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ABSTRACT 
Technical Documentary Report 

ASD-TDR-63-767 
20 September 1963 

Final Report on the Manufacturing 
Methods and Design Procedures of Brazed 

Refractory Metal Honeycomb Sandwich Panels (U) 

J. W. McCown 
et al 

Martin Marietta Corporation 

Manufacturing methods and design procedures were developed for fabricating 
details and vacuum brazing of m (Mo-0.5Ti-0.07Zr) molybdenum and D-36 (Cb- 
10Ti-5Zr) columbium alloy honeycomb sandwich panels. These included the mar- 
forming of thin sheet, the welding and finishing of honeycomb core and the high 
temperature vacuum brazing of honeycomb sandwich panels. Panels simulating a 
heat shield and a structural application on aerospace vehicles were designed, 
fabricated and tested at temperatures up to 2600°F. The capability of fabri¬ 
cating, coating and utilizing brazed columbium sandwich panels on aerospace ve¬ 
hicles, with the required design procedures for application at temperatures up 
to 21*00°?, was demonstrated. Only partial success was achieved with the TBI 
molybdenum alloy, because of the manufacturing problems created by severe welding 
problems, encountered in edge sealing of 'EM panels. All joints could be elec¬ 
tron beam welded, but sporadic cracking upon cooling could not be eliminated. 
The trouble was considered to stem from high weld restraint and metallurgical 

incompatibilities in braze alloy— T21 weldments. 
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I. INTRODUCTION 

In the past, one key to success in aircraft development, and which now appears 
to be equally important in aerospace vehicle development, is the capability to design 
and fabricate high efficiency structures. Honeycomb construction, developed to 
provide maximum stiffness at a low weight, represents such a structure. It has 
been highly developed and widely applied using adhesive bonded aluminum. The 
advent of supersonic vehicles resulted in the requirement for structures to operate 
at 600° to 800° F. Brazed titanium and stainless steel honeycomb were developed 
to meet these requirements and are now in production. 

Recently the advent of hypersonic and lifting re-entry vehicles has increased 
the desired operational temperatures to where only the refractory metals are 
feasible. This limitation has stimulated an extensive research and development 
effort in the field of refractory metal technology. Most of this effort has been 
extended toward the production of better alloys and oxidation protection coatings. 
Several laboratories have made independent studies toward developing braze alloys 
for refractory metals, but no concentrated effort had previously been made toward 
developing the complete technology for brazed sandwich panel fabrication of the 
refractory alloys. 

Many problems had to be solved before such brazed systems could be suc¬ 
cessfully fabricated and proved acceptable for service on flight vehicles. These 
included braze alloy development, honeycomb core fabrication, braze tool and 
process development, oxidation protection coating development, and destructive 
testing to determine design properties and capabilities. 

The state of the art in refractory metals and oxidation protection coatings had 
developed to the degree that it was appropriate for this program to be undertaken 
to develop the required brazing and associated technology for fabrication of practical 
honeycomb sandwich panels. The following pages present the results of such a 
program. 
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II. SUMMARY 

A program was conducted to establish 
manufacturing methods and to develop de¬ 
sign procedures for brazed refractory metal 
sandwich panels. The panel configurations 
selected were representative of two differ¬ 
ent structural concepts for aerospace vehi¬ 
cles; one was representative of a monocoque 
or semimonocoque application, the other 
represented a modular heat shield for a dou¬ 
ble-walled application. 

Test panels were fabricated from D-36 
(Cb-10Ti-5Zr) columbium and TZM (Mo* 
0.5Ti-0.07Zr) molybdenum. Thompson- 
Ramo-Wooldridge's Cr-Ti-Si oxidation pro¬ 
tective coating was used on the D- 36 panels, 
Pfaudler's PFR-6 coating on the TZM pan¬ 
els. 

In addition to evaluating conventional 
braze alloys, a study was performed to de¬ 
velop higher remelt temperature braze al¬ 
loys for vacuum brazing TZM and D-36. A 
Ti-B.SSi alloy showed considerable promise 
for TZM. This alloy could be brazed at 
2550° F and, with proper diffusion heat treat¬ 
ment, it exhibiteda remelt temperature above 
3000° F. However, further development will 
be required for application to panel brazing. 
Palladium base alloys proved unsatisfactory 
for both TZM and D-36. Haynes 25 was se¬ 
lected as the braze alloy for the TZM struc¬ 
tural panels and B-120 VCA titanium for all 
D-36 panels. No methods were developed for 
brazing TZM heat shield panels which would 
achieve the desired temperature capabilities. 

Procedures were developed for welding 
and finishing TZM and D-36 honeycomb core. 
D-36 core was resistance welded with copper 
tooling. Special tools and techniques were 
developed for electron beam welding TZM 
core. D-36 core was finished by conven¬ 
tional sawing and sanding techniques. Dia¬ 
mond saw blades were required to cut the 
TZM core, and it was necessary to heat the 
TZM core to 200° F during sanding. 

Marform techniques were developed for 
forming double stepped pans of TZM and D- 
36 for the heat-shield panel facings. The 
D-36 forming was done at room temperature, 
the TZM at 300° F. 

l>channels were formed and welded into 
square frames for the structural panel edge 
members. The miter corner joints were 
electron beam welded. A special welding and 
stress relieving cycle was required to pre¬ 
vent cracking of TZM edge member frames. 

Test panels (12 inchesbyl2 inches)were 
brazed in a high temperature vacuum furnace 
with ZrOg as a braze stop-off. Hard refrac¬ 

tory metal tooling was used to support the 
panels during brazing. Electron beam weld¬ 
ing wasemployed to edge-seal the D-36 struc¬ 
tural panels and to install special load attach¬ 
ment strips. Special techniques were devel¬ 
oped and design modifications made to seal 
the D-36 heat-shield panels. 

Severe welding problems were encoun¬ 
tered in edge sealing and in installing the 
load attachment strips to the TZM panels. 
About 50 different procedures were tried in 
unsuccessful attempts to solve those prob¬ 
lems. All joints could be welded, but spo¬ 
radic cracking upon cooling could not he 
eliminated. The trouble was considered to 
stem from high weld restraint and metallur¬ 
gical incompatibilities in braze alloy-TZM 
weldments. 

TZM heat-shield panels were not fabri¬ 
cated for test because material embrittle¬ 
ment, resulting from brazing well above the 
recrystallization temperature of the mate¬ 
rial, was so severe that the structural in¬ 
tegrity of the panels would be inadequate for 
handling and meaningful test. 

Edgewise shear and compression tests at 
room and elevated temperatures were ac¬ 
complished on D- 36 structural panels. Spe¬ 
cial test fixtures and systems were designed 
and assembled for these tests. Edgewise 
compression tests of coated TZM panels were 
attempted, but were unsuccessful because of 
the brittleness of the braze joints. 

D- 36 heat shield panels were tested in a 
dynamic hot gas environment at temperatures 
up to 2600° F. Panels successfully withstood 
exposures to temperatures up to 2400° F 
without coating failure. 

Small specimens, cut from unfailed por¬ 
tions of the panels, were tested in a high 
temperature vacuum furnace to determine the 
honeycomb core properties. Special configu¬ 
ration tensile specimens were fabricated and 
coated for determining the fatigue properties 
of the facing materials at temperatures up to 
2800° F. 

The test results indicate'that it is possi¬ 
ble to design and fabricate columbium panels 
which have the required structural and ther¬ 
mal integrity for aerospace vehicle applica¬ 
tion. However, further development will be 
required before molybdenum alloys can be 
utilized for such an application. 



III. MATERIALS AND COATINGS 

• 

• Program requirements included the se¬ 
lection of one molybdenum and one columbium 
alloy, and an oxidation protective coating for 
each material. The material selections were 
basically limited to those which were im¬ 
mediately available, but strict insistence on 
previous production experience in thin sheet 
and foil gages would have restricted alloy 
selection seriously. Consideration was also 
given to alloys which had not been rolled to 
these gages in production quantities, where 
producers could provide assurance that no 
significant problems were expected and that 
schedule requirements could be met. 

Alloys and coatings were reviewed in the 
literature (Refs. 1 through 31)* and in dis¬ 
cussions with technical personnel of both the 
producers and other laboratories. The se¬ 
lections were based on information available 

• during the'‘.first month of the program. 
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,V Ä. MATERIALS SURVEY AND SELECTION 
* « * • **"V* *** 

V *;*• !.. Mblybdenum Alloys. 

' 'ÎTwo.’molybdenum alloys were considered; 
• ' . -Mo-ofST'f ^.nd TZM (Mo-0.5Ti-0.07Zr). The 

• •' tenèile^sfijengths of these alloys as a function 
"J•¡o'f.'tètïtaeràturé are shown in Fig. 1. The 

a.' * direptlyS’comparable data which were avail- 
• "able were obtained on bar rather than sheet, 

'• buCthéy*¿.'served to. illustrate the higher 
; strength.-and improved temperature resis- 

. ••^‘.tance toçrecrystallization of the TZM alloy 
: -¾) ircompared to Mo-0.5Tii 

• » . . ' ‘I * ï" 
' , Resistance to recrystallization was the 

. ^ ^'.primary, consideration in the selection of 
■' > sthi£ molybdenum1 alloy, contingent on avail- 

c: abfliiy-.in thin sheet and foil gages, to pro- 
j .//«vidfi^the best attainable temperature capa- 

* : ¿-Abilities in the test panels. TZM was the 
..r- inore desirE<ble alloy for service above 

*2ÔÔb° F, if it could be obtained in the re- 
-r- quired gages. At the start of the program, 

only the Mo-0.5Ti alloy had been rolled to 
• * these gages in production quantities, but 

foil rolling of TZM had been demonstrated. 
The TZM alloy was selected for the pro¬ 
gram. 

♦ References will be found in Section XI. 

Miteriil Form D»u Sourco 

TZM Shoot OE 

TZM Bor Climax 

Mo-0. STi Bar Climax 

TZM Shoot Climax (ouggoaled 
■hoot opecification) 

Fig. 1. Ultinatc Tensile St roust ii Versas 
Temperature—Solccteil .kilylnb a1- 
A1loys 

2. Columbium Alloys 

Six columbium alloys were considered: 
Cb-752 (Cb-10\V-5Zr), F-48 (Cb-15\V-5Mo- 
IZr) FS-82 (Cb-33Ta-0.75Zr), D-14 
(Cb-5Zr), D-36 (Cb-10Ti-5Zr), and B-?3 
(Cb-4V). The tensile strength and strength- 
to-weight data which were available on the 
civ alInes are comoared in Figs. 2 and 3. 

Structurally, the stronger alloys were of 
primary interest, but the requirement for 
thin sheet and foil gages eliminated them 
from further consideration. Such gages 
were definitely beyond the state of the art 
for F-48. No insurmountable problems were 
envisaged for rolling these gages in Cb-7a2, 
but three to five months of development effort 
prior to production were anticipated. 

Selection of the columbium alloys was 
ms restricted to the moderate strength 
llovs. These included FS-82 (Cb-33Ta- 
.75Zr), D-14 (Cb-5Zr), D-3S (Cb-lOTi- 
Zr) and B-33 (Cb-4V). Because similar 
trength-to-weight ratios characterize these 
Hoys in the temperature range of interest 
!10'0° to 2800° F), this factor could be 
argely discounted in the final alloy se- 
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MaUrial 

• )• ^(Oi-läW-fiMo-lZr) 

A n»*752<Cb-l«W-5Zr) 

■ KS-82 (l.’b*33Ti-0. H/.r) 

► R-33 (Cb*4V) 

▼ IM4(Cb-5Zr) 

♦ 11-36 (i'b-lUTi-SZr) 

Data Sourer 

MAí'/C¡K program 

Hay ms atollitr 

MAC/CïE program 

Westinghouse 

DuPont 

DuPont (recrystallised) 

Fie. 2. Ultimate Tensile Strength Versus 
Tempe rat ure--Se1cc ted Columbiun 
Allovs 

Material Data Sourer 

• F-48 (Cb-i5W-5Mo-lZr) 

A Cb-752 (Cb-10W-5Zr) 

■ F5-82 iCb-33Ta-0. 8Zr) 

♦ B-33 (Cb-4V) 

▼ D-14 (Cb-5Zr) 

► D-36 (Cb-10Tl-5Zr) 

MAC/GE program 

Haynra rtrllitr 

MAC/GE program 

Wnrtinghouar 

DuPont 

DuPont (rrcryalalliaed) 

Hip,. 3. Strenpth/Density Versus 
Temperature--Selected 
ColuialiitiM Alloys 

lection. All oftliese alloys could be made in 
thin sheet and foil gages, but this has been 
accomplished only on a limited scale, except 
for the "older" FS-82 alloy. However, no real 
problems were anticipated for the other 
alloys. 

FS-82 had the advantage of greater user 
and producer experience, but the lower 
densities of the new alloys (0.28 to 0.306 
Ib/cu in.) compared to FS-82 (0,37 Ib/cu 
in.) enhanced their attractiveness, partic¬ 
ularly where minimum gages characterized 
design. The heat shield panels were in this 
category; the lower density alloys provided 
a weight saving of 17 to 24% compared to 
FS-82. 

The D-36 (Cb-10Ti-5Zr) was selected 
for the program. The improved oxidation 
coating capability of the alloy associated 
with its high titanium content was a dominant 
selection factor. 

B. COATINGS SURVEY AND SELECTION 

No attempt was made to review in detail 
all of the coating systems which were being 
developed for the protection of molybdenum 
and columbium alloys. A preliminary survey 
revealed that many of these were not per 
tinent to program requirements or were not 
sufficiently advanced for hardware appli¬ 
cation. A primary requirement was the 
availability of facilities adequate to coat 
12- by 12-in. panels (16- by 16- in. with 
load attachment strips for structural panels). 

1. Molybdenum Coatings 

Coatings for molybdenum, applicable in 
the temperature range of interest on this 
program, were primarily silicides or com¬ 
plex silicides obtained by alloying with me¬ 
tallic additions. Such coatings included 
Pfaudler PFR-6 (Refs. 20 and 24), Vought II 
and IV (Ref. 22), Chromalloy W-2 (Refs. 22 
and 29) and Chromizing Corporation Durak 
MG (Ref. 22). Sylcor 40S (Refs. 25 and 26), 
an Al-Sn coating system, was also con¬ 
sidered. 

The silicide types were generally pro¬ 
prietary coatings, applied by pack cemen¬ 
tation. Comparative data for test conditions 
similar to those planned for this program 
were limited, but the reported performance 
of these coatings was considered to be 
generalis adequate for the contemplated test 

i • 
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program. TIu* Al-Sn coating system, de¬ 
veloped by Sylcor for tantalum, appeared 
also to have good potential for molybdenum. 
Coating reliability was more difficult to 
assess, particularly with reference to the 
correlation of test data on coupon-type speci¬ 
mens with performance on full-scale parts. 

Pfaudler, Chromalloy and Sylcor re¬ 
sponded to inquiries and indicated that facil¬ 
ities were available for coating the test 
panels. The Pfaudler PFR-6 coating, which 
was also being used on the High Temperature 
Fastener Program (AF33(616)-8104) at Re¬ 
public Aviation Corporation, was selected 
for this program. 

2. Columbium Coatings 

Applicable coating systems for columbium 
were, as in the case of molybdenum, largely 
based on the use of silicides for protection. 
The systems were, in general, more involved, 
with multilayers of complex chemistry quite 
common. Such coatings included several 
developed by Pfaudler (Ref. 24), an experi¬ 
mental Chromalloy coating (Ref. 29),Chrom¬ 
izing Corporation K-S (Ref. 22), Thompson- 
Ramo-Wooldridge Cr-Ti-Si (Refs. 17and28), 
and Vought ICb and IlCb (Ref, 27). The Gen¬ 
eral Electric Al-Cr coating LB-2 (Ref. 6) 
was also considered. 

Comparative data on the performance of 
six columbium coatings were reported on an 
ASD coating evaluation study (Ref. 17), with 
several of the coatings reportedly improved 
since the study was completed, The 
Thompson-Ramo-Wooldridge Cr-Ti-Si coat¬ 
ing performed best under the test conditions 
employed in this study. The Pfaudler colum¬ 
bium coatings were not included. 

Pfaudler, Chromalloy and Chromizing 
Corporation responded to inquiries and in¬ 
dicated that facilities were available for 
coating .he test panels. Thompson-Ramo- 
Wooldridge indicated that new and larger 
facilities had already been planned and would 
be completed in time for the program. 
General Electric facilities were unavailable 
because of prior commitments. 

The Thompson-Ramo-Wooldridge Cr-Ti- 
Si coating, which was also being used on the 
High Temperature Fastener Program (AF33 
(616)-8104) at Republic Aviation Corporation, 
was selected for this program. 

C. PROGRAM MATERIALS 

1. TZM Panel Materials 

The TZM molybdenum material was ob¬ 
tained from Universal Cyclops Steel Cor¬ 
poration. This included0.002-in.foil,0.008-, 
0.012-, 0.025- and 0.040-in. sheet,and 5/16- 
in. tooling plate. 

The material was purchased to Martin 
specification MMS 1633; pertinent chemical 
and mechanical property requirements are 
shown in Tables 1 and 2. Tensile require¬ 
ments applied to sheet and strip ( > 0.006 
in.) in the stress-relieved condition. The 
bend ductility requirement for sheet and strip 
up to 0.040 in. in thickness was a 2t radius 
bend through an angle of 105® at 65* to 85® F. 
A longitudinal flat bend on Itself without 
cracking was required for foil gages (< 0.006- 
in. thickness). While more stringent flatness 
requirements were desired, actual require¬ 
ments were limited generally to AMS 2242 
(Tolerances, Corrosion and Heat Resistant 
Alloys, Sheet, Strip and Plate) to obtain 
vendor acceptance of the specification. The 
AMS 2242 variation from flat had to be 
further increased to 3/4 in. for material 
under 0.030 in. in thickness. 

Table 1 summarizes the chemical com¬ 
positions of the TZM heats from which the 
material for this program was processed. 
Mechanical properties are summarized in 
Table 2. Check tests made on one heat 
(KDTZM-518A) were in reasonable agree¬ 
ment with Universal Cyclops data. 

Although the measured total tensile 
elongation of this sheet material ranged from 
6 to 17%, Universal Cyclops indicated that 
the uniform elongation was considerably 
lower, on the order of 3%, and that the ma¬ 
terial was highly notch sensitive. Both of 
these limitations had to be considered in the 
fabrication of parts. Particularly impor¬ 
tant was edge preparation to remove any 
flaws which might be produced during shear¬ 
ing or cutting operations, to avoid cracking 
and brittle fracture during subsequent fabri¬ 
cation. 

Universal Cyclops encountered major dif¬ 
ficulties in the production of the 0.002-in. 
foil material. Initial deliveries were made 
approximately 2-1/2 months after promised 
iates, with subsequent deliveries to com- 
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TABLE 1 

TZM Molybdenum Heat Analyses 
Reported by Universal Cyclops Steel Corporation 

Chemical Analysiw 

Ileal 
Number 

Specif»* 
Ctlt UM! 

(MMS 
1633) 
KDT/M 

-48ÜA 

-518A 

-741B 
-74211 

-77 IB 

-933A 

-93411 
-936A 

-938A 

•964 

T»£ /•' 

.40 

..15 

.47 

.47 

.44 

.46 

.SI 

.45 

.43 

.46 

.48 

.48 

.06 

.12 

.11 

.07 

.09 

.09 

.06 

.11 

.09 

.12 

.11 

Kef. 

.010 
max 

.003 

.002 

.oo;» 

.005 

.002 

.008 

.001 

.0015 

.001 

Ni*'. 

.002 
max 

.001 

.001 

.001 

.002 

.001 

.002 

.(HU 

.002 

.(HU 

S»% 

.008 
mux 

C% o% 

.010 

.040 

.002 

.001 

.004 

.004 

.004 

.IH)35 .020 

.0035 .021 

.0035 .028 

.001 .032 

.040 

.031 

.020 

.021 

.027 

.003 
mux 

.002 

.002 

.0008 

.001 

.(HU 

.0007 

.002 

.002 

N% 

.002 
max 

.002 

.002 

.0004 

.0006 

.0003 

,0(HI4 

.0002 

.001 
max 

.0001 

.0003 

.0003 

.0003 

.0003 

.0(H) I 

.0001 

Mo% 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

Balance 

.10 .(HU 5 .003 .0035 .027 

.0002 .0001 

.0003 .0002 Balance 

Material 
Gagen 

(ui.) 

.012 

.012. .025 

.008 

.008 

.008 

.312 

.312 

.002 

.040 

.002 

TABLE 2 

TZM Molybdenum Sheet and Plate 

Met ha nica I Properties 
Reported l»y rniverii.il Cv. lops Steel Corporation 

‘.A . 

Beat 
Numbi-r 

Spec ifte'at ion 
(MMS 1633) 

KDT/.M 
- 489A 

-5I8A 

(iagr 
Thii kneMN 

(in. ) 

-74 IB 

-7I2B 

-77 IB 

-933A 

-934B 

-938A 

0.012 

0.012 

0.025 

0. 008 

0 008 

0.312 

0. 040 

Teat 
Direi lion 

Yield 
Strength 

(0. 2% offset) 
(p«*i)_ 

ritim ite 
Tensile 
Strenifth 

(PHI) 

laingitudinal 
laaigitudinal 
Transverse 
Transverse 

lAHigitudinal 
I .< Mi|* it ud i rial 
Transverse 
Transverse 
longitudinal 
45 deg 
Tranaverne 

Longitudinal 
lAMigitudinal 
Transverse 
Transverse 

Longitudinal 
Longitudinal 
Transverse 
Transverse 
Longitudinal 
Longitudinal 
Transverse 
Transverse 

Longitudinal 
Longitudinal 
Transverse 
Transverse 

Longitudinal 
Transverse 

Longitudinal 
Transverse 

Longitudinal 
Longitudinal 
Transverse 
Transverse 

123.900 
122.900 
1 I .. >00 
113.800 
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138.200 
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142.100 

135.400 
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142.400 
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132.300 
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131,000 
132.900 
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130.300 
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132.200 
129.300 
145,000 
143.700 

Room 
elongation Temperature 
in 2 Inches 105* 

(M_Rend' , 
Vt. Otra 

Hardness 

lumgitudmal 140,000 max 150,000 max 
Transvers«' 140,000 max 150,000 max 

8 min 
6 min 

13 0 
9.3 
9.3 
i. 1 

13.5 
10. 5 
11.3 
10. 5 

12.0 
19.0 
11.0 

14 5 
17 6 
11.3 
13. 8 

12 9 
17 4 
6.3 
8 7 

14.8 
*10 0 

8 7 
8.5 
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10.5 
9.3 
8. 1 

15. 1 
16.2 

17. 1 
13 4 
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13.4 
14.9 
11.3 

2t 
2t 
M 
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2t 
2t 
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2t 

2t 
2t 
2t 
2t 

2t 
2t 
21 • 
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2t 
2t 
2t 
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267 

*• .-F J 
. . ^ 

• • *# 

■ /• * '• i-1 

• • * • 
•f *. *. • • ... * 

• • • '¿1*4 

' /..5 

: -i-.M 

• •.«■s 

■- •'« * -/1 
* », • M . .. 

• » 
.* V 

.. 

•’ ' -i 

'■ "XI* 

8 



r 

píete the order spread over a four-month 
period. The bend ductility of the foil was 
good. The majority of the material was flat 
with a minor herringbone surface finish 
pattern. 

.“.Á ï 

,. . * "V»s • 

i.r. 

Sheet flatness was excellent, with no 
evidence of "oil*canning" which would have 
prevented the facing materials from making 
complete intimate contact with the core 
during panel brazing. 

- . ....... -.. In the initial forming operation on the 
-sj*-’ Y .'Víjv 0.008-in. material to produce double-step 

• Û/"i ?y ’ pans for heat shield facings, it became 
. ■'í.í.-Vjí r./, • Apparent that there was considerable vari- 

* ation in the fabricability of the material. 
.Some, sheets could be formed satisfactorily 

k into pans; others, formed by identical pro- 
t^cedures, would fracture or wrinkle at the 

,‘panel corners. Visual examination provided 
no clue a£ to the cause of the difficulty. Some 

.strangely appearing streaks were revealed 
by radiographic inspection, but these could 

correlated with the failure areas, 
uniformity "as significantly un¬ 
stress-relieving in vacuum at 

.o. one hour prior to forming, 
rocessed in this manner were formed 

1 corners. Subsequent stress- 
and forming operations proved 

s concluded that, 
was procured in 

the vendor 
produce the 

severe 

2. D-36 Panel Materials 

!>. «• »• 

-t. 
,»s. 

v • ' 
-:¾ ■ t ., ..-.Ir 

í». 

I 

The D-36 columbium material was ob¬ 
tained from * E. I. duPont deNemours and 
Company. This included 0.002-10.. foil, 
0.008-, 0.010-, 0.012-, 0.025- and 0.040-in. 
sheet, and 5/16-in. tooling plate. 

'V A. t>;-V :'r. . '■ 

-¾. • 
' • V»./ 

A 
1 

'1'-" » 

• » 

•V-,,' V. • .n-V- 

M 
• Sk- 

- '•. "i’v y. " jf * * 

•- r 
. 

•The material was purchased to Martin 
specification MMS 1691; pertinent chemical 
and mechanical property requirements are 
shown in Tables 3 and 4. Tensile require¬ 
ments applied to sheet and strip in the fully 
recrystallized condition. Foil ( < 0.006- 
in. thick) was supplied in the as-rolled con¬ 
dition, and it was required that it have suf¬ 
ficient bend ductility to withstand a longi¬ 
tudinal flat bend on itself without cracking. 
While more stringent flatness requirements 
were desired, actual requirements were 
limited generally to AMS 2242 to obtain 
vendor acceptance of the specification. The 
AMS 2242 variation from flat had to be 
further increased to 3/4 in. for material 
under 0.030 in. in thickness. 

Table 3 summarizes the chemical com- 
positions of the D-36 heats from which the 
material for this program was processed. 
Mechanical properties are summarized in 
Table 4. 

While the specification flatness require¬ 
ments for sheet were met, the 0,008-in.'D* 36 
columbium sheet exhibited sufficient wavi¬ 
ness to cause problems in test panel brazing. 
The 0.008-in. material was marformed into 
double-step pans for the heat-shield panels. 
Even after the high pressure forming proc¬ 
ess, there was sufficient excess material 
in some facings to prevent complete intimate 
contact with the honeycomb core during the 
panel brazing operation. This caused blis¬ 
tered or unbrazed areas to remain on the 
panel after brazing. The blisters, which 
were found only on flat heat-shield panels, 
occurred along two adjacent panel edges. 

A hot creep-flattening operation was at¬ 
tempted on several of the 0.008-in. heat 
shield facings. Each was placed in the 
brazing tool with additional pressure applied 
by tungsten weights, and the assembly was 
heated to 2200° F for one hour in vacuum. 
This '•'flattened" the .sheet, but it also re¬ 
vealed the problem of excess material which 
caused blisters during the brazing process. 
Small blisters, or "oil cans" appeared in the 
material at .the same locations as were 
encountered during brazing. To remove 
the* waviness ‘ of .oil canning from the ma¬ 
terial by hot creep flattening, sufficient 
pressure .would have had to be used to cause 
a compressive" stress great enough to cause 
the material to creep. This was not possible, 
because the maxirhum pressure which could 
b’e obtained by dead weight loading was limited 
to about 1/2 psi. 

No method was found for flattening these 
sheets. The problem was resolved by 
selecting a braze alloy system with sluggish 
flow characteristics to permit larger gaps 
to be bridged and acceptable, void-free panels 
to be produced. 

3. TZM Molybdenum Bolts and Nuts 

Four hundred TZM molybdenum shear- 
type bolts and nuts were procured from 
Voi Shan Manufacturing Company for attach¬ 
ment of shear test panels (flat structural 
panels) to the picture frame test jig. These 
fasteners were l/4-in. diameter with 25 
threads per inch. The threads on both the 
bolts and nuts were rounded for coating 
purposes, and there was extra clearance be¬ 
tween the threads to allow for coating build¬ 
up. The PFR-6 coating was applied to the 
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lK>lts :iiid mits hy Pfaudh-r. Kif>un s 4 and 
5 show iToss-soi'Utnial i)hotomior;»gi aphs 
of tin- lliroads of a coated boll and nut, rc- 
SIK'otl\t‘l> .

Fir, 4. rhntuiucro*'rawii of Cross Section 
of I’fniullc- l’l!F-0 Coated TC'I 
ilolybdeniin liolt Thread (75XJ

Fiv;. S. rhotomcroi’.rapli of I’faudlcr l'FI!-b 
Coated fC;t loiybdcmira .‘.ut (75X)

In gCMieral, these fasteners performed 
satisfactorily in tests. Most of the bolts 
were used as many as three times. In 
most ca.ses, after tw o or three tost exixisures, 
the coating on the threads would become 
damaged to the extent that the TZM molyb­
denum would start to oxidize. During the 
thermal testing cycle, about 5 to 10"'c of the 
nuts would freeze to the bolts to such an 
extent that the bolts had to be broken to 
remove them from the test jig.

No incompatibility was noted between 
the Pfaudler PFIl-fi coated TZM molyb­
denum bolts and nuts and the Tiiompson- 
Ramo-Wooldridge Cr-Ti-Si coated D-36 co- 
hunijuum test panels. The maxiimnn tem­
perature reached in the siiear-strip attach­
ments, where the fast^mers W'ere located, 
was about 1700° F. Actual panel te.st tem­
peratures ranged up to 2400° F.

4. Recrystallization Behavior of TZM

Brazing studies in Phase I of the program 
were principally conducted on a small quan­
tity of 0.Ci:i-iii. thick TZM sheet received 
from Universal Cyclops prior to delivery 
of the material for test panel fabrication 
in Phase II. The Phase 1 material could be 
brazed at 25,a0° F for 15 minutes or at 
2600° F for 5 minutes without recry.stal- 
lization. The TZM molybdenum brazing 
studies were largely predicated on this 
behavior, since maximum brazing tempera­
tures, consistent with avoidance of di'- 
leterious recrystallization effects, were de­
sired to obtain optimum structural test 
panel capability.

Late 111 the brazing development study 
program. Phase II material was received. 
This material was found to be considerabli 
less resistant to recrystallization than the 
Phase 1 stock and required a major change 
in the brazing temperature ri-quirement- 
whieh had pnwiousiy govenu'd the deielop- 
ment work, if recrystallization was to be 
avoided. This had a major impact on the 
h.gher remeli temperature braze alloy 
studies.

Recrystallization .studies which were 
made on both thi- Phase I and Phase 11 ma­
terials are summarized in Table 5 and 
presented graphically in F igs. 6 to H. The 
•studies encompassi'd reheating temperatun-s 
from 220U° to 26011° F and reiiealing times 
of 15, 30 and 60 minutes. Representative
microstructures of tlu* Phasi' 11 material



are shown in Figs. 9 and 10. No change 
in microstructure of the as-received 0.008- 
and 0.012-in. thick Phase II material was. 
evident after 15 minutes at 2300°F. Evidence 
of slight recrystallization can be noted after 
15 minutes at 2400° F. These gages were 
significantly recrystallized after 15 minutes 
at 2500° F. 

Long-term structural capability for TZM 
in thin sheet form appears limited to 22009 
to 2300° F unless processing schedules can 
be modified to provide more resistance to 
recrystallization. Original estimates had 

suggested that extended exposure to 2400® F 
without recrystallization might be possible. 
These estimates were based principally on 
the reported behavior of TZM bar material 
and on the short-time capabilities ‘at 2550® 
to 2600® F of the 0.013-in. Phase I material. 
The Phase I material was deceptive to the- 
extent that it could be exposed to short- 
time brazing cycles at these higher tem¬ 
peratures without recrystallization, yet had 
no long-term capability at 2400® F <cf. 
Table 5). With this additional information 
and the data on Phase II material, the 
original estimates were clearly optimistic. . 
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TABLE 5 

TZM Molybdenum Recrystallization Studies 

RrcrysUlUritlM 

% : - / ' V 

Rr*r«lta« t'iMiar I V.MM-M. u «U » 0 MS Mi. 
rrmarralurr Tiatr 0. 011 M>. Sheri Shrrl Shrrl Shrrl 

Crt lim» ahm Wei nm> meet usai w—i >i»a> owi »>»a> 

• «».. ’ V * e# , • • • • • «r 
.• ••*» •• . • M V. - 

,v, ‘ 
• • • • « 
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• •• • .»•••*• y.% • 

M «I* 

M n* 

I» « 

ift (ft 

100 100 

•o • 
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•PrertnMBly hrrtrO to 710^ ft IS mUMlr« 'bruto« rt«4le«l 

Fi|>.. 7. liffcct of Reheatinn Tcnocrature 
and Tine on Recrystalliiation of 

• 0.012-in. TIM Molybdcnua Sheet 

• — 

1 ’ 
: • -,— j 

. °Q-1 2200 Tjqp • 2400 2500 2600 
Temperature (°K) 

• • • 
Fig. o. .Effect of Rehcatini: Temperature 

• . »and Time on Rocrystallixation of 
* 0.008-in. TZM Molybdenum Sheet 

0.01 ’ 0.02 0.03 0.04 0.05 
Sheet Thicknesa (in.) 

Fie. 8. Extent of Rccrvstallization of 
p rzM Molybdenum Alloy Versus Sheet 

Thickness for Several Thermal 
Cycles 
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30 min 60 min 

NOTES: 

Sheet received for Phase II 

panel fabrication 
Etchant: alkaline K^h efCNig 

Magnification: 400X 

Fiß. 9, Kecrystallization Behavior of 0.008-in. TZM Sheet 
Versus Temperature and Time 
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15 min 30 min 60 min 

Ji.M 1 

2500“ F 

260<r 

NOTES: 

Received for Phase II 
panel fabrication 

Etchant: alkaline KjFefC’Nlg 

Magnification: 400X 

Fír. 10. Rccrystallization llchavior of 0.012-in. TZM Sheet 
Versus Temperature ami Time 
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IV. PRELIMINARY DESIGN AND ANALYSIS STUDY 

The purpose of the preliminary design and 
analysis study was to establish the testpánel 
configurations. While a primary requirement 
was that these configurations be suitable for 
testing, they should also be representative of 
aerospace vehicle application. The test pan¬ 
els were designed to simulate two different 
types of vehicle applications: 

(1) A load-carrying structural application 
for utilization as monocoque or semimono- 
coque structure. 

(2) A modular-type radiation heat shield 
for a double-walled structural concept. 

A. DESIGN CRITERIA • . ' 

1^ Structural Panels • .. 

In a monocoque structural application, the 
panels are subjected to in-plane loads due to 
the internal pressure requirements, flight 
maneuver loads and lateral loads due to 
aerodynamic pressures. . Of thé resulting 
panel stresses, the most severe design con¬ 
dition occurs when compression and shear 
loads are applied to the panels. .These con¬ 
ditions, coupled with the panel size, provide 
the design requirements, such as thickness 
and strength, for the honeycomb 'core. No 
s|K>cific design conditions were available for 
the structural panais; these conditions arc- 
peculiar to the particular vehicle configura¬ 
tion, location and load factors. To provide a 
design that would simulate-an actual applica¬ 
tion, a panel facing thickness representative 
of a structural application on a high lift re¬ 
entry vehicle was arbitrarily selected. \\ ith 
the facing thickness fixed, an optimum core 
thickness could then jje defermined. 

The edge .members for the structural pan¬ 
els must also be representative of a practical 
application, yet suitable for testing. To meet 
these requirements,-a L'-channel .edge mem¬ 
ber was selected because it represented a 
joint suitable for either welding or bolting. 

Structural panel application temperatures 
are limited by the strength and ductility of 
the material, but, in general, panels should 

• be capable of operation to temperatures of 
22003 to 2400° F for aerospace application. 

2. Heat Shield Panels 

In a heat shield application, panel struc¬ 
tural design is controlled by lateral pressure 

rc-quirements. To provide a design that would 
be representative of a high lift re-entry vehi¬ 
cle application, a design condition of 1.2 psi at 
3000* F was provided by ASD. With this con¬ 
dition fixed, the structural design could be 
determined. 

The edges of the heat shield panels pre¬ 
sented a- peculiar design problem. The pri¬ 
mary design requirements were to provide: 

(1) A si if) joint which will prevent entry 
of the hot boundary layer gases to the insula¬ 
tion area. 

(2) - A-minimum weight design. 

These could be best achieved by using a 
'• stepped joint with the step an integrally 

formed part of the panel facing. This pro- 
Vided the sealing requirements as well as a 
minimum weight design. 

The panel supports should allow the panel 
to expand freely, with a minimum of thermal 
stresses generated in the panel. No particu¬ 
lar effort was made to minimize heat transfer 
through the clip or to provide a support clip 
that represented an optimum design. 

B. MATERIAL PROPERTIES 

To accomplish the design study at the re¬ 
quired time, it was necessary to select basic 
material performance data from available 
information. This information was used to 
establish facing strength and moduli, as well 
as a basis for predicting honeycomb core 
properties. Subsequent phases of the pro¬ 
gram determined these data experimentally. 

1, Facing Properties 

The material tensile strengths (Refs. 11 
and 17) used for test panel design were those 
for D-36 sheet and TZM bar (Figs. 1 and 2). 
Ultimate shear strengths were estimated to 
be 50% of the ultimate tensile strength, and 
ultimate compressive strengths were as¬ 
sumed equal to the ultimate tensile strengths. 

The stability design of the test panel re¬ 
quired the use of an effective modulus of 
elasticity for design in the elastoplastic re¬ 
gion. The effective modulus used in this 
study was 

2EE. ’ _ t 
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where 

£ b Young's modulus of elasticity 

Ej b tangent modulus of elasticity. 

To determine the effective modulus at the 
temperatures required in test panel design, 
stress- strain curves at various temperatures 
were required. 'Stress-strain curves were 
reported up to 2400* F for TZM (Ref. 17), 
Young's modulus values were provided for 
D- 36 by ASD, but stress- strain data were not ' 
available. Predicted stress-strain curves • 
for D-36 were based oi) Young's modulus and 
the modulus and strengths qt 0.001- and* 
0.002-in. strain and ultimate strengths* re¬ 
ported (Ref. ll).s The shape of the curves 
was chosen to be "similar to'that" reported 
.fob FS-82 (Ref. 5)t 

• • * . • 
2. Honeycomb Corn Prftperties 

• • • 
• • • : 

The mechanical properties of D-36 co¬ 
lumbium and TZM molybdenum honeycomb, 
cores were predicted by means of simple 
theoretical formulas. The cores used for 
the test panel were square-cell welded honey¬ 
comb. Reduction factors were applied to- 
core material properties to provide a rea¬ 
sonable margin of safety in core strength..' 

Honeycomb core densities wer.e calcu¬ 
lated from 

where 

t * honeycomb foil thickness 

s » honeycomb cell size (distance 
between parallel faces) 

p * material density. 

The shear strength of the honeycomb core 
was calculated from the formula 

than the ultimate strength of TZM was used 
to compensate for loss of properties because 
of partial recrystallization of the highly 
worked foils in subsequent fabrication. Al¬ 
though the shear strength should actually be 
closer to 60% of the tensile strength, a 50% 
factor was used to provide for other contin¬ 
gencies. For example, Eq (2) assumes that 
the honeycomb cell walls remain rigid to fail¬ 
ure and do not buckle in a tension field web 
effect. In most honeycomb cores, the tension 
field* web effect occurs prior to failure. Thus, 
the equation will generally indicate higher 
strength values than can be obtained in test. 
Also, the amount of braze node flow can vary 
the core shear strengths considerably. 

The flatwise compressive strength of the 
honeycomb core was calculated from the 

'equation 

where 

• F s compressive yield strength of 
cy the honeycomb core material. 

. For the reasons previously discussed, the 
compressive yield strength of the material 
was assumed to be equal to tensile yield 

- strength at 0.1% offset for TZM and equal to 
the tensile ultimate strength for D-36.Equa¬ 
tion (3) will yield only approximate values for 
the flatwise compressive strength of the 
honeycomb core. In the equation it is as¬ 
sumed that the honeycomb cell walls remain 
rigid to failure, although the core wall will 
actually buckle at a fairly low stress and the 
material in the core nodes will take most of 
the load. The amount of braze node flow 
usually balances out the loss due to buckling. 

The honeycomb core shear modulus was 
calculated from the equation 

t 
G = 0.6-1- G (4) c s 

where 

F = shear strength of the honey- 
su comb core material. 

The shear strength of the material was as¬ 
sumed to be 50% of the tensile yield strength 
at 0.1% offset for TZM, and 50% of the ultimate 
tensile strength for D-36. The yield rather 

where 

G = modulus of rigidity of the honey¬ 
comb core material. 

The modulus of rigidity was derived from 
the relationship: 

„ _ E 
G -TTT^n 
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where 

Poisson's ratio n was assumed to be 
0.3. 

where 

critical stress 

Equation (4) gives only an approximate core 
shear modulus. The amount of braze node flow 
can make as much as a 50% difference in the 
core shear modulus. This not only makes the 
core shear modulus difficult to predict, but 
makes it almost impossible to get consistent 
test data for evaluation. The core shear mod¬ 
ulus is one of the most important parameters 
in honeycomb design. To allow for unpre¬ 
dictable errors, a reduction factor of 0.6 is 
used in Eq (4) to provide honeycomb design 
values. The selection of this factor was based 
on the use of the equation with stainless steel 
core. 

The flatwise compressive modulus of the 
honeycomb core was calculated from the 
equation 

E « 0.4 — E 
c p 

where 

E * modulus of elasticity of the 
c honeycomb core material. 

This formula generally gives spuriously high 
moduli because of the early buckling of the 
honeycomb cell walls. Again, for design pur¬ 
poses, a reduction factor of 0.4 is used. 

The welded square-cell honeycomb core 
used for the test panel was assumed to be 
isotropic within the plane of its faces, a 
reasonable assumption for honeycomb core 
of this type. The nodal flow of the braze al- 
lov decreases the variation of the core prop¬ 
erties with ribbon direction. In general, this 
variation is within the normal scatter of re¬ 
sults in honeycomb sandwich panel tests. 

C. DESIGN P HOCE DUKES 

In this discussion ofthe design procedures 
and information required for the structural 
design of the test panels, the information is 
presented in summary, and the major design 
curves and procedures are referenced from 
MIL-HDBK-23. 

1. General Instability 

The general design equation for panels 
with isotropic faces of similar material of 
equal thickness is 

K « Kf+Km 

K. = theoretical coefficient depend- 
f ent on facing stiffness and pan¬ 

el aspect ratio 

K « theoretical coefficient depend- 
m ent on sandwich bending and 

shear rigidities and panel as¬ 
pect ratio 

E' * effective compressive modulus 
of elasticity. 

A direct solution of Eq (6) was impossible be¬ 
cause of the dependency of E' on Fcr. To al¬ 

low for a direct solution, the equation was 
modified to: 

The left side of Eq (7) is a function of the 
material properties and the right side is es¬ 
sentially a function of the panel geometry. 

The general instability (Eq (7)) is appli¬ 
cable either to shear instability or compres¬ 
sion instability. This is accomplished by 
using the proper coefficient "K" for either 
shear or compression. For determination of 
K, the test panels were assumedtohave sim¬ 
ply supported ends and edges, and an aspect 
ratio of 1.0. For the test panels, Kf was suf¬ 

ficiently small so that it was assumed to be 
equal to zero. The coefficient Km is a func¬ 
tion of the panel aspect ratio and the param¬ 
eter 

V 
2 tf E' 1 c * 

2X bZ Gc 

as given in Fart III of MIL-HDBK-23. 

The following iterative procedure was 
used to determine the required value of ef¬ 
fective panel depth, h, to stabilize the panel. 
Curves required for the determination of K 
from V are given in Part III of MIL-HDBK- 
23. The term V was initially assumed to be 
zero and K was determined. Then Eq (7) was 
used to determine the value of h. Convergence 
was obtained in a few cycles of iteration. 
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Design plots were made for both shear 
and compression instability. These plots 
(Figs. 11 and 12)showed critical stress divid¬ 
ed by panel weight versus core thickness at 
various temperatures. These plots were 
originally made using the rather limited 
material property data available in Phase 1 
of the program. As a part ofPhase 111 of the 
program, the basic theory (Eq (6)), utilizing 
the material properties obtained in Phase II, 
was compared with the actual panel test data. 

A honeycomb panel failing in compression 
or shear instability will sometimes have a 
final failure in the form of a shear crimp 
(Fig. 13). This is a result ofthe panel buck¬ 
ling in short wave length, submitting the weak 
core to high shear stress. The core will fail 
in shear, relieving the stress in the facings. 
This will usually allow the remainder of the 
panel to return to its original shape, leaving 
the shear crimp as the only apparent failure. 
To ensure against this typo of failure, the 
panels were designed to be stable at ultimate 
load. 

Fie. 11. »-Sb Columbium--Strcneth-acieht 
Versus Panel Thickness (0.012-in. 
facing thickness) 

Fig, 12. '12'! 1 vl)Jennr.--.'itreartli-'dclit 
Versus Panel IT.icknoss ((1.()12-in, 
facing thickness i 
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Fij;. 13. Typos of Honeycomb Sandwich 
Panel Failure 

2. Local In stability 

A local instability failure occurs when the 
braze or core fails, causing the facings to 
buckle at some limited or local area in the 
panel. This occurs because of a large core 
cell size, a weak honeycomb core or a weak 
braze alloy strength. The two basic types of 
failure that can occur are described below. 

a. Intercellular dimpling 

An intercellular dimpling failure occurs 
when the facing sheet buckles within the cell 
(Fig. 13).. This type of failure is associated 
with thin skin and/or large core cell size. 
The critical facing stress at which dimpling 
will not occur is given by the equation 

(ii 
where 

tj = facing thickness 

h * core cell size 

This empirical equation represents a best fit 
curve to the available test data and is recom¬ 
mended in Part III of MIL”HDBK”23. 

b. Face wrinkling 

A face wrinkling failure occurs when the 
braze or core strength is insufficient to 
stabilize the facings. This type of failure 
usually occurs in a small local area, with 
the face buckling into the core if the core 
strength is insufficient, or with the facing 
buckling away from the core if the braze 
strength is insufficient (Fig. 13). This type 
of failure is associatedwith low braze or core 
strength. There are no completely acceptable 
design procedures for face wrinkling. The 
current recommendation in MIL-HDBK-23 
calls for test to establish face wrinkling 
strength. 

The face wrinkling strength is dependent 
on the braze strength and core compressive 
strength, and is directly dependent on the size 
of the braze fillet. Braze fillet affects the face 
wrinkling strength in two ways; first, by giving 
more braze contact area to resist tension, 
and, secondly, by adding better support to the 
honeycomb core so that it may be stressed to 
a higher load prior to buckling. It is exceed¬ 
ingly difficult to obtain uniform fillet size 
from panel to panel, making it almost im¬ 
possible to obtain controllable test results 
with which an acceptable empirical equation 
could be written. Exactly what mechanism 
causes the first failure is also unknown. A 
usual case is where a thin face sandwich pan¬ 
el starts to have elastic or plastic dimpling 
of the facings. This causes increased stress 
in the core and braze alloy, which leads to a 
face wrinkling failure, while the original fail¬ 
ure mechanism was that of intercellular dim¬ 
pling. 

Since there were no acceptable proce¬ 
dures to design for face wrinkling (between 
the time the panel design effort was com¬ 
pleted and work reported in Chapter VII per¬ 
formed, Hoff's (Ref. 42) equation was ap¬ 
proved for presentation in MIL-HDBK-23), 
the best practice was to make the ratio of 
the core density to facing thickness similar 
or larger than that found on brazed panels 
where there are sufficient data. If the core 
and braze strength are sufficiently high, the 
facing can be stressed to well above the yield 
strength before failure occurs. The problem 
was to determine "sufficiently high core 
strength." The core strength can be in¬ 
creased by using a denser or stronger core, 



but, for a given temperature and braze alloy, 
the only way to increase the braze fillet 
strength is to decrease the core cell size, 
thus increasing the braze contact area. 

e 
xtotal 

where 

oAT + -p- (ffx ' M V 

A 3/16-in. square cell honeycomb core 
made from 0.002-in. thick foil was chosen 
for the test panel design. This was designed 
to provide sufficient core strength to prevent 

' a local instability failure from crushing the 
* core. 

• 3. Thermal Stress 

An «investigation was conducted to deter¬ 
mine the capability of a sandwich panel to 
withstand thermal stre'ss caused by a thermal 

• gradient through’ the panel. A configuration 
. . of a continuous sandwich panel over simple 

supports was assumed such as would be found 
on a vehicle surface of panels with moment 
continuity across supports at spars or bulk¬ 
heads. 

The following conditions were assumed: 

(1) The covering was heated uniformly 
over the surface. Consequently, the only 
thermal gradient was through, not along, the 
sandwich panels. The thermal stresses, 
therefore, resulted only from the difference 
in uniform temperature between the inner 
and outer sandwich facings. 

(2) Thermal bending of the sandwich 
panel was prevented by the clamped-edge 
effect of the moment continuity between ad¬ 
jacent panels. 

(3) The supporting substructure did not 
prevent the heated panel from expanding in 
its plane. The compressive forces in the 
hotter outer facing were equilibrated by equal 
and opposite forces in the colder inner facing. 
Since the inner and outer facings both have 
the same thickness, their stresses were equal 
and opposite. 

(4) Poisson's ratio "p" was independent 
of strain and temperature and equal to 0.3 
for both facings. 

a • linear coefficient of thermal ex¬ 
pansion (in./in. *F) 

AT * difference between facing tem¬ 
perature and 70* F 

Ec 3 secant modulus of the stress- 
strain curve of a facing at its 
specified temperature (psi). 

Due to isotropy of the facings, their con¬ 
straints and their temperatures, 

ff y " ffx* 

The total strains for the inner and outer 
facings became 

ffi 
Cj * oj ATj + (1 -p )•£— (9a) 

Si 

and 

o 
m ff« ATn+U •mV-2-- (9b) O O O Lc 

&o 
respectively. 

The total strain of the inner facing equaled 
that of the outer facing accorditg to assump¬ 
tion (2) above, so that Eqs (9a) and (9b) could 
be equated. The stress of the inner facing was 
equal and opposite to that of the outer facing, 
by assumption (3). Equations (9a) and (9b) 
were accordingly combined to give the ther¬ 
mal stress equation: 

(10) 

(5) The facings had isotropic material 
properties. 

(6) There were no loads applied to the 
panel; hence, the stresses were only those re¬ 
sulting from the temperature distribution. 

The plane-stress equations were written 

Since Ec and Ec were functions of the 
bo '’i 

strains, was not directly solvable from 

Eq (10). Equation (10) was solved by trial- 
and-error application of the stress-strain 
curves of the inner and outer facings at their 
various temperatures. The results were 
plotted as curves of stress versus outer facing as 
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Fir. 14. Thenanl Stress—TZ'I Molylulcnun 
lloncycoml) Sandvich Panels 

Ouler Faca Temperalura FF) 

Fifi. IS. Thcnul Stress—1)-50 Colunbiun 
lloncvcoml* Sandwich Panels 

temperature for various inner facing tem¬ 
peratures in Figs. 14 and 15 for TZMand D* 
36, respectively. 

It may be seen from Figs. 14 and 15 that 
the thermal stresses did not become high 
enough to rupture the inner facing. However, 
the stresses in the outer facing caused in¬ 
elastic strains at the higher temperatures, 
which may be sufficiant to cause inelastic 
intercellular dimpling. 

The panel thickness did not enter the 
thermal stress equation. However, the ther¬ 
mal strain differential (oo AT0 - ffj AT.) is 

greater for thicker panels, so it is expected 
that greater thermal stresses would occur in 
thicker panels. 

1). TUST PANEL DESIGN 

The structural test panel designs are 
shown in D,,aw'nis SK 46841 and SK 46842 

of Appendix A of this report. The heat shield 
designs are shown in Drawings SK 46843 
and SK 46844. The test panels were designed 
for simplicity and to simulate actual aero¬ 
space vehicle application. 

A 0.5-in. core thickness for the structural 
test panels was selected because: 

(1) This thickness was sufficient to 
stabilize the panels for shear and compres¬ 
sion testing. 

(2) Strength-to-weight studies indicate 
this core thickness to be near optimum (Figs. 
11 and 12). 

(3) Estimation of all factors and past ex¬ 
perience indicates that any increase of con- 
thickness over approximately 0.5 in. would 
have little, if any, effect on the test panel 
strength. 

To minimize tooling cost and to provide 
an excellent comparison between TZM 
molybdenum and D-36 columbium, the test 
panel designs were identical for both alloys. 

The heat shield panels were designed with 
support clips and access holes similar to 
those used by Bell in their double-walled 
structures program (Hef. 32). The holes in 
the panels are necessary to provide access 
to attachment fasteners to enable loosening 
of the fasteners for panel removal. These 
clips were preassembled and brazed with the 
panel. 

All exposed braze joints and open panel 
edges were to be welded to seal the panels 
and protect the braze alloy. 

E. TEST PANEL ANALYSIS 

1. Structural Panels 
The compression-test panels were de¬ 

signed to be stable to a compressive stress 
equal to ultimate tensile strength of the 
facing material (Figs. 1 and 2). Because of 
the testing at high temperature, either local 
instability or face wrinkling (with the face 
buckling away from the core) was considered 
to be the critical mode of failure. The shear- 
test panels were considered critical in the 
same manner. 

The lack of sufficient material property 
data made it impossible to predict the ulti¬ 
mate strengths of the test panels accurately. 
Since there were no aerospace vehicle loads 
available with which to compare the strengths, 
margins of safety were not determined for 
the structural panels. 
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The critical dimpling stresses as calcu* 
lated were lower than the general instability 
stress. The lowest critical stress was felt 
to be local stability or face wrinkling with a 
braze failure allowing the facing to buckle 
away from the core. 

2. Heat Shield Panels 

The primary structural load in the heat 
shield panel is caused by the dynamic pres¬ 
sure on the outer surface. This air pressure 
causes bending stress in the panel and shear 
and compression stress in the honeycomb 
core, A method of stress analysis for the 
heat shield panel was developed and is pre¬ 
sented in Appendix B. 

For test panel design purposes, a 1.2-psi 
airload of 3000° F was assumed. The follow¬ 
ing critical stresses were obtained: 

(1) Facing stress: fc = 3000 psi (Ap¬ 

pendix B). 

(2) Core stress: f^ = 50 psi (compres¬ 

sion), fg * 35 psi (shear). 

The allowable stresses as could best be 
determined for this condition were: 

(1) Facing stress: 

TZM: Fcy » 6500 psi 

D'36: Fcua 3200 psi. 

(2) Core stress; 

Compression 

TZM: F * 390 psi 

D- 36: F * 100 psi. 

Shear 

TZM: Fg * 180 psi 

D-36: Fg « 50 psi. 

The D-36 columbium heat shield panels 
were the most critical structural items. It 
was originally believed that the heat shield 
panels should be 0.25-in. thick instead of the 
0.375 in. used, but the 0,25-in. thick panel 
resulted in negative margins. 
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V. TEST PANEL MANUFACTURING TICHNIQUES

A. HONEYCOMB CORE FABRICATION 
1. Foil 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 
W'ith 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 tor corrugating TZM and 
d-36; for D-36, it was only necessary to 
dross the 3/16-in. gear rollers and adjust 
the gear contact pressure to obtain the de­
sired pitch; tor TZM, best results were 
obtained by heating the gears and foil to 
about 200° F with heat lamps (Fig. 17).

Fig. lb. Corrugation Tool for Fabricating 
Honeycomb Core

The D-36 toil 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 ensure 
that the configuration of each strip matched 
the core-welding tools. Nodal alignment was 
particularly important, since cumulative er­
rors would eventually result in excessive 
mismatch so that nodes could not be joined.

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

Fig. 17. Corrugating Foil for iioneycorab 
Core

TABl.E 6
Summary' of Cleaning Procedures Used 

for TZM Molybdenum and 
D-36 Columbium Parts

! i

. s ;

o ,

2. Billet Fabrication

a. TZM moly'bdenum

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 cori' fabri­
cation, are not adequate for molybdenum and 
its alloys.



Good structural welds are difficult to 
achieve by either resistance or fusion weld­
ing techniques. Cast weld zones exhibit a 
high ductile-brittle transition temperature 
and are relatively brittle at room tempera­
ture. This behavior is further aggravated 
if interstitial levels are raised during the 
welding process. Electron beam welding 
does not eliminate the basic welding prob­
lem, but cast and heat-affected zones can be 
closely controlled to minimum levels.

Three methods for making the TZM core 
node attachment were considered: (1) dif­
fusion bonding, (2) spike welding and (3)elec­
tron beam welding.

m
i i’i-i

(1) Diffusion bondm^. The diffusion bond­
ing technique m^aTlufgically would provide 
an ideal joining method. However, it was 
evident, from the literature and in discus­
sions with technical personnel of other lab­
oratories, that the state of the art had not 
yet advanced to the point where the honey­
comb core for this program could be fabri­
cated. With the extensive development effort 
indicated, no experimental evaluation of this 
technique was made.

(2) Spike^ welding. Spike welding (high 
voltage, Tngh current” short duration impul.se 
spot welding) was briefly investigated. This 
technique had been used for heavier gage ma­
terial but had not been evaluated on foil. Ef­
forts to obtain satisfactory foil joints wen- 
not successful; only burn-throughs and non- 
fusion of foil layers occurred. The primary 
problem was associated with electrode con­
figuration. Standard electrodes were not sat­
isfactory for the thin refractory metal foil.

(3) Electron beam welc^g. A llamilton- 
Zeiss electron beam welder was used to es­
tablish the feasibility of electron beam weld­
ing the TZM honeycomb core. A prototyix' 
tool was designed and built to position the 
corrugated foil for welding, and two small 
billets (2-1/2 by 2-1/2 by 4 in.) of :i/lb-in. 
■square cell core were fabricated. While the 
joints are not ductile at room temperature, 
the fabricated core had sufficient structural 
integrity so that it could be processed for 
fabrication into brazed panel assemblies. 
With feasibility demonstrated, the electron 
beam welding technique appeared to be the 
best available method and was selected to 
produce the TZM core for the program.

At this (Kiint in the program, a new model, 
high voltage Hamilton-Zeiss electron beam 
welder (E'lg. 18) was installed to provide the 
necessary work area for fabricating 14- by

Fig. 18. klcctron Beam WclJcr

Klfrcf of welding »p«Td on wrld nm rt>«»ru< tur*- of 
electron t>e»ni welded 0. 002 in. TZM molybdenum 
honeycomb core (200X>

We .ding npeed

a. 27. 5 in. /min
b. 39. 0 in. /min
c. .T». S in. /min

d. 44. 0 in. /min
e. 411. S in. /min
f. Sa. 0 in. /min

Fig. 19. kffacts of Mldlng Spaed on 
TD4 Foil Walds



14- by 4-in. billets. This machine is capable 
of producing weldments at speeds up to 100 
in./min. Various parameters were evaluated 
to determine the optimum welding conditions 
for fabricating TZM honeycomb core. These 
included voltage and amperage settings, and 
welding speed. The best welds were pro­
duced with machine settings of 90 kv and 0.75 
ma. Welding speeds of 27.5 to 58.0 in./min 
were evaluated, with 40.0 in./mm selected as 
the optimum speed for honeycomb core fabri­
cation. The effect of welding speed on joint 
microstructure is shewn in Fig. 19.

A tool (Figs. 20 and 21) was made to pro­
duce 14- by 14- by 4-in. TZM honeycomb 
core billets. This tool, similar to the pro­
totype tool, included two sets of mandrels 
which held the corrugated strips of foil in 
place for welding. A hold-down plate with 
localized pressure pins rested on the top of 
the upper set of mandrels to exert a constant 
pressure on the foil to produce uniform nodal 
contact. The lower set of mandrels supported 
the nodes and reacted to the contact pressure 
of the upper set of mandrels. This contact 
was necessary to produce a continuous nodal 
weld. If continuous nodal contact was not 
maintained, the foil was severed by the elec­
tron beam and no weld was formed.

A r...
S--

IL'\

1

Fig. 21. Electron Heaa Weld Tools for 
lloneycoab Core

Fig. 20. Electron tteao Weld Tools for 
lloneyconb Core

The billets were built up layer-by-layer. 
As each layer of corrugated foil was elec­
tron beam welded (electron beam weld set­
tings shown in Fig. 22). a careful inspection 
was made to verify the soundness of each 
weld joint. Necessary repairs were made 
with standaid techniques (replacing of dam­
aged cells with new cells resistance tack 
welded in place, and similarly welding sep­
arated nodes). A thin titanium foil interlay 
was used in the joints to facilitate welding.

After the welding of each layer of cor­
rugation was completed, the hold-down plate 
was removed and the mandrels lifted from 
the base fixture with a special set of combs. 
The lower set of mandrels could then be re­
moved, the next layer of corrugated foil laid 
in place, the removed set of mandrels placed 
in position above the other set of mandrels, 
and the next line of nodal welds made. This 
process was repeated until welding of the 
billet was completed.

b. D-36 columbium

Preliminary tests confirmed that conven­
tional resistance welding techniques could be 
used to fabricate the D-36 honeycomb core. 
Resistance welds in sample lots of both 
0.001- and 0.002-in. thick foil (Fig. 23) ex­
hibited good strength and ductility. Some 
copper pickup from the welding wheel elec­
trode was noted, but this had no effect on the 
joint and was easily removed by a nitric acid 
etch.

In the fabrication of the 14- by 14- by 4- 
in. billets, two staggered rows of copper fin­
gers were used to support the foil (Fig. 24). 
The first operation, after each layer of foil



Summary of Klactron Beam Weide 

Dr tail Material Table Spaed Weld An|l* 1 KV ma 

a Cor* P-J« Reaistance welded 
TZM 40 in. /min 0.75 

b 
Attachment 
clip 
assembly 

D-J« » In. /min IS ¡05 4 
» In. /min I!1 IM 

c 
Attachment 
clip to 
panol 

D-3S 20 in. /mm 90* 50 1.65 
TZM 20 in. /min TO 2 00 

d 
Acceaa 
hole 
tneert 

Cij; 20 in. / min 9<r 50 i.ts 
TZM 20 in. /nun 90* 76 2.00 

e U-channel 
aaaembly 

D-J* 25 in. /min 100/0* t/u 
TZM *0 in. /min u* IS j 

f Shear atrip 
to panol 

D-S« 25 in. /min 90* no 5 
TZM 

a 
Seal in* 
at rue tarai 
curved panel 

D-M Variable 90* No precis* sel- 
ling established TZM Variable tor 

h S*alin( brat 
shield panel 

D-J* Variable 90* 90 o.t 
tZm 

K/H «rida 

a. Honeycomb Core 

E/B eeld 

b. Attachment Clip Aaaembly 

K/B weld 

e. U-Channel Aaaembly 

g. Sealing Structural 
c. Attachment Clip to Panel i d. Acceaa Hole Inaert Curved Panel 

Fig. 22. Detail Configuration for electron Beam Welding 
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Fig. 23. Resistance HelJed D-36 
Columbium Foil

was added« was to tack-weld the end of each 
row of cells into place (Fig, 25). This held 
the foil in the proper position for welding. 
A water-cooled copper roller wheel was used 
to stitch-weld the core foil at a rate of about 
10 spots per second (Fig. 26). Successive

f iR. 25. lack-iielding Lnds of CorruRat ions 
in Place

Fig. 24. Tooling for Resistance Welding 
of i)>30 Columbium Honeycomb 
Core

NOTH
A wal^r-t-ooled copper riiiltr ik used

Fig. 26. Welding Nodes of D-36 Colunbium 
HoneycoBb Core
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layers of the corrugated foil wcr»> welded un­
til the billet was completed (Fig. 27). Few 
repairs were needed, but wore made by con­
ventional tack-welding techniques where re­
quired.

riK. it. A i4- by 14- hv 4-lnch Billet 
of D-36 Columbium Honeycomb 
Core

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. 
The.se were .sawed into 1/2-in. thick slabs 
on a Tannewitz high speed band saw (10,000 
surface ft/min) (Fig. 28). Of several types 
of blades which were evaluated, only a 120- 
grit diamond impregnated blade proved sat- 
i.sfactory. The frictionally generated heat as 
the blade cut through the core was found to be 
sufficient to keep the recrystallized nodal 
weld above the ductile-brittle transition tem­
perature, and thus prevented major cracking. 
However, .some minor cracking or tearing 
occurred during sawing, and sufficient stock 
must be provided in the rough cut slab (ap 
proximately 1/16 in. over required finished 
thickness) .so that these defective areas can 
be removed during the finishing operation.

Three techniques for finishing T/.M hon­
eycomb core to the required thickness toler­
ance of ±0.0015 in. were evaluated in the in­
itial studies;

(1) Disc cutting.

(2) Hand or machine sanding.

(3) Filling and sanding.

The use of a disc- or mu.shrooin-ty|M‘ cut­
ter to trim the core produced tears in the 
core material and was quickly discarded as

urn
Fig. 28. Sawing Billet of TZM Honeycomb 

Core with Diamond Blade

a possible finishing technique. Both hand 
and machine sanding were found capable of 
providing an acceptable finish and the re- 
quiri'd tolerances on these smalt samples. 
Further accuracy could be obtained with the 
filling and sanding technique, which involved 
filling the billet with an acrylic plastic prior 
to slabbing and remova' of the acrylic with 
acetone after final sanding, but this method 
was considerably more time consuming. 
The latter was considered only as a backup 
procedure, if tolerances over larger ex­
panses of core could not be maintained with 
sanding alone. It was recognized that, in 
any case, hand sanding would not be adequate, 
and that machine sanding wnuld be necessary 
to meet the tolerances.

While the smaller corc‘ sampler were 
sanded cold, this technique produced i-xten- 
sive cracking in almost all of the honeycomb 
cell walls on slabs cut from full-scale 14- 
by 14- by 4-in. billets. Two additional tech­
niques, hot sanding and the Anocut process, 
were investigated. Both proved satisfactory 
for finishing core. The hot sanding technique, 
which involved heating both the core and the 
Sander to about 200° F, was selected for fin­
ishing the honeycomb core for the test panels.

Sanding was accomplished with resin- 
abrasive cloth belts designated as Type 6, 
120-grit, 45-degree flex, single-splice’med­
ium velvet carborundum. The core was 
rough sanded to w ithin about 0.040 in. of the



rt-quired thickness and then inspected to de­
termine if any repairs were required. Re­
pairs were made before sanding to final thick­
ness. After repair, the slabs were sandedto 
the required thickness w ith ±0.0015-in. toler­
ance.

b. D-36 columbium

The D- 36 billets were similarly sliced into 
slab.s. High .strength steel blades were satis­
factory; diamond impregnated blades were not 
required.

The sanding was accomplished as for TZM, 
except that heating was not required.

1 • Sizing and Stepping

The core for the panels was rough-cut U 
size (,\-Y dimension) with a band saw and 
then finished to the proper dimensions with 
a belt Sander.

The core for the curved structural panels 
was curved by placing the core between the 
curved braze tools and heating to 2200“ Ffor 
one hour in a vacuum furnace. This was all 
the preparation needed for the structural 
panel core.

The core for the heat shield panels was 
stepped to fit the heat shield facing pans. 
This was accomplished on D-36 by holding 
the core in a special tool and cutting the step 
with a carbide disc cutter (Fig. 29). The heel 
of the step was cut to full depth in one pass, 
and the horizontal cuts were made in incre­
ments not exceeding 0.050 in. The rate of 
travel of the cutter was about 4 in./min. 
Rough or high spots were removed by sand­
ing with a carborundum stone.

The same proced ires were utilized for 
TZi'.l; however, it was found nece.ssary to 
fill the core with sodium thiosulphate to sta­
bilize the cell W'alls during cutti.ig (Fig. 30). 
Adequate filling was obtained by heating the 
sodium thiosulphate to 140“ F and pouring in­
to the core cells along the edges where the 
core step was to be cut. After the cutting 
was accomplished, the .sodium thiosulphate 
was removed with hot water.

5. Clra^ing

After sizing and stepping were completed, 
all of the core slabs were trichlorethylcne 
vapor degreased (Table 6). This eompletcd 
the leaning of the TZM core; however, it 
was necessary to acid etch (Table 6) the U- 
36 core slabs to remove the copper di'posit

rig. 29. Cutting Step in l>-36 Columbium 
Honoxonb Core for Heat Shielii 
Panels

that occurred during welding. After cleaning, 
the slabs were placed in iKilyethylene bags 
and stored until they were used.

I ig. 50. TCM Kimevconb Sl.ib PillcJ with 
Sodium Thiosulphate for the 
Stepping Operation

B. I’AMiL ilFTAIL FABRIC ATION 
1. Heat Shield Panel

The heat shield panels consisted of two 
formed double-stepped pans trimmed along 
certain lines and fitted together to form a 
stepped-edge module-tvpe panel (Dwg Nos. 
SK-46843 and SK-46844', Appendix A). Three 
basic pans were formed--a flat pan, a con­
vex pan and a ooncaie pan.

The double .step facings presented special 
forming problems, and an investigaiion was



l-ammau-.i
Fad holder t ui r Formed pa rt -

Procedure:

1 The blank to be formed ie placed on Ihe punch-draa plate aaaembly.
2. Aa the upper head deacends. the rubber pad pripa the blank apainat 

the punch-draw plate aaaembly. and the heater plate inaulator aprlnp 
1a then fully compressed

3 Further deacent of the head forcea the draw plate downward while the 
punch remama atationarv

4 The blank, pripped between th.- rubber and the draw plate, la drawn 
over the punch and formed without wrinkles

Jig. 31.- Bie ylarforn Process

conducted to develop suitable manufacturing 
procedures, using the Marform process.

The Marform process (Fig. 31) involves 
forming with hard metal tools against high 
pressure (6000 psi) rubber. The material to 
be formed is gripped between the rubber and 
draw plate, then drawn over the punch and 
formed. To form these facings, it wa.s nec­
essary to determine forming temperatures 
and to develop special underlay and overlay 
procedures and lubrication techniques to pre­
vent cracking or wrinkling of the material at 
the facing corners.

a. Tooling

The dies shown in Figs. 32 and 33 are 
typical of those which were made. Three 
sets of dies, each con.sisting of two punches, 
two draw plates and two radius platc.s, were 
required to form the three heat shield facing 
pan configurations. Checkout tests were 
made with FH 15-7 Mo steel sheet. The dies 
functioned properly, and satisfactory steel 
facings were formed.

Heater units were added later to provide 
for elevated temperature forming. These 
units contained Cal-Rod resistance heaters, 
with variac control of powem to the heaters. 
The punch-draw plate assembly temperature 
was monitored with a thermocouple.

Fig. 32. Second Step Curved Heat Shield 
Panel Marform Dies



Several small springs served to raisethe 
heater units off the press base plate during 
the heatup and layup operation to pro\ ide an 
air gap between the heater and tooling and the 
base plate. This served to insulate the base 
plate from the heater and tooling so that most 
of the heat generated was conducted into the 
tooling where it was needed. W hen the upper 
head of the press was lowered and pressure 
applied, tile springs were compressed into 
small circular recesses in the heater units, 
so that the tool rested directly on the base 
plate of the press.

l ig. Jj. Second Step Flat ileat Shield 
Panel 'larforra Uies

h. Forming dewTopment

TZM molybdenum. Small 4- by 4-in. 
TZM~Blahlis wcri' used in the initial studies 
to develop forming procedures for the panel 
corners.

The dies wen- initially fabricated with 
0.030-ir. edge radii. These radii were sat­
isfactory for the steel checkout material, 
but poor results were obtained in attempts 
to form TZM corners at room temperature. 
The TZM material cracked and shattered, 
with little or no forming actually taking place. 
In the next series of tests, the dies were 
heated in a furnace to 300° F, and two out of 
six pieces were formed without cracking. 
Figures 34 and 35 show a cracked and a suc­
cessfully formed corner, respectively. Only 
the first step forming operation was evalu­
ated in this series of tests.

The edge radii on the dies were changed 
to 0.050 in., and several other forming aids 
were used in efforts to form the panel cor­
ners. By using a stainless -steel foil overlay 
and underlay on the TZM blank and forming

at temperatures of 175° to 250° F. some dou­
ble-stepped panel corners were formed suc­
cessfully (Fig. 36).

L:
Fig. 34. T;i1 iceat 3hicid Comer Blank 

Cracked in First btep Forming 
Operation

Fig. 35. TZM Heat Shield Corner Blank 
Formed in First Step Forming 
Operation

In scaling up to full-scale heat .shield pan­
el facings, it was found that lubricants hadto 
be added and temperature increa.sedUi 300° F 
to avoid cracking. Additional experiments 
were therefore conducted to develop improved 
procedures.

The best results were obtained by form­
ing the first step in two operations. The in­
itial operation included the addition of a 
0.032-in. aluminum filler plate under the 
punch, and a light film of lubricant was ap­
plied to the face of the draw plate. This 
formed the fir.st .step with a larger radius 
bend and 0.032 in. deeper than r»-quired. 
The filler plate and underlay were removed.



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 atthe four corner.s.

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 rounded to 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 and to the flange 
area. This technique produced smooth crack- 
free corners on D-36.

Fip,. .tb. TZM Heat Shield Panel Comer 
Completely 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 dopili to l:nal dimen- 
sion.s. 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 sprav'ed 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. TZ.M sheet material 
for the heat shield panel facings. 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 
formTiiff orilie'D-'Siriicat shield panel facings 
would not pri'sont any major problems, and 
that the [rrocedures developed for TZM would 
be more than adequate for D-36. However, 
some modifications were found necessary. 
Lubrication was a particularly sensitiie 
variable.

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

The best results were obtained by form­
ing the first step in two oiierations 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 rubbi-r) and no lubricant on

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.

o 0l)8-in h.-ai 
shield fsain^ ;

< torner 
sparer

Radius plate

Formed part

t
1 Lay up fa< me over serond step marform punrh and draw |^a<e 
t Insert spare blm-ks four rorners and install shim <> 002-in 

thicker than skin bein^ formed
3 Set radius plate
4 As the uf^>er head desrendi, the rubber pad drips the blank 

against the punrh-draw plate assembly
5 Further descent of the uj^r head forces the draw plate down­

ward while the punch remains staiionarv
R The faring is '*ra».n around the draw plate, forming the beat 

shield fat ing

Fig. 37. Second Step 'larforn Operation for 
the |)-3t) Colunbiuiii Heat Shield 
Facings

(1) The 0.008-in. TZM material with a 
0.003-in. stainless .steel underlay was 
.sheared to provide 14.5- by 14.5-in. square 
blanks. The stainles.s steel underlay was 
used in the forming operation.



(2) The Marform press was prepared for 
the first step operations with a 0.032-in. 
filler plate placed under the punch assembly. 
The filler plate was required initially to form 
the first step 0.032 in. deeper than required.

(3) The forming tools were heated to 
300* ± 25* F.

(4) A thin film of lubrication was applied 
to the face of the draw plate.

(5) The first forming operation on the 
first step was completed with the full press 
pressure of 6000 psi being exerted.

(6) The 0.003-in. stainless steel underlay 
and the 0.032-in. filler under the forming 
punch were removed.

(7) Lubricant was applied to the top and 
bottom surface of the TZM blank, and the ra­
dius plate placed in position.

(8) The second operation on the first step 
was completed with a pressure of 1500 psi.

(9) The top and bottom surfaces of the 
TZM blank were sprayed with a light film of 
lubricant.

(10) The second step was formed at 6000 
psi (I'lg. 38).

lig. 38. Sccoiul ..tO’’ U-irtona Operation for 
llc.1t SiiiclJ I’ancl Facini>$--T:’l 
Molybdenum i.l.-.nk .ind ilcater Unit* 
Shown

D-36. The following forming procedures 
were utilized for the D-36 columbium. These 
procedures applied to the flat, concave and 
ciinvex facings.

(1) The 0.008-in. D-36 columbium sheet 
and two 0.003-in. stainless steel slieetswere 
sheared to 14.5- by 14.5-in. square blanks 
and wrapped in paper (these stainless steel 
blanks were used as overlays and underlays 
in the forming process).

(2) The Marform press was prepared for 
the first step operation. A 0.032-in. filler 
plate was placed under the punch assembly.

(3) A heavy film of lubricant was sprayed 
on the top side of the laminated blank only 
(the side formed against the rubber).

(4) For the concave facing pan only, a 
0.5- by 2- by 11.75-in. rubber pad was cen­
tered over the blank.

(5) The first step forming operation was 
completed at a pressuri’ of 6000 psi.

(6) The 0.003-in. overlay and underlay 
were removed. The 0.032-in. filler plate 
was removed from under the punch.

(7) A very light film of lubricant was ap­
plied to the top surface of the four corners of 
the D-36 blank.

(8) The radius plate-forming operation 
was completed at a pressure of 1500 psi.

(9) The corners of the D- 36 blank were 
rounded to within 3/8 iii. of the final step 
dimension.

(10) A medium amount of lubricant was ap­
plied to the top and bottom surfaces of the pan 
and to the flange area.

(11) The second step operation radius plate 
was located with the four corner spacers on 
the punch assembly (Fig. 37).

(12) The forming was completedata pres­
sure of 1500 psi.

d. Finishing

Hand shearing of the D-36 facings to ap­
proximate final dimensions was a simple op­
eration but, because of the notch sensitivity 
of TZM. it was found necessary to trim the 
TZM facings at 200* to 300° F to prevent 
cracking. The trimming was done on a hot 
plate, and the shears were also heated to 
temperature.

Some hand work was required to shariien 
the edge angles and the corner lips, and a 
small drum sander sufficed for finishing to 
required dimensions.



The pans were hand fitted in pairs to en­
sure against gaps and poor fitting corners. 
The TZM pans were stre.ss relieved at 2200° F 
for one hour to provide as much ductility as 
possible tor this operation. The TZM pans 
were straightened at about 200° to 300° F.

2. Structural Panel Facings

The sheets tor the curved panel facings 
were hand wrapped to fit the curve. This was 
sufficient to complete the operation; however, 
in most instances the facings were placed in 
the vacuum furnace at the time the structural 
panel core w^as curved to assure proper con­
tact.

3. U-Channel Edge Members

The principal development effort was de­
voted to determining a satisfactory corner 
joint configuration and the matching toler­
ances required to electron beam '/eld these 
corners. mitered corner joint selected in 
the test panel design proved acceptable and 
could be welded if the channels were machined 
to within 0.002-in. tolerance. Initial studies 
were performed with stainless steel, since 
neither refractory' alloy was available. A 
welded stainless steel U-channel is shown in 
Fig. 39.

Kig. 59. binulatcJ Ldgc Menbers in bt.iin- 
Icss Stcel-tlcctron Bc.im \cldci..

a. Tooling

Two tools were made to form the straight 
U-channel members to the requir»-d toler­
ance: a Marform tool to form the channel

and a female sizing die (Fig. 40) to control 
the outside width of the channel to ±0.0015 
in. as required for panel brazing.

rig. 40. Tool for Second Korminc 0fier.ition 
on Structural Panel U-Channels

rig. 41. bending ll-Cliannels for I iin'v.l 
Structural Panels



Twu 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. A special male tool 
was made for the second operation which in­
volved Marform sizing to the exact curvature.

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. 'latching the Straight U-Channeis 
to the Tool for Llectron liean 
KelUini; of the Miter Joint

b. Mitering

The U-channels were first rough sa vedto 
a length slightly longer than required and then 
ground (Fig. 4.1) to the proper dimension. A 
carborundum Type II 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.

The ends of the curved U-channels were 
finished in the same manner as the straight 
channels. However, special holding tools 
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 processed at about 200° F.

... o

Flc. 43, 1.rinding the Lnds of the t'-Channcls
for the Picture Frame '4iter Joints 
of the Structural Panels

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

c. Welding

p-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 on alternate 
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 
special tilting of the frames, -.everal 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 elevated temperature weld­
ing ~ari3~ 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



to ensure that the channels would fit when the 
jig and frames were heated to 250* F.

(2) The weld jig and frames were heated 
to 250' F in an oven, then matched in the jig 
and placed in the electron beam weld chamber.

(3) Two corner flat welds were made.

(4) Steps (2) and (3) were repeated until 
all flat joints were welded.

(5) After the start of Step (2) and until 
Step (6) was completed, the frames were not 
allowed to cool below 200* F. During the 
time the parts were not in the weld chamber, 
they were stored in the oven at 250'to 300* F.

(6) The welded frames were stress-re­
lieved at 2200' F for one hour in the high tem­
perature vacuum (2 x 10 ® torr) furnace.

(7) The vertical joints of the U-channel 
frames were TIG welded.

(8) The frames were stored in an oven at 
250' to 300' F until they could be stress-re­
lieved again by the same procedure shown in 
Step (6).

After welding, both the D-36 and TZM 
frames were inspected for pin holes or cracks 
and reworked if necessary. Any rework to 
remove excess weld metal from the frames 
was done at room temperature on the D-36 
and about 200* F on the TZM.

4. Heat Shield Panel Support Clips

The heat shield panel support clips (Dwg 
Nos. SK-46843 and SK-46844, Appendix A) 
were fabricated by electron beam welding. 
The discs (support pad) were blanked from 
0.025-in. sheet stock. The legs were sheared, 
then machined to exact size. The blanking 
and shearing were [lerformed at 300' F for 
TZM; all other operations on both alloy s were 
performed at room temperature.

Initially, the discs were machined with a 
3:1 bevel on the outer edge; however, because 
of sealing difficulties that occurred later in 
the program, this bevel was changed to a step,

A special tool (Fig. 44) was used to hold 
the discs and legs in position for electron 
beam welding. The legs were welded on one 
side, then turned 180 degrees and welded on 
the other side; weld settings are shown in

I ■ ■ B
tie- 44. ilcat 'liiiclu sii''.,ort i lius .inu 

lilcctmn sc.nn ..cl.liii ■

Fig. 22. Small tungsten targets were placed 
at the edge of each leg, so that, when end of 
the leg was reached, the beam would run onto 
the target and not burn a hole through the disc.

Photomicrographs of typical joints are 
shown in Figs. 45 and 46. The TZM joint, 
while brittle, had sufficient structural in­
tegrity for handling and testing. This was 
demonstrated qualitatively by breaking sev­
eral welded clips. The D-36 joints were 
ductile.

Fig, 4S. Cliotonicrocr.iph of Llcctron 
Ilean scldcd l-Joint of T2M 
Holybdenun Showing Kccrystalli- 
zation in weld Zone (7SX)

After welding, a hand operation (with a 
hammer and block) was used to flatten any



warped discs. Again, this operation was jx r- 
formed at about 200® F on TZM.

I
I’hotoraicrocrapli of Llcctron iic.ira 
Welded I-Joitit of d-3o Co 1 umhiun 
f>howinK Crain Refinement in the 
Weld Zone (7SX)

C. BRAZING

1. Braze Alloy Development, L'valuation and
SeTecIion - —

For structural applications, the TZM and 
D-36 alloys are effectively limited to tem­
peratures of 2300° to 2600° F maximum. He- 
crystallization of molybdenum alloys, which 
produces both weakening and embrittlement, 
limits the temperature capabilities of TZM. 
While the D-36 alloy is not similarly em­
brittled, strength at higher temperatures is 
inadequate for an efficient structure. For 
heat shield applications, service operational 
temperatures should approach 2600° to 3000*F 
for the panels to serve as efficient radiators. 
These temperatures are consistent with the 
capabilities of the selected oxidatiot, protec­
tive coatings and with the material proper­
ties.

Based on these considerations, the fol­
lowing brazing objectives were established;

(1) D-36 columbium structural panels. 
Brazements should be capable of resisting 
structural loads to 2300* to 2600° F.

(2) D- 36 columbium heat shield panels. 
Brazements should te capable of resisting 
small structural loads at 2800° to 3000* F.

(3) TZM molybdenum structural panels. 
Brazements should be capable of resisting 
structural loads to 2400° F; the brazing cycle 
should not recrystallize the TZM molybdenum 
alloy.

(4) TZM iiiolybckmum heat shield panels. 
Brazements should be capable of resisting 
small structural loads at 2800° to 3000* F.

It was recognized that commercially 
available brazing alloys would not completely 
satisfy the TZM panel r»*quirements. With 
brazing temperatures for structural panels 
limited to 2400° to 2600° F maximum to avoid 
recrystallization, braze strength at 2400* F 
would b<‘ inadequate, and TZM heat shield 
panels would be recrystallized in brazing 
above 3000° F to provide the desir<-d opera­
tional tempi'rature capability. The latter 
might Ix' tolerable because the TZM panels 
would eventually be recry stallized in service; 
however, the recrystallization which oc­
curred during brazing would increase the dif­
ficulty of handling the panels without damage 
during subsequent fabrication, coating and 
testing.

The original intent of the program was to 
use available materials and processes for 
test panel fabrication. However, some braze 
alloy Ik'velopment appeared desirable in view 
of the inadequacy of available alloys to pro­
vide maximum utilization of the capabilities 
of the TZM molybdenum alloy. Consideration 
was given to brazing systems in which higher 
remelt temperatures could be obtained by 
modification of brazement chemistry subse­
quent to brazing. The concepts for higher 
remelt temperature alloys were not new, but 
only a limited amount of the reported work 
was relevant to the spt'cific materials and 
requirements of this program.

Of three higher remelt temperature tech­
niques-- volatilization, exothermic reaction 
brazing, and diffusion alloying--only diffu­
sion alloying was considered as an immediate 
feasible approach to the vacuum brazing of 
honeycomb sandwich panels. Volatilization 
techniques were not applicable tx'cause the 
panels were to be vacum brazed and con­
tained nonperforated core (Ref. 33). Exo­
thermic brazing, while potentially attractive, 
was in the early developmental stages when 
this program was initiated and was not con­
sidered further (Hef. 34).

The diffusion alloying technique involves 
adding elements such as silicon and boron to 
the basic filler alloy to depress the liquidus 
temperature (e.g., by the formation of a low 
melting eutectic). The melting |xiint is then



raiKcd bv altering the chemistry of the braze- 
ment bv‘ diffusion heat treatments (Hefs. 35 
and 36). For example, the platinum-3.5<S> 
boron eutectic composition melts at a tem­
perature approximately 1500° F below that of 
platinum. Braze-remelt temperatures as 
high as 3800° F have been reported for this 
system in the brazing of tungsten (Ref. 35).

Principal efforts in the diffusion alloying 
higher remelt studies were directed to the 
platinum-boron, platinum-silicon, palladi­
um-silicon, palladium-alummum and titani­
um-silicon systems--all of which exhibit low 
melting eutectics.

a. Braze alloy evaluation techniques

For the initial braze alloy study, T-jouit, 
laminate, and sandwich panel specimens, as 
shown in Fig. 47, were used to evaluate se­
lected brazing alloy systems. The T-joint 
specimens provided a simple screening test 
with which brazements could be evaluated 
both visually and metallographically. These 
specimens were used to determine the brazing 
characteristics of all filler alloys with r>'- 
spect to wetting, filleting action, alloying and 
erosion.

— Braze all<^

4^

Liiminate specimens were useful in de­
termining the wetting action of braze alloys 
over large faying surface areas. These were 
representative of actual edge-member-to- 
panel skin joints and were used to evaluate 
further those alloys which provided satis­
factory T-joints. Finally, honeycomb sand­
wich s[«'cimens were used for evaluation of 
the most promising alloys. These small 
sandwich panels were chocked visually and 
metallographically to determine the action 
of the fillc-r alloy on the thin foil con-.

All brazing was accomplished in a cold 
wall, high temperature vacuum furnace (Fig. 
48), which was used to fabricate the test 
panels. Operating pressures generally
ranged betw'een 10 ^ and 10 torr. All test 
specimens were chemically cleaned prior to 
brazing. The following solutions were uti­
lized:

Molybdenum Columbiurn

95% H2SO4 10tol5%HF

4.5% HNO3 
0.5% HF
18.8 g/lCrgOg

These solutions were used at 120° to 140° F: 
immersion times varied between two and five 
minutes.

60% HNO3
Hgt) balance

"T" joint

Braze alloy

Hunpyt omb sandwit h
Fig, 47, Specimen Configurations for Braze 

Alloy Evaluation and Selection

is - -7/

luR. 48. Cold-Wall Vacuum Brazinz Furnace



b. Initial braze alloy studies

The braze alloys selected for initial eval­
uation with T'AM and D-36 and the results 
obtained are summarized in Table 7. Of the 
four brazi* alloys selected for e\'aluati<in 
with T/.M, two (Haynes 25 and Inconel) had 
flow temperatures at or below the anticipateii 
r'wrvstallization temperature of 'I'/M for 
the brazing time cycle required for panel 
fabrication. Haynes 25 exhibited the best 
brazing characteristics (Fig. 49) and pro- 
X idl'd ductile joints. These brazing studies 
were conducted on TZM material which ex­
hibited greater resistance to recrystalliza­
tion than the material received later for fab­
rication of the test panels. The original test 
material could be heated to 2600“ F for short 
IHiriods without recrystallizing, as shown in 
Fig. 49. As a result of this study, it xxas as­
sumed that Haynes 25 would be satisfactory 
for fabricating the TZM structural test pan­
els. Howexor, the effects of extended high 
temperature exposure on these brazements 
were not ex'aluated at this time.

I.aminate specimens (approximately 1 by 
:i in.) of the original T/.M test material were 
prepared to I'xaluate edge closure sealing. 
Haynes 25 and commercially pure titanium 
braze alloys prox ided satisfactory void-free 
laminates, whii h xven ' anticipated and indica- 
tixe of the excellent wetting action of 
both braze materials. A laminate brazed 
xvitii Hayni's 25 is shown in Fig. 50.

! I h'lii! »ith
H .vii.'b 2 ► ailo> at 
.s-'fiitf aliixtini; has iMt urnd 
With iH‘glisit4r I rosion of

Fig. 49, T:,'I Brazctl T-Joint“ll.iyni'S 25

T/M-Haynes 25 brazed laminates wi>re 
selecteii for studying techniques to seal the 
test panels hermetically and prohibit possible 
deleterious interactions between the brazing 
alloy and the protectixe I'oating. Flectron

T \H1,K 7
Hraze Alloys Initially Fvaluated for r/..M 

Molybdenum and D-36 ( iiluinbium

Nominal
brazing
Temp Braze Study Re ;ult.s

: '1
1 Hraze Study Resuit>

Braze A!!<jy rtimpohition CK) with T/.M Mi»Syl>denum t with I)- tfi (‘olumbium
- -4

Haynes 25 A5-S, t o. 20% <>. 
I5%W, 10% Ni

2600 i Kxt client wetting and 
1 filleting 4 harat teristii ,s. 
' ductile joint

Not evaluated

ln( onel ; 80% Ni. 14% Cr. 6% Ke ; 2550

i

' Kxi client welting ami 
filleting. Britllt' loini 
due to brilUe inler- 
nietallic pha.st*

Not evaluated -low melting 
eutet ti« forms l>etween 
«olumbium and ni< kp! .

11‘aIIadium

i
100% I'd

i

21»00

i
■ GiHid filletiiig and wetting.

ihu'tile .u«nl. Base metal 
F rfM-ryslallized and 
1 extremrly brittle

’ Kxi ellent filleting and wetting, j 
Severe alloying with l>aKe metal | 
o<-4 urred. Ikirtiie |«»int

!
ly-cu ' 60% IM. 40% Cu

1

2250 i Not evaluated Kxrellent filleting and wetting. 
Severe albiyiug with base met.d. 
Dm tile joint

T Itanium
1
1 Cnmmen laily 
{ cure titanium

WOO ' Kk< elleii! filleting and 
wt'Uing. Braze joint

(J»mk1 wetting and mar ginal 1
filleting. Kxi elletit joint ,

.showpil .sonip iiiji tihty, 
but I ei r>st;»nj/e<i 

pxtrpniplv

duitility. Spvpr-p .illoying 
UOU* I-. but uiib improvpd 
filleting



bi'am welding was selected as the best tech­
nique to effect the closure seals for edge- 
member-to-skin brazements on the test pan­
els. Weld parameters were established 
utilizing the small test laminate spe-cimens. 
As shown in Fig. 51, the laminate edges were 
successfully sealed and there apja-ared to be 
no detrimental effects on thi' welde-d joints as 
a result of braze alloy dilution with the parent 
material. The electron beam weld sealing 
technique was selected for all closure seals 
on the te.st panels and also for the attach­
ment of shear load .strips required on some 
te.st pa’ els.

Although these preliminary weld tests 
were satisfactory, major problems were en­
countered Ui welding and sealing the fabri­
cated test panels. These problems are dis­
cussed in detail in Section V-F on panel 
sealing.

Pure palladium and titanium were eval­
uated as possible braze alloys for TZM heat 
shield panels. Both braze metals exhibited 
exceptional filleting and wetting characteris­
tics. However, the parent T/.M material 
was recrystallized and extremely brittle 
(Figs. 52 and 53).

I/M iurmital* with Hayneb 2b
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Commercially pure titamum produced a 
satisfactory braze on D-36, although fillets 
were- small and some erosion occurred even 
at 3100® F which is the minimum flow tem­
perature for pure titanium (Fig. 54). In­
creasing the brazing temperature to 3200® V 
for optimum flow resulted in severe erosion 
of the parent I)-36 material as shown in 
Fig. 55.

A photomicruKra(>h o( a O 3ft T-joint 
braard with coninH-rrially pur^ 
titanium at \ ■ Killetinn
action of th«’ braze alley in marginal 
at thin tenip»Tature. (T.SXt

FiR. S4. ii-3t) r-.Ioint--Pure Titanium Braze

Diffit-iiltios with sevt-ri' erosion and al­
loying were also experienced wJith palladium 
and palladium base brazing alloys on U-36. 
As shown in Fig. 56, pure palladium alloyed 
severely with D-36 columbium. I’rior brazing 
ex|M‘rience with palladium in conjunct’on with 
unalloyed columbium and the U-31 
(Cb- 10%Ti- 10“'oMo) alloy indit ated no adverse 
effects. T-joint specimens were prepared 
and brazed with pure palladium at 2900* F to 
verify prior test results. I’hotomicrographs 
of these T-jomts are shown in Figs. 57 and 
58. Very little alloying or erosion was noted 
for the columbium-palladium brazement. 
However, some alloying and erosion of I)-31 
were obtained w ith pure palladium. In neither 
case was the alloying and/or erosion as 
si'verc as with the 1>-36-palladium combiiia- 
lioti. Similar results wi’re obtained on D-36 
in brazing with a 60'5,l’d-40%tu alloy (Fig. 
59).

t>-3ft 1 -jOifH bm/ed •ilh iommer< 
titanium At 3200* { . Krosion of th« bus* «. 
toy <>* i-urr«d a it of bra/e tem­
perature inrreaa* to improve filleting i bar 
•cteriatu-a. (7b\)

Fie. S5. 0-36 1-Joint Brazed with
Titanium at 3200* F

A D-36 T-joiiit brazed «*ith pure palladiui. 
at 2900* F. Severe ailoyinc h«a occurred 
between the base and filter matenal. This 
reaction haa not been evidenced with either 
iHire 1 idumbium Cb UlTi lOM-

FU, S6. n-Jo T-Joint--Purc 
PalUaiuB Braze

The cause of this seven' alloying wnf- 
not investigated, but it was evident that pai- 
adium, or palladium-base alloys, eould not 

be used with D- 36. tine |K)SSible contrib­
uting factor to the apparent sensitivity of 
D-36 columbium lo both brazing alloys and 
temperature is the ri'latively low melting 
ixiint of D-36 (3500* F) m comparison with 
unalloyed columbium (4474* F) and the D-31 
alloy (4100* F).



Photomicrograph of a pure columbiuro T*)oint 
brazi-d with pur** palladium al 290(f K. A 
verv narrow alloy zone is indicated with no 
erosion of the hafse matt-rial 17SX)

Fig. 57. I’urc Columbiu;n T-.loint--rure 
PallaJiun braze

A photomicrograph of a Cb-lOTi-lOMo 
T-joint brazed with pure palladium 
at 21^00* K. Alloying has occurred but 
IS not ;is severe .is in>led in Fig. 56. fifj.X)

Fig. 58. Oi-Ti-'to T-Joint—Pure 
Palladium Braze

While braze alloys which depetid on vola­
tilization to achieve’ higher remelt tempera­
tures were not considered applicable for 
vacuum brazing, one alloy of this type- -TZB 
(48T..Ti-48'';/.r-4%He)—was briefly inves­
tigated. This alloy, di-veloped by the Metal­
lurgy Division of'Oak Kidge National Labo­
ratory, was reported to flow'at approximately 
2000°' K ill an inert atmo.sphere. Brazing 
tests conducted in vacuum indicated, as an­
ticipated, that volatilization of the beryllium 
during heating raised tne initial melt tem­
perature to at least 2550° K.

This alloy had poor wetting and filleting 
characteristics when used to braze TZM. 
However, although some erosion occurred.

the TZB alloy exhibited good filleting and 
wetting characteristics on D-36 columbium 
(Fig. 60). Attempts to attain a higher re­
melt temperature by subjecting these D-36 
hrazements to diffusion treatments at 2000° 
to 2200° F were unsuccessful.

Pholomicrograph of a l>-36 T-joint 
brazed with fi0!*d-4m'u at 22!»ir F.
Again, .m'vrre alloying with the 
base material is evidenced, which 
‘ndicales the possibilily of a low 
melting eutectic reaction occurring 
between the ternary I’h-Ti-Z.r and 
I’d-Cu. (75X)

Fig. hi), n-5f) T-.Ioint--Pd-Cu lirazc

J
.A L>-M‘ r-joitit lira/«d with 4K'li 4
at 2ji>0* F. Knjsion of th»- purem inau riji 
la evidcoced but is not considered severe.
Spei imen was etched to bring out grain 
htruc tur* of m»-tai. O.i.X)

Fig. 60 . 0-36 T-Joint--Ti-Zr-iic Braze

c. Higher remell braze alloy evaluation

Becau.se of the shortcomings of avail­
able conventional braze alloy s, especially for 
the TZM molybdenum test panels, emphasis 
was then placed on the evaluation and de­
velopment of higher remelt temiM'ra- 
ture braze* alloy systems, A number of 
braze alloy systems were reviewed with 
which higher remelt temperatures mieht l«i



achieved by either the diffusion alloying or 
volatilization techniques. The alloys selected 
for evaluation on TZM and D-36 and the re¬ 
sults obtained are summarized in Tables 8 
and 9. 

Of the alloys listed in Tables 8 and 9, two 
(93%Pd-7%Al and 97%Pd-3%Be) depended on 
volatilization to achieve higher remelt. Al¬ 
though attempts to braze the TZB alloy in 
vacuum were unsuccessful, it was hoped 

TABLE 8 

Brazed Alloy Systems Evaluated for Higher Remelt Capabilities on TZM Molybdenum 

Braze Alloy 
Km- • Mai Composition 

48% Ti. 48% Zr. 
4% Be 

!)6.S% PI, 3.5% B 

95.5% Pi. 4.5% Sä 

93% PU, 7% A1 

97% Pd, 3% Be 

95% Pd. 5% Si 

|91.5% Ti, 8.5% Si 

Braze Alloy Flow 
Temperature (*F) 

Estimated 

2000 

1600 

1550 

2000 

1750 

1500 

2450 

Actual 

2550*-due to 
volatilization 
of beryllium 

1800 

2050 

2600--vola- 
Ulization of 
aluminum (?) 

2600--due to 
volatilization 
of beryllium 

2100 

2550 

Brazing Characteristics 

Poor filleting and wetting. No 
joint strength 

Excellent flow and filleting. 
Braze joint extremely 
brittle 

Good flow and filleting. 
Braze joint extremely 
brittle 

Good flow and filleting. 
Braze joint extremely 
brittle 

Good flow and filleting. Braze 
joint shows little or no 
ductibility 

Fair flow and filleting. Braze 
joint shows good ducUlity 

Fair flow and filleting. Braze 
joint shows good ductility 

Remelt Capability 
Based on Separation 
Temperature Check 

No increase by diffusion 
heat treatment and addition 
of base metal powder to 
braze alloy 

Diffusion treatment raised 
separstion temperature 
above 3000* F with addition 

i of base metal powder 

TABLE 9 

Brazed Alloy System Evaluated for Higher Remelt Capabilities on D-36 Columbium 

Braze Alloy 
Nominal Composition 

48% Ti. 48% Zr. 
4% Be 

96.5% Pt, 3.5% B 

95.5% Pt. 4.5% Si 

93% Pd, 7% A1 

97% Pd, 3% Be 

95% Pd, 5% Si 

91.5% Ti, 8.5% Si 

Braze Alloy Flow 
Temperature (*F) 

Estimated 

2000 

1600 

1550 

2000 

1750 

1500 

2450 

Actual- 

2550--due to 
vol atilization 
of beryllium 
1800 

2050 

2600--vola¬ 
tilization of 
aluminum (?) 

2600--due to 
volatilization 
of beryllium 

2100 

2550 

Brazing Characteristics 

Excellent filleting and wetting. 
Slight erosion of base metal. 
Good joint ductility 
Good filleting and wetting. 
Braze joint extremely brittle 

Good flow and filleting. Braze 
joint extremely brittle 

Excellent filleting and wetting. 
Braze joint extremely brittle 

Marginal flow and filleting. 
Some joint ductility 

Good flow and filleting. 
Braze joint extremely brittle 

Good flow and filleting, 
cellent joint ductility 

Ex- 

Remelt Capability 
Rased on Separation 
Temperature Check 

No increase after heat 
treat for 2 hours at 
2200* F 
No Increase by diffusion 
heat treatment and addition 
of base metal powder to 
braze alloy 

Diffusion treatment raised 
separation temperature 
above 2800* F with addition 
of base metal powder 
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.»at carefully controlled brazing cycles would 
permit brazing at the estimated flow tem¬ 
peratures for these systems. Maximum 
heating rates and minimum hold times at 
brazing temperature were employed in an ef¬ 
fort to avoid rapid volatilization of the high 
vapor pressure constituents, but without suc¬ 
cess. No further effort was made to utilize 
the volatilization technique for attaining high¬ 
er remelt temperatures. 

The higher remelt temperature braze al¬ 
loys selected for evaluation were prepared 
in a standard arc-melting furnace. The 50- 
to 75-gm arc-melted buttons were given 
homogenizing heat treatments, then crushed 
or filed and ground into powders. Testing 
of these alloys was conducted on T-joint 
specimens, and visual and metallographic 
examinations were made to evaluate the 
brazing characteristics of each with respect 
to wetting, filleting action, alloying, erosion, 
etc. Tests were conducted to define the re¬ 
melt temperature (based on separation under 
a small load) of some of the selected alloy 
systems. 

Consideration was given to the possibility 
that the remelt temperature of Haynes 25 
might be raised by longer holding times at 

brazing temperature or by a subsequent 
diffusion treatment. The primary advantage 
of utilizing Haynes 25 as a brazing alloy was 
its availability in foil form. Foil material 
is easily preplacedfor brazing, whereas pow¬ 
dered braze alloys such as Ti-B.S'tói andl’t- 
3.5%B would present problems in pr. place¬ 
ment during panel assembly prior to brazing. 

T-joint specimens of TZM were brazed 
with Haynes 25 and held at the brazing tem¬ 
perature for various times. Additional spec¬ 
imens were subsequently diffusion heat treat¬ 
ed. No increase in remelt temperature was 
achieved for the TZM-Haynes 25 combina¬ 
tion (Table 10). However, it was noted that 
extended times at the brazing temperature or 
extended diffusion treatments at high tem¬ 
peratures (2200s F) embrittled the TZM- 
Haynes 25 braze joints. 

An evaluation was conducted of several 
platinum- and palladium-base alloy systems 
with which higher rem . It temperatures might 
be achieved by diffusion alloying of the braze- 
ment with the base material. Boron and sili¬ 
con were used as liquidas temperature de¬ 
pressants. These alloy systems were not 
suitable for the structural joining of TZM or 
D-36. The flow and filleting characteristics 

TABLE 10 

Summary of Braze Alloy Remelt Tests 

Base Metal 
Braze Combinations 

TZM. Ti-S.ST. Si 

As brazed 

Diffused 3 hr at 2200* F 

Diffused 6 hr at 2200* F 

Diffused 3 hr at 2300* F 

Diffused 3 hr at 2400* F 

TZM, Haynes 2¾ 

As brazed--no hold time 

As brazed--15-min hold 

Diffused 3 hr at 2200* F 

D-36. Tl-8.5% Si 

As brazed 

Diffused 3 hr at 2200* F 

D-36, B-120VCA 

Test 
Load 
(Km) 

L 
As brazed 

10 

10 

20 

30 

10 

10 

10 

10 

10 

10 

10 

10 

20 

10 

27SO 2850 

Failed 

Fail d 

Failed 

Failed 

Test Temperature CF) 

2900 

No f 'il'ire 

No failure 

2950 

Failed 

No failure 

No failure 

No failure 

No failure 

No failure 

No failure 

3100 

Failed 

Failed 

3150 

No failure 

No failure 

Failed 

No failure 

No failure 

No failure 

3250 

Failed 

Failed 

Failed 

Failed 

Failed 
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of these braze systems were generally satis­
factory, but the brazed joints were extremely 
brittle and often cracked (Figs. 61 and 62).

kig. bl. i:m l-)oint--l’t-5.5. li araze (7SX)

IJ
Fig. 62. h-36 T-,Ioint—Pt-3.S1 B Braze (75X)

Attempts were made to circumvent the 
brittieness problems experienced with the 
platinum- and palladium-base alloys through 
procc’ss variations. T-joint specimens of 
TZM molybdiMium-l>t-3.SToB were brazed 
and subsequentiy diffusion heat treated in 
a single cycle, to avoid cooling to room tem­
perature befori- diffusion heat treatment. This 
processing cycle did not alleviate the brittle­
ness problem. Molybdenum powder additions

to the braze alloy also did not help to reduce 
the brittleness. Additional effort to resolve 
the brittleness problems ex|)erienced with 
.he higher remelt temperature precious metal 
braze alloys was discontinued in \iew of the 
more promising results which were concur­
rently being obtained on the titanium-silicon 
sy stem.

The titanium-silicon system (Ref. 36) 
showed promise. The 8.5“'«Si eutectic com­
position melts at approximately 2425° F-- 
some 300° F bi-low the melting point of pure 
titanium. Brazements i-xhibited excellent 
filleting and wetting, and were ductile and 
fn e from cracks.

Studies were conducted to determine if the 
remelt temperature of Ti-8.5%Si brazements 
could be increased to 3000° F or higher by 
diffusion heat treatment. T-joint sjiecimena 
were pri'pared, with molybdenum pow^der ad­
dl’d to the brazing alloy powdi-r, and brazed 
at 2550° F. These were exposed to various 
heat treatment cycles and checked tor re­
melt temperature, as manifested by joint 
separation under a small load. The maximum 
capabilities achieved with a 2200° F, three- 
hour diffusion heat treatment were 3150° F' 
for joint loads up to 2 psi and 2050° F for a 
joint load of 6 psi, with no joint separation 
(Table IG).

The addition of molybdenum powder to 
the filler alloy provided greater assurance 
of the completeness of the reaction between 
the braze alloy (Ti-8.5VSi) and the base 
metal. A ratio of braze alloy to refractory 
metal powder of 4:1 was found to be opti­
mum. Excessive additions retarded flow and 
required a further increase in the brazing 
temperature.

The Change.s in the microstructure as a 
result of diffusion alloying are evident in 
Figs. 63 and 64. Figure 63 shows c. TZM T- 
joint brazed at 2550° F with molybdenum i>ow - 
der added to the Ti-6.57oSi filler alloy. Very 
little alloying of the filler with the base mate­
rial and molybdenum powder occurred. The 
matrix is of eutectic eomi»)sition, w ith a dis­
persion of molybdenum powder. After a 
three-hour diffusion heat treatment at 
2200° F, definite alloying occurred at the 
base-metal-braze-alloy interface. There 
was also diffusion alloying of the braze alloy 
and the molybdenum ixiwder. The structure 
is essentially the same as that shown in Fig. 
64, after diffusion treatment and subsequent 
exposure under a small load at 2950° F. There 
was no evidence of melting at this tem­
perature.



r
FiR. b3. T;m T-Joiiit--Ti-8.5'. Si Braze (75X)

Fig. t;m 'kilyliiienura Brazed with Ti-8.5". 
Si After Separation Test at 3150* F 
(75X1

Fig. 64. TZH Brazed Joint After Test at 
2JS0' F (75X)

Figure 65 shows a T-joint speeinien hi^ated 
to 3150° F without separation. However, 
some fillet area melting of the braze alloy 
oecurred, indicating gross heterogeneity in 
the composition of the brazement. Additional 
development effort will be required to reduce 
this heterogeneity, including refinements in 
powder preparation and bhuiding techniques.

The Ti-8.5%Si system provided excellent, 
ductile fillets on U-36 (Fig. 66), and, with 
the addition of (Kiwder filler metal and dif­
fusion heat treatment, the separation tem­
perature was increased slightly (Table 10).

Fig. 6b. 11-36 T-Joint—Ti-8.5“. Si Braze (75X)

d. Braze alloy selection

At this point in the study program, the 
TZM sheet material tor test panel fabrica­
tion was received. Braze alloy tests con­
ducted with the new TZM material indicated 
that it rapidly recrystallized at 2550° F. 
F’igure 67 shows < he new TZM material brazed 
with Ti-8.5%.Si at 2550° F and held at brazing 
temperature tor 15 minutes; the pan nt ma­
terial is essentially fully recrystallized. The 
original test material (cf Fig. 63) could be 
held at 2600° F for 5 minutes without re-



Fig. 07. TZM Molybdenun Wcw Material 
rirazed with Ti-S.S. Si at 2550* F 
and Diffusion Treated at 2400* F 
for Four Hours (75X) 

crystallizing. The Ti-8.5%Si higher remult 
alloy system was being developed on the pre¬ 
mise that the 2550* F braze cycle would not 
cause any recrystallization of the TZM ma¬ 
terial. Further development of this specific 
alloy was discontinued when the material to 
be used in the test panel fabrication was 
found to recrystallize at this brazing tem¬ 
perature. 

Because of the increased operational tem¬ 
perature benefits that could be gained with 
higher remelt alloys, an effort was made to 
modify the Ti-8.5%Si system to permit braz¬ 
ing at or below 2400° F. The modified alloys 
evaluated are summarized in Table 11. Tests 
were conducted to establish whether a braze 
temperature of 2400* F or less could be real¬ 
ized. Three alloys exhibited good flow at 
240Ü* F: 64.5%Ti-27.5%V-8%Si, 78%Tl-13.5% 
Cr-8.5%Si, and 48.5%Ti-48.5%Zr-3%Si. The 
wetting and filleting characteristics of these 
three alloys were evaluated. They showed 
satisfactory wetting action, but produced 
very thin brittle joints. Further develop¬ 
ment of these alloy systems was stopped 
when it became evident that an extended ef¬ 
fort would be required to develop a satis¬ 
factory higher remelt alloy for the TZM 
panel material. 

At this time, conventional palladium-base 
braze alloys that flow between 2200° and 
2400° F were evaluated. These included 
60 Pd-40%Cu, 70%Pd-30%Cu,60%Pd-40%Co, 
70%Pd-30%Ag, and 54%Pd-10%Cr- 36%Ni. All 

TABl^E 11 

Flow Characteristics of Modified 
Ti-Si-Alloy Powders 

Hr«»e Alloy 

How Charai-lerisUc* 

2400* K 2450* K 

IlI20VCA Titanium-!!. 5% Si 

III20VCA Titanium-9% Si 

IU20VCA Titanium-9. 5% Si 

III20VCA Titanium-10% Si 

III20VCA Titanium-10. 5% Si 

65% Ti-27. 5% V-T 5% SI 

64. 5% Ti-27. 5% V-8% Si 

64% Ti-27. 5% V-l. 5% Si 

78% Tl- IS. 5% Cr-8. 5% Si 

76.5% Tl-13. 5% Cr-10% Si 

74. 5% Ti-IJ. 5% Cr-I2jk Si 

48 5% Ti-48. 5% Zr-3% Si 

47% Tl-47% Zr-8% Si 

46% TI-46% Zr-8% Si 

No How 

Good 

No now 

Kxcellrnt 

No How 

No How 

Excellent 

Marginal 

Marginal 

Good 

Poor 

Poor 

Good 

Good 

produced uniform ductile fillets when joints 
were held at the brazing temperature for very 
short times(uptooneminute). However, when 
longer brazing cycles were employed or when 
the brazements were subjected to tempera¬ 
tures just below the flow point for more ex¬ 
tended periods (Pd-Cr-Ni system only), the 
alloys diffused extensively into the TZM alloy, 
and complete recrystallization of the parent 
metal occurred in these areas. 

The time-temperature relationships for 
the palladium-cop(K-r system when utilized to 
braze TZM proved very critical. Figure 68 
shows a TZM T1 joint brazed with 60%Pd- 40%Cu 
at 2250® F and held approximately 1 minute 
at temperature. No evidence of recrystalli¬ 
zation can be seen. However, when the brazing 
temperature was increased 50° F, the 60%Pd- 
40%Cu alloy diffused into the parent TZM ma¬ 
terial and almost complete rccrystallization 
was obtained (Fig. 69). Tests were conducted 
with the 60%Pd-40%Cu alloy on TZM to deter¬ 
mine the effects of holding times of 1, 5, 10 
and 15 minutes at the recommended 2250“ F 
flow temperature for the system. Withhold¬ 
ing times longer than 1 minute, recrystalli¬ 
zation of the TZM was increasingly effected 
through diffusion of the braze alloy in the 
parent material (Fig. 70). Maximum depth 
of the recrystallized zone was reached after 
a 10-minute hold time (approximately 0.003 
in.). Similar, but strikingly more detrimen- 
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Fig. 08. TZM Molybdemm Brazed at 2250' F 
with 00'. l’d-40'. Cu Braze Alloy 
(1 rain at braze temperature 
(75X1

: ^ v^r- ~::z: y; ^

Fir.. (j‘J. Photomicrograph o»' iZM Sncct anc Lore 
Brazed with bU'» Fd-40'fc Co at ZSOV''^' 
(200X)

Fi", 7i>. lZ*l-i).{)o8-iii. Foil liraicu with OU*
iM-4(»o Cu at 225:t" F with lU-Minut. 
uoht rime (:»2SV)

T/.M ht>nevcomt corr to Fkir. jtnnT J.ra** d 
with T*’”: rd-30'. Cu at 2<*»(T y for B min. 
Spt'cinifn was raironiolv britUn with 
all thr hrarr altov dilfuainf into tht- baar 
motal

tai, results were obtained with the TOfyl’d- 
30”'oCu alloy. The higher bl-azing temperature 
(2400° K) produced complete recrystallization 
of the TZM sheet and core material a.s shown 
m Fig. 71.

Figure 72 show s the microstructure of a 
T-joint specimen brazed with I’remabraze 
101 (54»;,l>d-10'r.x:r-:i6%Ni) at 2350' F, in
which recrystallization started at the braze 
alloy-parent metal interface. A eonipanion 
T-joint specimen was heated at 2200' F for 
15 minutes and subsequently heated to 2400° F 
under a small load. Joint separation did not

71. i; i ’lolybdciiUii specimen Brazed wita 
70. P.iila.lium-30. Copper

occur but the pari’iit nniterial was completely 
recrystallized (Fig. 73) and there was severe 
erosion, primarily as a result of nickel dif­
fusion.

From these studies, it was evident that 
none of tin- palladium-base alloy s w ith flow 
temperatures in the range of 2300' to 2400'F 
was acei'ptabie. It was also I'lddent that con- 
sidi'rabU' additional devc'iopment would 1m*



KecryKtallizatton at brace alloy-nsaterial 
Interface-. (7SX)

FiB. 72. T2H MulylKlenua Brazed with Prema- 
brazc 101 (54'i IM-IO'. Cr-iO'. \i) 
at 23SO“ r

necessary to provide an acceptable alloy 
which would flow in the 2300* to 2400° K range.

It was concluded, at this time, that the be.st 
resolution of this brazing problem waste se­
lect a braze alloy that did not diffuse rapidly 
into the base metal and produce immediate 
and complete recrystallization, even if this 
involved brazing at temperatures slightly 
above those which recrystallized the TZM 
material. In making this decision, it was 
necessary to accept some recrystallization. 
However, if the maximum temperaturi' and 
the time above 2400* F were held to a mini­
mum, the extent of recrystallization couldbe 
limited.

Haynes 25 met these requirements and was 
selected as the braze alloy for TZM structural 
panels. This alloy h.as excellent filleting and 
node flow characteristics (Fig. 74). Test 
strips of TZM, which were brazed for 5 min­
utes at 2550* F, had sufficient room tem­
perature ductility so that cold bends couldbe 
made without fracturing the .strips. However, 
based on the results of extended exposure 
at the braze temperature and on the diffusion 
heat treatment cycles evaluated in conjunction 
with the higher remelt temperature studies, 
the total time at these higher tempi’ratures 
must be restricted to avoid serious embrittle­
ment.

l‘hotomirro|tr«|]b at rroim auction of 
0.012-in. rZM akin to cora brased with 
Haynra 2S at 2J»f*(T F for 5 min. No 
atop-off waa uard. (200X)

Hr.»z« maflr at 235tf h and th« n wul.sf 
qwntly t-xpoard to 220(f F for 15 min, 
2:i(Kr F for 15 min and 240<r ^ for 15 
mm undrr a nmall load. (75X)

Fig. 7J. TZM Molybtlenua BrazeU with Preiu*
liraic 101 (54. IM-KV. Cr-jh", .\i)

Fis. 74. TZ 1 'lolybdcnuB Core to Skin llrnzed 
with uavnes 2S

The high braze temperatures required 
for pure titanium and B-120 VCA titanium 
completely n-crystallize TZM. However, 
it was not known how seriously this em-



brittlement would affect handling, testing 
and possible vehicle application. There­
fore. it was decided to braze two panels 
with these alloys before the final decision 
on the TZM heat-shield panel was made.

Since D-36 columbium structural panel 
brazing temperaturi's were not similarly 
restricted, no direct effort was made toward 
finding a liigher remelt temperature alloy 
for D-36. From the initiation of the study, 
it was considered that titanium or titanium 
alloys could be used to braze D-36. The 
D-36 study consisted of checking the TZM 
braze alloys on D-36. None of these alloys 
showed any advantages over titanium. Tita­
nium and B-120 VCA, a chromium-vanadium- 
aluminum-titanium alloy, were selected for 
D-36 test panel brazing. The latter alloy 
flows at 2950° F and is somewhat more 
sluggish than commercially pure titanium, 
thus permitting the brazing of relatively 
wider gaps. This alloy was used advan­
tageously in fabricating the D- 36 heal shield 
panels, where problems .arose in the fabri­
cation of the heat shield pans with adequate 
flatness.

A D-36 columbium T-joint brazed with 
B-120 VCA titanium is shown in Fig. 75. 
The microstructure shows metallurgical 
bonding along the braze alloy-base metal 
interface and complete alloying of the braze 
alloy with the honeycomb foil. The joint is 
ductile and can be bent double without frac­
ture. A pure titanium-D-36 columbium braze 
joint has a similar structure but exliibits 
less alloy bonding and diffusion.

e. Braze .stop-off evaluation

During the braze alloy evaluation studies, 
Ti02 (titanium dioxide), in a suitable lacquer
binder, was used to retard the flow of the 
braze materials. Relatively small amounts 
of this stop-off material were required. No 
adverse effects were noted in parent metal 
behavior which could be .attributed to the 
use of the TiOj stop-off.

Prior to actual panel fabrication, .several 
large sandwich panels were- brazed to check 
both the stop-off material and the test panel 
tooling. It was found that the TiOg stop-off
material, which was suitable for brazing 
small specimens, severely contaminated the 
D-36 columbium alloy when brazed at 2900° 
to 3200° F, and made it extremely brittle at 
room temperature (Fig. 76). This embrit­
tlement was attributed to the fact that Ti02
was not entir<dy chemically inert at these 
temperatures and pressures.

AFv'.

HratP made at F for 15 niin. Sp* t-
was ductile and could be bem without 

fracture. (200X)

Hi’. 75. n-,3o Colunbium Specimen Sraied vcitii
B-120 VCA Titanium

Braee made at 2950* F for 15 min in 
presence of stop-off. Specimen
was extremely brittle. Note retarded 
grain growth and pronounced grain 
boundaries on the surface exposed to 
the stop-off. (200X)

Fig. 70. I)-3(1 Columbium Brazed with B-120
VCA Titaniim

Several additional materials which might 
serve as stop-off agents were evaluated. 
These included alumina (AI2O3), magnesia
(MgO), zirconia (Zr02), silicon carbide (SiC),

and graphite cloth. Tests were made to 
determine whether any of the.se had the 
necessary stop-off characteristics, namely, 
chemical inertness at the temperatures and 
pressures to be used, and restriction of 
braze flow. The rc’sults of these tests are 
summarized in Table 12.

None of these materials was completely 
satisfactory as a .stop-off agent. Zirconia 
was sufficiently inert and served as an 
effective separating agent, but it was not



TABLF 12
Stopoff Kvaluation Summary

Test
-

Stop-Off Temp Base Braze j Effects Upon
MaUrUl (•F) Material Alloy Base Material
TiOj 2950 D-36 B-I20VCA

Titanium
Serious embrittlement

2950 D-36 B-120VCA
Titanium

Embrittlement

MgO 2950 D-36 B-I20VCA
Titanium

Embrittlement
!

SiC 2950 D-36 B-I20VCA
Titanium

' Very slight embrittlement. 
Very difficult.to remove

Nicrobraz
Red

2950 D-36 B-120VCA
Titanium

Embrittlement

Graphite
cloth

2950 D-36 B-120VCA
Titanium

No embrittlement. Material 
1 picks up carbon. Extremely 
' difficult to remove

Graphite
cloth

3150 I D-36
TZM 1

A-55
Titanium

Same as above |

ZrO, 2400 TZM !
1

70% Pd- 
30% Cu

None visible.

ZrOj 2950 D-36 B-120VCA
Titanium

None vUible. No embrittle­
ment

ZrO, 3150 TZM A-55
Titanium

As above.

z«o, 3150 D-36 A-55
Titanium

None visible. No embrittle­
ment

completely effective in restricting braze 
alloy flow. The other materials contami­
nated and, in most cases, severely em­
brittled the D-36 alloy, D-36 columbium 
brazed in the presence of ZrO^ stop-off
showed no evidence of contamination (Fig. 
77).

■•♦A*'-’ '

Pratr made at 295(f F for 15 min In 
prearncr of ZrO^ »top-off. Specimen 
waa ductile and could be bent without 
fracture. (200X)

Fig. 77. D-36 ColuBbium bpecinen Brazed with
B-12U VCA Titanium

As a result of these studies, zirconia 
was selected for use as a stop-off agent 
in the fabrication of the TZM molybdenum 
and U-36 columbium test panels.

2. Braze Tooling

Exploded views of test panel braze tooling, 
which was fabricated for a curved heat 
shield panel and a flat structural panel, are 
shown in Figs. 78 and 79. Similar tools 
were made for flat heat shield and curved 
structural panels. To avoid thermal ex­
pansion mismatch problems, tools were made 
from both TZM and D-36.

Tooling details were made from 5/16- 
in. TZM and D-36 plate and were heliarc 
welded in an argon dry box. Columbium 
filler wire was used for both TZM and D-36.

After the plate stiffeners and the edge 
member details were welded, each tool was 
stress relieved at 2200* F. To avoid crack­
ing, the TZM tools were preheated to 200* F 
before welding and maintained at this tem­
perature until BlresH relieving. Some war- 
page occurred as a result of welding and 
stress-i elieving. Each tool was straightened 
on a brake press and re-stress relieved; 
this cycle was repeated until dimensional



Top tooling plate 

Top atrp tool 

Panel 

Fír. 78. Curved Refractory Metal 
Structural Panel (D-36 
and TZM) 

stability was attained. The mating surfaces 
vere then machined and the tool again stress 
relieved; this cycle was repeated if nec- 
issary. Curved tools were turned to shape 
jn a King vertical turret lathe, and flat 
surfaces were ground (±0.0005-in. toler¬ 
ance). Each tool was then subjected to a simu¬ 
lated thermal brazing cycle and refinished 
and recycled, if necessary, until dimensional 
stability was obtained. 

Recesses and slots were cut into the heat 
shield bottom tooling plates to provide space 
for the support clips and doubler discs. The 
top and bottom step tools served as spacer 
rings which were machined to fit around the 
steps in the heat shield panels. These served 

Top looling plato 

Fig. 79. Flat Refractory Metal 
Structural Panel (D-36 
and TZM) 

to apply pressure for brazing in the step 
areas. Inserts or spacer bars, built up as 
laminates from sheet stock and placed in the 
U-channels of the structural panels, were 
used to ensure proper brazing contact pres¬ 
sure between the U-channel and the skin, and 
to prevent crushing of the U-channel. 

The same top and bottom tooling plates 
were used for the flat structural and flat 
heat shield panels. The curved structural 
and heat shield panels were designed with 
the same outer radius so that the same top 
tooling plate could be used. Because of the 
different panel thicknesses, separate bottom 
tooling plates were required for the curved 
structural and heat shield panels. 
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3. Panel Brazing

Test panel brazing was accomplished in 
a cold wall vacuum furnace. The furnace 
has a 13- by 13- by 13-in. heating zone with 
tantalum-strip heater elements (Fig. 48), 
with the work supported in the center of the 
furnace on nine 1/2-in. diameter tungsten 
pins. Furnace temperature was monitored 
with two tungsten-rhenium thermocouples. 
Heating was manually controlled to ensure
that the prop<‘r vacum (2 x 10 ^ torr) was 
maintained during the total braze cycle.

a. Panel assembly

Braze alloy. The structural panel braze 
alloy foil was" trimmed 3/16 in. smaller 
(in width and length) than the facings (Fig. 80). 
Small stripe, 0.45 in. wide, were cut to fit 
along the inner legs of the U-channel edge 
member.

FiR. 80, Trinniiic Sack Braic Alloy 
from LUrc of Panel to Pre­
vent kxcess Floe froa Joint

The heat shield panel braze alloys weri‘ 
marformed over the same tools used for 
the heat shield facing. This provided ex­

cellent fit and eliminated the trimming and 
handling of many small pieces. The titanium 
brazing alloys were formed at 300* F. After 
forming, the braze alloy was trimmed 3/16 
in. smaller (in width and length) than the heat 
shield facing pan.

Cleaning. All panel details were cleaned 
(Table 6) and placed in polyethylene bags. 
All handling of cleaned pianel details was 
accomplished with clean white cotton gloves.

Assembly. The structural panel braze 
alloy was tack-welded to the inner surface 
of the facing and the U-channel. The core 
was slipped in place in the frame and the 
facings were tack-welded to the U-channel. 
A complete structural panel layup is shown 
in Fig. 81.

Fii',. 81. P.nncl iluildun for hr.iliiic Shwin?
Flat 11-36 Colunhiuu Structural Panel 
(3-12;i VCA braic allov titaniun)

The heat shield panel braze alloy was tack- 
welded to the inner surfaceof the facing. The 
core was then placed on one facing and the 
other facing placed on top. The facings were 
slippi'd into place and held with small clamps. 
The overlapping lips around the edges of the 
panel were resistance-tack-welded together; 
any copper pickup was removed by light 
sanding. The braze alloy disc was then tack- 
welded to the inner face of the supixirt clip.

To facilitate the tack-welding of the TZM 
panels, 1/8- by 1/8- by 0.002-in. pieces of 
titanium were used as an interlay.

Application of stop-off. The surfaces of 
the braze tools were coated with ZrOj stop
off in a suitable nitrocellulose lacquer (Raffi 
and Swanson No. 1830). Thin separator sheets 
were used between the braze tools and the 
panel. The surfaces in contact with the panel 
were coated with stop-off. These separator 
sheets were used to pri'vent panel-to-ti>ol



bonding as a result of excessive braze alloy 
flow.

For the structural panels, the outer 
surfaces of the laminated U-channel inserts 
were coated with stop-off. For the heat 
shield panels, the spacer rings were coated 
with stop-off.

All stop-off coated parts were placed 
in an oven at 300° to 400° F for about one 
hour to accelerate drying of the lacquer.

Panel brazing. The assembled panels 
were placed on the braze tools (Figs. 82 
and 83) and then placed inside the vacuum 
furnace (Fig. 84).

Fii;. 8J. Braze Tool Buildun tor lirazini; Flat 
l)-5o Colunbium Structural Panels

The furnace was evacuated to 10 torr 
before the power was turned on. Furnace 
power was regulated until a temperature of 
1000° to 1100° F was reached. The furnace 
was maintained in this temperature range to 
permit outgassing of the load until the pres­
sure dropped to 2 x 10 ^ torr. This opera­
tion usually took about 5 to 15 minutes.

FiR. Braze Tool Uuildun Tor Curved h-3(> 
Coiunbiuni Heat Shield Panel

■ -I '*■

-■'V v ■ I ^
Fls. vS4. f iat Columbiun liraie loois in

l-urnacc

During the panel braze cycU*, a 2150 i 
50* V stop was usod to provide time for the 
brazo-tool temperaturo to slabilizo, to pri*- 
vont any nonuniform lomporature distribution 
from warping tho !>raze tools. This stop 
also provided extra time for any outgassing 
that occurrt'd above the 1100* F plateau. 
All brazing was done at a vacuum »>f 2 x
iO torr or less.

Four distinct thermal cycles were used 
for panel brazing: Havnes-25-T/.M panel 
system (Fig. 85); pur<* titanium brazt' cycle 
for both TZM and (Fig. 86); H-120VCA
titanium with D*36 (Fig. 87); and It-120 
VCA titanium with TZ.M (Fig. 88). For the 
TZM panels, the time above 2200® I* was 
held to a minimum to limit recrystallizati^Hi.

Two problems were encountered in the 
test panel brazing. Onv was a result of the 
(dlcans in the D-36 material, the t»ther the 
oul'of-curvature of the TZM U-channel 
frames.
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6 lo 8 min hold 

Fiß. 87. Braie Cycle Used on 0-36 Cañéis (B-120 VCA titani» braie alloy) 

a-mil) hold 

Fiß. 88. Braie Cycle Used for TZM Heat Shield Panel (B-120 VCA 
titanium braie alloy) 
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Tho 0.008-in. D-30 .shei-t material had 
oilcan.s that caused severe problems in 
brazing the heat shield panels. The panels 
would braze satisfactorily but would have 
blisters along two edges, due to the oil­
canning. Creep flattening the sheets for one 
hour at 2200° F in vacuum and utilizing 
B-120 VCA titanium as the braze alloy 
(instead of pure titanium) \ irtually elim­
inated blistering. The 11-120 \ CA titanium 
braze alloy provided larger fillets and was 
capable of bridging larger gaps between the 
core and facing than the pure titanium.

In brazing curied T/.M panels, it was 
necessarv to have an exti emely close match 
between the braze tool curvature and the l'- 
channel frame curvature, if braze voids 
were to be eliminated. This was not the 
case with D-3G. It was considered that, 
at the 3000° F braze temperature, the l)-36 
U-channel frame was so weak that it would 
rapidly creep to fit the stiffen braze tools, 
thus assuring the contact required for 
brazing. However, the TZM frames at the 
25.30° F braze temperature still had suf­
ficient strength to bridge any existing mis­
matches, resulting in braze voids. This 
was corrected by ri’workmg the frames, 
where necessary, to assure proper contact 
before brazing.

Cleaning. Any traces of stop-off ad- 
hering to Ihe panels were removed with a 
soft brush or very fine emery paper. In 
Fig. 80, a flat structural |>anel is shown 
after removal from the braze furnace, and 
a heat shield ))anel is shown in Fig. 00. The 
panels were bright and clean when takim 
from the furnace. The panels did not have 
the characteristic dimpling that is associated 
%vith panels brazt-d under a uniform static 
pressure.

Any excess flow of braze alloy was ri'- 
moved by lightly sanding the contaminated 
area.

I 1:’.. ;iu. l ilt i2'l luivhjonum Structural I'ancl

Pig. on, Ciirvcu .*-je (ulunhiuu .ieil ..aieiJ 
I'ancl ahnx'in'' suuunrt ( lias

I). I'ANKI. FINISHING

The principal finishing operation, prior 
to coating, was electron beam welding to 
make various closure seals. This was done 
to prevent possible deleterious ri'actions 
between the braze alloy and the oxidation 
protection coating. Attachment strips were 
also electron beam welded to the flat struc­
tural panels.

The feasibility of making the required 
joints was checked out on small prototype 
specimens, with specific attention to welding 
in the presence of braze alloy at closure 
seals. No problems were apparent. However, 
major difficulties were encountered when 
attempts were made to scale-up these tech­
niques to (he test panels. Only limited de­
sign changes were possible- because panel 
details were already- fabricated, and a con­
siderable number of the panels had already 
been brazed.

1. StructimiH Fanels

a. D-36 columbium

The edges of the D-36 structural panels 
were machined straight and parallel. The 
curved panel corners were rounded to a 
1/8-in. radius, the edge radii to a minimum 
radius of 0.010 in.

Fight 0.040-in. load attachment strips, 
12- by 1.25-inch strips for each flat struc­
tural panel, were sheared to rough size 
and machined to final size. The three 
edges and two corners of the strips that 
were nut to be welded to the panel were 
rounded and smoothed. The panels and 
strips wen- trichlorethylene vapor degreased 
and stori-d in polyethylene bags.



Welding parameters were established for 
the load attachment strips and edge sealing 
(Fig. 22). A simple tool was fabricated to 
hold the panels for welding the special load 
attachment strips to the shear test panels. 
This consisted of an insert bar and a plate 
which were held in place by a clamp.

The strips were electron beam weldt'd 
to the flat panel edges as shown in Fig. 45. 
A typical weld is shown in Fig. 91. The 
first two panels were welded without tacking 
the ends of the strip to the panel, and ex­
cessive mismatch caused pinholes and un­
welded gaps. Attempts to repair these by 
both TIG and electron beam welding were un­
successful. Tacking at each end eliminated 
the problem and the r* maining eleven panels 
were successfully welded. The welds were 
inspected by painting a fluorescent dye on 
the weld surface at the inner leg of the 
U-channel and then examining the outer sur­
face of the weld under ultraviolet light. If 
there had been any cracks or pinholes that 
went through the entire weld, the dye could 
have been seen on the outer surface of the 
weld. None of the panels sent to the coating 
facility for test purposes had any such cracks 
or pinholes.

Fig, '.»l. I’liotol.iicroi’.raph of Llcclron ilcan
itchlcd Cnlunhiun loint Attach­
ment Strip to r.mcl iVeld (Magn 75X)

A drill template was made for locating 
the holes in the attachment strips (Fig. 92). 
This template was made from the fixture used 
for the panel shear test. The holes were 
drilled and then reamed to 0.257- in. diameter. 
All edges were rounded.

l ip. 9^, Holes to Mzt- iii s-ic.ir Strips
of a i'-3o Mat Struslonl t’liicl

All eight edges o( the curved panels were 
sealed by electron beam welding.

After welding, the panel edges were in­
spected to determine if there were any weld 
defects. A fluorescent dye penetrant check 
was made and any defects were repaired. 
All panels selected for coating passed this 
check without any ck-fects. The widded 
edges were examined to determine if the 
welding caused any roughening of the surface 
that might cause a weak s[x>t in the coating. 
Any questionable areas were smooth«-d by 
sanding.

All panels were again trichlorethylene 
vapor degreased and placed in a polyethylene 
bag. The completed panels were placed in 
indi\ idual boxes and then boxed in lots of 
five. Th(*se lots were then shippc'd to 
Thompson-Kamo-Wooldridge for application 
of the Cr-Ti-Si coating.

I'pon receipt of the panels at Thompson- 
Kamo-Wooldridge for coating, they were 
va|x>r degreased, given an acid etch and in­
spected for flaws. Some very small inter­
granular cracks were discovered in some 
of the flat structural panels with load attach­
ment strips. The cracks extended from the 
attachment strip weld into the (lanel and were 
usually normal to the welds (Fig. !>3). The 
cracks did not go through the entire weld, 
but, apparently, just penetrated to the brazed 
joint.

Such cracks could not b«- repaired by 
welding with any consistency. Accordingly, 
repair of these cracks was not attempted, 
and all panels, including those that contained 
these small cracks, were coated. Thecraiks 
could not be detected after coating, indicating 
that the coating either filled in or bridged
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over those imperfections. No oxidation or 
structural flaws tnat could be attributed to 
these cracks were observed in subsequent 
testing at temperatures up to 2400 F.

b. TZM molybdenum

Serious problems were encountered both 
in welding the load attachment strip and in 
edge .sealing. Weld settings were developed 
for the.se joints, but severe cracking of the 
welds and adjacent material could not lie 
eliminated.

In welding the miter joints of the I'- channel 
frames for the TZM .structural [lanels, it was 
necessary not only to stress relieve at 
2200* F after welding, but to weld at 250* F 
and store at 250* to :i00° F without inter­
mediate ciHiling prior to stress relief. A 
similar wi Iding and .stress relieving cycle 
was used to I'dge-seal a TZM panel. Cracks 
were found on two edges after the complete 
heat treat cycle (Fig. !'4). A second panel in 
storage at 250° F, awaiting the 2200° F stress 
relief treatment, was also found to be cracked. 
Cracks were normal to the weld and 1/4 to 
1 in. in liuigth.

Welding study. About 50 welding 
schedules, ivTifch iinolved various combi­
nations of preheating, [xistheating, welding 
s|>eed, welding voltage, welding amiierage 
and stress ndief, were evaluated in an un­
successful attenqit to determine a pro­
cedure which would prevent weld t racking.

Welds on one panel were planished (10% 
reduction in thickness) to introduce residual 
compression stresses in the weld areas.

Beam weld

Vii;. ''4. lypic.Tl Crack on l-l structur.al I'anel 
Lilqc

None of the planished welds cracked, but one 
edge cracked in storage at 250° to 300° F 
prior to planishing. It was evident that 
planishing, while helpful, would not eliminate 
the basic cracking problem. None of the 
procedures which were tried eliminated the 
basic problem of cracking prior to stress- 
relief.

MetalU^raphic sti^. These studies in­
dicated TliS the tasic problems of welding 
molybdenum under high restraint were fur­
ther aggravated by the presence of braze 
alloy in both closure seal and load attach­
ment strip welds. Two contributing mech­
anisms were indicated: (1) the development
of small intergranular cracks during solidi­
fication of the weld nugget and (2) the for­
mation of a second phase be tween the molyb­
denum and the braze alloy in the weld zone.

Small intergranular cracks were found 
in the weld nuggets (Fig. 95). These prob­
ably occurred because of the large dif­
ferences in the solidification temi>eratures 
of the nugget constituents. The braze alloy 
(Haynes 25-55Co-20Cr-15W - lONi), or new 
compounds which formed, collected in most 
of these cracks, but some remained void. 
A microhardness survey (Fig. 96) indicated 
that an intermetallic comixiund had formed 
along some grain boundaries. Intercrystal- 
line penetration and random entrapment of 
the braze metal in the parent weld metal 
were also observed.

The second phase in the molybdenum oc­
curred in the form of a precipitate. Indi­
cations were that most of it formed during 
cooling after welding (Fig. 97), although



Fig. 95. TZri MolybJcnun Structural I’ancl Llec* 
tron lican hdqc Seal

l'h<>t<ina< rotjraph <it > l*rtron Ix'am w» J»l 
nuu<{« t sho«»in({ * erf with hrat*-
joint Material is in as welded plus stress 
relieved at 220a h for one hour condition 
Tukon rmcroharJness (ISO cm loacJI check 
indicates the hijthiy alloyed lone is thrr«> 
times harder than parent metal (ISOXl

Fir. 90. TZfl MolybJcnun Structural Panel Llec- 
tron Bean LJgc Seal
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I’hotomicronraphic of electron t.«-am weld 
nucfet showinc the precipitation of the sec 
ond phase of the molybdfmum alloy Lower 
part of picture shows hichly alloyed sone 
between the brace alloy (5M'o-2(X'r IfiW- 
lONi) and the t>ase metal (700X1

Fl*. 97. ’:ih llolybdenu. Structural Panel tlec- 
tron Bean LJ|;e Seal

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 thi* 
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 purixises would any 
weld be rt*quired to sustain mori' 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 tyjie of aerospace vehicle. It was 
concluded that structural T/.M panels which 
involved welding could not lx- produced with 
sufficient structural integrity for satisfactory 
test. Major developments, both in improved 
alloys and welding techniques, would lx- re­
quired to produce acceptable molybd*>num 
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 techniqui* for 
shear testing of the panels was available.

The TZM panel finishing consisti‘d of 
machining the edges straight and parallel, 
rounding the corners and smoothing the 
edges. Machining was p«>rformed at about 
250* F, by utilizing a setup in which the heat



was su|>pliod by an electric heating blanket 
(Fig. 98). The panels were then cleaned 
(Table 6), wrapped and ship|>ed to I’faudler 
for applicatitm of the l*I'K-6 coating.

4
I u;. 'lx. ..icliiniti ' of i: i lolybJcmjn

Structural Panel

2. Heat Shield Panels

The heat shield panels required hermetic 
sealing around the panel periphery, at the 
access tube inserts and around the edges of 
the sup|K>rt clips.

a. D-36 columbium

After the panels were brazed, the access 
tube' holes were drilled through the center 
of the support clip disc. A template was 
utilized in drilling these holes to assure 
pro[xT location (Kig. !•!». After drilling, 
these holes were reamed to fit 0.25-in. 
diameter, 0.010-in. wall tubing.

A rotary weld tixil was made for elec­
tron beam welding the thin metal tubes in 
place to form th<' access holes in the heat 
shield panels. A photograph of the tool In 
the weld chamber is shown in Fig. 100.

The- upper plate of this tool was sup­
ported above the lower plate on ball bear­
ings and rotated on adjustable eccentric 
gears. The eccentricity could be changed 
to permit adjustment of the circular path 
to lx- welded. Kotary motion was provided 
by coupling the gears to the drive mech­
anism of the welder. It was also planned 
to use this t<x>l to weld around the brazed 
doubler disc of the heat shield panel sup­
port clip so that no braze alloy would re­
main i-x|Kised.

yj
n » colymbium hr«t shield panel with 
access holes drilled and tube inserts 
shown.

Fig. 99. Tool for Locating Access Hole in 
Curved Heat Shield Panels

lig. lua. ltot.ary Keld Tool

Another simple tool was also fabricated 
to hold the panels for welding around the 
periphery to seal all brazed joints. This 
consisted of a T-stand and a clamp.

The overlap edges of the heat shield panel 
facing were rewi rked prior to sealing. This 
was neci‘ssary to lx* sure that the facing 
edge, where the weld was to lx* madi*, was in 
contact with the other facing. Rework was 
accomplished by hand rubbing and re si stance - 
tack-welding in the areas where elastic 
properties prevented closure (spring-tyix* 
action of thin edge). All copper deposits 
were removed prior to welding.

The basic weld techniques r«*quired to 
seal these panels were checked out early in
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the program on simulated specimens; but 
when they were first attempted on a full- 
scale panel, the results were unsatisfactory. 
The major problems occurred in sealing the 
support clip and the access hole tube insert. 
This welding caused pinholes, burn- through 
or cracking in the panel skins. The prob¬ 
lem seemed to stem from having to make 
welds in an area of the sandwich panel fac¬ 
ing over the honeycomb core. The primary 
difficulty was encountered in welding around 
the edge of the support clips and in welding 
the insert tubes to the external facing of the 
panel. When the electron beam was started 
around one of these joints, the titanium braze 
metal just ahead of the weld fusion zone 
started to melt and wet the surface of the 
two parts being sealed. As soon as this 
happened, the metal melted, but the braze 
alloy seemed to contaminate the surfaces 
so that the two parts did not fuse. The 
viewing system of the electron beam welder 
was used in making these observations. 

When these difficulties were encountered, 
two supplementary studies were initiated. 
One was to conceive design modifications 
that would allow sealing of the joint in an 
area removed from the braze alloy; the 
other was to establish optimum electron 
beam weld parameters. 

Design modification. Since the problems 
had arisen from welding along an exposed 
braze surface, it was considered necessary 
to make a panel design modification so the 
necessary sealing operation could be per¬ 
formed without any effects from the braze 
alloy. The panels were already brazed, so 
the best solution appeared to be the addition 
of a thin disc around the support clip and 
the tube insert (Fig. 101). This would allow 
the seal weld to be made on the panel skin 
away from the exposed braze joint. These 
discs would be nonstructural and would be 
used only to effect a seal. 

Electron beam welding studies, A study 
was maae to determine the effects of the 
variables encountered in welding the test 
panels and to establish optimum weld set¬ 
tings and weld joint configuration. This 
study started with simple D-36 sheet ma¬ 
terial and progressed to making welds on 
test panels. The D-36 columbium material 
utilized in this study was given a thermal 
treatment identical to that used in the test 
panel brazing to provide material compar¬ 
able to that in the test panels. 

The first welding investigation consisted 
of evaluating 14 different combinations of 
weld conditions on a sheet of 0.008-in. D-36. 

Fig, 101. Design Modification Made to D-36 
Coluabiia Heat Shield Panels 

Two voltage settings, nine amperage set¬ 
tings and two weld speeds were tried. Two 
settings were established that provided 100% 
penetration without cutting: 

(1) 50 kv, 1.75 ma, 20-in./min weld speed. 

(2) 80 kv, 1.00ma,40-in./minweldspeed. 

A wider weld nugget was obtained with the 
first setting because of the higher amperage 
and slower speed. 

Nineteen different welding conditions were 
evaluated on two sheets of 0.008-in. D-36 
columbium. These sheets were made to 
simulate a test panel facing (i.e., bare on one 
side and coated with B-120 VGA or pure 
titanium on the other (Fig. 102), The weld 
settings evaluated consisted of three voltages, 
11 amperages and 3 weld speeds. The best 
weld settings were the same as those selected 
for the bare material. 

Lap-type edge welds and overlay-type 
burn-through welds (Fig. 102) were evaluated 
on 0.008-in. D-36 columbium sheet material. 
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Fourteen specimens were made with these 
types of joints. The welding conditions eval­
uated consisted of 2 voltage settings and 8 
amperage settings, at a welding speed of 20 
m./min. The best welding conditions for the 
burn-through weld were 50 kv, 2.115 ma and 
20-in./min weld speed; for the edge-tyi>e 
weld, 50 kv, 1.65 ma and 20 in./mm.

To evaluate the effects of various welding 
conditions on an actual honeycomb panel, 
welds with various power and speed settings 
were made on the surface of a 0.008-in. D-36 
facing brazed to a piece of 3/16- in. cell hon' v- 
comb core (Fig. 103). The optimum settings 
for making these welds were'ft undtobe close 
to those selected as optimum for welding the 
bare D-36 skin (50 kv, 1.65 ma and 20 in./ 
min). It was found that, in most cases, a 
weld discontinuity occurred at the point where 
the weld passed over the core cell (Fig. 103). 
The discontinuity was usually in the form of 
a pinhole and a change in the width of the 
weld zone.

To determine if the settings established 
in these studies could be used to attach the 
sealing details in place, sixteen 1.25-in. and 
0.5-in. squares were welck-d to the surface 
of one of the brazed panels. Weld settings 
of 50 kv, 1.65 ma and a speed of 20 in./min 
were used to attach these square patches. 
Of the 64 welds ri-quired to attach the 
patches to the panel, only 8 were found to 
have pinholes. These welds were inspected
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by the Zyglo process (nuorescent dye pene­
trant). In general, the welds were of good 
quality and it was considered that, with 
proper control procedures and detail fit, 
a high percentage of good welds could be 
made, and any pinholes could be eliminated 
by rework.

Some sporadic cracking of D- 36 welds 
was also encountered and, despite all efforts, 
could not be completely eliminated. This was 
true of the edge closure welds, which other­
wise presented no major difficulties, as well 
as the clip and tube insert welds which have 
been discussed in detail. Some cracks were 
also found in the structural panels as previ­
ously noted. VVhili' not known at that time, 
it is now re|K)rted that other users are ex­
periencing similar difficulties with the D-36 
alloy, despite the high ductility of the ma­
terial.

All cracking observed has b<»en intercrys­
talline. Undoubti'dly accentuating the crack­
ing problem in this program was the large 
grain size that resulted from the thermal 
treatment to which the alloy was subjected 
during the brazing cycle prior to welding. 
Some grains were huge, occupying, in many 
cases, the full cross section of the facing 
material (Fig. 104).

Fig. 104. klectron Bean Seal Neld--D-36 
Heat Shield Panel (Magn lOOX)

The cracking mechanism was not investi­
gated at this time but was later considered 
to be associated with low grain boundary 
strength, which probably resulted from seg­
regation of alloy constituents to produce 
lower melting areas at or adjacent to grain 
Ixiundaries. Titanium segregation is a nat­
ural suspect.

Several repair or rework ti'chniquins were 
attempted with only partial success. The 
most successful technique was to take a 
small sliver of D-36 and pri’ss it tightly into 
the pinhole and then reweld. If the sliver

of material fitted tightly, the reweld process 
would usually work; but if it did not, the 
sliver would either drop through the hole 
or fly out as the electron beam pas.sed across 
the area. (TIG welding on the surface of 
the panel was considered since it would be 
possible to add material ,o fill in the hole; 
however, this proved unsatisfactory becau.se 
of the extreme cracking that occurred around 
the weld ari’a.) In .several cases, it was 
possible to run the beam back and forth over 
small cracks and seal them, but in most cases 
the cracks would recur after the welding was 
completed.

In summary, panels for test were sealed 
by electron beam welding, using the settings 
shown in Fig. 22. Some of the excessive 
corner gaps that could not be electron lieam 
welded were successfully TIG welded. All 
pinholes were repaired by electron beam 
welding or TIG welding. However, if the 
TIG welding sixit was allowed to become 
larger than about 0.050 in. in diameter, 
some fine intergranular cracking occurred.

The suptxirt clip sealing details (Fig. 101) 
were fabricated from 0.008-in. 1)-36 sheet 
.stock and 1/4-in. OD, 0.010-in. wall thickness 
Cb-lZr tubing. The outer face and inner 
face square details were formed, machined 
and then passed through a thermal cycle 
similar to the panel braze cycle. The outer 
face detail was then electron beam weldi-d 
to the tube.

The outer face detail tube assembly was 
electron beam welded to the panel. The tub*- 
was electron beam welded to the doubU*r 
disc. The inner face detail was welded to 
the skin and then to the doubler disc (Figs. 
105 and 106). This order is requiri-d or 
such severe mismatch will occur that the 
outer edge cannot be welded. Th«- weld 
settings utilized for all these i-perations 
were 50 kv, 1.65 ma and a s(ieed of 20 in./ 
min. Special copper tools were madt- to 
hold the sealing ck-tails firmly in place 
against the panel surface during welding. 
In some cases, the sealing details were 
resistance tack-welch-d to the panel surface. 
This was found to b*‘ the Ix-st method of en­
suring pro(>er fit and contact. Any copp*-r 
deposits were removed prior to electron 
beam welding.

Most of the r»-quired welds were mack- 
very satisfactorily, but in spite of the ex­
tensive studies which were made and the 
exacting processes that were maintained, 
some intergranular cracks and pinholes 
occurred pi-rsistently. Using the most ex­
acting controls possible, a series of good



welds could be made; then, in a completely 
random pattern, a pinhole or a crack would
occur.
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i:icHtron beam repairs were attempted 
on all diserepanei»‘s. I'or the worst eraiks 
and all unrepairablt' pinholes, the sealing 
details w<-re r< nio\ed and new ones installed. 
With these operations all \isible pinholes 
and some intergranular cracks were re­
paired. However, some of the microscopic 
pinholes and intergramilar cracks could not 
1k‘ repairi d. .Since it was imixissible to 
eliminate all of the imperfections in these 
I)- IB heat shield panels, it was necessary

to coat some panels, which contained minor 
cracks, for the test program. Im|X>rtcctions 
were carefully documented so that they could 
be correlated with panel |x‘rformance.

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

b. TZM molybdenum

Basic welding problems were further 
aggravated becau.se the T/.M heat shield 
panels were fully recry stallized during braz­
ing and were extremely brittle.

The first TZM heat shield panel was 
brazed with pure titanium braze alloy. The 
panel was so brittle that one corner was 
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 ti­
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 |>anel 
were sealed (Figs. 107 and 108) by electron 
beam weloing, but the corners, where the 
metal liends had opened up during the brazing 
cycle, could not b<' bent back without crack­
ing. Three of these corners were success­
fully TIG welded, but the fourth cracked 
after welding.

Fig. 107. TJI MolylKlchui.i rut heat Shield 
hand llr.izcJ with B-UO VCA 
TitiiniiKi .It 3000* F

B«‘cause of the difficulties encountered 
in .sealing the disc and tubes on the I)- 16 
columbium heat shield, the required sealing 
o|K'rations on TZM were atti'mpted on only 
a limited scale. All the welds made on the 
surfaces of these panels either cracked or 
caused cracking in the paremt material 
around the weld.

All [lanel brazing was stopp«‘d while a 
welding study was conducted to ckdermine 
if most or all of the disc and tube si-aling 
welds could be accomplishi’d before panel 
brazing.



fig. 108. Photoniiivjjraph of EK-tti.>u Ei-.iw
WcKli'ti r.rigc SimI on T7.M Mt'i vl-.lciium 
Hi-jt .IhioM r.-mol (innx)

A \v.-i(iirit> study similar tn that ationi- 
plislied on lolumbium was pi-rformi-d
on ().m)8-in. TZM matorial. Tlio optimum 
settings for penetration of the 0.008-in. 
T/.M sheet were 70 kv, 2.00 ma and a speed 
of 20 im/min. For hurn-through welds 
tile he.st settings were 70 k\, 2.00 ma and 
a speed of 20 in./min. The best settings 
for the o\erlap-type edge widd were 70 kv, 
2.00 ma and a speed of 20 in./min. These 
settings were higher than those utilized 
for U-26 because of the higher melting 
temperature of T/.M.

To evaluate the [lossibilitv of making all 
welds before brazing, a clip assi-mbly and 
tube were welded to a 4- by 4- by 0.008-in. 
sheet. This was done to iheek thi' amount 
of warpage that occurred and to determine 
optimum welding parameters for acceptable 
welds. It was found that any flexing or 
bending of the specimens would cause the 
welds to crack. Tlii' welding study was 
terminated with the conclusion that it would 
be extremely difficult to develop any reli­
able process for welding the T/.M heat 
shield panels prior to brazing.

In any case, the more basic problem of 
these T/..M heat shields is their extreme 
brittleness if tlw brazing is accomplished 
at temperatures well above those which 
cause recrystallization. It was coneluded 
that no additional T/.M heat shield panels 
should be produced since such panels would 
not have sufficient structural integrity to 
accomplish the test program successfully. 
They could not, -in any case, be considered 
flightworthy components.

i; gl AUTY A.s.srUANCK I’HtiGRAM 
AM4 l'ANi;i, KAHUICATION DATA

A (Quality Assurance program was estab­
lished for tln' inspection and evaluation of all

details and completed panels. The program 
was divided into two major sections:

(1) Panel in-process control.

(2) Nonde.struetive evaluation of brazed 
panels.

1. Panel lii-Process Control

During the fabrication of the panel details, 
each operation w as monitored and each detail 
inspected for eompliaiici’ to design criteria. 
Fabrication log books were maintained for 
each panel, which contained a step-by-step 
breakdown of pertinent manufacturing opera­
tions and quality evaluation. These data were 
recapped in a summary .sheet for use tn the 
testing and analysis phases.

2. Nonde.struetive FvaluaUon of Panel In-

Primarily, nonde.struetive evaluation 
techniques were used for braze line, core, 
and coating integrity determinations. While 
X-radiography is normally used for the 
evaluation of the braze line and core, this 
technique was found to be inadequate for 
brazed D-28 and T/.M panels because of the 
nature of the panel facing materials and braze 
allovs. To detect the presence of the braze 
allo'v with X-radiography, the absorption co­
efficient of the braze alloy must be higher 
than the facing material. The opi>osite con­
dition exists in the brazed panels on this pro­
gram, with the braze alloys having a lower 
absorption toefficient than the facing mate­
rials. Therefore, X-radiography could not 
be employed for braze line evaluation, al­
though it was employed for the evaluation of 
the honevcomb core uniformity, l.ach panel
was X-radiographed to e.stabhsh the existence
of core defects such as cracked, crushed or 
deformed cores (Tables 12 through 18). No 
core defects wt.'re found.

For the determination of braze line in­
tegrity, two different inspection techniques 
were evaluated; (1) ultrasonics and (2)ther- 
mographv. The thermographic technique was 
simple and rapid and was more economital 
for the I'valuation of the hraze line integrity 
with adequate i.solation of defects than the 
ultra.sonic techniques. It was used for braze 
line evaluation.

The thermograpiiic system utilizes a siai- 
cially formulated heat-affected fluid. When 
the fluid is applied to the honeycomb panel 
and heat is applied, a temperature difieren- 
tial causes the fluid to tie repelled from all



(warm) areas and coalesce- in the core cell 
(cool) areas. This temperature differential 
is created because the core partitions act as 
heat sinlts. Where there is lack of braze, no 
pattern will appear; where the core is de­
formed, the pattern duplicates the irregulari­
ties. A thermographic pattern for a brazed 
columbium structural honeycomb panel is 
shown in Fig. 100.

In the absence of any satisfactory nonde­
structive coating evaluation techniques, only 
visual examination was possible under 10- 
power magnification to ensure against any 
obvious coating defects.

3. Te^t Panel Fabrication Summary

Test panel fabrication is summarized in 
tabular form: D-36 panel data are presented 
in Tables 13 through 16; T/.M panel data are 
presented in Tables 17 through 10.

l^ig. 109. ilicmocraph of I>-3o Colunniun 
Panel



TABLE 13 

Summary of Flat D-36 Columbium Structuri 

'aiM.'l 
NuinU'r 

Puiwl 
Type 

T«ital 
I'aml 

Wiiuht 
(ll>) 

l’âne! 
Thtekneng 

(in.) 

Panel 
KacinK 

Material 
llrat No. 

Panel 
Kacinp 

Thicknegg 
(in. ) 

Braze 
To ni|*‘rature 

(*F) 

Pressure 
in Braze 
Furnace 
(mm Ha) 

Braze 
Alloy Wavincsg 

in 

It 

12 

l:» 

U sn flat 
structural 

2. I Hi 0.5171 
to 
0. 5204 

3G-168-03 0.0115 
to 
0.0125 

3000 2 X 10 B-120 VGA 
Titanium 

None 

1)-36 flat 
structural 

2. 107 0. 510 
to 
0. .iLM 

36-168-03 0. 0118 
to 
0. 0125 

3000 2 X 10 
-5 B -120 VGA 

Titanium 
None 

U-36 flat 
structural 

2. 067 0. 5168 
to 
0. 5 PH 

36-168-031 0.0115 3000 1. 6 X 10 

I ,0 
0.0125 

B-120 VGA 
Titanium 

None 

U-36 Bat 
structural 

2. 136 0. 518 
to 
0. 520 

36-168-03 

U-36 flat 
structural 

2. 116 0. 510 
to 
0. 525 

36- I (>8-03 

U-36 Hat 
structural 

2. 138 0. 510 
to 
0. 5245 

16-168-03 

U-36 Hat 
structural 

2. 156 0.510 
to 
0-5225 

36-168-03 

U-36 Bat 
structural 

2. 156 0. 518 
to 
0. 5106 

36-168-03 

U-36 Bat 
structural 

U-36 Bat 
structural 

2. 163 

U-36 Bat 
structurai 

2. 132 

U-36 Bat 
structural 

2. 125 

U-36 Bat 
structural 

2. 137 

36-168-03 

0.0115 
to 
0. 0125 

3000 1. 0 X 10 
-5 B-120 VGA 

Titanium 
None 

0. 012 
to 
0. 0125 

3000 1. 2 X 10 -5 B-120 VGA 
Titanium 

None 

0. 0110 
to 
0. 0126 

3000 1.8 X 10 -5 B-120 VGA 
Titanium 

None 

0.0118 
to 
0. 0125 

3000 1. 2 X 10 B-120 VGA 
Titanium 

None 

0.0115 
to 
0. 0125 

3000 1. 2 X 10 
-5 

B-120 VGA 
Titanium 

None 

0.0115 
to 
0. 0125 

3000 2. 2 X 10 -5 B-120 VGA 
Titanium 

None 

3000 

3000 

3000 

3000 

B-120 VGA 
Titanium 

None 

B-120 VGA 
Titanium 

None 

B-120 VGA 
Titanium 

None 

B-120 VGA 
Titanium 

None 
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TABLE 13 

Summary of Flat D-36 Columbium Structural Panel Quality Control Data 

Ham1! 
Kacini: 

ThicknoKK 
(in. ) 

Braze 
Tenifierature 

(*F) 

Pressure 
in Braze 
Furnace 
(mm Bg) 

Braze 
Alloy Waviness 

Warpage 
(in 12-in. 

wavelength) 
Face 

Indentations 
Visual 

Inspection 
X-ray 

Kesults 
Thermography 

Kesults 
l’âne! 

Quality 

Finished 
for 

Coating 

0.0115 
to 
0.0125 

0. 0118 
to 
0. 0125 

0. 0115 
to 
0.0125 

0.0115 
to 
0. 0125 

0. 012 
to 
0.0125 

0. Oil!) 
to 
0. 0126 

0.0118 
to 
0. 0125 

0.0115 
to 
0. 0125 

0.0115 
to 
0. 0125 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

2 X 10 -5 

2 X 10 
-5 

•6 1. 6 X 10 

4. 0 X 10'5 

1. 2 X 10 

1. 8 X 10 -5 

1. 2 X 10 -5 

1. 2 X 10 
-5 

2. 2 X 10 -5 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

None 

None 

None 

None 

None 

None 

None 

None 

Nom’ 

None 

None 

None 

None 

0. 0015 
to 
0. 005 

0. 0015 
to 
0.005 

0. 001 
to 
0. 009 

0. 002 
to 
0. 006 

0. 0015 
to 
0. 006 

0. 0015 
to 
0. 007 

0. 0015 
to 
0. 006 

0. 001 
to 
0. 005 

0. 0015 
to 
0. 008 

0. 001 
to 
0. 018 

0. 0015 
to 
n. on« 

0. 0015 
to 
0. 009 

None 

None 

None 

None 

None 

None 

8 small dents 
6--0.0004 in. 
deep, 2-- 
0. 002 in. deep 

None 

None 

None 

None 

None 

None 

Clean--no 
questionable 

Clean--one 
spot where 
skin might 
have had 
hole 

Clean--no 
questionable 
areas 

Clean--no 
questionable 
areas 

Clean--minor 
scratches on 
one skin 

Clean--no 
questionable 
areas 

Clean--minor 
dimples only 

Clean--minor 
scratches 
from handling, 
otherwise okay 

Clean--one 
spot has ques¬ 
tionable area 

Clean--no 
quest louable 
areas 

Clean--no 
questionable 

Clean--no 
questionable 

Clean--no 
questionable 
areas _ 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
c rushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

No detectable 
braze voids 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Sealed and 
shipped to 
THW 

Sealed anil 
shipped to 
TKW 

Sealed and 
shipped to 
THW as 
coating test 
[■art 

Sealed ami 
shipped to 
TRW 

Sealed and 
ship|ied to 
TRW 

Sealed amt 
shipped to 
THW 

Not finished 

Not finished 
cutup 

Sealed and 
shipfied to 
THW 

Sealed amt 
shipfN'd to 
TKW 

Sealed atui 
shipped to 
THW 

Sealeil and 
shipped to 
TRW 

Sealed and 
shipped to 
TRW 
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TABLE 14 

Summary of Flat 1)-36 Coluinbhim Meat Shield Panel Qui 

Pawl 
Number 

10 

11 

Total 
Panrl 

Weight 
(Ih> 

1.375 

1425 

Panel 
Thickness 

(in. ) 

0.3810 
to 
0. 3850 

0. 3830 
to 
0. 3000 

Facinc 
Material 
Heat No. 

36-168-02 

36 -168*02 

Facing 
Thickness 

(in. ) 

0.008 
to 
0.008 

0. 008 
to 
0.008 

0. 008 
to 
0. 008 

0. 008 
to 
0. 008 

0.008 
to 
0. 008 

0. 008 
to 
0. 008 

Braze 
Temperature 

(•F) 

3200 

3200 

3200 

3200 

3200 

3025 

Panel not brazed because of crack in heat-shield facings 

1. 362 

1. 368 

1. 342 

0. 3811 
to 
0. 3877 

0. 3708 
to 
0. 3870 

0. 380 
to 
0. 389 

0. 3790 
to 
0. 3810 

36-168-02 

36-168-02 

36-108-02 

0. 008 
to 
0. 008 

0. 008 
to 
0. 008 

0. 008 
to 
0. 008 

0. 008 
to 
0. 008 

2950 

3000 

3000 

3000 

Time at 
Braze 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Mg 

•5. < 10 ) 

6. 2 

2 4 

3. 0 

3. 2 

2. 4 

Braze 
Alloy 

A-5S 
Titanium 

A-55 
Titanium 

A-S5 
Titanium 

A-55 
Titanium 

A-55 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

Sev 
are 
of 

C1« 
qu< 
are 

Sm 
art 
of 
ex< 
flot 

Sm 
on 
nee 

Cle 
sev 
dt 

c:. 
no 
abl 

Cli| 
no 
abl 

Oru 
out 
fac 

Cli 
no 
abl 
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TABLE 14 

Summary of Fla’. !)-36 Columbia!» Heat Shield Panel Quality Con'rol Drra 

Braze 
Tomfv raturt* 

i* F) 

3200 

3200 

3200 

3200 

3200 

3025 

hield facings 

2050 

3000 

3000 

3000 

Time at 
Braze 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Hg 

X 103) 
Braze 
Alloy 

6. 2 

2.4 

3. 0 

3. 2 

2. 4 

A-55 
Titanium 

A-55 
Titanium 

A-55 
Titanium 

A-55 
Titanium 

A-55 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
1 itanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

Visual 
Inspection 

Results 

Several voids 
around edge 
of panel 

Clean--no 
questionable 
areas 

Small damage 
area on edge 
of panel from 
excess braze 
flow 

X • ray 
Results 

'¡’hermogranhv 
Results 

No 
crushed 
core 

Several voids 
around edge of 
pane) 

Small void 
areas*-one side 

Small voids-- I 
one corner { 
needs rework 

Panel Flatness 
(in. /1« in. !. 

nun max) 
Pinel 

Quality 

Finished 
for 

Coating 

Not measured 

Clean-- 
several smal! 
dt nts 

¡No 
! crushed 

core 

Two small 
braze voi 

Clean-- ! No ; No question- 
no question- * crushed i able a nais 
able areas I cotv 

Clean-- 
no question¬ 
able areas 

One void on 
outer sur¬ 
face 

Clean - - 
no question¬ 
able areas 

1 No 
1 erushei 
core 

Two small 
braze voids 

No 
crushed 
core 

No que st ion- 
able areas 

I 0. 0025 
I to 

0. 0025 

, 0. 000 
' to 

0. 060 

0. 000 
to 
0. 025 

0. 000 
to 
0. 040 

¡0. 014 
' to 
i 0. 01!) 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 
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TABLE 15 

Sammtry of Curv<>4 D-S6 Columbium Heat S 

Panel 
Number 

Total 
Panel 
Weight 

(lb) 

Not 
meas¬ 
ured 

1.425 

1. 325 

1.312 

In 
progess 

1. 375 

Panel 
Thickness 

(in.) 

Not 
meas¬ 
ured 

0. 3745 
to 
0. 3803 

0. 3775 
to 
0. 3795 

0. 3775 
to 
0. 3830 

In 
progess 

0. 3780 
to 
0. 3815 

Facing 
Material 
Heat No. 

36-168-02 

36-168-02 

36-168-02 

Facing 
Thickness 

(in.) 

36-168-02 

0.008 
to 
0.008 

0.003 
to 
0.008 

0.008 
to 
0.008 

0. 008 
to 
0.008 

Braze 
Temperature 

CF) 

0. 008 
to 
0.008 

3000 

2950 

3000 

3000 

3000 

2950 

Time at 
Braze 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Hg 

X 10*5) 

2.8 

2.4 

1.7 

1.4 

2.8 

Braze 
Alloy 

B-120 VCA 
Tiunium 

B-120 VCA 
Titanium 

B-120 VCA 
Tiunium 

B-120 VCA 
Tiunium 

B-120 VCA 
TiUntium 

B-120 VCA 
TiUnium 
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¡s 
Braze 

Temperature 
CF) 

Time at 
Braze 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Hg 

X I0'5) 
Braze 
Alloy 

Visual 
Inspection 

Results 
X-ray 

Results 
Thermography 

Results 

Panel Flatness 
(in. /12 in. 
min max) 

Panel 
Quality 

Finished 
for 

Coating 

3000 

2930 

3000 

3000 

3000 

2950 

8 

8 

8 

8 

8 

8 

2.8 

2.4 

1.7 

1.4 

2.8 

B-120 VGA 
Titanium 

B-120 VGA 
Titanium 

B-120 VGA 
Titanium 

B-120 VGA 
Titanium 

B-120 VGA 
Titantium 

B-120 VGA 
Titanium 

One edge was 
of braze alloy 
port ring 

Clean-- 
no question¬ 
able areas 

Clean-- 
one scratch 

Clean-- 
few small 
dents 

Clean-- 
no question¬ 
able a-cas 

Clean - - 
no question¬ 
able areas 

damaged w 
stuck the p 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

hen excess flow 
tanel to the sup- 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

0.000 
to 
0.055 

0.008 
to 
0.015 

0.007 
to 
0.014 

In 
progress 

0. 006 
to 
0.019 

Scrapped 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Not 
finished 

In 
progress 

In 
progress 

In 
progress 

In 
progress 

In 
progress 
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TABLE 16 

Summary of Curved D-36 Columbium Structural Panel 

Panel 
Number 

Total 
Panel”” 
Weight 

(lb) 

"KîiJn 
Thickness 

(in. ) 

10 

11 

2.12 

Not 
recorded 

Not 
recorded 

2.137 

No 
weight 

2.00 
Panel 
edges 
machined 
prior to 
weighing 

2.05 
(as above) 

2.12 

2.085 

2. 15 

2.087 

0.515 
to 
0.520 

Not 
recorded 

Not 
recorded 

0.5127 
to 
0.5204 

0.511 
to 
0. 5165 

0. 5133 
to 
0. 5192 

0. 5139 
to 
0. 5201 

0. 5124 
to 
0. 5120 

0.5135 
to 
0.5193 

0. 5160 
to 
0. 5245 

0. 5165 
to 
0. 5200 

Facing 
Material 
Heat No. 

36-168-03 

36-168-03 

36-168-03 

36-168-03 

36-168-03 

36-168-03 

36-168-03 

36-168-03 

36-168-03 

36-168-03 

36-168-03 

Facing 
Thickness 

(in. ) 

0.0125 
to 
0.0126 

Not 
recorded 

Not 
recorded 

0. 0127 
to 
0.0128 

0.0122 
to 
0.0125 

0.0122 
to 
0.0123 

0.0121 
to 
0.0126 

0. 0123 
to 
0.0124 

0.0122 
to 
0.0122 

0.0123 
to 
0.0129 

0.0120 
to 
0.0122 

Brate 
Temperature 

rF) 

Time at 
Brate 

Temperature 
(min) 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

3000 

Vacuum 
Pressure 
(mm Hg 

z 10'5) 

1.8 

2.4 

2.5 

2.3 

2.8 

1.8 

1.3 

1.2 

1.2 

1.8 

1.0 

Brate 
Alloy 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 
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Brace 
Temperature 

CF) 

Time at 
Braze 

Temperature 
(min) 

Vacuum 
Preaaure 
(mm Hg 

X 10'5) 
Braze 
Alloy 

VUual 
Inapection 

Reaulta 
X-ray 
Results 

Thermography 
Results 

Panel Flatness 
(in. /12 in. 
min max) 

Panel 
Quality 

Finished 
for 

Coating 

3000 

3000 

3000 

3000 

3000 

3000 

8 1.8 

2.4 

2.5 

2.3 

2.8 

1.8 

3000 

3000 

3000 

3000 

3000 

1.3 

1.2 

1.2 

1.8 

1.0 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

B-120 VCA 
Titanium 

Clean-• 
minor dent 
in one corner 

Clean - - 
no question¬ 
able areas 

Clean- - 
no question¬ 
able areas 

Clean- - 
minor dents 
on one side 

Clean- - 
no question¬ 
able areas 

Clean-- 
one shallow 
dent 

Clean-- 
small oxide 
spots 

Clean- - 
no question¬ 
able areas 

Clean- - 
no question¬ 
able areas 

Clean- - 
no question¬ 
able areas 

Clean- - 
no question¬ 
able areas 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core -- 
one core 
repair 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

0.000 
to 
0.018 

Not 
meas¬ 
ured 

Not 
meas¬ 
ured 

0. 000 
to 
0.033 

0.007 
to 
0. 024 

0.009 
to 
0. 054 

0.006 
to 
0.007 

0. 012 
to 
0. 016 

0.010 
to 
0.010 

0. 009 
to 
0. 039 

0. 005 
to 
0. 035 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Sealed and 
shipped to 
TRW 

Sealed and 
shipped to 
TRW 

Sealed and 
shipped to 
TRW 

Panel dented 
during ma¬ 
chining--not 
selected 
for coating 

Sealed and 
shipped to 
TRW 

Sealed and 
shipped to 
TRW 

Sealed and 
shipped to 
TRW 

Sesled and 
shipped to 
TRW 

Sealed and 
shipped to 
TRW 

Sealed and 
shipped to 
TRW 

Sealed and 
shipped to 
TRW 
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TABLE 17 

Summary of Flat TZM Molybdenum Structural Panel 

Panel 
Number 

10 

11 

Total 
Panel 

Weight 
(lb) 

2. 578 

2. 550 

2. 631 

2.612 

2. 625 

2. 600 

2. 625 

2. 531 

2. 581 

In 
progress 

2. 618 

Panel 
Thickness 

(in. ) 

0.5123 
to 
0. 5148 

0. 5090 
to 
0. 5169 

0. 5130 
to 
0. 5155 

0.5110 
to 
0.5130 

0. 5132 
to 
0. 5180 

0.5110 
to 
0. 5140 

0. 5120 
to 
0.5145 

0. 5117 
to 
0. 5200 

0. 5009 
to 
0. 5169 

0.5141 
to 
0. 5196 

Facing 
Material 
Heat No. 

KDTZM 
518A 

KDTZM 
518A 

KDTZM 
489A 

KDTZM 
518A 

KDTZM 
489A 

KDTZM 
489A 

KDTZM 
489A 

KDTZM 
489A 

KDTZM 
518A 

KDTZM 
489A 

Facing 
Thickness 

(in. ) 

Brate 
Temperature rn 

0.0123 
to 
0.0135 

0.0127 
to 
0. 0128 

0.0130 
to 
0.0133 

0.0129 
to 
0.0133 

0.0131 
to 
0. 0133 

0. 0127 
to 
0.0130 

0.0128 
to 
0.0129 

0.0121 
to 
0.0122 

0.0115 
to 
0.0125 

0. 0129 
to 
0. 0137 

2550 

2550 

2500 

2500 

2550 

2500 

2500 

2580 

2580 

2580 

Time at 
Brate 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Hg 

X 10'5) 

2.0 

2.0 

2.2 

2.1 

3.0 

2. 3 

2. 5 

1. 1 

1.2 

1.2 

Brate 
Alloy 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 
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Braze 
mpera 
rn 
2550 

2550 

2500 

2500 

2550 

2500 

2500 

2580 

2580 

2580 

TABLE 17 

Flat TZM Molybdenum Structural Panel Quality Control Data 

Time at 
Braze 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Hg 

X 10'5) 
Braze 
Alloy 

Visual 
Inspection 

Results 
X-ray 
Results 

Thermography 
Results 

Panel Flatness 
(in. /12 in. 
min max) 

Panel 
Quality 

Finished 
for 

Coating 

2.0 

2.0 

2.2 

2.1 

3.0 

2.3 

2.5 

1. 1 

1.2 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

Haynes 25 

1.2 Haynes 25 

Clean-- 
no question¬ 
able areas 

Clean-- 
no question¬ 
able areas 

Clean-- 
no question¬ 
able areas 

Clean-- 
no question¬ 
able areas 

Clean-- 
no question¬ 
able areas 

Clean-- 
no question¬ 
able areas 

Clean-- 
no question¬ 
able areas 

Clean-- 
no question¬ 
able areas 

Clean-- 
no question¬ 
able areas 

Clean-- 
no question¬ 
able areas 

No 
crushed 
core--« 
few core 
repairs 

No 
crushed 
co re--a 
few core 
repairs 

No 
crushed 
co re--a 
few core 
repairs 

No 
crushed 
co re--a 
few core 
repairs 

No 
crushed 
co re--a 
few core 
repairs 

No 
crushed 
core--a 
few core 
repairs 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No 
crushed 
core 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

No question¬ 
able areas 

0.003 
to 
0.003 

0.006 
to 
0. 006 

0. 002 
to 
0. 005 

0.007 
to 
0.008 

0.009 
to 
0.012 

0. 008 
to 
0.018 

0. 007 
to 
0. 009 

0. 003 
to 
0. 012 

0. 004 
to 
0. 006 

0. 009 
to 
0. 012 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 

Acceptable 
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TABLE 18 

Summary of Curved TZM Molybdenum Structural Pi 

Panel 
Number 

Total 
Panel 

Weight 
(lb) 

2.531 

Panel 
Thickness 

(in.) 

0.5115 
to 
0.5215 

Facing 
Material 
Heat No. 

KDTZM 
489A 

KDTZM 
489A 

Facing 
Thickness 

(in.) 

0.0111 
to 
0.0127 

0.0129 
to 
0.0112 

Braze 
Temperature 

CF) 

2580 

2580 

Time at 
Braze 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Hg 

5> X 10 

1.4 

1.4 

Braze 
Alloy 

Haynes 25 

Haynes 25 

Ii 

TABLE 19 

Summary of Flat TZM Molybdenum Heat Shield Pa 

Panel 
Number 

Total 
Panel 

Weight 
(lb) 

Panel 
Thickness 

(in.) 

Facing 
Material 
Heat No. 

Facing 
Thickness 

(in.) 

Braze 
Temperature 

CF) 

Time at 
Braze 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Hg 

X 10‘5) 
Braze 
Alloy 

li 

1 

4 1.637 0. 379 
to 
0. 3835 

0.008 
to 
0.008 

0.008 
to 
0.008 

3300 

3008 

8 

2 

2.1 A-55 
Titanium 

B-120 VC A 
Titanium 

G 
01 
di 
ri 
fr 
tc 

G 
q 
a 
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TABLE 18 

Summary of Curved TZM Molybdenum Structural Panel Quality Control Data 

in i— i i l t 

Brace 
emperature 

CF) 

Time at 
Brace 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Hg 

a10*5) 
Brace 
Alloy 

Visual 
Inspection 

Results 
X-ray 

Results 
Thermography 

Results 

Panel Flatness 
(in./12 in. 
min max) 

Panel 
Quality 

Finished 
for 

Coating 

2580 

2580 

5 

5 

1.4 

1.4 

Haynes 25 

Haynes 25 

Clean--no 
brace de¬ 
fects; one 
possible 
crack in 
U-channel 

Several 
blisters 
and ques¬ 
tionable 
brace areas 

No crushed 
core. Few 
core re¬ 
pairs 

Possible 
damaged 
core. 
Several 
core 
repairs 

One small 
brace void 

Several brace 
voids and 
questionable 
areas 

0.005 
to 
0.007 

In progress 

Not accept¬ 
able 

TABLE 19 

Summary of Flat TZM Molybdenum Heat Shield Panel Quality Control Data 

Brace 
emperature 

CF) 

Time at 
Brace 

Temperature 
(min) 

Vacuum 
Pressure 
(mm Hg 

x 10*5) 
Brace 
Alloy 

Visual 
Inspection 

Results 
X-ray 

Results 
Thermography 

Results 

Panel Flatness 
(in./12 in. 
min max) 

Panel 
Quality 

Finished 
for 

Coating 

3300 

3008 

8 

2 

2.1 A-55 
Titanium 

B-120 VC A 
Titanium 

Good brace-- 
one corner 
damaged In 
removal 
from brace 
tools 

Good--no 
questionable 
areas 

No question¬ 
able areas 

0.007 
to 
0. 008 
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VI. TEST PROGRAM 

The overall objectives of the test pro¬ 
gram were to determine the strength and 
thermal characteristics of the panel ma¬ 
terials and panel assemblies for correlation 
with design procedures. To accomplish 
these objectives, room and elevated temper¬ 
ature tests were performed to determine the 
ultimate edgewise compression and shear 
strengths of the structural panels. The D- 36 
columbium heat shield panels were subjected 
to simulated re-entry environments in a 
dynamic gas facility. Material property tests 
were performed on small honeycomb core 
and panel facing specimens. 

The test program was divided into four 
sections: (1) high temperature instrumen¬ 
tation studies, (2) structural panel testing, 
(3) heat shield panel testing, and (4) small 
specimen testing. 

A. HIGH TEMPERATURE 
INSTRUMENTATION STUDIES 

The purpose of the instrumentation study 
was to determine thermocouple configura¬ 
tions and installation techniques suitable for 
measuring the temperatures of the coated 
D- 36 columbium and TZM molybdenum panels 
during test. The study was divided into two 

phases: configuration determinations and in¬ 
stallation techniques. 

The initial phase of the study consisted 
of evaluating thermocouple configurations 
and their thermal response at varying tem¬ 
perature rise rates. Five thermocouple 
configurations were selected for the evalua¬ 
tion (Fig. 110). For simplicity and economy, 
a 0.010-in. thick stainless steel sheet, in¬ 
sulated with fiberfrax, was used as the test 
specimen. Chromel-alumel thermocouple 
wire was used for all of the configurations 
since the maximum test temperature for 
this phase of the stuify was 1600° F. The 
sheath thermocouples used in this phase 
were fabricated by inserting the thermo¬ 
couple wire in an MgO filled Inconel sheath. 
The different configurations were attached 
to the test specimen in a circular pattern 
around a spot-welded standard thermocouple 
(Fig. 111). Mounting in this manner allowed 
the same thermal environment to be im¬ 
posed on all of the configurations at the 
same time, so that relative comparisons 
could be easily obtained. Constant rise 
rates (ûT/At) of 5\ 10*, 20*. 30*. 35’ and 
40* F/sec were imposed on the test speci¬ 
men from ambient temperature to 1600 F 
by using a quartz lamp radiant heater unit 
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Fig. 110. Thermocouple Installation Configuration 



Ilot (iaii-2 

Kail Ural rroU"2 © 

/S. Standard 
.5. - /T\ Hot Gau l 

in. 

Mml ahralh probr 

m-J in. -»1 

(§) Klamr »pray 

--g m.-• 

radiation heat probe-2 were satisfactory 
throughout the rise rate range (5* to 40* F/ 
sec). The modified sheath probe performed 
satisfactorily up to a rise rate of 20* F/sec, 
after which its indicated temperature lag 
became excessive. However, this was the 
only thermocouple that ever matched the 
standard thermocouple during the steady- 
state portion of the profile. The hot gas-2 
thermocouple exhibited the poorest perform¬ 
ance. This was caused by the thermal 
mass of the sheath acting as a heat sink. 
If a sufficient length of the sheath (2 in. 
or more) could have been maintained at 
temperature, this thermocouple would per¬ 
form more satisfactorily. This was dem¬ 
onstrated by the modified sheath probe which 
had about 4 in. of the sheath under the di¬ 
rect influence of the thermal input. The 
flame spray thermocouple data represented 
an average of all configurations. 

Fig, 111. Test Specincn Thoraocouple Layout 

and an ignitrón power regulator and con¬ 
troller. 

The results of these tests are plotted 
for three conditions- AT/ At« 5*, 20® and 
40® F/sec (Figs. 112, 113 and 114). In gen¬ 
eral, the data showed that the hot gas-1 and 

Two of the thermocouple configurations 
were eliminated as a result of their mediocre 
thermal response characteristics (hot gas-2 
and flame spray). The hot gas-1 configura¬ 
tion was also eliminated because considerable 
difficulty was encountered in obtaining a 
satisfactory weld between the thermocouple 
wire (Cr-Al) and the control specimen (stain- 
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teel), Uso, sin« • tungsten rhenium 
thermocouple wire would be used for tests 
with tem| erature environments above 2400* I- 
(platinum reacts with the disilicide coatings), 
even more difficulty would be encountered in 
welding the W-Re wire to the coated 1)- 46 
and TZM. 

Different attachment techniques were 
investigated for the two remaining configu¬ 
rations (modified sheath probe and the radi¬ 
ation heating probe-2). Karly in the evalua¬ 
tion, it was decided that the modified sheath 
probe would be used for the hot gas tests 
because of its inherent ability to withstand 
a vibratory environment, and the radiation 
heating probe-2 would be used only for the 
structural panels because of its apparent 
inability to withstand a dynamic environ¬ 
ment, (Subsequent heat shield le.->ts \eri- 

• e decisions.) The modified sh< 
probe consisted of a hot-grounded junction 
columbium sheath thermocouple inserted in 
an integral holder which was welded to the 
panel faiinu. The major disadvantäg« Ot 
this configuration is that the thermocouple 
holder must be installed on the panel during 
the manufacturing process (Fig. 115). 

FiR. 115. ‘lodified Sheath Probe Thermocouple 
Installation on 1)-36 Columbium 
Panel —Kackup Sheath Used on Panel 

A problem was encountered when two 12- 
in. long 0.125-in. OD. 0.012-in. wall colum¬ 
bium sheath thermocouples (W-5% Re ver¬ 
sus W-26% Re thermocouple wires) were 
coated with a Cr-Ti-Si oxidation protective 
coating. The coating process embrittled 
the thermocouple wires because of the rela 
lively long (8 hours) soak time at 2300° F, 
therefore making the attachment of thermo¬ 
couple lead wires to the thermocouple ex¬ 
tremely difficult. Therefore, an Al-Sn coat¬ 

ing was tried on the columbium sheath 
thermocouples. This coating does not re¬ 
quire an extended elevated temperature 
treatment. Subsequent heat shield tests 
using the modified sheath probe were per¬ 
formed with Al-Sn coated thermocouples 
with complete success. 

The radiation heating probe-2 was used 
in the structural panel tests. The problems 
with this configuration were the selection 
of the foil material and the cement needed 
to bond the thermocouple to the panel sur¬ 
face, The problem of selet tmi; tin-pr.'pi : 
foil material arose from several factors; 

(1) Compatibility with the silicidc 
coating. 

(2) Matching thermal characteristics 
with surface material. 

(3) Compatibility with the thermocouple 
wire. 

(4) Capability of withstanding tempera- 
scess of 2000° F. 

Three different foil materials were tried: 
platinum, platinum-rhodium and titanium. 
The platinum foil reacted with the coating 
and the cement was gradually eaten away. 
The titanium oxidized rapidly above 1500* F 
and, consequently, completely disintegrated. 
No serious reactions occurred with the 
platinum-rhodium foil; however, during ex¬ 
tended exposure tests at 2400* F, the foil 
eventually reacted with the coating and ce¬ 
ment. The platinum-rhodium system was 
not evaluated at temperatures higher than 
2400' F. 

A special study was conducted to deter¬ 
mine the best cement which could be used 
to bond the radiation heating probe-2 to the 
heated surface. Several different mixtures 
were evaluated with varying degrees of 
success: 

Adhesive 
Mixture Properties 

Molybdenum disilicide + Good 
silicon carbide 

Molybdenum disilicide + Good 
titanium carbide 

Aluminum phosphate Fair 

"Savereisen" No. 1 Poor 

Of the cements tried, the molybdenum disiii- 
cide mixtures exhibited the best adhesive 
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properties. These mixtures were prepared 
by mixing sodium silicate and distilled water 
(a 1 to 1 mixture by volume), and then adding 
enough molybdenum disilicide to obtain a thin 
paste consistency. The silicon carbide (or 
titanium carbide) was also mixed with dis¬ 
tilled water to a thin paste consistency. 
The thermocouple was cemented to the speci¬ 
men by first applying a thin coating of the 
silicon carbide, then applying a thick coating 
of the molybdenum disilicide mixture. After 
the thermocouple had been cc mented to the 
specimen, a temperature cur.ng cycle was 
used to evaporate the water from the cement. 
The temperature cure also seemed to affect 
the adhesive qualities of the bond. Several 
temperature cures were tried; the best re¬ 
sults were obtained with a 1000* F tempera¬ 
ture soak for one-half hour. Generally, 
this thermocouple configuration performed 
satisfactorily during the structural panel 
tests. 

B. STRUCTURAL PANEL TESTS 

The edgewise compression and shear 
strengths of the structural panels were 
determined for five basic test conditions: 

(1) Room temperature with single-cycle 
ultimate load. 

(2) Single-cycle temperature with single- 
cycle ultimate load. 

(3) Multiple temperature cycles with 
single-cycle ultimate load. 

(4) Multiple temperature cylces with 
multiple load cycles. 

(5) Single-cycle temperature gradient 
with single-cycle ultimate load. 

These conditions represented a comprehen¬ 
sive spectrum of possible load and tempera¬ 
ture environments that the structural honey¬ 
comb panels might encounter in actual ap¬ 
plication. Twenty-three structural panels 
were tested (20 D-36 columbium, 3 TZM 
molybdenum). 

1. Test Equipment 

A special structural panel test fixture 
was assembled, which consisted of two major 
systems, one for loading and one for heating 
the panels. 

a. Loading system 

The loading system was an automatic 

closed-loop servomechanism electrohy- 
draulic mechanism (Fig. 116) which pro¬ 
grammed, applied, controlled and recorded 
the test loads. Such a system was necessary 
so that the applied load would be independent 
of the temperature of the panel. The load de¬ 
vice must be capable of reacting with the ther¬ 
mal expansion of the panel to prevent thermal 
stresses from building up when heating the 
panel. 

Another portion of this system was a spe¬ 
cial loading jig designed and fabricated to ap¬ 
ply loads to the panels. The basic construc¬ 
tion of the loading jig consisted of two col¬ 
umns mounted in a base and connected at the 
top by a frame. A center loading beam with 
frictionless rollers was installed between 
the two columns and allowed to move freely 
in the vertical direction. The load cells and 
hydraulic actuators were attached to each 
end of the loading beam. The shear tests 
were performed in the bottom portion of the 
loading jig, and the compression tests were 
performed in the top portion. A maximum 
deflection microswitch was used in both test 
setups to automatically dump the test load, 
so that excessive secondary damage to the 
panel would be minimized. 

Special load fittings were designed to ap¬ 
ply the test loads to the panels at elevated 
temperatures (Figs. 117 and 118). A picture 
frame load application jig was used for the 
shear panel tests. A major problem in the 
design of the loading fixture was to minimize 
thermal stresses. This was accomplished 
by closely matching the thermal expansion of 
the fixture to that of the panels so^that the 
differences were minimized. Rene' 41 was 
selected as the shear fixture material be¬ 
cause of its favorable coefficient of thermal 
expansion (greater than Cb or Mo) and its 
strength at temperature. Since the fixture 
temperature would be lower than that of the 
panel, due to the heat sink effect of its great¬ 
er thermal mass, the thermal expansion cri¬ 
terion was achieved. An analysis of the al¬ 
lowable fixture temperature versus panel 
temperature for both materials is presented 
in Appendix C. These curves were derived 
so that the thermal stresses introduced by 
the relative expansions of the two materials 
would be kept at a minimum (30% of the de¬ 
sign ultimate panel tensile stress). This 
meant that the shear fixture temperature 
would be monitored and controlled so that 
its temperature was always in the safe range. 

The shear fixture was designed so that 
each edge of the frame could be inserted be¬ 
tween the panel attachment strips, and the 
ends were stepped so that end joints could be 
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Hr. 117. Spcci.il Test Parts for MIrK 
Temperature Test Fixtures

pinned together (Kig. IIB), The shear frame 
was flame-sprayed with alumina (low ther­
mal absorptivity) to protect it from the direct 
radiation of the heating lamps.

The curved panels were to be loaded in 
axial compression, so it was necessary to 
design special end and edge supports to pre­
vent premature or irrelevant failures. The 
end fixture consisted of four sets of steel 
fingers with tips of various lengths cut to fit

l-iR, IIH, l-ixturcs for iiu;h Icmpcrature 
Structural Panel lest

the curvature of the panels. The finger fix­
ture was flame-sprayed with alumina for 
radiation protection. One set of fingers was 
placed on the convex side of the panel, and a 
matching set was placed on the concave side 
(both top and bottom). The finger fixture's 
were then positioned on the panel so that the 
finger tips were located at the intersection 
of the core and the U-channel. This pre­
vented the U-channel flanges from bending 
outward. However, during the first elevated



temperature compression test, the channel 
flanges bent inward. Consequently, stainless 
steel filler strips were placed inside the U- 
channels to prevent the inward motion of the 
channel flanges. The vertical edge stabiliza¬ 
tion members were steel strips flame- 
sprayed with alumina and made to slide freely 
into the U-channels. Special coated colum¬ 
bium compression plates were usedto trans¬ 
mit the test load from the loading beam to 
the panel. These plates were insulated from 
the loading beam with fiberfrax. 

b. Heating system 

The heating system comprised two 360-kw 
single-phase Research, Incorporated ignition 
power regulators and controllers, two heater 
assemblies and associated instrumentation 
support equipment. The heater assemblies 
were made of thick copper plates, with 
grooves machined in the surface and gold 
plated. The lamps fitted snugly into these 
grooves, so that the quartz envelopes were 
cooled by conduction (Fig. 119). Higher op¬ 
erating temperatures are possible with this 
arrangement because of the positive action 
of water cooling used in the reflector sys¬ 
tem. The two radiant heaters were fitted 
with 3200- watt T- 3 radiant heating lamps 
(16 in. long). 

butions of the structural panels. Specifically, 
these tests were: 

(1) Shear panel room temperature stress 
distribution. 

(2) Shear panel temperature distribution 
(no load). 

(3) Compression panel room temperature 
stress distribution. 

(4) Compression panel temperature dis¬ 
tribution (no load). 

To determine the efficiency of the picture 
frame loading system, a room temperature 
proof test was performed on a D-36 colum¬ 
bium panel. This panel was instrumented 
with 12 AR-1 (paper) rosette strain gages 
and mounted in the Rene 41 picture frame 
shear fixture (Fig. 120). An 8000-lb load 
was applied to the panel in 1000-lb incre¬ 
ments. Strain readings were recorded, re¬ 
duced to stresses, and compared to the cal¬ 
culated applied stress. The calculated ap¬ 
plied stress was derived by dividing the ap¬ 
plied load by the panel shear area: 

T .< j ■ P/A applied 

where 

2. Preliminary Tests 

Four preliminary tests were conducted to 
determine the stress and temperature distri- 

* applied load * 7000 lb 
(representative incre¬ 
ment) 
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Fig. 120. Stress Distribution lcst--D-3b
Columbiun Structural Shear Panel

A * shear area = panel side
length X A/T x (facing 
thickness + braze alloy 
thickness) x 2 = 0.475 sq 
in.

i„i * average shear stress • 
applied 14,750 psi.

The actual panel -stresses were obtained 
from the strain measurements by using the 
formula

E
2 (1 *m) +2..a c b

-<‘.^‘c>

where

E • Young's modulus « 14.8 x 10 
psi

p * Poisson's ratio * 0.3

c » strain reading of "a" leg of
strain gage

tjj • strain reading of "b" leg of
strain gage

tj, * strain reading of "c" leg of
strain gage.

A representative .stress distribution is pre­
sented in Fig. 121 as isoclimc stress lines. 
The measured stresses in the upper and 
lower corners of the panel were higher than 
the applied stresses. However, the stresses 
over the main portion of the panel are within 
5% of the calculated stress.

Fig. 121. .Structural Shear Panel 
Stress Distribution

A 2300* F temperature test w as performed 
on a coated D-36 columbium structural panel 
instrumented with seven chromel-alumel 
thermocouples. This test was [lerformed to 
determine the imposedtemperature distribu­
tions on the panel and Rene 41 loading fixture 
(Fig. 122). In this plot, the boundariesof the 
tempi'rature isotherms were approximated 
between the thermocouples by the discolora­
tion of the panel surface (a green tint of 
Cr20^ forms at 2000* F). The general area
of the panel influenced by the core 
was 2300* F. The corners of the panel weri' 
approximately 300* F lower. This was caused 
by the heat sink effect of the Rene 41 fixture 
and the attachment pins. While the center of 
the panel was at 2300* F, the shear strips 
were at 1600* F and the Rene 41 picture frame 
was at 1310* F, which was within the tempera­
ture limits for matching thermal expansions 
of the fixture and the panel. Consequently, 
the tem|>erature distributions imposed on the 
panel by the radiant heaters were considered 
satisfactory.

A room temperature proof test was also 
accomplished for the compression panel and 
its loading arrangement (Fig. 123). Again, 
12 AJt-1 rosette .strain gages were bonded to 
a compression panel. A 15,000-lb compres­
sion load was a|>plied to the panel in 3000-lb



Iiutioii Test
increments. The strain gage readings were 
recorded, reduced and compared to the cal­
culated applied stress which was

where

applied load » 15,000 lb
compression area * (facing 
thickness + braze alloy thick­
ness) X developed skin length 
X 2 + U-channel cross-sectional 
area x 2 * 0.377 sq in.

applied compression stress = 
39,800 psi.

The measured panel stresses were obtained 
from the strain measurements by using the 
formula

calculated cE

where

e • strain measurement in in./in.

E » Young's modulus » 14.8 x 10® 
psi.

The average measured stress on the convex 
face of the panel was 37,860 psi and the av­
erage stress on the concave face was 35,1.50 
psi. These stresses were within 5 and 12To, 
respectively, of the calculated applied stress 
and were within 7'"o of one another. The 
horizontal leg of the strain gages along the 
panel edges indicated the Poisson effect, while 
at the center of the panel, the horizontal 
strain gages indicated no strain which is in­
dicative of a plane strain condition.

A 2000’ F temperature distribution test 
was also performed on a D- 36 compression 
panel instrumented with four thermocouples 
(Fig. 124). The center of the U-channel was 
at 1660* F while the main portion of the panel 
was at 2020* F". This was caused by the heat 
sink effect of the finger fixture. All portions 
of the core area of the panel were within 50* F 
of the panel center temperature.

v_ - joo<r F-

- i»5<r F —
F_s.

Tic. 123. Dist riliution Tc5t--D-3()
Coliaibiun Compression Panel

FiS* 124« Temperature lsotl«ms for 
2000* r Compression Panel 
Temperature Distribution 
Test



3. Test t^rocedures

The general procedures used for both the 
shear and compression tests were:

(1) Instrument the test panel with thermo­
couples.

(2) Mount the panel between the two heat­
er units.

(3) Preset the maximum deflection 
"dump" to the appropriate setting.

(4) Pn load the panel approximately 200 
lb to I'liminate linkage slack.

(5) Apply the appropriate load and tem- 
peraturi- profiles (Fig. 125).

(6) In the case of the shear tests only, ap­
ply the test load only when the shear fixture 
temperature was within allowable limits.

that same as that for the shear panel test.

The load and temperature programs were 
started simultaneously. For the single­
cycle temperature-load tests, the panel tem­
perature was raised at a rate of 10* F/sec 
until the desired tes. temperature was 
reached. The panel was then soaked at this 
temperature for a minimum of two minutes 
(or, in the case of the shear tests, until the 
shear test fixture temperature was within safe 
limits). The test load was then applied at a 
rate of 400 lb/sec until the panel failed. After 
failure, the load was automatically released 
by the deflection switch, and the temperature 
gradually decreased to room temperature. 
This gradual temperature decay was neces­
sary to keep the relative thermal expansions 
of the fixtures and panels from increasing the 
damaged area of the failed panels.

Test Results

Ten D-36 columbium flat structural pan­
els were subjected to ultimate shear tests. 
The results of these tests are presented in 
Figs. 126 through 135. Generally, the mode 
of failure of these panels was local face 
wrinkling, intercellular dimpling (prevalent 
for the higher temperature tests) and inter­
granular tensile fracturing. However, Panel 
Nos. 6 and 13 exhibited general material 
failure. Panel No. 4 failed due to thermal 
stresses alone. This was caused by a heater 
power failure created by the loss of the con­
trol thermocouples. The resulting tempera­
ture differential between the panel and the 
shear fixture (the panel cooled faster than 
the shear fixture) created thermal stresses 
large enough to rupture the facings of the 
panel.

Ten D-36 columbium curved structural 
panels were tested in axial compression. 
The results of these tests are presented in 
Figs. 136 through 145. General instability 
was the primary mode of failure of all pan­
els. Some of the high temperature test pan­
els also had intercellular dimpling failures.

Fig. 12S. D-36 ColuabiuB Structural Panel 
Shear Test

The instrumentation for the structural panel 
te.sts was developed during the high tempera­
ture instrumentation study. The deflection 
limit switch was normally p.-eset to allow the 
shear panels to diagonally deflect approxi­
mately 3/8 in. before dumping the test load. 
This was necessary to minimize secondary 
failures, since the panels were to be cut into 
small specim»-ns for future tests. The setting 
for the compression tests was approximately

Three TZM molybdenum structural pan­
els (two curved, one flat) were also tested. 
However, because of the extreme brittleness 
of these panels and the lack of an effective 
hermetic seal, no complete tests were accom­
plished (all panels were to be tested in com­
pression). Curved Panel No. 6 was evidently 
damaged during installation in the test jig. 
The flange of the U-channel was probably 
cracked when the stabilization strips were 
installed (observed after the test). Curved 
Panel No. 10 f.ailed because of a complete 
braze failure of the facing core at an ex-



MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

9 

TYPE OF TEST 

Shear 

MAX TEST TEMP 

196(r F 

TIME AT MAX TEMP 

140 sec 

FAILING LOAD 

16,600 lb 

ULT STRESS 

34.500 pal 

RENÉ JIG TEMP 

1170* F 

MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

5 

TYPE OF TEST 

Shear 

MAX TEST TEMP 

2315* F 

TIME AT MAX TEMP 

240 aec 

FAILING LOAD 

9200 lb 

ULT STRESS 

19,400 psi 

RENË JIG TEMP 

1310* F 

Fig. 126. Shear Test, U-3 
Panel No. 9 

Fig. 127. Shear Test, D*2 
Panel No. 5 



Time of failure -

Fig, 126. Shear Test, l)-36 Structural 
Panel So. 9

DESCRIPTION OF 
PANEL FAILURE

Local instability. Face wrinkling.

te load

.J
4 6

e (min)

-Time of failure

Fig. 127. .Shear Test, H-3b Structural 
Panel .No. 5

DESCRIPTION OF 
PANEL FAILURE

Local instability. Face wrinkling.



MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

7 

TYPE OF TEST 

Shear 

MAX TEST TEMP 

2340* F--outer face 
2140* F--inner face 

TIME AT MAX TEMP 

90 sec 

FAILING LOAD 

10. 600 lb 

ULT STRESS 

22, 200 psi 

RENÊ JIG TEMP 

1330* F 

MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

11 

TYPE OF TEST 

Shear 

MAX TEST TEMP 

2350* F--outer face 
1950° F--inner face 

TIME AT MAX TEMP 

100 sec 

FAILING LOAD 

13,000 lb 

ULT STRESS 

27, 300 psi 

RENÉ JIG TEMP 

1270° F 

Pig. 128. Shear Test, D>36 Stru 
_ito, 7 

Fig. 129. Shear Test, 1)-36 Stn 
No. 11 
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Temperature--outer skin

Temperature--inner skin

Ultimate load

:\j
-Time of failure

Fig. 128. Shear Test, I1-36 Structural Panel 
No. 7

DESCRIPTION OF 
PANEL FAILURE

Local instability face wrinkling and 
intercellular dimpling. Plastic- 
crown existed in panel from therma 
gradient.

/

/'

-Temperature--outer skin

Temperature--inner skin 
Ultimate load

:xj -Time of failure

Fig. 129. Shear Test, !)-3b Structural Panel 
No. 11

DESCRIPTION OF 
PANEL FAILURE

Local instability face wrinkling and 
intercellular dimpling. Plastic 
crown existed in panel from thermid 
gradient.
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Fig. 130. Shear Test, D-36 Structural I’ancl 
No. 1

Time of failure

Fig. 131. Shear Test, U-36 Structural Panel 
No. 2

89

DESCRIPTION OF 
PANEL FAILURE

Local instability face wrinkling.

DESCRIPTION OF 
PANEL FAILURE

Local instability intercellular 
(timpling.

to





Time (min)
Fig. 132. Shear lest, U-36 Structural I’ancl 

No. 13

60

rime (see)

80 100

Fig. 133. Shear Test, 0-36 Structural I’ancl
No. 6

DESCRIPTION OF 
PANEL F All ARE

Ultimate material failure--coat- 
ing spalled off.

DESCRIPTION OF 
PANEL FAILURE

Ultimate materiai failure--coat­
ing acted as a stress-coat -- 
spalled off on evenly spaced lines.
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MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

12 

TYPE OF TEST ™ 

Shear 

MAX TEST TEMP 

2300* F 

TIME AT MAX TEMP 

840 sec 

FAILING LOAD 

5000 lb--max 
500 lb--min 

ULT STRESS 

10,500 psi--max 
1,050 psi--min 

Time of 
failure 

RENË JIG TEMP 

1250* F 

MATERIAL 

Fig. 134. Shear Test, D-36 St 
No. 12 

Columbium alloy, D-36 

PANEL NO. 

4 

TYPE OF TEST 

Shear 

MAX TEST TEMP 

2350* F 

TIME AT MAX TEMP 

260 sec 

FAILING LOAD 

ULT STRESS 

RENË JIG TEMP 

Shown 
Fig. 13S. Shear Test, D-36 St 

No. 4 
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Time of 
■ failure

D-3<a * 1 i>

Fig. 134. Shear Test, n-36 Structural Panel 
No. 12

DESCRIPTION OF 
PANEL FAILURE

Local instability face wrinkling, 
intercellular dimpling.

DESCRIPTION OF 
PANEL FAILURE

4 (i
Time (min)

Tension failure due to thermal 
stresses imposed when loss of 
power to radiant lamps allowed 
specimen to cool much more quickly 
than the Renf 41 frame. (No 
applied mechanical load. )

Fig. 135. Shear Test, D-36 Structural Panel 
No. 4
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MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

1 

TYPE OF TEST 

Compression 

MAX TEST TEMP 

2000° F 

TIME AT MAX TEMP 

288 sec 

FAILING LOAD 

20,000 lb 

ULT STRESS 

53,000 psi 

RENÉ JIG TEMP 

MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

2 

TYPE OF TEST 

Compression 

MAX TEST TEMP 

2400° F 

TIME AT MAX TEMP 

270 sec 

FAILING LOAD 

9000 lb 

ULT STRESS 

23,100 psi 

RENE JIG TEMP 

Fig. 136. Crapression Test, D-36 
Panel No. 1 

Fír. 137. Compression Test, D-36 
Panel No, 2 



Ultimate load 
ure -

/
/
/
/

I 1

Time of 
■ failure

inie (min)

Fi*. 156. Compression Test, P-56 Structural 
Panel >*o. 1

1>

Time of failure -

Ultimate load

J
'inie (min)

FiR. 137. Coupress ion Test, !)-3ti Stnictural 
I’jncl ■o. 2

1 / r. 1

DESCRIPTION OF 
PANEI. FAIl.l RE

General instability. Permanent 
crown in center of panel. Failure 
of bottom "u" channel vertical 
legs.

DESCRIPTION OF 
PANEL FAILURE

General instability. Secondary 
local failure- intercellular 
dimpling and face wrinkling. Load 
was prematurely released before 
maximum failure stress was ob­
tained.

KO









ime (min) !•»)!. HU, Compressim Test, l)-36 Structural
Panel No. lU

DISC RIl’TION OF 
PANFl. F \Ii,l RK

Cleneral instability crown in panel.

'' "i
* ■ i-tl

'inn- (tmn)
Fir. 141. Compression lest, l)-3o Structural 

Panel io. 11

DESCRIPTION OK 
PANEL FAILURE

Ccneral instability crown in pani'l.

K>



MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

8 

TYPE OF TEST 

Compression 

MAX TEST TEMP 

2350* F--outer face 
2140* F-Tinner face 

TIME AT MAX TEMP 

307 sec 

FAILING LOAD 

14,700 lb 

ULT STRESS 

39,400 psi 

RENÉ JIG TEMP 

MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

TYPE OF TEST 

Compression 

MAX TEST TEMP 

2350* F--outer face 
1950* F--inner face 

TIME AT MAX TEMP 

315 sec 

FAILING LOAD 

16, 400 lb 

ULT STRESS 

44, 000 psi 

RENË JIG TEMP 

FIr. 142. Compression Test, 
Panel No. 8 

Fig. 143. Compression Test, 
Panel No. 7 
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Load

4 (, 8 10 
Time (min)

Fip.. 142. Compression Test, 0-30 Structnral 
Panel No. 8

DESCRIPTION OF 
PANEL F Ail.VRE

Oem-ral instability. Face wrinklmt; 
on lower temperature face after 
panel crowned.

' n .
Load

4 b
Time (min)

Pig. 143. Compression Test, 0-36 Structural 
Panel .No. 7 _ _ _ _ _ _ _ _ _ _ _

DfclSCRIPTION OF 
PANEL l AILLRE

General instability. Face wrinkimjj 
on lower temperature faee after 
panel crowned.

K5



MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

6 

TYPE OF TEST 

Compression 

MAX TEST TEMP 

2400* F 

TIME AT MAX TEMP 

1200 sec 

FAILING LOAD 

12,000 lb 

ULT STRESS 

32,400 psi 

RENÉ JIG TEMP 

MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

9 

TYPE OF TEST 

Compression 

TIME AT MAX TEMP 

RT 

FAILING IX)AD 

36,000 lb 

ULT STRESS 

97, 700 psi 

RENÉ JIG TEMP 

Fig, 144. Coapression Test, D-36 
Panel No. 6 

Fig. 145. Compression Test, D-36 
Panel No. 9 
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Time of failure -

Fie. M4. Cotiprcssion Test, D-36 Structural 
Panel So. 6

BO

me (s<‘f)
100

Fin. 14S. Conpression Test, D-36 Structural 
Panel So. !>

OKSCRIPTION OF 
PANEIL FAII.l'RE

General instability crown in panel. 
Secondary failure--face wrinkling, 
warped edges.

DESCRIPTION OK 
PANEL FAILURE

General instability crown in panel. 
Secondary failure--"U" channel 
flange crimping.

96 IfsO



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. To achieve 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.

L_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-l, 14-B-l and 14-C-1) were used

Fig. 146. Hot Gas Facility

lor imposing the simulated re-entry environ­
ments on the heat shield panels (Table 20). 
Condition 14-A-l represents the maximum 
stream conditions of the facility, while Con­
ditions 14-B-l and 14-C-l represent the 
minimum and intermediate stream condi­
tions used on this program (Fig. 147).

-Condition 14-A-l

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. Kssentially, 
the holder design was comprised of an insu­
lated lx)x 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. Fibt'r- 
frax insulation was inserted between the in­
ner face of the panel and the steel mounting



Fijr. 148. Hot Cas Facility with Flat Heat 
Shield Panel Tost 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. 
T^o 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-l) to quantitatively deter­
mine the pressure distribution on the simu-

TABLE 20
Operating Parameters of the Hot Gas Facility

r..! ,.m. t. 1

Tips' of fU>w I

KI..S. vs lot »t> .1 , . \

M..«a rU>« rati- . , ,

iKttamti' itn-i-iuri ,„f

pri'-H.iri-11 1. 1

- U-mtu rJlur* . 4i.imi.h *|

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

o . P,. P,

V • Pj. P.. P, 
o . P,. P,. P, 
A . P,. P,

ISO
s

V

S. >

40

fi.2

4 ~ T 7

2 4 6 » 10 11
Piml Span. Two Dimonaion* (in )

Fif. 149. Similated Flat Heat ShialiJ Panel 
Pressure Distribution

»8



attack and facility operating condition had to 
be obtained for the curved panels. A 90-deg 
angle of attack was selected for pressure 
uniformity, and a facility operating condition 
with a dynamic stream pressure of 250 psf 
was used to obtain panel pressures less than 
2 psi and temperatures up to 2400° F.

3. Test Procedures

The actual tests on the heat shield panels 
in the hot gas facility were generally accom­
plished by the following procedure:

(1) Instrument specimen with a control 
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 stabilize 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
perature control.

The results of the high temperature in­
strumentation study indicated the use of a 
sheath thermocouple for the hot gas tests 
(dynamic environment). Consequently, a co- 
lumbium sheath tungsten-rhenium thermo­
couple was used for thermal control. The 
thermocouple was attached to the center of 
the inner face of the specimen by means of 
an integral mechanical panel holder 
(Fig. 115). Several flat heat shield panels did 
not have this holder and the thermocouple was 
bonded to the specimen with molybdenum 
disilicide cement. These thermocouples 
failed during the tests.

After the installation of the con­
trol thermocouple, the panel was mounted in 
the panel holder as previously explained. 
However, since these panels had access 
holes, several attempts were made to fill the 
holes in order to prevent adverse flow and 
subsequent hot spots. The first attempt was 
the insertion of fused silica plugs into the 
holes, flush with the exposed surface. During 
the first heat shield tert, the plug became too 
hot and consequently expanded, causing a 
failure of the access hole tube. The next at­
tempt proved to be the most successful. It

consisted of "stuffing" fiberfrax insulation 
into the holes until the exposed panel surface 
was aerodynamically smooth. Generally, the 
insulation would stay in the holes, but during 
several tests, it was removed by the air 
stream. The loss of these plugs caused local 
hot spots around the holes (Fig. 150).

iiR. ISO. Local ilot Spot Created by neat 
Shield Panel Access ilole

During the actual performances of these 
tests, constant visual monitoring (including 
photographic documentation), as well as ther­
mocouple and optical pyrometer monitoring, 
was accomplished. Qualitative information 
concerning panel deflection, heat distribution 
and coating appearance was obtained by the 
visual monitoring sources. The thermocouple 
and optical pyrometer supplied the quan­
titative temperature data during the tests.

The two tests m the radiant heating facility 
were performed in a manner similar to the 
structural panel tests with the exception that 
no load was applied to the panels.

^ Test ResuUs

Two flat D-36 columbium heat shield pan­
els (Nos. 9 and 7) were subjected to the maxi­
mum life condition. This consisted of a 
minimum temperature test (2200* F) and a 
maximum temperature test (2600* F) (Figs. 
151 and 152). Panel No. 9 failed in the ac­
cess hole area because of the fused silica 
plugs, thus rupturing the tube and the outer 
skin. However, even though this premature 
failure occurred approximately 15 min after 
the start of the test, tl.e panel continued to 
withstand the imposed environment for an­
other 15 min without any additional failures.





if

lermocouple)

(optical pyrometer)

Panel failure -

8 12 
Time (min)

Fig. ISl. Hot Cas Test, l)-56 Flat Heat Shielu 
Panel No. 7

(optical pyrometer)

8 12 
Time (min)

Fig. 152. Hot Gas Test, 11-36 Flat Heat Shield 
Panel No. a

DESCRIPTION OF 
PANEL FAILURE

Local failure occurred at hot spots 
on lower right edge due to lower 
lip deflecting into the air stream 
after sustained operation at 2600° i' 
and a high djmamic pressure.

DESCRIPTION OF 
PANEL FAILURE

Panel failed at both upper attach­
ment surface patches due to hole 
filler inserts pushing out.
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Panel No. 7 successfully withstood the maxi¬ 
mum condition of the facility (14-A-l) for 12 
min before a local hot spot developed causing 
the eventual failure of the panel two minutes 
later. The hot spot developed along the lower 
edge of the panel when this edge protruded 
into the gas stream creating a local stagna¬ 
tion condition. An optical pyrometer reading 
of 2800* F was obtained in the general area of 
the hot spot, but this reading was lower than 
the maximum temperature of the local area 
because of the pyrometer's wide field of vi¬ 
sion. 

The typical re-entry tests were accom¬ 
plished by imposing various re-entry time- 
temperature profiles (provided by ASD) on 
the heat shield panels. Four D-36 columbium 
panels were subjected to two re-entry con¬ 
ditions. Panel Nos. 3 (Fig. 153) and 4 (Fig. 
154) (both curved panels) were tested with the 
2600* F fe-entry trajectory. Both of these 
panels failed prematurely because of an ad¬ 
verse pressure distribution causing the fail¬ 
ure of the upper right attachment leg (see 
preliminary tests) (Fig. 155). However, even 
after the attachment leg failed, the panel con¬ 
tinued to support the loads and temperatures 
until the unsupported corner deflected into 
the air stream, creating a hot spot. Two 
panels (curved No. 2 and flat No. 5) (Figs. 
156 and 157, respectively) successfully with¬ 
stood a lowertemperature (2200* F) re-entry 
profile without incident. Panel No. 5 was also 
tested at a steady* state condition of 2200* F 
for 17 additional minutes without any damage. 

Four panels were tested for the repeated 
exposure (cyclic) condition. Panel Nos. 5 and 
6 (both curved) were tested in the hot gas 
facility while Panel Nos. 4 and 11 (both flat) 
were tested in the radiant lamp facility 
(Figs. 158 through 161). Panel No. 6 had a 
local failure of a sealing detail after being 
exposed to four five-minutecyclesat2150#F. 
Panel No. 5 failed in the upper corner after 
three five-minute cycles at 2400* F. Panel 
No. 4 was subjected to the same time-tem¬ 
perature profile as Panel No. 5 in the radiant 
facility. However, Panel No. 4 withstood five 
thermal cycles before severe oxidation oc¬ 
curred along the panel edges and sealing de¬ 
tails. These two tests in the two different 
facilities gave a qualitative evaluation on the 
comparative severity of the two types of 
thermal environment. Panel No. 11 failed 
due to a sealing detail becoming detached, 
exposing an uncoated area on the panel face 
during the second cycle at 2600° F. 

D. SMALL SPECIMEN TESTS 

The small specimen test portion of the 

test program was concerned with determining 
the mechanical properties of the D-36 and 
TZM panel honeycomb core and facing mate¬ 
rials. Specifically, the desired properties 
were: 

Core 

Shear strength and 
modulus 

Flatwise compres¬ 
sion strength and 
modulus 

Facing 

Tensile ultimate and 
yield strengths, mod¬ 
ulus of elasticity, 
elongation 

Column compression 
strength 

Creep strength 

Fatigue strength 

All of these properties were determined at 
elevated temperature. 

1. Test Equipment 

A high temperature cold-wall vacuum test 
furnace and a 150,000-lb universal testing 
machine were used for all of the core proper¬ 
ties tests and the facing tensile ultimate, yield 
strength and fatigue strength tests. A 4000* F 
vacuum furnace and an arcweld creep rack 
were used for the facing creep tests. 

The cold-wall vacuum test furnace is 
capable of attaining temperatures of 3500* F 

at 10'5 torr. The 5- by 6- by 12-in. furnace 
test chamber consists of 14 sets of W-shaped 
l/4-in. diameter tantalum rod elements on 
four sides, surrounded by six-layer tantalum- 
columbium heat shield packs on six sides 
(Fig. 162). The test loads were ap¬ 
plied through the upper and lower shield packs 
by water-cooled stainless steel load rods. 
These rods are vacuum-sealed by stainless 
steel bellows and each is capable of a± 1-in. 
displacement from the neutral position. The 
external end of the bottom rod wasattachedto 
the movable loading head of the test machine, 
and the upper rod was attached to the fixed 
cross beam of the test machine. Special tung¬ 
sten rod end fittings were used for the tran¬ 
sition from ambient to elevated temperature 
zones. 

The facing creep tests were performed 
in a high temperature vacuum furnace located 
on an arcweld creep rack (Fig. 163). This 

furnace is capable of attaining 4000* F at a 
-5 vacuum of 5 x 10 torr. Radiant heat is sup¬ 

plied to the specimen by two curved tantalum 
elements. The creep rack employs a 20:1 
mechanical advantage for indirect loading of 
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MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

3 

TYPE OF TEST 

Hot gas curved heat shield 

MAX TEST TEMP (AVG) 

2520* Y 

time Above 2200* f 

690 sec 

TEST ANGLE 

30 deg 

DYNAMIC PRESSURE 

370 psf 

MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

4 

TYPE OF TEST 

Hot gas curved heat shield 

MAX TEST TEMP (AVG) 

2525* F 

TIME ABOVE 2400* F 

390 sec 

TEST ANGLE 

30 deg 

DYNAMIC PRESSURE 

370 psf 

Fig. 1S3. Ilot Cas Testi l)*3o ( 
Shield Panel No. 3 

Time (min) 
Fig. 154. Ilot Cas Test, D-3b 

Shield Panel No. 4 



Kailure

‘ometer)

M -■

Sne (min)
Fig. 153. Hot Gas Test, »-5(> Curved Mc.it 

Shield I’anol No. 3

DKSCKIPTION OK 
PANEL FAILURE

After eleven minutes, upper right 
uac'hment failed at the back face. 

Resultant load redistribution caused 
overloading and subsequent failure 
)f lower attachment leg test bolts 
(stainless steel). Resultant deflec­
tion caused upper portion of panel tc 
protrude into gas stream.

DESCRIPTION OF 
PAN El. F AHA RE

hertnocouple)

Mounting clip failure

Hot 
‘ spot

End of 
’ test

Upper right attachment failed at 
12 minut»*s and a hole developt*d in 
that area. Resultant redistribution 
of loading caused lower attachment 
clips to crush core. Added deflei 
tion caused upper LH corner (in­
tersection of stepped edges) to pro 
trude into gas stream.

ne (min)
Fig. 154. Hot r.as Test, D-36 Curved ileat 

lihielo 1‘mcl No. 4
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M
{■'allure at upper 
leg attachments

h'aUure of lover 
let; attachments

(3) Oaidation uf <4> End of teat ^

Fig, 15S. Curved U-30 Columbiun .icat MuelJ Panel No. 5 r.iUure Sc«iuencc

the specimen. Calibrated weights were used 
to apply precise constant loads to the speci­
men.

Tungsten test fixturt‘s were fabricated for 
the honeycomb core properties tests. These 
fixtures were designed so that the appropriate 
mode of failure could be obtained from the 
core specimens. Various modificationstothe 
fixtures were accomplished as a resultofthe 
preliminary tests and some ofthe initial tests. 
(Details describing these modifications are 
described under Subsection 4, Test Proce­
dures.) Figures 164 through 167 depict the 
final test setups for the three honeycomb 
specimen test conditions: shear, column com­
pression and flatwise compression. The core 
shear (flexure) fixtures included two sets of 
simple beam supports (one with an 8-in. span 
and one with a 4-in. span). The column com­
pression fixtures included specimen edge 
support members to prevent crushing of the 
specimen edges. Rocker pads were also used 
to ensure the prop«*r alignment of the load in 
relation to the specimen. All of the ap­
propriate fixture surfaces for the three set­
ups were machined flat and parallel for proper 
loading alignment le.g., compression block 
upper and lower surfaces, compression table 
upper and hole bottom surfaces).

Instrumentation

The major effort in this area was expended 
on deflection measuring devices for the core 
properties and facing tensile tests. For the 
core properties tests, the deflections of the 
specimens were obtained by measuring the

head motion of the test machine with a de- 
flectometer. This method was used because 
of its simplicity and reliability, since all of 
the measuring equipment was located ex­
ternal to the furnace, thereby eliminating 
any vacuum and temperature effects on the 
measuring sensor. Also, because the test 
loads were relatively small and the test 
machine and fixtures were large and struc­
turally stiff, the deflection in the system 
was negligible. The movement ofthe machine 
head was checked with both deflection dial 
gages and the deflectometer during the pre­
liminary tests, and the results of both meas­
uring devices compared extremely well with 
one another.

The measuring system for the tensile 
ultimate and yield tests was much more com­
plex than that used for the core properties 
tests. Head motion could not be used for 
these tests since the gage length of the speci­
men must be known to obtain strain. Con­
sequently, an optical measuring system was 
used to determine the specimen deflections 
(Fig. 168). The primary components of this 
system were tantalum slide rule gages, tan­
talum and Inconel gage clamps (tantalum 
clamps became unusable after the first tem­
perature test due to the bonding ofthe holding 
screws), a bifilar telemicroscope andtwo 16- 
mm movie cameras. The system was op­
erated by sighting on the slide rule gage 
(scribed every 0,020 in.), located on the speci­
men, through the furnace sight port with the 
bifilar telemicroscope. One 16-mm movie 
camera, located at the eyeglass end of the 
telemicroscope was used to record the rela-
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MATERIAL 

Columbium alloy. D-3b 

PANEL NO. 

2 

TYPE OF TEST 

Hot gas curved heat shield 

MAX TEST TEMP (AVG) 

2260* F 

TIME AT MAX TEMP 

300 sec 

TEST ANGLE 

30 deg 

DYNAMIC PRESSURE 

144 psf 

MATERIAL 

Columbium alloy, D-36 

PANEL NO. 

5 

TYPE OF TEST 

Hot gas flat heat shield 

MAX TEST TEMP (AVG) 

2270® F 

TIME AT MAX TEMP 

840 sec 

TEST ANGLE 

30 deg 

DYNAMIC PRESSURE 

144 psf 

Fig, 156. Ilot Gas Test, D-J6 I 
Shield Fanei .No. 2 

Fig. 157. Hot Gas Test, D-36 Fla 
Panel No. 5 



DESCRIPTION OF 
PANEL FAILLRE

e (oplK al pyrometer)

Imi
~^o

me (min)

ITk. llh. Hot r.as lest, H-36 Curved ileat 
Shield f.inel No. 2

J
Fie. 157. Hot Gas Test, I'-J6 Flat Heat shield 

Panel No. 5

No panel failure. Slight separa- 
1 ions of the weld patches at the 
liaok face attachment points.

DESCRIPTION OF 
PANEL FAILURE

•No visible damage after one cycle. 
Siigtit separation of the upper left 
attachment patch after second 
cycle.
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(oplual [nrometer) (lyp)

9 15

Time (min)
Fig. 158. iiot Has Test, !)-56 Curved licat 

Shield Panel No. 5

DESCKIPTION OF 
PANEL FAILURE

Small surface cracks at upper UTi 
corner. Minor separation of attacis 
mem patches at upper right and 
iutt'er left locations.

Panel failure -

DESCRIPTION OF 
PiXNEL F.MLI RE

Slight separation of upper right 
.surface patch after three cycles. 
Failure of upper rigltt surface 
l-iatch during fifth cycle created 
local stagnation at the upper rigid 
corner which caused coating fail 
lire and subsequent severe oxida­
tion of the exposed culumbium.

Time (min)
Fig. isy. Mot Mas lest, D-ab Curved Meat 

Shield Panel No. 6
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lin)

Fie. IbU. Kadinnt llcat lest, !)-3b Heat Shield 
I’anel «o. 11

DKSCRIPTION OF 
PANEL FAIIA RE

Front face doubler at attachment 
clip access hole failed. Skin and 
core underneath doubler oxidized.

Failure

30 40
Time (min)

Fi|:. Ibl. KaJi.int llcat lest, l>-3b llcat shield 
I’anel So. 4

106

DESCRIPTION OF 
PANEL FAILURE

I anel failed by oxidizing along 
I'dge where pans were joined by 
c lectron beam welding.
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iii' I ''I'M, I

!i’a^
Fig, lt>2. Uu’.h Icmperaturf v.Kiiun lest furnace

jv’. K>S, Column v'omnrcssion lest ^ot.
- ri>*

i iJ. !

::i
bIB >

•. IM,. fon- ? . .• !c-'-K)n lest - t ■'

l i;:. U'.'. I rm-'f ra turc \',iCuuTn lost ' ur
;i.icc--i roop ;.icK lost \rram:cncnt

h.rr'"

Fig. 164. Core Shear Test Setup
167. Typical Tensile Specimen Test Setup 

(inclutlcs fatigue)
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lt>S, lensile Specimen l>cflcction Stoasur- 
in^ System

tive displacements of the slides of the slide 
rule gage, while the other camera was used 
to record the needle movement of the test 
machine load dial (Fig. 169), These two 
cameras were synchronized with a timer so 
that the two readings were obtained at the 
same time. The two processed films were 
read frame by frame on a microfilm readt*r. 
The types of lenses and films for the various 
temperature levels were obtained from ASD 
TR 61-74 (Ref. 38).

Fn. Icnsilr Deflectlon-'Load Optical
Measurenents

The specimen temperatures were obtained 
by using an optical pyrometer. The tem­
perature readings were taken through the

furnace sight port. An emissivity of unity 
was used since black body conditions pre­
vailed (hole in an enclosed box).

The facing creep test deflections were de­
termined by measuring the upper bellows 
flange movement with a deflectometer. Cali­
bration tests were performed at elevated tem­
perature with an optical system similar to the 
one previously descrifcM'd for the tensile ulti­
mate tests. These tests proved the accuracy 
and reliability of the mechanical measuring 
system. The deflectometer output signal was 
automatically recorded on a Bristol chart 
recorder. The tost temperature was obtained 
with a l’t:Ht-Rh (13%) thermocouple placed 
next to the specimen.

3^ Specimen Preparation

The con properties specimens were ob­
tained by cutting tlie unfailed portions of the 
tested structural panels (both materials) into 
the appropriate sizes (Fig. 170). Initially, 
a conventional friction band saw was used 
to cut the D-36 specimens. However, this

I. 000 ■ 0 o» ui —
0. 5ia » 0. 005 la. * . Mrfacaa to b« fUt aad paralWI

Colmni) C'omprwion Specimen

0 513 * C 005 la —I

•—2 000 * 0 025 in — 
FUtwis# C

m
— 3 000 * 0 025 in -•

I • Mirfat-r> to br flat and parallel

0 513*0005in—«

imis Ml
» ooo . 0 OJS 1«--------H a ooo • 0 0J4 111 —

Cor. 8h..r ap.i lm.li

Fig. 170. Coluan Coapression Olid Core Proper­
ties Speciaen Configurations
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operation damaged the core. A friction rub¬ 
ber wheel cutter was tried and proved to be 
successful for rough cutting the specimens 
(both materials). The specimens were then 
finished by grinding with an alumina (AljO^) 

cup-wheel. Each of the specimens was tested 
at the same temperature as the panel from 
which it was obtained. 

The tension specimens were fabricated in 
a manner that would reflect possible changes 
in strength due to the manufacturing proc¬ 
esses used in making the structural and heat 
shield panels. Basically, three different 
specimens of each material were made: 

Specimen 
Configuration 

Bare 

Brazed laminate 

Coated brazed 
laminate 

Panel Condition 

As-received material 

Panel after brazing 

Panel after coating 

All of these specimens had the same basic 
geometric dimensions (except for thickness). 
The laminates were fabricated by brazing 
two bare panel facing sheets together and then 
cutting out the specimens (Fig. 171). The 
coated specimens were fabricated in the same 
manner as the brazed laminates and then 
treated with the appropriate oxidation pro¬ 
tective coating process (Cr-Ti-Si for D-36 
and PFR-6 for TZM). 

4. Test Procedures 

In general, the small specimen tests were 
performed according to the following pro¬ 
cedure: 

(1) With the specimen properly mounted 
in the furnace, the chamber was pumped 

-5 -6 down to a pressure level of 10 to 10 
torr. 

(2) Power was applied to the elements 
and the chamber heated to the proper test 
temperature (chamber temperature was de¬ 
termined by a W-5Re versus W-26Re ther¬ 
mocouple). 

(3) The test specimen was allowed to 
reach the test temperature, as determined 
by an optical pyrometer. 

(4) The test load was applied at the 
prescribed rale (1000 psi/seefor all ultimate 
tests and 16 to 20 cycles/min for the fatigue 
tests) to the appropriate level. 

Fie. 171. Tensile Snccioen Laainatc for Snail 
Specimen Tests 

(5) The specimen was cooled. 

During the tests, several problems occurred 
that required changes in the load fixtures 
and/or methods of data acquisition. 

During the column compression tests, 
several specimens exhibited premature end 
failures instead of the desired local in¬ 
stability failures. End failures occur when 
the braze or core strength at the ends of 
the specimen is not sufficient to withstand 
the local stress concentrations during load 
introduction. This problem was aggravated 
by improper machining or misalignment of 
the test specimens. To minimize these con¬ 
ditions, molybdenum end support members 
and rocker pads were used. An improper 
loading condition was created in the initial 
core shear tests by the small radius of the 
loading nose. Instead of failing the core in 
shear, the loading nose crushed the core at 
the contact line between the nose and the 
specimen facing. This situation was rectified 
by placing a 0.375-in. thick molybdenum plate 
between the loading nose and the specimen to 
distribute the test load. 
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During the tensile ultimate tests, the 
technique used for attaching the slide rule 
gages to the tension specimens caused pre¬ 
mature failures. Initially, tantalum gage 
clamps were used but these proved to be un¬ 
satisfactory (see Subsection 2, Instrumen¬ 
tation). When using the inconel gage blocks 
(for the lower temperature tests below 
2000° F ), the specimens usually failed at the 
gage clamp instead of between the clamps. 
Tack welding the gage to the specimen was 
also tried, but again, the failure occurred at 
the weld. Also, difficulty was encountered 
in welding the gages to the molybdenum 
specimens. No completely satisfactory 
method was obtained to attach the slide rule 
gages to the tensile specimens. Conse¬ 
quently, a two-stage procedure was estab¬ 
lished to obtain the desired test information. 
This consisted of instrumenting one set of 
specimens with slide rule gages and obtaining 
the modulus data; an identical set of speci¬ 
mens without the gages was tested for ulti¬ 
mate strength and percentage of elongation. 

S^JTest Results 

The results of the D" 36 and TZM core 
properties tests are presented in Chapter 
VIH, Section B. The following formulas 
were used to calculate the stresses and 
moduli: 

Core shear: 

F ■ P/b(h + c) s 

where 

Fg = core shear strength (psi) 

A c 
t. = specimen facing thickness, un- 
r coated (in.) 

tc = specimen core thickness (in.) 

rl 1 Ll/< 

(Pit). = straight line slope of short 
* span load deflection curve 

(Ib/in.) 

(Pit) * straight line slope of long 
'-'l span load deflection curve 

(lb/in.) 

Column compression: 

P 
2F(tjTy 

where 

Fc = facing compression strength (psi) 

* braze alloy thickness (in.) 

Flatwise compression: 

Fc « P/bd 

where 

F * core compression strength (psi) 
G 

d = length of specimen (in.) 

b = width of specimen (in.) 

P « applied test load (lb) 

b * width of specimen (in.) 

h * specimen depth, uncoated (in.) 

c = core depth (in.) 

UF73T7 ' 

where 

Gc = modulus of rigidity (psi) 

L1 = length of longer span (in.) 

I = length of shorter span (in.) 

Ec = slope of stress-strain curve 

where 

E = core flatwise compression 
c modulus (psi). 

The results of the facing tensile tests are 
presented in Section VIII, Subsection B. The 
following formulas were used to calculate 
the stresses and moduli: 

Facing tension: 

Tension ultimate 

Ft = P/A 

where 

= tensile strength (psi) 

A = bt 

> 
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t = specimen thickness, uncoated (in.) 
E = slope of stress-strain curve

where

E = Young's modulus (psi).

Tj’pical specimen failures are shown in 
Figs." 172 through 174. In general, the speci­
mens exhibited the following types of fail­
ures;

Specimen
Configur^atimi

D-36 core shear

TZM core shear

D-36 column compres­
sion

Type of Failure

Shear failure

Braze failure

Face wrinkling; 
intercellular 
dimpling (at 
higher tempera­
tures); end and 
edge failures

TZM column com­
pression

D-36 flatwise com­
pression

TZM flatwise com­
pression

D- 36 and TZM ulti­
mate tension

d-36 and TZM fatigue

d-36 and TZM creep

Braze failure

Core wall buckling

Core w'all buckling 
and fracturing

Tension fracture

Tension fracture; 
extreme elonga­
tion (at higher 
temperatures)

Tension fracture; 
extreme elonga­
tion (at higher 
temperatures)

I?

%
TZM

Fig. 172. Typical Specinen Failures—D-36 
Columbium

Fig. 173. T)-Pical Specimen Failures—TZM 
'kilybJenum

Fig. 174. i>-36 Alloy Tensile Coupons



VII. ANALYSIS OF TEST RESULTS AND DESIGN PROCEDURES

A. DISCI SSION OF TKST KKSFl.TS

1. p-^ Columbium
a. Structural panels

In the full panel test, it was necessary 
to use a servo-controlled hydraulic system 
to apply load to the panel. The deficiency 
of this arrangement was that the load ap­
plication was dependent upon time alone and 
not upon deflection. This presents no prob­
lem as long as the test panel stresses were 
in the elastic range, but, when the panel started 
to yield or fail, the load application still 
continued. A dump switch was used to re­
lieve the hydraulic pressure at a preset 
panel deformation to prevent this system 
follow-through from completely destroying 
a panel. The cutoff deformation selected 
was such that the panel stresses would be 
far into the plastic range before the test 
was stopped. Once the proper limiting de­
formation was selected, the test setup worked 
satisfactorily. .All panels had failures when 
the deformation control had stopped the load 
application. Some of the failures were ex­
tended further than others. On this basis, 
some of the panel ultimate failing stresses 
might have been higher than others. How­
ever, the difference is considered small 
because, in the plastic region, the stress- 
strain curve is flat and a small difference 
in total strain makes an even smaller dif­
ference in applied stress. It is felt, there­
fore, that the maximum test loads are within 
5% of ultimate.

The D-a6 structural panel test results 
(Figs. 126 through 145) were uniform and 
consistent (Fig. 175). The panel strengths 
were in all cases higher than those pre­
dicted in the preliminary design effort of 
the program (Chapter IV). One of the pur­
poses of this portion of the program was to 
determine why this occurred. The following 
sections review the facts and present con­
clusions concerning the causes of the conser­
vative predictions.

The panel shear strengths were a con­
sistently high percentage of the ultimate 
tensile strength, from 86.2% at room tem­
perature to 1007, at 2400* F. The failures 
of the shear test panels had to be classed a 
local instability, although they might be 
classed an ultimate material failure, since 
the failing stress was so far in the plastic

i
(cf^neri

1 1 1 i 1 1
i
— r ■

1 ir
comprvaalofi |»m1 t«al 

il iMtabUtty failures)1rx 1 r

1000 200n
Trmpf rsture (* F)

Fig. 175. Structural hand Test Data

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

In the room temperature shear test of the 
D-36 panel, failure occurred in a most un­
usual manner (Fig. 176), with the oxidation 
protective coating spalling off in a series 
of parallel lines across the panel. The uni­
formity of the spalling provided an excellent 
indication of the uniformity- of stress distri-

mF. .

rii;» 17o. luiofj) icripcrntuic .'-3() L^olumUliMi 
oncar icst I’.uicl Slio»*in!’. Lines 
.o'hcrc Co.itinc Spalled



bution in the panel. The orientation of the 
core ribbon direction provides an explanation 
as to why the coating spalled in the specific 
direction observed. The lines are per¬ 
pendicular to the core ribbon direction and 
run along the core node attachment area. 
This is explained by considering two free 
body areas, one along the node area and the 
other along the cell-wall area, and then com¬ 
paring the strength of the two. 

■ I 

Fra* body 
through 

coll «*11 
a roa* 

Fro* body 
through 

nod* aroa* 

As can be seen from the free body diagram 
through the node areas, the straight nodes 
can rotate with a minimum of resistance, 
while the truss effect of the cell walls pro¬ 
vides considerable resistance in the cell- 
wall area. The truss of the core actually 
carries part of the shear load, thereby 
causing initial yielding in the core node 
area. 

The compression test panels failed in 
general instability in the plastic range. At 
the higher temperatures (2400® F) the panels 
deformed into a plastic bow, while at the 
lower temperatures the panels had a charac¬ 
teristic shear crimp. The compression panel 
consistently failed at a stress level higher 
than the ultimate tensile strength of the 
facing material. The facings were stressed 
far into the plastic range at the time of 
failure and some of the high temperature 
test panels had some intercellular dimpling. 

in both the compression and shear test 
panels cause a convex deflection of the panel 
toward the hotter face. The initial thermal 
deflection evidently did not reduce the criti¬ 
cal instability stresses, even though the 
compression panels failed in general in¬ 
stability in the plastic region. 

The ultimate strengths from the D-36 
columbium panel tests represent the maxi¬ 
mum that these panels could withstand. A 
shear and a compression panel were evaluated 
in a cyclic load and heating test (Figs. 134 
and 138). Since no particular vehicle load- 
time-temperature requirements were avail¬ 
able, the ones utilized in these tests were 
arbitrarily chosen. The applied loads were 
selected at a level where structural failure 
of the panel was considered improbable. 
However, during the ninth loading cycle, a 
structural failure of the shear panel did 
occur. A special analysis was conducted 
to determine why the panel failed when the 
applied stresses were only a small per¬ 
centage of the ultimate strength. 

Considering the stresses induced by the 
temperature differential between the dis¬ 
similar jig and panel materials; 

AT “ Tjjg - 

ep ' °p 8 (T2p " Tl^ 

'j ■ 

(ID 

(12) 

e wa(“j V'pV 
(13) 

Shear and compression tests were per¬ 
formed on panels which were subjected to 
a thermal gradient. In one set (shear test 
panel No. 7 and compression test panel 
No. 8) one face was held at 2400° F and the 
other face at 2200® F. In the other set 
(shear test panel No. 11 and compression 
test panel No. 7) one face was held at 
2400® F and the other at 2000° F. This 
resulted in a 200® and a 400® F gradient 
on the panel during test. The panel failing 
stresses are plotted in Fig. 175 at the 
average temperature of the two faces. Ihe 
gradient panel failing stresses fit precisely 
on the curve through the nongradient panel 
test data. It is concluded that the thermal 
stresses caused by these temperature dif¬ 
ferences did not affect the ultimate strength 
of the test panels. The thermal gradients 

where subscripts j and p refer to jig and plate, 
and 1 and 2 refer to initial and terminal 
times, respectively (Fig. 177). The rigid 
body translation stresses of jig and plat«' 
are given by 

eE' E' f, -r 
oy s °x s ürra 3 r^r Luj *2j 

(14) 

which gives a biaxial stress condition 
throughout the plate. Since the jig is obvious¬ 
ly not infinitely rigid, we must consider the 
effect of its bending in our determination of 
stresses throughout the panel. 
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By reprosenting tiie deflection at the 
boundary due to bending by the Fourier series 

mrx 
an cos IT (15) » ■ y 

n*l,3,5,... 

and by prescribing the boundary stresses as 

ko. 
y s +a* a 3 —ri— i T s ® X 3 *a, ax -jj— xy 

(16) 

ke. 
y - ±a; ay 3 -tf- . ryx 3 0 

where 

. ^ (spring constant of plate) 

we may utilize C’astigliano's.second Theorem 
of Least Work (6 U = 0) to find the stresses 
in the panel due to jig bending. The strain 
energy in plates is given by 

U = ÎE j 
ÇÇ j„2 , «y 

(17) 

+ 2 (1 + m) Txy ( 'I''' dv 

Converting to stress function form (as¬ 
suming M = 0) 

2 . . . 2 

“ ■ à n {(57-) * fa) 

where 

82<t) 82«)> . . 8% 
= rr; ffx ‘ rT’ Txy &x ay 
‘ i7’ ay (19) 

The stress function ♦ must satisfy the pre¬ 
scribed boundary conditions (italready satis¬ 
fies the equilibrium and compatibility equa¬ 
tions). 

^ = "'O + ¿ ~iTl 
i = 1. 2... 

c. ¢. or (20) 

taking the first constant 

0 = *Ç C (Fj (y) dy)dy + Ç C (F^^ dx^x 

+ (X2 - a2)2 (y2 - a2)2 C. (21) 

Substituting into Eq (19) and using the 
appropriate boundary conditions 

rt j 
ÇÇ(exd»dy+£ ( \ (e„dykJy 

X 

2 
+ (x^ - a ) (y - a ) C] (22) 

when1 

= 9 d-1,. 
k k dx 

= 9 - 
(KD. ,.4, d w 

cx k 

but 

q 3 Xu; 

dy 

(2.1) 

making l.q (22) 

0 = ■2T 

- k(S) j [coaïï +cos 
(18) 

a2* 
+ 2\"3x^y 

dx dy + (x2 - a2)2 (y2 - a2)2 Cj (2-i) 
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a» i 
ow performing = 0, we find C 

from Eqs (14) and (19) 

eE1 
a (l -p) 

1 

eE f 
d -nrm] i L ‘E'l' 7. 

IX 

cos 2Î 

/-.2 2W 2 2)2] (25) (3x - a ) (y - a 

E't 4a 
d ‘ E i 7 4a f 

£ 

■ ,2I (X2 • x2!2' (26) 

leE 

Txy 4a5 (1 -n) (El) 
xy (x2 - a2) 

/ 2 „2. (y - a ) (EI) j4 . %-] (27) 
(EI1' 77 i 

where the first term of the Fourier series 
is 

tf eE’ a3 

al = 4(1 -*.) CTj" 

which is the deflection due to bending of the 
center of the jig. 

A point was chosen in the load-time-tem- 
perature history of the shear panel in question 
and the principal stresses calculated using 
the above formulas. Since the derivation 
considered an idealized temperature distri¬ 
bution and assumed thermally induced shear 
along panel edges to be zero, accuracy to the 
first Fourier and stress function coefficient 
was deemed sufficient. To obtain a more 
accurate solution, continuous principal stress 

histories at each point would be required, 
utilizing a more complete array of stress- 
strain curves. 

Specifically, stresses were calculated 
in shear panel No. 12 at its point of failure 
(during its 9th load cycle or at the end of 
its 8th temperature cycle, t « 62 min). Re¬ 
sulting stress trajectories (Fig. 178) bear 
out that the panel was subjected to stresses 
much higher than the applied shear stresses. 
The failed panel had excessive permanent 
deformation in the corner and central regions 
as the stress contours would indicate; 
formation of the jig showed that it indeed 
played an important part in causing stress 
concentrations in me heated panel. The 
conclusion is that thermal deformations in¬ 
duced a plastic condition in the panel while 
the mecnanical shear load progressively 
eleformed and failed it. 

y 

Fig. 178. Principal Stress trajectories for 
'.Marter Panel 

Although the situation was not similarly 
analyzed, it is considered that the same 
conditions caused failure of the cyclic- 
load and temperature compression test panel 
(Fig. 138). 

b. Heat shield panels 

During the heat shield tests (Figs. 151 
through 154 and 156 through 159) in the hot 
gas facility, the panels were subjected to a 
dynamic environment simulating that en¬ 
countered during atmospheric re-entry. To 
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be able to test the panel at the highest tem¬ 
perature possible in the facility, it was nec¬ 
essary to allow the dynamic pressure to in¬ 
crease to a level higher than the design 
capabilities of the panels. This was nec¬ 
essary because the facility temperature capa¬ 
bilities are directly proportional to the 
dynamic pressure. During a 2550° to 2600° F 
panel test (Flat D-36 heat shield No. 7), the 
adverse pressure caused a lower edge of the 
panel to protrude above the panel holder. 
This protrusion created a turbulent area in 
the boundary layer, resulting in increased 
heat transfer in the area. The local tem¬ 
perature increased to above 2800° F and, 
after two minutes at this temperature, the 
coating failed, resulting in a catastrophic 
failure of the panel. A set of four pictures 
showing the progression of this failure is 
shown in Fig. 179. Once the panel coating 
failed, half the panel was gone in 4 to 8 
seconds. 

During all of the heat shield tests, hot 
spots or tails were observed streaming 
from the access tube holes. These tails were 
about 100* to 200' F hotter than the remainder 
of the panel. In some of the other panels, 
the outer face sealing details also caused 
hot spots to appear on the panel facing. 

Two important conclusions were obvious 
as a result of these heat shield tests: (1) 
the service temperature of the panel systems 
must be limited to a temperature at which 
local hot spots will not exceed the capabilities 
of the oxidation protective coating and (2) 
the outer surfaces and joints should be as 
smooth and free from discontinuities as 
possible to prevent hot spots. 

Some of the intergranular weld cracks 
that occurred during the installation of the 
sealing details opened up during the ap¬ 
plication of the Cr-Ti-Si coating. The cracks 
along the edges of the panels were covered 
by the coating and were not extended or 
enlarged. 

The enlarged cracks on the inner face 
sealing details caused the final failures of 
the two heat shield panels that were tested 
in the quartz lamp facility. The panels that 
were tested in the hot gas facility were not 
obviously affected by the cracks in the inner 
sealing details. However, it is considered 
that if the outer face sealing details had been 
free of defects, some of the panels would 
have lasted longer before failure. 

c. Small specimens 

The D-36 columbium small specimen test 
results which are summarized and treated 

in detail in Section B of Chapter VII are 
within the normal scatter range for honey¬ 
comb tests of this type. The flatwise com¬ 
pression and shear tests were consistent 
and the test techniques were satisfactory. 

The small specimen column compression 
tests were not as consistent as the panel 
edgewise compression tests, with the results 
showing considerable scatter (Fig. 180). 
In general, small column compression speci¬ 
mens should have strengths equal to or 
stronger than those of the panel tests; 
however, when testing thin-skinned specimens 
that have been cut from honeycomb panels, 
the unsupported cut edges can become a 
problem. In some cases, the thin unsup¬ 
ported edges buckle early, then propagate 
a premature failure into the rest of the 
specimen. In bonded honeycomb and low tem¬ 
perature brazed specimen tests, the edges 
of the small specimens are filled or potted 
with some plastic or ceramic compound. 
Tnis provides support along the edges and 
prevents premature failures. However, in 
the high temperature vacuum test, there 
arc no materials available to support the 
edges which will withstand the test con¬ 
ditions. As a result of these premature edge 
failures, the 1600° and 2000° F specimen 
data are scattered, and the 2400° F specimen 
data are considerably lower than the panel 
test data. Because of these testing problems 
and the large scatter, the compression 
strengths obtained from these tests were 
not used to determine the material com¬ 
pression strengths. Instead, the test panel 
compression strengths were utilized. 

The beam test to determine the core 
shear strength and modulus was used be¬ 
cause the high temperature test requirements 
make it extremely difficult to use the plate 
shear method (Ref. 39). The beam test is 
not as good as the plate shear test because 
of the fixturing problems involved and the 
normally larger scatter in the test data. 
The test setup and the procedure must be 
accurately controlled to obtain good results 
because the modulus calculation (Section 
IV) is based on the difference between the 
square of the slope of the long span load- 
deflection curve and the square of the slope 
of the short span load-deflection curve. 
This is usually a small difference between 
two large numbers squared, which results 
in considerable scatter in the test results 
because of seemingly minor test procedure 
variances. The test data that were ob¬ 
viously questionable were not considered 
in determining the averages and allowables. 

The tensile test was satisfactory, with 
results within the normal expected scatter 
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Fig. 179. Progression of Failure in D-36 Heat Shield Panel No. 7



Fig. 180. D-36 Colunbium Small Specimen
Column Compression Strength Ver­
sus Temperature

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

The high elongation of I)-116 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 bi; machined on the cri-ep 
specimens to prevent bottoming of the bel­
lows before the desired results were ob­
tained. In addition, the 2400° F tensile- 
tensile fatigue tests were .stopped because 
of the excessive creep that was occurring 
in the test spei^imens.

The brazed laminate tensile specimens 
apparently performeil their required «ask 
ver5' successfully. At room temperatuie 
there were distinct strength differenies in 
the thri-e types of specimens (as received, 
as brazed, andas-brazed-plus-coated). How­
ever, at elevated tc-mperatures, these dif­
ferences disajipeared.

The tensile specimen strengths were low, 
compared to the high strengths obtained in 
the panel test. The average strengths ob­
tained from these- tensile te.sts wen- 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 l)-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 at the point 
of fracturi-. 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.

_____ I , . ly- . .2.

fiR. 181. n-iO Alloy Coated Laninate Tensile 
Coupons Tested at: (a) 2400® F,
(b) 2000° F, Cc) 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 tyiHis of fracturi-s 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 temperature.s, the ultimate fractures 
were predominately intercrystalline with 
only a few transcrystalline cracks visible. 
Kxami-'ation indicated the pre.sence of con­
siderable precipitate, particularly at the 
grain iHumdaries. Flvidently, during the 
braze and coating cycles, grain growth was 
extreme and, as a result, the precipitate 
was 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 fracturi- (page 258 of Kef. 40). This 
was substantiated in the metallographic study, 
where numerous small grain boundary cracks 
are visible on the te.st specimens in areas 
removed from the fracture (Fig. 186). No 
indication of slip planes within the metal 
grains was visible.



NOTE: 

l’»th of fr«cturf U both tr*iucry*ulhnr 
and intfrcryataUtnr. (75X) 

Fi». 182. Cross Section of D-36 Alloy Ten* 
site Coupon Tested at Room Tem¬ 
perature Showing Profile of Frac¬ 
ture and Metallographie Structure 

NOTE: 

Path of fracture in both tranacryatallinc 
and intercryataUinc. (75X) 

Fig. 183. Cross Section of 1)-36 Alloy Tensile 
Counon Tested at 1600* F Showing 
Profile of Fracture and )tetallo- 
granhic Structure 

NOTE: 

Path of fracture ia both tntercryataUine 
and tranacryatailine. (7SX) 

Fig. 184. Cross Section of D-36 Alloy Tensile 
Coupon Tested at 2000* F Showing 
Profile of Fracture and Metallo¬ 
graphie Structure 

NOTE: 

Path of fracture ia both intercryataliine 
and tranacryatailine. (7SX) 

Fig. 18S. Cross Section of D-36 Alloy Tensile 
Coupon Tested at 2400” F Showing 
Profile of Fracture and Metallo¬ 
graphie Structure 
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NOTE:

Coupon wan not puUnd to total fracture.Coupon <
(75X)

Fie. 1*6. Cross Section of l>-56 Mloy Tensile 
Coupon Tested at 24UU* F Showing 
Characteristics of Metallocranhic 
Structure After Plastic Heformation

The fracture mechanism, as previously 
described, is very aptly explained by Freu- 
dental in his book on "The Inelastic Be­
havior of Engineering Materials and Struc­
tures" (Ref. 41). He states:

If, . . . , the rate of energy dis­
sipation within the intercrystalline and 
distorted crystal regions is of the same, 
or of a higher, order of magnitude as 
the rate of energy application, the de­
formation is concentrated within the 
regions, which therefore appear soft. 
Their cohesion is gradually destroyed 
by the cumulative effects of relaxation 
under load and separation. The de­
terioration of the intercrystalline cohe­
sion under sustained or slowly applied 
load extends over the entire sp<‘cimen 
since the rotation and relative motion 
of the crystals along the intercrystal­
line boundaries is not localized in the 
regions of highest stress, as it is in 
the case of plastic deformation follow­
ing the sudden breakdown of the grain 
boundaries under a rapidly applied load 
(at the elevated temperatures the rapid­
ly applied load tensile specimens failed 
similar to this description for the sus­
tained or slowly applied load). The ob­
served decrease in overall density of the 
material and its appearance under the

microscope suggest that the disintegra­
tion of the intercrystalline regions is 
followed by the appearance of micro­
scopic cracks at or near the crystal 
boundaries which, during a later stage, 
spread into the neighboring crystal.

A good example of the decrease in density 
and disintegration of the intercrystalline 
regions that Frcudental describes can be 
seen in the tensile specimens shown in
Fig. 187.

(

■kU;

' t
‘e*‘ 1 . . ■ . t'-1

Fig. 1*7. 0-36 Alloy Hare Laninat* 
Tensile Coupon Tested et 
IhOO* F

Based on brittle fracture theory, the re­
lationships of the tensile, shear, and com­
pression strengths are rational. In the 
shear test, once the principal tensile stri ss 
reaches the critical level, as determined by 
the axial tensile test, fracture will occur. 
However, since the compression test pro­
duces no tensile stres.ses, the material is 
ductile in compression. Ductile behavior 
III compression justifies the compression 
panel test strength being higher than the 
shear panel strengths. In the region be­
tween shear and compression there is a 
transition between brittle fractures and duc­
tile failures. Under biaxial compressive 
loading, a ductile theory of failure will 
apply (such as the Maximum Strain Energy 
of Distortion Theory, or, more conserva­
tively, the Maximum Princii>al Stress 
Theory). For biaxial tensile loading, it 
a(>pears necessary to use a brittle failure 
theory (such as the Maximum Total Stress 
Theory).

It is considered that a ductile theory 
is applicable to define the stress level at 
which yielding begins. However, since only 
the yield strength of material in tension is



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 sfjecimens 
with the material in the recrystallized con­
dition (1 hour at 2200° K). In this study, the 
material was assumed to be ductile with the 
compression strength equal to the tensile 
strength and the shear strength c>qual to 50% 
of the tensile strength. Information on the 
compression and shear strengths of the D- 36 
w.is not available at the time of the panel 
design, and no new information has become 
available. The room tem(>erature tensile 
strength of the brazed and coated material 
was about 14% higher than that used in 
preliminary studies. As explained before, 
tie panel shear strengths are equal to 
facing tensile strength and the compres­
sion strengths are even higher. It is pos­
sible that some hardening or strengthening 
miy have occurred. This can only be spec­
ulated, since initial strengths in compres­
sion and shear are not known.

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 expanck'd 
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 imfKirtant observation from 
these tests was that the honeycomb panels 
must be sealed at a sufficiently low pres­
sure so that expansion of any entrapp*>d 
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* K had a

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.

-IV

Mm
l*tio«omicrogr«p*i showing Ihf brittl. 
tntrrmrtallic at brasr alloy - to mrlal 
intrrfacr (I SOX)

Fig. 188. TZM Molybdema-lUr** 2S Braze 
Joint After Coating Process

b. Small sp<-cimen t»‘st

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

The brazed-coated s[)«‘cimens exhibited 
brittle-type failuri's, with the core fractur­
ing during the test. In most instances the 
cori’ shear strengths obtained from the

1

In an attempt to obtain honeycomb core 
pro[K>rties at temiHiratures below 1600* F, 
specimens were cut from a panel that was 
not coated. The braze-alloy to base-metal 
joints in these s(iecimens were still ductile 
and could be loaded at lower tem|M-ratures 
without brittle fracture. These sfwcimens 
were tested at 400* and 800* F and provided 
satisfactory results.



specimen tests reflected only braze fail¬ 
ures. The as-brazed specimens had fail¬ 
ures typical of ductile material with the 
core crushing in compression and wrinkling 
in shear. 

The 1600°, 2000° and 2300® F small speci¬ 
men column compression test results were 
higher than expected, with about the normal 
amount of scatter for TZM specimens 
(Fig. 189). The specimens failed in face 
wrinkling with the braze failing and the 
facing buckling away from the core. These 
results were considerably more successful 
than the D-36 small columns; the primary 
reason for this is considered to be the 
greater stiffness of the TZM. 

Fig. 189. TZM Molybdenun—Snail Column 
Compression Strength Versus 
Test Temperature 

Considerable difficulty was encountered 
in the TZM tensile tests (ultimate and 
fatigue). The brazed and coated-brazed 
specimens were extremely brittle, and many 
specimens were prematurely damaged during 
installation. Also approximately 1/4 of the 
coated specimens were lost during the coat¬ 
ing operation. Several of the fatigue test 
ipecimens were prematurely failed during 

the initial test load balancing. Consequently, 
a limited number of datum points were ac¬ 
quired. 

B. MATERIAL PROPERTIES 

The panel and small specimen test data 
were reduced to provide mechanical property 
data on the panel strengths, facing strength 
and moduli, and the honeycomb core strength 
and moduli. Plots of the various data versus 
test temperature are presented in this sub¬ 
section on the basis of material and type of 
test. 

1. D-36 Columbium 

a. Panel properties 

A plot of the compression and shear panel 
test results is shown in Fig. 175. The plotted 
stresses were calculated on the basis of ma¬ 
terial thickness plus braze alloy thickness 
(0.002 in. per skin) before coating. This was 
done because of the difficulty in nondestruc- 
tively ascertaining the base metal and diffu¬ 
sion layer thickness after coating. The braze 
alloy was considered as a load-carrying part 
of the skin because of the alloying that occurs 
between the braze alloy and the base metal 
during the brazing process, and the fact that 
the elastic modulus of the titanium brazing 
alloy is almost identical to that of D-36 co¬ 
lumbium. Under these conditions, the braze 
alloy must carry an equal share of the load. 

The five cycle heating had a very small 
but consistent effect on the panel strengths. 
The strengths of the five cycle panels were 
about 2 to 4% lower than those of the one- 
cycle panels. 

All of the panels except for one of each 
type (shear and compression) were loaded 
only once. The ultimate strengths shown in 
Fig. 175 represent a maximum that these 
panel systems could be expected to with¬ 
stand. For actual vehicle application, the 
short duration flight loads could safely be 
applied to some reduced load level but for 
long duration flight loads, such as internal 
vehicle pressurization and thermal stresses, 
the allowable load level should be based on 
the creep strength of the facing material. 

Shown with the test data are curves rep¬ 
resenting material allowable stresses for 
shear and compression. These are based on 
an arbitrary reduction of the test data. These 
allowables are to be used for determining 
the required facing thickness to resist edge¬ 
wise compression and shear loads. 

b. Facing materials 

The tensile properties of D-36 were eval¬ 
uated for these material conditions: (1) as- 
received, (2) as-brazed and (3) as-brazed- 
plus-coated (Figs. 190 through 194). The 
three conditions were evaluated to show the 
effects which the brazing and coating cycles 
had on the mechanical properties of D-36. 
The tensile properties of the coated speci¬ 
mens were based on the material thickness 
before coating. Special tensile specimens 
(Fig. 171) were used to show the effect of 
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both the braze alloy and the coating. The 
tensile data represent a one-cycle load-tem- 

Fig. 190. Tensile Properties Versus Test 
Tcnpereture—Braxed Plus Coated 
D-36 Colunbiue 

Fig. 191. Comparative Ultimate Tensile 
Strengtli Versus Température 
for H*3b Columbium Cora|>osites 

Shown on the test data plots are curves 
representing the averages. Ontheas-brazed- 
plus-coated plot is a curve representing a 
reduced allowable stress (Fig. 190). The 
data were arbitrarily reduced to provide an 
allowable stress curve which is 5% below the 
lowest test point. Because of the types of 
failure that occurred and the apparent re¬ 
lationship between the tensile strengths and 
the shear panel test results, the tensile al¬ 
lowables for the brazed and coated laminates 
were made the same as the material shear 
allowables. 

High load-limited cycle-fatigue strengths 
of as- brazed and as-brazed-plus- coated L)- 36 

Strength Versus Trapernture 

Fig. 193. 0-36 Columbium Tensile Clastic 
'lodulus Versus Temperature 

-O HraM'd and coated 

-A-- -*V- lira ted 

Barr tan received) 

O Bare aa prcaited (brate cycle) 

Fig. 194. P-36 Columbium--Pcrcont elonga¬ 
tion Versus Temperature; Ulti¬ 
mate Tensile Test 

were evaluated at room and elevated temper¬ 
atures. S-N curves for the two material con¬ 
ditions are shown in Fig. 195. The stress 
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levels for the test were chosen to limit the 
test life to approximately 10,000 cycles. 

Cyrlrs to Katlur.- 

Fig. 19S. Fatigue Test Results for D-Jb 
Coluabiun Specimens 

High load-short time-creep strengths of 
as-brazed and as-brazed-plus-coated D-36 
were evaluated at elevated temperatures. 
Figure 196 shows a plot of stress rupture 
strength versus time, with curves at vari¬ 
ous temperatures. The only difference in 
the two material conditions occurs at the 
higher stress levels and short time periods. 
As the stresses become lower and the 
times longer there was no distinguishable 
difference in the two materials. Figures 
197 and 198 show a plot of stress versus 
time, at several strain levels and tem¬ 
peratures. Again, the only distinguishable 
differences occur at high stress level-short 
time periods. The creep rupture strength 

of the D-36 columbium at the elevated 
temperatures is very low and the creep 
rate is high at relatively nominal stress 
levels. 

c. Honeycomb core 

The properties of D-36 honeycomb core 
were evaluated with small specimen tests at 
room and elevated temperatures to 2400* F. 
These data were required to provide suffi¬ 
cient design information for honeycomb sand¬ 
wich panels. 

The flatwise compression strength test 
results versus temperature are shown in 
Fig. 199. Shown on this plot is a curve rep¬ 
resenting the flatwise compression strength 
predicted in the preliminary design and analy¬ 
sis study phase of the program (Section IV). 
The curve is in reasonable agreement with 
the actual test data. A median curve and a 
reduced allowable curve are also shown. 
The allowable curve is arbitrarily reduced 
at least 5% below the lowest test point of each 
temperature. This was necessary since the 
number of tests at each point are insufficient 
to allow a statistical reduction. 

The flatwise compression modulus test 
results versus temperature are shown in 
Fig. 200. Shown on this plot is a curve rep¬ 
resenting the flatwise compression modulus 
predicted in the preliminary design and analy¬ 
sis study (Section IV). The predicted moduli 
were considerably higher than the actual test 
results. In this initial study, a reduction fac¬ 
tor of 0.4 was used; from examination of the 
te*t results a factor of 0.2 would have been 
better. A median curve and a reduced allow¬ 
able curve are shown. 

Fit!. 1%. I)-3b Columbium Creep Rupture 
StrenRth 
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Fír. 197. Croen Rato for D-íb Colunbiun 
Brazed bwúnate äpccinens 

The shear strength test results versus 
temperature are shown in Fig. 201. Shown 
on this plot is a curve representing the core 
shear strength predicted in the preliminary 
design and analysis study phase of the pro* 
gram (Section IV). The curve provides a 
good estimate of the actual test data at room 
temperature and at the high temperatures, 
but at the intermediate temperatures the test 

Fig. 198. Creep Rate for D-36 Columbiui# 
Brazed and Coated Laminate 
Specimens 

results are lower than predicted. A median 
curve and a reduced allowable curve are also 
shown. The allowable curve is arbitrarily 
reduced at least 5% below the lowest test 
point at each temperature, again because of 
the limited number of test points. 

The shear modulus test results versus 
temperature are shown in Fig. 202. Shown 
on this plot is a curve representing the core 
shear moduli predicted in the preliminary 
design and analysis study phase of the pro¬ 
gram (Section IV). The curve provides an 
approximate estimate of the actual test data 
and is slightly lower than all the test results. 
A median curve and a reduced allowable curve 
are also shown. The allowable curve is based 
on an arbitrary reduction because of the 
limited number of test points. 

2. TZM Molybdenum 

a. Facing properties 

The tensile properties of TZM were eval¬ 
uated for three material conditions: (1) as- 
received, (2) as-brazed and (3) as-brazed- 
plus coated (Figs. 203 through 206). The 
three conditions were evaluated to show the 
effects of the braze and coating cycles on the 
mechanical properties of TZM. The tensile 
strengths of the coated tensile specimens are 
based on the material thickness before coat¬ 
ing. Special tensile specimens were used to 
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Hiß. 1U9. 0-36 Coluabium Flatwise Core 
Coapressive Strength Versus 
Te«perature 

Fig. 200. 0-36 Honeycomb Core Flatwise 
Compression Modulus Versus 
Temperature 

show the effects of both the braze alloy and 
coating. The tensile data represent a one- 
cycle load-temperature test of the material. 

High load-short time creep strength of 
the as-brazed and the as-brazcd-plus-coated 
TZM were evaluated at elevated tempera- 
atures. Figure 207 shows a plot of the rup¬ 
ture stresses versus time at various tem¬ 
peratures. The two material conditions pro¬ 
duced radical differences in both creep rate 
and creep rupture strength. The 1600® F 
coated specimens were so brittle that they 

Fig. 201. U-36 Columbium—lloncyconh Core 
Shear Strength Versus Tempera¬ 
ture 

Fig. 202. 0-36. Colualiium—Cure Shear 
knlulus Versus Icai'crature 

Fifi. 203. TZM Molybdenum Ultimate Tensile 
Strength Versus Tcmncraturc 

failed during loading. Figures 208 and 209 
show the creep rate at various load levels 
versus temperature and time. 

Because of the coating and testing prob¬ 
lems previously described, no useful fatigue 
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data wore obtained for TZM, andnoS-N curve 
is presented in this report. 

Ftj;. 204. TZM Molybdenum Yield Tensile 
Strencth Versus Temperature 

Pic. 20.S. TZM 'tolybdenum Tensile Hastie 
Modulus Versus Tenor 
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1-10. 20b. TZM 'lolyl)ilcnui»--l’crccnt lilonoa- 
tion Versus Temperature; lilti* 
mate Tensile Tost 

LEGEND: 

• Hrazed-coated 
0 I’razrd 
■ (’uatrd-bare (as received) 

O» 300-min cutoff 

Fij>. 207. TZM Molybdenum Creep Rupture 
Strenp.th 

Fij*. 20:5. Crecí» Rate for TZM Molylxlmnm 
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The small column compression test re¬ 
sults can be used to determine a facing com¬ 
pression allowable for TZM (Fig. 189). How¬ 
ever, since the braze strength has a primary 
effect on the compression strength of a hon¬ 
eycomb sandwich panel, these allowables 
should be used with reservations until new 
braze systems are similarly evaluated. 

b. Honeycomb core 

The properties of TZM honeycomb core 
were evaluated with the small specimen tests 
to provide further design information on TZM 
core. Because of the brittleness of the braze 
joints, it was impossible to determine ac¬ 
curate core properties at temperatures be¬ 
low 1600° F for the brazed and coated panels. 
Tests were performed on specimens cut from 
the coated panel at 1600®, 2000® and 2300 F. 
The strengths arc reasonably consistent at 
these temperatures and are considered to 
represent feasible design strengths. The 
properties at 400® and 800® F were obtained 
from specimens cut from uncoated panels. 

The flatwise compression strength test 
results versus temperature are shown in 
Fig. 210. A curve is shown on this plot rep¬ 
resenting the flatwise compression strength 
predicted in the preliminary design and analy¬ 
sis study phase of the program (Section IV). 
The predicted values from the equation are 
about 30% conservative. A median and a re¬ 
duced allowable curve are also shown in Fig. 
210. For D- 36, the allowable curve is based 
on an arbitrary reduction of the test data, 
because of the limited number of test points. 

The flatwise compression modulus test 
results versus temperature are plotted in 
Fig. 211. The preliminary prediction was 
about six times higher than the test data. A 

modified equation of Ec = -jtj- will predict 

the data with reasonable accuracy. There 
was considerable scatter in the test data be¬ 
cause of the brittleness of the core and braze 
alloy. A median curve and an arbitrary re¬ 
duced allowable are also shown on the curve. 
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Fig. 211. Ta I Molylulcnun Flatwise Core 
Conprcssivc Modulus Versus 
Tenporaturc 

The shear strength test results versus 
temperature are shown in Fig. 212 which 
also presents a curve representing the shear 
strength predicted in the preliminary design 
and analysis study (Section IV). The pre¬ 
dicted core properties are about twice as 
high as the test data. A median and an al¬ 
lowables curve are also shown. The 40(T 
and 800® F core shear allowables are based 
on specimens cut from the uncoated panel. 
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Fig. 212. TZM Molylulcnun Honoyconh Core 
Shear Strength Versus Tempera¬ 

ture 
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An arbitrary reduction of the available test 
data was used to establish honeycomb core 
allowables. 

The shear modulus test results versus 
temperature are shown in Fig. 213. A curve 
is shown on this plot representing the shear 
modulus predicted in the preliminary design 
and analysis study (Section IV). The pre* 
diction equation provides a reasonable esti* 
mate of the test data. A median and an al¬ 
lowable curve are shown. The 4Ü0® and 80(T F 
core shear allowables are based on speci¬ 
mens cut from the uncoated panel. Again, 
the allowables were based on an arbitrary 
reduction of the test data. There was con¬ 
siderable scatter in the test data at all tem¬ 
peratures. 

Fiji, 213. T2I Mnlylulcnuu ('ore Shear 
:knlulus Versus Tcnpornturc 

C. CORRELATION OF TEST RESULTS 
WITH DESIGN ANALYSIS PROCEDURES 

A comparison was made of the panel test 
results versus the predicted design strengths 
utilising the formulas in MIL-HOBK-23, 
"Composite Construction for Flight Vehi¬ 
cles," Part HI. The facing properties and 
the honeycomb core strengths obtained from 
the small specimen tests were utilized. To 
calculate the predicted design strength, these 
calculated data were then compared with the 
actual panel test strengths. 

1. 1)-:((( Columbium 

a. General instability 

The critical general instability stress is 
given by the formula 

(7) F cr 
T7- = nr è (ï) • 

The critical compression instability 
stresses predicted by Eq (7) are lower than 
the critical stresses determined by the panel 
test (Fig. 214). This occurs because the 
effective modulus, E1, used in the equation 
is based on the stress-strain curves obtained 
from the tensile test. Because of this, the 
predicted maximum critical compressive 
stress can never be more than just above 
tensile yield stress. The best result would 
be obtained if an E' based on compression 
stress-strain curves could be used; however, 
these values were not determined during 
this test program because of the unavailabil¬ 
ity of satisfactory instrumentation and teat 
methods. Attempts to obtain stress-strain 
curves from the small edgewise compression 
specimens were unsuccessful. 
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Fig. 214. Comparison of d-3b Panol Test 
Data with Critical Panel In¬ 
stability Stresses 

Modification of Eq (7) to provide an ac¬ 
curate prediction of the test data cannot be 
accomplished unless a different form is used 
for effective modulus, E'. One method is to 
use an elastic modulus instead of the reduced 
modulus for E'. However, the required core 
thickness predicted with an elastic modulus 
will be less than actually needed to stabilize 
the panel. Another method is to plot an em- 

F A 
pirical Fc versus-jjr curve where the upper 

portion of the curve is made to fit the panel 
test data (Fig. 215). This method should ac¬ 
curately predict the core thickness required 
to stabilize the panel. By using: (Da 
straight line (semilog paper) between the 
material cutoff point and the tensile por¬ 
tions of the curve, (2) a constant value of 
F above the material cutoff point and (3) 

c 
the reduced allowable for the material cut¬ 
off point, the empirical relationship for E' 
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D-J6 empirical compression 
stress-strain relationship 

Material cutoff -- — 
Empirical compression- 

Ac tual tension 

Kir. 21i. Uffoctivc Modulus Curve Based 
on empirical Compressive 
Modulus 

will give conservative results when com¬ 
pand to panel test data. For even more 

Fc X 
conservative results, an Fc versus jri 

based on the tensile stress-strain curves 
could be used (Fig. 216). 

loot-., 
1)-)6 columbium 

3E E 

E'T 
» • I • s* • 0.91 

Hasrd on tensile stress- 
6°itrain curve* 

l;in# 2l(». Effective Modulus Curve Based 
on rensile Stress-Strain Curves 

For general instability design of panels 
in shear, the E' based on the tensile stress- 
strain curves must be used. 

b. Intercellular dimpling 

The design formula for intercellular dim¬ 
pling is 

Ë1 
2 
X 6)' 

where for the test panels, tf =0.014 in. (con¬ 

sidering the 0.002-in. braze alloy) and S - 
0.1875 in. This equation is empirical and 
represents a stress level at which dimpling 

critical and the panel test results versus tem¬ 
perature are shown in Fig. 217. The pre¬ 
dicted critical crimpling strengths are con¬ 
siderably lower than the compression panel 
test strengths, when an E' based on the ten¬ 
sile stress-strain curves is used. However, 
if the empirical E' relationship is used, the 
predicted critical strengths are just below 
the compression panel test strengths. By 
using the tensile stress-strain curve for E', 
an accurate prediction can be made for crit¬ 
ical dimpling stress for the shear test panels. 

c. Face wrinkling 

The design formula that best represents 
the critical face wrinkling stress is basedon 
HofFs elastic energy solution for a plate on 
an elastic foundation (Ref. 42), or 

F cw 
K %EcG, 

where K is an empirical constant. A value 
of 0.85 is the best value of K for stainless 
steel sandwich (17-7PH and PH15-7Mo). 
Since no value has previously been estab¬ 
lished for D-36 columbium, trial values 
of 0.7 to 0.9 were used for K. 

tanrm 
r* -I-. ■ -...,1 I fill ?n "ãõõ fîOO 1*00 200(1 

Tom TrmprnUurr i* K) 

Pic. 217. Conparison of Panel Test 
Pata with Critical Dinnling 
Stress 

Equation 28 cannot be solved directly since 
E' is dependent upon the stress (Fcw) and all 

terms are dependent upon temperature. A 
solution was obtained graphically (Fig. 218). 
Shown on this plot are different curves for 
values of K from 0.7 to 0.9. 

The compression panel test results are 
shown on the same plot as the critical face 

2400 
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wrinkling stress. Using an K1 based on the 
tensile stress-strain curves, the predicted 
critical wrinkling stress is low when com¬ 
pared to the compression test panel strengths 
and reasonably close when compared to the 
shear test panel strengths. The empirical 
E1 provides the best means for predicting Un¬ 
critical compressive face wrinkling stress. 
A K 1 0.85 apfiears reasonable for D-T6 co¬ 
lumbium. 

I). RECOMMENDED DESIGN 
PROCEDURES 

This section presents basic honeycomb 
design procedures, utilizing the material 
properties obtained in the test program and 
the procedures recommended by MIL-IlDRK- 
2.T, "Composite Construction for Flight Ve¬ 
hicles," Part III. Design curves and pro¬ 
cedures in M1L-11DBK-23 have not been re¬ 
produced in this section, but are referenced 
when required. The primary purpose is to 
present design curves utilizing the material 
properties. The procedures are applicable 
to both TZM and 1)-36, unless noted. 

1. Selection of Facing Thickness 

The selected panel facing should be thick 
enough to withstand the limit design load 
without yielding and the ultimate design load 
without failure. The material tensile allow¬ 
ables for ultimate strengths are shown in 
Figs. 189 and 203. These can be used directly 
to determine the required panel facing thick¬ 
ness for axial tension. 

The D-36 columbium allowable axial com¬ 
pression stress used to determine required 
facing thickness should be no larger thairthat 
given in Fig. 175. Before this allowable 
is used, checks should be made to show that 
the critical local and general instability 
stresses are equal or higher. This can be 
accomplished with the procedures defined 
in Subsections 2 and 3 of this section. 

The interaction curve provided in Fig. 
219 is recommended for D-36 columbium. 
This curve is possibly conservative in the 
regions of biaxial compression or tension; 
for designs in this region, it is recommended 
that special biaxial tests be performed. This 
curve represents critical material and con¬ 
figuration allowables and should be usedonly 
when the critical instability stresses are 
higher. 

Prlncluiii »fr«-»» 
**t Axial trnun** alltmalijc 

U B l*rtnr>|ml rompf '‘"'W - 
C Akial ¡oniprr^M .i- .illtmaVlf 

Pig. 219. Interaction Curve for 9*3h 
l.olimhiun Sandwich I’nncls 

The TZM panel strengths can be approx¬ 
imated by utilizing the tensile strengths 
shown in Fig. 203. However, it is recom¬ 
mended that supplementary tests be per¬ 
formed with the selected braze alloy before 
final design approval. For combined load, 
the Maximum Shear Stress Theory of Failure 
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(Ref. 43) should predict the ultimate ma¬ 
terial strength satisfactorily. No design 
allowables should be utilized that are 
stronger than the critical instability stresses. 

In high temperature panel systems, the 
thermal stresses during transient heating 
should not be higher than the short-time 
creep rupture strength of the facing material, 
and the steady-state temperature thermal 
stresses should produce only negligible creep 
during the thermal life of the vehicle. 
Thermal stresses lower than facing material 
creep rupture strength will not cause fracture 
but can cause excessive permanent structural 
deformation. 

2. General Instability 

The honeycomb core must be thick enough 
and have a high enough shear modulus to pre¬ 
vent general buckling of the panel. The 
formula for critical general instability stress 
of a honeycomb panel with similar isotropic 
facings is 

tlt2 

VV 
E'l 2 
—r1'2“' 

where 

tj and t2 * panel facing thickness. 

Because E' is proportional to Fcr, the equa 

lion is usually transformed to 

F cr 

"ET 
1,2 

1.2 

\ V2 
vv 

(30) 

Design nomographs for solution of the alxive 
equation are presented in Part 111 of MIL.- 
1IDBK-23. These provide a general solution 
of the equation for both shear and com¬ 
pression instability, with various edge sup¬ 
port conditions and for isotropic and ortho¬ 
tropic cores. The nomographs are presented 
in such a manner that they can be used with 
any materials. The required material prop¬ 
erties are Gc, E'. n and F^E'. To simplify 

the solution of this equation for Ü-36 and TZM, 
two curves, in addition to the G(, versus tem¬ 

perature curve (Fig. 202), were prepared. 
These are F^E' versus Nx/tf (Fig- 22°) 
and F A/E' versus Nvv/t (Fig. 221), with 

S 

individual curves for various temperatures. 
They can be used along with the procedures 
in Chapters II and 111, Part III of MIL-HDBK- 
23, to determine the required h and Gc to 
prevent panel buckling. 

To determine critical general instability 
stresses for panels under combined loads, 
the procedures in Forrest Product Labora¬ 
tory Report Nos. 1857 and 1859 can be utilized 
(Refs. 44 and 45). 

3, Local Instability 

A. Dimpling 

The facings must have a honeycomb core 
cell size such that dimpling of the facings 
into the core cells will not occur at the 
facing stress caused by limit load, where 
the criticál dimpling stress is given by 

This equation is usually written in the form 

where 

t. = facing thickness 

S * cell size 

A . 1 - u~ ■ Poisson's ratio). 

A nomograph was made for use in determin¬ 
ing the critical honeycomb cell size from the 
edgewise facing load, thickness and tempera¬ 
ture. 

To find the critical cell size, the nomo¬ 
graph is entered with N /tj d ig. 220) or 

Nx/tf (Fig. 221) and temperature, and fol¬ 

lowed through with Fig. 222, as marked to 
determine cell size s. If critical cell size 
is between the standard sizes (1/8, 3/16 
and 1/4 in.), the next smaller standard size 
is recommended. If a size less than 1/8 in. 
is required, then a new nquired facing thick¬ 
ness, based on the 1/8-in. cell size, should 
be used. To determine the margin of safety 
with the cell size, and facing thickness, the 
nomograph can be used in reverse. 

b. Face wrinkling 

The core must be stiff enough, and the 
sandwich flatwise tensile strength and core 
flatwise compressive strength must be great 
enough, so that face wrinkling will not occur. 
The critical facing stress at which wrinkling 
of thin facings will occur can be calculated 
with the equation 

Fcw = 0-05\,E'EcGc • (28) 

This empirical formula does not include di¬ 
rect strength parameters for the core and 
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FiR. 222. ttaxiuuB FacinR Stress at 
Uhich DinplinR Will Not 
Occur 

the braze joints, but the core strength is ac¬ 
counted for with the proportional parameters 
EG. For brazed sandwich construction, 

c c 
the braze fillet strength is stronger than the 
core and, for most cases, can be neglected. 

To aid in the solution of the formula for 
sandwich panel design, special nomographs 
were plotted (Figs. 223 and 224). With the 
edgewise compression or shear load and the 
design temperature known, the required core 
moduli can be found, or inversely, with the 
core moduli and temperature known, the 
critical edgewise compression load can be 
determined. 

It is recommended that small edgewise com¬ 
pression sjwcimens be tested before the final 
design is approved, if a core density lower 
than that used in this program is selected. 

4. Heat Shield Panel Design 

An analysis procedure for the heat shield 
panels was developed in the preliminary de¬ 
sign and analysis phase of the program (Ap¬ 
pendix B). The nomographs developed as part 
of this study can be usedto determine the re¬ 
quired facing thickness. The core strength 
requirements can be determined once the 
panel design load and support clip configu¬ 
ration have been determined. Appendix F 

also presents a method for determining panel 
deflections due to a thermal gradient through 
the panel and due to applied loads. 

5. Honeycomb Core Strengths 

Design allowables for the 3/16-in. ceil, 
0.002-in. foil thickness honeycomb cores of 
both TZM and D-36 were determined from 
the small specimen test data (Figs. 199 
through 202 and 210 through 213). The 
strengths for honeycomb cores other than 
3/16-0.002-in. core can be determined with 
the prediction equations used in the prelim¬ 
inary design and analysis phase of the pro¬ 
gram. However, if a core having a density 
less than 8 Ib/cu ft or higher than 12 lb/ 
cu ft is used, it is n-commended that small 
specimen tests be used to check out those 
properties. 

6. General Design Hestrjetions 

Refractory metal honeycomb sandwich 
panels should be designed for sealing of all 
joints and entries into core area either by 
brazing or welding. Before brazing alone is 
used to seal the joint, it is recommended that 
the compatibility of the coating and braze alloy 
be evaluated at elevated temperatures. Even 
when a compatible braze alloy is used, the 
joints should still be designed so that they can 
be sealed by welding, if rc-quired. This is 
recommended to provide capabilities of re 
pair in case of braze voids or pin holes that 
might allow air to enter the honeycomb con- 
area. 

A nonperforated core should be utilized to 
prevent air that might enter from filling the 
entire panel. The panels must be sealed in 
a vacuum or at reduced pressures to pre¬ 
vent adverse Internal pressure buildup during 
high temperature exposure. 

The outer surface discontinuities must 
be held to an absolute minimum to prevent 
unnecessary hot spots on the panels. Depth 
and width of edge slots should be kept to a 
minimum. The panels should be designed 
to minimize deflection during the critical 
periods of aerodynamic heating. 

7. Optimum Panel Design 

For each honeycombpanel design applica¬ 
tion (size and temperature), there is an opti¬ 
mum core density, facing thickness and panel 
thickness which represent a minimum weight 
structure capable of resisting the design 
loads. Consider, for instance, a hypothet¬ 
ical design problem where the panels must 
stand with an inplane compressive load of 
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N at RT, N at 2000° F and N at 2400° 
X1 x2 3 

F. A panel under these conditions can be 
critical in three modes of failure: inter¬ 
cellular dimpling, face wrinkling and gen¬ 
eral instability. Since the critical dimpling 
stress is dependent upon cell size, it can be 
varied without affecting the panel weight, by 
allowing the core density to remain constant 
while changing the t /s ratio. This means 

that unless the facings are less than 0.008 
in. thick, the critical dimpling stress does 
not enter into the optimum panel design con¬ 
figuration except for determining cell size. 
The face wrinkling stress is dependent upon 
the core stiffness and the facing stiffness. 
This is a function of core density and the 
stress level in the facings. Only in core den¬ 
sity does it affect panel weight, and this has 
only a negligible effect on the optimum panel 
thickness, as will be explained later. The 
general instability equation, which is pri- 

2 
manly a function ofh , has the greatest effect 
on the optimum panel configuration. 

The general instability equation can be 
used to determine the optimum panel thick¬ 
ness; however, it does not lend itself to a 
simple solution, since it must be solved 
iteratively because of the dependency of K 
and E on the facing stress. By making cer¬ 
tain simplifying assumptions concerning K, 
the equation can be solved with reasonable 
accuracy. This is accomplished by assum- 
>nl? G . ■ o , which results in a value of K 

which is dependent upon the panel edge sup¬ 
port condition only. The equation for strength 
to weight is 

N, ■ ^(b)2 "1T,KT' 
2000* F, 2400* F 

The simplest solution to this equation is found 
by first plotting the solution to 

w2KE' h 2 
Nx “TTY ^ 
tut = -npYnrp; • 

on a coordinate axis with N'x versus h and 

curves for several pertinent t^'s. Then this 

curve is basically divided by the panel 
weight 

W = 2tfpf+hpc. 

In this study the weight of the braze alloy 
is neglected since it is constant for both 
cases. The optimum panel is obtained by 
picking a value of h at the highest point 
of the curve, so that an h, U combination 

provides an equal or higher Nx capability. 

This should be evaluated at each of the sepa¬ 
rate design temperatures to attain the most 
severe panel design conditions. 

Once tf and h are obtained by this method, 

they can be put back in the critical instability 
equation and a new critical Nx value obtained. 

In this solution the proper valueofGcis used 

in determining K. Tnis new Nx value can be 

compared with that obtained from the opti¬ 
mum design procedure to determine if any 
iterations of the procedure are required. 

In using a plasticity correction factor, E', 
in t ie general instability equation, the other 
fictors within their normal variince have 
an insignificant effect on the critica' panel 
instability stress. The optim wn panel thick- 
ness usually occurs at a facing stress equal 
to yield stress of the material. Any smr.ll 
mo.l fications in core density to obtain the 
r iquired critical instability stress or face 
w rinkling prod ice a negligible effect on the 
optimum panel thickness. 

8. Analysis of Thermal Gradient Through 
Honeycomb Panels 

With a heating cycle to the outer surface 
of a honeycomb panel, it is desired to de¬ 
termine the thermal gradient between the 
outer and inner faces of the panel. A pro¬ 
cedure developed by Swann and Pittman 
(Kefs. 46 and 47) was used to analyze the 
problem. This is a method for determining 
the effective thermal conductivity at the 
panel's mean temperature during steady- 
state conditions. 

To utilize the above method for tran¬ 
sient heating conditions, steady-state con¬ 
ditions were assumed to exist during small 
successive time intervals. The effective 
thermal conductivity used includes the three 
modes of heat transfer: radiation, conduc¬ 
tion, and convection. With the panel con¬ 
figuration given, and an inside surface tem¬ 
perature at the end of a time interval as¬ 
sumed, the effective thermal conductivity 
during that time interval was determined. 
With this effective thermal conductivity, 
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the inside surface temperature was cal¬ 
culated by using a genneral heat balance equa¬ 
tion untii the assumed and calculated values 
of the inside surface temperature agreed. 
Then an inside surface temperature at the 
end of the next time increment was assumed, 
etc. 

A solution of the equation was obtained 
by taking an outer face temperature (T0) 

at each 0.5-second time interval, and as¬ 
suming a mean temperature and an inner 
face temperature (T^). The following equa¬ 

tions were used to determine ft) and T- . 

Now with the calculated heat flow through 
ihe panel based on assumed T- , a new Tj 

2 2 
was calculated with the heat balance equa¬ 
tion and this heat flow, or 

qAt = We (Cp) (Tl2 - Tjg) 

where 

We * weight of core (Ib/sq ft) 
plus weight of inner face 
(lb/ sq ft) 

T s temperature of inner sur- 
*1 face at beginning of the 

time increment 

T s temperature of inner sur- 
*2 face at end of the time 

increment. 

These were substituted into 

•. , „ ,.-0 69 1 63(1 
= 1 0 + 0 664 (\ + 0 3) e 

KZTA 

where A * k (L * thickness of paneland 

1) = cell diameter). From this equation 
and the material properties, the effective 
conductivity Ke was calculated. The heat 
flow through the panel was then determined 
w ith 

« ■ r ,To - V 

The new T was then compared to the as- 
l2 

sumed value. This process was then re¬ 
peated until the proper agreement was ob¬ 
tained. 

This solution was programmed for the 
IBM 1620 computer (flow diagram shown,pe 
140) and two example problems were eval- 
uj d. One was the case of a panel at a 
steady-state temperature of 2440* F which 
was heated at a rate of 50* p/sec to 
2750* F, then held at this temperature 10 
seconds and cooled at a rate of 15* F/sec 
for 32 seconds (Figs. 225 and 226). In 
the other, the panel was heated from room 
temperature to 3000* F at the rate of 400* FI 
sec (Figs. 227 and 228). Different curves 
which represent temperatures caused by 
different panel thicknesses are indicated on 
these figures. 
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VIII. 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 a re­
sult of the basic investigation portion of the 
program, there were several innovations in 
both design and fabrication.

A. PANKL SYSTEM DESIGN

Since the primary function of the panel 
system was to 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 u.sed 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. 22U. Uxperinental I’aiiel 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 propo.sed 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 to al­
low the panel to thermally expand with a 
minimum of restraint.

Fairing strips were used on the panels 
to provide an aerodynamically smooth i-x- 
ternal surface and to prevent the hot boundary 
layer gases from entering the installation 
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 
e.xternal 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 w'ere 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-lZr) 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 Ml), 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 tul>e 
between the two faces of the panel. The 
sheath thermocouple could then be inserted 
into the tube w'ith the measuring junction 
contacting the panel external face. The ther­
mocouple was held in place by a "scissor 
thermocouple holder attached to the inner 
face (Fig. 230). The inside face tnermo- 
couple installation on the -19 panel was of 
the same design as that ustnl on the SK 4684.1 
heat shield panel. Both thermocouples were 
plactjd in the same relative ixisitions on the- 
r.-spective panels soth.atthethermal gradie-nt



Fig. 230. External Face Theri.mcouple Holder

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

B. PAXKL SYSTKM ANALYSIS

To qualify the [lanel system for flight- 
worthiness, structural and thermal analyses 
were performed. Kepresentative 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;

Knvironmeiit

Air Load

4.5 psi (com­
pression)

2.0 psi (ten­
sion)

1.0 psi (ten­
sion)

Tempera­
turem
600

600

2250

28 Ib-ir . 
(handling 
torque)

Critical Area

Pacing at attach­
ment clip; cort* 
at attachment 
clip; attachment 
clip.

Facing at attach­
ment clip; at­
tachment clip.

Facing at attach­
ment clip; at­
tachment clip.

Nut plate instal­
lation; attach­
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 ii 
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 (Kef. 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 supixirt tem­
peratures for the lew angle-of-attack tra­
jectory.

The maximum substructure temperature

Fip. 231. llaxiraun ij Condition Temperature 
Distribution Kith Clip
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during the glide portion of the flight was 860* F 
at 1050 sec. The analysis is conservative to 
the extent that it does not consider the heat 
loss from the floor to the internal structure 
and equipment. 

around all of the exposed edges of the pan¬ 
els. This was done to ensure compatibility 
of the coating and the braze alloy, thus elim¬ 
inating the requirement for electron beam 
weld sealing of the braze joints (the Cr-Ti 
powder is the same as that used in the initial 
step of the Cr-Ti-Si coating process). B- 
120 VGA titanium braze alloy was used to 
braze the remaining areas. Minor difficulty 
was incurred, because of the varying grain 
size of the Cr-Ti powder, which caused small 
voids in the edge braze. However, this was 
easily remedied by finely crushing the pow¬ 
der. Another important feature of the two- 
braze alloy system was that edge gaps that 
were created by layup misalignments, ir¬ 
regularities, etc., couldeasilybe filled by re¬ 
brazing with the Cr-Ti powder at lower tem¬ 
peratures (Cr-Ti powder flows at 2550* F), 
or sealed by electron beam welding. 

The brazing of the panels encompassed 
the final assembly of the panel system. The 
external face thermocouple installation on 
the -19 panel, the panel attachment legs and 
the pressure tube were installed by brazing. 
Consequently, the only operations remaining, 
after panel brazing, were the electron beam 
welding of the thermocouple holder to the - 9 
panel and the electron beam welding of the 
center fairing strip to the -9 panel. After 
these operations were accomplished, the pan¬ 
els were cleaned and readied for application 
of the oxidation protective coating. 

D. PANEL SYSTEM COATING 

C. PANEL SYSTEM FABRICATION 

The general philosophy was to accomplish 
as much of the panel assembly as possible 
during and before the panel brazing operation, 
to eliminate the post-braze welding problems 
experienced during the earlier fabrication ef¬ 
forts on the structural and heat shield panels. 

Prior to brazing, the necessary panel de¬ 
tails were made. The only innovation in the 
basic panel detail preparation was that the ex¬ 
ternal facing and U-channel flange edges were 
brake-formed to simulate the forward fairing 
strip. The thermocouple insert tube 
and holder and the attachment legs were as¬ 
sembled and electron beam welded. The 
pressure tube was electron beam welded to 
the external skin of the -19 panel. 

The brazing operation for the experimen¬ 
tal panels was unique in that two braze al¬ 
loy systems were used instead of the usual 
one. A 60% Cr-40% Ti powder was used 

The Cr-Ti-Si oxidation protective coating 
was used on the experimental panels. Gen¬ 
erally, the results of the coating process 
were satisfactory, with one exception. The 
outboard extensions (fairings) of panel ex¬ 
ternal faces were warped after the coating 
operation. This was caused by the relatively 
severe thermal environment of the coating 
process (Cr-Ti stage: 8 hr at 2300* F; Si 
stage: 4 hr at 2000® F) on the unsupported 
edges of the thin facings (0.010-in. thick). 

To determine a suitable repair for the 
warped facing extensions, a recoating study 
was performed. Basically, the approach was 
to remove the edges and recoat. Two coat¬ 
ing techniques were considered. One was 
to recoat the panels with just the silicide 
portion of the Cr-Ti-Si process, since the 
panel system operating temperature was to 
be 2300* F maximum. The other was to coat 
just the exposed edge of the facing with the 
LB-2 slurry coating process (Cr-Al-Si). 
This coating process is much less severe 
than the Cr-Ti-Si process, since the maxi- 
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mum coating temperature is 1950® F for only 
one hour. Previously, Cr*Ti"Si coated 
specimens with exposed edges were recoated 
by both processes and subjected to oxidation 
tests at temperatures to 2400® F. Both re- 
coating processes worked satisfactorily, with 
each exhibiting a small failure on one speci¬ 
men after a one-hour exposure at 240tf F. 
Other specimens from both processes lasted 

two hours at 2400® F. After considering both 
coating processes, the LB-2 coating was se¬ 
lected to recoat the panel edges, because it 
involved a less severe thermal environment 
and could be applied locally .- 

After the panel edges were recoated, the 
panel systems were delivered to the Manu¬ 
facturing Technology Division at ASD. 
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IX. CONCLUSIONS 

This section presents significant con¬ 
clusions in the areas of panel design, fabri¬ 
cation and testing that were a result of this 
investigation. 

D-36 columbium honeycomb sandwich 
panels suitable for re-entry vehicle appli¬ 
cations can be designed and fabricated for 
use up to 2400° F. While the structural 
panel strengths are consistent, the low creep 
strength of the alloy tends to limit the struc¬ 
tural application of this material above 
2300* F. The heat shield panels exhibited 
a short time capability at 2600* F. However, 
the operational temperatures must be kept 
sufficiently low so that local hot spots will 
not exceed the protection capabilities of the 
coatings. Surface irregularities in the panels 
or between the mold lines of adjacent panels 
cause hot spots and must be minimized. 

Kecrystallization characteristics of the 
TZM molybdenum alloy seriously restrict 
the fabrication capabilities of this alloy for 
high temperature re-entry vehicle appli¬ 
cation. Because of embrittlement, the struc¬ 
tural integrity is destroyed. Suitable braze 
alloys require development that wil' not 
recrystallize TZM during the brazing cycle, 
yet have adequate high temperature strength 
for vehicle application. These braze alloys 
must be compatible with TZM and the oxi¬ 
dation protective coating during coating ap¬ 
plication and subsequent service exposure. 
Until such braze alloys can be developed, 
brazed TZM panels cannot be fabricated 
satisfactorily by any of the techniques ex¬ 
plored during this investigation. Haynes 25 
is unsatisfactory as a braze alloy for TZM. 
The 2550* F brazing temperature is generally 
too high to avoid recrystallization of TZM 
in thin sheet gages. Even where the amount 
of recrystallization can be held to tolerable 
levels, subsequent diffusion alloying occurs 
during coating application and service ex¬ 
posure, which results in the formation of 
brittle intermetallic phases at braze alloy- 
TZM interfaces. 

Cracking of high restraint weldments in 
TZM molybdenum for edge sealing could not 
be eliminated. While the initial TZM require¬ 
ment is the development of suitable brazing 
alloys, it is evident that, until improved 
molybdenum alloys and welding techniques 
are also developed, acceptable panel con¬ 
figurations are limited to those in which 
welding is not involved or, at the most, held 
to tolerable minimums. 

B-120 VGA brazements on D-36 colum¬ 
bium exhibit excellent strength and ductility 
at temperatures up to 2600* F. No braze 
failures were observed in panel or small 
specimen tests. Heating of D-36 columbium 
to 3000* F or above for periods of 5 to 15 
minutes, as required for brazing with titanium 
or titanium-based alloys (B-120 VCA), pro¬ 
duces excessive grain growth and grain 
boundary weakening, which appear respon¬ 
sible for intergranular cracking during weld 
sealing operations and for the fracture 
characteristics encountered in test. This 
imposes definite restrictions on panel con¬ 
figurations that can be fabricated satis¬ 
factorily for vehicle application. The ac¬ 
ceptable configurations are limited to those 
in which all welding operations are ac¬ 
complished prior to brazing, as demon¬ 
strated in two experimental flight test panels 
that were fabricated. The brazing cycle 
increased the room temperature ultimate 
tensile strength of the D- 36, but this effect 
disappeared at elevated temperature. 

Thompson-Ramo-Wooldridge Cr-Ti-Si 
provided a satisfactory oxidation-protective 
coating for the D-36 panel tests. No visible 
coating defects were found on the panel s,and 
no obvious failures occurred because of poor 
coating performance. It should be noted that 
the Cr-Ti-Si coating process lower» the room 
temperature ultimate tensile strength of the 
coated tensile specimens when compared to 
the brazed specimens. Also, inelastic panel 
stresses at temperatures below 1600® F cause 
spalling of the Cr-Ti-Si coating on D-36 
columbium and must be avoided in panel de¬ 
sign for vehicle application. 

Insufficient tests were conducted to evalu¬ 
ate the performance of the Ffaudler PFR-6 
coating on the TZM panels. This coating 
did perform satisfactorily on TZM bolts and 
nuts which were used in the shear testing of 
D-36 structural panels. 

D- 36 columbium honeycomb core can be 
produced with generally conventional tech¬ 
niques, employing resistance welding to join 
the corrugated core material and standard 
sawing and belt sanding methods to finish 
the core. Electron beam welding, diamond 
blade sawing and hot belt sanding are re¬ 
quired to process TZM core. 

TZM molybdenum and D-36 columbium 
thin sheet details can be mar formed with 
the addition of special overlay and underlay 
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techniques and proper lubrication. The D-36 
material can be formed at room temperature, 
but the TZM material required heating to 
300° F with specially heated dies. 

The practical use of hard refractory metal 
tooling for successful vacuum brazing of 
refractory metal honeycomb sandwich panels 
was demonstrated. However, extreme care 
must be used in maintaining close tolerances 
with regard to facing flatness and detail 
fabrication, since the metal braze tools cannot 
compensate for these deficiencies. 

The D- 36 heat shield panels withstoodthe 
dynamic thermal environment (hot gas) about 
half as long as those subjected to the static 
thermal environment (radiant),thus indicating 
that panel life as predicted by radiant test 
is approximately one-half of the life pred- 

hv the hot eas facility tests. 

Thermal stresses in honeycomb panels 
do not appear to affect ultimate panel 
strengths for single-cycle loading. However, 
if sustained for long periods at high tem¬ 
peratures, they can produce excessive in¬ 
elastic deformations in structures which are 

made of low creep strength materials, such 
as D-36 columbium. Thermal stresses can, 
when coupled with applied cyclic loads, 
produce premature fatigue failures. 

Above 2000° F, creep strength is more 
important than fatigue strength for design. 
Most of the 2400° F tensile-tensile fatigue 
test specimens crecped to the maximum 
elongation possible in the test setup without 
fracturing. 

Fixturing and methods utilized for the 
small specimen tests were generally satis¬ 
factory, but special specimens are needed 
to obtain more uniform results on the small 
column compression tests, and improved 
strain measuring techniques are required 
for measuring stress-strain relationships 
of coated tensile specimens above 2000" F. 

MIL-HDBK-23 design procedures for 
sandwich panels are satisfactory when actual 
material properties generated in the program 
are used. In general, core properties could 
be predicted from material properties on 
the basis of simplified empirical formulas. 
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APPENDIX A 

REFRACTORY METAL HONEYCOMB TEST PANELS 
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APPENDIX B 

HEAT SHIELD PANEL ANALYSIS 

One of the more promising concepts 
for the design of an order skin of an 
aerospace vehicle is that of the non* 
structural heat shield which is com¬ 
posed of a number of discrete panels. 
Each of these panels is supported from 
the structural skin of the vehicle on 
equally spaced posts which hold the 
panel parallel to the structural skin and 
serve to transmit the local aerodynamic 
pressure loads from the heat shield panel 
to the structure. The posts are light¬ 
weight and provide a path of high thermal 
resistance. The individual heat shield 
panels are separated sufficiently from 
each other to permit their free thermal 
expansion. These discontinuities pre¬ 
clude the carrying of structural bend¬ 
ing or shearing loads in the heat shield. 

This study was made specifically for 
honeycomb core sandwich panels, but it 
is adaptable to similar types of iso¬ 
tropic or nearly isotropic heat shield 
panels. A typical heat shield assembly 
is shown in Fig. B-l. 

1. Method of Analysis 

The numerous solutions which are 
available for the ¡.nalysis of plates with 
simply supported or clamped edges are 
not directly applicable to a plate on post 
supports. In the case of simply sup¬ 
ported or clamped edge sandwich panels, 
the deflection analysis and stress anal¬ 
ysis may readily be performed accord¬ 
ing to Ref. B-l. There is no such 
metnod available for the post-supported 
sandwich panel in which the core shear 
flexibility is taken into account. This 
report provides an approximate method 
of solution for a post-supported sand¬ 
wich panel with isotropic core and fac¬ 
ings. 

The deflection of a solid plate is 
ordinarily calculated by means of the 
solution of the following plate partial 
differential equation of equilibrium (Kef. 
B-2, Eq 103): 

♦ a '¡*1 ♦ 
»* *y 

(B- !) 

Fír. li-1. Typical Heat Shield ArranRenent 



This equation does not account for 
the effect of transverse shear deforma- 
tioi such as that encountered in sand¬ 
wich plate analysis, Eouation (B-l) is 
appropriate for a "solid plate in which 
the transverse shear flexibility is as¬ 
sumed to be negligible. The solution of 
Fq (B-l) in conjunction with the ap¬ 
propriate boundary condition equations 
has been employed for many practical 
solid plate applications (lief, B-2). How¬ 
ever, if the effect of transverse core 
shear flexibility is included in the de¬ 
velopment of plate equations, a formid¬ 
able sixth-order partial differential equa¬ 
tion of equilibrium is obtained. Equa¬ 
tions for the analysis of plates with 
finite shear stiffness and orthotropic 
properties are presented in Kef. B-3, 
Equation (B-la) is the basic equation 
from Kef. B-3 for comparison with Eq 
(B-l). 

t 
T 

D* s D* y 

(B-la) 

The solution of Eq (B-la) would be 
difficult even for a simply supported, 
uniformly loaded sandwich plate. The 
fact that most sandwich plate solutions 
are based upon approximate energy meth¬ 
ods testifies to the difficulty of directly 
integrating the sixth-order partial dif¬ 
ferential Eq (B-la). The additional com¬ 

plexity of post supports further dictates 
against any attempt to use Eq (B-la) in 
this brief study. 

Instead, an approximate method is 
used in which a correction for shear de¬ 
flection is applied to the deflection cal¬ 
culated for a post-supported square fiai 
"solid" plate with a uniform load. The 
effect of core shear flexibility upon 
simply supported, uniformly loaded 
square or circular flat sandwich plates 
is readily determined from Kef. B-l. 
The midpoint deflection for either a 
square or circular plate accordingly is 
approximated by the equation 

• ■ «g (I ♦ I.MV) (B-2) 

where wQ is the maximum deflection at 

the center of the corresponding solid 
plate. The symbol V represents the 
r 2 2 
well-known ratio * D/a U of sand¬ 
wich theory (Ref. B-l, page 53). 

A method of "solid" plate deflection 
analysis using Eq (B-l) is presented in 
this report. The deflections wQ thus 

calculated may be corrected according 
to Eq (B-2) to provide an approximate 
deflection analysis for the post-supported 
sandwich plate. A deflection test will be 
performed on a sandwich panel heat shield 
assembly, which will provide a check on 
the validity of using Eq (B-2) for a post- 
supported plate. 

It can be shown (Kefs. B-l and B-4) 
that the core shear flexibility has negli¬ 
gible effect upon the bending stress in 
the facings of a simply supported, uni¬ 
formly loaded rectangular sandwich plate 
with isotropic core properties. There¬ 
fore, it is suggested that the heat shield 
facing stresses be calculated from the 
bending deflections as calculated for a 
"soluT ¡lost-supported plate. This ap¬ 
proximation is not recommended, how¬ 
ever, in the case of a sandwich panel 
whose core properties are not essentially 
isotropic. 

2. Finite Difference Method 

It is frequently possible to solve 
Eq (B-l) approximately by finite dif¬ 
ference methods (Kefs. B-2, B-5 and 
B-6). The deflections are calculated 
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at a finite number of equally spaced 
grid points. The plate bending mo¬ 
ments are expressed in terms of cal¬ 
culated deflections by finite difference 
approximations to the moment equations 

and 

- D 

- D ($•*£) 

(B-3a) 

(B- 3b) 

The grid point numbering system of 
Kef. B-5 is used and is illustrated in 
Fig. B-2. It is only necessary to con¬ 
sider one-half of one quadrant of the 
plate because of its symmetry about 
the diagonal lines and the centerlines. 
If the plate half-length a is divided 
into n spaces, then the grid spacing A 

is equal to ^ . In Fig. B-2, n c 6, so 

Fig, b-2. Typical System of Nwbcring 
Finite Difference ftrid Points 
on a Square Heat Shield 

It is convenient to adopt a standaro 
nodal point numbering system to be 
used in the writing of finite difference 
approximations to the plate equations. 
The numbering system of Ref. B-7 is 
illustrated in Fig. B-3. 

Fig. b-3. .'luMbering System Used in . 
!<riling Finite Difference 
liquations for a Typical 
Point "O" 

The finite difference approximations 
to some of the more commonly used 
partial derivatives are copies from Kef. 
B-7, in conjunction with the numbering 
convention of Fig. B-3. 
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(B-ll) 

♦ 2 (»5 ♦ »6 ♦ *7 + », 

+ *«**10 + 

i 

rii + wia) 

Equation (B-l) is written in the finite 
difference form of Eq (B-ll) as 

qv4 
♦»,*w,o**n**i« * V- 

(B-12) 

Equation (B-12) is directly applicable 
to each of the internal plate points 
numbered 6 through 21 of Fig, B-2. 
The points E,o, ß, etc., are fictitious 
points external to the plate proper. The 
equations for these points and for the 
edge points must be written subject to 
the appropriate boundary conditions. 

The lateral load corresponding to 
2 

each internal point is qX , that is, the 
2 

load intensity q times the area X . An 
exception is made, however, at the point 
on the diagonal, upon which the plate 
is supported. The support reaction is 

2 
-qa for each of the four equally loaded 
supports. Therefore, the net load or 

2 2 2 
the supported node isq(X - a)»qX 

2 
(1 - n ). The equation corresponding 
to the supported point is written as 

*o*0-• 

♦ I 

* * 

(*5 4 Wl * WT 

*10**11 

-0 

«n* U • n2) J 
(U-i:i) 

Two boundary conditions are used al 
the free edges for the writing of the 
equations for each edge point. The mo¬ 
ment normal to the free edge is equal 
to zero so that at the edge (y * +a) 

(B-14) 

that the edge shear loading is zero, that 
is, 

Ù . ■ 

JL v*w+ (1-11)-2½ -o. 
** Oylt* (B-15) 

The numbering system of Fig. B-3 
is shown in Fig. B-4 as applied to a 
typical point 0 at the edge. 

Fig. B-4. Numbering for a Typical Nodal 
Point 0 on a Fro« Edge 

Equations (B-14) and (B-15) are written 
in finite difference form using Fig. B-4 
and Eqs (B-4) through (B-ll) as 

• o 
(B -16) 

and 
.«•J + 4w4 +*,♦*,-*7-»,+ 0,0--,, 

♦ (1 -s) (**•, + **4 * *t* *0 ' *1 ' "•) 
(B-17) 

Note that Eq (B-17) includes the de¬ 
flection w10 of point 10, which is two 

grid distances from the edge in Fig. B- 
4, The plate equilibrium equation, Eq 
(B-12), also includes Wjg. It is there¬ 

fore necessary to eliminate Wjy be¬ 

tween Eqs (B-12) and (B-17) to arrive 
at the second equation for each edge 
point. The resulting equation is 

- 2 (1 +|i) *, + M — J + S *j ♦ (¾4 - 14) *4 

The second boundary equation at a free 
edge, such as the edge (y = +a), states 

XIX 
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(B-18) 

The corner point A of Fig. B-2 re¬ 
ceives special treatment due to the fact 
that both M and M equal zero at A. In 

* r 
terms of the numbering of Fig. B-3, 

a . •■•■i *«. 

and 

i w. ♦ w. - V. 
2¾.. -o. 
•r k> 

(B-19a) 

(B-lSb) 

el. The four cases are identical except 
for the location of the post supports. 
Each quadrant of the plate is divided 
into the grid system of Fig. B-2. The 
support point is at one of the points, 13, 
10, 6 or 1, for each of the four cases. 
The nondimensional coordinates of the 
support points for the four cases are, 
respectively (cf. Fig. B-2): 

0.133, 0.300. 0.00T or 0.033. 

Several of the 35 equations are writ¬ 
ten for the case in which the support is 
at point 6 in order to demonstrate the 
procedure. Equation (B-12) is used to 
write the following expression for point 
8 which is a typical internal point. 

In the case of the square plate of Fig. 
B-2, either Eq (B-lUa) or (B-19b) re¬ 
sults in the equation 

lei • o*4 ♦ twj ♦ »j * *0*| ' 3*0 * **,0 

'e (B-20) 
' 0*u * *"13 * *13 * *IT 4 *0 " -£■ • 

(B-22) 

There must be as many equations as 
there arc unknown deflections. The fi¬ 
nal equation serves the purpose of re¬ 
lating the deflections to a convenient 
plane of reference by the specification 
that the deflection is zero at the sup¬ 
ported (nth) point, that is, 

•a-o. (B-21) 

One of of Eqs (B-12). (B-13), (B-16), IB¬ 
IS), (B-20) or (B-21) is written for each 
of the grid points. 

The method presented in Chapter IV 
of Kef. B-6 uses a slightly different 
method of applying the boundary condi¬ 
tions from that used here. The author 
(Kef. B-6) uses the alternative form of 
the equilibrium equation 

Points equally spaced on either side 
of the centerlines and diagonal lines 
have equal deflections. This is shown 
symbolically in Fig. B-2 by the use of 
identical numbering of corresponding 
"reflection" points. The equation for 
the support point 6 is obtained from Eq 
(B-13) as 

3w, • !•*,♦«*,« 30*, ■ 10*7 ♦ 8*, ♦ »*,0 

♦ 3w^ - - 33 (B-23) 

A value of p ■ 0.3 is assumed, and Eqs 
(B-16) and (B-18) are used to write the 
following equations for a typical edge 
point c 

- o.3wb ♦ 3.0«c - o.3»d • ■ ® (B-24) 

and 

-ZjL • 3-„rÿ « - - q (B-21a) 

instead of Eq (B-1). 
(B-25) 

3. Sample Analysis of Heat Shield Panel 

Four sample plate problems have Equation (B-20) is used for the cor- 
becn worked for the purpose of analyz- ner point A and Eq (B-21) for the sup- 
ing the post-supported heat shield pan- ported point 6. 

3.7Wj - >3.4«! ♦ 3.T«' ♦ 3«7 ♦ w# - 0wb ♦ 30«e 

-•«'♦«♦ 0.3«a - 3.3« ♦ 0.3«, • qt4/D. 
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Thirty-five equations typified by 
Eqs (B-22), (B-23), (B-24) and (B-25) 
are written for each of the four cases. 
The four sets of equations correspond¬ 
ing to the four cases have been solved 
for the 35 unknown deflections w by 
means of IBM 7090 program JB004. 
The results are presented and dis* 
cussed in the next section. 

Results and ni><eus<ii>n of Amijvsh- 

The deflections which have been cal¬ 
culated for each of the four example 
cases are presented in Table B-l for 
the grid system of Fig. B-2. 

Figures B-5 through B-8 are con¬ 
tour plots of the deflections of the four 

cases presented in Table B-l. The cor¬ 
ner and center deflections are the larg¬ 
est due to the nature of the post support 
method. Because of their importance 
in design, the corner and center deflec¬ 
tions (points A and 21) are plotted in 
Fig. B-9 as a function of the distance 
of the supports from the center of the 
heat shield. The four cases analyzed 
in this report do not include the one in 
which the heat shield is supported at the 
four corners A, However, the case of 
a corner-supported, uniformly loaded 
square plate is presented in Ref. B-2 
(page 220). The midplate deflection 
from Kef. B-2 is included in Fig. B-9 
of this report. 

TABLE B-l 

Deflection of Host-Supported Square Plate 

Grid 
Point 

Support at 
Point 13 

£.1.0.333 

Dimensionless Deflections 

Support at 
Point 10 

a a 
0.500 

Support at 
Point 6 

* .1. 
a a 

0.667 

Support at 
Point 1 

-•I >0.833 
a a 

1 0.08210 
2 0.06815 
3 0.05551 
4 0.04550 
5 0.03929 
6 0.05356 
7 0.04007 
8 0.02934 
9 0.02301 

10 0.02535 
11 0.01345 

.12 0.00726 
13 0.00000 
14 -0.00550 
15 -0.01208 
1G 0.03721 
17 0.02097 
18 0.00539 
19 -0.00710 
20 -0.01405 
21 -0.01619 
a 0.09636 
b 0.08274 
c 0.07051 
d 0.06084 
e 0.05473 
f 0.05267 

A 0.11046 

0.02138 
0.01609 
0.01213 
0.01045 
0.01012 
0.01018 
0.00561 
0.00454 
0.00480 
0.00000 

-0.00326 
0.00083 

-0.00110 
-0.00084 
-0.00116 
0.01014 
0.00503 
0.00123 

-0.00080 
-0.00113 
-0.00119 
0.02700 
0.02200 
0.01825 
0.01636 
0.01576 
0.01566 
0.03246 

-0.01606 
-0.00730 
0.00392 
0.01441 
0.02167 
0.00000 
0.01159 
0.02199 
0.02898 
0.02144 
0.03053 
0.03678 
0.03837 
0.04380 
0.04865 
0.02425 
0.03144 
0.03899 
0.04573 
0.05039 
0.05206 

-0.02406 
-0.01443 
-0.00298 
0.00782 
0.01539 
0.01810 

-0.03262 

0.00000 
0.03279 
0.06289 
0.08671 
0.10192 
0.06100 
0.08713 
0.10800 
0.12136 
0.10968 
0.12784 
0.13957 
0.14191 
0.15432 
0.16407 
0.10720 
0.12603 
0.14370 
0.13806 
0. 16742 
0. 17067 

-0.02900 
0.00632 
0.03970 
0.06646 
0.08362 
0.08952 

-0.06039 
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A coarnor grid ( A = a/5) also has 
been used with the* supports at x/a s 
y/a = Ü.2, Ü.4, 0.6 and 0.8. The deflec¬ 
tions thus calculated for the center and 
corner of the plate fall almost exactly 
on the curves of Fig. B-9. In fact, one 
of the points on the corner deflection 
curve of Fig. B-9 is seen to be taken 
from the coarser grid solution. 

It is necessary that the bending mo¬ 
ments be calculated ao that the bending 
stresses for the facings may be calcu¬ 
lated. Equation (B-3), which expresses 
the moment in terms of deflections, is 
readily written in finite difference form 
by means of Kqs (B-6) and (B-7), and 
with reference to the typical numbering 
convention of Fig. B- 3. 

(B-26) 

(B-27) 

The theory of plates (Ref. B-2, page 
40) discusses the "Mohr's Circle" 
method of determining the bending mo¬ 
ments at a point in a plate. This method 
permits the determination of the bend¬ 
ing and twisting moments in any other 
direction if the moments corresponding 
to the principal directions are known. 

The moments at the center of the 
plate are the same in all directions and 
are therefore obtained directly by the 
use of Kq (B-26) or (B-27). 

The deflection (»attern in the area 
adjacent to the supports does not result 
in calculated moments which satisfy the 
Mohr's Circle relationship. This prob¬ 
ably is due to the combination of effects 
of the relatively coarse grid and the 
singularity introduced by the post sup¬ 
port. 

Since the bending moment in the di¬ 
agonal direction corresponding to the 
"overhanging" corner is of consider¬ 
able importance in the heat shield anal¬ 
ysis, Eq (B-3) is directly written in 
finite form for the diagonal direction. 

The equation is written for the di¬ 
rections A-A and B-B of Fig. B-3 by 
means of Eqs (B-3), (B-6) and (B-7) as 

* ■-(w, - 2wn + w. 
A‘A (1.414K)* ' 8 08 

+ -(w#-8w0 + wï)) • (B-28) 

♦s(w#-1*0 ♦*,))• (B-29) 

Equations (B-26) through (B-29) are 
used to calculate bending moments from 
the deflections given in Table B-l for 
the four cases. The moments thus cal¬ 
culated are plotted versus support lo¬ 
cation in Fig. B-10 for several critical 
regions of the heat shield. The moment 
at the center (point 21) of the heat shield 
is the same in all directions. The mo¬ 
ment parallel to the edge is plotted for 
point f at the centerline. The "over¬ 
hanging" bending moment is plotted at 
the support point for the diagonal di¬ 
rection. The center and edge bending 
moments for the case of corner sup¬ 
ports are taken from Ref. B-2 and are 
included in Fig. B-10. 

Fig. ¡1-10. Plate Heading Moments Versus 
Support Locations 
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The curves of maximum deflections and 
moments in Figs. B-Ö and B-10 provide a 
means of selecting a suitable support lo¬ 
cation. The midpoint deflection of a simply 
supported, uniformly loaded square plate is 
indicated in Fig. B-9 by the dashed line. 
It is seen in Fig. B-9 that for the support 
at x/a ■ 0.6, the corner deflection is es¬ 
sentially zero. The corner and center de¬ 
flections are equal to each other for the 
case where the supports are at X/a *0.55. 
In either case, the deflections are less 
than half that of the center of a simply 
supported square plate of the same size. 

The midpoint bending moment of a 
simply supported, uniformly loaded square 
plate is shown in Fig. B-10 by the dashed 
line. The "overhang" moment at the sup¬ 
port is essentially the same as the maxi¬ 
mum bending moment of the simply sup¬ 
ported plate when the support is in the 
range of x/a * 0.55 to 0.6. The moments 
at the center and edge of the heat shield, 
with supports in the range x/a ■ 0,55 to 
0.6, are approximately half that of the 
simply supported plate. 

As a result of the studjy of maximum 
deflections and moments, it is apparent 
that the placement of supports at x/a ■ 
0.6 provides a compromise in which the 
deflections and moments are equal to or 
less than the maximum deflection and 
maximum moment of a simply supported 
square plate of the same size. The 
effect of transverse shear in causing 
additional deflection is evaluated approxi¬ 
mately by the use of Eq (B-2). 

The maximum bunduig moment is the 
"overhang" moment at the support. This 
moment is seen from Fig, B-10 to be 
equal to 

M'-O.ltlqs* (B-30) 

when the support is at the location 

s/a • jr/a ■ 0.«. 

The bending stress in the facings is 

(B-31) 

The stress is tensile in the outer facing 
and compressive in the inner^facing for 
a positive surface pressure "q." 

Equation (B-31) and Fig. B-10 have 
been used to develop the nomograph of 
Fig. B-ll, This figure provides a con¬ 
venient method for the calculation of the 
maximum bending stress in the facuigs 
at the support. It is seen in Fig. B-10 
that, for support locations outboard of 
point 6, the bending moment along the 
center of the edge of the heat shield is 
greater than at the support. The graph¬ 
ical solution of Eq (B-31) is provided in 
Fig. B-12 for the maximum bending stress 
at the edge. 

5. Thermal Deflection 

There is no exact analysis for thermal 
deflection of a sandwich panel on post 
supports. The method presented here is 
an approximation based upon several sim¬ 
plifying assumptions. 

It is assumed that the core has a shear 
rigidity which is large enough to rause 
the plate to assume a spherical thermal 
curvature just as a solid plate would do. 
It is assumed that there is no temperature 
variation in the planes of the facings, but 
the facings are at two different tempera¬ 
tures. T and T,. The subscripts designate 

the outer and inner facings. It is assumed 
that the restraints to thermal curvature 
offered by the flexible supports and the 
edge members arc negligible. 

An equation for the thermal deflection 
of a plate is readily obtained from Kef. 
B-8 (page 173) with the aid of Fig. B-13, 
as follows: 

Fig. B-13. Thcnaal Deflection of Post- 
Supported Heat Shield 

The deflection is given by the ex¬ 

pression 
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mtl2 (i • I*2) 
*l" nnr^sT" 

where the thermal moment is 

(B-32) 

(B-33) 

The substitution of MT into Eq (B-32) re 

suits in the deflection expression 

• ír. Tò“ 
*L --«- 

(B-34) 

The deflection in terms of a is 

In the case where the supports are 
at x/a = 0.6 and k = 0.6, the thermal 
deflections at the center and corner arc 
found from Eqs (B-36) and (B-37) to be 

«(T. * T,)(l -«i)«2 

Jj—ü,- 
and 

4' ■ 0.M 
• (Tq-tOo-s)«2 

(B-38) 

(B-39) 

It is interest.ng to compare the maxi¬ 
mum thermal deflections (Eqs (B-38) and 
(B-39)) of the post-supported heat shield 
with the midpoint thermal deflection of 
a simply supported square solid plate as 
analysed in Ref. B-2 (page 164). The 
equation from Ref. B-2 is 

0.M5»(T0 - Tj) (l ♦ s) l®*2 

*«-71-(B‘ 
40) 

•(T.-TjU -1.1(11.414)¾)2 

«L-- Ko 0 nr*-Lm 

a(To Tl)(l <,)*1 (B-35) 
’ h ' 

The midpoint deflection is 

If M is assumed to equal 0.3, the thermal 
deflection of Eq (B-40) becomes 

J.* 
. 1 "(ro'Tl)(* ■*'U • (B-36) 

*11 • 11 *L ’ -¾- 

The corner deflection 6 ' is 

4* • - (l • » )*l * ■ --B- 

(B-37) 

0.Mi«(To - Tj«2 
-K- (B-41) 

The center and corner deflections of 
the heat shield with supports at x/a ■ 
y/a ■ 0.6 similarly are found from Eqs 
(B-38) and (B-39) to be 

s •* 
0.25I* (r# - T,).2 

T- 

and 
0.44»*(To - T,)«2 

(B-42) 

(B-43) 

The deflection equations do not take into 
account the temperature variations of the 
properties p , E and 0. It is suggested 
that properties be used which are the 
average of the values of the inner and 
outer facing to permit an approximate 
solution to be obtained. 

It is seen that the heat shield mid¬ 
point thermal deflection is less than that 
of the corresponding simply supported 
plate. However, the heat shield corner 
thermal deflection is 14% higher than the 
midpoint deflection of the simply sup- 
ported plate. 
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X* 

Area 

Half-length of side of square 

plate 

Plate rigidity "Zj (per inch) 

Orthotropic plate rigidity with 

unrestrained anticlastic curva¬ 

ture 

{°1 ■ 'M« 1¾ 

M 

n 

o 

q 

Nondimcnsional distance from 

center of heat shield to support 

location 

Bending moment (per inch) 

Number of divisions of plate 

quadrant 

Subscript for "outer" 

Distributed surface load on heat 

shield (psi) 

__ 

DU Twisting stiffness xy 

Djj t Transverse shear stiffness of 

n Plate 

S 
E Young's modulus of elasticity 

f Stress 

h Sandwich panel thickness 

I Moment of inertia (per inch) 

I Subscript for "inner" 

t 

U 

w 

o 

X 

6 

M 

O 

Thickness of sandwich panel fac¬ 

ing 

Transverse shear stiffness of 

sandwich panel core 

Deflection of heat shield 

Linear coefficient of thermal ex* 

pansion (¾¾) 

Grid spacing (see Fig. U-2) 

Thermal deflection of heat shield 

Poisson's ratio 

Stress (psi) 
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APPENDIX C 

THERMAL STRESS ANALYSIS OF 
SHEAR TEST PANELS 

A relatively heavy Rene' 41 superalloy 
edge fixture frame will be used to impose 
the edge shear loading condition upon the 
square sandwich panel specimen, as dis¬ 
cussed in Section G and with a general 
arrangement similar to that shown in 
Fig. C-l. In addition to the difference in 
materials between the fixture frame and 
the sandwich facings, there is also a 
temperature differential associated with 
the elevated temperature shear test. 
Consequently, there are compressive 
thermal stresses in the sandwich facing 
during heating up and tensile thermal 
stresses during cooling down. 

t 
* 

Straight t-Jfc Mmliers 

Figures C-2 and C-3 are provided as 
a means of setting safe limits on relative 
facing and fixture temperatures to pre¬ 
vent thermal stress damage during heat¬ 
ing and cooling of the test specimens. 
Figure C-2 is for TZM molybdenum 
panels and Fig. C- 3 is for D- 36 columbium 
panels. The facing temperature should 
fall within the shaded area between the 
upper and lower limiting lines for any 
given temperature of the fixture frame. 
The upper line represents a compressive 
stress limitation and the lower line a 
tensile stress limitation for the ma¬ 
terial of the facing at its corresponding 
temperature. As an example of the use 

of the charts, consider the case of a 
D-36 columbium specimen when the shear 
test fixture frame is at 900* F. It may 
be seen in Fig. C-3 that the facing tem¬ 
perature should be within the range of 
temperatures from 1100* to 1870r F. 

The charts are constructed on the as¬ 
sumptions that both facings of the panel 
are at the same uniform temperature 
and that the outer edge of the panel is 
at the same temperature as the fixture 
frame. The limiting thermal stresses 
in the facing have been established at 
50% of tensile yield for a compressive 
limit and 70% of tensile yield for a tensile 
limit. The tensile yield is taken as the 
0.1% "offset" yield from the available 
curves of tensile stress versus strain 
at various temperatures. 

The thermal stress equation used for 
the construction of Figs. C-2 and C-3 
for the shear test setup is: 

1 
Al*«) 

(C-l) 

where 

o ■ thermal stress in the facings 
1 (the subscript "l" applies to 

the facings; "2" to the outer 
edge of the specimen; and "3 
to tile future frame). 

AT ■ difference between the actual 
temperature and 70* F (T - 
70* F) (ATj is assumed to 

be equal to AT^). 

A. • cross-sectional area of both 
1 facings taken together. 

A„ ■ cross- sectional area of two 
^ opposite edges of the test 

panel. 
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Trmp>r«<ar« ol 1Krim» 
of Stiror T»»' ►'uiiir* f K1 

Fig. C-2. Control i*hart for U*c Hiring 
Heating anti fool »nr of T2M 
ihcar Tot l'nnel» 

A ■ rroHK-Hoclional an-a uf two 
3 fixturt* framer. 

The propertie* K, o and a (defined al 
end of Ap|iendix H) in Kq (C*l) vary with 
temperature. If equation»« were known 
which deHcnlx- each property an a function 
of Tj and T^, then Kq (C-l) could be 

written accordingly with function»« of Tj 

and T, »ubMitutcd for L, o and p . In 

the absence of Huch functional detcrip* 
tion»« of the proportion it in convenient 
to noive the problem by th«* follow mg trial* 
and*crror method: 

A value of facing temperature equal 
to T| in selected. The corresponding 

facing properties and allowable 
stresses are determined and inserted 
into Kq (C-l). A trial value of frame 
temperature T,j is selected. The 

corres|>onding edge and frame prop¬ 
erties Eg, eg, and are sub- 

28UOP 

1>n>prr«tiir* of !:■«(* Vrunr of 
Skr.r Trit Flttur* I* FI 

Hg. C-3. cVnitrol Diart for U*c Hiring 
Heating and Cooling of li>36 
Shear lest I’nncls 

stituted together with *3T^ into l.q 

(C-l). The resulting calculated value 
of o J is compared with the allowable 

stress, and then the process is re- 
(teated for successive trial values of 
ATj until a value is found which gives 

the correct o.. The lines enclosing 

the shaded areas of Tigs. C-2 and 
C-3 represent plots of Tj versus 
T.J as determined by this method. 

Equation (C-l) for the shear test 
setup is a relatively simple special case 
of the more general problem of a flat 
rectangular assembly composed of an 
indefinite number of facings and edge 
members. 

The following nruilysis applies to this 
generalized problem but is restricted to 
a nonbending case with thermal and 
geometrical symmetry with respect to the 
three principal planes which contain the 
centerlines of the assembly (cf. Fig.C-1). 
It is assumed further that: 

XXX 



(1) Hooke's law applies. 

(2) The temperature of each mem¬ 
ber is uniform. 

(3) Each edge (longitudinal) mem¬ 
ber has half of its area on op¬ 
posing sides of the assembly. 
This assures a condition of 
symmetry and precludes ther¬ 
mal bending. 

(4) The edge members do not bend; 
therefore, the facings remain 
rectangular with straightedges. 

(5) Stress is zero at room tem¬ 
perature. 

The following symbols are used: 

¿Ti difference between 
actual temperature 
70* F (T. - 70* F) 

the 
and 

cross-sectional areas of 
facings (cf. Fig. C-l) 

It , B . ■ cross-sectional area» of 
% ‘ edge members (cf. Fig. 

C-l) 

Í* »* P* 9 * subscripts are employed 
as follows: (i • 1,2, 
. . . , n) apply to facings; 
(i • n + 1, n + S, . . ., p) 
apply to od|»c members 
which are parallel to the 
X-direction; (i * p + 1, 
p 2, . . . , q) apply to 
edge members which are 
(tarallel to the y-dlrec- 
tion. 

The equilibrium equations require that, 
in the absence of exter:.-l loads, the sum¬ 
mation of the forces in either the x- or 
y-direction is equal to zero. That is: 

1*P t*" t*P 

2, V 2, ^t4 2, B*. • 
im i»i l»n*l 

o 

(C - 2) 

and 
to to to 

¿ "y ‘2, W+ ¿ 
fi i*i t*p+i 

(C-3) 

The compatibility condition states that 
the total strains of all members parallel 
to the x-axis are equal to one another. 
Similarly, all strains in the y-direction 
are equal. The condition is written in 
equation form as 

*«»■•«1 ■•«s'(c-4> 

and 

vi'vrvr <c-5> 

The stress- strain equations, including 
thermal effects, are 

(C-6) 

(C-7) 

for the facings, and 

(C-8) 
and 

•y»E.y-t^T (C-9) 

for Uie edge membt-rs. 

The unknown strains « and « 
* y 

are readily evaluated by the sim iltaneous 
solution of Kqs (C-2) :u.d (C-3) with the 
substitution of the stress Kqs (C-6) 
(C-7), (C-8) and (C-Ü). 

The resulting total strain equations 
are 

. RV-UW 
'* Rgstr 

and 
qw-sv 
MJ-BU 

when 

(C-10) 

(C-ll) 

(C-13) 

XXXI 



.•? -J,

-I

(C-14)

(C-16)

(C-17)

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

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

« (EB>, (C-18)

V . W ■ ♦ (EoBAT)j ♦ (E«BaT),
V ■" /l /p.

and 
u ■ s < (f^);

'3
(C-19>

(C-20)

With the further assumption that T2 * 
Tj and wiith the substitution of for Bj 
and Ag for into the facing stress equa­
tion, Eq (C-1) is obtained for the shear 
test assembly.

xxxii
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