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This report  was prepared as  an account of Govemmnt-sponsored work. 
Neither the United States, nor the National Aeronautics and Space Admini- 
s t r a t i o n  (NASA), nor any p r s m  acting on behalf of NASA: 

a )  Makes any warranty or representation, expressed or implied, 
with respect t o  the accmacy, completeness, or usefulness of 
t he  information contained i n  t h i s  report ,  or that the use of 
any Marmation, apparatus, method, or  process disclosed in 
t h i s  report  may not infringe privately-owned r igh ts ;  o r  

b) Assumes any l i a b i l i t i e s  w i t h  respect t o  the use of, o r  for 
damages resu l t ing  from the use of any information, apparatus, 
method, or process disclosed in t h i s  report. 

A s  used above, Itperson acting on behalf of NASA" includes any employee or 
c m t r a c t a r  of NASA, or employee of such contractor, t6 the extent that 
such employees or contractor of NASA or employee of such contractor pre- 
pares, disseminates, ar provides access to ,  any information pursuant t o  
h i s  employment of contract w i t h  NASA, or h i s  employment w i t h  such con- 
t rac tor .  

Requests f o r  copies of t h i s  repar t  should be referred to:  

National Aeronautics and Space Administration 
Off i c e  of Scient i f ic  and Technical Infarmation 
Washington 25, D. C. 

A t  t en t  ion: AF SS-A 
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The work described herein i s  being performed by T R W  Inc, 
under the sponsorship of the National Aeronautics and Space Administration 
under Contract N A S  3-2!3.$. 
design creep data on refractory meu l  alloys f o r  use i n  space power 

The purpose of this study is  to  obtain 

systems, 

The program is administered fo r  TRW Inc, by E, A. Steigerwald, 
Programhnager. 
C, R. Honeycutt and R. R. Ebert contributed t o  the  program, 

J. C, Sawyer is the Principal Investigator, C. H, P h i l l e o ,  

i 
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ABS TRACT 

Creep data obtained under ultra 
presented f o r  molybdenum-base alloys TZC 

high vacuum conditions a re  
and TZM, columbium-base 

alloy Cb132#, and arc  omel ted tungsten, arc! -me1 ted tungs ten-25$ 
rhenium, and Sylvania A. 
( 9 8 2 O C )  to 2200'F (1204%) temperature range the TZC alloy possesses 

The resu l t s  indicate tha t  i n  the 1800'F 

the  greatest  degree of creep resistance. 

ii 
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I1 0 MATERIALS AND PROCEDURE 

I INTRODUCTION 

Space e l e c t r i c  power systems depend upon the use of refractory 
metals i n  a var ie ty  of component areas, A c r i t i c a l  property parameter 
i n  the design of these systems i s  the  long-time creep s t rength a t  very 
low p a r t i a l  pressures of oxygen and nitrogen, 
metal a1 oys can occur under conditions of Torr and vacuums be t t e r  
than 10' Torr must be used t o  obtain creep measurements which can be 
employed f o r  design of space components. The purpose of this program 
i s  t o  generate long-time creep d a t a  on selected re f rac tory  al loys which 
have poten t ia l  use i n  advanced power systems. Emphasis has been placed 
on t e s t i n g  sheet alloys which can be employed f o r  cladding or  tubing 
applications and on forgeable high s t rength turbine alloys.  

Contamination of refractory 

design of the  t e s t  units capable of operating a t  vacuums less 
than li3 Torr and temperatures up t o  32W°F, has been previously described. 
Creep test  data have also been presented for  tungsten and tungsten-2Sk 
rhenium sheet, molybdenum base al loys TZC and TZM and columbium base alloys 
AS-30 and FS-65. 
obtained on columbium a l loy  Cb132M and the tungsten-base Sylvania A 
a l loy  are described i n  this report. 

Additional r e su l t s  f o r  these alloys along with data 

The materials currently included i n  the  t e s t  program along with 
the i r  compositions are presented i n  Tables 1 and 2. 
a l loy  T-111 has been recently added t o  the program due t o  i t s  poten t ia l  
appl icabi l i ty  as a tubing material. 
Corporation* and received from NASA has a l so  been included t o  p o v i d e  
a measure of t he  reproducibil i ty i n  creep properties between two heats 
of the same material with d i f fe ren t  carbon contents, 

The tantalum base 

A TZM a l loy  obtained by Air Research 

A detai led description of the test specben  geomtry, the t e s t  
procedure, and tk material processing history f o r  TZM, TZC (Heat M80), 
AS-30, W, W-25Re, and Sylvania A were presented i n  the  s ix th  and seventh 
Quarterly Reports. 
The evaluation method involves tes t ing the  turbine o r  tubing al loys a t  

The processing history f o r  Cb132M i s  given i n  Apperdix I. 

* R. L. Sal ley and E. A. Kovacevich, Wate r i a l s  Investigation, Snap sO/Spur 
Program Mechanical Properties of TZM", Tech, Rep. AFAPL-TR-~~ (March 23, 1965). 

- 1 -  
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temperatures between 1600 and 2250'F (G71 and 1235'C) unt i l  a 1% t o t a l  
elongation is  attained. 
(1760'C) f o r  a t o t a l  extension up t o  5%. I n  a l l  cases the  tes t  envir- 
o m  n t  ( a f t e r  approximately the first I C 0  hours  o f  t e s t )  i s  l e s s  than 

Torr and tne applied s t r e s s  leve ls  are selected with the goal of 
obtaining creep data over t o t a l  t es t  times between 1000 and 10,000 hours. 

The cladding materials are tested a t  32009 

III. EXPERIMENTAL RESULTS 

A. Nolyodeilum-Base - Alloys (TZC and TZM) 

.i aetai led presentation of the creep data for  a l l  the  tests 
The creep curves for  tests being conducted i s  given i n  Appendix 11. 

on TZC a t  temperatures o f  1856, 2000, 2056, and 2200'F (1013, 1093, 
1124, and 1204'C) are presented i n  Figures 1 and 2. 
the  creep curves t o  exhibi t  discontinuties was more prevalent a t  the 
kigner t es t  temperatures. 
being conducted i n  c * ~ i  ? L t t ? t 1 l 2 ' i ~  h r e l a t e  t h e  discontinuties i n  the  
creep curves to  p r e c i & i i a h x i  ,Jdch i s  occurring during the  t e s t .  

The hardness o f  t h e  as-received TZC p l a t e  (Heat 14-80) from 

The tendency for 

Metallographic examination is  current ly  

the  surface t o  the  center showed l i t t l e  var ia t ion (DPH 288 to 285). 
A kepresentative s t ructure  o f  the as-received material a t  the  center 
o f  the p l a t e  i s  shown i n  f i g u r e  3. The microstructure of t h e  TZC 
p l a t e  a f t e r  annealing a t  3092°F(1700"C) f o r  one hour is  presented 
i n  Figure b; while the  s t ructure  of a specimen after exposure t o  
a 2000'F (1093'C) test  condition fo r  approximately 1200 hours i s  
shown i n  Figure @. The annealing treatment prod ced material 
with a 0.2% yield strength o f  6 .5 k i (47.2 x 10 9 3  N/m ), a t ens i l e  
s t rength of 68.6 k s i  (47.4 x 10 B f i c  N/m ) ? v d  c7 i w o  reduction i n  a rea  
a t  room temperature when measured transverse t o  tne ro l l i ng  direct ion.  T k  
annealing treatment did not resu l t  i n  h C D L ~ ~  1 c: ~ e l y  recrystal l ized 
s t ructure ,  however, it did produce a noticeable reduction i n  hardness 
(DPH 288 t o  I P H  235). After tes t ing  for  approximately 1200 hours 
a t  2000'F (1093%) the hardness o f  the TZC increased t o  DF" 350 
indicat ing tha t  s ignif icant  precipi ta t ion hardening had occurred 
during testing. 
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1 oox 

FIGURE 3. STRUCTURE OF TZC ALLOY IN AS-RECEIVED CONDITION, 
ETCHANT: 15% HF, 15% H2 SO4, 8% "03, 62% H 2 0  

9732 

- 7 -  
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lOOX 
A. STRUCTURE AFTER ANNEALING AT 17WC FOR 1 HOUR 

HARDNESS DPH 288 

looX 

B. STRUCTURE AFTER ANNEALING AT 170OOC FOR 1 HOUR AND TESTING 
FOR 1196 HOURS AT 1094OC (2000°F) HARDNESS DPH 350 

FIGURE 4. STRUCTURE OF TZC ALLOY (HEAT M-80) AFTER ANNEALING AND 
AFTER TESTING. ETCHANT: 15% HF, 15% H2S04 8% "03 62% H2) 

8x19 - a -  
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The creep behavior €or TZM (iieat 7502) i n  both the  as-received 
(stress-relieved) and annealed condition i s  presented i n  Figure 5. 
The as-received material exhibited a r e l a t ive ly  normal creep curve 
while the annealed condition produced a very rapid increase i n  the 
t o t a l  elongation a t  approximately 350 hours. 
followed by a low creep r a t e  and time in te rva ls  where actual specimen 
contraction was observed. 
f o r  this behavior it i s  character is t ic  of conditions where a phase 
change and creep are occurring simultaneously.' 

The sharp increase was 

Although no def ini te  explanation i s  apparent 

The A i r  Research TZM alloy received from NAS is  urrently under 
tests a t  18569 (1013%) and 24,000 p s i  (1.65 x 10 6 8  N/m ). After 496 
hours a t o t a l  extension o f  0.02% has been obtained. 

A comparison of t he  creep properties of t he  TZC and TZM material 
i s  presented i n  Figure 6 on a Larson-Miller p lo t  using a constant o f  15- 
The s t ress  t o  produce 0.2% to ta l  extension i n  TZC was approximately a 
l i nea r  function o f  the Larson-Miller parameter over a re la t ive ly  large 
range of times and temperatures. 
relieved TZM (O,Ol3$C) (iieat 7502) indicated that th i s  material 
had creep resistance which was signif icant ly  below the TZC alloy. 
The plot  for the 0,5$ creep level indicated t h a t  a s l i gh t  deviation 
f r o m  l inea r i ty  w a s  present a t  the lower values of the Larson-Miller 
parameter. 

The data obtained f o r  the s t ress -  

B, Columbium-Base Alloy (Cb132M) 

The creep properties o f  the Cb132M al loy were evaluated after 
annealing the material for one hour at 3092'F (1700'C). T h i s  treatment, 
produced a parkial ly  recrystall ized s t ructure  (see Figure 7) having the 
room temperature properties l i s t ed  i n  Table 3. 

TAB1.E 3 

Room Temperature Properties of Cb132M a f t e r  Anne91ing a t  3092'F (17OO0C) 
for  One Hour i n  Vacuum (10-Torr) 

0.2% Yield Strength 
Tensile Strength 8.36 x 10 N/m ) 
Elongation (2" ) 4.2% 
Reduction i n  Area 4.7% 
St ra in  Rate 0,005 in/in/min. 

109.8 k s i  7.56 x 10: N/<) 

* R. M. Fountain and M, Korchynsky, "The Phenonemon of 'Negative Creep' i n  
Alloys", Trans, ASM, 108, (195'9). 

- 9 -  
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1 oox 

FIGURE 7. MICROSTRUCTURE OF Cb 132M ALLOY AFTER ANNEALING 
AT 3092°F (1700°C) FOR ONE HOUR, ETCHANT: 15% HF, 
15% H2S04, 8% "03 62% H 2 0  

- 12 - 
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Cree? test  data obtained a t  2056'F (1124%) on Cb132M are summarized 
i n  i7igure 6 .  
AS-30, i s  presented i n  terms of the Larson-Niller parameter i n  Figure 9. 
A t  the stresses evaluated, the  Cb132M a l loy  had creep resistance superior 
t o  AS-30 but i n fe r io r  t o  the molybdenum alloys. 
being conducted at 2200'F (120h0C), 8,000 p s i  (5.5 x 107N/m2) t o  examine 
the behavior o f  Cb132M a t  higher values of the Larson-filler parameter. 

A comparison o f  t h e  two columbium base alloys,  Cb132M and 

An additional t e s t  i s  

C. Tungsten-Base Materials 

The results of creep tests conducted on arc-melted tungsten ard 
tungsten-25$ rhenium al loys were summarized i n  t h e  l a s t  Quarterly &ogress 
Report for  t o t a l  extensions of 1%. 
period included additional creep da ta  for  tungs ten, tungsten-25g rhenium, 
and Sylvania A, 
shown i n  Figure 10 

As a r e su l t ,  the extrapolations o f  short-time data would tend t o  predict  
creep extensions which were s igni f icant ly  greater 

tungsten showed a t o t a l  extension a t  3200'F (1760"C) of  2.h7% a f t e r  
approximately 3000 hours, while an extrapolation o f  the da t a  after 1000 
hours would have resu l ted  i n  a prediction which was 50% higher. 

Results obtained during t h i s  report  

The tungsten and tungsten-25$ rhenium creep curves are 
There w a s  a tendency fo r  the tungsten tests a t  

1000 p s i  (6.8 x 10 b N/m2) t o  exhibit  a continuously decreasing creep rate.  

han the t rue  values. 
A t  the r e l a t ive ly  low s t r e s s  of 1000 psi (6.8 x 10 t N/m2) the unalloyed 

The Sylvania A m t e r i a l  possessed a large number of imperfections 
i n  the  sur fam of the sheet  and examination by radiography w a s  required 
t o  insure tha t  these defects were not located i n  the specimen gauge 
section. Two t e s t s  were , ini t ia ted with t h i s  material, however, specimen 
f a i l u r e  occurred i n  both cases outside the gauge section a t  a p p o x i m t e l y  
the posi t ion where the specimen passed through the furnace heat shields.  
The failure appeared t o  be in i t i a t ed  by a b r i t t l e  crack which propagated 
from one side. 
sectional area were su f f i c i en t  t o  cause specimen failure. The specimns 
were machined by e l ec t r i c  discharge methods and examination pr ior  to 
t e s t ing  indicated t h a t  the cracks r r e  not induced by  the  machining operation. 
A t  a s t r e s s  of  SO00 p s i  (3.45 x 10 N/m2) a t o t a l  extension of  0.25% 
was obtained i n  18 hours on the f i r s t  specimen and a creep of 0,2@ i n  
26 hours on the secord specimen. The micrsstnictare of t h e  Sfi.var!ia 4- 
material a f t e r  tes t ing  i s  shown i n  F5gure 11. 

The resu l tan t  bending s t resses  and reduction i n  cross-  

During t h e  next report  period additional t e s t s  w i l l  be i n i t i a t e d  
on the  A i r  Research TZM material obtained from NASA. The T-222 material 
has been received and -will also be tes ted  along with the  vapor-deposited 
tungs ten. 

- 13 - 
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1 oox 

FIGURE 1 I STRUCTURE OF SYLVANIA A ALLOY AFTER RECRYSTALLIZATION 
AT 3200°F (176OOC) FOR 1 HOUR, AND TESTING AT 3200°F 
(17600C) FOR 26 HOURS, HARDNESS DPH 438, ETCHANT: 15% HF, 
15% H2S04, 8% HN03, 62% H 2 0  

8707 - 1 7  - 
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APPENDIX I 

Processing Histopy of  Cb132M 

Universal Cyclops Heat No. KC 1454 

1. Glectron-beam melted stock with carbon added 
by Universal Cyclops, electrode diameter 2-1/2" 
mold s i ze  3-7/811. 

2. Vacuum a rc  melted, then canned i n  Mo-O.5Ti. 

3. Extruded a t  3130'F to 1-1/2' diameter. 

4. Cross-rolled from 2400'F i n  three passes yielding 
reductions o f  20, IO,  and 10%. 
between each pass. 

Plate  reheated 
Final thickness 3/ht'. 

5. Jacket removed, shipped i n  as-rolled structure. 
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TABLE A-1 

Creep Test Data, TZC Plate, Recrystallized a t  3092OF (1700OC) 
8 2  For 1 Hour, Tested A t  1856OF (1013°C), 25,000 psi (1.72 X 10 N/m ) 

Time 
(Minutes) 

1 
2 
3 

6 
7 
8 
9 
10 
15 
20 
25 
30 . 
60 

2 

hngth Change 
A L  (in.) 

- e o o o o ~  

- .00005 
00005 

e o o o O 5  

*00005 

*00005 - *00005 
00015 

*cQo15 
e 00025 
00065 

2" G e  L. 

-0- 

b 00010 

-0- 
-0- 

Creep Pressure 
% Torr - 

10025 4 x 10-9 
-0- 

9.0025 
m0025 
.0025 
0 0005 
0025 

.0025 
-e0025 

0075 
0075 
012 

SO32 

-0- 
-0- 
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TAEILE A-I (Cont'd.) 

Creep Test Data, TZC Plate, Recrystallized a t  3092°F (1700°C) 
For 1 Hour, Tested A t  1856"F(&W%], 25,000 p s i  (1.72 X lo8 N/m2) 

Len@h Change Creep Pressure Time A L  (in.) Creep Pressure T i m e  aL ( 
Length Change 

f Torr Torr (Hours) 2" G . F * )  (Hours) 2" G.L. - % 

1 
19* 3 
4 2 e 1  

I a.2 
1% .4 
162.8 
18 6.0 
210.3 
306.2 
330.2 
354.2 
402.4 
460.7 
9 8 . 5  
556.8 
628.5; 
a1.7 
725.6 
796.4 
844.0 

, 892.4 
9Q.6 

1013.6 
10&10,7 
1132.3 
110 6.9 
1228.6 
1277.8 
1324.4 
13490 2 
1396.3 
llr63.3 

4 000 65 
,0008 5 
.00095 
.ooo 95 . 000 9 
0008 5 

.0008 5 

.0008 

.00075 
e 000 9 
,0008 5 
,00095 
.00105 
.00125 
.oom5 
.00105 
.00115 
.00125 

eool.45 
.oollrs 
.ool4 
.00155 

.00165 

.00165 

.00165 

,0013 

. 00 1 7  

. 00 1 7  . 00 17 

.0017$ 

.00185 

.0018 5 

.032 

.04 2 

.Oh7 . 047 

.045 

.Ob2 

.Oh2 

.Ob0 

.045 

.Ob2 

.047 

.os2 

.062 

.os2 

.052 
-057 
.062 
-0 65 

0037 

,072 
,072 
.070 
-077 
.os5 
.08 2 
.082 
.085 
.085 
.082 
.087 
.OF2 
.092 

1.5 x lo:; 
1.4 X 10,8 
1 . 3  x iom8 
1.1 x 10 
5.8 X lob9 
6.6 x lo-' 
6.8 X io+ 
5.8 X lo-; 
5.2 x lo-9 
4.4 x lo:9 
3.4 x lo-9 
2.5 x lo+ 
3.6 x 
3.4 x 
3.2 X m-9 
3.0 X 10 -- I 

3.1 X lo" 
2.0 x 10:; 
2.2 x lo+ 
1.6 x 
2.8 x 10 
2.7 X lo-; 
2.6 x lor9 
2.L x 10 - 
2.0 x lo'? 1:s x 101; 
2.2 x lo+ 
2.3 x lo"g 
1.4 X 
1.8 X 
2.5 x 10 

1516.4 
1564.4 
1636.4 
1&,5;.1 
1732,k 
1804.3 
1876.7 
1972.6 
2044.4 

. 00 18 

.00185 

. O O l 9 5  

.00205 

.00195 

.oo 215 

.00225 

.ooa 

. 00 210 

-0% 
,092 
.OF7 
. l o 2  
.OF7 . loo 
.lo7 
.lo5 
.112 

Test in Progress 

2.6 x io-' 
2.5 x 10 

2.8 X 10:; 
2.0 x 
2.3 X lo-' 
9 . 6 ~  io 

3.1 x 101; 
2.2 x 10-9 

2.0 x lo+ 



TRw EQUIPMENT LABORATOfflES 
a 

THOMPSON R A M 0  WOOLORIDGE INC. . 
TABLE A-I1 

8 2  For 1 Hour, Tested A t  2056OF (U2b°C), 25,000 p s i  (1.72 x 10 N/m ) 

Time 
(Minut e s ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12 
13 
l.4 
15 
20 
25 
30 
40 
4s 
60 
Po 

Length Change 
AL (in.) 
2" G.L. 

~ 

00010 
;00020 
00030 
00050 . 00055 

.ooo65 . 00085 
00095 
00105 
00120 
0013 0 . oolf!lo 
.0015C) 
00160 
00165 
e00170 
00170 

,00175 
.0017s 
00180 

,00180 

Creep Pressure 
k Torr - 
010 
015 

b 025 

+ .032 
043 

-047 
,052 
060 

.065 
e070 
075 

.080 

.082 
.os5 
.085 
.087 

e027 

-087 
e 090 
090 



TRW EQUIPMENT LABORATORIES 

THOMPSON R A M 0  WOOLDRIDBE INC. 
e 

TAHLE A-I1 
Creep Test Data, TZC Plate, Recrystallized a t  3392°F (170OOC) fo r  1 Hour, 

Tested a t  2056'F (1121S0C), 19,000 p s i  (1.3. X lom8 N/m2) 

Length % a g e  Length Change 
Time A L  (in.) Creep Pressure Time A L  (in.) Creep Pressure 

Torr (Hours) 2" G. L. % Torr - n 
z - (Hours) 2" G.L. 

15.5 
87.1 

111.2 
133.4 
159.0 
181.6 
235.4' 
263.7 
287.7 
3 9 . 9  
334.3 
406.5 
459.3 
503.2 
573. F 
622.5 
665;. 9 
742.3 
793.2 
8 3 . 3  
909.4' 
9a.0 

1006.2 
1055.3 
1102.0 
1126.8 
117 3.9 
12.45.9 
1294 .O 
1342.0 
LlCl4.1 
111 66.7 

.0018 . 00 18 

.oom 

.ool.4 

.00135 

.0013 

.00135 

.0013 

.OOl5 

.ool4 

.oo 15 

.ool45 

.00155 

.0015 

.00175 

.00175 . 00 18 

.0018 5 . 00 1 9  

.0018 5 

.00195 

.ooa5 

.oo 210 

.00215 

.0022 

.0022 

.0022 

.oo 215 

.00225 

.00235 

.00235 

.00235 
1 9 7 . 9  .00225 

3.5 x 
1.4 X 

7.0 X 
9.8 x 

10:; 
10 4' 

lo-: 
10- 

.067 3.0 X lo-' 

.065 

.065 

.067 

.075 

.070 
-075 
,072 
-077 
-075 
.087 
.087 
*OW 
.092 
.OF5 
.OF2 
.O 97 
. l o 2  
.lo5 
.m7 
. n o  
.110 
.110 
107 

,112  
.117 
,117 
.117 
.112 

-- 
4 .2  X 10:; 

4.5 x 
3.8 X 10 
3.2 X lo-,-+ 
3.5 x lo- 

5.1 x lo+ 

_- 
2.2 x 101; 
1 . 2  x lo+ 
1.1 x lo-9 
2.8 x lo-$ 
3.8 X 

2.8 X 
1.8 X 
3.2 X 
2.6 x m 9  
2.6 x io+ 
2.7 X lo_9 

1.7 X 10 

4.2 X 10L9 

1.L X 

2.0 x 10 

2.9 x lo+ 

1.0 x lo-? 
2.1 x lo-() 
2 .1  x lo+ 
2.5 x lo-9 

1581.8 
165h.2 
1 7 9 . 2  
1822.1 

,00245 
.00245 
.OO 24 
.00235 

Test in Progress 

.122 

.122 

.120 

.117 

7.5 x 
1 . 2  x 
1.3 X 
7.0 X 



b 

TRW EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLORIDGE INC. . 

TA3U A-I11 

Creep Test Data, TZC Plate, Recrystallized at 3092°F(17000C) 

-8 2 For 1 Hour, Tested at 2000’F ( 1 0 9 3 O C ) ,  20,000 ps i  (1.38 X 10 N/m ) 

Length Change 
Time A L  (in.) Creep Pressure 

(Minut e s ) 2 ’’ G. L. % Torr - 
1 
2 

; 
5 
10 
15 
20 
25 
30 
60 
90 

-0- - .00020 - e 00040 

- o 00030 
- 00030 
- 0 00005 
00000~ 
0000s; 

b 00005 
- . 00005 

00010 
e 00010 

-0- 1.2 x 10-9 - e 010 - eo20 
- .015 - . 015 
-.002 

b 002 
0002 
0 005 . 005 
0002 

-0002 



I S  . 7RW EQUIPMENT LABORATORIES 

THOMPSON RAMO W O D L ~ R I O G E  INC. 1. 

TAm A-111 

T i m e  
(Hours) 

17.2 
41.3 
65.2 
89.2 

161.3 
209*1 
233.2 
257.3 
325;. 2 
355.9 
377 .O 
401.1 
425.0 
497.2 
521.4 
56Y. 2 
665.2 
713.3 
762.8 
833.4 
081.0 
905.2 

1001.1 
1045;. 2 
1168.4 
1216.2 
126L.3 
1336.7 
1389.5 
a3304 
1552.3 

Creep Test Data, T Z C  Plate ,  Recrystallized a t  3092"F(170OoC) 
For 1 Hour, Tested a t  2000°F (1093"C>, 20,000 p s i  (1.38 X 10"N/m2) 

Length Change 
A L  (in.) 

2" G.L. 

. a04  
e 000 6 
.0008 
.0011 
. O O l 0 5  
.0012 
.0012 
.oo 125 
.00135 
.oo& 
.ool4 
.ool4 
.ool45 
.00165 
.00165 
.00165 
.0016 
.0015s 
.00165 

. 00 18 

.0018 . 00 18 

.0019 
,00195 
.OOlS; 
.00205 
.00245 
.oo 25 
.00265 

.00170 

. 00 1 7  

Creep 
% 

.ox) 
9030 . 040 
.055 
.052 
.o 60 
.o 43 
.o 62 
.o 67 
.070 
.070 
.070 
.072 
.08 2 
.08 2 
.08 2 
.080 

.08 2 

.OS5 

.OW 

.08 5 
-0% 
-0% 
0095 
.097 
.OS5 
. l o2  
.122 
.127 
.132 

-077 

Pressure 
Torr 

2.6 X 10:; 

2.2 x 
2.0 x 
1.3 X low9 
1.7 X 
1.4 X 

2.2 x low9 

1.3 X lo-9 
2.0 x lo-9 
3.4 x lo-$ 
1.5 x loe9 
1 .9  x lo4 

5.0 x lo+ 

3.2 X loe9 
2.4 X low9 

3.1 X loW9 
4.5 X low9 
4 . 6 ~  io  -- 
1.5 x 10;; 
6.1 X 10 
5.8 x 10-3 
3.9 x 
6.4 X los9 
4.2 X lom9 
7.5 x 10 
7.0 X 10:; 
7.5 x 10 

1.3 X lo:: 
1 . 2  x 10 

T i m e  
(Hours) 

1600.2 
1672.4 
1723.4 
1768.5 
1840.1 
1936.3 

2035.2 
2104.1 

2248.4 
2272.2 
2344.2 
2396. F 
24b0.2 
2512.0 
2584.b 
2680.2 
2752.2 

198 5.6 

217 6.1 

Length Change 

2" G. L. 
A L  (in.) 

,0026 
,00265 
00 27 . 00 28 

.0030 

.OO 310 

.00305 

.0032 
e00 33 
.0034 
.00365 
.00355 . 00 37 
.00375 
.00385 
.00395 
.OO 395 
.OO 395 
.0040 

Creep 
% 

130 
.132 
135 

e l40 
150 

e 155 
0 1 5 2  . 160 
.165 
.170 
.182 

.185 

.187 

.187 

.197 
-197 
.192 
. a 0  

- 

177 

Test in Progress 

Pressure 
Torr 

2.6 x io-; 

4.6 x io- 
3.8 X 
3.8 x lo-9 
4.0 X lo-? 
3.8 X lom9 
3.5 x 
4 . 2 X  1Om9 

2.4 X 10 ,, 

5.5 x lo-9 

4*4 x 10:; 
3.0 X 

705 x loe9 
4 .6  X lo-' 

2.7 X 
2.9 x 10 
7.4 x 10-9 
5.4 x 10-9 



b TR W EQUIPMENT LABORATORIES 

'. THOMPSON R A M 0  WOOLDRIOGE INC. 

TABLE A-IV 

CREEP TEST DATA, TZC PLATE, RECRYSTALLIZED AT 3092°F (170OOC) FOR 1 HOUR, TESTED 

AT 22om (120lC0C), 18,000 PSI (1.a x 108 N/m2) 

Time 
(Minutes ) 

Length Change 
A L  ( in)  
(2n G.L.) 

1 
2 
3 
4 
5 

10 
20 
30 
40 
60 

-,00005 
-0- 
-0- 
-0- 
-0- 

e 00010 

t 00010 

.00005 

. 00005 

. 00005 

Creep 
(5 1 

-00025 
-0- 
-0- 
-0- 
-0- . 0 0 5  
005 

0 0025 
005 . 0025 

Length Change 
A L  (in) 

(2" G.L.) 

. 00110 
e 00120 

00165 
. ool40 

0 00215 . 00255 
00270 

.00280 

003 25 

.00390 

00310 

. 00365 

e 00510 
.OO58O 
0 00610 . 00660 
00670 

000670 
00685 
00715 . 00760 
00740 

0 00795 
00080 
0081 

00087 
000875 
.O0885 

.oog8O 
0 0100 
0 0101 
0 0102 
0 0103 
0 0106 
0 0109 . 01105 
o 0113 0 
e Oll!$O 

0&95 

Creep 
(% 1 

Pressure 
(Torr) 



5 . TRW EQUIPMENT LABORATORIES 

THOMPSON R A M 0  WOOLDRIDGE INC. 
L 

TABLE A-IV (Cont.) 

W3EP TEST DATA, TZC PLATE, ilECRYSTmLIZED AT 3092'F (1700°C) FOR 1 HOUR, 

TESTED AT 2200'F (1204'C), 18,000 PSI (1.24 x 10%/m2) 

Length Change 
Pres sure 

( Torr ) 
Time AL( in. ) 

( - Hours) 2" G.L. 

1407 9 
1431.4 
1460.7 
1479 4 
1575.4 
1599.9 

1647 4 

1743.7 
1767.4 
1791.5 

1839. 7 

1504.6 

1623.5 

1671.4 

1815.6 

1911 3 
1965 . 8 
1964. 1 
2007.5 
2056. 9 
2103*4 
2128.2 

. 01155 
o O l l 9 0  
01250 

.07285 . 012 95 
01305 . 01320 
01385 . 

. 01410 
-01470 

v 01395 

01720 
01755 

e01795 
.01805 
01 855 

. o m 5  
01935 

.01960 

.02005 
.02100 . 02120 

0577 - 
0595 - . 625 " . 642 7.7 x 10-10 . 647 8.2 x 1 O - l o  . 652 7.8 x lo-" . 660 8.0 x . 692 1.6 x 10-9 . 697 8.7 x 10'1~ 
705 1.1 10-9 
735 9.7 x 10-10 

.860 1.8 x 10-9 
677 1.2 10-9 

927 LO 10-9 . 957 1.2 10-9 . 967 1.3 10-9 . 980 1.1 10-9 
1.000 1.0 x 10-9 
1.050 9.4 x 10-10 

897 8.5 x . 902 8.0 x 10-l-O 

1.060 1.3 x 1 O - l o  

Test Terminated 



THOMPSON R A M 0  WOOLDRIOGE INC. 

Cmep Test Data, TZC Plate, Recrystallized at 3092°F(17000C) for 1 Hour,. 

Tested at 2200'F (120b°C), 17,000 psi (1.17 X lo8 N/m2) 

Length Change 
Time LSL (in,) Creep Presstlre 

(Minutes ) 2" G.L. % Torr - 
1 
2 

5 
6 
7 
8 
9 
10 
15 
20 
60 

-O* - r00020 
~ * 0 0 0 2 0  
.- . m 2 0  

b 00030 

- *OoOlS 
-.om15 - . o0015 
-000005 - .00015 - 0 00015 
-00015 
-00015 

-0- 5.7 x 10-9 - 0 010 
-0015 
-9010 

-. 007 - 0010 
- 007 
-e007 
-.002 
-*007 
-e007 
-.007 
-0007 



I IRw EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLORIOGE INC. 

, *  

TABLE A-V 

Creep Test Data, TZC Rate ,  Recrystallized a t  3092'F (1700'C) f o r  1 HourS 

Tested a t  2X)O.F (1X)Lt0C), 17$000 p s i  (1.17 X I O 8  N/m2) 

Creep 
% 

.082 

.080 
0090 
0122 
01 a 
0130 
e13 2 

- 

0150 
016 2 
.16 2 
0150 
,157 
0 155 
.I60 
0175 
.185 
e190 
0195 
e195 
0197 
e 205 . m . 215 
0232 
0 237 
0 237 . 240 . 265 
0 2?5 
275 . 282 . 290 

0 295 

Pressure 
Torr 

2,8 10-9 
2-4 x 10:; 
2.1 x 10 
106 x 101; 
202 x 10 
302 10-9 
104 10-9 __ 
1.5 x 10:; 
2.6 x i o  
2.4 x 10:; 
1.2 x 10 

1.4 x 10:; 
1 , 2  x PO 

-9 1.7 x 
1.6 x 
5.0 x 10 
1.6 10-9 
2.6 x  PO-^^ 
8.8 x 
8.8 x 

3.2 10-9 

_- 

-9 

9.2 x 10,lo 
2.3 x 
9.2 x 10-lo 
8.2 x io,1o 
2.8 x i o  
1.0 x 
9.6 x 

8.9 x 
1.4 x 10 

-9 

903 X io-lo 

~1 10-9 

Length Change 
Time A L  (in.) Creep Pressure 

Torr  % (Hours) 2" G.L. 

1272.1 
1295.3 
1319.2 
1391 . 2 
1439 03 
1487 03 
1559 2 
1612.0 
1655 . 2 

1799.6 
1895 0 5  
1967 2 

1 7  27 01 

. 00600 . 00615 

.O06 x> 

.00690 

.00695 . 006 90 

.00690 

.00705 
o00730 . 007 85 
.00800 
.008 x> 
,00850 



* 
8 TRW EQUIPMENT LABORATORIES 

THOMPSON R A M 0  WOOLORIOGE INC. 

TABLE A-VI 

CREEP TEST DATE, STRESS-RELIEVED TZM FORGED DISC,  TESTED AT 
2OOOOF (1093OC), 10,000 PSI (6.89 x l O 7 ~ / $ )  

Length Change 
- Time L (in) 

(Minutes) (2" G. L.) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
15 
a3 
25 
30 
45 

- 60 
75 
90 

(Hours ) 
20.0 
7407 

125 . 7 
136.5 
160.3 
184.4 
208.5 
232.2 
304.4 
328 03 

1360.3 
1384 3 
4 0 8  05 
1.480.3 
1552 . 2 
1648.3 
1696 .4 
1720.6 
1816.4 
1864.2 
1912 0 3 

-. 00030 -. 00015 - . 00015 - . 00015 
-000005 

0 00010 . 00005 . 0000 
* 00010 
0 00005 . 00005 
0 00010 
.00005 . 00000 
0 00010 
Q 00015 . 00005 

-0  00005 
00030 . 00100 

0 0008 0 
00085 . 00085 

0 ooogo 
00090 . 00100 . 00100 

.00250 
o00250 . 00250 . 00260 

. 00320 . 00320 

0 00010 

00270 

.00320 
e 00320 
00315 . 003 25 

Length Change 
Creep Pressure Time A L ( in )  

(5 1 (Torr) (Bs.) (2" G.L,) 

-.oos 
-0 0075 
-0 0075 - . 0025 

0 005 . 0025 . 000 
005 . 0025 . 0025 . 005 . 0025 . 0000 . 005 
0075 . 0025 . 005 

-. 0025 . 015 
0 0 5  
.a . 0425 
0425 .a5 

0045 . 05 
0 05 
0125 
,125' . 125 
13 
135 

.16 

.16 

.16 

.16 

162 
157 

6.7 x 
l o 0  x 
1.4 x 
1.0 x 
5.7 x 
4.4 x 
4.0 X 
3.4 x 
2.2 x 
2.0 x 
5.8 x 
5.2 x 
4.4 x 
4.6 x 
4.6 x 

3.8 x 
4.4 x 
5.7 x 
3.8 x 
4.0 x 

4.0 X 

10-10 

. 0016 . 00105 . 00110 

.0013 0 . 00135 

. O O l 4 0  . 0045 . OOI.45 . 0015 0 . 00155 . 00170 
00175 
0017 0 . 00175 . 00185 . 0018 

.O@O . 00205 
* 0 0 2 l O  . 00210 . 00210 . 00220 . 00220 
.00230 
00235 . 00240 . 00250 

.00250 . 0025 0 

109 10-9 
1.3 10-9 
2.1 10-9 
1.3 10-9 
1.2 10-9 
1 ,2  10-9 
1.2 
1,2 10-9 
1,2 x 10-9 
1.5 x 10-9 

7.4 x 10-10 

1.3 10-9 

7.5 x 10-10 
7.7 x 10-10 

7h x 10-10 

9.2 x 

7.6 x 

9.0 x 10-10 
9.2 x 

8.1 x 

8.2 x 1 O o I o  
8.0 x 
1.3 x 109 
6,9 x 
6.9 x 
6.6 x 10-10 
6,4 x bo-Io 
5,,8 x 1OWPo 
5.9 x l owlo  



* TRW EQUIPMENT LABORATORIES . THOMPSON RAMO WOOLORIDGE INC. 

- 
TABLE V I  - Cont’d 

Time (Hours) Length Change, D L ( in)  
(2” G.L. ) 

2.6 x 
3.6 x 
3.1 x 
2.8 x 1 d 0  
2,3 x 

2.7 x 

9.2 x lo-= 

1.6 x io -10 

2.0 x 10-10 

Loo x 10-10 . .  

1.7 x 10-lo 
2.6 x 
2.6 x 

---. 

2.5 x 10-10 
1.1 x 10-11 
1.7 x 
7.2 x 
-0 

1.8 x lo-’’ 
1.6 x 
1.4 x 

2.0 x 10 
8.2 x 

1.2 x lomu -10 

9.5 x 10:” 
3.4 x 10-11 

1.0 x lo-= 
1,2 x 10-ll 
201 x lo-:: 

1 0 9  X lo-n 

1.0 x 
201 x 10-11 



b 
L 

TRW EQUIPMENT LABORATORIES 
0 

THOMPSON R A M 0  WOOLDRIOGE INC. 

TABU A-VI1 

CREEP TEST DATA, TZM FORGED D I S C ,  ANNEALED AT 2 8 5 0 ~ ~  (1566"C), FOR 1 KIUR, 

TESTED AT 2000'F (1093OC) 10,000 PSI (6.89 X lo7 N/m2) 

Length Change 
Time A L  (in.) Creep Pressure 

% T o r r  (Minutes) 2" G. L. - 
1 .00030 .015 6.0 x 10-l' 
2 .00045 -0225 
3 .00040 .020 
4 .00030 .015 

.00025 .0125 

.mol5 e0075 
5 
6 
7 .OOO15 .0075 
8 .00010 0005 
9 .00020 .010 

10 .00030 .015 
11 .00030 .015 
1 2  .00025 ,0125 
13 .00030 .015 
1 4  .00030 .015 

20 .m45 00225 
25 .00050 0025 

35 . o o o ~  ,025 
40 .OOO50 0025 
45 .00050 0025 
60 .00050 .025 

15 ,00035 -0175 

30 .00055 .0275 

Length Change 
Time L ( in , )  

(Hours) 2" G. Le 

. OO040 . 00055 
00095 
00105 . 00120 
00130 . 00140 

00235 

,00485 

.00180 

. 00505 

00515 . 00525 
.00525 
,00525 
005 30 

*00535 
.00565 
00560 
00555 
00560 . 00560 . 00565 

. 005'65 
000575 
f mS80 . 00480 
0 00485 . 004 85 

. 00440 

.00465 

.00485 . 00505 
00515 . 00515 
.00510 
000525 
e 00525 
.00520 
00525 

Creep 
P 
. 020 
00275 
00475 
.0525 
.060 . 065 

1175 
2525 
2425 

02575 . 2625 . 2625 . 2625 

- 

e 070 
090 

.265 
2675 
2825 

02775 
.280 

.280 

-280 

.280 

-282 
.287 
I290 
240 

e 242 . 242 . 252 
0 220 
e 232 
242 

2825 

0277 

. 252 
0 257 
0257 
e 255 . 262 

. 260 . 262 

e 262 

Pressure 
Torr 

6.2 x 10" 
3.1 x lo-? 
5.1 x 1019' 
3.0 x 
3.4 x 
2.4 x lo-. 
2*3 x iom9 
2*2 x 

1.6 x i o  
1.8 x lom9 

1.6 x 10:; 
2.2 x 
1.4 x 
1.0 x 

1.6 x i o  
1.0 x IO+ 
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e 

Length Change 
Time A L  (in.) 
(Hours) 2" G.L. 

1456 06 
1480.9 
1505 00 
15 28.5 
155208 
1649 .O 

1722,7 
1792.8 

1696 06 

18L0.7 
18)-1007 
1960 8 
1984.8 
2008.6 
2056 9 
2ll5 0 2 
2163 .o 
2211 0 2 
2283.4 
2336 03 
23802 
2450 09 
25 23 00 
2619 2 
2691,O 

2859,8 

2978.9 
30 27 .O 

2786.8 

293203 

3122.9 
3195 o 2 

345808 
3531 e 2 

3699 00 

3363 .o 

3627.1 

Creep 
% 

. 260 
0252 . 255 . 260 
265 . 267 
265 
265 . 265 . 265 

270 

. 270 

. 272 . 275 

275 

e272 

277 

0272 . 280 . 280 . 275 
277 . 285 . 285 
305 

e317 
.320 
320 

0320 
290 
315 

m302 
e325 
e322 
.327 
0320 
e327 

THOMPSON R A M 0  WOOLORIDGE INC. 

TABLE A-VI1 ( Continued) 

Pressure 
Torr 

4.b x -9 1.6 x loml1 
-9 9.7 x 10 

1.3 x 10-9 
1.3 X 10-10 
9.3 x 10 -- -- 

-12 3.2 x 10-11 
8.8 x 
8.8 x 
9.6 x 10,lo 
3.6 x 
1.5 x 10 

3.2 x 
8.0 x 10,~ 
1.4 x 
1.1 x 10 

-11 1.4 x 10,11 
1.4 x 
1.0 x 
8,6 x 10 

2.5 x 
8.8 x 
1.4 x 
2.2 x 
1.2 x 
2.6 x io,1o 
2.8 x 
1.2 x 
2.4 x 10-7 0 
9.2 x 

-- 
-10 

-c 

-- -10 

2,4 x 
4.2 x 10 
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Table A-VIII 

C r e e p  T e s t  Data for TZM Mater ia l  Received f r o m  NASA Tested at 
1800°F (982"C), 24, OOOpsi (1. 65 x 108N/m2) 

Length Change 
T i m e  A L (in. ) Creep  P r e s s u r e  

-- (Hours)  2" G. L. ( 7 0 )  ( T o r r )  

66 .9  .00010 - 3.7 x 10-8 
88.5 ,00005 - 3.7 x 10-8 

117. 1 .00005 - 2 . 3  x 10-8 
136.4 0 .00000 - 1. 6 x  10-8 
160.4 .00005 - 1. 6 x  10-8 

280. .6 .00020 . o 1 0  5 . 6  10-9 
304. 5 . 00020  . o10  6 .7  10-9 

400.4 .00025 . 0 1 2  4.2 10-9 
424.4 .00030 ,015 3.7 10-9 
448.7 .00035 .017 ~4~ 10-9 

232.2 . 0 00 20 . O l O  9 .8  x 10-9 
256.7 .00015 .007 8.8 x l o F 9  

329.8 .00030 .015 6. 1 x 

472.4 .00040 .020 2.6 x 
496.5 .00040 .020  - 



b TRW EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLORIDGE INC . 

I TABLE A-VI11 

Creep Test Data for TZM M a t e r i a l  Received from NASA Tested at 1856OF 
(1013'C), 24,000 psi (1.65 x 10 8 2  N/m ) 

Time 
(Minutes) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
15 
30 
60 

Length Change 
b L  (in.) 
2" G o  L o  

Pressure Creep s Torr - 
-.005 302 X loo7 
0.007 
-0005 

- 0 005 - 0005 
-0005 
9 ; 002 
9.005 
= 002 
-.010 
= * 010 
3 007 

- ,002 
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TABU A-M 

CREEP TEST DATA FOR Cb132Y, BNNEAUD 3092'F (l7OO'C) FOIi ONE HOUR 

TESTED AT 

2056'F (1124'C), 20,000 PSI (1.38 x lo8 N/m2) 

Length Change, A L (in. ) 
Time (Minutes) 2" G o L o  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
15 
20 
25 
30 

Time (Hours) 

64.6 
88.4 

117.4 
136 3 
161.3 
232.1 
256.5 

304.1 
328.1 
400.4 
424.1 
440.3 
472.2 
496.4 
568,o 

280.6 

- 
-0- 

-0- 
-0.. 
-0- 

.00030 
00030 . 00020 

.00025 
*00030 

. 00005 

*00030 
00030 
00030 

Pressure 
Creep (%> Torr 

-0- 
.002 
-0- 
-0- 
-0- 

*005 
015 . 010 
.Ox? . 015 . 015 8.2 x 
0015 
0015 

-9 105 1.1 x 
.u2 7.8 x 10 . 205 

262 

*455 
5 i O  
542 
,572 
792 

e 8 0 7  
c 890 
9.67 

I.QO 
1. 17 

217 

TEST TZRIINATED 
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TABLE A-XI 

CREEP TdST DATA FOH Cb132M, ANNEBZED 3092'F (1700'C) FOR 1 HOUR 
8 2  TESTED AT 2 0 5 6 ~ ~  ( l l 2 4 O C ) ,  17,000 PSI (1.17 x 10 N/m ) 

Isngth Change 
Time AL (in.) Creep &e8SUSe 

(anutes) 2" G. L o  ss T o r r  - 
1 .oooo5 .002 8.5 x low1' 
2 .00010 e o 0 5  
3 . o0005 0002 
4 -0- -0- 

.oooo5 0002 

.00010 - 0 5  
5 
6 
7 .00010 . O S  
8 .ooo15 .007 
9 .OOOl5 am7 
10 .om15 0007 
15 -00035 0017 
20 .o0055 0027 
25 .O0050 .025 
30 .o0050 .025 
60 .ooo55 0027 
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C r e e p  T e s t  Data for Cb132M, Annealed 3092OF (1700°C) F o r  1 Hour 
Tested a t  2056"~ (l12k°C), 17,000 psi (1. 17 x 108N/m2) 

.Length Change 
Time ' A L (in. ) 

(Hours)  
19.'0 
42.. 9 

114.9 
139. 1 
163.0 
187. 2 
211.0 
283. 0 
307. 1 
335. 6 
355.0 
378. 9 
450. 8 
475. 3 
499 .1  
523. 2 
549.2 
619. 2 
643. 0 
667. 2 
691. 0 

(2"  G. L. ) 
.00115 
.00255 
.00415 
.00525 
.00580 
.00650 
.00665 
.00865 
.00935 
.00975 
.01055 
. 0 1095 
. 0 1335 
. 0 1375 
. 0 1405 
. 0 1525 
. 0 1595 
. 0 1765 
. O l 9 l O  
. 0 1995 
.02055 

C r e e p  

.057  

. 127 

. 207 

. 262 

. 290 

. 3 2 5  

. 332 

. 4 3 2  

.467  
* 437 
.527  
:547 
.667 
. 687 
, 7 0 2  
. 7 6 3  
.797 
. 8 8 3  
, 9 5 5  
.997 

1.020 

(74 
Pr  e s s u r  e 
[ Tor r )  

9 . 2  x 1 0 - l 6  

9 . 3  x 10-1O 
9 . 3 x  10-1O 
4 . 1  x 10- l0  
7 .2  x 10-10 

4.7 x 10-10 

4 .0  x 10-1O 

3 . 4 x  10 - l0  
5 . 3 x  10-10 

5 . 2  x 10-10 

8. 1 x 10-l '  

3.8 x 

3 .6  x 10-l '  - 10 4. 3 x 10 

-10 3.8 x 10 

- 10 2 .1  x 10 
4.6 x IOe1' 

- 10 4.7 x 10 - 10 3. 3 x 10 
-10 3.8 x 10 

3.9 x 10- l0  

T e s t Te rmina  ted 
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TABU A-XI 

CKEEP TEST DATA, Xw25$Re S M T ,  TESED AT 3200'F (176OoC), 

Time 
(Minutes) 

5 
10 
15 
20 
30 
4s 
60 

7 2  1500 PSI (1.03 x 10 N/m ) 

Isngth C h a n g e  
A L  (in.) 
2" G. L o  

.OOOO5 

.00010 
0 00010 
.00010 
.00010 
4 00010 
00010 

Creep 
% 

Preasnre 
Torr 
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TABLE A - X I  (Cont’d.) 

CREEP TEST DATA, W-25$Re SHEhT, TESTED AT 3200°F (176OoC), 
1500 PSI (1.03 x 107N/m2) 

TkE? 
( Hours ) 

10.6 
82.7 

106.6 
130.6 
154 6 
178.8 
250.6 
274.5 
298.6 
322-5 
346.7 
418 - 5 
422 9 
466.7 
490.7 
515.0 
586.0 
611.1 
634 6 
658.7 
682.7 
754 7 
781.3 
802.6 
826.6 
850 - 5 
922.6 
946.9 
570 9 
994 - 6 

1018.6 
1090.6 
1S4 .8  
1139.8 
1162.5 
1188.3 
1258.9 
1283.3 
Test Terminated 

k n g t h  Change 

( 2 ”  G. L.)  
dL (inch) 

.00005 

00735’ 

.oil70 
01535 

01795 

004SO 
00700 

.01065 

.01730 

.02135 

.02195 

.02480 
.02700 
.02910 
03225 

.03 870 

.04010 

* 03345 

OULO 
04300 
04.490 

.os065 
05385 
05525 
.Os 700 - 05 835 
.06480 
.06820 
.069@ 

.08120 

.08305 

.07210 
,07370 

.08525 

.09065 

.lo085 

,08795 

09770 

Creep 
(a 

0.0025 
0.2250 
0 * 3500 
0 3675 
Q.5325 
0.5850 

0.8650 

1.0670 

0.7670 

0.8970 

1.0970 
1.2400 
1.3500 
1 4550 
1.6120 
1.6720 
1.9350 
2 m 5 0  

2.1500 
2.2450 
2.5320 
2.6920 
2 7620 

2 *07W 

2.8500 
2.9170 
3.2400 
3.4I.w 
3.470c 
3 6050 
3 6850 
4.0600 
4 1520 
4 2520 
4- 3970 
4 5320 
4.8850 
5 0420 

Pressure 
(TOIT) 

1.4 10-7 
2 . 1  x 10-8 
2.0 x 10-8 
1.6 x 10-8 
1.6 x 10-8 
1.4 x 10-8 
1.0 x 10-8 
9.8 10-9 
1.0 x 10-8 

9.4 10-9 

1.5 x 10-8 
1.0 x 10-8 

1.0 x 10-8 
9.2 10-9 
8.9 10-9 
1 .2  x 10-8 
7.9 10-9 
7.0 10-9 
7.5 10-9 
7.2 10-9 
7.2 10-9 
8.3 x 10-9 
8.8 x 10-9 
1.4 x 
4.4 x 10-9 
4.8 x 10-9 
5.0 x 10-9 
5.9 10-9 
9.0 x 10-9 
5.8 x 10-9 
6.4 x 10-9 

9.6 x 10-9 

8.5 x 10-9 

8.4 x 10-9 

9.6 x 10-9 

e--- 

4.2 10-9 ---- 
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CREEP !TEST DATA, TUNGS!i!EM SHIEET, TESTED AT 3200OF (1760OC) 

T h e  
(Minutes ) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
15 
20 
25 
30 
60 
90 

bngth Change 

2" G. L. 
AI, (in.) 

.oooos 
0 m15 
0 00015 
0 00010 
.mol5 
0 00020 
0 00020 
.om20 
000020 
.000lS 
.00020 
00010 
000020 
000020 
.00020 
o00030 

C-P 
I 

0002 
6007 
0007 
0005 
0007 
010 
0010 
0 010 
.010 
007 

0 010 
0005 
.010 
.010 
0 010 
0015 

- prssstlre 
Torr 

4 x loo8 
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TABLE A - X I 1  (Cont Id. ) 

CREEP TEST DATA, TUNGSTEN SHEET, Ti3STED AT 3200°F (176OoC), 
1000 PSI (6.89 x 106N/m2) 

16.6 
88.4 

112.4 
136.3 
160.3 
184.4 
256 3 
280.7 
304 5 
328.4 
352.7 
424 5 

472.3 
448.9 

496 4 
520.4 
S92.4 
619.1 
640.3 

688.2 
760 4 
784.6 
808.7 
823 3 
856.3 
928.5 
952 
977.5 

ioou . 3  
1026.3 
1096.6 
1121.1 
1143.3 
n68.4 
1264.3 
1288.4 

664.3 , 

Length Change 
AL (inch ) Creep 
(2" G . L . )  - (%I 
.00180 . GO480 
.00615 
.00750 
.00880 
.00960 
.01ll5 
.Oll90 
.01215 
,01265 

015 75 
,01725 
.01705 
.01725 
.01740 
.01810 
,01930 
.01960 
.02010 

01330 

.02oko 

.02155 
* 02190 
02305 

-02375 
02LSS 

.02465 

.02570 
.02660 
02715 
02775 

.02850 

.02875 

.03040 

.03120 
03145 

02930 

0 090 
0.240 
0 307 
0 375 
0.440 
0.480 
0 557 
0 9 595 

0.632 
0.665 

0.862 
0 852 

0.870 

0.607 

0 787 

0.862 

0 905 
0 965 
0.980 
1.005 
1.020 
1.072 
1.095 
1.152 
1.187 
1.222 
1.232 
1.285 
1.330 
1.357 
1.387 
1.425 
1.437 
1 465 
1.520 
1.560 
1.572 

Pressure 
(t04 

2.2 x 10-8 
1.0 x 10-8 
1.1 x 10-8 
9.2 10-9 
7.8 x 10-9 
6.9 10-9 

3.9 10-9 

7.2 x 10-9 
6 .1  10-9 

5.6 x 10-8 
1.6 x 10-8 

6.8 x 10-9 
6.5 x 10-9 

6.3 x 10-9 
9.0 x 10-9 
4.6 x 10-8 

3.6 x 10-8 

4.0 x 10-8 
4.6 x 10-9 

7.2 x 10-9 
2 . 4  x 10-9 
2.4 x 10-9 
3.0 x 10-9 

8.2 x 10-9 
2.4 x 10-9 

8.3 x 10-9 
8.0 x 10-9 

9.4 x 10-9 
9.2 x 10-9 
2.8 x 10-9 

5.0 x 10-8 

4.9 x 10-8 
4.7 x 10-8 

1.5 x 10-8 

2.3 10-9 

---- 

-e-- 
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TABLE A-XII (Continued) 

Time 
(I-bsOUrS) 

1336.9 
1360 9 5 
a55 -4 
1479.4 

1527.5 

1312. 4 

lh31.6 

1503.2 

1599.8 
1623.3 
1652.7 
1671.4 
1691.6 
1767.3 
1791.8 
1815.4 
1839.3 
1863.3 
1935 6 

2103.2 

1983 5 
2031.7 

2157 - 7 
2248 8 

2320.2 

2199.5 

2295 3 

2367 3 
2439 2 
2487 4 
2535 3 
2607.3 
2660.1 
2703 3 
2775 2 
2847 5 
2943.6 
301s 4 

Iength Change 
AL ( inch)  
(2" -G.L. j 

.03265 
,03210 

03300 
03345 
*03L30 
-0344s 
*03455 

-03525 
-03550 

.03460 

.03630 

.03665 

.03690 

.03810 

.03 865 

*037& 

,03825 
.03 850 

.03?10 

.04010 

.04040 . OLlOo 

Creep - (%I 

1.730 
1.762 
1.775 
1.815 

1.872 

1.912 
1.905 

1-925 
1- 932 
1 955 
2.005 

2.050 
2.020 

2.067 
2 e090 
2.102 
2.130 
2.137 
2.162 
2 185 
2.210 
2.232 
2 -2 77 
2.310 
2.285 
2 352 
2.385 

2 470 
2.425 

Pressure 
( Tom) 

6.7 x 10-9 
2.4 10-9 

4.6 x 10-10 
2.4 x 10-9 
3.2 x 10-9 
6.8 x 10-9 
6.6 x 10-9 
5.3 x 10-9 
3.0 x 10-9 

--e- 

---- 
1.8 10-9 
2.0 x 10-9 
1.8 x 10-9 
1.7 x 10-9 

6.0 10-9 
1.7 x 10-9 

3.2 x 

2.5 x 10-9 

7.4 x 10-9 

6.2 x 10-9 

7.3 x 10-9 
2.2 10-9 

---- 
2.3 x 10-9 
2.8 10-9 
2.1 10-9 

2.0 x.1~-9 

7.0 x 10-9 

2.2 x 10-9 

6.6 x 10-9 
1.4 x 10-9 
5.6 x 10-9 
1.7 x 10-9 
1.6 x 10-9 
2.0 10-9 
5.0 10-9 

Test i n  Progress 
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