The Influence of Cobalt, Tantalum, and Tungsten on
the Elevated Temperature Mechanical Properties
of Single Crystal Nickel-Base Superalloys

M. V. NATHAL and L.J. EBERT

The influence of composition on the tensile and creep strength of [001] oriented nickel-base superalloy
single crystals at temperatures near 1000 °C was investigated. Cobalt, tantalum, and tungsten concen-
trations were varied according to a matrix of compositions based on the single crystal version of
MAR-M247.* For alloys with the baseline refractory metal level of 3 wt pct Ta and 10 wt pct W,
decreases in Co level from 10 to 0 wt pct resulted in increased tensile and creep strength. Substitution
of 2 wt pct W for 3 wt pct Ta resulted in decreased creep life at high stresses, but improved life at
low stresses. Substitution of Ni for Ta caused large reductions in tensile strength and creep resistance,
and corresponding increases in ductility. For these alloys with low Ta plus W totals, strength was
independent of Co level. The effects of composition on properties were related to the microstructural
features of the alloys. In general, high creep strength was associated with high levels of y’ volume
fraction, y-y' lattice mismatch, and solid solution hardening.

I. INTRODUCTION

TRENDS in nickel-base superalloy development have re-
sulted in alloys with as many as a dozen elemental additions,
each with its own purpose, to produce a balance of good
mechanical properties and environmental resistance.' Some
recent investigations have involved the roles of strategic
materials such as Co*** and Ta® in a number of superalloys.
The present investigation is directed toward examining the
influence of both Co and Ta on the elevated temperature
tensile and creep-rupture properties of nickel-base super-
alloy single crystals. These properties will be discussed in
relation to the observed microstructural features which were
presented in the previous paper.® Among the microstructural
variables considered were the volume fraction, distribution,
morphology, and coarsening rate of the y' phase, the y-y’
lattice mismatch, and the composition of both y and ¥’.

1I. MATERIALS AND PROCEDURES

Table I presents the nominal concentrations of the in-
tentionally varied elements for the eight single crystal com-
positions. A more complete description of the compositions,
heat treatments, and microstructures can be found in the
previous paper.® These compositions are based on MAR-
M247 (Alloy G), which contains 3 pct Ta, 10 pct W, and
10 pct Co. Alloys B, E, and G are 0, 5, and 10 pct Co alloys
atthe baseline refractory metal level of 3 pct Taand 10 pct W.
Nickel was substituted for Ta to form alloys with 0 pct Ta
and 9 pct W at each Co level: Alloys A, D, and F. Finally,
2 pct W was substituted for 3 pct Ta to form alloys with
0 pct Ta and 12 pct W at O and 10 pct Co: Alloys C and H.

*MAR-M is a trademark of Martin Marietta Company.
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Table I. Nominal Compositions* of Alloys

Alloy Cobalt Tantalum Tungsten
A 0 0 9
B 0 3 10
C 0 0 12
D 5 0 9
E 5 3 10
F 10 0 9
G 10 3 10
H 10 0 12

Note: *All values in weight percent. The following elements remained
constant at levels appropriate for MAR-M247: Al = 5.5, Cr = 8.5,
Ti = 1.0, Mo = 0.7, Ni = balance. Actual compositions are presented in
Reference 6.

The single crystal castings were produced by the withdrawal
process in the production facilities of TRW, Inc.

All mechanical tests were performed on specimens with
gage dimensions of 20 mm length and 4.5 mm diameter.
The longitudinal axes of all specimens were oriented within
10 deg of [001]. Tensile tests were performed in air at
1000 °C. The tensile tests were performed with an Instron
testing machine at constant crosshead speed, with an initial
strain rate of 2.2 X 107* s™'. Creep-rupture tests were
performed in air at 925 and 1000 °C. Temperature was con-
trolled to = 1 °C with the aid of two Pt/Pt-13Rh thermo-
couples attached to the specimens. Loads were applied using
10:1 or 20:1 constant load lever arms. Creep strain was
measured using linear variable differential transformers in
conjunction with extensometers. The knife edges of the
extensometers were placed in grooves machined in the
shoulders of the specimen.

III. RESULTS AND DISCUSSION

A. Results

1. Tensile properties
The 0.2 pct offset yield stress is plotted vs Co content in
Figure 1. In the baseline 3Ta-10W alloys, reduction in Co
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Fig. 1 —The 0.2 pet yield stress at 1000 °C for the single crystal alloys.

level from 10 to O pct increased the yield stress by a factor
of approximately 1.4. Removal of 3 pct Ta and 1 pct W
reduced the yield stress by as much as 200 MPa, and the
strengths were independent of Co content. Substitution of
2 pct W for the baseline 3 pct Ta slightly increased the
strength at the 10 pct Co level, but caused a reduction in
strength at the O pct Co level. The ultimate tensile strengths
of the crystals exhibited similar results, as evident in
Figure 2. For the 3Ta-10W series of alloys, the ultimate
tensile stress increased by a factor of about 1.3 as Co level
decreased from 10 to O pct, whereas the 0Ta-9W alloys
possessed ultimate strengths about 15 pct lower than the
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Fig. 2—The ultimate tensile strength at 1000 °C for the single crystal
alloys.
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Fig. 3— Tensile ductilities at 1000 °C for the single crystal atloys.

baseline alloy. The partial substitution of W for Ta did not
affect the strength of the 10 pct Co alloy, but caused a
reduction in strength by about a factor of 1.2 in the 0 pct Co
alloy.

The tensile ductilities of the alloys are shown in Figure 3.
Both percentage reduction in area and percentage elongation
were higher for the lower strength alloys. For example,
the 0Ta-9W alloys possessed the lowest yield and tensile
strengths, but had the highest tensile ductilities, approxi-
mately 30 pct elongation. The lowest elongation value of
about 20 pct was measured for the highest strength Alloy B.

2. Creep-rupture properties

Extensive creep-rupture testing was performed at 1000 °C
over a range of stresses. In addition, a limited amount of
testing was performed at 925 °C. At 1000 °C, Alloy B, also
known as NASAIR 100, exhibited typical three-stage creep
behavior, which consisted of a “normal” primary creep stage
whereby the creep rate gradually decreased to the steady
state value.” The second stage creep region was character-
ized by a constant creep rate over an extended period, fol-
lowed by a gradual increase in creep rate as the tertiary creep
stage commenced. The creep curves for the other seven
alloys were similar to those of Alloy B except for the pri-
mary creep stage. These alloys exhibited an incubation
period of very low creep rate before a sigmoidal-shaped
primary stage, as exemplified by Alloy E in Figure 4. The
duration of the incubation period was typically 2 hours. No
trends in the durations of the incubation period as a function
of applied stress or alloy composition were noted.

The creep ductilities of the alloys followed trends similar
to the trends in the tensile ductilities. Typically, alloys with
high creep resistance exhibited lower creep ductility. No
trends in ductility as a function of stress level were apparent.
Alloy C, with the highest creep resistance, had the lowest
ductility of approximately 13 pct elongation. The 0Ta-9W
alloys exhibited the lowest creep strength and the highest
creep ductilities, possessing elongation values near 35 pct.

The steady state creep rate, &, the time to failure, ¢, the
time to the onset of tertiary creep, ¢,, and the time to
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Fig. 4 — Primary creep curves for Alloys B and E at 1000 °C and 207 MPa.,

the onset of secondary creep, ¢,, were measured for all tests.
The data of all alloys were plotted as a function of applied
stress. The following equations were fitted by standard re-
gression techniques, where A, through A; are constants and
k, I, m, n, and p are the stress exponents:

&, = Ao [1]
f = Aya? [2)
1, = Aoy’ [3]
t, = Aot [4)
&, = Astj" (5]

Equations [1] through [4] express the various parameters as
power law functions of the applied stress. Equation [5] is a
form of the Monkman-Grant relationship,® which relates the
steady state creep rate to the rupture life. Double logarithmic
plots of ¢, and #, vs applied stress are presented in Figures S
and 6. The data, in addition to similar plots for the other
parameters, consistently exhibited linear behavior, which
supports the use of the power law relations in Egs. [1]
through [5]. The slopes of these plots, which are equal to the

stress exponents in Eqs. [1] through [5], are presented in
Table II. The creep rate exponent n is consistently greater
than the rupture life exponent p. The exponent /, which
relates the onset of tertiary creep to the applied stress, con-
sistently falls between n and p. In addition, the values of
n and p are relatively constant as a function of alloy
composition,

The summary plots of creep rate and rupture life,
Figures 5(d) and 6(d), respectively, indicate some of the
trends in creep behavior as a function of composition. For
the 3Ta-10W alloys (G, E, and B), the steady state creep rate
was reduced by approximately a factor of S as Co content
was reduced from 10 to 0 pct. This trend was consistent for
all stress levels. For the 0Ta-12W alloys (C and H), similar
trends were observed whereby reduction of Co level from 10
to O pct caused a reduction in creep rate by about a factor
of 5 at high stresses and a factor of 8 at low stresses. The
influence of Co in the creep rates of the 0Ta-9W alloys was
not very strong, where the differences were all within a
factor of two.

Although the 0Ta-9W alloys always possessed higher
creep rates than the other alloys, independent of stress level,
the relative ranking of the 0Ta-12W and 3Ta-10W alloys was
a function of the applied stress. For example, the 0Ta-12W
Alloy C exhibited a higher creep rate than that of the
3Ta-10W Alloy B at high stresses. However, the higher
stress dependence exhibited by Alloy C resulted in a cross-
over in strength such that the creep rate of Alloy C was
lower than that of Alloy B at stresses below approximately
200 MPa.

The rupture lives of the alloys followed trends consistent
with the trends in creep rates, i.e., alloys with higher steady
state creep rates had shorter rupture lives. For the baseline
refractory metal alloys, removal of Co caused an increase in
life by about a factor of 1.5, as presented in Figure 6(d).
Removal of Co from the 0Ta-12W alloys resulted in in-
creases in life by a factor of 2.4 at 148 MPa and a factor of
2 at 207 MPa. The influence of Co was much smaller for the
0Ta-9W alloys, as the lives of Alloys A, D, and F were all
within a factor of 1.2. The influence of refractory metal
level on rupture life also correlated with the trends exhibited
by the creep rate data. The 0Ta-9W alloys possessed shorter
lives at all stress levels, in comparison to the higher refrac-
tory metal alloys. Again, the 0Ta-12W alloys exhibited a
higher stress dependence than the 3Ta-10W alloys, which
resulted in a crossover in rupture lives. At high stresses, the
3Ta-10W alloys possessed longer lives, whereas at lower
stresses, the 0Ta-12W alloys lasted longer.

Table II. Creep-Rupture Exponents

és =A10'” tf=A20'_p t, —A3O'Al ts =A40'7k Es -—A5tf_m
Alloy n 14 1 k m

A 8.37 £2.94% 6.24 +1.74 7.34 £2.66 3.15 x1.52 1.34 £0.36
B 7.60 =0.60 5.87 £0.33 6.84 £0.30 5.30 £0.90 1.13 £0.11
C 10.60 +1.33 7.21 +£0.65 8.15 +0.59 5.32 £0.82 1.47 £0.14
D 8.27 +0.69 6.03 +0.76 7.37 £1.12 4.30 4,00 1.37 £0.27
E 7.91 £2.45 5.15 £1.68 6.35 £1.76 3.59 £2.83 1.50 £0.42
F 7.51 £0.90 5.66 £0.59 5.83 £1.72 4.67 £4.14 1.32 £0.24
G 6.42 +1.15 5.18 £1.03 5.68 +1.37 5.32 £2.90 1.22 =043
H 9.46 £1.62 6.77 £0.45 7.82 £0.54 493 £2.78 1.40 £0.17

Note: * 95 pct confidence intervals

METALLURGICAL TRANSACTIONS A

VOLUME 16A, OCTOBER 1985 — 1865



5 O 0Ta-9W
07— O 310w
A (Ta-l2w

10

107

1079

SECOND STAGE CREEP RATE, sec”!

10'10 .
| | | T | |
1% 150 175 200 225 50 300 350
STRESS, MPa
(a)
5 O OTa-9w
107 — g 37a-low
A oTa-lw
1.5
107 —
o 6.4
[
C R
i 107 —
<
[~ 4
a.
g4
x 1082
]
= 9.5
% 10‘9 —
2
wy
10‘10 —
] | T | 1
15 150 175 200 25 50 300 350
STRESS, MPa
©

-5 O (Ta-W
10°— O wJa-lw
108 |—

8.3
107 —

SECOND STAGE CREEP RATE, sec’!

1079

10710 —

| I I N |
125 150 15 20 225 250 30 3%
STRESS, MPa

(b

Second stage creep rate, sec”]

10‘10.—_
| | I I |
15 150 175 200 225 250 300 350
Stress, MPa
(d)

Fig. 5— Stress dependence of the steady state creep rates of the single crystal alloys at 1000 °C: (a) 0 pct Co alloys, (b) 5 pet Co alloys, (c) 10 pct Co alloys,

and (d) summary plot with all alloys.

The composition effects can be more easily seen in
Figure 7, a plot of rupture life vs composition at 1000 °C
and 148 MPa. A decrease in Co content from 10 to O pct in
the 3Ta-10W alloys produced an increase in rupture life
from 435 to 790 hours. Substitution of 2 pct W for 3 pct Ta
increased the rupture life at both Co levels, although the
effect was greater at O pct Co. The rupture life increased
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from 790 to 1322 hours upon the W substitution for Ta in the
0 pct Co alloy and from 435 to 544 hours for the 10 pct Co
alloy. Also evident in Figure 7 is that the 0Ta-9W alloys
were by far the weakest in creep resistance at all Co levels.

The similar trends of creep rate and rupture life with
composition imply a close correlation between creep rate
and rupture life, which is supported by the excellent fit of

METALLURGICAL TRANSACTIONS A



O 0Ta-9w
O 3Ta-10W
o QTa-12W
104 -
103
_ 102
=4
H] 6.2
=
10! L
5.9
1.2
100 —
| | [ I |
15 150 175 200 25 250 30 350
STRESS, MPa
(@)
O Ola-aw
0O 3Ta-100
A OTa-12W
104 —
=
i
2 5,2
100
I | I S | l

125 150 1715 200 225 250 300 350

STRESS, MPa
(©)

O 3Ta-10W
O Ofa-w
Wt
103 —
102 —
=
£ 6.0
—_

100
| l I N | [
15 150 175 200 225 20 300 350
STRESS, MPa
b)
104 —
c
B H
10° =83
A
< 102 p-
1)
]
= £
E=] 11 D
g AF 5
= c
100L
| | I | |

15 150 175 200 225 50 300 30
Stress, MPa

(d)

Fig. 6— Stress dependence of the rupture lives of the single crystal alloys at 1000 °C. (a) 0 pct Co alloys, (b) 5 pet Co alloys, (c) 10 pet Co atloys, and

(d) summary plot with all alloys.

the data by the Monkman-Grant relationship, Eq. [5]. The
values of the exponent m, presented in Table II, were ap-
proximately constant for all alloys. The values of m were
close to but significantly greater than one, a value frequently
observed in other materials.

Finally, limited testing was performed at 925 °C. Fig-
ure 8 displays the rupture lives of several alloys at 925 °C
and 207 MPa. The 0Ta-9W alloys were again the least

METALLURGICAL TRANSACTIONS A

creep-rupture resistant alloys, but all the alloys with high Ta
plus W totals exhibited lives within 20 pct of each other.
Comparison of the data in Figure 8 with that in Figure 7
reveals that the slight trend of decreasing life at 925 °C
as Co content was reduced was the reverse of the trend
exhibited by these alloys at 1000 °C. In light of the cross-
over behavior between the 0Ta-12W and 3Ta-10W alloys
at 1000 °C, more extensive testing at 925 °C would be
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Fig. 7— Rupture lives of the single crystal alloys at 1000 °C and 148 MPa.
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Fig. 8 — Rupture lives of the single crystal alloys at 925 °C and 207 MPa.

required to characterize satisfactorily the behavior at this
temperature.

B. Discussion

The effects of the Co, Ta, and W variations on the micro-
structure of the single crystal alloys are described in detail
elsewhere® and will be listed only briefly here. Reduction of
Co from 10 to 0 pct did not affect the y’ volume fraction,
but did cause an increase in the magnitude of lattice mis-
match for the alloys with high Ta plus W totals. Substitution
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of Ni for Ta caused large reductions in y-y' lattice mis-
match and y’ volume fraction, and substitution of W for Ta
caused intermediate reductions in mismatch and y' volume
fraction. Alloys with O pct Co and high refractory metal
levels also exhibited precipitation of the W-rich phases a
and p . For alloys with ' particles that remained coherent,
reduction of Co content increased the unstressed y ' coarsen-
ing rate. During creep, all alloys exhibited directional y’
coarsening to form lamellae perpendicular to the applied
stress. Alloys with higher magnitudes of lattice mismatch
exhibited faster directional coarsening rates and finer spac-
ings of misfit dislocations at the y-y’ interfaces.

1. Tensile properties

The strength of superalloys results from a number of
strengthening mechanisms such as solid solution harden-
ing, order hardening, and coherency hardening. Alloying
changes would be expected to influence all of the above
mechanisms. The dependence of yield and ultimate tensile
strength on composition was primarily related to the Ta plus
W totals. The strong influence of Ta and W levels on
strength can be discussed in general terms by the con-
tribution of these elements to solid solution and precipitation
strengthening. However, solid solution strengthening of y
and ', lattice mismatch, and the volume fraction of y' are
all affected by the refractory element level. Thus it is not
possible to separate the relative contributions of these mecha-
nisms. The strong influence of Co content on the strength of
the baseline 3Ta-10W alloys can be explained by the in-
creased y-y' lattice mismatch as Co level was reduced.® The
increased misfit would increase the contribution of coher-
ency strain hardening to the strength of these alloys.

2. Creep-rupture properties

The similarities in creep curves, stress exponents, micro-
structure, and composition among the alloys imply that the
creep deformation mechanisms are also similar. The creep
behavior of Alloy B was studied in greater detail,” and a
summary of the observed behavior is provided below. At
1000 °C, the vy’ particles rapidly coalesced into lamellae
perpendicular to the applied stress. This lamellar structure
prevented dislocation bypassing of the y’ phase, thus forc-
ing the dislocations to shear through the lamellae, where it
appears likely that shear through the y-y’ interface is the
most difficult step. A hexagonal array of misfit dislocations
was present at the interface, and acted as a barrier to dis-
location motion. Strain enhanced thickening of the vy’ lamel-
lae resulted in a gradual increase in creep rate as the tertiary
creep stage commenced. At 925 °C, the rate of directional
coarsening was signficantly slower, and the y-y’ lamellar
structure did not appear to be as influential in the creep
processes, since both cuboidal and lamellar 7y’ structures
produced similar lives.

An interesting observation was the occurrence of incu-
bation periods and sigmoidal primary creep curves for seven
of the alloys. Incubation periods and sigmoidal creep curves
are usually associated with low initial dislocation densities
and high dislocation drag stresses,” and have been observed
in superalloys previously.'”! In the case of Alloy B at
1000 °C, the lack of an incubation period and sigmoidal
primary region must be the result of some feature providing
dislocation sources, such as the higher subgrain boundary
density observed in Alloy B. However, another feature that
can explain the high initial creep rates is the rapid directional
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' coarsening exhibited by Alloy B.® The directional coars-
ening is accompanied by a rapid generation of misfit dis-
locations, which can result in significant accumulation of
primary creep strain if the generation of misfit dislocations
occurs by the punching mechanism described by Weatherly
and Nicholson.'>" The lower mismatch values of the other
alloys, however, resuits in much slower directional coars-
ening, and would make the punching mechanism less likely.
It is likely that the y' particles of these alloys acquired their
misfit dislocations at a slower rate by the capture of dis-
locations from matrix sources. Incubation periods and sig-
moidal primary creep curves would then result from the
slower vy’ coarsening and the lack of a mechanism for rapid
generation of dislocations.

The influences of alloy composition on the creep-rupture
properties can be discussed in relation to the creep behavior
and microstructural observations mentioned above. The re-
ductions in creep resistance as Ni was substituted for Ta
were expected, and can be explained by the reductions in y’
volume fraction and solid solution hardening as Ta level was
decreased. These are the same arguments used to explain the
decreases in tensile strength caused by the same alloying
changes. The term “solid solution hardening” is used to
include all of the effects of the solute atoms, including
modulus, stacking fault energy, APB energy, and diffusion.

The decreases in creep resistance as Co level increased in
the 3Ta-10W and 0Ta-12W alloys are not as easily related to
the tensile behavior. The increases in tensile strength as Co
level decreased from 10 to O were rationalized by the in-
creased contribution of coherency strain hardening caused
by the increase in lattice mismatch. However, this argument
may not apply to longer term testing, whereby the effects of
microstructural instabilities may become more important.
Many authors have suggested that higher mismatch values
may decrease life by enhancing 7y’ coarsening and thus
overaging.!'*!

For the alloys in the present study, high y-y' lattice
mismatch can actually improve creep resistance. The bene-
ficial effects of high mismatch involve the increased barrier
to dislocation motion from either elastic coherency strains or
the finer spacing of misfit dislocations. The negative effect
of high mismatch, which would be a higher ¢’ coarsening
rate, is minimized in the present case. Increased mismatch
does cause very rapid directional vy’ coarsening, but only in
the initial portions of the creep test. The rapid directional
coarsening observed in the present study did not cause the
typical overaging response whereby dislocation bypassing
mechanisms become easier as the particles grow. In con-
trast, the formation of the lamellae suppressed the bypassing
mechanisms.”'®"7

Once formed, the y' lamellae coarsen only very slowly
during the remainder of the creep life. Lower mismatch
values can actually increase the plate thickening which
occurs during the later stages of the creep test. As previ-
ously discussed, this thickening appears to be enhanced
by creep strain.” Therefore, a lower mismatch would result
in a smaller barrier to dislocation flow, and would cause a
higher steady state creep rate. This higher strain rate would
therefore enhance the plate thickening rate, which in turn
would result in an earlier onset of tertiary creep and failure.

Finally, a fine array of misfit dislocations may also con-
tribute to the stability of the vy’ lamellae by reducing the
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mobility of the interface. An indication of the stabilizing
effect of misfit dislocations on y’ coarsening was also seen
in the Ostwald ripening experiments, where Alloys B and C
were the only alloys that lost coherency during coarsening,
and exhibited anomalously low coarsening rates.5

The influence of Co on the preseént alloys supports the
postulate that high lattice mismatch is beneficial for creep
properties. The effects of Co cannot be attributed to solid
solution hardening by Co, because the Co additions actually
decreased the creep resistance of the 0Ta-12W and 3Ta-10W
alloys. Furthermore, the presence of a and u phases in the
0 pct Co Alloys B and C reduced the amount of W available
for precipitation and solid solution hardening compared to
the alloys with 5 and 10 pct Co. Again, this effect would be
expected to increase the strength of the 5 and 10 pct Co
alloys if it would have any effect at all. Thus, it appears
likely that the decreases in creep resistance with increasing
Co level was not caused by decreases in strength of the
individual phases. However, the strength of the y-y' inter-
face, as measured by the lattice mismatch, was strongly
influenced by Co content. The higher mismatch would de-
crease the spacing of the hexagonal misfit dislocation array,
and therefore strengthen the lower Co alloys. The increase
in lattice mismatch can therefore account for the increased
creep resistance of these alloys as Co level was decreased.

The influence of the substitution of W for Ta on the creep
properties of the single crystal alloys was more puzzling.
For example, Alloy C had a slightly lower y' volume frac-
tion, y-y' mismatch, and Ta plus W total than Alloy B, all
of which would be expected to weaken Alloy C in com-
parison to Alloy B. In fact, these features may be the reasons
for the results of the short term tests, where Alloy B was
indeed stronger. However, some other microstructural fea-
ture must cause the observed crossover in creep resistance at
lower applied stresses. One could argue that Alloy C ex-
hibited better creep resistance at low stresses because it
possessed smaller amounts of W-rich phases than Alloy B.
However, this could not explain the same trends in strength
at 10 pct Co, where both Alloys H and G were free of any
third phases. One possibility is that the W is more effective
as a solid solution hardener than Ta. Thus, a possible expla-
nation for the crossover in strength exhibited between the
0Ta-12W and 3Ta-10W alloys is provided. At high applied
stresses, the slight decreases in volume fraction and mis-
match causes the 0Ta-12W alloys to be less resistant to
plastic flow. At progressively lower stresses, solid solution
strengthening becomes more important, which results in the
crossover in creep strength. However, only limited data are
available on the influence of alloying on the various mecha-
nisms by which a solute atom may improve creep resistance,
and it is recognized that further study is necessary to estab-
lish the influence of refractory metals on the creep properties
of superalloys. '

The creep processes at the lower temperatures of 925 °C
did not appear to be totally analogous to the processes at
1000 °C. The results on the study of Alloy B’ indicated that
the y-y' lamellar structure did not appear to be beneficial at
the lower temperature. In addition, the influence of com-
position was different at the two temperatures. The effects
of Co level, which were so prominent at 1000 °C, were
reduced and possibly even reversed at 925 °C, and the sub-
stitution of W for Ta also did not affect the creep properties
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as significantly. These data also suggest that the creep
mechanisms are different at the lower temperature. More
extensive testing is required to clarify the creep processes
at 925 °C.

IV. CONCLUSIONS

1. The steady state creep rate, time to failure, time to the
onset of secondary creep, and the time to the onset
of tertiary creep all exhibited power law dependencies
on the applied stress. The stress exponent for the steady

state creep rate was approximately 8 for all alloys, al-

though some small but significant differences between
alloys did exist.

2. Substitution of Ni for Co caused large increases in creep
resistance for alloys with high Ta plus W totals. This was
consistent with an increase in y-y’ lattice mismatch.
High values of lattice mismatch resulted in a finer dis-
location network at the y-y’ interface, thus providing a
more effective barrier for dislocation motion. Substi-
tution of Ni for Ta and W to form the 0Ta-9W alloys
caused large reductions in creep resistance, which were
related to the decreases in y’ volume fraction, y-y’ mis-
match, and solid solution hardening. Substitution of W
for Ta to form the 0Ta-12W alloys resulted in a decrease
in creep resistance at high stresses and an increase in
creep strength at low stresses. This crossover in creep
resistance between the 3Ta-10W and 0Ta-12W alloys was
not easily explained. The decreased life of the 0Ta-12W
alloys at high stresses was attributed to the slight de-
creases in y’ volume fraction and -y’ mismatch, al-
though it remains unclear as to why W appears to be a
more effective solid solution strengthener than Ta at
low stresses.

3. Decreases in Co level from 10 to O pct caused significant
increases in the 1000 °C yield and ultimate tensile
strengths of the 3Ta-10W alloys, but the effect of Co was
much less for alloys with other refractory metal contents.
The influence of Co on the strength of the 3Ta-10W
alloys was attributed to coherency strain hardening as-
sociated with the increased lattice mismatch as Co
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3.

4.

5.

16.

level decreased. Reduction of Ta and W content to form
the 0Ta-9W alloys caused large reductions in tensile
strength, and substitution of W for Ta caused inter-
mediate decreases in sirength. These changes in tensile
strength with refractory metal level were related to the
increases in y' volume fraction and solid solution hard-
ening which resulted from high Ta plus W totals.
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