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V. TEST PANEL MANUFACTURING TECHNIQUES

A. HONEYCOMB CORE FABRICATION

1. Foii Corrugation

The TZM and D-36 foil materials were
received in 4-in. wide coils of random
lengths (TZM up to 6- to 8-ft lengths; D-36
up to 25-ft lengths). These were sheared
with a paper cutter into 18.25-in. lengths to
provide 14.2-in. strips after corrugation.

A match gear corrugating tool (Fig. 16)
which had been used for stainless steel was
found satisfactory for corrugating TZM and
D-36; for D-36, it was only necessary to
dress the 3/16-in. gear rollers and adjust
the gear contact pressure to obtain the de-
pitch; for TZM, best results were
obtained by heating the gears and foil to
about 200° F with heat lamps (Fig. 17).

sired

Fig. l6.

Corrugation Tool for Fabricating
Honeycomb Core

The D-36 foil strips were corrugated at
room temperature, the TZM foil strips at
180° to 200° F. The corrugated foil was then
sized in a renite (plastic) template to
that the configuration of each strip matched
the core-welding tools. Nodal alignment was
particularly important, since cumulative er-
rors would eventually
mismatch so that nodes could not be joined.

ensure

result in excessive

After sizing, the corrugated foil was
cleaned in atrichlorethylene vapor degreaser
(Table 6) and stored until required for billet
fabrication.

Corrugating Foil for iioneyc
Core

TABLE 6
Summary of Cleaning Procedures Used

for TZM Molybdenum and
D-36 Columbium Parts

2. Billet Fabrication
a. TZM molybdenum

The major technical problem in fabri

cating TZM molybdenum honeycomb core
was in making the core node attachment.
Conventional resistance spot-welding tech
niques, normally employed for core fabri

cation, are not adequate for molybdenum and

its alloys.
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layers of the
billet

were needed,

corru

was

ated foil were welded
(Fig. 27)

completed
repairs but were
ventional tack-welding techniques where re-

quired.

made by con-

Fig.
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~J

+« A l4- by 14- by d-Inch Billet
of D-36 Columbium
Core

Honevcomb

3. Slabbing and Sanding

a. TZM molybdenum

Slabbing procedures were evaluated on
the two 2-1/2- by 2-1/2- by 4-in. billets,
These were sawed into 1/2-in, thick slabs
on a Tannewitz high speed band saw (10,000
s ft/min) (Fig. 28). Of several types

X
ides which were evaluated, only a 120-
‘it diamond impregnated blade proved sat-
The frictionally generated heat as
the blade cut through the core was foundto be
sufficient to keep the recrystallized nodal
veld above the ductile-brittle transition tem-
perature, and thus prevented major cracking,

isfactory.

However, some minor cracking or t2aring
occurred during sawing, and sufficient stock

must be provided in the rough cut slab (ap
pros wately 1/16 in. over required finished
thickness) that these defective areas can
be removed during the finishing operation,

Three techniques for finishing TZM hon-
eycomb core to the required thickness toler-
ance of £0.0015 in, were evaluated in the in-
itial studies:

(1)

Disc cutting.

Hand or machine sanding.
Filling and sanding,

The of adisc- or mushroom-type cut

ter to trim the core produced tears in the
ore material and was quickly discarded acs

Fig, 28. Sawing Billet of TIM Honeyco

Core with Diamond Blade
a possible finish chr 1 Bott |
and machine s: re found capable
providing an acceg finis nd the re-
quired toler mall
Further accur: btaine
filling and sandir , whicl
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to slabbing and remoy of the acryli t
acetone r final ainding, this method
wa (&0} § Z\i(’l'ix'.‘ mornrs i consuming.
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procedure, 1if tolerance ver larger ex
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s
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Fie. 36. TZM Heat Shield Panel Corner
Complctely Formed

the radius plate installed, and lubricant ap-
plied to the top and bottom surfaces of the
TZM blank in the second operation to form
the bend radius and step depth to final dimen-
sions, This technique reduced the excessive
localized deformation and resultant cracking
that occurred when this first step was formed
in a single forming operation. The second
step was formed in one operation with no
underlay or overlay, with lubricant sprayed on
the top and bottom surfaces of the TZM blank.

As discussed in Section III, there was
considerable variation in the fabricability of
the starting 0.008-in, TZM sheet material
for the heat shield panelfacings. Fabricating
uniformity was significantly improved by
stress relieving this material in vacuum at
2200° F prior to forming.

D-36 columbium, It was anticipated that
forming of the D-36 heat shield panel facings
would not present any major problems, and
that the procedures developed for TZM would
be more than adequate for D-36., However,
some modifications were found necessary,
Lubrication was a particularly sensitive
variable.

Heating to 400° F did not improve the
forming characteristics of D-36. Some fac-
ings were formed at temperatures to 400° ¥
during the checkout period, but the majority
were formed successfully at room tempera-
ture.

The best results were obtained by form-
ing the first step in two operations as used
for TZM, but with an overlay as well as an
underlay and with a heavy film of lubricant
sprayed on the top side of the overlay (side
formed against rubber) and no lubricant on

the draw plate. The overlay and underlay
were removed and the radius plate used in
the second operation as for TZM. A very
light film of lubricant was applied on the top
surface of the D-36 blank at the four corners.

Forming of the second step was accom-
plished by using the Marform tool and ra-
dius plate to draw the material as shown
schematically in Fig. 37. The corners ofthe
D-36 blank were reounded te within 3/8 in, of
the final step dimension. A medium amount
of lubricant was then applied to the top and
bottom surfaces of the facing andto the flange
area. Thistechnique produced smooth crack-
free corners on D-36.

c. Forming procedures

TZM. The following forming procedures
were utilized for the TZM molybdenum.
These procedures applied to the flat, con-
cave and convex facings,

Setup

- Radius pla

/

z
T e

Draw plate

Formed part

Draw plate

AN

Fig. 37. Second Step Marform Operation for
the D-36 Columbium ileat Shield
Facings

(1) The 0.008-in. TZM material with a
0.003-in, stainless steel wunderlay was
sheared to provide 14.5- by 14.5-in. square
blanks, The stainless steel underlay was
used in the forming operation,
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sure against gaps d poor fitting corners the outside width of the } V0015
The TZM pans were stress relievedat 2200° F in. as required for panel bra g
for one hour to provide as much ductility as
possible for this operation. The TZM pans
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Two additional tools were constructed to
bend the channels to the proper radius for the
curved panels. A hydraulic press tool (Fig.
41) was made to curve the straight channels,
which were first fitted over soft steel shims
of the proper thickness., tool
was made for the second operation which in
volved Marform sizing to the exact curvature.

\ special male

Special tools were made to hold the U-
channels for welding., These were constructed
so that all joints could be welded before re-
moving the U-channel picture frame. Figure
42 shows the tool for flat U-channel frames.
A similar tool was made for curved U-channel
frames,

Fig. 42. Matching the Straight U-Channels
to the Tool for Llectron Bean
welding of the Miter Joint

b. Mitering

The U-channels were first rough savedto
a length slightly longer than requiredandthen
ground (Fig. 43) to the proper dimension, A
carborundum Type Il grind wheel was used in
the grinding operation, in which about 0,001
to 0.002 in. of material was removed per
pass. Individual sets of frames were ground
to match the tool shown in Fig. 42. The re-
quired fit tolerances were +0.000 and -0,002
in.

T'he ends of the curved U-channels were
finished in the same manner as the straight
channels. However, special holding toals
were utilized to provide the required correc-
tion for the different curvatures of the inner
and outer leg of the channel.

The TZM and D-36 U-channels were fin-
ished by the same procedure, except that the
TZM channels were proce edat about 200° ¥

Fig. 43. Crinding the Ends of the U-Channels
for the Picture Frame Miter Joints
of the Structural Panels

A hot air blower shown in Fig. 43 was used
to heat the U-channels during grinding.

¢. Welding

D-36, The D-36 U-channels were joined
into a frame by welding. The tool shown in
Fig. 42 was used to hold the channels during
welding. A similar too. was used for the
curved panel frames. All U-channels were
cleaned according to the requirements of
Table 6 before they were welded.

The flats of the U-channel corner joints
were electron beam welded. The welding
was accomplished progressively onalternate
sides and corners to prevent residual
stresses caused by welding from opening up
the unwelded corner joints. Weld settings
(Fig. 22) were developed for these joints,

The vertical joints (the joint perpendicu-
lar to the parallel legs of the channel) were
initially electron beam welded. This required
spécial tilting of the frames, several pump
down cycles for welding and hand manipula-
tion of the part during welding. A TIG weld
ing process, using filler wire, was evaluated
and found more desirable because of the
simplicity and ease of application,

TZM. Special elevatedtemperature weld
ing and stress relieving procedures were
necessary to prevent cracking. The follow
ing procedures were developed for the TZM
frames:

(1) The TZM U-channels were matched
to the welding frame shown in Fig. 42, Spe-
cial allowances were made in the dimensions
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TIM Molybdenum Structural Panel ELlec-
tron Beam Ldge Seal

Fig. 95.

Photomicrograph of electron beam weld
nugget showing edge of nugget with braze
Joint. Material is in as-welded plus stress
relieved at 22000 F for one hour condition
Tukon microhardness (150-gm load) check
indicates the highly alloyed zone is three
times harder than parent metal. (350X)

Fig. 96. TiM Molybdenum Structural Panel

tron Beam Ldge Seal

Photomicrographic of electron beam weld
nugget showing the precipitation of the sec

ond phase of the molybdenum alloy
part of picture shows highly alloyed zone
between the braze alloy (55Co-20Cr - 15W
10N1) and the base metal. (700X)

97.

Lower

Fig. TZM Molybdenum Structural Panel Elec-

tron Beam Ldge Seal

62

more precipitation did occur after a one-
hour, 2200° F stress relief cycle (Fig. 93).
A volume change is usually associated with
the formation of a precipitate. Additional
stresses will occur with a differential volume
change between the weld and the parent ma-
terial,

With small intergranular cracks in the
welds, as well as an extremely brittle weld
due to the presence of intermetallic com-
pounds, normal welding stress, with or with-
out those caused by the formation of the
precipitate, will cause the welds to develop
major cracks., Any subsequent loading or
handling stresses will only aggravate this
cracking. Because of the formation of the
brittle intermetallic compound, the cracking
could occur at any feasible storage tem-
perature or during any subsequent thermal
aging or treatment of the panel.

Once the microcracks and embrittled
conditions in the weld exist, cracking will
eventually occur, even though some treat-
ment might postpone immediate cracking.
The only way that cracking from this source
can be prevented is by not welding in the
presence of the braze alloy or by having
braze alloys that form only single phase
solid solution alloys with the base metal.
The basic problem of making these high
restraint welds per se may be difficult to
solve,

In the test panels, all welding was designed
to be of a secondary structural nature and
was primarily to effect a hermetic seal
which would protect the braze alloy from the
oxidation protection coating. Only in the
strips attached to the flat structural panel
for load application purposes would any
weld be required to sustain more than a very
small stress, However, welds of this type
must be able to withstand the stresses that
will be incurred when the panels are used
on any type of aerospace vehicle. It was
concluded that structural TZM panels which
involved welding could not be produced with
sufficient structural integrity for satisfactory
test. Major developments, both in improved
alloys and weiding techniques, would be re-
quired to produce acceptable molybdenum
hardware of this type for both test and
structural applications, Some panels, which
were not edge sealed, were coated for testing
in compression., No feasible technique for
shear testing of the panels was available,

The TZM panel finishing consisted of
machining the edges straight and parallel,
rounding the corners and smoothing the
edges, Machining was performed at about
250° F, by utilizing a setup in which the heat
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welds could be made; then, in a compietely
random pattern, a pinhole or a crack would
occur,

Fie. Inner

105, Face Sealing Details and
D=36 Colwabium ileat Shield
Panel

Fir, 106, Inner Face Support Clip Scaling
Misc

Electron beam repair ere attempted

on all discrepancies, For the orst crack
ind all mrepairable pinholes, the ealing
details were removed and new ones installed,
Vith these operations all i=ible pinholes
ind ome  intergranular crach were re
paired, However, yme of the microscopic
pinhole ind intergranular racks could not
be repaired, Since it w impx ible to
eliminate ill of the imperfection in these
D-36 heat hield panels, it wa necessary

to coat some panels, which contained minor
cracks, for the test program. Imperfections
were carefully decumented so that they could
be correlated with panel performance.

The panels selected for test were cleaned
(Table 6), wrapped and shipped to the coater,

b. TZM molybdenum

Basic welding problems were f{urther
aggravated because the TZM heat shield
panels were fully recrystallized during braz
ing and were extremely brittle.

The first TZM heat shield panel w:
brazed with pure titanium braze alloy. The
panel was so brittle that one corner wa
broken in removing it from its storage con

tainer. The core material crumbled easily.

Because of this extreme brittleness, the
next panel was brazed with B-120 VCA 1
tanium, utilizing an extremely rapid braze
cycle to keep grain growth to a minimum,
The panel seemed to have more toughness
but was still brittle. The edges of the panel
were sealed (Figs. 107 and 108) by electron
beam welaing, but the corners, where the
metal bends had opened up during the brazing
cycle, could not be bent back without crack
ing. Three of these corners were success-
fully TIG welded, but the fourth cracked

after welding.

Fig. 107, TIM Molybdenum Flat Heat
Panel Brazed with B-120

Titanium at 3000° ¥

Shield
VCA

Because of the difficulties encountered
in sealing the disc and tubes on the D- 36
columbium heat shield, the required sealing
operations on TZM were attempted on only
a limited scale. All the welds made on the
surfaces of these panels either cracked or
caused cracking in the parent material
around the weld,

All panel brazing was stopped while a
welding study wa conducted to determine
f most or all of the disc and tube sealing
welds could be accomplished before panel

brazing.
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tremely low stress level. Flat Panel No. 8
exploded during heating because of expansion
of entrapped air.

C. HEAT SHIELD TESTS

The objective of the heat shield test pro-
gram was to determine the capability of the
heat shield panels to withstand simulated re-
entry conditions. Toachieve this, three basic
test conditions were selected:

(1) Maximum thermal life.
(2) Typical re-entry.

(3) Repeated thermal exposure.

The maximum life test consisted of main

taining a panel at temperature for a sustained
period until the panel failed. These tests
determined the maximum single exposure
time at temperature for the heat shield pan-
els. The typical re-entry tests qualified the
panels for representative re-entry environ-
ments (provided by ASD). The repeated ex-

posure tests determined the panel capability
for repeated usage.

Ten D-36 columbium heat shield panels
were subjected to these test conditions, Eight
of the panels were tested in the hot gas facil-
ity and two were tested in the quartz lamp
radiant heating facility.

1. Test Equipment
The dynamic gas environment for the heat
shield test was supplied by a 14-in. hot gas

facility which consisted of:

(1) Air compressors to furnish air to
the burner cans,

(2) A conventional jet engine burner can
used to preheat oxygen-enriched air.

(3) An afterburner section which pro-
duces a stream of hot air and gaseous com-
bustion products by igniting propane and
oxygen,

(4) A 14-in. convergent exit nozzle which
directs the hot gaseous stream.

(5) A movable specimen mounting car-
riage on a 25-ft track.

(6) Associated instrumentation and con-
trol equipment (Fig. 146),

Basically, three facility operating condi-
tions (14-A-1, 14-B-1 and 14-C-1)were used

Fig. 146, Hot Gas Facility

for imposing the simulated re-entry environ-
ments on the heat shield panels (Table 20),
Condition 14-A-1 represents the maximum
stream conditions of the facility, while Con-

ditions 14-B-1 and 14-C-1 represent the
minimum and intermediate stream condi-
tions used on this program (Fig. 147),
—— Condition 14-A-1
——== Condition 14-E-1
—-e— Condition 14-C-1 B
SO ey gy gt .

400¢ $ . - '\
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Fig. 147. Centerline Gas Stream Temperatures
and Dynamic Pressures, Two Condi-
tions

Two panel holders were designed and

fabricated for the heat shield tests in the hot
gas facility (Fig. 148), The only difference
between the two holders was that the external
face of each holder was fabricated to match
the curvature of the specimen. Essentially,
the holder design was comprised of an insu-
lated box in a water-cooled jacket. The test
specimen was mounted in the insulated box
by bolting the panel attachment legs to a stain-
less steel bracket which was attached to a
water-cooled steel mounting plate. Fiber-
frax insulation was inserted between the in

ner face of the panel and the steel mounting




Fig., 148, liot Gas Facility with Flat Heat
Shield Panel Test Fixture

plate. The sides of the insulated box were an
integral part of the jacket and protected the
specimen and insulation from the water
sprayed on the holder for cooling purposes,
Two nickel fairing strips were welded to the
edges of the holder cutout to prevent adverse
flow in the area of the panel steps. The pan-
el holders also had the provision of variable
angle of attack with the hot gas stream center-
line. This mounting procedure closely ap-
proximated a cooled, double-wall installation
technique.

The radiant heating system was generally
the same as described in Section C, Struc-
tural Panel Tests. The primary differences
in the test setup were that only one heater
was used to heat the panel and that the inner
side of the panel was backed with fiberfrax
insulation. Columbium sheath thermocouples
(previously described) were used to monitor
the panel temperatures.

2. Preliminary Tests

Several preliminary tests were performed
in the hot gas facility to determine the pres
sure distributions on the heat shield panels,
The initial tests were performed using a flat,
water-cooled steel plate of the same size as
the flat heat shield panel mounted in the pan-
el holder. Seven wall pressure pickups con-
nected to seven vertical manometers were
mounted in the steel plate in a pattern suit-
able for determining the pressure distribu-
tion over the simulated panel area. A total
pressure probe was installed in the stream
to monitor the stream pressure. Three test
runs were performed with only the facility
air compressors operating, to qualitatively
determine the panel pressure distribution at
various angles of attack (20, 30 and 60 deg),
With this information, the 30-deg angle-of-
attack attitude was chosen for a "hot" run
(Condition 14-A-1) to quantitatively deter-
mine the pressure distribution on the simu-

TABLE 20
Operating Parameters of the Hot Gas Facility

lated flat panel (Fig. 149)., The results of
this test indicated that the 30-deg angle of
attack represented the best compromise be-
tween uniformity and desired pressure (1,2
psi), Later tests on an independent program
also indicated that an o of 30 deg for a flat
plate produced a near maximum facility heat-
ing rate with uniform heating distribution
(Ref. 37). Consequently, the o = 30-deg at-
titude was initially chosen for all panel tests,
However, during two of the curved heat shield
tests, structural tension failures of the panel
upper attachment legs occurred. A pressure
distribution test at an o = 30 deg was per-
formed on a curved plate (similar to the flat
plate described above), The results from
this test indicated that the failures were
caused by an adverse pressure distribution
on the panel (negative pressure at the top of
the panel to positive pressure at the bottom
of the panel), Consequently, a new angle of

b-s

i@ @
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Dynamic Pressure (psf)
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Panel Span, Two Dimensions (in. )

Fig. 149, Simulated Flat leat Shield Panel
Pressure Distribution
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attack and facility operating condition had to consisted of "stuffing" fiberfrax insulatior
be obtained for the curved panels. A 90-deg into the holes until the exposed panel surface

angle of attack was selected for press

was aerodynamically smooth, Generally,t

uniformity, and a facility operating condition insulation would stay in the holes, but during
with a dynamic stream pressure of 250 psf several it was removed by the air
was used to obtain panel pressures less than stream., loss of these plugs caused loca
2 psi and temperatures up to 2400° F, hot spots around the holes (Fig. 150),

3. Test Procedurse

I'he actual tests on the heat shield panel
in the hot gas facility were generally accon
plished by the following procedure:

(1) Instrument specimen with a contre
thermocouple.

(2) Mount specimen in the holder.

(3) With the carriage at the end of the
track and the stream deflection shield up,
start and then tabilize the afterburner,.

(4) Drop the stream deflection shield.

(5) Using the specimen's thermocouple
as a control device (up to 2000° F), move the
specimen toward or away from the nozzle exit
according to the desired time-temperature
profile,

(6) At temperatures above 2000° F, use

the Pyro-650 optical pyrometer as the tem Dur tual perfor ANCE {f the
perature control. tests, tant 1a n itor { i
photographi locumentation), ell as ther
'he results of the hig temperature in mocouple and opti eter itor .
trumentation study indicated the u of a was accor shed Qualitative i Y t
heath thermocouple r the hot gas test oncerning i flection, heat distr t
(dynamic environment), Consequently, a co and ating ppearance i btaine t
lumbium heath tungsten-rheniu thermuc isual monitoring sources. The therm pl
couple was used for thermal control, and optical pyrometer pplied ti jua
thermocouple wa ittached enter of tative temperature jat jurir the test
the inner face of the by mea f
an integral el wlder T'he two test t radiant at t
(Fig. 115), ld panels did vere performed in a manner similar to the
not have this | | 10 (¢ I A tructural panel tests with the exception t t
bonded to the pecimen with molybdenun o load was applied to the pane
disilicide cement, e thermc 1Dl
failed during the tests, 4. Test Result
After the instal f the I I'wo flat D-36 col yium heat shield par
trol thermocouple, the was mounted ir (Nos, 9 and 7) were ibjected to the n
1 wined. mum life condition, | nsi f{

the panel holder as
However, since these

18ly exp

wels had acce im temperature test (2200° F) and a

holes, several attempts were made to fill the im temperature test (2600° F) (Fig
holes in order to prevent adverse flow and 151 and Panel No, 9 f d in the a
subsequent hot spots. The first attempt wa ‘ hole area because of the fused silica
the insertion of fused si plugs into the plugs, thus rupturing the tube and the outer
holes, flush with the exposed surface. During kin, However, even the h this premature
the first heat shield test, the plug became toc fallure occurred appre 15 min after

art of the test, tie continued t«
and the imposed environment for a:

hot and consequently expanded, causing a
failure of the acce hole tube, The next at »
tempt proved to be the most successful, It ower o m ithout any additional failuz
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Fig. 155, ITVe -3t y lumbiur t el inel No. Failure Sequence
the specimen. Calibrated weights were ed head n ior f the test macl e wit 1 e
to apply precise constant loads to the speci flectometer. This method w ed because
men. of 1t implicity and relia? ty, si e a |
he mea g equipment wa ited ex
lungsten test fixture were fabricated for ternal to th furnace, therel eliminating
the honeycomb core properties tests, These any vacuum and temperature effect n the
fixtures were designed so that the appropriate measuring sensor., Also, because the test
mode of failure could be obtained from the loads were relatively ma and the test
ore specimens. Various modif the machine and fixture vere large and stru
{ ires were accomplished a fthe turally tiff, the deflectic en
preliminary tests and some of th itial tests, Va egligible. The move €
(Details de ribing these modificatior AT« head was checked with both deflection dia
jescribed under Subsection 4, T ¢ gage and the deflectometer durir the
Figures 164 through 167 t the minary tests, and the 1 f both mea
t etups for the three honeycoml iring device ompared extreme vell wit
test conditions: shear, T ne another.
pression and flatwise comprs ion, The re
hear (flexure) fixture included tw et !
imple beam ipports (one wit an 8-1n, spar
and one ith a 4-1r p « The I T
pre ion fixture included specimen edge
ipport member to pr ent crushi { the
pecimen edges, Rocker pads were also used
to er ire the proper alignment of the load 1ir

relation to the pecimen, Al {f the aj
propriate fixture {
1ips were machined flat and parallel for proper

loading alignment

ipper and lower
ipper and hole bottom surfaces)

2. Instrumentation

I'he major effort in thi rea was expended (scribed every 0,020 in.), located on the speci
on deflection measuring device for the re , thr h the furnace ight port with the
properties and facing tensile tests, For the bi ar teler roscope, One 16-mm movie
core properties tests, the deflectior f the amera, ited at the evegla end of the

pecimen were btained by me iri the telemicr pe wa 1sed to record the re
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t = specimen thickness, uncoated (in.) TZM column com- Braze failure
pression
E = slope of stress-strain curve
D-36 flatwise com- Core wall buckling
where pression
E = Young's modulus (psi). TZM f{latwise com- Core wall buckling
pression and fracturing
Typical specimen failures are shown in
Figs. 172 through 174. In general, the speci- D-36 and TZM ulti- Tension fracture
mens exhibited the following types of fail- mate tension
ures:;
D-36 and TZM fatigue Tension fracture;
Specimen extreme elonga-
Configuration Type of Failure tion (at higher
temperatures)
D- 36 core shear Shear failure
D-36 and TZM creep Tension fracture;
TZM core shear Braze failure extreme elonga-
tion (at higher
D-36 column compres- Face wrinkling; temperatures)
sion intercellular

dimpling (at
higher tempera-
tures); end and
edge failures

- D36 | TZM

Fig, 172, Typical Specimen Failures--D-36 Fig., 173, Tynical Specimen Failures--TZ
Columbium Molybdenum

ko

Fig. 174, D-36 Alloy Tensile Coupons
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VII. ANALYSIS OF TEST RESULTS AND DESIGN PROCEDURES

DISCUSSION OF TEST RESULTS

i Str tural panel
In the full panel test, it was necessary
to use a servo ntrolled hydraulic system
to apply load to the panel. The deficiency
{f thi irrangement was that the load ap-
plication was dependent upon time alone and
t upon deflection. his esents no prob
v s 1 the st panel stresses wer

in the elas range, but, when the panel started
t vield or fail, the load application still

ntinued. A dump switch was used to re¢

eve the hydraulic pressure at a preset
panel deformation to prevent ti sy stem
follow-through from completely destroying
1 panel. The cutoff deformation selected

1 such that the panel stresses would be

far into the plastic range before the test
stopped. Once the proper limiting de

formation was selecte 4

»test setup worked

isfactorily. All panels had failures when
the deformation control had stopped the load
application. Some of the failures were ex-
tended { r than others. On this basis,
f panel mate failing stresses
i bee r than others, How
er, the lif{ 18 nsidered small
beca € the region, the tress
trai e i and a sma erence
in tota train makes an ever maller dif
ference in applied stress, It i felt, there
fore, that the maximum test loads are withir
5% of ultimate
It D-36 structural panel sults
(Figs. 126 through 145) were 'm and
onsistent (Fig. 175). 'he panel
ere in all cases | r than
licted in the reli desigr

1e program (Chapter I\
poses of this portic
letermine why thi

n were i or

'he panel shear

istently high percentage of the ultimate
tensile strength, from 86.2 at room tem
perature to 100% at 2400° ¥

of the hear test panels had t«

ocal instability, although they
cla ed ar Hltimate material {ailure, LNCe

the failing stress wa o far in the pla

>tructural

lest

ita

range, Also, some of the panels were
much as 5° out of square (because of
plastic deformation) before any failure oc
curred. Most of the pane had an inter

granular tension failure

In the room temperature shear
D-36 panel, failure
1sual manner
protective coating

¢
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(Fig.

the
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test of the
a most un
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Fig, 180, D-36 Columbium Small Specimen
Column Compression Strength Ver-
sus Temperature

range. Some of the ultimate tensile tes
in which the tantalum slide rule gages were
ised for modulus of elasticity determina-
tions, failed through the area where the
gages were spot-welded to the specimens.
I'he failure stresses of some of these tests
were consequently low and were not in-
cluded in the specimen average.

The high elongation of D-36 at 2400° F
caused the vacuum furnace bellows as
sembly to bottom -out during static test
without failing the specimen. Also, a short
gage length had to be machined on the creep
specimens to prevent bottoming of the bel-
lows before the desired results were ob-
tained. In addition, the 2400° ¥ tensile-
tensile fatipue tests were stopped because
of the excessive creep that was occurring
in the test specimens,

The brazed laminate tensile specimens
apparently performed their required task
very successfully. At room temperature
there were distinet strength differences in
the three types of specimens (as received,
as brazed, and as-brazed-plus-coated). How-
ever, =t elevated temperatures, these dif-
ferences disappeared,

The tensile specimen strengths were low,
compared to the high strengths obtained in
the panel test. The average strengths ob-
tained from these tensile tests were about
the same as the panel shear strengths.
For ductile material, the shear strength
is usually about one-half the tensile strength,

The fractures of the D-36 tensile speci-
mens were different from those normally
found in ductile materials. The entire
gage length of the specimens yielded until
failure, with almost no necking st the point
of fracture. The elongation of the room
temperature, 1600°, and 2000° F test speci-
mens was very low for columbium alloys
(Fig. 181). The 2400° F specimens ex-
hibited good elongations. The behavior was
like a brittle failure phenomenon.

2

e |
s

Fig. 181, D-36 Alloy Coated Laminate Tensile
Coupons Tested at: (a) 2400° F,
(b) 2000° F, (c) 1600° F and (d)
Room or Ambient Temperature

A metallographic evaluation of the micro-
structure of the brazed laminate tensile
specimen fractures was made to determine
the types of fractures that occurred. At
the lower temperatures, the ultimate frac-
tures were predominately transcrystalline
but some intercrystalline fractures were
visible (Figs. 182 through 185). At the
higher temperatures, the ultimate {racture
were predominately intercrystalline with
only a few transcrystalline cracks visible,
Examination indicated the presence of con
siderable precipitate, particularly at the
grain boundaries. Evidently, during the
braze and coating cycles, grain growth was
extreme and, as a result, the precipitate
wae concentrated on the relatively few grain
boundaries that remained. This can result
in low grain boundary cohesive strength
and is considered the source of the speci-
men fracture (page 258 of Ref. 40), This
was substantiated in the metallographic study,
where numerous small grain boundary ke
are visible on the test specimens In areas
removed from the fracture (Fig. 186), No
indication of slip planes within the metal
grains was visible,

u
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tion of the intercrystalline
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scopic cracks at or near
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known, the shape of the curves in com-
pression and shear cannot be established.
As a result, no attempt was made to plot
a curve for this condition,

The D-36 structural panel test results
were higher than those predicted in the
preliminary design and analysis study, as
previously noted. These predicted strengths
were based on uncoated tensile specimens
with the material in the recrystallized con-
dition (1 hour at 2200° F). In this study, the
material was assumed to be ductile with the
compression strength equal to the tensile
strength and the shear strength equal to 50%
of the tensile strength. Information on the
compression and shear strengths of the D-36
was not available at the time of the panel

2sign, and no new information has become
available. The room temperature tensile
strength of the brazed and coated material
was about 14% higher than that used in
preliminary studies. As explained before,
the panel shear strengths are equal to
facing tensile strength and the compres-
sion strengths are even higher. It is pos-
sible that somz hardening or strengthening
may have occurred. This can only be spec-
ulated, since initial strengths in compres-
sion and shear are notknown.

2. TZM Molybdenum

a. Structural panels

Only a few TZM panel tests were per-
formed because of the difficulty in sealing
the panels and in welding the load applica-
tion strips to the shear test panels. Addi-
tional tests that were planned were abandoned
when two of the panels blew apart during
heating. These panels had small braze
voids at the edges of the panels (the edges
of these panels were not sealed by electron
beam welding). When the panels were heated,
the entrapped air in the void area expanded
faster than it could escape, thus subjecting
the core-facing intersection to a peeling
stress large enough to fail the rest of the
brazed area. An important observation from
these tests was that the honeycomb panels
must be sealed at a sufficiently low pres-
sure so that expansion of any entrapped
gases, upon heating the panels, will not
generate a pressure high enough to fail
the panel if any small braze voids exist.
Because they did not blow apart, the re-
maining panels were sealed obviously dur-
ing the braze operation.

The TZM-Haynes 25 braze joints were
extremely brittle below about 1600° F. One
panel that was tested at 1600° F had a

122

braze joint failure at a very low stress
level. A metallographic study of the braze
joint indicated that considerable solid-state
diffusion alloying had occurred and resulted
in the formation oi a brittle intermetallic
at the braze-alloy to base-metal interface
(Fig. 188). This evidently occurred during
the high temperature diffusion treatment
cycle utilized in the application of the oxi-
dation protective coating.

Photomicrograph showing the Lrittie
intermetallic at braze alloy-to-metal

interface.
Fig. 188,

(130X)

TIM Molybdenum-ilayes 25 Braze
Joint After Coating Process

b. Small specimen test

The high temperature tests (1600°, 2000°,
and 2300° F) of the TZM small specimen
were very successful, The test results were
consistent and in general higher than ex-
pected from preliminary data. However,
the room temperature tests of the coated
TZM panels were completely unsuccessful,
with the brittle braze joints failing at very
low stress levels, The data were scattered
and unusable.

In an attempt to obtain honeycomb core
properties at temperaturcs below 1600° ¥,
specimens were cut from a panel that was
not coated. The braze-alloy to base-metal
joints in these specimens were still ductile
and could be loaded at lower temperatures
without brittle fracture. These specimens
were tested at 400° and 800° F and provided
satisfactory results,

The brazed-coated specimens exhibited
brittle-type failures, with the core fractur-
ing during the test. In most instances the
core shear strengths obtained from the


























































VIll. SPECIAL FLIGHT PANELS

In addition to the development investiga-
tion of the materials, design, analysis and
fabrication of refractory metal honeycomb
panels, which comprised by far the greater
portion of the program, an experimental pan-
el system for use as a radiation heat shield
on a proposed re-entry vehicle was con-
structed. This system consisted of two D-36
columbium honeycomb panels with the neces-
sary fairing strips, attachment details and
instrumentation for flight application. Al-
though the primary design, analyses and fab-
rication procedures used in the manufacture
of this panel system were developed as are-
sult of the basic investigation portion of the
program, there were several innovations in
both design and fabrication.

A. PANEL SYSTEM DESIGN

Since the primary function of the panel
system was io be thermal protection rather
than structural application, a modular stand-
off panel arrangement was selected as the
basic foundation for the panel system design
(Fig. 229). For simplicity, since special
edge designs were required, the flat struc-
tural panel (Dwg No. SK 46841, Appendix A)
was utilized as the panel configuration for the
two - panel systems. However, 0.010-in.
facings were used for the experimental pan-
els, instead of the 0.012-in. structural pan-
el facings, to reduce panel weight (Dwg No.
SK 46915, Appendix A).

Fig. 229, iLxperimental Panel System

To satisfy the stand-off mounting arrange-
ment, 0.025-in. U-shaped legs were provided
for attachment of the panels to the substruc-

ture of the proposed vehicle. Four attachment
legs per panel were used, which were located
on 6-in, centers (approximately on the pan-
el quarter points), Each leg was oriented at
a 45-deg angle to the panel centerlines toal-
low the panel to thermally expand with a
minimum of restraint.

Fairing strips were used on the panels
to provide an aerodynamically smooth ex-
ternal surface and to prevent the hot boundary
layer gases from eniering the insiallation
area behind the panel. This was necessary
because, in a modular heat shield arrange-
ment, gaps exist between the panels. These
gaps provide for the thermal expansion of the
panels when heated. A gap of 0.2 in. was al-
lowed between the two panels since each pan-
el expanded approximately 0.108 in. upon
heating to 2000° F (representative tempera-
ture). A stepped fairing strip was attached
to one of the panels to fill the gap between
the two experimental panels. An integral
fairing strip was incorporated on the forward
external face of both panels by stepping the
extended U-channel facing flange. The out-
board edge fairing strips were initially con-
ceived as extensions of the outside facing of
the panels. However, these had to be re-
moved when warpage problems were en-
countered during the coating operation (dis-
cussed in detail in Section C, Panel System
Fabrication).

Provisions for measuring pressure and
temperature were incorporated in the panel
system. A columbium (Cb-1Zr) pressure
pickup tube (0.156-in. OD, 0.017-in. wall)
was attached to the external face of the -19
panel to provide for the pressure measuring
requirement. Because of the problems as-
sociated with attaching thermocouples to
coated surfaces (Chapter VII), a mechanical
attachment method was used for both thermo-
couples. The external face thermocouple in-
stallation for the -9 panel was accomplished
by inserting a 0.250-in. OD columbium tube
between the two faces of the panel. The
sheath thermocouple could then be inserted
into the tube with the measuring junction
contacting the panel external face. The ther-
mocouple was held in place by a "seissor"
thermocouple holder attached to the inner
face (Fig. 230). The inside face thermo-
couple installation on the -19 panel was of
the same design as that used on the SK 46843
heat shield panel. Both thermocouples were
placed in the same relative positions on the
respective panels sothat the thermal gradient



External Face Thermocouple ilolder

Fig. 230.

through the panels could be determined. It
was assumed that the same thermal environ-
ment would be imposed on both panels.

B. PANEL SYSTEM ANALYSIS

To qualify the panel system for flight-
worthiness, structural and thermal analyses
were performed. Representative trajectories
for a high lift-to-drag re-entry vehicle were
used to obtain the structural and thermal in-
puts. The structural analysis consisted of
determining the margins of safety of the crit-
ical areas of the panels, which were:

Environment

Tempera-

ture
Air Load °F) Critical Area
4.5 psi (com- 600 Facing at attach-
pression) ment clip; core
at attachment
clip; attachment
clip.
2.0 psi (ten- 600 Facing at attach-
sion) ment clip; at-
tachment clip.
1.0 psi (ten- 2250 Facing at attach-

sion) ment clip; at-
tachment clip.
28 1b-ir. Nut plate instal-
(handling lation; attach-
torque). ment clip.

All of the margins of safety for these criti-

cal elements were quite high and the panel

system was considered structurally satis-
factory.

A low angle-of-attack trajectory was
selected for the thermal analysis because it
would provide the maximum thermal energy
input to the panel system and, consequently,
the maximum vehicle substructure tempera-
tures. The thermal analysis was accom-
plished by converting the equilibrium wall
temperature to a hot wall heating rate versus
time, so that the heat sink effect of the pan-
els would be represented. This heating rate
was imposed upon the panel system and
analyzed with a four-dimensional transient
heat transfer program (Ref. 48),

Two panel areas were analyzed--one at
the attachment leg, the other at an area re-
moved from the attachment leg. A two-
dimensional analysis was accomplished at
the attachment leg, and a one-dimensional
analysis was performed for the isolated
area. Figures 231 and 232 depict the re-
sultant outer face and inner support tem-
peratures for the low angle-of-attack tra-
jectory.

The maximum substructure temperature
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The thermal stress in either the
facings or the edge members is obtained
from Eqs (C-6), (C-7), (C-8) or (C-9)
with values of ¢ and ¢ from Eqs

(C-10) and (C-11). The stress equations
developed here are general enough to be

XXX11

usable in a considerable number of prob-
lems similar to the shear test assembly
analyzed in this report. Inthe case of the
shear test assembly, the panel is square
and all edges are assumed tobe identical.
It follows that

n-q-(.‘_-%‘r)l~ (EB), + (EB), (C-18)

Vew: Br‘i“—) + (EaBAT), +(EoBAT)
R 2 3

(C-19)
and
Uss- (lL”,-) (C-20)
-H

1

With the further assumption that T2 =
'I‘3 and with the substitution of Az for 82
and A3 for B.; into the facing stress equa-

tion, Eq (C-1) is obtained for the shear
test assembly.
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