differences in residual strength
between the different hole fabrication/treatments. Also, specirieps with lug-loaded holes may show marked
differences from the results reported herein. Evaluation of some of the parameters affecting hole performance,
evalustion of the hole fabrication/treatment techniques identified herein for lug-loaded beles, 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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Tahle 1. Potential Hole Fabrication and Treatment Techniques.
HOLE FABRICATION TECHNIQUES:

Standard Twist Drill

End Mill

Boring Bar

Crills, Mills, and Boring Bars with Various Geometries and Materials !

Siep Drill with (1) through (4)
Methods (1) through (5) with Coolants
Standard Drill, then Ream -

Ultrasonic Hole Drilling

Water Jet Cutter 4

10. Laser Cutter

11. Electric Discharge Machining (EDM)

12, Methods (1) through (11) with Radiused Entry and Exit

13. PPG Hole Drilling Technique

PCRNOCHWN

HOLE TREATMENT TECHNIQUES:

Mechanical Polish
Chemical Polish
Anneai Specimen
Quench Specimen
Cold Work
Tapered Pin with or without Bushing
Ballizing
Stress Coining
Shot Peening
Dimpling
Interference Fit Bushing
0. Polymer Coating

rhawR S

soeN®

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 50 100 250 500 1000 1500 2000 2500
SPEED (FPiv) 33 63 158 ns [~ 95 130 160
FEED (INREV)
0.006 50 75 125 200 300 400 400 . 400
0.0 0 75 128 200 200 400 400 400
0.0015 50 75 125 200 300 400 400 400

Table 3. Shot Peening Data.

SHOT SIZE MI70-H_ [ME70H  [MI70-H MI70-H [MI-170-H TMi-3 70-H _|MI-i70-H [MI-170-H {MI-170-H

AIR PRESSURE (PSI) 10 20 70 5 10 20 30 40 80

ALMEN INTENSITY 4.4N 7.4N 74A° 20N 4.6M 87N 4.3A 5.2A 7.5A ‘
GROUP NUMBER 3.6 38 3.1 3.5 3.3 32 3.9 34 37

*"MEASUREMENT UNCERTAIN

SHOT PEENING CONDUCTED BY METAL IMPROVEMENT COMPANY, CINCINNAT! DIVISION
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TABLE 4

TEST MATRIX
TEST HOLE DESIGN GROUP NUMBER
N WITHOUT
HOLE #1 #2 #3 #4 #5 #b6 #7 | #3
FATIGUE 45 16 17 25 17 17 14 14 18
[ Y
TENSILE/ 13 3 3 0 3 3 3 3 4
RESIDUAL STRENGTH
SURFACE FEATUREY 1 1 1 1 1 1 1 1
ROUGHNESS
TOTAL 226

Table 5. Summary of Hole Circumferential Surface Roughness Measurements.

MEASUREMENT [GROUP 1|GROUP 2] GROUP 5.7 | GROUP 4] GROUP 5| GROUP 6]GROUP 7AGROUP
Ra 12 12 142 35 40 10 58 110
=T} 18 115 90 2327 345 ] U3 §a0
Az ) z5 257 82 ) B/ 30| 3z
Rim 75 78 702 185 205 62 413 555
Rq 15 15 185 S0 52 12 80 142

p 70 60 510 138 170 38 305 430
Rv -48 55 453 15 -175 -52 -197 410

S 600 600 5100 900 1600 600 1700 2200
Rig 500 500 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
At = MAXIMUM ROUGHNESS HEIGHT IN FIVE CUTOFFS
Rz = MAXIMUM ROUGHNESS HEIGHT IN ONE CUTOFF
Rim « MEAN “Rt*
Aq = RMS (ROOT MEEAN SQUARE) AVERAGE ROUGHNESS HEIGHT
Rp = MAXIMUM PEAK HEIGHT IN ONE CUTOFF
] Av = 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

HOLE | AVERAGE NETFAILURE| STANDARD |AVERAGE GROSS FAILURE | STANDARD
DESIGN | STRESS (KSY DEVIATION | STRESS (KS)) DEVIATION
NO HOLE® 9.68 0.12 9.68 0.12
ANNEALED 107 107

7 9.57 0.06 7.98 0.05

L 7 9.57 0.07 7.98 0.06
3 NO SPECIMENS

TESTED

o 9.46 0.07 7.89 0.08
_95 0.48 0.09 79 007
#6 9.48 0.04 79 0.03
"7 955 0.05 7.92 0.05
L] 9.59 0.02 7.99 0.02
ANNEALED 10.28 857

* YIELD STRESS REPORTED FOR SPECIMENS WiTHOUT HOLES




TABLE 8
FATIGUE LIFE (CYCLES TO FAILURE) FOR DOGBONE SPECIMENS

MAXIMUM STRESS |GROUP A JGROUP B [GROUP 0 |GROUP 9 !
(KSI)
9.60 50 .
9.50 _ 55
9.50 ANNEALED 2492
9.25 167
9.00 | 179 ’ 294 406
328
9.00 ANNEALED| 2599 2092
875 562
381 613
8.75 ANNEALED 2126
6.60 23519
850 34497
24955
8.40 ANNEALED| 2989 2620 1896
1582 2723
8.40 35660 27473 13576
27948
8.00 ANNEALED 2450 2512
8.00 26229 26357 6559
17462 13632
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Abstract

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 equutions 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

wae concictantly ot tha moan of tha data eollacted, The ceneric aguatinone wars
Was ¢ Ly at menan ¢l the gata colleCted, 1N genenc equatlens were

AFAIPEI VAL A

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 spall.

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
Prolectile diameter

Vp  Projectile velocity

Pp Projectile density

Cv Specific heat at constant volume

K Bulk modulus

Background

Since the beginning of the manned space program in this country, =
space craft have included windows. Beginning with the Apollo program, re- “« B
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 design.

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 small piece of white paint -- space de-
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bris, in orbit not by natural means but as the detritus of global space pro-

grams. The proble: 1 of man-made debris in low-earth orbit has since become

an important topic of discussion in the space business, triggering interna-

;ional treaties, Shuttle avoidance maneuvers, and possibly some satellite
ailures.

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-
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 2 majos
motivation for this effort.

The current research was undertaken in an attempt to reduce the re-
placement rate for Shuttle windows. In the whole Shuttle program, through
STS-57, 36 windows have bee. 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 Window Replacement Rate

0.12 T

0.1 +
P
m -
E & 008 ¢ —n---- Pradicted
8o _
=S L
n w &y T S -
& £ 0.06 / Average
B & |
o % 0.04 & m——— Actual rate
&

0.02 +

0 $ -t -4 i
0 100 200 300 400

Days in Orbit through STS-56

Figure 1

The objectives of this research are to define 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 4

P =.53p7d*V¥%,g-cm-s, except Viskm/s (1)

To support their preliminary design effort on the Space Shuttle program,
Rockwell {North American Aviation) engineers McHugh and Richardson?
compiled Cour-Palais’ data with their comipany's test data and derived their
own penetration equation:

P =.64p’d*v¥, g-cm-s, except Viskm/s (2)
Figure 2 demonstrates how equations (1) and (2) typically related to the test
data.
Crater Depth in Fused Silica; Al 2017 projectiles (.4 mm)
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g 4 ;
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0.04 4+

= T T Rochwel
0.02 &
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0 2 4 6 8 10
Impact Velocity (km/s)
Figure 2

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 km/’s, this data base is inadequate. Also, many, if
not most, of the impacts experienced in low earth orbit are oblique. The nor- iy
mai 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-Palais' 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 109 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 mm calibers. These guns can launch projectiles sized from 100 micron
spheres to 12.7 mm cylinders, at velocities from 2 to 7 km/'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 mm gun.

The velocity range used in this test was broad by design. Although
many shots were done between 6 and 7 km/s, a good amount were also at nor-
ma! velacities below 5§ km/s. A few shois were done between 7 and & 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/cm3. Since the crater depths from orbital impacts are of the order of .05
<m, 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 using 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.

Data

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
(mm) (cm)_
mean value 0.635 0.583 5.707 0.167 2.686

Table 1
Penetratdon Equation

Analysis of fractional factorial data 4
The "designed" segment of this experiment expiored 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 runs). The variable

settings are shown in Table 2:

Facter | proj. proj. proj. incidence target
diameter velocity density angle thickness
mm km/s g/cm3 degrees in
low 0.325 4 2.8 normal .56
high 1 7 3.9 45 .69
Table 2

Analysis of the crater depth measurements indicated that projectile di-
ameter was 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 anaiysis of all daia
The penetration equations (1) and (2) are not dimensionally balanced. e
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 projeciile are transferred to the target material very rapidly

through z 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 withont
changing the phase of the material it passes through. At a certain level of im- v

pact velocity or momentun, a rear-surface spall is created by this longitudinal
wave. e
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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, projectilz 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(Dp’pp’Vp’CVp!Ky’pnCVl' KI)

(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
Quantity Symbol
Penetration P L
Depth
~ Projectile Dp L
Diameter
Projectile P, -3 M
Density
Projectile Vp L T1
Velocity
Projectile Cvn L2 T2 o
Specific Heat )
Projectile Kp -1 M T2
Bulk
Modulus
Target P L3 M
Density
Target Cwvt 12 T2 g
Specific Heat
~Target Bulk Kt -1 M T2
Modulus
JTable 3
P =D:p:V;C3pK;‘p{ CiK! (4)

Using the dimensional formulas in the table above,

L= (La)(MbL-Sb)(LcT-c )(LMT-ZJG-J)(MtT-ZtL—a )(M/L—Sf)(LZgT—Zg ot )(MAT-ZhL-h) (S)




Assuming c= % and solving for the remaining variables:

a=1
b=b
c= 2 3
d=d
e=e .
(6)
f=Y-b
g=-d
h= (}/ + e)
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:
P=Dptvici kit crik )
P=D, 'VJ/ ;)(Pp\ ](Cv,\ [l,,-x\(K Y]
]
¥ e ) (e ) [ AR | )
The final version used in the data analysis was:
] b d ¢
K pl CVr K t ( 8)
Swift® derives the penetration equation by starting with the equiva-
lence
V. =kE, (9)
where V¢ = crater volume
Ep = energy of the projectile
k = 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): ‘
k ,
f——(p ; )V, (10)
D, 4 !
The energy relationship assumed here provides the rationale for ’

assuming c¢=7% in equation (7) above. Equation (10) also shows that the linear
relaticnship 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 cf 1.06 on Dp is more accurate than 1.0. To maintain the dimensjonal :

balance, the linear relationship is retained.) i
Swift also cites the Eichelberger equation, describing the crater depth

produced by a long rod in a thick target:

!
£ _[E
= (p‘) (11)

P
This equation suggests assuming b =.5 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/kg-C GPa g/cc GPa

fused silica 740.6 73 0.17 2.202 36.87

Al 2017 962.2 1.7 0.33 2.796 70.29
___kyrex 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’
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 cusve 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

Usg=a+bUp (12)

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

30K
I=— (13)
PC,
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. Fquation (8) can then be written

1 1
P. Dpvlp(Kt)’(p[ N (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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Crater Depth in Fuscd Siica; Al 2017 projectiles (4 mm)

F 2 4 X CoserDepth (cm)

um x equaion (19)

Tpact Velocity (m/s)
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 50%. Further testing of this equation is
planned with a different glass target material.

Spail Diameter o—
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:

Dgpau - kP0.4445 ( 1 5)

where Dgpall = spall diameter (m) <
P = projectile momentum (kg-m/s) S
k =0.41212 (s/kg) ;

This expression was derived using a least squares linear regression of .
the natural logarithms of the spal! 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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Figure 5

The second relationship relates the crater frontal spali diameter to the
kinetic energy of the impacting projectile, and is expressed by the equation:

D, = kE**® (16)

where E = projectile kinetic energy (kg-m?2/s2)
k = 0.01336 (s2/(kg-m))

Tiis expression was derived using a leasi squares linear regression of
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, and multiplying by on-
half of the square of the given velocity.
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Figure 6

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 mean 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 0.00311m
Equarion (10) 0.930 0.060365 m
Table 5

Although these two equations give similar results when using the hy-
pervelocity test data, the results given when using the spall diameter mea-
surerments from shuttle window impact craters are not identical. Table 6 shows
four spall diameter measuremenss (in inches) taken from removed shuttie
window thermal panes and the projectile diameters needed (in microns) as cal-
culated by equations 1 and 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 J18 088 .074

Equation (15) 82-105 89-115 72-92 63-81

Equation (16) 55-73 63-77 47-63 41-55
Table 6

Anplication to Shuttle Program

The Shuttle window damage is well described once it is discovered
during 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 heip
narrow 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 SEM, and cor:clusive evidence has been
found indicating debris damage. The spall diameter equation (15) asid 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
damange, The two equations predict magsec of the came order of magnitude, but
the bar chart shows how much variation there is in the prediction. Part of the
problem with the flight data is attributed to inconsistent measurement of the
front spall diameter.

Predictad Mass of Projectite (g)
¢.C0E-06 -
$.00E-06 4
4005-08 -
° €3 penwiration equation (14)
2 3.00E-06 ¢
g (D spait-momentum (15)
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0.00E+00 18 :mﬁlﬂﬂ.m-m.‘_m..__..
s 5 e ¢ 38
7] %) i hi o)
[J - 2] L] 1o
v (724 |l - 1))
17 [}
Mission
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Mission Disk Spall Nia (cm) Crater depth {cm) Mass from (14) (g) Mass from (15} {g)

ST5-50 28-18-01 0.5334 0.0570 2.09E-06 5.66F-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
ST7S-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
Conclusions

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 ‘cund 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: Tue focus of the Transparency Durability Test Criteria Program is to develop a durability
test methodology for aircraft tansparency 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 reievant to transparency durabpility [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 full 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 E
the second phase. The purpose of the entire program is to develop the framewcrk of a X
methodology which can be used for any type of transparency system. 5]

This paper is a compilation of the information reported in [1-5], which arc 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
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 framnework 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 resuits is system specific. The choice of
tests and analvsi; of results for a new system must be based on experience with similar systems.

It should be noted thar the currexy state of the art in aircraft transparency durability testing
can be described as compurison testing, where a number of designs are subjected to the same tests
and then ranked in termis of pezformance. Even though artificial weathering or lahoratory
conditioning is often conGucted as past of the testing, no real attempt has been made to predict an
actual service life bascd on that testing. ‘This piogram will address the issue of actually predicting
service life, realizing the extreme difficulsies in doing 30. Those include: development of a

realistic artificial weathering, corceloiing coupon sczie test results with field performance, and
facto.s which affect duratility that cannot he acconnted for in conpon scale testing.

COUPON SCALE DURABILITY TESTING

Coupnn sca’e testing icchniques have evolved and beceme more complex with the
developraent and use of plastics and polynieric materials in all types of products. Reference 2]
includes brief descriptions of many of the historical transparency coupon scale test programs.
There are several ways to increase durabdility of a given part. The major ways are t2 choose the
most durable material from a set o materials, 10 customize a material, or to coat the material to
protect it from the environment, Plastics can be reformulated, or doped with additives to change
specific characteristics. The most common sxamples are the use of (anti)plasticizers, UV
stabiiizers, and cross-linkong agents. This type of work (forraulation and addisive packages) is
nsually conducted by the plastic suppliers or the tran-parency manufacturers.

The end user, in this case the government, rarely has any part in the material development,
bui 1s often invelved in evaluating durability and also tasic performance characteristics (such as
Haze and Luminous Transmiitance {or transparent plastics), through different types of coupon
testing. Coupon testing has long been recognized 25 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 being an exact science, and are not generaily agreed upon by different
groups within the transparency commanity.
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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 preposed tests on a
transparency system of interest (in this case the F-111 ADBIRT windshield system); present
results of that testing; and finally, assess the effort to date and make recommendations for the p
future phases of this program.

Identification and Classification of Tests
Material P Tesi

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 sach as iensile, 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 indicaie anything about durability. The exception may be high
temperature tests of these properties which indicate that 2 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
durability may be tengile testing. Tensile tests of new and aged material can reveal many material
changes and possible durability problems. For example, yield strength, initial modulus, and
clongation are usually affected by aging of plastics. Luminous haze and transmittance are direct
measures of transparency optical performance, and changes in these properiies induced by aging
can indicate significant durability problems.

Performance Testing

The development of birdstrike resistant aircraft transparency systems produced a number

nf "performance” test methods. These methods were developed to evaluate impact strength and
""""" tfiness and sitengih, micrlayer swengih, and edge attachiment sirengli.

These tests are related in a complex way to many of the basic material properties tests listed
above. Specific tests inclnded 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.

Durability Tesi

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 intrared (FTIR), and
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 diffcrent properties of the transparency as
a whole, or material by material. However, not all of these tests are necessarily applicable io
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 nurber of the tests listed in Table 1, although
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 successful and are favored by w.12ay in the
transparency industry, or whicn, although new and not entirely proven, appear to show promise
for evaluating durability. Anexample 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 structare, increasing the density of the
material, while decreasing the free volume. Consequently, free volume can give an indication of
thermal aging [6,7]. However, frce 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 toughress, and tensile edge
attachment tests are recommended to evaluate cracking as a failure mode. Where aging is
affecting the bulk wansparency acrylic face sheet or the polycarbonate, fatigue crack growth and
fracture toughness tests are appropriate to determine if these properties are changing due to
aging. However, where the bulk rnaterial is not degraded but the edge attachment is possibly
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degruaded, tensile zdge attachnient testing is recoramended.

There are several failure modes which are not addressed in Tables 1 or 2. These include
distortion and delamination caused by residuai stress or wavy or out-of-contour plies; distortion,
delarnination, or surface degradstion caused by in-fiight and flight-line thermal effects; residual
strength afier fatigne, pressura, and flight load stresses; and multiple imaging. Distortion is
caused by geometric anomalies suct: as waviness of the piy(s). Distortion can be present as
manufactured, which s not 3 durability problem. Distortion can also be caused by in service
lemperature exiteines for plastic or plastic aced wansparencies, rosuiting in warping or -
contraction of the plastic. This failure mude as well as failure miodes caused by pressure loads can
senerally cudy be addressed in full scale durability testing. Multiple imaging is a result of the
different indices of refraction for the different plics in a laminate, occurring when light passes
through the iaminate ar cext2in angles. Multiple imaging is not a durability problem, it is a design
and mannfacturing problem. Faiture due 0 hail impact or fungus attack were not included in
Table 2 as these are considered nawral hazards and, while existent, are relatively rare. Fungus
attack does not appear o be a problern for current USAF aircraft transparencies. The
development of new face ply materials and coatings should include fungus testing for screening
purposes.

Combat hazards are not addressed in this program, It should be noted that the ability of a

ranisparency system to resist combat hazards may change as the transparency ages. I combat
E hazard provection is required for a transparency sysiem, that sysien should be sabjected to
coupon scale artificial weathering and combat hazard testing, and then possibly full scale

l durability testing followed by combat hazard sesting.

Coupon Scale Methodology

‘The goal of the coupon scale testing is to condiict tests using coupon specimens from new
and antificially weathered tansparencies (from Table 2) which are related to the failure modes of
interest for a type of transparency system. Changes in measured properties resulting from
artificial weathering and conditioning are evaluated (conditioning may include parameters such as
abrasion during weathering). Figure 2 is an exampie of how a given test property might degrade
with time (under artificial weathering conditions). Note that for non-destructive tests such as
haze and transmittance, data can be obtained at multiple intervals between zero and 4 years of
aging. while 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 the shape of the degradation curve remains constant
independent of the baseline 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 10 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 coupon tests. In Phase II of this program, for those tests where measured properties
changed in Phase  artificially aged tests, similar tests wiil be conducted on a number of in service




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. ‘fo 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 vear, 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 festing for that time will be identified. This
value will be used as the failure value for artificially aged coupons, if a positive correlation exists
betweei 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 trarsparencies 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 prccess variables, 1ot to lot
material variability, and other factors, While we can measure certain properties for baseline
transparencies and for in service aged transparencies, we do not know what baseline values for i
these properties the service aged transparencies had when they were new. An average value and a g
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 cc 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




lives" for a particular failure mode contain so much scatter that it may be difficult to find or
estabuish a "failure value” for an icentified property (or combination of properties).

Artificial Weathering Technique

One of the most important parts of a coupon scale test program to evaiuate durability is
the choice of artificial weathering, or conditioning, techniques. Nurmnerous 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 suificient 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 factors 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 cver the course of a year.
UDRI reevaluated artificial weathering iechniques used in the past, iz an effort to identify or
develop a technigue which has the following attributes: simple to operate, lab scale, commercially
available, accelerated, reasonable cost, UV spectrum 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 QUYV is readily available and is inexpensive to purchase
and operate. Virtually all of the major transparency manufacturers have QUV machines at their
facilities. The QUV can duplicate periods of high UV exposure and temperaturs 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 imes. 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 ror cach 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 fime in Miami and an equivalent
year of UV exposure and temperature induced degradation in New River. QUV cycles could
therefore be considered "worst case” by combining the most damaging environmental effects from
each locazion.

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 UV A-340 bulbs, followed by 4 hours of dark/condensation at 50 degrees Celsius
(this was the highest maintainable temperature in the UDRI QUV machines during the
condensation cycle). Based on simipl models, this cycle should roughly match the degradation
due to average total UV radiation cnergy (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 o
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/S0 mixture of isopropyl
alcohol every other day (after 48 hours of artificial weathering), using a Kimwipe paper towel.

The artificial conditioning schemne developed for this program is generic in the sense that it
only includes weathering and could be applied to any transparency system. In tne future, itis
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) migh: reveai probiems which would otherwise go undetected untii full scaie durability -
testing was conducted. R

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
windshi€eld 1s an acrylic faced laminate with two polycarbonaie suuciural piies., Whiie 1t would be
desirable to conduct testing on all aircraft transparency types with many or all of the test methods
discussed below, it was not eccnomically feasible. The F-111 w _........eld was chosen to be used
to develop and demonstrate a coupon scale test methodology as it represents a cross section
design of interest, bascline (new) transparencies are available, this system has the most complete
availatle field service data, and full scale durability testing has been conducted for the F-111.
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-111 transparencies. These failure modes are representative of failure




modes encountered in service; see Reference 4 for more complete analysis of F-111 fajlure modes.

Abrasion failures due to dust and sand impingement were very common during Desert Storm.

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-111 field service data. Cracking at the edge and in the vicinity of ‘
the bolt holes has become a reason for removal and is of si: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 sirnulates 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]. g
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 mecharical analysis (DMA) was alsc
conducted in the Reference [12] program, and minimal thermal history etfects were detected for
the polycarbonate. Typically interlayers, coatings, and face plies screen out UV before it reaches
the polycarbonate; however, it is possible that molecular weight could change for some types of
transparencies such as glass faced polycarbonate ¢r monelithic polycarbonate with a UV

transparent coating.

Infrared (IR) and x-ray photoelectron (XPS) spectroscopy were identitied 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]. .
Initiailly 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 1o 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 erfect
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 coupon
specimens to date. Other surface roughness measuring techniques were evaluated, including a p
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 delamination. Flatwise tension measures mechanical
stength and its changes with aging. This test was used in the Reference 4 program to cvaluatc
changes caused by in service 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
Jocation 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 Artificially 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 actuaily polish the transparency S
surface, resulting in better optics. Acrylic is very stable in UV light, and the moisture and N
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, therc 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. Itis
important to note that in some cases the transient crazing at high stresses was not detectable after
remcval of the chemical and completion of the test. The second tvpe 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 propertics of the irterlayers are not changing enough
to cause delamination concerns as a result of artficial 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). These effects are not simulated in coupon scale
tests. »
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To evaluate the resistance of the edge 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. Mo 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
consideraion, 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 ronomer reversion and
decreasing durability. QUYV artficial weathering does not include thermal shock capabilities.
Phase IT 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 ANALYSTS

The collection and analysis of field service data is critical to the understanding of the
actual performance of aircraft transparencies in the field. Accurate field service data is essential !
not oaly for understanding the durability problem, but is also esser:tial to the development of

e me maala e d L% manTa BicmnkhTien: tmntm e
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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
occwurence for each, and service lives associated with those
failare modes,

(3) what effect if any is there on service life, failure mode, and
frequency of occurrence resulting from factors such as
geographic location (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-111, F-16, and B-1 wansparencies.
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Data Acquisition

There are a number of traditional ways which field service data has been acquired. These
include the Air Force Maintenance Data Collection System (MDCS), field trips to bases to
cxamine 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 wips 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 cach trip for F-111 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 i W &B records we often missing cr incomplete; failure
modes are rarely recorded in Wé&.B racords; the F-111 T.O. manual requires recording of the
waansparency changeout in W&B records only 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 incomiplete or missing. As a result, considerable
effort is requirec 10 obtain complete field service data. However, data thatis 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 i+-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 each 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 deveioped by WL/FIVR. This updated 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 daia 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-111, 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 mainieaance
personnel whenever a new transparency is installed in an aircraft. Examgle data cards for F-111,
F-16, and B-1 aircraft transparency systems are shown in Figures 6, 7, and 8. These cards would
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be pre addressed, stamped, and could be on hand for use at the base or depot. However, a better
approach would probably be to include a data card with each new wansparency 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 casier 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 incorperated. Currently, many of the decals
are hard to read and interpret. In order for a system like this to work it is critical to obiain 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-111 Field Data

A portion of the F-111 field data analysis is discussed below. Figure 9 displays the
average lif.., 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
€Xpression

1.965

T===
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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 estirnate of s
of this analysis. 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 arc definite indicators that the averages lives are sigaificantly
different. This figure indicates that windshields removed for acrylic crazing Mode 1) and
delaminations (Mode 4) have longer Jives 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 for each manufacturer by failun: 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 concluded 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 delamination
(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 in the figure, may well be a cecond order effect if the wait is less than 24 menths. 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 WPAFR, Area B, Building 68. This facility has been vsed o assess
durability of F-111 ADBIRT transparencies, and B-1 windshield transparencies are carr=ntly
being evaluated in the facility. A more complete discussion of full scale durability testing and the
test faciliy, a critique of the facility, and correlations between full scale testing and in service
zping are included in Reference 4.

The full scale durability facility simulates transparency flight temperatures ind 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 conirol 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. Thermocouples on the transparency surface provide information to a
control system which operates the hot and cold air 100p valves 10 mix air so that the desired

Ay arra neafila rarm ha nhtat FTha asryal - t tamy; ad ~
w‘llyv‘.ul.mv y VLMW Wil Uw VU“‘I v\.l & bhWw Ul (37 yelovy ‘IU\ ‘\y‘l A PLLQLU‘V AJ A‘w‘lml\;d at Ul l‘\/m

room temperature typically. Pressure loads on the cockpit are simulated by pressurizing or
evacuating the cockpit to obtain the net pressure differential between internal cockpit pressure
and exteinal ainbient plus aerodynamic pressure that would occur dust; g flight. The transparency
surfaces have typically been cleaned at the beginning of each eight howr shuft usilizing authorized
cleaning solutions. The surface area of the transparency is broken up into different regions, each
of which is cleaned with a different sclution. Periodically the transparencies are inspecied, and
dumage is documented and photographed. In the past, durability testing has not in¢luded
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 inclusicn 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
full zcale 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 thzee biggest
drawbacks to full scale testing are the cost, the time required to test, and the limited numbex 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 ccrrelations
with field service data.

Full scale durability testing has evolved from simply putting the transparercy on the
airplane and $lying it, to the development of a facility for conducting full scale durability testirg 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 i1 most of these areas
have taken place or are taking place. Full scale testing can reveal faiture 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
cor: :lations need to be made between full scale durability testing and field service performance.
This program, the Transparency Durability Test Criteria Frogram, will address this issve during
the course of the contract. It is difficuit to make suggestions to improve full scale durability
testing when thz 1clationships between simulaied 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.
A laboraiory scale ariificial weathering iechnique uilizing the QUV machine has been deveioped
for conditioning specimens. The formulation of and preliminary 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.
Extensive analysis of tius field service data has been conducted, and full scale durability test
practices and the facility have been reviewed and critiqued (Reference [4]). Integration of and
correlation between each of these areas is critical to the completion of a methedology; however,
integration and correlation are premature at this stage of the effort.

To reiterare, the methodology is a general one which could be applied to any transparency
system and can be described as follows. The first step in assessing durability s coupon scile
testing. Curresitly, coupon testing by itself cannot be used to predict durability 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 expericnce 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 resuits, then full scale durabaiity 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
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 iessons learned and improvements in testing and interpretation of test results.

Phases II and I of this program will contiriue 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 II 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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COUPON SCALE TEST METHODS

CHEMCALSURF ACEAEOLOGES .
OYRAMIC MECHANCAL ANALYSS D)
GENERIL OFFERENTWL SCV NG CALORRETRY 080
oENSITY THERMLL. MECHANICAL ANALYSIS THA)
HARDNES THERMAL GRAVIME TRIC ANALYSES (TGA)
NTRINSC YBCOBITY
CETCAL ALOW NDEY,
YELLOWNESS INDEX NFHARED (1} SPECTROSCOPY
LIPS RAZE XAAY PHOTOELECTRON S°CGTROSCORY P9
WOLX OF REFAACTION OPTICAL AND SCANMING ELEC RO MIGROSCORY (SEM)
MECHANTAL CHEMICAL, ATTACK
TENSLE  (STANDARD AND RATWISE TENSION OEMTAL STRESS CRAE
CHBICA BROOURE
BLLEMODLALS
SEAR STANDARD AND TORSONAL SHEAR THERWAL
AFLRL Grase masmoy RarTRIneT
FATGUE HEAT DERLECTION TEMPERATURE
FATIOUR: CRACK GRUWTH COSFFICEN" OF THERMAL DIPANSION




TABLE 2

AIRCRAFT TRANSHARERUY FALURE BMOOES ANO AR PUICARLE YEST METHODS

[FALDRE MOOE AT TED FRARGORREIRY G ohenT  JIEST AFPICABLE |
STANGARD
e TEEPLY|STRUG BOETe JOAPLETE
PLY aYen et b
[ABRASESH b4 ¥ 1
-3 ATING SAND (BAYER) [ASTMY 78
ICE EROGION SALT MPINGEMENT ASIMF 12
DUS) EROSIOY DUST EROSIN
RAIN LROSION RAIN EROSIC! ASTHG T3
AGING (P TYSICALWEATHESING)
CRTCAL X
YELLOWING YELLOWNESS #1DEX ASTV D 192
HAZE INCREASE HAZE AS'ird D 1000
TIRANSM ITANCE DECREASE TRENSMTIANGE ACTMO 1006
STRUCTURS., (TOUGH!.8S X X AJE (NN
GECREASE) FALLING WEXGHT ESMETX
CLEXURE BEAM ASTAD TR0
ASTM D &%
A0
CHANGE IN POLYMER x X X X DENTITY
(MGCROMHAFDRESS
DYNAMC SECHANICAL
AALYSIES (MA)
FREE VOLUME
MOLECULAR WEIGHT ACTHIC 363
INTENNSY: VISCORITY AT D X8,
FLOw pney ATWD 239
INFRAHED (R
SHECTARDECOPY
X-RAY MAOTOELECTRON
SPECTROSCOPY (XPS)
» DECHIASE IN ADHESKON X TAPE PEEL.
F4ATCH RAM EROSION
EMVERN Y EMENT O X A CANNON
STRK TURAL PLY FALLING, WEGHT ASTM F 720
&Y SO TING FLEXURE BEAM AST D 78,
DECHEASL N COATING X ELEZTACAL AND
PLFGHMICE LW XXSERVABLE TESTS
I RCRING T TEETRATLE AT W8y ]
FRACT €3 Tousaasun 2E £ 200
CRADNG I W
HEMCAL BT~ ™ X X
LR NATIGN X
MOUTFLE R X X X

722




LRINFOEAIN LTV O Lai¥d B D2 N0 ORUSEIL 3W W Lec oWVl Unv 2741 o
TR0 S ONY 0N IO G2AF0: NaiGads + ATNO 'CTRHSTNG Lovild G »

=3 § 760
o fryers
Tao - IR SIWHAG
a Gmn‘m AL IR
WAL LG DNINMYTS L3 )|
TR HOSIAL ZTOMLYGE] BALVS0
X x % VYRN SMIRRIILIV 3D TTNAL UMD
RN ONY
AT
INTTLD
W B3 00 VRIS
¢ X X X UdRHOS] WY s BS3LS WINEHD OHERD
NOE LOTTOLCH Avd,
X 3 by IN BO ASILDSAB ER
X x IV o ~FONVLLAVENYL O TP Ol
NLWGIHE!
< < X x STARY NGO L5 WY Ddd
¢ (3 x _ X INALIY GISAYE) CNVE DNULVTIORO NGBV 1l
v . - ] A
VA O3 P SeWA'D3E  MIFSVE
SOTIHOONY. |  DNEISHLVIM TVOIALLY $300M HRELLIY AW
SUYNER | S0EDENH INFUNCLANS SNCAUONOR ANTNOANG 5 SIS VY | AONERIERR L

N¥1d LSdL NOdNOO Q2§0d40ud

£a1gv.L

7.3




TABLE 4
CRAZE TEST RESULTS

CHEMZAL APPUED: TOLUENE
=EXSURE A WEERS CFOOv B WEERS OF GUV
VENDOR | SPeECIven RESUL™S SPECIMEN RESULTS SPECIMEN RESULTS
0 TRANSIENT PLAMANENT ] THANSIENT PERWANENT Lia] TRANSIENT PERMANENT
PS5y (FSh) PSy s {PS) (Psh)
SIERRAGIN|  085-B-1 3500 2550 065A2-1° 1700 180. £55-A-1 200 2100
o582 xs0 06 L ei22 a0 2000 665-A-2 190U 1750
8583 3050 250 5a29 . R0 2000 065AD 1900 17%
081-8-1 a0 ) 081-AL 1 2¢80 200 aS1-A-t 2500 2000
8501 %0 3400 SASAL 26, 2550 A1 250 2000
PRG 1200-6-4 20 2250 1203-A%- 138 1300 2T FA 1250 750
1200-8-2 Z00 1800 120N " 1250 12642 1400 ()
1200-8 220 2250 1200-423 0 0 12543 1200 900
1608-8-1 = 240 1960-A/2-1 1450 1450 1001 1400 1250
796381 2452 2050 TO5-A2-1 140 ¢ 100- e TS 175
CHEMCAL APP_ED: ETHY anE GLYCOL
— BRSEN: TWEERS OOV BWEERS F OOV |
VENDOR | SPECWMEN RESULIS SFECIAN RESULTS SPECIME X RESUL'S
0 TRANSICNT PERMANEXT) 0 TRANSIENT PERMANEN 10 TRANSIENT PERMANENT
PS) (Psh ()] Psh) ()} ®s
SERRACING @554 1500 1500 Boaza & A0S0 GSA4 20 1
08585 1500 s o525 1% -0 - 1Mo 1300
o-59 e i Dewas ke (3 St =2 B
os1-8-2 V600 .. 081-A2-2 400 ac 051-A2 150C 100
[W:E 1200 1a60 85422 1060 1450 B5A-2 w250 o
PRG 1200-34 500 11 1 1Z0-Nee 300 - 120 A4 = 800
1200-8-5 $50 1050 1Z M5 =0 .0 2 A5 220 [ -~
Y2058 200 730 12K~ 6 250 50 120040 a0 (.3
10638z 1250 1500 WA2Z 120 N0 | weeeA? P a0
) 1300 00 M3 AR2 250 500 TOT-A-T 750 4o
CHEMCAL APPLED: SOPHOPYL s COMOL,
—BASEDKE TWEERLTFLOV TWEERSTF LV |
VENDOR | SPECWEN RESULTS SPECIVEN ASSU.TS SPL_MEN RAESLLTF
© TRANSIE!TY PERMANENT [+ TRANGIEN. PESMANENT [-4 TRAMSIENT PEHMANENT
sy (Psh Py P50 PSI) (Phi)
MENAACIN]  @8sB-7 200 1950 ;b7 158 1000 0Bk 1800 1800
o858 o 190C ®wi-a2e o0 50 bs-Ad 200 e
68580 1750 2000 ®s-A240 w0 1800 [TV 1900 1500
05181 % 2000 064 -A23 1250 1300 051-A3 1750 1750
88683 20 2600 S 29 10 1560 0W5-AD 1900 1750
P 120-8-7 2 1100 12 YA ? [ 750 1205-A-Y 856 00
1RI6A 300 1060 LR ) o 1000 12548 0 oo
1R5-84 150 1400 e 77 ] 1400 100 185l 860 300
065 83 1% 1350 1085-A%2-2 1400 1800 108042 1100 500
L To83- "3 1500 160 TREIAL 3 750 1100 T08>-A- .. 1250 1250
& SR B RE R FOURUR AR TEN IR UTE S OF TESTIRG, —_

724



weg kg 1171 Gy | ErSW | WS Ddd | ]
JIV-HS
ORIOA MBIV ON} |
¢ I3 ser |oecsio | 1L Od4 955
—aiia
wy &g Wlave wil Y3 weesio | WL Odd t24|
SWaLZ
(OdNJ ¥BHLO ON) ¢ ] 3 ) ' c1H 147
VNS
IR )
wo ) anid] €50l 5§08 (714 i was ge!
sVt
wey &y. autg 14773 sty | wosw | st Ddd 16
9908
we £y JIV-NS 5L rer 71 "we wais L]
229944
TIV-NS
[ i (Y 0z s wais 14
lilad
Tviirad
wo A7 v iid S5 cor «“9 oAl W3is s
- — SINOBE 191 VY
QIAOWTE 31VG GIAOWY SO¥0S2Y agAonzy
SINTNNOD QL 