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NOTICE

This report was prepared as an account of Government sponsored work. Neither
the United States, nor the National Aeronautics and Space Administration
(NASA), nor any person acting on behalf of NASA:

A} Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not
infringe privately owned rights; or ‘ ‘ :

B.) Assumes any liabilities with respect to the use of, or for damages -
resulting from the use of any information, apparatus, method or
process disclosed in this report.

As used above, "person acting on behalf of NASA" includes any employee or
contractor of NASA, or employee of such contractor, to the extent that such
employee or coniractor of NASA, or employee or such coniractor prepares, dis-
seminates, or provides access to, any information pursuant to his employment or
contract with NASA, or his employment with such contractor.
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Attention: AFSS-A
Washington, D. C. 20546
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FOREWORD

The work described herein is being performed by TRW Inc. under the
sponsorship of the National Aeronautics and Space Administration under
Contract NAS 3-9439. The purpose of this study is to obtain design creep
data on refractory metal alloys for use in advanced space power systems.

The program is administered for TRW Inc. by E. A, Steigerwald,
Program Manager, K. D. Sheffler is the Principal Investigator, and R. R.
Ebert contributed to the program.. The NASA technical director is Paul
E. Moorhead.

Prepared by lk'D
K, D, Shefflet [
Engineer
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Manager
Materials Technology
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ABSTRACT

The molybdenum-base alloys TZC and TZM, and the tantalum-base alloys
T-111, Ta-10W and ASTAR 811C are being creep tested at temperaturgs of
1600°F~2600°F (870 to 1427°C) in a vacuum environment of <1 x 10 ~ torr.
Test parameters are generally chosen to provide extensions of 0.5 to 1%
in tests as long as 15,000 hours,

Test results from TZC and TZM show the effects of variations in
composition and thermal mechanical processing history on 1/2% creep life.
Analysis of these data using the Larson-Miller parameter indicate that at
higher stress levels and lower temperatures a specially processed lot of
TZM, having a somewhat higher than normal carbon content, is superior to
TZC in the stress relieved condition. At lower stresses and higher tempera-
tures, however, the behavior of the two materials is comparable.

Results of a sequential test on W-25% Re alloy show that this alloy
does noE creep in the 1600 to 1800°F (870 to 982°C) range at 10 Ksi (6.89 x

N/m“) Preliminary results indicate that 509e crEep may “be occurring in
this same temperature range at 15 Ksi (10.% x 107 N/m“)

Creep data for five different heats of tantalum-base T-111 alloy show
good agreement between heats, and sufficient data are presented to provide
a Larson-Miller design curve.

Progressive stress results indicate that T-111 creeps at essentially
the same rates in this type of test as in static tests at equivalent stress
levels., This result has permitted development of a strain rate integration
technique for prediction of progressive stress creep lives which appears at
least as good and possibly better than the Larson~Miller integration tech-
nique discussed in the Nine Month Summary Report.

Preliminary results from a Ta-10W sequential test indicate that the
creep resistance of this alloy will lie near the upper edge of the T-111
scatter band on a Larson-Miller plot,

Results at a single creep test in progress on ASTAR-811C, a relatively
new dispersion strengthened tantalum-base alloy developed by Westinghouse for NASA
show excellent agreement with data published by the developer which indicate
significantly better creep resistance than T-111,
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INTRODUCTION

Refractory metal alloys are currently specified or.considered for a
variety of applications in space electric power systems. Among these is
the proposed use of the molybdenum base alloys TZC and TZM as turbine com-
ponents, and the tantalum-base alloys T-111, Ta-10W, and ASTAR 811C for
tubing or radioisotope capsule fabrlcat|on. Long tlme creep strength is a
critical property in these applications because of the high service tempera-
tures. Since the systems will operate either in the. vacuum .of outer space
or in liquid metal environments where the partial pressure of reactive gases
is extremely low, it is necessary to creep test candidate materials in a non-
contaminating environment in order to generage representative design data
because of the sensitivity of creep behavior to interstitial contaminants.
The purpose of this program is to develop the required creep data for_TZM,
TZC, and the tantalum base alloys in an ultra-high vacuum of <1 x 107 -8 torr
at temperatures and stresses chosen to provide 1/2% to 1% creep in times up
to 15,000 hours.

Consideration of T-111 for radiosotope capsule fabrication has created
a need to study the creep behavior of this material under the influence of
progressively increasing stresses. The isotopes involved generate helium
gas as a decay product, so that the sealed capsule is subjected to continuously
increasing pressure during operation, as well as a decreasing temperature be-
cause of decay. Two approaches are being taken to obtain the required data;
first, analytical techniques are being developed to predict the progressive
stress 1% creep life of T-111 from conventional constant load creep test data.
Second, creep tests are being conducted on T-111 with progressively increasing
loads in order to evaluate the analytical predictions. Methods for correlating
the stress rate and temperature dependence of the experimental progressive stress
creep lives are also being studied.

in addition to long-time creep testing, several auxiliary studies are
being made under this program. A sequential creep test is being performed on
Ta~10W alloy to aid in the selection of parameters for long time tests, while
an annealing study is being made on ASTAR 811C in order to select the optimum
heat treatment for this alloy prior to initiation of a long time test program,
A sequential test is also in pregress on W-25% Re to evaluate the suitability
of this alloy for stressed diaphram or high temperature spring applications.
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EXPERIMENTAL DETAILS

Materials

Sources of the test materials and details of the available processing
histories have been presented elsewhere (1). Chemical analyses of each of
the heats tested are shown in Table 1,

TZM has been evaluated in three forms -- swaged bar (Heat 7463), a ‘convention-
ally processed disc forged at 2200°F (1204°C) (Heat 7502), and a section of
another disc which has a higher than normal carbon level and was fabricated
with a sequence designed to produce improved creep resistance (2). TIM is
being evaluated primarily in the stress relieved condition.

The tantalum-base alloys are being evaluated in the form of 0.030 inch
sheet. T-111 and Ta-10W are recrystallized 1 hour at 3000°F (1649°C) prior
to testing, while the specimen of ASTAR 811C currently being tested was
annealed 1/2 hour at 3600°F (1982°cC).

Test Procedures

The experimental program involves creep testing of sheet and bar speci-
mens at temperatures ranging from 1600 to 2600°F (870 50 1527°C), and at
stresses between 500 and 65,000 psi (0.34 to 44.8 x 10’N/m”). A combination
of parameters is generally selected which will provide 1/2 to 1% total creep
in 5000 to 15,000 hours. Two inch gauge length button-head bar type speci-
mens and double-shoulder pin loaded sheet—type specimens are used respectively
for testing of plate and sheet-type materials. The orientation of the speci-
men with respect to the working direction is given below:

Material Form Specimen Axis Paral]el to

Disc Forging Radius of disc

Plate Extruding direction

Sheet Rolling Direction (except where
indicated)

Both the construction and operation of the test chambers and the ser-
vice instruments in the laboratory have been described in detail in previous
reports (Appendix I). The creep test procedure involves initial evacuation
of the test chamber to a pressure of less than 5 x 10719 torr at room
temperature, followed by heating of the test specimen at such a rate that
the pressure never rises above | x 107° torr. Pretest heat treatments are
performed in situ, and complete thermal equilibrium of the specimen is in-
sured by a two hour hold at the test temperature prior to load application.
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The pressure is always_below 1 x 10 8 torr during the tests and generally
falls into the 1 x 107'Y or 1 x 107 range as testing proceeds. Specimen
extension is determined over a two inch gauge length with an optical extenso-
meter which measures the distance between two scribed reference marks to an
accuracy of + 50 microinches.

Specimen temperature is established at the beginning of each test using
a W-3% Re - W-25% Re thermocouple. Since thermocouples of all types are
subject to a time dependent change in EMF output under isothermal conditions,
the absolute temperature during test is maintained by an optical pyrometer.
In practice the specimen is brought to the desired test temperature using
the calibrated thermocouple attached to the specimen as a temperature
standard. The use of this thermocouple is continued during the temperature
stabilization period which lasts 50 to 100 hours. At this time a new reference
is established using an optical pyrometer having the ability to detect a tempera-

ture difference of + 1F°, and this reference is used subsequently as the primary
temperature standard.
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RESULTS AND DISCUSS!ON

A complete tabulation of all tests conducted on the creep program is
presented in Appendix |l, while creep curves for each test involved in the
current reporting period are compiled in Appendix I,

The property generally used to characterize creep behavior is the
time required to reach 1/2% or 1% creep, as measured from a loaded start.
The Larson-Miller parameter is employed for correlation and presentation
“of the design data.

Molybdenum Base Alloys

The final test in the TZC program (B-37) has been completed, and the
results are summarized together with all of the TZC data on a Larson-Miller
plot in Figure 1. Significant variation of properties is observed between
the various heats and heat treatments studied, but the data can be used to
indicate the general capabilities of this material for comparison with other
refractory alloys.

The extrapolated creep life of a single test still in progress on TZMHeat
KDTZM~1175 (B-38) is shown on a Larson-Miller plot in Figure 2 together with
the TZM data from Appendix 1l. This heat (KDTZM-1175) received a special
processing involving a very high temperature side forging (3400°F) (1870°C)

followed by pancake forging in the 2800-2100°F (1538 to 1147°C) range, and
this special processing has provided improved creep resistance. Comparison
of the TZM results with those in Figure 1 shows that at higher stress levels
and lower temperatures this material is superior to TZC. However, at lower
stress levels and higher temperatures the behavior of the two materials is
comparable.

W-25% Re Alloy

Results of a sequential test series (S-55A-E) performed on W-25% Re
stress relieved 1 hour at 2550°F (1400°C) have shown essentially no creep
in the temperature range of 1600 to 1800°F (870 to 982°C) at 10 Ksi. A
second test program (S-61) involving five successive 200 hour tests at 50F°
intervals between 1600 and 1800°F (870 and 982°C) has therefore been initiated
at 15 Ksi on the same sample. Results of the first two sequences again show
little or no creep at 1600 and 1650°F (869 and 900°C), but it appears that a
small amount of creep (approximately .008% in 200 hours) has occurred at 1700°F
(927°C). Results of the completed test series will be analyzed in the next
quarterly report.
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PARAMETRIC REPRESENTATION OF TZC CREEP TEST RESULTS
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TEMPERATURE, °F
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Tantalum Base Alloys

The test program on unalloyed tantalum was completed during this
report period with the termination of test B-L2B. The extrapolated 1%
creep life of this test is essentially the same as that reported in the
15th quarterly.

One percent creep life results from .the three tantalum base alloys
T-111, Ta-10W, and ASTAR 811C are summarized on a Larson-Miller plot in
Figure 3, together with data from the literature on ASTAR 811C (3).
Excellent agreement is shown in this figure between the five heats of T-111
tested to date.

Ta-10W Al loy

The Ta-10W test results in Figure 3 indicate that the creep resist-
ance of this alloy will lie at about the upper edge of the T~111 scatter
band. Based on this observation a long time test at 2000°F (1093°C) and
16 Ksi (11.0 x 107 N/m2) will be initiated during the coming report period.

ASTAR 811C

Results of a single test in progress on ASTAR 811C annealed 1/2 hour
at 3600°F (1882°C) are plotted in Figure 3 together with a series of test
results from the Westinghouse Astronuclear Laboratory, the developer of this
alloy. While the creep resistance of ASTAR 811C is significantly better than
T-111 in all conditions of heat treatment, the specimens annealed in the
3600°F (1982°C) range possess particularly good creep strength. However,
some concern is felt over the grain growth which may have occurred at the
high annealing temperature, and an annealing study has therefore been
initiated on ASTAR 811C to develop a heat treatment which provides the
optimum compromise between creep strength and grain size.

Data from Westinghouse indicate that the improved creep resistance is
not produced by annealing as high as 3450°F (1900°C), thereby narrowing the
range of evaluation necessary in this program. Results of the Westinghouse
study on grain growth in ASTAR 811C (4) are shown on a Larson-Miller plot in
Figure 4, where mean grain diameter (mm) is plotted against a Larson-Miller
parameter calculated with a constant of 8, using the time and temperature
of heat treatment as variables. Also shown on this plot are grain growth
data generated at TRW on the same material. The two sets of results agree
reasonably well, although the TRW results tend to be somewhat higher.
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Arbitrarily selecting a mean diameter of 0.1 mm (0.004 in.) as the
maximum acceptable grain size in a 0.035 in. sheet, a Larson-Miller parameter
can be chosen from the upper edge of the scatter band and the various time-
temperature combinations necessary to achieve this grain size can then be
calculated. The required treatment times in the 3450 to 3600°F (1900 to 1982°C)
range are shown in Figure 5. During the coming report period, experiments will
be conducted to evaluate the potential creep resistance of samples heat treated
in this range.

T-111 Progressive Stress Tests

Results of the progressive stress tests completed or in progress to
date are summarized in Table 2. Several techniques are currently being
evaluated for analysis of these results. The first involves plotting creep
strain as a function of stress, which provides a classical stress-strain
diagram on which progressive stress data can be compared to conventional
tension test results (Figure 6). This form of analysis is particularly
useful for visualizing the influence of stress rate and temperature on the
relative shapes of the tension and creep test curves. At the higher test
temperatures and lower stress rates, the curves show early ''yvield" followed
by a gradually decreasing slope, while at the lower test temperatures and
higher stress rates, a greater portion of the deformation is elastic, and the
transition to plastic deformation is much sharper. The tendency for most of
the deformation to be elastic at the lower temperatures and higher stress rates
provides an excellent rationalization of the limiting stress rate concept
proposed in the Nine Month Summary Report. Under these test conditions, very
little plastic deformation occurs until the stress approaches a high percentage
of the yield strength, at which point the curve breaks rather sharply and sig-
nificant deformation is achieved in a relatively short time.

Another approach to analysis of the progressive stress data involves
comparison of static and progressive stress creep rates. It has been shown
in a previous report that the static steady state creep rate of recrystalltzed
T-111 can be described analytically as
- peB% AH/RT )
in the temperature and stress ranges of 1800 to 2400°F (982 to 1316°C) and
2400 to 20,000 psi (1.65 to 13.8 x 107 N/m2), This expression is useful for
comparison of static and progressive stress results since it alloxﬁ/ﬂ+l of the
strain rates to be displayed on a single plot of stress versus te
strain rate at various stresses in the progressive stress tests, which were
obtained by simple numerical differentiation of the creep curves, are plotted
according to this form in Figure 7 together with the static data. Although
the scatter is somewhat greater, the strain rates achieved in the progre55|ve
stress tests are jn the same range as the static test data.
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TABLE 2

Summary of Progressive Stress Tests
on T-111 Annealed 1 hour at 3000°F

Test Loading Rate 1% Creep Life

No. Heat No. Temp.°F psi/hr. Predicted(l) Observed Predicted(2)
$-36 65080 2200 16 485 600 -
$-38 65080 2200 1 4260 3830 -
S-4é 65079 2200 16 880 1000%* 895
S-49 65079 1800 20 1200/ 1700%: 1660 1430
S-51 D-1183 2200 16 880 1080 895
S-52 65079 2000 13 2000 1600 1540
$-53 65079 2200 5 2200 2240 2260
S-54 65079 2000 5 4400 4000 3500
$-56 65079 1800 5 8900 Fedek k990
§=57 65079 2200 ] 7700 ke 7340
*.  Extrapolated

#% Based upon rate of approach to yield strength
*%% |nsufficient to extrapolate

(1) Predicted by the Larson-Miller integration technique.
(2) Predicted by integration of instantaneous static strain rates.

12
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TIME, MINUTES

3450 3500 3550 3600

TEMPERATURE, °F

FIGURE 5. ANNEALING TIME REQUIRED FOR O.1mm GRAIN DIAMETER IN ASTAR
811C COLD ROLLED TO 85% R.A. (HEAT NASV-20-WS).
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The above result is significant because it means that integration of
the static creep test steady state strain rates should predict the progressive
stress creep lives. The strain at any point in a progressive stress test is
simply the integral of the strain rate as a function of time:

e = fg g(t) dt (2)

If the functional relationship of € to stress and the time dependence of
stress are known, this equation can be expressed in the form:

e = g elo(t)] dt (3)
We know the form of é(o) from Equation (1) and o(t) is simply
o= &6t (4)

for the linearly increasing stress test. Inserting these two expressions
in (3) yields:

coo_ (5)
c = fz AeBcte AH/RTdt

which can be integrated analytically to evaluate the upper limit (which is
creep life) for any desired strain. Choosing € = .01 results in an expression
for 1% creep life of the form:

-AH/RT BSL
0.01 = 28 (e™"-1) (6)
Bg
or, rearranging,
1 0.01B%G
L= 5 in{ ;;-—A'Wﬁ'— + 17} (7)

Using appropriate values of A, B, and AH as listed in (5), the 1% creep life
of each of the progressive stress tests has been calculated and listed in
Table 2. Although sufficient data are not presently available for a critical
evaluation of the predictions, it appears that they are at least as good and
perhaps better than those made by the Larson-Miller integration technique
described in the Nine Month Summary Report.
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SUMMARY

1. Larson-Miller analysis of creep test results on molybdenum-base TZC
and TZM alloys shows that at higher stress levels and lower tempera-
tures a specially processed lot of TZM having a somewhat higher than
normal carbon content is superior to TZC in the stress relieved con-
dition, whereas at higher temperatures and lower stresses, the behavior
of the two materials is comparable.

2, W-25% Re undergoes no detectable creep at 10 ksi (6.89 x 107 N/mz)
in the temperature range from 1600 to 1800°F (870 to 982°C).

3. Design data for T-111 in the temperature and stress range of 180Q to
2600°F (980 to 1427°C) and 0.5 to 20 ksi (.394 to 14.0 x 10/ N/m°) are
presented in the form of a Larson-Miller plot for 1% creep life.

L, T-111 alloy creeps at essentially the same rate in progressive
stress tests as in static tests at equivalent stress levels. A strain
rate integration technique has been developed to predict the 1% creep
life of a progressive stress test, and the results appear at least as
good and possibly better than those from the Larson-Miller integration
technique.

5. The creep resistance of Ta-10W appears to be slightly better than T-111.
6. Results of a single test on ASTAR 811C are in good agreement with data

from Westinghouse, the developer of this alloy, which show it to have
significantly better creep resistance than T-111.

17



TR w INC. EQUIPMEENT LABORATORIES

BIBL10GRAPHY

1. K. D. Sheffler and E. A. Steigerwald, ''Generation of Long Time Creep
Data on Refractory Alloys at Elevated Temperatures,' Nine Month Summary
Report, NAS-CR-72391, Contract NAS-3-9439, 14 December, 1967.

2. - R. L. Salley and E. A. Kovacevich, 'Materials Investigation, Snap
50/SAUR Program Mechanical Properties of TZM,' Technical Report
AF-APL-TR-65-51, 25 June, 1965.

3. R. W. Buckman and R, C. Goodspeed, ''Development of Dispersion
Strengthened Tantalum Base Alloy,' Eleventh Quarterly Report,
NAS-CR-72094, Contract NAS-3-2542, 20 May - 20 August, 1966,

L, R. W. Buckman and R. C. Goodspeed, ''Development of Dispersion
Strengthened Tantalum Base Alloy,' Thirteenth Quarterly Report,
NAS-CR-72306, Contract NAS-3-2542, 20 November, 1966 to 20 February,
1967.

18



‘,qlamﬂvnMRl : EQUIPMENT LABORATORIES

APPENDIX 1

PREVIQUSLY PUBLISHED REPORTS

ON THE REFRACTORY ALLOY CREEP PROGRAM
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APPENDIX 11

SUMMARY OF ULTRA-HIGH VACUUM CREEP
TEST .RESULTS GENERATED ON THE REFRACTORY

ALLOY CREEP PROGRAM
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CREEP CURVES
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J I i I T T T

‘h\\i\“‘-~.\ 3.6 x 1072 TORR

S-58A

$-58A TESTED AT 2100°F (1148°C) AND 20 KS!
0.6 F ‘ (13.8 x 107 N/m?) -

$-588 TESTED AT 22]0 F (]209 C% AND 11.5 KSI
(7.93 x 167 N/m?)

$-58¢C TESTED AT 2320°F (1268°c% AND 6.2 KSI
(4.27 x 107 N/m?)

6.2 I —

b.h x 1072 TORR

0.6 1 =

PERCENT CREEP

$-588
1 1 ] [ ]
3.0 x 1072 TORR
0.2 l -
$-58¢
0 ] | i 1 . 1 I |
0 200 400 600 800 1000 1200 1400 1600
TIME, HOURS
FIGURE 111-5. CREEP TEST DATA, TA-10W HEAT NO. 630003 ANNEALED 1 HOUR AT 3000°F (1649°C) PRIOR TO TESTING

AND 1/4 HOUR AT 3000°F (1649°C) BETWEEN EACH SEQUENCE. TEST NOS. S-58A, B, 6 C IN A
SEQUENTIAL TEST PROGRAM, TESTED N A VACUUM ENVIRONMENT OF <1 x 10~ TORR. ARROWS ON THE
CURVES |NDICATE CHAMBER PRESSURE AT VARIOUS INTERVALS DURING THE TEST.
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PERCENT CREEP

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

T T I T I

s-40 HEAT D-1102, TESTED AT 1800°F (982°C) AND 17 Ksi
= (11.7 x 107 N/m2)
$-48 HEAT 65079, TESTED AT 2330 F 51275 C) AND 2.4 KSI
(1.65 x 10/ N/m?)
$-50

HEAT 65079, TESTED AT zooo F 51093 C) AND 8.5 KSi
(7.22 x 107 N/m?)

1.8 x 1072 ToRR

= 1.1 x 1077 ToRR

1.8 x 1077 TORR

1.5 x 1072 ToRR

9.2 x 10710 ToRg  —

IN A VACUUM ENVIRONMENT OF <1 X 107
VARIOUS INTERVALS DURING THE TEST.

TORR.

CREEP TEST DATA, T-111 ANNEALED 1 HOgR AT 3000°F (16h9°C).
ARROWS ON THE CURVES INDICATE CHAMBER PRESSURE AT

| | | | | 1 | {
6.7 x 10710
B 5-48 7
6.8 x 10710 TORR
6.0 x 10710 TorR
9.5 x 10710 TorR
5.8 x 1079 Torr
! | | 1 | | ]
-9
1.4 x 1072 TORR
1.4 x 1072 TORR l
- 5-50 ]
5.3 x 1072 TORR
1 . | | A ] | i
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
TIME, HOURS
FIGURE 111-7. TEST NOS. S-40, S-48, AND S-50, TESTED



PERCENT CREEP

g 8l6z
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:"1"!1'1";IV1?.'

9

3.0 x 1077 1O

RR

L S-34  HEAT 65076, TESTED AT 2000°F (1093°C) AND 11 kSI {(7.58 x 107 N/m?)
$-39 HEAT 65080, TESTED AT 1800°F (382°C) AND 13 KSI (8.95 x 107 N/m2) $-34
s-47 HEAT 65079, TESTED AT 1750°F (954°C) AND 24 ksi (16.5 x 107 N/md)

1.

1 T i T 1 1 T -9!
1.7 x 10 7 TORR

9

1.7 x 107 ToRR

9 x 1077 Torr

<1 x 1078

TORR.

1 } 1 ] ] | | i
$-39
- 4.0 x 10710 TorR .
3.9 x 10719 Torg
- i
5.3 x 10710 ToRR
1.5 x 1077 ToRR i
{ i | ] ] 1 | |
-5 7.6 x 10710 ToRg
1.2 x 1072 ToRR
= ]
o at® S'l'7
oo o e S T
e —menaefl] i ] | | ] | | ] ]
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 12,000
TIME, HOURS
FIGURE 111-8. CREEP TEST_DATA, T-111 ANNEALED ) HOUR AT 3000°F {1649°C). TEST NOS. S-34, S-39 AND S-7 TESTED IN A VACUUM ENVIRONMENT OF

ARROWS ON THE CURVES INDICATE CHAMBER PRESSURE AT VARIOUS JNTERVALS DURING THE TEST.
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T T T T T I |
$-59 TESTED AT 2000%F (1093°C) AND 13 KSI (8.95 x 107 N/m?)
$-60 TESTED AT 1600°F (869°C) AND 35 KSI (24.1 x 107 N/m2)
6 -
A —]
4.0 x 1072 TORR
2 F -
0 P__'...,..,_.S-59 | 1 | L ! ]
! ! 1 ! t 1 1
6 -
N3 .
1.9 x 1072 TORR
2 - i
—~ ot - SOttt -0
0 L-""""':—> ! ! ! | | |
0 200 400 600 800 1000 1200 1400 1600
TIME, HOURS
FIGURE 111-9. CREEP TEST DATA, T-111 HEAT NO. D-1183 ANNEALED 1 HOUR AT 3000°F (1649°C). TEST NOS.

$-59 AND $-60 TESTED IN A VACUUM ENVIRONMENT OF <1 x 10-8 TORR. ARROWS ON THE CURVES
INDICATE CHAMBER PRESSURE AT VARIOUS INTERVALS DURING THE TEST.
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s-49 TESTED AT 1800°F (982°%C) AND 20 PSH/ 1 HOUR
5-56 TESTED AT 1800°F (982°C) AND 5 PSI # 1 HOUR
s-57 TESTED AT 2200%F (1204°C) AND 1 PS1/ 1 HOUR

- "‘9 ..9
2,0 x 10 9 TORR 1.4 x 10 7 TORR 1.6 x 10 ° TORR

1.2 x 1072 TorR

T T

1.2 x 1072 TORR ~——9-

“ y -==1===l=*===’ T 3 Iy

T T | T
- 1.2 x.1072 ToRR -1
o —_ 5-56
fttrage—t-e *f h i i 4 } ]
] i 1 I 1 i |
— 2.2 x 1072 ToRR -
—9 M
2,4 x 10 TORR
s otp §-57
: b DU e et 1 I !
0 200 400 600 800 1000 1200 1400 1600 1800 2000
TIME, HOURS

FIGURE 111-10.

CREEP TEST DATA, T-111 HEAT NO. 65079 ANNEALED 1 HOUR AT 3000°F (1649°%C
PROGRESSIVE STRESS PROGRAM, TESTED IN A VACUUM ENVIRONMENT OF <1 x 10~
CHAMBER PRESSURE AT VARIOUS INTERVALS DURING THE TEST.

%'

TEST NOS. S-k9, 5-56, AND S$-57 IN THE

TORR.

ARROWS ON THE CURVES INDICATE
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PERCENT CREEP

S$-52

2.0 x 10”2 ToRR

1.0 - ]
0.8 | -
0.6 | 7
- 2.2 x 1072 ToRR
0.4 § ]
-9 -9
2.9 x 10 “ TORR 2.0 x 10 7 TORR
0.2 | =
5.0 x 1072 TORR
0 n |
B ¥ 'S
5.7 x 1070 TORR o8 773

$-52  TESTED AT 2000°F (1093°C) AND 13 PSi1/1 Hour
ho | $°53 TESTED AT 2200°F (1204°C) AND 5 PSI/1 Hour N
s-54  TESTED AT 2000°F (1093°C) AND 5 P51/l Hour
3.0 | _
2.0 .
1.0 -
0 1 )
1 T T
7.5 x 10719 ToRe
7.2 x 1071 ToRrR
S~54
0.2 -
0 I e Nl
0 1000 2000 3000 4000
TIME, HOURS
Figure 111-11 CREEP TEST DATA, T-111 HEAT NO. 65079 ANNEALED 1 HOUR AT 3000°F (1649°C). TEST NOS. $-52,

$-53, AND S-54 IN THE PROGRESSIVE STRESS PROGRAM, TESTED IN A VACUUM ENVIRONMENT OF
<1 x 108 TORR. ARROWS ON THE CURVES [NDICATE CHAMBER PRESSURE AT VARIOUS INTERVALS
DURING THE TEST.
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