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ABSTRACT

During this report period, specimens of TZM alloy having various
notch configurations were fatigue tested at 2000°F (1093°C) to determine
the effect of notch geometry on fatigue strength. Above a notch factor of
approximately two, stress values for fatigue failures calculated from
classical notch theory produced values which were apparently below those
obtained on smooth specimens.

Tension-tension fatigue tests conducted on TZC alloy smooth spec-
imens at 2000°F (1093°C) with a 20 Ksi (1, 38 x 108N/ m?) static load and
A ratios of 0.1 to 0.4 indicated that the presence of the dynamic load sig-
nificantly increased the total creep extension. At 2000°F (1093°C) as
much as 2. 8% creep has been observed in 59 hours at a peak stress of 27. 2
Ksi (1. 88 x 108N/m?).
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1 INTRODUCTION

The purpose of this investigation is to generate fatigue data for
refractory alloys at elevated temperatures in ultra-high vacuum envir-
onments. The ultimate objective is to determine whether fatigue life or
creep is the limiting design parameter in turbine applications involving
space electric power systems.

Previous reports have described the design and construction of
equipment for conducting fatigue tests in vacuum chambers at temper-
atures up to 3000°F (1649°C). The application of the cyclic stress is
accomplished by a piezoelectric transducer operating at approximately
20 kHz in an ultra high vacuum system. Using this apparatus fatigue
tests have been conducted on notched specimens (K = 1.75) of TZM at
1800°F (982°C) and TZC at 2000°F (1093°C). Smooth fatigue tests have
also been performed on both TZC and TZM alloys under tension-
compression and tension-tension conditions. The results indicate that
the fatigue strengthypredicted from the notch tests on the specimens
with a stress concentration factor of 1.75yis significantly less than that
experimentally obtained with smooth specimens.

During this report period additional tests were conducted in an
effort to determine the reason for the difference between smooth and
notch test results. The influence of a superimposed dynamic stress
on the creep experienced in a smooth specimen was also evaluated.

II MATERIALS AND PROCEDURE

The specific form, heat numbers, and compositions of the TZM
and TZC molybdenum-based alloys utilized in the tests conducted during
this quarter are summarized in Table 1. All fatigue specimens prepared
from these alloys were recrystallized by vacuum annealing for 1 hour at
2850°F (1566°C) for TZM, or at 3092°F (1700°C) for TZC. The TZM
alloy has been used to investigate the effect of notch geometry on fatigue
strength. Fatigue specimens of TZC bar (No. 4230-2) and plate (Heats
M-89 and M-91) have been tested for fatigue strength and creep properties
under combined dynamic-static loading conditions.
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The procedure for conducting the fatigue tests has been described
in detail in the Seventh Quarterly Report (NAS CR-54983). The test
method utilizes a resonant system operating at 20 kHz in a vacuum -
of 1.x 1078 Torr or better prior to heat-up and which never exceeds 1 x 10
Torr during the heat-up operation.

-6

A W-3%Re/ W-25%Re thermocouple placed approximately 1/8 inch from
the surface at the specimen midpoint is used for temperature measurement.
Due to breakage produced by the vibration, the thermocouple cannot be
attached directly to the specimen. The temperature is stabilized for approx-
imately two hours prior to the application of the cyclic load.

As a result of the application of the high frequency cyclic load, heating
of the fatigue specimen takes place. For a given material, the degree of
heating is dependent upon the power applied to the system. At high stress
levels where significant heating of the specimen occurred, test times were
on occasion so short that a readjustment of the furnace temperature to
compensate for self heating could not be accomplished. At low values of
applied dynamic stress, the temperature increase was very slight and no
adjustment of furnace temperature was usually necessary. To be consistent,
the procedure up to this time has been to set the furnace temperature at
some constant value (usually 2000°F (1093°C) for the duration of the test

“and to measure the temperature increase of the test specimen with an L-N
optical pyrometer.

It is recognized that this procedure embodies an inherent and undes-
ifable temperature variability. For this reason test procedures will be
developed wherein the furnace temperature is adjusted to compensate for the
temperature increase so as to permit tests to be conducted at a constant
specimen temperature.

The applied dynamic stress produced by the ultrasonic vibration was
determined from displacement measurements made directly on the spec-
imen with a cathetometer. In smooth specimens the maximum dynamic stress
was calculated from the equation:

Kmax = _2_1_1'_ gm E Cosec —E—?{——)(——

where & is the peak dynamic stress, A\ is the resonant wave length,
Sx is the ¥ibration amplitude measured at a distance ® from the node in
the specimen gauge length, and E is the dynamic elastic modulus.

(1)
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In notch specimené the peak dynamic stress was determined from the
equation: ' T

6-max = E<T (-g):] —2-,;—{— SX E Cvosec L’I{’)‘_&;) : (2)
where the last group has the same meaning as in equation (1), K¢ is the
theoretical static stress concentration factor, and (D/d) is the ratio of
the major-to-minor diameters in the notch specimen. The parameter
KT (D/d)‘2 has been defined as the notch factor and it has been used to
represent the total increase in stress produced by the notch.

III RESULTS AND DISCUSSION

A. Effect of Notch Geometry

A comparison of notch and smooth fatigue data obtained for molybdénum
alloys tested at A approaching 00%* indicated that the smooth fatigue strength is
significantly higher than the fatigue strength obtained in a notch specimen with
a notch factor (KT DZ/dZ) of 3.93. In an effort to identify the cause for this
difference . in fatigue strength from that calculated for the notched specimens,
fatigue tests of TZM (Heat 7468) were conducted on both smooth and notched
specimens of various geometries at 2000°F (1093°C) and an A ratio of 00.

The specimen configuration is shown in Figure 1 while the detailed geometry
variations are presented in Figure 2. In addition, a smooth specimen (notch
factor equal to unity) was also included in the evaluations.

The data obtained from the tests on the specimens of varying notch geo-
metry are summarized in Table 2 and plotted in Figure 3. If the notch fac-
tor accurately defines the influence of the notch on fatigue life, then the peak
stress calculated from equation (2) should be a constant independent of notch
geometry. The results, however, indicate that above a notch factor (K
D2/d2) of approximately two, a systematic variation exists between the peak
fatigue stress and the notch factor, with higher factors producing a greater
degradation in strength.

* The A ratio is the dynamic stress amplitude divided by the mean stress
amplitude.



TRW EQUIPMENT LABORATORIES

NIWID3dS INO1Lvd HOION 40 A¥1IWO03ISD | 3¥N9Id

anis
3 DONITINOD
[, / / \ a .ll..lll\\
he } -1 w2/l RS
..l...lllllll_.“\ i J ﬁ /u..“.u._._.m..u.\ .W. ==
Al_u.mm.oll‘
G 186 0 s Al ‘—l g6’ 0

n_mmD :Nm\m_, ~1£h m_. - ..0—\@

1394



TRW EQUIPMENT LABORATORIES °

DIA. = 0,253
I d
8 , M4 ; ;

TDESIGN A,B,&C

DIA. = 0.253
l d
? Vi
T _
DESIGN D & E
STRESS NOTCH
CONC. FACTOR
METER (IN. DIUS (IN.
MINOR DIAd ( )  NOTCH RA;{ [US ( ) EACTOR Kt (D/d)2
: (K1)
A 0.174 0.032 1.75 3.93
B 0.228 0.032 1.91 2.25
C 0.196 0.031 1.81 3.17
D 0.174 0.253 ' 1.10 2.41
E 0.228 0.253 1.16 1.44

FIGURE 2 DESIGN OF SPECIMEN CONFIGURATIONS USED FOR
NOTCH EVALUATION STUDIES

2254 - 6



TRW EQUIPMENT LABORATORIES

001
8L
69
8%

LI
89
9¢
92
LSt
ITt
11

g, ‘©seoaouy

coxnmjexadwoy,

e U WITO2dg

' 1,0007 snid asesxdour axnjeraduwis) uswirdoads sT aanjeradural 3893 INIT, ek
‘AlquIoss®e I9DdNPSUBRI] PUR UIRI} UOIJBICIA JO J[BY ISMOT WOIY Surlnsox sS9IIS ek
‘pej3ord J0U B}EpP - UOIIBRIQIA DTI}OUWIIUASY sk

‘u8rsop Yojou 103 7 2InS1q 299G %

001 YJloowig €9
pPe31s9] 8q o], 001 yjlootug 729
A c) Ngg
moﬁ X991 0% '€¢ 6% "0 746 L1 v 1 qd 19
60T X 0°L 09 201 6% 0 g8 11 AR} q 09
moH Xyl 08 "61 28 °0 g9 '¢l 1% 2 a 69
moH X L1 08 "%¢ 280 ek L2 T2 1% "¢ d 89
(01 X271 09 '91 LO°1 g8 11 LT "¢ o LS
)01 X978 g2 1 LO°T G611 LT ¢ ) 9¢
L0T X976 Le 1 9L°0 TIL°%1 g2 ¢ g as
g0T X T1°T 09°1 9L°0 0L 91 g2 ¢ = 74.
(01 X 27K 06 91K 9L°0 oL 21 g2 '¢ d ¥g
601 X € 2< 09 '2¢ < 7€ 0 €% °8 00°1 Jjoowig £g
oﬁ.oﬁ xXg7< 00 "L9¢< 7€ 0 749 '8 00°1 Yyjoowig 13°]
g0T X €°g 09 "L € '1 I18°L €6°¢ v 1S
No.m X001 g1 "0V €e 1 ¥ '8 €6°¢ Vv 0¢
sanireqg *SIF{~-9WIL], IS 3] ISY] §89138 Ly udisa(g uowirdoodg
031 s9124D saxnireq - ssoxg 18101 Meed @ *«UOI0N
geee OTIIS < _

AT

(01, ,-01 X 12)

JUSWIUOITAUG WINNOBA

8 €601) d,0002 Simjeradway jusiquy (D, @@m: d,0687 3® INOH dUQ PIZI[[BISA109Yg

(89% L 3®°H) INZ.L Jo suswroadg Suls) sUoIjRINSIFUOD UYDION SNOIIBA YIIM §3S9] on3neq poydjoN jo Arewuing

¢ HTdV.L



TRW EQuIPMENT LABORATORIES

b
(824

™
o

Peak Total Fatigue Stress - Ksi (6.89 x 106N/m2)
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SPECIMEN
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: o | } | ] )
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Total Notch Factor KT (D/a)2

FIGURE 3 VARIATION OF FATIGUE STRESSES WITH NOTCH FACTOR FOR

FAILURE AT~109 CYCLES. AMBIENT TEMPERATURE 2000°F,
VACUUM ENVIRONMENT <1 X 10~7 TORR.
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Metallographic examination of the notch~fatigue specimens indicated
that a well-defined substructure existed along the fracture path. This
effect is illustrated in Figures 4 and 5 for specimens tested at 2000°F
(1093°C) and an A ratio of 00. During testing the fatigue crack propagates
approximately half-way through the specimen cross-section. The specimens
are then broken manually to allow examination of the fracture surface. As
shown in Figure 5 the presence of the substructure is uniquely associated
with the fatigue crack. The rapid fracture produced on the specimen after
removal from the apparatus gave no indication of the substructure indicating
that the microstructural effect is not an artifact and can be directly attributed
to the fatigue conditions.

Examination was conductedon sections through the fatigue cracks in
TZM specimens having notch factors of 3.93, 2.41, 2.25, and 1. 44 (specimens
51, 59, 55, and 61). The purpose was to determine whether the substructure
varied in relation to the notch factor. These results shown in Figure 6 indi-
cate that a noticeable amount of substructure was present only near the fat1gue
surface for the specimens with Ko » 2.0. In the case of specimens .~
TZM Nos. 59, and 61 (Figures 6B and 6D) which had relatively large notch
radii, a precipitate appears to be preferentially located throughout the matrix
in the region of the notch. From these observations, the generation of sub-
stantial amounts of substructure along the fatigue crack does not occur at
notch factors below 2.0, which corresponds to the position where the fatigue
life is essentially independent of the notch factor.

Although the mechanism for the formation of the substructure still
requires identification, post test microhardness measurements indicate
that the substructure is harder than the base material and suggest that
a localized strain induced precipitation has occurred at the crack tip to
decrease the fatigue strength in the sharply-notched specimens. In the
specimens with a relatively: mild notch (K D2/d“g 2 ) a precipitate appears
to be more widely distributed about the notch area and the region of hardness
increase is also more extensive. Microhardness measurements taken from
the notch region and the base material indicate that a hardness increase from
297 to 397 Knoop has occurred in the vicinity of the fatigue fracture (see
Figure 7). Along with the localization of strain a localized temperature
increase should also occur at the notch tip and this could be contributing to
the observed effect. Additional electron~microscopy studies are being
conducted in an attempt to further define the mechanism for the formation
of the substructure.

The results obtained with various notch geometries indicate that the notch
fatigue tests at an A ratio of 00 should be conducted with specimens having
notch factors below two.to avoid fictitious values resulting from the substruc-
ture formation.
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SPEC. #24 100X

FIGURE 4 APPEARANCE OF FATIGUE CRACK IN TZC SPECIMEN, ANNEALED
3092°F (1700°C), 1 HOUR. TESTED AT AN AMBIENT TEMPERATURE
OF 20009F (10939F) FOR 4.7 x 109 CYCLES, MURAKAMI'S ETCH

15664 10
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A. TZM SPECIMEN #55, K1 (D/d)2 = 2.25

TENSILE
URE

FATIGUE CRACK .

B. TZM SPECIMEN #61, K1 (D/d)? = 1.44

FIGURE5 MICROSTRUCTURE AT THE END OF FATIGUE CRACKS IN TZM SPECIMENS -
ANNEALED 2850°F (1566°C) FOR 1 HOUR, TESTED AT A = o, 2000°F (1093°C)
AMBIENT IN VACUUM €1 X 10-7 TORR.
MURAKAMI'S ETCH 250X

22824 11
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FRACTURE SURFACE " FRACTURE SURFACE

/

A. TZM #51 K (D/d)2 = 3.93 B. TZM #59 K1 (D/d)2 = 2.41

FATIGUE CRACKS
—— PROPAGATED FROM  —m
CENTER OUTWARD

FRACTURE SURFACE

C. TZM #55 Ky (D/d)2 = 2.25 D. TZM #61 Ky (D/d)2 = 1.44

FIGURE 6 MICROSTRUCTURE NEAR FATIGUED CRACK IN TZM SPECIMENS.
ANNEALED 2850°F (1566°C) FOR 1 HOUR, TESTED AT A = oo, 2000°F (1093°C)
AMBIENT IN VACUUM <1 X 10~7 TORR.

MURAKAMI'S ETCH 250 X

22674 1 2
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FIGURE7 TYPICAL LOCATION OF MICROHARDNESS
MEASUREMENTS - TZM SPECIMEN NO. 61
Ky (D/d)2 = 1.44

100X MURAKAMI'S ETCH

22884 13
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B. Fatigue and Creep under Dynamic Loading in TZC Alloy

Smooth fatigue specimens of TZC alloy were tested under static loads
of 20 Ksi (1.38 x 108N/m?2) at A ratios up to 0. 40 at an ambient temperature
of 2000°F (1093°C).- " A detailed drawing of the specimen geometry is shown
in Figure 8 and the test data are summarized in Table 3.

Fatigue failures were achieved in specimens of TZC No. 14 and No. 30.
- The failure in specimen No. 30 is shown in Figures 9A and B. The creep
which occurred under the combined static-dynamic load conditions imposed
on the smooth specimens of TZC are also listed in Table 3. A

The fatigue data for the smooth TZC specimens are plotted in Figure 10
on a Goodmansetype diagram developed from previous test results for notched
TZC specimens with notch factors of 3.93. The smooth test results at an A
ratio of 0,20 agree with the predictions obtained from notch fatigue tests while
the result on bar material tested at an A ratio of 0.40 indicates that the notch -
test predictions of fatigue life are conservative. It has been previously men-
tioned, that at A ratios of 00 the notch data tend to underestimate the smooth
fatigue life. This behavior probably results from the fact that at the low A
ratio (high static loads) a relatively low dynamic stress is required for failure
in the notch specimens. Under these conditions the localized effects of strain
and temperature produced by the dynamic loading of the sharply notched
specimens may not be influential in affecting the fatigue behavior at the lower
A ratios.

Since gauge marks cannot be placed on the test specimens without influ~
encing the fatigue life,the creep was measured over the 1. 155 inch distance -
between the specimen shoulders. The creep, however, occurs predominantly
over the 0. 860 inch specimen gauge section. To compensate for this dif-
ference between the measurement distance and the reduced specimen section,
a distance of 1.0 inches was arbitrarily selected as the gauge length to cal-
culate the percent creep values. In every case where dynamic load conditions
were superimposed on the static load a significant increase in the total
creep value was observed. Creep data obtained under both combined dyna-
mic-static loading and solely static loading of TZC (Specimen No. 30,

Bar 4230-2) when tested with a 23. 8 Ksi peak stress and a A ratio of 0. 22 '
are presented in Figure 11 and Table 4. Also included in the figure are static
creep data for specimens from TZC plate of heats M-80 and M-91. These

data show a very rapid creep during the first few hours with combined -
dynamic and static loading, and an appreciable decrease in creep rate when
the dynamic load was removed. Similar results have been reported for copper

14
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A. SIDE VIEW AT 3X

B. FRACTURE SURFACE AT 10X
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FIGURE 9 FATIGUE CRACK IN SMOOTH TZC SPECIMEN (BAR 4230-2).
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TABLE L

Creep Data TZC Bar (Heat 4230-2) Annealed 3092°F (1700°C), For One Hour, Tested
At 2000°F (1093°C), 20 Ksi (1.38 x 108N/m2) Static Stress, L,2 Ksi (2.9 x 107N/m2)
Dynamic Stress, and 20 kHz, in Vacuum Enviromment<l x 10-7 Torr

Length Change

inches Creep Pressure
Time (Hrs.) (1" g. L,) (%) (Torr)
0 0.0000 0 2 x 107/
0.1 0.0012 0.12 1 x 1077
1l.b 0.0020 0.20 5 x 10‘8
18.0 0.0016 0,16 1.7 x 10~
110.1 0.0022 0,22 9.6 x 10'3
134,.2 0.0026 0.26 9.5 x 10~
158.4 0.002L 0.24 8.1 x 1072
182.0 0,0022 0.22 8.5 x 10™2
253.5 0.0024 0.2k 7.8 x 1072
278.1 0.0025 0.25 6.6 x 102
304,7 0.0022 0.22 7.2 x 10‘2
32645 0.0026 .0.26 7.3 x 10'9
350.2 0.0027 0.27 6.7 x 10‘9
422,3 10,0027 0.27 7.0 x 1o"9
446.6 0.0029 0.29 6.7 x 10'9
470.0 0.0032 0.32 6.3 x 10'9
494 ,0 0,0031 0.31 6.2 x 10~
500.0 0.,0032 0.32 -
500.0 Dynamic Stress Reduced to Zero -9
501.0 0.0033 0.33 6.8 x 10 9
590,0 0.0035 0.35 5.8 x 10~
61k.1 0.00%6 0.6 6.4 x 10‘3
639.2 0.0036 0.36 6.5 x 10"
666.8 0.0032 0.32 7.3 x 10‘3
688.0 0.0033 0.33 7.0 x 10'9
758.2 0.0035 0.35 7.0 x 10‘9
782.5 0.0035 0.35 7.1 x 10~
806.0 0.0032 0.32 6.4 x 1072
83L.7 0.003k4 0.3k 6.6 x 10‘3
925.0 0:0036 0.36 6.2 x 10'9
951.0 ' 0.0032 0.32 7.1 x 10~
978.0 0,0033 0.33 6.8 x 10'3
997.1 0.0032 0.32 6.6 x 10~
1003.0 0.0033 0.33 - .8
1003.0 Dynamic Drive Resumed 1.0 x 10
1003.4 0.0035 0.35 - 9
1004.1 0,0035 0,35 7.5 x 10~
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TABLE L (Continued)

Length Change

29524

21

inches ‘Creep : Pressure
Time (Hrs.) (1" G. L.) (%) {Torr)
1020.6 0.003k 0.3k 2.4 x 10'3
1025,2 0.0036 0.36 7.5 x :Lo'9
1025,8 0.003%6 0.36 7.5 x 10~
1026.6 0.0037 0.37 7.5 x 10~2
1027.7 0.0036 0436 7.k x 1072
1088.1 0.0058 0.38 7.4 x 1072
1098.6 0.0038 0.38 7.4 x 1070
1103.4 Test Terminated
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by Meleka and Evershed”, The absence of a decrease in length when the
dynamic drive was turned off at 500 hours indicates that the high initial
creep was not the result of expansion due to self-heating during resonant
conditions. In general all of the dynamic creep measurements to date
indicate that over 50% of the dynamic creep occurs in the first two hours of
test. After extensive amounts of creep,the tests in many cases are ter-
minated prior to fatigue failure since the increase in specimen length results
in a loss of resonance and a resultant decrease in the level of dynamic
stress. Although the quantity of data is insufficient to allow a quantitative
conclusion, the total amount of creep which occurred during the first two
hours of test generally increased as the dynamic stress increased. An
exception to this behavior was observed in specimen No. 32 where a very
large degree of creep extension (2. 0%) occurredat a very low dynamic stress
level.

To evaluate the relative increase in creep which occurs as a result of
the combined dynamic-static load conditions, the data presented in Table 3
were compared on a Larson-Miller plot with static creep data obtained on
a related NASA program (NAS 3-2545). In this comparison, which is shown
in Figure 12, the dynamic-static creep data are plotted at a temperature
which is the ambient temperature plus the temperature increase due to the
high frequency loading. In cases where no temperature increase was measured
the ambient test temperature was employed. The dynamic-static data are
plotted as a stress range to indicate both the peak and average stress con-
ditions. With the exception of specimen No. 30, the presence of a dynamic
load superimposed on a static load resulted in a significant increase in the
total creep value,and the degree of creep obtained under the combined loading
conditions is greater than that obtained only under static conditions at the
peak stress value.

¥ A. H. Meleka and A. V. Evershed, '"The Dependence of Creep Behavior
on the Duration of a Superimposed Fatigue Stress,'' J. of Institute of
Metals, Vol. 88, pp. 411-414.
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FIGURE 12 COMPARISON OF CREEP OBTAINED UNDER STATIC CONDITIONS WITH THAT
OBTAINED UNDER COMBINED DYNAMIC-STATIC LOADING. TZC ALLOY,
TESTED IN VACUUM ENVIRONMENT £1 X 10~7 TORR.
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IV FUTURE WORK

The tests of TZM alloy specimens with varying notch geometries will
be completed. In addition, fatigue tests will continue on smooth specimens
of TZC alloys for the simultaneous determination of fatigue strength and
dynamic creep rate at relatively low A ratios. Additional metallographic
studies will be made of the substructure along the fatigue crack in notched
specimens of TZM and TZC, Additional TZC test material has been ordered
and will be included in the evaluation program.
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