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[ - SUMMARY

This report describes the test results obtained in the 'art II portion
of this program which involved four different types of evaluations. These
were as follows:

1. Determination of Partitioned Strainrange versus Life Relation-
ships for AMZIRC (% Hard) and NARloy Z at 538°C (R-2 and R-24)

2. Determination of High-Cycle Fatigue Behavior of Zr-Cr-Mg Copper-
Base Alloy at 538°C (R-9)

3. Tensile anc Low-Cycle Fatigue Evaluation of an Experimentai
Copper-Base Alloy and an Exgerimenta] Silver-Base Alloy at
Room Temperature and ac 538°C (R-27 and R-28)

4. An Evaluation of the Effect of Different Heat Treatments on
the Tensile and Low-Cycle Fatigue Behavior of an Experimental
Silver Alloy at 538%C (R-30, R-31 and R-32).

in the determination of the partitioned strainrange versus life relation-
ships for both the X-2 and R-24 compositions some difficulty was encountered
in the identification of the pure Aepp component of strain. At the test
temperature and stress levels involved, very high creep rates were exhibited
by these materials and it was found that experimental limitations on the
available extensometry made it impossible to employ high enough cyclic rates
to completely eliminate a creep component of inelastic strain. This compli-
cation, in turn, precluded a direct calculation of the Ae.. component of
inelastic strain by the usual method of partitioning a hysteresis loop to
separate out the PP component. As a result, it was found necessary to analyze
the fatigue life results at various strain rates and estimate the saturation
Timits in the low and high strain rate regimes. This analysis furnished Npp
and Ncc values along with corresponding Aepp and Aece information. Then,
slow-fast and fast-slow cycling was performed at several strain-ranges to
provide the necessary information to allow the Ncp-decp and Npc-depc rela-
tionships to be determined.

Tests of the R-9 alloy were performed in argon at 5389C to extend the
previously measured fatigue curve for this material into the cyclic regime
beyond 100,000 cvcles. A cyciic frequency of 30 cpin was employed and
strain-ranges from 0.8% to 0.3% were selected to enable the fatigue behavior
to be defined out to approximately 400,000 cycles. These results were found
to yield a fairly smooth extension of the fatigue curve established in
the previous tests in the higher strain ranges.

An experimental copper alloy /B-?7) and an experimental silver alloy
(R-28) were evaluated. Short-term tensile tests were performed in duplicate
at room temperature in air and at 538°C in argon. Low-cycle fatigue tests
were performed at 538°C in argon to define the fatigue life over the range
from 3C0 to 3G00 cycles. Data for both materials are compared with previously
reported results for electroformed copper and pure silver.

Three different heat treatments were applied to the R-28 (experimental
silver alloy) material to yield the R-30, R-31 and R-32 alloy designations.
A limited evaluation was made of the effect of these heat treatments on the
tensile and fatigue behavior at 538°C in argon.



I1 - INTRODUCTION

Regeneratively-cooled, reusable-rocket nozzle liners such as found in
the engines of the Space Shuttle, Orbit-to-Orbit Shuttle, Space Tug, etc.,
undergo a severe thermal strain cycle during each firing. To withstand the
severe cycles, the liner material must have a proper combination of high
thermal conductivity and high low-cycle fatigue resistance. Copper-base
alloys possess these desirable qualities and for this reason a broad-based
NASA-Lewis/Mar-Test program was initiated in 1972 to evaluate several
candidate alloys by generating the material property data that are required
for the design and life prediction of rocket nozzle liners.

This report deals with a portion of the overall program that focused
on providing a more detailed evaluation of three copper-base alloys studied
previously and a limited evaluation of two new experimental alloys. The
materials investigated in this portion of the program were as follows:
AMZIRC (% Hard), R-2; NARloy Z, R-24; Zr-Cr-Mg Copper, R-9; experimenta.
copper alloy, R-27; and experimental silver alloy,R-28. Specimen blank
material was supplied by NASA-lLewis Research Center and the responsibility
was assigned to Mar-Test Inc. for having the desired number and type of test
specimens machined.

The material evaluations specified for this Task II effort were as

vilows:

1. Conduct strain-controlled, low-cycle fatigue tests in high-
purity argon at 538°C to determine partitioned strainrange
versus life relationships for the R-2 and R-24 compositions.

2. Determine the high-cycle fatigue behavior of the R-9 alloy
at 5389C in high-purity argon using a frequency of 30 cpm
and strain ranges of 0.8% and lower to define the fatigue
1ife out to approximately 400,000 cycles.

3. Study the tensile and low-cycle fatigue behavior of the R-27
and the R-28 comp051t1ons perform tens11e tests in air at
room temgerature and in argon at 538°C using a strain rate
of 2x10-3 sec~ also, perform ]ow-cycle fatigue tests at
5380C in argon at a strain rate of 2x10-3 sec-1 to define the
cyclic life over the range from 300 to 3000 cycles.

4. Perform a limited evaluation of the tensile and low-cyzle
fatigue behavior of three different heat treatments of the
R-28 alloy; tests to ge performed at 5380C in argon using
a strain rate of 2x107~ sec~

A11 the tensile and fatigue tests were performed using hourglass-
shaped specimens. A servo-controlled, hydraulically actuated fatigue test-
ing machine (see NASA CR-134627 for complete description) was used in



all these evaluations and the threaded test specimens were mounted in the
holding fixtures of the test machine using special threaded adaptors.
Elevated temperature tests were performed in high-purity (guaranteed 99.999:
purity) argon gas with 3000 ppm of hydrogen added to provide a slightly
reducing environment for addition:l protection of the specimens. In
order to perform these tests in this argon environment (oxygen content
less than 0.01 percent by volume) a cylindrical containment vessel made of
pyrex was positioned between the holding fixtures of the fatigue machine
and neoprene low-force bellows at either end provided the seal to erable
the desired gas purity levels to be maintained throughout the test. Side
ouilets {with appropriate seals) on this containment vessel proviced
entrance ports to accommodate the extensometer arms and similar side outlets
provided entrance ports for the copper tubing ieads to the induction coil.
In addition, special ports near the bottom of the containment vessel
enabled the thermocouples, used for specimen temperature measurement, to be
reuted out to the temperature control system. Specimen test temperatures
were attained using induction heating and this was provided by positioning
a specially Jdesigned induction coil around the test specimen (see Figure 1).
A1l force measurements were made using a load ce!l mounted within
the loading train of the fatigue machine and specimen strains were measured
by using a high temperature diametral extensometer. A test procedure,
developed previously (see NASA CR-134627) was used to allow the short-term
tersile tests to be performed at a constant strain rate which was maintained
thrcughout the tect. Irn the fatique tests an analog strain computer was
emp-ayed which aliowed the dizmetral strain signal to De used in conjunction
with the load signal so as to provide an instantaneous value for the axial
strain which was then the controlled variable (see NASA CR-134627 for
complete description of test procedure).
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IIT - MATERIAL AND SPECIMENS

Specimen material for use in this portion of the program was supplied

by NASA-Lewis Research Center, Cleveland, Ohio.

five materials evaluated within this effort is given in Table 1.
specimen design shown in Figure 2 the following specimens were machined:

R-2

16 specimens (includes 2 spares)
R-24 18 specimens (includes 2 spares)
R-27 12 specimens (includes 2 spares)
R-28 12 specimens (includes 2 spares)
8 specimens (includes 1 spare)

R-9

R-30 3 specimens
R-31 3 specimens
R-32 3 specimens

In « .. %ion, several

2.2 cm inside diameter).

A brief description of the

Using the

spare specimens nf the R-24 alloy that were machined
in con;..ction with a previous program were on hand and were used in the
preseat testing effort.
After being machined, all specimens were wrapped in soft tissue paper
and placed in individual hard plastic cylinders (about 9 cm in length and

The ends of these cylinders were then sealed with

masking tape and the specimen code number was written on the external

surface of the cylinder.

after test.

These cylinders were used for storage before and

In preparing for a test, each specimen was subjected to the following:

1)

2)

3)

the specimen was washed with Freon to remove
any surface oils which might have remained
after machining;

a small quantity of dilute phosphoric acid
was applied by hand to the complete surface
of the specimen; this removed any surface
oxides and any machining cil1 not removed by
the cleaning with Freon; this operation was
completed within 15 seconds;

the specimen was rinsed in warm water and
dried using soft absorbent tissue;

the specimen was then subjected to a final
cleaning with Freon.



Table 1 - Description of the Materials Evaluated in this Effort

Code No.

R-24

R-9

R-27

Material

AMZIRC Copper, % Hard

NARloy Z

Zr-Cr-Mg Copper

Ex?er1menta1 Copper

Description

Billet size of 20.3 cm d1amet¢r by 63.5 cm (8" x 25") in length;
extrusion temperature of 960°C; extruded to 2.7 cm (1.06")
diameter rod and water quenched after extrusion; drawn to 50%
hard in two passes to 2.2 cm (0.87") and then 1. 9 cm (0.75")
diameter; stress relief by springing; aged at 420°C in cracked
natural gas atmosphere and then straightened and cut to 91 c¢m
(36") lengths,

A copper-base alloy developed by North American Rockwell and
was furnished in centrifugally cast form and had been hot-
rolled, solution annealed and aged. Material was furnished in
the form of a rectangular bar, 23.2 cm long x 5.1 cm x 4.1 cm
(9.12" x 2" x 1.6"),

Billet size of 20.3 cm diameter by 63.5 cm (8" x 25") in length
supplied to NASA by United States Metals Refining Co.; extruded
to 3.2 cm (1.25") diameter; solution heat treated at 1006°C
(18509F) in neutral (barium chloride) salt and quenched in water,
cold drawn to 2.12 cm (0.837") diameter, aged at 482°C (900°F)
for 2.5 hours and finish drawn to 1.9 cm (0.75") diameter,

Electroformed copper cylinder (copper sulfate so]ut1on) 23.6 cm
long x 17.3 cm 0D x 13 cm ID (9.3" x 6.8" x 5.

- continued -



fode No.

R-28

R-30

R-31

R-32

Table 1 - Description of the Materials Evaluated in this Effort (continued)

~Material

Experimental Silver
Alloy

Heat-treated R-28

Heat-treated R-28

Heat-treated R-28

Description L o
0.5 wt.% Zirconium (Reactor Gradc) alloyed with fine silver;
vacuu melted and cast; cold reduced to 2.8 cm (1.125")
diameter bar; annealed and then cold reduced to 2.22 cu (0.875")
diameter bars; final reduction corresponds to a 374 cold
reduction in cross-sectional area, which can be considered as
the % hard condition for this alloy

Aged R-28 at 4829C (9000F) for two hours by canning the
material in stainless steel, sealing the can, then heating in
an air furnace to desired tempereture; air cooled

Solution annealed R-28, 8990C (1650°F) for onc hour in salt
bath; water quenched

Aged R-28 at 5930C (11009F) for two hours; canned as above
for R 30
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_IV - TEST RESULTS AND DISCUSSION OF RESULTS

PART I - DETERMINATION OF PARTITIONED STPAINRANGE LIFE RELATIONSHIPS FOR
R-2 AND R-24 ALLOYS

Low-cycle fatigue data for these two alloys were reported previously
in NASA CR-121259,-121260,-121261 and -134627. In order to extend the
range of the available fatique data for these two compositions, some addi-
tional tests were performed at 5380C (1000°F) in high-purity argon with the
objective of determining partitioned strainrange versus life relationships.

In initiating the evaluations of the R-2 and R-24 materials, two
continuous cycling fatigue tests were performed using conditions (in argon
at 5380C and a strain rate of 2x10-3 sec” ) identical to those used in some
of the previously reported tests. The results of these tests are summarized
in Table 2 and {see below) served to establish that the fatigue charac-
teristics for the materials involved in the present program were comparable
to those previously determined for these same compositions at the same test
conditions. It was important to establish this material similarity since
a lot of the previously reported results had to be used in identifying the
partitioned strainranges in the current program.

A summary of the previously reported continuous cycling fatigue results
obtained at a strain rate of 2x10-3 sec~! for the R-2 and R-24 alloys is
presented in terms of total and inelastic strainrange in Figures 3 through
6. Also shown in these plots are the two data points referred to above.
These comparisons are seen to identify material behavior that is very similar
to that previocusly reported. In making these comparisons it was also noted,
based on a study of hysteresis loops, that a significant creep component
was always present in the inelastic strainrange of all the continuous cycling
tests.

R-2 ALLOY

In planning the first few tests to evaluate partitioned strainranges,
the CC type of cycle (References 1 and 2) was employed. As shown in Figure 7,
this involves the rapid application (in Toad control) of a tensile stress
along AB and a hold at this stress level until a preset amount of inelastic
strain is accumulated along BC. When the desired inelastic strain limit is
reached, the direction of the stress is rapidly reversed along CD and a con-
stant compressive stress level is maintained untii a preset inelastic strain
limit is reached along DA. At point A, the tensile stress is rapidly reapplied
along AB to repeat the cycle.

One of the experimental difficulties associated with the use of the CC
type of cycle with the R-2 material involved the extensive amount of cyclic
softening that was exhibited (see NASA CR-134908). In the first cycle, for
example, a tensile stress lev: was imposed to provide a reascnable time
period for the accumulation o. the preset inelastic strain limit. However,
the very extensive strain softening that occurred during this portion of the
cycle, along with the Bauschinger effect, caused the material to strain very
rapidly as the load was being reversed. As a matter of fact, the strain



Table 2 - Low-Cycle Fatigue Test Results Obtained in Argon at 5380¢

Using a Strain Rate of 2 x 10-3 sec~
R-2 Series R-24 Series Axial Strain Control
ANZIRC Copper, and NARloy Z Alloy A-ratio of infinity
L Hard (cent. cast, hot-rolled,
solution annealed and aged)
Total Stress at Np/2
Spec. |Poisson's| Strain | Freq. |Range Neo o
No. Ratio Range, S:zrt Aeinel. Leg Ao Cycles to
?
A cpm MN/m2 % % MN/m2 Failure Remarks
R-p alioy; | E = 80.7] x 103 MNfm?
R-2-107 0.35 1.7 3.5 344.0 1.56 0.14 113.7 5160* Softened
R-2-108 0.35 3.0 2.0 323.0 2.86 0.14 115.9 1310 Softened
RP4 alloy;] £ = 98.6{ x 103 Wm2
R-24-101 0.35 1.0 6.0 259.5 0.75 0.25 242.9 1948 Slight initial
hardening
R-24-102 0.35 2.0 3.0 284.4 1.72 0.28 277.3 535 followed by
softening

* Exces.ive barrelling of specimen caused termination of test.

0l



Total axial strain range, Ac., °

10.

<

1.0

T T TTTY | [ 1 f T |
- -
O\
B Q -
‘\\\\\\\\\CZL\fgi\ffi\\
(\‘O \A
These Np values are considerdd
. to be iower than average =
QO previous program due to off-cei.ter 1’1'actures_.1
/\ current program
I i a1 L i L
100 1000 10000

N¢, cycles to failure

Figure 3 - Low-cycle fatigue 1ife as a function of total axial
strain range for R-2 alloy a§ 5380? in argon
and a strain rate of 2 x 10°2 sec~



Inelastic strain range, Acjpets %

10. Or T T T T ' : :
~N
O
. \C) ]
i -
1.0— ]
i Q previous program N
- [\ current program |
! L ] L | | | N
o 1000 10000

Nf, cycles to failure

Figure 4 - Low-cycle fatigue 1ife as a function of inelastic
strain range for R-2 alloy ag 5380? in argon
and a strain rate of 2 x 1077 sec”

A



Total axial strain range, Aey, %

10. Op

T T T T r ! T T
QO previous program
B /\ current program =
N 7
(
©)
s o. A -
©)
1.0} ow —
i o, 4
e S
1 L 1 T | L L q L
100 1000 10000

Ng, cycles to failure

Figure 5 - Low-cycle fatigue 1ife as a function of total
axial strain range for R-24 alloy gt 5389C in
argon and a strain rate of 2 x 10-J sec-!

£l



Inelastic strain range, Lejpeys %

10.0

QO previous program
/\ current program

©) A
1.0} ]
- =
@) A
L (2\\\\() -
) L 1 ' | 1 t 1 3
100 1000 10000

N¢s cycles to failure

Figure 6 - Low-cycle fatigue 1ife as a function of inelastic
strain range for R-24 alloy gt 5389C in argon
and a strain rate of 2 x 10-3 sec™!

bl



15.

Stress
8 Creep c
- - Strain
|
Creep
A D
Load control between
fixed strain limits

Figure 7 - Idealized CC Type Cycle (Ref. 1)



16.

rates involved were so high that the extensometer readout always lagged the
instantaneous strain value and, as a result, the compressive strain limit
would be exceeded even before the desiied stress level was attained. Because
of this problem, it was decided to begin the test in strain control and
subject the material to something less than 100 completely reversed strain
cycles (always less than 10% of the fatigue life corresponding to the
strainrange employed). A strainrange was imposed that was close to that
corresponding to the actual inelastic strainrange to be employed in the CC
type cycle and the number of strain cycles applied was sufficient to en-
compass the initial period during which extensive cyclic strain softening
was exhibited. This approach proved to be very effective in that the subse-
quent material response was fairly stable and the CC type cycling in load
control between fixed strain 1imits could be initiated quite easily and
complete control of the initial loadings was achieved.

A summary of the results obtained in the CC type of testing is presented
in Table 3. These data are shown graphically in Figure 8 in a comparison
with the continuous cycling data reported previously for this alloy. It is
seen that in terms of inelastic strainrange the CC type of cycling gave
essentially the same behavior as that observed in strain-controlled fatigue
tests. This supports the contention expressed above that the inelastic
strainrange data established in a previous program contain a substantial
creep component. It is not possible, therefore, to employ the continuous
cycling data in Figure 4 as PP type information. In view of this fact,
it is not possible to partition the loops obtained in the tests of Table 3
to yield the CC strainrange.

In order to establish a PP strainrange versus life relationship for the
R-2 material a study was made of all previously reported strain rate data
for this alloy. A summary of these data is presented in Figure 9 and some
slight tendency toward a saturation fatigue 1ife in both the Tow and high
strain rate regimes is suggested in accordance with previously reported
observations (See Ref. 2 and 3). Some thought was given to the performance
of some additional tests at these strainranges to provide a more accurate
determination of these saturation limits, but it was decided that this was
not practical. The response characteristics of the exteasomet?r used in
these tests are such that the highest strain rate (5x10°% sec~'), used in
the generation of the data in Figure 9, is considered to be the upper limit
for these types of strain-controlled evaluations. Another probiem was envi-
sioned in this consideration to extend the range of data for this alloy. In
the lower strain rate regime the long test durations involved lead to severe
barrelling of the specimen. These limitations led to the conclusion that a
reasonable estimate of the two saturation 1imits could best be obtained by
using some judgement in extending the curve that was defined by the existing
data points. Such an extension is shown in Figure 9. Then, in accordance
with the strainrange partitioning concept (1,2)*the saturation values for
fatigue life in the low and high strain rate regimes were considered to be
Nec and N respectively. Corresponding values of Acgcc and Aepp were not
d?rect]y ggtainable since, for a given strainrange, the inelastic strain-
range changed slightly in going from the low to the high strain rate regime.

*Numbers in parentheses apply to references in Section VI.



Table 3 - Load Control Testing Between Fixed Strain Limits at 538°C in Argon

R-2 Series Load Control;
AMZIRC Copper, essentially completely
% Hard reversed
Inelastic Strain
Ramp Limits, %
Stress Tensile Compressive N¢s
Specimen Rate, iorce, force,
Number MN/m¢/sec. | newtons newtons Tension Compressioq cycles Remarks
R-2-104 99.7 1535 1624 1.0 1.0 603 Extensive barrelling
caused extensometer to
move from the min.diameter
point and specimen was
pulled to failure leading
to low Ng value.
R-2-105 100.0 1612 1557 1.5 1.5 1031
R-2-106 99,7 1579 1579 2.0 2.0 450

A
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Rather then estimate these values or pick some average value, it was decided
to select the value of the total strainrange for the values of Aec. and Ae
in preparing the strainrange partitioning plots. These results were then
used to position the PP and CC lines for the R-2 alloy as shown in Figure 10.

Slow-fast and fast-slow strain cycling, in accordance with the strain
profiles shown in Figure 11, was employed to establish the CP and PC parti-
tioned strainrange versus life relationships During the slow straining
portion of the cyclei a stfain rate of 4x10'4 sec™! was employed while a
strain rate of 1x10°¢ sec™! was used during fast straining. A summary of
the results obtained in these tests is presented in Table 4 to indicate that
the slow-fast cycling is much more detrimental than the fast-slow cycling.
In addition, it can be noted that a mean compressive stress develops during
slow-fast cycling while a mean tersile stress is seen to exist in the fast-
slow cycle.

In order to partition the strainranges involved in the slow-fast and
fast-slow cycling, the creep and plastic strain components in each half cycle
had to be determined. This was accomplished using Figure 9. For a given
strainrange, the saturation values for N¢ were noted and used for Npp and
Ncc in the Interaction Damage Rule (2):

F F 1

pp + cc - )
Npp Nee N¢

F (1-Fyp) 1

P, pp! (2)
Npp Nec N

Then for each strain rate involved (4x10-4 sec-1 and 1x1072 sec~1) the

Nf value was obtained from Figure 9 and used to solve equation (2) for the
corresponding Fpp and FCc fractions for the continuous cycling tests. These
fractions, for tRe individual strain rates, were then assumed to apply within
the appropriate half-cycle of the slow-fast and fast-slow_tests. For example,
at a strainrange of 2.6% and a strain rate of 1x10% sec-1 the N¢ value from
Figure 9 for continuous cycling is 1600. This, together with Npp=6000 and
Noe=250, yields F =2.88 a?d Fce=0.12. Similar values for Fpp and Fcc at a
sgrain rate of 4xq8’ sec™! are 0.61 and 0.33. Applying these results to

the test of R-2-109 from Table 4, and dealing in terms of total strainrange,
since this was the basis for Figures 9 and 10, gives:

Aeinelastic = 2.60%
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Table 4 - Low-Cycle Fatigue Test Results Obtained in Argon at 538°C
Using Fast-Slow and Slow-Fast Cycling

R-2 Series Axial Strain Control
AMZIRC Copper, A-ratio of infinity
1, Hard £ = 8.07 x 10% MN/m?
Total Time“) Stress at No/2
Spec. [Poisson's | Strain :o;gdc Range 2) Mo,
Range alf of | at Aejnel. Aeg Ao
No. Ratio ’ cycle, |stert, Cycles to
% sec. MN/ma 4 % MN/m2 PFailure Remarks
1 x 1072 sec-1]in tensidn and 4 A 10-4 sed-1 in confpression Softened; severe
3 4 barrelling caused
R-2-111 0.333 2.6 2.6/65 | 369 2.45(3) 0.15(3] 118(3) 1314(4)  linstability at exten
63.2/54.9) someter contact poinf
R-2-112 0.333 1.4 1.4/35 379 1.26 0.14 113 3239 Softened; severe
61.1/51.9) barrelling

4 x 1p~% sec-1]in tensign and 1 § 102 seq-1 in conpression

R-2-109 0.333 2.6 65/2.6 367 2.43 0.17 133.4 387 Softened
456.9/76.9) .

R-2-110 0.333 1.4 35/1.4 374 1.24 0.16 126.4 1006 Softened
(56.9/69.#)

(1)-time for tension/compression going portion of cycle (2)-(tensile stress’/compressive stress)
(3)-at 650 cycles (4)-test terminated; no failure

"€
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Slow cycling portion of cycle:

bep = 1.59%
bec = 1.01%
Fast cycling portion of cycle:
AEp = 2.29%
AEC = 0.31%
Then for the overall portion of the cycle:
bep = 1.59%
AEcc= 0.31%
AEcp= 0.70%

These data enable Fpp, Fec and Fep to be calculated and using Ng=387 for
this test, the Interaction Damage Rule can be solved for Nep: thus:

Npp Nec  Nep 387

Simil.. alculations led to the determination of the Ncp and Np. versus
parti .. 2d strainrange values as shown plotted in Figure 10.

- .ause of the dimensional stability (barrelling) problem encountered
with the R-2 material, it was decided to limi. the number of tests performed
to define the partitioned strainrange versus life relationships over a
broad range. For this reason, the 1ife relationships shown in Figure 10
are probably not as precisely defined as they might be. However, they are
considered reasonable and are capable to providing meaningful information.
For example, these partitioned strainranges were used to estimate the N¢
values for the hold-time tests of the R-2 material reported in NASA CR-121260.
For hold periods in compression, the estimated Nf values were in good agree-
ment with the measured values. However, for hold perioc¢s in tension the
estimated resulis were approximately twice the measured values.

An interesting comparison of all the R-2 data generated to date is
presenrted in Figure 12. The load control tests between strain limits, the
fast-slow strain cycling and the compression hold-time results all yiele
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values that are close to the continuous cycling results. However, the
detrimental effect of hold periods in tension is definitely noticeable, as
is the even more detrimental effect of the slow-fast strain cycling. In
connection with the slow-fast tests it is to be noted (see Table 4) that
the tension-going times are 35 and 65 seconds for the 1.4% and 2.6% strain-
ranges respectively. In other words, more damage is encountered in the
slow-fast tests even though the tension-going times are much less than the
hold-period durations in the tension hold-time tests. Admittedly, the
difference in fatigue life is not large and some of it is probably due to
a hold-time saturation effect in the hold-time evaluations. An interesting
point here relates to whether or not a similar saturation effect exists as
the tension-going strain rate is decreased in the slow-fast strain cycling
tests.

R-24 ALLOY

An evaluation of this alloy was initiated by performing a study of
strain rate effects. Strain rates of 4x10-5 sec-1, 4x10-4 sec-1 and 1x10-2
sec-1 were employed to yield the results summarized in Table 5. These data
are presented graphically in terms of total strainrange and irelastic
strainrange i1n Figures 13 and 14 to indicate a very in}eresting effect. As
the strainrange is increased at a strain rate of 1x107¢ sec™' the fatigue
life aradua]ly comes closer and closer to that observed at a strain rate of
4x10~%* sec™'. _At a strainrange near 3.0% the fatique life at a strain rate
of 1x10-Z sec~! is essentially identical tc that observed at this same strain-
range at the lower strain rate. This behavior pattern suggests that more and
more of a creep effect is introduced at the higher strain rate as the strain-
range is increased. This effect is supported by the fact that the stress
range is increasing noticeably as the higher strainranges are imposed. For
example, at the 3.0% strainrange the stress range (at half-life) is 325 MN/m2
compared to 241 MN/m at this same strainrange at the lower strain rate. _So
that_even though the cycle time is much shorter at a strain rate of 1x10~
sec™!, the stress level attained is high enough to introduce substantial
creep damage.

A similar evaluation of strain rate effects was reported in NASA CR-134627
for the R-24 alloy and these results are reproduced in Figure 15 for com-
parison. It is to be noted that this behavior pattern is somewhat different
from that discussed above since the duplicate tests in Figure 15 appeared to
warrant definite separations of the three strain rate curves and hence no
tendency toward a saturation effect in the higher strainrange regime was
identified. This difference is emphasized here for it indicates some lack of
similarity in the strain rate response for the R-24 material tested in the
two evaluations. Actually, though, it might be that in Figure 15 too much
emphasis was given to the reproducible results observed in the duplicate
tests. For example, if these previous data are viewed along with the current
results (see Figure 16) a single trend behavior can be established within a
reasonable scatter of the data. There is good reason for accepting the inter-
cretation in Figure_ 16 in view of the fact that the test points at 0.70% and
3.0% at 1x10-2 sec™! were obtained using specimens that remained from the pre-
vious program.



Table 5 - Low-Cycle Fatigue Test Results Obtained in Argon -

at 538°C for Several Strain Rates

R-24 Series
NARloy Z Alloy
(cent. cast, hot-rolled,

solution annealed and aged)

Axial Strain Control
A-ratio of infinity

E = 98.6 x 103 MN/m?

Total Stress at Np/2
Spec. |Poisson's| Strain | Preq. |Range Ne oo
No. Ratio Range, S::rt Beqne Aee Ac Cycles to
, .
4 cpm MN/mz % % MN/m2 Failure Remsarks
1 Jx 1072 sde-1
R-24-103 0.35 1.0 30 252 0.75 0.25 252 5022 Slight hardening
R-24-47 | 0.33 0.7 43 | 272 | o0.46 | o0.2a | 23 14194 & then slight
) ' ’ ’ softening
R-24-105 0.35 2.0 5 286 1.69 0.31 309 673 L
R-24-35 0.34 3.0 10 310 2.67 0.33 325 165 "
41x 104 sdc-!
R-24-104 0.35 1.0 1.2 252 0.80 0.20 200 1266 Softened
R-24-106 0.35 2.0 0.6 269 1.76 0.24 234 351 Softened
R-24-112 0.35 3.0 0.4 276 2.76 0.24 241 154 Softened
41x 10-5 sdc”!
R-24-117 0.35 0.9 0.13 249 0.72 0.18 173 787 Softened
R-24-118 0.35 2.6 0.046 232 2.42 0.18 177 116 Softened

X
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The next portion of this evaluation of the R-24 alloy was devoted to
the identification of partitioned strainrange versus life relationships for
this material at 538°C. Initially, an evaluation was made of the continuous
cycling results in order to identify the Npp and Nc. values along with the
corresponding strainrange componengs I% was concluded that the test results
obtained at a strain rate of 2x10°9 sec™' contained a substantial creep com-
ponent so that these data could not be used in the identification of Npp-
Tests at higher strain rates were performed but, as pointed out above, some
creep component was felt to be involved in most of these tests. Since the
response characteristics of the extensometer were such that testing at higher
frequencies was not possible, an indirect determination of N p Was adopted.
Using data from the previous program (see NASA CR-134627) aBPwell as the test
results from the current program a plot was made of the cycles to failure,
at a given strainrange, versus strain rate and is shown in Figure 17. At
each strainrange an evaluation of the data trend was made to identify the
saturation fatigue life in the high strain rate regimes. A value was selected
as the maximum fatigue life for a given strainrange as a value of Nf that
would not be increased by any further increases in strain rate. This value
was adopted as Npp and was associated with the total strainrange involved
(see descr1pt1on of R-2 alloy) which was taken to be Ac A similar con-
struction in the lower strain rate regime led to N.. an Ae cc values. A plot
of these results is presented in Figure 17 for these stra1nrange components
and, admittedly, involves some judgement in identifying the saturation limits
(a strain rate of 1x10~/ sec-! was chosen to define the extrapolation limit
to obtain the N values) However, some verification was obtained by referring
these estimates and the subsequent CP and PC lines to an estimation of the
previously reported (NASA CR-134627) hold-time results. Since the agreement
between measured and predicted fatigue 1ife was found to be excellent (see
below), the approach outlined in Figure 17 appears to have yielded meaningful
results.

In order to identify the N, and N,. data, tests were performed that
involved slow-fast and fast-slow cycl1n8 of the type described_above for the
R-2 Tater1a1 Data obtained using strain rates of 4x10-4 sec-! and 1x10-
sec™! in the same cycle (see Figure 11) are summarized in Table 6 and were
used to establish the N -Aec and N c-bepe re]at1onsh1ps using the approach
described previously. Rese relatio s are shown in Figure 18 to describe the
various strainrange versus life relationships at 538%C for this material.

§ome a?d1tiona1 slow-fast testing of the R-24 alloy, the strain rate
of 1x10' sec” . was maintained for the fast portion of the cycle while rates
of 4x10-5 sec~! and 7x10-6 sec-1 were employed in the tension-going slow
straining portion of the cycle. These evaluations led to the results summarized
in Table 6 and presented graphically in Figures 19 and 20. These interesting
comparisons highlight several important considerations. One is the fact that
slow-fast cycling of this material at the conditions employed is much more
detrimental than fast-slow cycling. Another is the fact that the fast-slow
exposure leads to a fatigue life that is not significantly diffeEent f§om
that observed in the continuous cycling tests at the fast (1x107¢ sec
strain rate. In other words, the introduction of a strain rate of 4x10' sec!
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Table 6 - Low-Cycle Fatigue Test Results Obtained in Argon
at 538°C Using Fast-Slow and Slow-Fast Cycling

R-24 Series
NARloy Z Alloy
(cent. cast, hot-rolled,
solution annealed and aged)

Axial Strain Control
A-ratio of infinity

E = 98.6 x 103 MN/m?

Total Time{1)|Stress at No/2 |
Spec. |Poisson's| Strain | for t/c|Range (2) Ne s
Range half of| at Aeinel. Ae Ao
No. Ratio ’ cycle,|start, ine e Cycles to
% sec. | my /m2 g % MN /m2 | Failure Remarks
1 x b2 sec™in tensign and 4 § 10-% sed- in COﬁg[ession
R-21-108 0.35 1.0 1/25 262 0.72 0.28 276 2091 S1ight hardening
(148/128)
R-24-110 0.35 2.0 2/50 272 1.71 0.29 283 451 Slight hardening
(166/117)
4 x "% sec’Yin tensign and 1 & 10-2 set‘]vjn corppression
R-24-107 0.35 1.0 25/1 259 0.73 0.27 ( 262 238 Slight hardening
121/141
R-24-109 0.35 2.0 50/2 283 1.70 0.30 296 66 Slight hardening
(133/163
R-24-111 0.35 3.0 75/3 303 2.68 0.32 312 35 Slight hardening
(139/173
R-24-113 0.35 0.5 12.5/0.5| 258 0.27 0.23 223 1156 Slight softening
(105/118

(1)-time for tension/compression going portion of cycle

(2)-(tensile stress/compressive stress)

ve



Table 6 - Low-Cycle Fatigue Test Results Obtained in Argon

(cont

.)

at 538°C Using Fast-Slow and Slow-Fast Cycling

R-24 S
NARIOy

eries
7 Alloy

(cent. cast, hot-rolled,
solution annealed and aged)

Axial Strain Control
A-ratio of infinity

E = 98.6 x 105 MN/m@

Total Tmm(]) Stress at Np/2
Spec. |Poisson's | Strain |for t/c |Range (2) N,
cycle, |Start,
y 3 sec. | MN/m2 P4 % MN/m2 | Failure Remarks
4 x 10[° sec”! §n tensiop and 1 x 1072 sec]! in comgression
Slight initial hard-
R-24-115 0.35 0.5 125/0.5 239 0.28 0.22 212 300 ening & then slight
( 93/119] softening
R-24-114% 0.35 3.0 707/12 281 2.73 0.27 269 16 Slight softening
(114/155
7 x 107 sec! n tensiop and 1 x]10-2 sec}?! in compression
R-24-116 0.35 0.5 720/0.5 232 J.26 0.24 ( 200 115 Slight softening
81/119

*Strain rates actually used were 4.2 x 10-5 sec~! in tension and 2.5 x 10°3 sec”? in compression

(1)-time for tension/compression going portion of cycle

(2)-(tensile stress/compressive stress)

"GE
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into the compression going portion of the cycle led to a small but not sig-
nificant reduction in the fatigue life. The third observation made in
connection with Figures 19 and 20 relates to the continual redivction in
fatigue life as the tension-going strain rate is decreased. Based on a
stra12 range of 0.50%, the introduction of a tensicn-going strain rate of
7x10°¢ sec-1 leads to a fatigue life reduction of mope tha? two orders of
magnitude based on the use of a strain rate of 1x107° sec™' throughout the
cycle.

A further assessment of the data presented in Figures 19 and 20 involved
the application of the strainrange partitioning lines of Figure 18 to a
prediction of the slow-fast and fast-slow results. A summary of this study
is presented in Table 7 to indicate a very impressive agreement. These re-
sults along with a simiiar comparison (see Table 8) based on praviously
reported (NASA CR-134627) hold-time results establish the validity of the
strainrange partitioning lines of Figure 18 and the approach used in the
positioning of these lines.

In a different type of analysis of the slow-fast and fast-slow test
results, the correlation shown in Figure 21 was derived. This logarithmic
plot reveals a fairly well-defined linearity between c¢ (measured at Nf/Z)
and the total tension-going time encountered throughout the test. It 1s
particularly impressive that the fast-slow results also fall along the line
established by the slow-fast results. This linearity is represented by the
following:

Neaeg )

~t = constant(
where m is about 0.16.

The line established in Figure 21 has been positioned in Figure 22 to
snow anuther interesting result. All the continugus cy?11ng fatigue data
involving strain rates from 4x10-5 sec-! to 1x10-¢ sec™! also appear to
correlate weil with the line ectablished in the slow-fast and fast-slow
analysis. It is also to be noted that the compression-hold fatigue results
(see NASA CR-134627) are also in excellent agreement with this method¢ of data
presenta*ion. However, when the tension-hold fatigue results are considered,
some decision must be made as to the appropriate value to use for c¢. If
the tensile stress at the beginning of the hold period is employed the pairts
will fall much above the line in Figure 22 while the reverse is true if *he
tensile stress at the end of the hold period is employed. If an average ot
is used the results shown in Figure 22 are obtained to indicate fairly g-od
agreement.

It seems reasonable to conclude, therefore, that the fatigue characcer-
istics of the R-24 alloy at 538°C are all summar1zed in the linear relation
in Figure 21. And once a given exposure i5 considered and the value of G¢
is established for this exposure, a fairly reliable value for the fatigue
life can be obtained from Figure 21.
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Table 7 - A Comparison of Measured and Predicted Fatigue Life
Values for Slow-Fast and Fast-Slow Tests of R-24 Alloy

at 538°C
N¢
Predicted by
Acg, Strainrange N¢
Type of Test % Partitioning Measured
4x10-5 sec-1/1x10-2 sec-! 0.50 209 300
4x10°-5 sec-1/1x10-2 sec™! 0.90 65 110*
7x10-6 sec-1/1x1072 sec™! 0.50 74 110
7x1070 sec-1/1x10"2 sec-1 0.90 37 40*

*rot a measured value; estimated from line in Figure 19.



Table 8 - A Comparison of Measured and Predicted
Fatigue Life Values for the Hold-
Time Tests of the R-24 Alloy at 5380C

N
Hold Predigted by
Ae¢, Period, Strainrange N¢
) 3 seconds Partitioning Measured
2.6 300 7 105 102
2.6 300 T 105 75
2.6 300 C 219 353
2.6 300 C 219 337
0.9 00T 318 262
0.9 300T 318 317
0.9 300 C 2052 2981
0.9 300 C 2052 3392
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Another impressive result involves the comparison of the data_in
Figure 22 with the stress-rupture results for R-24 material at 538°C
(AFRPL-TR-73-10, Volume 1). A dashed line has been positioned in Figure
22 to indicate essentially the same stress dependency for the two types
of data. Since the o4 value for the fatigue data does nit exist for the
entire cycle the use of some average stress value for the cycle could
bring these data into closer coincidence with the stress-rupture data.
Some additional study of the type of correlation shown in Figure 21
appears to be warranted.

PART II - DETERMINATION OF HIGH-CYCLE FATIGUE BEHAVIOR OF R-9 ALLOY

Seven strain controlled fatigue tests of the R-9 alloy were performed
at 538%C (1000°F) in high-purity argon using a test frequency of 0.5 Hz
(30 cpm). Total axial strain ranges between 0.30% and 0.80% were employed
to extend the fatigue curve, established in previous tests (see NASA
CR-121259), into the high-cycle regime. The results obtained in these tests
are summarized in Table 9 and are presented graphically in Figure 23 in
comparison with the previously reported data for this alloy. It is noted
that a fairly smooth extension of the previously reported fatigue curve
is obtained to define the fatigue characteristics over the range from about
300 to 400,000 cycles. There is, however, some tendency gor the fatigue
curve to bend downward in the cycli:z life range beyond 10” cycles to suggest
a gradual trend toward a reduced fatigue resistance compared to that expected
by thg usual extension of the curve defined by the test data in the regime
to 107 cycles. This change in the curvature is an interesting result and
is associated gith a notable shift in stress-strain characteristics. In the
region near 10 cycles a noticeable compressive stress bias develops and
becomes more pronounced as the strain range decreases. At a strain range
of 0.30%, for example, the half-life compressive stress is almost twice
the tensile stress. Also, of interest, is the fact that near 10 cycles a
definite change of slope is indicated in the elastic strain range plot (sce
Figure 24). A corresponding change in the plastic strain range behavior is
also observable. While there is no clear explanation for this behavior
pattern displayed by the R-9 material it is possibly related to some time-
dependent metallurgical change taking place at the long exposure times or
to some localization of plastic strain developing in the low strain range
regime.



Table 9 - Low-Cycle Fatigue Test Results Obtained in Argon at 538°C
Using a Frequency of 30 cpm
R-9 Series Axial Strain Control
Zr-Cr-Mg Copper, A-ratio of inflnity
SA,CW and Aged E = 6.895 x 10% MN/m?
Total Stress at Npo/2
Spec. [Poisson's | Strain | Freq. |Range No s
No. Ratio Range, Szzrt Bejpel.| Aee 40 | cyeles to
A cpm MN /m ’ % % MN /m2 Fallure Remarks
R-9-101 0.35 0.80 30 488 0.26 0.54 372 12543(]) Softened
R-9-102 0.34 0.72 30 449 0.20 0.52 358 18746 Softened
R-9-103 0.33 0.50 30 323 0.1 0.39 268 83751 Softened
R-9-104 0.33 0.60 30 379 0.15 0.45 314 50010 Softened
R-9-106 0.32 0.50 30 318 0.N 0.39 267 101210 Softened
R-9-107 0.323 0.40 30 260 g.1 0.29 204 141447 Softened
R-9-108 0.315 0.30 30 200.1 0.07 0.23 162 382769 Softened

(1)-System did not shut down after last cycle;

specimen after the last cycle.

as a result a compressive load was applied to the

'GP
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PART IIT - TENSILE AND LOW-CYCLE FATIGUE EVALUATION OF R-27 AND R-28 ALLOYS

Short-term tensile tests of these two alloys were performed in_duplicate
at room temperature and at 538°C using a strain rate of 2x10-3 sec1. The
tests at room temperature were performed in air while those at 5380C were
performed in high-purity argon. A summary of the data generated in these
tests is presented in Tables 10 and 11.

At room temperature the 5-27 composition is sesn to exhibit a much lower
yield s:rsngth (about 60 MN/m gompared to 110 MN/m¢) and a slightly lower
(190 MN/m¢ compared to 230 MN/m¢) ultimate strength than the R-10 alloy
reported in NASA CR-121259. At 5380C the R-27 alloy exhibited about the same
ultimate strength as the R-10 paterial although the yield strength of R-27
was still lTower (about 22 MN/m® compared to 35 MN,mZ) than that of the R-10
alloy. Some slight ovality was noted in the fracture surfaces for all the

R-27 tensile tests.
In the case of the R-28 alloy the yield and ultimate strgngths at room

temperature were_just slightly higher (about 300 and 400 MN/m¢ compared to
280 and 290 MN/mZ) than those of the R-8 material (pure silver) reported in
NASA CR-121259. However, at 538°C a pronounced difference in strength was
exhibited. For the R-28 material the yield and ultimate strengths were
about 1%5 MN/mZ and 145 MN/m respectively and these compare to 16 MN/m2 and
35 MN/m¢ for the R-8 material. An impressive increase in strength is seen
to result from the addition of the 0.5% zirconium in the R-28 alloy.

Tensile data generated by NASA-Lewis at rocm temperature and at
liquid nitrogen temperature are included in Table 11 for comparison.

Low-cycle fatigue tests of thg R-27 alloy were performed in argon at
538°C using a strain rate of 2x10”3 sec~! and strain ranges selected to

define the fatigue 1ife over the range from 300 to 3000 cycles. A summary

of the results of these tests is presented in Table 12. In addition, a
graphical presentation of the fatigue life in terms o’ N¢ and Ng (see Part VII)
is snown in Figure 25. These results are also compared in Figure 25 with

the N5 data for the R-10 alloy reported previously. Slightly longer fatigue
1ife is seen to be exhibited for the R-27 alloy.

It was noted in the R-27 tests that cracks developed very early in the
test. For this reason the usual half-life information in Table 12 has been
veplaced with data at 10% of the fatigue life.

Low-cycle fatigue tests of thg R-28_alloy were performed in argon at
5380C using a strain rate of 2x10™9 sec~! and strain ranges selected to define
the fatigue life over the range from 300 to 3000 cycles. A summary of the
results of these tests is presented in Table 13. These results are presented
graphically in Figure 26. Considerable data scatter is exhibited when the
results are plotted in terms of N¢ due to the large variation exhibited in
the crack propagation period. However, a smoother curve is obtained by
plotting the results in terms of the life value, N*, defined in NASA CR-121259.
The load versus time traces were studied and failure was chosen as that point
at which the length of the cusp in the ccmpression portion of the load trace
was 10 percent of the length of the compressive load trace.

The fatigue results for the R-28 alloy are just slightly lower than
those obtained previously (NASA CR-121259) for pure silver (R-8 Seriet).



Table 10 - Short-Term Tensile Properties of Experimental Copper Alloy,R-27

Diametral Extensometer

Hourglass-Shaped Specimens

Specimen Temp. Strain Rate, 0.2% Offset Yiel Ultimate Reductio?]
Number oc sec| Strength, MN/m Tensile S%rength, in Area, )
MN/m %
R-27-9 R.7.(2) 2 x 10-3 65 190 a8
R-27-12 R.7.(2) 2 x 1073 56 190 54
R-27-10 538 (3) 2 x 10°3 21 44 33
R-27-11 538 (3) 2 x 1073 24 40 20

|

Slight ovality was noted in the fractured surfaces.

(1)-
(2)-Tested in air.

(2)-Tested in argon.

6%



Table 11 - Short-Term Tensile Properties of Experimental Silver Alloy, R 28

Diametral Extensometer

Hourglass-Shaped Specimens

Specimen Temp. Strain Rate, 0.2% Offset Yield Ultimate Reductior
Number oc sec™! Strength, MN/m2 Tensile S;rength, in Area,
MN/m %
R-28-8 r.7. (1) 2 x 103 310 411 84
R-78-11 rR.7.(D) 2 x 10-3 280 380 82
R-28-9 538 (2) 2 x 10~3 135 141 42
R-28-10 538 (2) 2 x 1073 139 146 45
R-28-21 r.7.(3) 2 x 1073 - 388 81
R-28-20 -196(4) 2 x 1073 - 508 67

(1)-Tested in air.

(2)-Tested in argon.

(4)-Tested in liquid nitrogen, NASA-Lewis.

(3)-Tested in air, NASA-Lewis.

09



Table 12 - Low-Cycle Fatigue Test Results Obtained in Argon at 538°¢

Using a Strain Rate of 2 x 10~3 sec-]
R-27 Axial Strain an?ro]
Experimental Copper; A-ratio of infinity
electroformed E=6.895 x ]04 MN/m2
Total Stress at No/ 10
Spec. |Poisson's| Strain | Preq. |Range Ne s
No. Ratio Renge, S::rt Aeinel Ace bo  1Gycles to
4 cpn MN/ma’ % 4 MN/m2 Failure Remarks
R-27-1 0.333 1.0 6 49.1 0.90 0.10 67.4 6137 (1) Initial hardening;
cracks developed
R-27-2 0.333 3.86 1.5 87.0 3.74 0.12 80.0 361 i1 specimens after
a few loading
R-27-2 0.333 1.2 5 47.7 1.09 0.1 75.8 1834 cycies
R-27-4 0.333 2.8 2.14 67.4 2.68 0.12 83.0 608
R-27-5 0.333 1.5 4 64.6 1.39 0.1 75.8 1904
R-27-6 0.333 2.0 3 64.6 1.88 0.12 85.0 577
R-27-7 0.333 1.2 5 63.2 1.10 0.10 67.4 5155 (2)
R-27-8 0.333 2.0 3 64.6 1.91 0.09 63.2 6192 (3) 4?

(1)
(2)
(3)

Tensile 1oad was below 100 pounds during the last 3100 cycles of the
Tensile Tnad was below 100 pounds during the last 2200 cycles of the
Tensile 1oad was below 100 pounds during the last 3700 cycles of the

test.
test.

test.

1S
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Table 13 - Low-Cycle Fatigue Test Results_Obtained in Argon at 5380C

Using a Strain Rate of 2 x 10-3 sec-!

R-28

Experimental Silver Alloy

Axial Strain Control
A-ratio of infinity

0.5% Ir E = 4.34 x 10° MN/m?
Total Stress at Npo/2 .

Spec, Poisson's| Strain Freq. |Ranse Sp o

No. Ratio Renge, S::rt Acinel.| Aee bo Cycles to

% epm MN,mz’ 4 % MN /m® Failure (1) Remarks

R-28-1 0.333 1.0 6 211 0.72 0.28 123 1066 (2) 'Softened
R-28-2 | 0.333 4.0 1.5 277 3.69 | 0.31 | 135 307 (3 (105)
R-28-3 0.333 1.0 6 233 0.75 0.25 107 4046 (2300
R-28-4 0.1333 2.8 2.14 281 2.38 0.42 182 261 (245)
R-28-5 0.333 1.2 5 268 0.8] 0.39 168 1038 (1030
R-28-6 0.333 2.0 3 284 1.62 0.38 166 648 ' (350)
R-28-7 0.333 1.5 4 298 1.06 0.44 190 667 (530) V

(1) N* values given in parentheses.

(2) Appears to be

(3) Experienced high compressive load on failure.

premature failure.

tS
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PART IV - SHORT-TERM TENSILE AND LOW-CYCLE FATIGUE BEHAVIOR OF R-30, R-31
AND R-32 ALLOYS

Three different heat treatments of the R-28 alloy (see Table 1) were
evaluated to a limited extent in short-term ‘ensile and low-cycle fatigue
tests at 5380C in argon. A summary of the short-term tensile results is
presented in Table 14 to indicate slightly reduced yield and ultimate
strengths for the R-30 and R-31 alloys compared to R-28. In the case of
R-32 a significant reduction in strength was observed compared to the R-28
alloy. In terms of ductility (reduction in area) R-32 was comparable to
R-28, R-31 exhibited about one-half the value for R-28, while the R-31 alloy
exhibited a significant reduction below the R-28 value.

Tensile data generated by RASA-Lewis at room temperature and at liquid
nitrogea temperature are included in Tahle 14 for comparison.

A summary of the low-cycle fatigue resu’*< for the R-30, R-31 and R-32
alloys is presented in Table 15. These data are ccmared in Figure 27 to
indicate comparable behavior for the R-28, R-30 and R-3Z 2lloys. In the
case of the R-31 alloy, a noticeably lower fatigue life is exnibited
compared to the other alloys. This appears to be consistent with the much
lower ductility exhibited by the material {see Table 14).



Table 14 - Short-Term Tensile Properties of R-30, R-31
and R-32 Alloys

Diametral Extensometer

Hourglass-Shaped Specimens

Specimen Temp. Strain Rate, 0.2% Offset Yield Ultimate Reduction
Number oc sec-! Strength, MN/m Tensile SErength, in Area,
MN/m %
R-30-3 538 (1) 2 x 10-3 125 130 54
R-31-3 538 (1) 2 x 10-3 105 14 12
R-32-3 538 (1) 2 x 10°3 58 64 72
R-30-5 R.7.(2) 2 x 10-3 . 316 89
R-31-5 R.7.(2) 2 x 1073 - 201 85
R-32-5 R.7.(2) 2 x 1073 - 219 90
R--30-4 -196(3) 2 x 10-3 - 472 75
R-31-4 -196¢3) 2 x 103 . 313 82
R-32-4 -196(3) 2 x 1073 . 368 74
(1)-Tested in argon. (2)-Tested in air at NASA-Lewis. (3) Tested in liquid nitrogen at

NASA-Lewis.

9§



Table 15 - Low-Cycle Fatigue Results for R-30, R-31 and R-32
Alloys Tested 13
Rate of 2 x 107

Argo
sec”

N at 538°C Using a Strain

R-30, R-31 and R-32 Alloys

Axial Strain Control
A-ratio of infinity

E = 4.34 x 10% MN/m?

Total Stress at Npo/2

Spec. |[Poisson's| Strain | Preq. |Range Ne s

No. Ratio Range, at B¢ jne) Aeg Ao |Cycles to

Start, (1)
% cpm MN /m2 % % MN/ma Failure Remarks
R-30-1 0.333 2.0 3 256 1.6 0.4 173 290 (290) Softened
R-30-2 0.333 1.0 6 256 0.63 0.37 161 1123 (1000)
R-311 0,333 2.0 3 207 1.56 0.44 193 56 (40)
R-31-2 0.333 1.0 6 218 0.62 0.38 163 381 (240)
R-32-1 0.333 1.0 6 96 0.78 0.22 94 2971 (1700) Slight hardening
and then

n-32-2 0.333 2.0 3 1 1.76 0.24 104 1074 (600) slight softening

(1) N* values in parentheses.

LS
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PART V - PLOTS OF LOAD RANGE VERSUS CYCLES FOR LOW-CYCLE FATIGUE TESTS

For each test, the continuous load records were analyzed to yield plots
of load range as a function of the number of cycles throughout the test. In
general, the first and second cycie information was read from the x-y
traces (stress-strain hysteresis loops) and these points were plotted.

Then this plotting was continued for subsequent cycles using load range
information as read from the strip-chart recordings. A sufficient number
of data points was selected throughout the fatigue life to define a fairly
smooth pattern for the plot of load range versus cycles. Such plots are
presented in this section for the following:

Material No. of Tests

R-2

R-24
R-9

R-27
R-28
R-30
R-31
R-32

~nN
NNONNONO O
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PART VI - TYPICAL HVSTERESIS LOOPS FOR LOW-CYCLE FATIGUE TESTS

A typical hysteresis loop for each test is presented in this section.
It was the intent here to show the cyclic stress-strain behavior near half-
life but in many cases no hysteresis loops were recorded in the immediate
vicinity of Ng/2. In these instances the hysteresis loop selected for
reporting was the one closest to half-life and usually in the region prior
to Ng/2. The particular cycle used in such plots is recorded in the figure
along with the temperature, strain range and cycles to failure. The sequence
of presentation is the same as that observed in Part V of this report.
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Cycle No. 10 Cyclie No. 4

N¢ = 238 cycles Nf¢ = 66 cycles
Ae = 1.0% Ae = 2.0%
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Cycle No. 8
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Cycle No. 244
Ae = (.5%
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Ae = 0.5%
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Cycle No. 10
N¢ = 300 cycles
Ae = 0,5%
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N¢ = 116 cycles

Cycle No. 46
Ae = 2.6%
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Nf = 14194 cycles

pe = 0.7%

- — e

(72
(]
—
QO
>y
Q
8
v o
o .
— oM
" "
- W
= <<

COMPR

--a0po. -




130.

1
I
I
|
T T 1
4
i {
LM. L [8)
v . ~t
M T T —t —+ 1 o
B | 1 0
g T T i T T 1 —
—+ } { 1 L o~
I 1 N i 0 7
. i B T ()]
' —
-~ o W
- —
¥ . ! ~N QO
4 ; h =
! 3 = O IR
. < N
D t o ™~ I~
: } Z 0 .
; } 4 -— 0O
+ A . @
. : — &
RS 'SE B B . 4 <
. i B ! 1 | + > 4 W
; IS MR BEE! A o Oz g
i B NEEt N ; WI o
-}, Mﬁ «\Mf ,H ! | Ld
— il - Y ,WV . | L
B THT %
: . } 11 Y | — 1 H x
n48 B R ] 0 T BB B B i
i i . M BB
+ b N B 4 1 : ! B
. Jﬂ\w; i 1 b T B
+ 11 B 1 H 1] Y r
NS SRS B SRS ASEAE NSRS NS 1
1 : ? _,, N B R R B EREN D! ! !
S S BN BN R ~ T
251 B i BEEE NEEEE DRERE R IR B
s 5 B RN BB R I Ly B BEEEE N
_ i PRGNS SEENE RSN RSN B ! I ESRBE B
T S : | L ; o MBS
! - =1 : +
et —}- 1] ] — B il i
: : § i N | 1 I T
Lt — , RN ENREE RN ! T
. 111 , T [t B LB 1
N . MDA ! 'HEa G RS RSN T X ) o
: . RSN B u i T T T T %
T + + - + - 3
¢|dw M P! i i | N 0h;! 1 _WV o ry I ™
. —1 - . — HEE b R B DD M NS w
Py, Ly ror i | Jl In ,pA \ rp«
LI | v I g Ir I H | ' Ah wn
i - : A I S ; Ly
- —i—r ——— —r ¢ — + + +— @
—s ot NESLE i ™, X RS RN —
bk — IR ,A,, N IR BN BED (8]
— N , ! N N el T B [ Q >
- T r S . SUEN Do NS SO B S O
N s i Y L A N A
t [ 1 e i RN Sl IR * * RS T 4+ —m + ™ 3R
ry. . [ i ! BN BRSE . <
—_— i I NI SRS DEEEN B N R I B Q W ™
L 3 PN BUW ] L . D ) N MR Z o .
L " +4 - . i L i e = BN ; © — O
i i C i T L7 " : +———
) S i 1 t ! | 1 i
;,rf . . rFL ———t ht_nyl ! . ; ! L’A w’* * o = =
_4 " i H ! T .» R 1 ] o * c
~+ = it \mrane 4= - i > P
- + - . il ; B DR E RS el Long o=
L. it DN, L1 —s | — . i Tl S o
! ¥ R * * T T 1+ g
T N SR R o P U ISR N 5
i ' I N . T o T v | K
T S DS SN NS RS S SEE D — =
} - - 4 " I o
11 RSN BE NSRS DN L L j NS l o
: T Tt —t ¢ - 4 + b
A, AH» Ju - . B . ; !
4 -~ ! : . — . \ . .
N .,4.4 _,»M ] JTL v + + rl".. . i ] a
+ RS RSN : 5B | BB e B ——+1 — Pt
‘ - — s P - SN I e - I il
{ P, kHL« - e i 4o L|h.r~ H 4 e - . BN I t ! i
b I P . . il SNEE B Pl DORSYE BEDEE Bl ! 5
PPN 4 D Ll s I N Wt 4
T ') T -~ +
- A . P=q ~ 1D i —— L : v}lflo,'r — JEY !
JY . =S X v i N T T T
— +— . G — ——— e -+ H, {
- e i =3 4 44y L — . e .
I ™ SIS BT DU , . /B S S SR SENRE I
1y - T SO 4 _ — . 4 . b ’ — L4 ]
T - .o S I S I S il N N BERUERBEN
il - ol L ] 11 L L SR L
et — et . . . s . —_
-+ B 20E0 NN Bt INDIDEIG! SDUDOY SO IS0 UMUK W IRGDUDEE Ny I BEERE BRRES
,M’J‘» AHI,rrLiL i SN S ﬁfl.!b.} DN N »I»IITL19|+7§ e Y " I ) S 1T JESY —
ot q+ = . - N SRR DAY UG . . SPSENA Wt — 4 »ﬁ . Bt
— " " i i . st f
SR SN N . - B SRR RS- SEENE SEE) W T HMH 1
B M I ' T A —t—t— b st
et LU Toses Eeu: Seus Pessy RISt FRER- SEsoy news: susassassusues
r— : FES SR . t.:,‘ftljof!ll — et )vft;i*‘?xltﬁy.;t-tlvkx — e i 4
: + = [UEPO GG ULTRIPIN SIS SIS R t\t.u PURPEPU NI RO PU R . } 4 i, —at ,»H +
- “ [P S % U RN PSR R —ts 4 ; it
e v e S 8 e | ot




TR N -

R-9-104

Cycle No. 35100
Ng = 50010 cycles

I IASNELNSES ERNEE DEN SSSENEEE N it cib b dee ) ;
e -+ - j*,.. b Ll ! . ! ) ! FE e 4
; . I DN DN RN 1 M BREE RSN IDERE SN RN DD
+ - " <+ 1
T R A _ o H SR BN
! i ! ¢ ¥ A 1
} «*. M ”L -t M + >y + + =+ {ﬁ gt
Lo RS D ! . H i i1l + 5 D +
I INEE R ; LN Il i R B IR R B
T R M M 1 ”“.% »1 M T _er‘ +— + * * '
M RS L 4- ¢ . : ) IS AR s .. : . — R
17T ——+ S B e e e 4 — —+ ; . +
r ¢ 2 1 . . " : n i . -
] 1] v T T T v
+ | ™+ g+ ,_ m t : -t et - ———t T +
——r — - N + b + —— + ~
DESEE BERSE MAT S S —+ +— g - -
; N o Ly R 4 Bl .
N N ! 1 0 SO N B S ; ! N
L L M - " »...Jm.|7‘ == * - ’ - -
q.r =t ! 5 b UL EERE B 4 T —t : \_rlol# jgtllriuj]‘tlilj
}l.kr.‘rolllllnliﬁ A T IR “URTE DUORN —t + -+ -+ -3 Ll. %
USSR SN dhe. | paahd oo- T HE O il ,,
T i R 4 T N DR 4 Q
.A }: nt s Al — v T ™
N (Vo]
| i .

0.6%

Ae

ISR IR IR

Cycle No. 777
N¢ = 83751 cycles

= 0.5%

Ae

! —I- P
pe e mt e S ND U S P
R e B e Ll R
bemrer—e e b e e e e PO S

I
Ty T N S .-
S SV - .
II.»W — - : -
I O S S
T i S
b 4 - 4 -

_4jo.

(72
m
-

-~ 1000 —

b —




i m an i ] TTT SaSusssssassFEanEmw
. I I : bty
ua i H ; -
: 1 : . i
: . : . - -

; ; N . 1 ! H 1 I —
++ i -y t —t + ! Tt a { + -t
- + - Ll [ I JE ol ; |1
- +—++ + + " +—¢ ¢ -+ ——+ T — + ——t -+
4 . | FEDISEY S i $st ——t -t H : i —
i e Ly . — . i RS s b T '
e e e T

| S . . i : | | T — —t .

N i . R : T JE| " 4 .,W ,J\} orv

LR * ad M et T — ~H 7 MR 0

+ e — ——t by + bty P —

T . R : N | L | T %

— N i N B 1] I N S

* IR + + Y T T T +

: o — FWLP. i ! i - «» T

+ I i il i — 4 \rA o w

T T — 1 1T —T T T * T

I L . " Il NP = } I B R . . Q

— . T SEEE DEEEE RS BRI T IR Qo —

: * - ~ v T * * - —p——— [=A BN S}

! ! EaBee s ' . e Ll n - < >

= ] M DS B [ 4 i BN n E
=] T oy Eeaa R DUNS Baa & x
; : i — M~
HM _ £ < ;

* ' s < 3R

- O — < .

w zZ <5

H —

T} M v 8 "

—
- [T}
e ; > 4 W
. — w O Z g
LL# —
— 1
.. N o
AWU [}
I 7 o ¥ [» 4
S
P _ .
r— P ]
| S «e 1 —
|
. S NI SIS
_ I DU N ]
} P S | - ; - S
- (& ] *
oy 1. -~ . % ]
. m—— D i v — . slflwltlb|0.|4ll.l!|0|:|lr -— ™
Q) : 1 w
| I =o § v
el )]
—_
2%
N O
()]
™M O
—
+ N 3R
O — W
= O .
- O
- [}
- BN
w Y- W
O =4

W B
40

3 . ! %

,. 1541 8 = .9
- Mxil‘ m |Mf ” w - .va .c %
=t SehE -2 M
o 0 . % 1 4
p . R




]
»

14 INEEEERa . 1L T T ]
! BEBE B N i 1 TN N e DENes
it , I —t ] ]
— - N — MRS SN
I | { i REE SE _-—
i T T i i Bt RS BREN ,
* 41— INRE B I
4 ‘ — et I
i L ] 3 . & i DI 1D ]
M T + e +
— -~ gt ISESE EESEE UE A RS
et RS R MR R — — —
T T o v
i + . . " r , ! n wr by ﬂ_ P SN + ‘
I 1 D ] I ERESEEN NEn Auﬂ IS BERDE B i - .
b i N ' . . i f N N
+r + et ~t +— 4 +—t + et s T fcITz.L
e I - : [ I r 4 t [ e L WY »*r - o
! . K ) H — M —r——— . .
—— 1 I I ' IS 1Bt NS RN EEREE B ——
T R X } T T BEAEEEREEEEOEE B -
RS ARNE DN N B T NN B ]
[ It BN ! M M ERGSR RN PESES NG RDE RSRDEE ]
b — 1 1 T : N B! i !
— —_— N B , ﬁ HERS BN NS B e
= i — — , : NGO SRR
—1 =] = S e e
{ . T i ] v
I lant ! MESEEN M W - 1 T
' - - et (&) _
== R I 4 et ) T -
D ; : I | S 0 e
T 1 Tt — ! 1 b= :
. - ,» - + L«r — —— %l.ﬂj
3 DR O DA BNEEE NS NEEEN BEN W
- 4 i SR BRSEE BRI M..
' ” X T . ¥ B
RiC-3 e B SR RSN SRSRE S AREE S
| L M
s ! N RS SRSERENSEDE RN 0 > PR DI
L ] . BRI BN EREEYN BAREY ERS o v S et
g N ", ‘,ﬁﬁ T T N T —
. NSEIS U TS N A —— —— —_— O
- SR R i : : O L o
™t R T -+ " v -
Y{ISI:I -+t e -+ t+ * 2 I~ 3% P
ﬂtIRL — N i - RSN o & ')
. 1131 — s . ——— N - =z =1 0.
: R I
- - ot SR SRamama [ }] ’
S - — n ——t— ——
£ , N SN L & —de e ]
R0 . =+ A S — ! > ¥ w —_— ]
D + BNEE BOES : ) ® O =49
= + A Yossunen I eu —+ - o —t———d e
1 . i J ——— —— ht
, M 3EEN I NEES IR & O B
] e CESt EETH o0 . g 4 — e 4
N - BORE 0 S I B @ ——t—- -
bt oo - D . e - ——f —
7 . I RRES ~AEPIS oo ru*lm M —
A7) - Il s3od has :M 53 S R BN DN
. a. § .. HE 99900 S00ed i ‘g ohe. = NGNS SO00¢ + ; PRSIV R, -
-§- — s o - i - . . 5
A H boRb 5o Mfum . TN b —
1 t PE3E S3e%: ISESS S0y, Tas oy o) SESSE SSS4% -
[ 1 i .. IR P s =y PR RN PSR
- e by g o, ‘TS0t SEANE SAAAE ek aesal SRSRNNSNSS SSERIENIR R
L en oL s 5 St BT s w == .
| e | NEEME Bios peoae arvos sevs: NP  PrTR -
7,1 . — PINENEEE 53 S2508 Fhe. Sills _
—e T 1. % B
TS ¥ Y G e : e pod) 1. q .
N TN .- ; + LR I B e e n e -
(r'«S'V' — P SV — -+ —_— R i — -
I = PRSP SOV SURIIURVENINS SO NI IUUI S i — e
WO TOUNTISS UG . P NI EDSIIUN BN S U -4 —— — - N
b — SURDURN NS SDUPON NN ESENDUD S G —— mt.lfiﬁ.l —— *Iﬁl !r
INENNDE USSR N | 8 SOUDEDENES SNSRI SN - S SR I
" - i X - [ -
— —} Y IRTEDI Gt |t R N R .
1




134.

! /0.0 0 L B L L A N B | T B .
+ -
wenga na pe # J~
- 284y i
- 8By 1
- 14 o8 f.
2y . t o 1
H-
- -+
T T + +—
. " 11 YAH 1 T e -
i T } i ! T BERRERS
: + ) - Hw + 11s : T + H T | 14
. » * 1N .
TR Rt e i T T
1 T 5 5382900459320 saa0ane s 7 HHH: !
NE . H 3 Y 188 2Rl +H3 e
NT H ] Muhﬁr; 882008 $288¢ Wdu? 2 8525 15 (&)
. m 2 S8ESR200s: ti] BOSE S8 ant 3 34 T Wﬁ -+
1T w - ...fm B [gess 136as t1 M&A.QHHXLL 1588 154 pod :
! [iyeasasss sedue il gs fiods sabas Lesad FEEg) chat 1o o .
T 23: SU¥ popse pas SP240 33553 LPSSS S9LEESRPRS 0 1
— ' $ 5 $53 e3883Snant LasRRTasat besta sates bassh Reons snet (b —_
+ i + — ¢ 32S RE RS e se RERRsTeY! ﬁ YMA ilrh ;
: i +- e R A58 SBEEE 0 3288 1ess :x.m Jogbs odbas spsa ,
[ peasts b o a !
d ! T ! T * 884884 Sushy nel jgeP ﬂ 11 7 D
] —— w . + + { 127 pResese: IS SOGAT SEOP! B [ }] —
— _ ——t + y 1 S HA33 8388 SRaasRantt sass: b ™ -~ —
. . H " i * 7 IO S ~ %)
Tt T — T { + } et e 1
TTF + t 1 + 1 : Hwﬂ 2989 ssas: 111§ ~ >
: LN [ NEEN B = )% 2505 89685 Suuou Aaate SR00: 94 U ¥R
X et ERESBENN 3 $9900 $6504 SEDSS abu oy SPSR: & . O [
t——+ RARER S Sn e an a a2 5F TSI 325 SRECaFupey pons: = M = o0 [
-+ 1t - IS SRPVS 2290 o - .
- — y 8 LR Tiet ¢~..w " ——
Il i - - - PRRE: s R T¥
AT T §prey suass srcaspuses sazs: S| o 7
- +— et T [T Tz hots 0400 RESRS 358 &SN - n n —
s +E it seeet Mgte TR 103=: - O -
. e iy —4 et aanss S0R3 SRSs Shg=: > 4 —
—— s : 533 netts cobhs favts siows ¢ o O =Za
DU S 3 bod 8480 00N ROSES SRS ; !
| N B o ee S3EeE SRS RTTSS Saun: — ~ 1]
j T s j20 0890y 544 nE a8 ¥ n/-._ WJI
T ¥
< N
—
-
]

44 -

44

T

.
[ pre——
% =]
) ]
. [Yo]
Om—p—
: ' 7] —
M S i : . H Q —
: [ — ]
: N N | m anJ
1) - o v ~=
» . L . ~ Nla PO
! o o o6 T
§ S e 2 = .
4 S - —
- —— Q ..
DU S — RN
: 2R B 9w w
— —ed c N A
= o
1 P ~
I e o
! , >
| b ahha [a'4
i
...
[ AU NN WU SR
lo e t-——ab—
Q BN o_. . el
o e KT U D)
Lord R L ~.. FNN 7 ¢ } GG
_ LT
SN SN I . .. . .. NR. .
l;lnl!—ur_.l.lfb‘.... . - - O . - .. PR, . .
[T hsdT 9. N~ X : m -4 I
RN D DA - DI = D - - - N=]
AT N S
Sumwl peunl SOGEE SN SEBHE BRI BESE SIS S : B B
- —— -— . . PRI . . . 4 . PUNPURPIR S -
e H‘ - N - % » . s




135.

I 1 - M T
4 }
| 1 T M et »,4_
BR B R
) ) T
i N ! 1 IR I
, - =TT
- w i —— +— :
. 4 1 14
4 ! 1
4 Y —

T 1t OC S

1 ) : Rt -

= o | S ]

Ll ) ] wn Tt

+ aama SR mamad

T * +— + b

H W S
N DEE HEEE Y BEE
.,rJW #» — -
»ﬂ . wn 1d 4 H
L3 i Q - ar
T t N - =
i FRREN M- [=] (8]

14 : ! I . b (&) i
EN Y B B OSSN BERS .2 e ”
ERCY B U I . 2 8% —

—— . i . O o~ :
RE--y R N — : =, @ L. | N
[ L e XL 1 — : . — .

en 11 T L : . ) ,

08 BERDE DEREE RN : et — <+ > 4w A

T - —+ 4 - . ~ © =< S

T e = &~ S
IP.I.. L , N N £ VIR ESTRE ESOES I IR o | RN
Ulv._n | S e L 5. $33¢ . = .
lﬂon.ﬂ 4 ——q N EEH I B | DY
1* e ot . e - .o - ..

17} A NIBEE Sade suvwe Sie IRETN PR e - ——

= — DNER BEEEE SN RN St pas ) FER . IR —

en |1 NN R L — - == EESEPESaE & +

[l ,_ e N I Mtqq wa :%ﬁ i it B |+ ]

RS ] i — I . .

LI_.V . | M M SEEEuNe : i v e |
aunig o e i D A Pl MR ST
RET-=1% RO BEES NS i BENEEEEGE DENEE S RN IR O
LlofAv i ——- rr + ! «!h iy ! e e —
L — BIBEREE BN EAERAE REREE — —

Mv ) + bl s «1;1.. R . w . m . + . —— -

i ) T i . . |

+—+ . +—+— »»b ._ a U S nentra— P

N e alob 1 t— s
e .

|
|
|
L

1
S

!
i

|

i

|

1

:

¥

't
N
fiiG;

;,
)
|
t
+
s
}
i
L
™y
|
i
5389C
]
|

|
0
|
|
|
|
i
i
f

!
L
t,
|

- ' V
T ,
7,3 DU I | I e e T O R
. ! ' —
e T Ly = o T -
[N} = 1 —t— = " o > —
. B Bl e s S S | - o O P e
a | o . .. ! | "] -
BETY R S WD SR BISSEEEs BRE St IR OELEES EESEER ERNNe S IT g
. : ¢ .
i _-nw Bindnnl Sadh et sttt 1 i i ' ; ] —— =z [« B T
+ \ 1 + — e ot - ——
8 - - - I . . ! 7} b
—— —rb— ; . - _ i eal ] - T'Jlj d [} ] ~ -
= | . S EE I SR Sess NS Sep
e B B o ' " M P [X) =z A -
T t . ! T ™
T R . . ¢ : e ] -F | -
fe s o — - D e e T R R . o - -
o S *‘rr‘lﬁlwl.lltlfl.dl,f b+ wA e 9..—
SIS . o s
L - e - -
o — . - —4
R M SR
l . . M - . { . . -
GRS — lm.l
! - . -
& TISND =]
SV < N 7
(75} L
.= . . . M 4
— b . R
SN N~ .
\ [} ﬁ
wxamhqu | RS Sl RS
o 1 ! I




136.

N U
DU W

T M L 4
Tt I i : H \
BnE T T g T
+ / T -
I o . |
— N { ; + )| ; i
! 44 ,r% ! s i w\w + ! e ) {
S BT W M T S BERE !
.r#ATH_y #»_ BN i R RN T '
SNBSS SRR -
; , BN BNty ¢ ! t_
N DR N 3 e ‘
I 8 BauEE ST T
| ST S MRS 151 )
! i — i 3 B - o
L C - .
. WAr 4opid .frt ‘41 0
i I + L ™
T : BE w0
+ b v - bt 4 } r
w . pRy- ;ldn“% + +—+ 1 ﬂ
; 1 i
I+I A e b et Lﬁ( " + u r—
=+ ++ BaSEE! QL
et BENERTAE e + — ]
! t ! M H (S
T +r ——t - —+—+ . L]
— e g 52
—t —r IOt - .
b= JJ._H.JAJ B i o . PN
! i . .
1t + -
T ; 1 T 7 ! L 1 - .nlb ] n
——— : 5 £ 8
BEC- < e e M - 0 © <
e Y , 4. ot o~
x B T o L SESey SRS, . e L'l.l#lol,rl o~
ﬁ [PEN DS U b-o sy M ; 1
i . . WM [a'4
cv . . M .
N DR i 1] ma !
1 . R R i
t }
i T N .
ol - = e e mm
L . — — . h.
4= « s — —++ + At
R —l —t 4t —t . - b
MADH b e $— + T R ERER 1»77‘ T P
p—t——t— . T;.'vxﬂl ﬁ . M% M + -—
T T —
i + : + 1 »1,% ,v y Fw Ul PUSPURRNNEES S
it § e e y . . L. . -
T BESE S0 1500 00N MR IS R
.-_ n‘|0c|+l4,ll e »ﬂ, . ;Ar
? * t
. FUY SSGENE SO e e
ET7, N TR S N e

)
o
—_
- < (8]
e e . .w . gt N >
— et X-Hu Snid thnee ahbiatnshs AERARS SR HESRSRESEE — ©
73 Rt Dh B | . | 3 3 S s g
i T I 4
> w-s!:r R i : . ; : U = o .
= P A SO UPSCE 5 . “ | . i g o ~— -
+ ' ; —- TR T W’l‘v- 4'l'l - “ - l‘ﬂ T - 54 o “ b — ' .—
It ML FENUTIN ST RIS i . w w A . ——be I
,_ — ' T ;. - iy ml M
st + : cpe—egl R I e ——a n O
w ! + 4 DD . . N o } 1 . - e _h
| H— - g B B e e 4 SN O .
- —— I D v 3 ; ! YMHH.NIL ~
S Snand Retat e o w 2
05 S N D ] ! 1 N
IR ST -] . ' ! * e e
NN SR DA SEEEE SIS, T e SRSl AR AR 0 PN
ST SNSRI EE S - . BB s -
* " ! !
lLlLl bt i e~ PN R —-— - * . . w ‘ pr—— - . e
U W S ——— s R e SSUNE SO SO DU SO - .t.I»..‘T.I: IL ] P— . - ce - -
. D S . e P s - P PO . - - - - .. - -
I, bee e cide o s e e b L T S L - .- . -
—F 8- s 1S
[=} o . DU o
—— X S . . .- - . . . . — < . .. -
CTTZ[LTSNOIMAN L [ L e o o l.TIip e ] ‘ RN 6
SDEBEN - S S .. 3 rs . R . e ~ - . .
U= SUPUEURUY R _ — ‘ _ . ._ _ . .
7,

. COMPRESSTON

e : 1. B ¥
b (e A
[RULE babad £ 18 a . = L
[ 1 e :H;u
e Bt 1 * o |
- - — . ~ . . W .. + m




137,

HH+4

+1
+

+4
-—t
.
I,
-+
4
-

4

H
oy
+

T

—j%jr
44 44 -+—4--4 -—r_‘}

+
H .
T
A . { .
+ Pt
t ™+ 11
T ' i
-+ 1 + +
! : N s
| T | T
T T T T i 1 T i
44 - + ——
, + =» ' i i
+ —
i * } M ++» ﬁh ! " +—
[t i 4 4 ; I N S
T y 1 T -+ 1 + 4+ ’ + -
- ‘ — - t T * T
4 - } i3t + JE 4 + 1
- H * t + T MR 1 R [
By pas N 4 * J N
147 ! N R L1
! JRE T LG ! M T
i N A T 4 1 ..Ler -
=T T ‘ — —
11 t IBSEEEREDE RS pa ps pobie T
o Tt —tt R [P230 §5208 S0RAY POSSE PO0SS $904 S St w Rtk
L_x t + - —+—1—+ w JS SHURY SUGDY PRSPY SOORS PSRt T , - o e
< A ! }S 32 23 SEORFSOPRS SR ODE Bk JADS SRRNS SHPEE SIS .
T 1 - -~ + 4~ ; T + b9 ¢ i v .vav +1 il .v..n PR DD S + + o0 -
! JROSS S90S M 908 DOSES SRISS BSOS . H N
. -+ ' T 3 B ppEEE Fuy [PPORSOIDS PROGY SPEDE PO 1 T | %
by AR St + S 2 [ DOUNG BOREE DOSN] PRDOS B P e + .J 'IH.‘I
- . + e ——
Lot 1 i L7¢] !
R e R . o — -
-+ FUDUPE SN e — [
|._|‘L%A ot ’ . uw) S gt
= e . [Ye) -3 [
L + i 1 ~— (8] ——
,n" ). . ! !
R SR . e S
..&IFA et e " o wn N e e
o) Z — — ]
I..LL —— SR un — -
I D - [J] e e
i -H L T M — noon
[ * —rTer T O -
T et + + > Y= W e oo 4
; (&) Zz ——rt
Y R aananet ERIE > . —— .
B, DRGEE RIS PEENE . I
e . . ' . Ca
BEN--1y AN NG BN - .o
O - —
<4L (RO + . e
e | -t et * -
+.5 [ R S U B :. - .
2 NSO S BN . SISOV PO S
; ) . \ .
- " s
SO S : } N g e s s i IS RSP .
= e - ~ + J”»xl¢,|4.+ s +———+—4 1 vt e -
—tp fe o - + + %T +—+ ; - +4—4 g —4 -4 [ SO,
(RPN P it i +—id - T T e e B s e
L |
+ ! T
R B e L i it b e e PSSR SR (PN U SEUPGEa SRS RSP
! "
— e f oy ——t L I ; FUDUESEY IR SRR SGIDEY SPIIUY IS R
- 4+— 4 +—+ +—4 + + ,« + .|+I.?, rl, [ SEEEUIURUN VRS WIS S . - e .
T - TR - — + “— 44— - JY VRN SPUVUS S WIS (SUNSUIPIDNI BRSSP SN R
THEEE S + [ S S S S S S e
* ! ,
et — e e — + — 4y k 4 B eatmak SETIIEIEEE BRI e e eas PR S

-4 + 4 st et '.g»l,kwi + Rl UNVON S S, f.*.?»l: I e
' ,....ITH " * r*n t

R s S S SRR e e Tt SN PUNSUNDUNE VY SOV IS S SEPSPP S
Tt '

L.Ll.J.L B E e i e e S N T e T e e o e P
- [EUEDURNUE SN S PR T e *t!ir&”. U SR B R B T T BRI BRI
AR S Uy Y SN e e e R N s . .A?tl|,...|»4,.,u$, [ N U (O U S U S [
e foerme e de e e by e e ] .LI;T.?L. N ST SURUIIY WU, P P P TR
. * '
LT N GG (NI N (U SR SIS SRR TR S [P S - .

o e i B e B o g B et S - . e B R S - - e RN S

B

L e . e B R S e T T e A S . I TIF TP P T o EE R

L S S S Iy S T RN

i
&
=

[ ]

=
1500
1000
—500!

‘gi

JO
21000
1500 | |

..... - s e - e e B . PP
. .
- -+

o
P
00

. CoMpRESSTON

.*.. .. . . . . DR T . ‘ . . s




.

DRSS 1 [BUNIRENS I
3 T
1 ~ —— e —
BN,
=3 b

foo X DI -
[ o - 1-
| - - P -
720

St . ...

5389¢C

Cycle No. 99

-
v v—r v T v—
X S S B san T NEDE FRSSE FRE!
I8 NS B SR 1SS EBEAN NS
2 S DEDE DO T A D
— i RES BN 3 i i )l BREAE RN NBEEIDY
= 1Tt T M T N : . T
. I - . “
- : M + s by ' T 1
—+ ——t i 4 Lw b st : —
! NEE BN —td I I : . SIS
+ —t TS B T ++ 11 — — =1+
: . e : e -
MR v -
N IS SN ER S BB 18 B EEWN NSRS SENSE BN mena Ea
e . - i il _~— H
+ . + . + - -
! 4 P IS I . { i . —
- + ' -+ —- - " . - -+
44 »4« " i : —— Tt + »\olﬁ s - 4 -
' I S A PN S s -+ R N — . 4 —— e
_ S SEN RS PEDEE HEREE R et + -
. e, L4 L . . A ——t - I
-t ¥ T M Y -+ N A
. + - + ——t- - d. .
——t— —t v
— —t PEDISS S R S SN : 4 i e — -
Lt Laiq + —t— i i JEREY " + — h iR -
‘ ! N HE H . . 1 v T ¥ " v T — >
SESE ARSEE DEREE DS SRS PR T : -
-+ - " = —t - —+ HEME I v e
.
; '
_ ——e —4— . + —t e
. . i i . L
BN e - + i ! —— +— ——
= NS DU N B . _ -
— T 5 BENES B T —
J : — ——t —
BN P +
U ! ! . L
\ i 0l I —
e ——t-
- - —— - ————r ————
| 2 I — iy — - : ; .
N7 MDY N 1 =
1§.. 2 — . : -~ — _
1 . '
-t - e —
1 | T " H
= — , -
— +
- N N S ~
- -
e —
N7+ N —
— ——
L1 ——

Nf = (192 cycles

Ae = 2,0%

RERRs

L

P
'

[

——— - —d - B e R T S - - - - L IR -

o.lrl;l% [ e RN RIS 0 IO SN O, T O T e R SPSVEEE

DRGNP IR S J S O S DU S JU SRR U SRS SIS
TR W—— [DUIPUPANSPUIIE SISO (SO FUIVI RSO R SOOI S U G SIS SO

i IR ISR IS S S SR SRUDERNR SN SRS SR SN S
. 4
S I S S, JEDGUNE DUNUDEDUD SUUSND INUDUDEI IPUNIDINS IDUDNNS (N o ¥ G B
SN U SR G- R IR T S S e e - - -
R - - IR SR RS AT SN IS
| . - . . L~ B S, -* .. nit‘«c?[aol‘-
Iy
e |
—_—.——————f ——— } - - - . - . - - ree-a - . ’ - —-— - 4 - . —— - ——_— - - B -
VU SN I S SN SRS SURDEE SRR It . AR S e
ol SSUuenul IDUDIRND (R (DNDERA S SO SRS IR S IRRE SN HENES S
- S oo — -2 W o
T Z CSNDIM3IN (T v ol . gl e . R IR
SR | S W.I L oL, . RSP
S e IR N R 35 B

. 20U

- . 4

. OMPRESS10




139.

L o
¢ -4 -4

e

-

|

4+ 444t
44

538°C

Ne = 307 cycles

Cycle No. 160
Ae = 4,0%

R-28-2

;]34.iiil¢1i1§iiiiiJ4iLi;iii1'%

+
I

Nf¢ = 1066 cycles

N
()]
—
- 32
o o
e = .
p——a——— -
: Q
— ]
>
UEUENERS SRS SIS w
e} e . Q <3

v
b e e .4

SURSY SESEE Bl i x.
- - e 4 e . w o - e . .‘.0» e et 7'.14’ - - - - -
DU S ST SRS S I S SN IS W S SO S
- P »» - - A #.s»n,up: :1.|N G S
SR o BK=N T S = =] N N
rr-Aww.umchamz - S o =% - DR RS I
——— & 4 - o e m - » 4_,]. . - . . . .-ll. + - - -
;r+:me.t A I _ ._ . _ |- ] e ;
= o i
5L ] 3 B .Nhu af:i:]
[ . ...1¢61 K C - . Q. '
D W . .“.m". uh o nw. n . .”w ‘mw M
R SN S S s X s ..W”. R
MO b m , C M




Cycle No. 137
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PART VII - VALUES OF N5 AND Nf FOR LOW-CYCLE FATIGUE TESTS OF SECTION 1V
(a1l tests in argon at 538°C)

For each test, values of Ng, the cycles to a five percent load range
drop, and N¢, cycles to complete specimen separation, are compared. Some
interpretation of Ng had to be made in those instances where cyclic softening
was exhibited. In these situations the plot of load range versus cycles on
semi-logarithmic coordinates indicated a gradual decrease in the load range
as cycling progressed and it was not possible to identify a stabilized load
range for calculating a five percent reduction. The special interpretation
adopted for these cases involved the selection of that point on the load
range plot where a change in curvature first began to appear as the load
range began to decrease rapidly as failure approached. A five percent drop
from this load range value w»> then used to establish the value for Ng. In
a few cases no value of .5 i eported due either to the fact that the speci-
men failed before a five per..ut load range reduction was reached or,because
of the orientation of the crack with respect to the extensometer tips, the
load range actually increased slightly near the failure point.
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Values of Ng and N¢ for all Te<ts

(N is the number of cycles to a five percent load
range drop and Nf is the number of cycles to
complete separation of the specimen)

Total Strain
Strain Rate, N5 N¢

Specimen Ranre,

Number A sec”| cycles cycles

AMZIRC Copper, % Hard

R-2-107 1.7 2x10~3 5400 5780
R-2-108 3.0 2x10~3 1200 1310
R-2-111 2.6 1x10- 2/4x10-4 - 1314
R-2-112 1.4 1x10-2/4x10-4 - 3239
R-2-109 2.6 4x10‘4/lx10‘2 340 387
R-2-110 1.4 4x10-4/1x10-2 900 1006

NAR1oy Z

R-24-101 1.0 2x10-3 1700 1948
R-24-102 2.0 2x10~3 450 535
R-24-105 1.0 1x10-2 4500 5022
R-24-47 0.7 1x10-2 12000 14194
R-24-105 2.0 1x10-2 600 673
R-24-35 3.0 1x10-2 160 165
R-24-104 1.0 4x10-4 900 1266
R-24-106 2.0 4x10-4 320 351
R-24-112 3.0 4x10-4 130 154
R-24-117 0.9 4x10~3 740 787
R-24-118 2.6 4x10-5 100 116
R-24-108 1.0 1x10-2 /4x10‘ 1500 2091
R-24-110 2.0 1x10™ /4x10'4 200 451
R-24-107 1.0 4x10” /1x1o-2 220 238
R-24-109 2.0 4x10° /1x10’2 60 66
R-24-111 3.0 4x10- /1x10‘2 30 35
R-24-113 0.5 4x10-4/1x10-2 1000 1156
R-24-115 0.5 4x10° /lx10‘2 260 300
R-24-114 3.0 4x10- /1x10'2 15 16
R-24-116 0.5 7x10-6/1x10-2 105 115

Zr-Cr-Mg Copper

R-9-101 0.30 30 cpm 11500 12543
R-9-102 0.72 30 cpm 18000 18746
h-9-103 0.50 30 cpm 82000 83751
R-9-104 0.60 2) cpm 45000 50010
R-9-106 9.50 30 cpm 100000 101210
R-9-107 0.40 30 cpm - 141447
R-9-108 0.30 30 cpm 360000 382769
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Values of Ng and N¢ for all Tests - continued

Spacimen

Number

R-27-1
R-27-2
R-27-3
R-27-4
R-27-5
R-27-6
R-27-7
R-27-8

R-28~1
R-28-2
R-28-3
R-28-4
R-28-5
R-28-6
R-28-7
R-30-1
R-30-2
R-31-1
R-31-2
R-32-1
R-32-2

BN o=t D) it P ot (o) =t
ONOCIONOO

PO wd wmd N et () = P ==t P = D el
* & & 4 s e e e & * s+ e »
COOOOOOUNNOMNPPOOO

Total

Strain

Range,
%

(=]

Strain
Rate,

sec']

Experimental Copper Alloy

2x10-3

Experimental Silver Alloy

2x10-3

250
2400
240

360
280
1050
300

2500
600

cycles

6107
361
1834
608
1904
577
5155
6192



. 151,
w m:‘,\ "AGE m
V- CQNCLUSIGNS

Low-cycle fatigue tests of s Hard AMZIRC Copper and NARloy Z were
performed n argon at 538°C to generate the type of data reguired in the
determination of partitioned strainrange versus 1ife relationships. It
was found that both of these materials exhibited very high creep rates at
the conditions imposed so that it was not Lossible to employ strain rates
high enough to completely eliminate the creep component in the type of strain
cycling employed. For this reason an indirect approach to the identification
of the PP and CC-components of inelastic strain was adopted. Fatigue 1ife
data at varfous strain rates were analyzed and an evaluation of the saturation
fatigue 1ife in both the high and low strain rate regimes led to the desired
PP and CC information. This evaluation enabled the PP and CC lines to be
positioned and then special fatigue tests involving slow-fast and fast-slow
cycling were employed to yield CP and PC information to enable these parti-
tioned strainrange lines to be defined.
Dimensional instabilfty (barrelling) was observed in the tests of the
R-2 alloy and for this reason the partitioned strainrange versus life relation-
ships for this material should be viewed as tentative and some slight reposi-
tioning might be necessary as more data become available. These plots are,
however, of immediate use in approximating fatigue results. For example,
estimates of hold-time behavior have been obtained that are in reasonable
agreement with experiﬂentai gbserv?tions.
Slow-fast (4x10-%/1x10-2 sec™!) cycling of the R-24 material at 5380C
was found tc be much more detrimental than fast-slow cycling. It was also
noted that continued reduction in the fatigue life was obtaaned ai the slow
strain rate_in the slow-fast cycling was reduced from 4x10~% sec”
4x10-5 sec~1 and then to 7x10~Y sec-!. Partitioned strainrange ver_ s life
relationships for the R-24 alloy were shown to give excellent estimates of
the slow-fast cycling fatigue life.
An interesting correlation was identified for the R-24 data obtained
in the slow-fast and fast-slow tests. A linear relationship was obtained
in a logarithmic plot of the tensile stress component versus the total’
tension-going time (N¢ 8€/€¢). The line defined by the fast-slow and slow-
fast data was also shown to provide an excellent representation of con;inuous
cycl g fatigue data for strain rates from 1x10-2 sec~! to 4x10°9 sec™'. 1In
addit,.n, the previously reported hold-time data were in accord with this ~
relation when the average tensile stress was used for the hold period.
) Strain controlled fatigue data for Zr-Cr-Mg Copper alloy (R-9) were
obtaiped in arvgon at 5389C using a frequency of 30 cpm and strain rarges

from 0.80% to 0.30%. These results provide a smooth extension of the ‘fatigue
curve reported previously for this material in the strain range regime from
0.9/ to 3.0%. This study has extended the fatigue curve for this material

to about 400,000 cycles. . C

An experimental cogper alloy (electroformed copper), R-27, and an experi-
mental silver alloy (pure silver containing 0.5% zirconiumj), R-28, were
evaluated in short-term tensile and low-cycle fatigue tests. Thase studies
showed that at 538°C the yield and ultimate strengths of the R-27 &1Yoy were
comparable to those of a previously reported electroformed copper {R-10) but
the ductility of the R-27 alloy was much higher than that of the R-¥0 composi-
tion., Fatigue: values for the two alloys (R-27 and R-10) were-comparable
e oo RS S S
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with slightly higher fatigue resistance being exhibited by the R-27 material.
For the R-28 alloy the high temperature yield and ultimate strengths were
significantly higher than those reported previously for pure silver (R-8
alloy). The ductility of the R-28 composition at 538°C was about one-half
of that exhibited by pure silver and the fatigue life for R-28 was just
slightly below that previously reported for R-8.

The effect of three different heat treatwents on the tensile and fatigue
properties of R-28 was investigated. A 1-hour solution anneal of R-28 at
899¢C followed by a water quench led to a sizeable reduction in ductility
without having a significant effect on the yield and ultimate strengths.

The fatigue life was noticeably red..ed below the R-28 values. A 2-hour
aging treatrent of R-28 at 593°C led to a substantial reduction in the yield
and ultimate strengths at 5380C, an increase in high temperature ductility
but essentially no change in the fatigue life.
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