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Sumnary

The effects of cobalt, tantalum, and tungsten contents on the micro-
structure and mechanical properties of single crystal Mar-M247 were inves-
tigated. Elevated temperature tensile and creep-rupture properties of
[001] oriented single crysials were related to microstructural features of
the alloys. Substitution of Ni for Co in the high refractory metal alloys
increased the lattice mismatch, which was considered to be the cause of the
increases in tensile and creep strength. Substitution of Ni for Ta caused
large decreases in tensile strength and creep life, consistent with
decreases in y' volume fraction, lattice mismatch, and solid solution hard-
ening. Substitution of W for Ta resulted in decreased life at high
stresses, which was related to small decreases in mismatch and volume frac-
tion. However, the W substitution resulted in improved life at low
stresses, which was related to solid solution strengthening by W.

B mmgm e ger



Introguction

The introduction of single crystals has resulted in significant
improvements in the creep resistance of nickel-base superalloys. It is
well known that this is primarily the result of removail of the grain bound-
ary strengthening elements C, B, Zr, and Hf. This compositional modifica-
tion increases the incipient melting temperature such that coarse as-cast
y' structures can be completely dissolved during heat treatment and subse-
quently re-precipitated as a fine dispersion (1,2)., The removal of grain
boundary elements also changes the roles of the other elements in an alloy.
For example, in polycrystalline Mar-M247, reduction of Co level from 10 to
0 percent caused a reduction in creep life (3), whereas comparison of two
alloys in a study on single crystals (2) indicated that removal of Co actu-
ally increased 1ife. An explanation for the difference in the role of Co
in the polycrystalline and single crystal materials lies in the absence of
the grain boundary c'z2ments in the single crystal version. In polycrys-
talline Mar-M247, Ta is present mostly in the MC carbides, whereas in the
single crystal alloy, C is absent and Ta is free to partition between the v
and y' phases. However, the influence of Ta and its interaction with Co
have not been previously investigated.

The purpose of this investigation was to examine the influence of Co,
Ta, and W on the microstructure and mechanical properties of single crystal
Mar-M247. Cobalt and Ta are considered strategic (4), and thus there is
motivation for conservation of these materials. In addition, these ele-
ments could provide useful insight on factors controlling the creep resis.
tance of single crystals. Accordingly, a matrix of alloy compositions was
designed and is presented in Table I. Alloy G, which contains 10 percent
Co, 3 percent Ta, and 10 percent W, js the standard version of Mar-M247
stripped of C, B, Zr, and Hf. At the baseline 3Ta-l10W refractory metal
Tevel, Ni was substituted for Co to form Alloy E with 5 percent Co and
Alloy B with 0 percent Co. Ni was substituted for Ta at each Co level,
which produced Alloys A, D. and F. Substitution of W for Ta at 0 and 19
percent Co produced Alloys C and H, respectively. Tungsten was chosen as a
substitute because it is close to Ta in the periodic table, it is known to
partition to y' in some alloys, and it is not considered a strategic ele-
ment. It should be noted that Alloy B is also known as NASAIR 100 (2), and
that Alloy E is very close to Alloy 3 in (2).

TABLE I
Composition of Single Crystal Alloys (Wt. Percent)

A B C D E F G H
Ni 74.3 69.7 72.3 69.7 66.4 64.7 61.7 62.5
Co 0 0 0 5.2 5.0 10.1 10.1 10.1
Ta 0 2.82 0 0 2.98 0 2.8 0
W 9.2 10.2 11.8 9.0 9.9 9.0 9.7 11.7
Al 5.2 5.7 5.3 5.2 5.2 5.3 5.2 5.3
Ccr 9.2 9.2 8.6 8.8 8.5 8.9 8.5 8.6
Ti 1.4 1.5 1.4 1.4 1.4 1.4 1.4 1.2
Mo 0.7 1.0 0.6 0.7 0.6 0.7 0.6 0.7
C 0.002 0.005 0.005 0.003 0.004 0.004 0.006 0.002
0* 3 20 37 2 33 30 37 5
N* 3 4 3 3 5 3 4 4
B 0.001 0.003 0.005 0.00] 0.002 0.001 0.001 0.001
r <0.01 - <0.01 «<0.01 <0.01 «<0.01 «0.01 <0.01 <0.01

Note: * ppm
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A total of nine single crystal castings was produced by the with-
drawal process, one each for the eight compositions, plus one additional
casting of Alloy B, Note that the actual W concentrations given in Table |
for Al?Oys A, D, and F, which were intended to be 10 percent, were about
one weight percent low, Similarly, Alloys C and H actually contained 12
percent W rather than the intended 13 percent. All alloys were given a
solution treatment of 1302 # 3°C for 4 hours6 followed by forced air
quenching, A simulated coating cycle of 982°C for 5 hours, and a final
age of 871°¢ for 20 nosrs completed the heat treatments, Crystals with
orientations within 10” of [001] were utilized fordmecha ical testing.
Tensile tests at an initial strain rate of 2.2x107" sec™, and constant
load creep tests were performed in air at 1000°C. Mechanical tests were
performed on specimens with a 20 mm gage length and a 4.5 mm diameter.
X-ray diffraction using Cu Ka radiation on oriented single crystal disks
was used to measure the lattice mismatch between y and vy'.

Materials and Procedures

Results and Discussion

Microstructure

A high volume fraction of fine cubic or spherical y' precipitates,
approximately 0.25 ym in size, was present in all alloys. Fiqure 1 illus-
trates the fully heat treated microstructures of selected single crystal
alloys. The morphology of the y' particles was related to the lattice mis-
match &, where & is defined by Equation 1 and Ay' and Ay are the lattice
parameters of the two phases:

6 =2 (Ay' - Ay)/(Ay' + Ay) (1]

Alloy B exhibited cubic y' particles, which is indicative of a relatively
large lattice mismatch, Figure la. Substitution of Ni for Ta in Alloy B to
form Alloy A caused a reduction in mismatch and a change to spherical y',
Figure 1b, as did the addition of 10 percent Co to form Alloy G, Figure

lc. Alloy B, with 0 percent Co and the baseline 3Ta-10W refractory metal
level, possessed the largest magnitude of lattice mismatch, exhibiting
§=-0.0035 at 25°C. Substitution of W for Ta to form Alloy C reduced &
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Figure 1. Scanning electron micrographs of fully heat treated single
crystal alloys: (a) Alloy B, (b) Alloy A, (c) Alloy G.
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to -0.002, whereas substitution of Ni for Ta to form Alloy A caused a
reduction in mismatch to below the detection limit. Similarly, all alloys
with 5 and 10 percent Co exhibited ¢ values too small to measure by X-ray
diffraction.

The volume fraction of y' was measured by quantitative metallography
on failed creep-rupture specimens. After creep-rupture testing, the cubic
or spherical y' particles coarsened into lamellae perpendicular to the
applied stress, The uniferm lamellar structure was quite suitable for the
use of the line intercept technique for the determinai.ion of volume frac-
tion. 1In addition, most of the y' that precipitated during cooling from
the testing temperature was in the form of fine spherical precipitates, and
thus could be distinguished from the lamellar y'., Therefore, the measure-
ments on creep tested specimens were more representative of the y' volume
fraction at the creep testing temperature of 1000°C. The amount of the
strengthening y' phase is plotted versus Co level in Figure 2. The frac-
tion of y' was only weakly dependent on Co level, but was strongly depen-
dent on the refractory metal level. The baseline 3Ta-10W alloys had the
highest percentages of y'. Reduction of Ta from the baseline caused
decreases in y' fraction of about 6 volume percent, and substitution of W
for Ta resulted in decreases of approximately 2 percent.

In order to determine the relationship of microstructural stability
to the creep properties, samples were aged for times of up to 976 hours at
1000°C. Long term thermal exposure can result in precipitation of addi-
tional phases, y' coarsening, and loss of coherency. Only alloys with 0
percent Co and high Ta plus W totals exhibited third phase precipitation.
In this alloy system, a~W and u phases have been observed, and both of
these are W-rich. Alloy B exhibited about 0.8 weight percent «-W in the
heat treated condition. After aging for 976 hours, additional « and u
precipitated, totaiing approximately 3 percent. Alloy C, which was free of
third phases in the heat treated condition, exhibited about 0.5 percent 'of
W-rich phases after 976 hours at 1000°C.

Another aspect of microstructural stability is the Ostwald rif?ging
of the y' particles. In agreement with previous studies (5,6), a t
time dependence for y' particle growth was cbserved. The y' coarsening
rate, k, was obtained from the slopes of (a/2)° versus time, where a is
the average edge length of a y' cube. Figure 3 illustrates that for most
of the alloys, the coarsening rate decreased as Co content increased.
Although this effect has been observed previously (6), the reasons for this
effect cannot-be specified, us it appears that Co additions influence
several features that may decrease y' coarsening. An unexpected result was
that refractory metal Tlevel did not affect the coarsening rate. It was
expected that alloys with higher levels of the slower diffusing Ta and W
would have lower coarsening rates, but evidently the magnitudes of the
compositional changes were insufficient to cause significant changes in y'
coarsening rates.. Alloys B and C, with O percent Co and high refractory
metal.contents, were exceptions to the above trends and exhibited anoma-
lously Tow coarsening rates. These low rates appear to be related to the
higher lattice mismatch in these alloys, which resulted in a loss of coher-
ency during aging. This stabilization against particle coarsening appears
to be the result of the reduced mobility of the semi-coherent interface,
becayse wmotion of the interface would require climb of the hexagonal array
of misfit dislocations (7). Also, the loss of coherency involves a reduc-
ticn in the total energy of the system, which may reduce the driving force
for coarsening.
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Figure 2. The volume fraction of y' Figure 3. Gamma prime coarsening
phase in the single crystal alloys. rates for the single crystal alloys.

A1l alloys exhibited pronounced, directional y' coarsening during
creep testing at 1000°C. Figure 4 presents the microstructural changes
in Alloy B during creep at 1000°C and 148 MPa. After 20 hours into the
creep test, the y' has coalesced into plates perpendicular to the applied
stress, as shown in Fiqure 4a. Although this time was still within the
primary creep stage, the y' platelet structure was already well developed.
The average thickness of the plates was measured to be 0.25 uym, essentially
equal to the initial y' particle size. This structure remains relatively
constant throughout the secondary creep stage. For example, after 435
hours, the only noticeable change was a slight thickening of the plates to
approximately 0.33 ym, Figure 4b. After failure at 790 hours, the y'
plates became more irreqular and thickened to a value of 0.77 ym.

Figure 4. Longitudinal microstructures of Alloy B creep tested at 1000°¢
and 148 MPa for (a) 20 hours, (b) 434.5 hours, (c) 790 hours.
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The 1000°C yield strengths of the single crystal alloys are pre-
sented in Figure 5. For the baseline 3Ta-10W alloys, reduction of Co
resulted in significant increases in strength, Reduction of Ta from the
baseline level caused large decreases in yield strength, and for these
alloys, the influence of Co content was largely eliminated. Substitution
of W for Ta caused an intermediate reduction in strength, and again the
influence of Co was not large. The trends of the ultimate tensile
strengths were similar to those of the yield strength data in Figure 4.
Additionally, all alloys exhibited tensile elongations of at least 20 per-
cent, and in general the lower strength alloys possessed higher
ductilities.

A summary of the creep behavior is presented in Figure 6, where the
stress dependence of the steady state creep rate is plotted for each Co
level. The actual data for this summary plot are presented elsewhere (8).
As shown in Figure 6, the influence of Co on the baseline 3Ta-10W Alloys
(B, E, and G) was relatively independent of applied stress, and decreasing
Co resulted in improved creep resistance. This figure also indicates that
at all applied stresses and Co levels, the 0Ta-9W Alloys (A, D, and F) were
b{ far the least creep resistant alloys. At a given applied stress, these
alloys crept at a rate approximately an order of magnitude faster than the
other alloys. However, substitution of W for Ta affected properties dif-
ferently at different stresses., For example, Alloy B was more creep resis-
tant than Alloy C at high applied stresses. As the stress was decreased,
the higher stress dependence of the creep rate of Alloy C resulted in a
eross-over in strength such that Alloy C was more creep resistant at low
stresses. At a stress of 125 MPa, the creep rate of Alloy B was five times
faster than that of Alloy C.
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Figure 5. The 0.2 pct yield stress Figure 6. Summary plot of the
at 1000°C for the single crystal stress dependence of the steady
alloys. state creep rates of the single

crystal alloys at 1000°C.
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Relationship of Microstructure to Mechanical Behavior

Variations in alloy composition produced some interesting variations
in mechanical properties. The reductions in tensile strength as Ni was
substituted for Ta was expected, and can be explained by the reductions in
v' volume fraction, solid solution hardening, and mismatch as Ta level was
decreased. These arguments are also consistent with the decreases in creep
resistance caused by the same alloying changes. The strong influence of Co
content on the tensile strength of the 3Ta-10W alloys can be explained by
the increased y-y' mismatch as Co level was reduced. The increased mis-
match would increase the contribution of coherency strain hardening to ti'e
strength of these alloys. However, this argument may not apply to longer
term testing, whereby the effect of microstructural stability may become
important. It has been suggested that higher mismatch values may decrease
creep life by enhancing y' coarsening and thus overaging (9). However, in
the present study, there was no correlation between the unstressed v'
coarsening rate and the creep resistance of ¢the alloys. For example, it is
apparent that reduction of Co in the OTa-9W alloys (A, D, and F) decreased
the coarsening rate, Figure 3, yet did not influence the creep properties
presented in Figure 6. Further, the 10 percent Co alloys (F, G, and H) all
exhibited similar y' coarsening rates, but had significantly different
creep strengths.

For the alloys in the present study, high y-y' mismatch can actually
improve creep resistance. Increased mismatch does cause very rapid coars-
ening, 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 contrast, the formation of the lamellae
suppresses bypassing mechanisms, and consequently the mobile dislocations
must shear through the y' phase and the y-y' interface (10,11). Slip in
the v' phase is considered to be more difficult than slip in y, due to the
ordered structure (11). However, the rate-limiting step in the deformation
process appears to be shear through the y-y' interface. The interface is
characterized by a stable hexagonal array of misfit dislocations that can
act as obstacies to further dislocation motion. Thus, after dislocations
have sheared through either phase, they would be held up at the interface,
and recovery events would be necessary to nucleate slip through the next
lamella, The beneficial effect of high mismatch is derived from the
stronger barrier provided by the more finely spaced misfit dislocations.
Once formed, however, the lamellae do coarsen slowly during the remainder
of the creep 1ife, and this thickening appears to be related to the onset
of tertiary creep (12).

The influence of Co on the present alloys supports the postulate that
high lattice mismatch is beneficial for creep resistance. The effects of
Co cannot be attributed to solid solution hardening by Co, because the Co
additions actually decreased the creep strength of the high refractory
metal alloys. In addition, the presence of « and u phases in the stronger
0 percent Co alloys (B and C) reduced the amount of W in solid solution
compared to the alloys with 5 and 10 percent Co. Again, this effect would
be expected to increase the strength of the high Co alloys if it would have
any effect at all. Although Co content did not influence the strength of
the individual phases, it did influence the strength of the y-y' interface.
As Co level was decreased from 5 to 0 percent, the room temperature lattice
mismatch increased in magnitude from below the detectability limit to
-0.0035. This increase in mismatch would decrease the spacing of the hex-
agonal misfit dislocation array, and therefore strengthen the lower Co
alloys.
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The influence of the substitution of W for Ta on the creep properties
was more puzzling. For example, Alloy C had a slightly lower y' volume
fraction and y-y' mismatch than Alloy 8, both of which would be expected to
weaken Alloy C in comparison to Alloy B. In fact, these features may ex-
plain the results of the short term tests, where Alloy B was indeed
stronger. However, some other microstructural feature must cause the
observed cross-over in creep resistance at lower applied stresses, One
could argue that Alloy C exhibited better creep strength at Tow stresses
because it possessed smaller amounts of W-rich phases than Alloy B. How-
ever, this could not explain the same trends in strength at the 10 percent
Co level, where both Alloys G and H were free of any third phases. 1In
fact, all present evidence appears to indicate that the precipitation of
W-rich phases does not significantly affect the creep resistance of this
series of alloys. One possible explanation for the cross-over in creep
strength is that W is more effective as a solid solution hardener than Ta.
Unfortunately, only limited data are avajlable on the influence of alloying
on the varjous mechanisms by which a solute atom may improve creep resis-
tance. Thus, a possible explanation for the cross-over in strength exhib-
ited between the OTa-12W and 3Ta-10W alloys is provided. At high applied
stresses, the slight decreases in y' volume fraction and mismatch cause the
OTa-12W alloys to be less resistant to plastic flow. At progressively
lower stresses, solid solution strengthening becomes more important, which
results in the cross-over in creep strength. However, it is recognized
that further study is necessary to establish the influence of refractory
metals on the creep properties of superalloys.

Conclusions

The creep behavior of the single crystal alloys was significant]g
influenced by the y' morphology which developed during creep. At 1000°C,
the y' particles rapidly coalesced into lamellae perpendicular to the ap-
plied stress. This lamellar structure forced the mobile dislocations to
shear through the y' phase and the y=y' interface. A hexagonal array of
misfit dislocations was present at the interface, and acted as a barrier to
dislocation motion. Decreases in Co level from 10 to O percent caused
significant increases in tensile strength and creep resistance for the
alloys with nigh refractory metal levels. These decreases in Co concentra-
tion increased the y~y' mismatch, which resulted in either increased coher-
ency strains during tensile testing, or a finer misfit dislocation spacing
during creep testing, both of which provided a stronger obstacle to dislo-
cation flow. Substituiion of Ni for Ta caused large reductions in tensile
strength and creep resistance, which can be explained by low values of !
volume fraction, solid solution hardening, and lattice mismatch. Substitu-
tion of W for Ta caused decreased creep lives at high stresses, as a result
of small decreases in y-y' mismatch and y' volume fraction. The W substi-
tution resulted in improved lives at lower stresses, which was believed to
be a consequence of the increased effectiveness of W as a solid solution
hardener.
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