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of the Ta-Containing Cos(Al,W)-Phase to the Creep
Properties of y/y” Cobalt-Base Superalloys
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The creep strength of single-crystalline Co-based superalloys was found to be comparable to
first-generation Ni-base superalloys. However, considerable shearing of the y” precipitates was
observed in the early creep stages. To determine the strengthening contribution of the
Ta-containing 7’-Cos(Al,W) precipitates, the creep strength of several single-crystalline
Co-Al-W-Ta superalloys was determined as a function of the y” volume fraction at 1223 K
(950 °C) and stress levels between 25 and 600 MPa. Employing a Lagneborg—Bergman—
Reppich (LBR) approach, it is found that the strengthening contribution of the 7" precipitates
increases significantly with increasing y” volume fraction. In a Co-base superalloy that exhibits a
precipitate volume fraction of about 70 pct, the y’-strengthening contribution calculated with
the LBR approach ranges between the ones observed in first-generation Ni-base superalloy
CMSX-6 and second-generation Ni-base superalloy CMSX-4.
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I. INTRODUCTION

ABOUT a decade ago, investigations of the ternary
Co-Al-W system revealed the existence of the inter-
metallic 7-Cos3(ALLW) phase.!'! Since then, numerous
studies concluded that in particular Ta is a key alloying
element for Co-base superalloys as it strongly partitions
to the 7" precipitates® ¥ and thereby stabilizes the 7’
phase,'* " increases the " solvus temperature,'>> " the
volume fraction,*® the superlattice intrinsic stacking
fault (SISFE energy®® and the hardness of the )’
precipitates.!”! The beneficial effect of Ta additions to
ternary Co-Al-W superalloys was also observed in
compression and creep experiments.>'% ! The

A. BEZOLD is with the Friedrich-Alexander-University Erlangen-
Niirnberg, Department of Materials Science & Engineering, Institute I:
General Materials Properties, Martensstr. 5, 91058, Erlangen, Germany
and Friedrich-Alexander-University Erlangen-Niirnberg, Elite Master’s
Programme in Advanced Materials and Processes (MAP),
Immerwahrstr. 2a, 91058, Erlangen, Germany. Contact e-mail:
andreas.bezold@fau.de N. VOLZ is with the Friedrich-Alexander-
University Erlangen-Niirnberg, Department of Materials Science &
Engineering, Institute I: General Materials Properties. F. XUE is with
Northwestern University, Department of Materials Science and
Engineering, NUCAPT, 2220 North Campus Drive, Evanston, IL
60208 C. H. ZENK is with the Ruhr-University Bochum, Institute for
Materials, Chair for Materials Science and Engineering, Universitétsstr.
150, 44801, Bochum, Germany S. NEUMEIER and M. GOKEN are
with  the  Friedrich-Alexander-University  Erlangen-Niirnberg,
Department of Materials Science & Engineering, Institute I: General
Materials Properties.

Manuscript submitted 23 September 2019.

Article published online January 21, 2020

METALLURGICAL AND MATERIALS TRANSACTIONS A

Ta-containing alloys showed a significant increase in
yield and creep strength. Furthermore, Ta-containing
single-crystalline (SX) Co-Al-W superalloys showed a
creep strength comparable to first-generation Ni-base
superalloys in the intermediate temperature/stress
regime (e.g. 1173 K (900 °C)/350 MPa) under tensile
creep.t’ ™ Microstructural investigations of interrupted
tensile creep specimens by Titus et all' revealed that
the ¢’ precipitates in a quaternary Co-8.8A1-9.8W-2Ta
SX superalloy were considerably sheared after less than
one percent plastic strain at 1173 K (900 °C)/350 MPa.
Shearing of the 9" precipitates was also reported in a
quaternary Co-9AIl-7.5W-2Ta SX superalloy after
0.5 pct plastic strain under a compressive load of onlgl
150 MPa at a temperature of 1223 K (950 °C).l'®
Recently, Lenz er al.l""! studied the tension—compression
asymmetry in a CoNi-base superalloy at 1123 K
(850 °C) and 400 MPa. Even though the shearing
mechanisms differ depending on the sign of the applied
load, the authors calculated that nearly 10 pct of the
total plastic creep strain of 0.3 pct can be attributed to
shearing events in the y” precipitates for both tensile and
compressive creep. Thus, the plastic strain contribution
of the shearing of the )" precipitates is substantial but
not dominant at these conditions. In contrast, the )
precipitates in Ni-base superalloys are only sheared at a
higher strain in the intermediate temperature/stress
regime under tensile creep.['® 2"

To address the question how Co-base and Ni-base
superalloys compare with respect to the y” strengthening
contribution, quaternary SX Co-Al-W-Ta superalloys
with varying 7 volume fraction were crept at 1223 K
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(950 °C) and compared to first- and second-generation
Ni-base superalloys. Subsequently, an approach by
Lagneborg and Bergman,”'!" which was later extended
by Reppich er al.*? was used to determine the 7’
strengthening contribution, which is introduced in the
following.

II. LAGNEBORG-BERGMAN-REPPICH
APPROACH

The threshold stress ap (P for precipitate, also termed
friction or back stress) was introduced by Lagneborg!*”
and the group of Wilshire® into the traditional power
law equation to rationalize the stress exponent n and
activation energy Q of precipitation-strengthened alloys.
These values are in general significantly higher, e.g.
n = 8.6 and Q = 740 kJ/mol for a boron-containing y/y’
Co-Al-W alloy,!"!! than the theoretically derived values
for metals or solid solutions, i.e. n = 3-5and Q equal to
the activation energy for self-diffusion Qgsp.*' It is
assumed that deformation occurs predominantly in the
matrix phase below an effective stress of (¢ — op).** The
stress ¢ to produce a certain minimum creep rate &mi, in
a precipitate-strengthened alloy at a given temperature
can be expressed as a linear combination of the stress oy
(that would produce the same creep rate in a single
phase matrix alloy) and the strengthening contribution
of the precipitates op:

0 =om+ op [1]

Thus, the modified power law equation can be
expressed as follows:

: _ nm Osp

émin = A(0 — op) exp( RT>’ 2]
where A4 is a constant, ¢ is the applied stress, ny is the
stress exponent of the pure matrix phase, R is the
universal gas constant and 7 is the temperature.

Lagneborg and Bergman®" introduced an approach

to derive the precipitation strengthening contribution
for various stress values gp(a) from creep experiments at
a given temperature by replotting the Norton plot with
lincarly scaled axes and with the ny-th root of the
minimum creep rate over the applied stress, compare
Figures 1(a) and (b). The resulting threshold stress
diagram (see Figure lgc)g can be distinguished in two
characteristic regimes:*'~>*

(1) op = 0pmax = const: opmax is determined by the
intersection of the x-axis and the linear extrapo-
lation of the high stress branch (see Figure 1(b)).
In this regime, op is assumed to represent the
additional stress for shearing or the Orowan
process®®! and is therefore constant (see
Figure 1(c)).

2) op = Kipa: The proportionality constant Kip
can be derived by the slope K of the low stress
branch in Figure 1(b).*"! The dominating
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deformation mechanism in regime 2 is predomi-
nantly climb of dislocations.”

While this procedure provides a rough estimate of
op(a), several issues have to be addressed to determine
op(o) more accurately: ny and op are generally not

: 22] eps .
constant at the same time.""~ Additionally, om (émin) has
to be known to accurately determine Kjg, since Kip
strongly depends on the ratio of o) to ¢ due to the
superposition rule:

- AO'P(émin) AUM(émin)

Kip = Ac(imn) - A6 (Emin) 13

Therefore, Reppich er al.*? modified the approach of
Lagneborg and Bergman by considering the creep data
of the corresponding matrix phase, where the stress
dependence of &y, is described by the following equa-
tion after Blum and Reppich:*”

émin = BO'n*ilsinh (Vapp0-> ) [4]

2kT

where B is a constant, n* is the effective, constant
stress exponent at low stress levels, Vypp is the appar-
ent activation volume, k is the Boltzmann constant
and T is the temperature. The effective stress exponent
ny of Eq. [4] can be derived as follows:*”

_(On(émin)\ . Vapp® Vapp@
™M= ( dIn(o) >T_” — ot ) B

Note that at a stress below the matrix power law
breakdown (PLB), coth(V,p0/2kT) can be approxi-
mated with 2k7/V,pp0, which leads to a constant stress
exponent 7y = n* consistent with the power law equa-
tion (see Figure 1(d)).*” Since nn increases at higher
stress levels, the curves of the matrix and the precipi-

tation-strengthened alloy in the 8r1n/1’r11M vs. ¢ plot are no

longer linear but change to a convex curvature (see
Figure 1(e)).”?” Due to the superposition rule (Eq. [1]),
ap(&min) can simply be derived by subtracting on (émin)
from o (émin). The slope of regime 2 of the resulting o p(c)
diagram (see Figure 1(f)) complies with Eq. [3].

III. EXPERIMENTAL METHODS

The compositions of the y and y” phases of a
Co-9A1-7.5W-2Ta alloy with a y” volume fraction of
approximately 50 pct!'® were determined by atom probe
topography after aging at 1173 K (900 °C) for
200 hours. By changing the alloy compositions along
the resulting 7/y” tie-line, the investigated alloys were
designed to vary only in the y” volume fraction. Master
alloys with the composition of the y and y” phases
(Master alloy A and Master alloy B (see Table I)) were
cast at Mateck GmbH using raw elements with a purity
of at least 99.9 pct. Subsequently, both master alloys
were mixed to create an alloy series, called
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Fig. I—Schematic diagrams of the procedure for the determination of the precipitation stren%thening contribution (threshold stress) (a), (b), (¢)

after Lagneborg and Bergman®!! and the (d), (e), (f) modified procedure after Reppich et al.?

)

Table I. Nominal and Measured Composition of the Investigated Alloys of the ERBOCo-VF Alloy Series and the Master Alloys
in Atomic Percent
Nominal/Measured Composition in Atomic Percent

Alloy Co Al w Ta
VFO0/Master Alloy A 86.7/87.3 8.8/8.4 4.0/4.1 0.5/0.2
VF20 84.4/84.8 8.8/8.6 5.7/6.0 1.1/0.6
VF40 82.1/82.7 8.9/8.5 7.3/7.7 1.7/1.1
VF60 79.8/80.7 8.9/8.4 9.0/9.3 2.3/1.6
Master Alloy B 75.2/77.0 9/8.1 12.3/12.5 3.5/2.4

ERBOCo-VF. The respective alloy designation contains
their intended )" volume fraction, e.g. “VF20” for an
alloy with an intended " volume fraction of 20 pct (see
Table I for alloy compositions). The alloys were cast in
a laboratory scale Bridgman furnace using a withdrawal
rate of 3 mm/min at an estimated temperature gradient
of about 5 K/mm after holding the melt at
1823 K (1550 °C) for five minutes (for further details
about the equipment see Reference 28). The resulting
rods had a length of 120 mm and a diameter of 12 mm.
The single-crystalline bars were solution heat treated at
1623 K (1350 °C) for 24 h and aged at 1173 K (900 °C)
for 100 h in a vacuum furnace. Further details on the
design, microstructure and thermophysical properties of
the ERBOCo-VF alloy series will be published in a
subsequent work.

Microstructural characterization was conducted on a
Zeiss Crossbeam 1540 EsB scanning electron micro-
scope (SEM) using a backscattered electron detector
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(BSE). The actual compositions of the alloys and master
alloys were determined by energy-dispersive X-Ray
spectroscopy (EDS) wusing the same device (see
Table I). Misorientations smaller than 5 deg for VF20,
VF40 and VF60 and of 11.6 deg for VF0 were
determined by EBSD. The standard sample preparation
for SEM investigations consisted of grinding up to
4000 grit, polishing using diamond suspension up to 1
um and chemo-mechanical polishing using Struers
OPU.

Cylindrical compressive creep specimens with a length
of 7.5 mm and a diameter of 5 mm were produced by
electric-discharge machining parallel to the solidification
direction. Compressive creep experiments were per-
formed in air at a temperature of 1223 K (950 °C) and
at constant stress levels between 25 and 600 MPa. The
creep tests were either interrupted at a plastic creep
strain of 7 pct or after reaching the minimum creep rate
for the longer lasting experiments.
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IV. RESULTS
A. Microstructure

The microstructures of the investigated alloys after
aging are shown in Figure 2. No additional phases
except y and " are found. The y” volume fraction of the
precipitation-strengthened  alloys  increases from
20 £ 4 pct for VF20 to 50 £ 1 pct for VF40 and
70 £ 2 pct for VF60 according to image analysis of
the SEM-BSE micrographs, which have been stereo-
graphically corrected to obtain the volume fraction from
the measured area fraction.” The y” precipitates exhibit
a cuboidal morphology and increase in size with
increasing y” volume fraction to an average edge length
of 123 & 35 nm, 166 =49 nm and 269 £ 64 nm for
VF20, VF40 and VF60, respectively.

Fig. 2—SEM-BSE micrographs of the investigated SX Co-base
superalloys after solution heat treatment for 24 h at 1623 K
(1350 °C) and aging for 100 h at 1173 K (900 °C).
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B. Creep

Creep curves of the alloys VF0 and VF60 are shown
in Figure 3 for various stress levels. The matrix alloy
VFO exhibits a pronounced hardening regime after
primary creep at a stress below 50 MPa. Thus, the
minimum creep rate is only reached at higher plastic
strain values. This degree of deformation obviously
exceeds the strain in the matrix phase of the two-phase
p/y” superalloys VF20, VF40 and VF60 at the minimum
creep rate. Therefore, the creep rate at 1 pct plastic
strain is used for VFO for further calculations. The
choice of the plastic strain, from which the creep rates of
VFO are taken, does not influence the results signif-
icantly as will be shown in the discussion.

The Norton plot (Figure 4) reveals that the creep
strength increases with increasing 7” volume fraction
over the investigated stress range. Here and also for the
subsequent LBR approach, the creep rate at the first
minimum is used for creep curves, which exhibit two
minima (i.e. VF60 at 1223 K (950 °C) and 200 MPa (see
Figure 3(b)). Since only the second creep minimum is
associated with the completion of rafting at tempera-
tures above 1223 K (950 °C)!'*3% and the first minimum
is reached after a plastic strain of less than 0.5 pct, the
effect of rafting is considered negligible in the following.
By fitting Eq. [4] to the data of VFO0, an apparent
activation volume ¥,,, of 76 b* is obtained (assuming
deformation in the fce crystal structure by full a/2 (110)
dislocations and a lattice parameter of 0.3637 nm as
reported by Xue er all' for the y phase of
Co0-9A1-7.5W-2Ta at 1223 K (950 °C)). This value is
higher than the one from the y matrix of the Ni-base
superalloy CMSX-4 with 36 b* and similar to the one of
Nimonic 75 with 70 b® at 1223 K (950 °C).F!

V. DISCUSSION

Using the procedure described by Reppich et al.,**
the Lagneborg-Bergman—Reppich (LBR) plot (see
Figure 5a) and the resulting precipitation strengthening
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Fig. 3—Creep curves of the alloys (a) VF0 and (b) VF60 at 1223 K (950 °C) and various true stress levels.
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diagram (see Figure 5(b)) can be obtained. As clearly
seen in Figure 5(a), the LBR model describes the
acquired creep data very well. However, Figure 5(b)
shows that only VF20 exhibits a constant gp value of
121 MPa in regime 1. The slopes of the curves for VF40
and VF60 also decrease at a higher stress but do not
converge to a constant value, even though the highest
applied stress levels correspond to a minimum creep rate
of almost 1 x 107* s7!. The absence of a constant,
maximum precipitation strengtheniné contribution was
also determined by Schneider er al.®? using the LBR
approach for the Ni-base superalloy CMSX-4, which
exhibits a 7" volume fraction of approximately 70 pct.
Based on these results, however, it cannot be con-
cluded that no shearing is present. As a matter of fact,
Xue et al. observed shearing of the 7" precipitates after
less than 0.5 pct plastic strain at 1223 K (950 °C) and a
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Fig. 4—Norton plot of the investigated SX Co-base superalloys
tested at 1223 K (950 °C). The creep data of VFO is fitted by Eq. [4].
The data points of VF20, VF40 and VF60 are connected for visual
assistance.
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stress of only 150 MPa in the Ta-containing SX Co-base
superalloy, from which the VF-series is derived.!'®
Despite the expected shearing for even the lowest
applied stress values in this study, the initially nearly
linear slopes in Figure 5(b) suggest that the majority of
the deformation is still concentrated in the y matrix.
Recently, Lenz et al.'” and Titus er al.”) determined the
contribution of y” shearing to the plastic strain for
CoNi-base superalloys and Co-base superalloys in
compressive and tensile creep at 1123 K (850 °C)/
400 MPa and 1173 K (900 °C)/345 MPa, respectively.
These authors calculated that the contribution of
shearing events is substantial but not dominant, which
is qualitatively similar to the results in this study
especially when the higher temperature of 1223 K
(950 °C) and the lower stress levels between 200 and
300 MPa in the linear part of VF60 in Figure 5(b) are
considered. At higher stress values the decreasing slope
implies an increase in the contribution of shearing events
to the total plastic strain. The absence of a constant,
maximum j’-strengthening contribution in VF40 and
VF60 suggests that the glide-climb motion of disloca-
tions in the y matrix still plays an important role for a
stress as high as 600 MPa. However, work hardening of
the 7" precipitates due to the interaction of stacking
faults as proposed by Titus et al.”! could also play a
significant role. Detailed TEM investigations are clearly
necessary to explain the missing plateau in these alloys.

These results indicate that the strengthening contri-
bution of the y” precipitates in Co-base superalloys
calculated with the LBR approach—especially for alloys
with a 7" volume fraction above 50 pct—cannot be easily
distinguished in two characteristic regimes and the
associated deformation mechanisms as described in the
background section. Nevertheless, the LBR approach is
still a valuable tool to calculate the precipitation
strengthening contribution of an alloy for various
stresses and minimum creep rates.

The precipitation strengthening diagram (see
Figure 5(b)) is not ideal to compare different alloys
especially at lower minimum creep rates because the
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Fig. 5—(a) Lagneborg-Bergman—Reppich plot and (b) the resulting precipitation strengthening diagram of the investigated SX Co-base

superalloys at 1223 K (950 °C).

METALLURGICAL AND MATERIALS TRANSACTIONS A

VOLUME 51A, APRIL 2020—1571



10% E{950 °C

107 E

minimum creep rate €, / s

VF207

10—9 I L 1 PR | 1 L L 1
50 100 200 500

y' strengthening contribution o, / MPa

(a)

minimum creep rate €,/ s

10* E{950 °C
) / //
-6
10° b CMSX=6-33] / /
107
f P /
05 | VF6O CMSX-4 [32]

107 [ ..|.........|.........|........' 1
100 200 300 400 500 600 700

y' strengthening contribution 6, / MPa
(b)

Fig. 6—The calculated strengthening contribution of the y” precipitates in dependence of the minimum creep rate. (@) For the investigated
y’-strengthened Co-base superalloys and different plastic strain values, from which the creep rates of the matrix alloy VFO are taken. (b) For
VF60 in comparison with the Ni-base superalloys CMSX-6"" and CMSX-4.*% The dashed line for CMSX-6 indicates the original strengthening
contribution determined at 1253 K (980 °C) in Reference 33, while the solid line represents an estimation at 1223 K (950 °C).

| [ss0°]

N
(=3
(=]

@)
<
wn
7
ESN
|

v

=4

S
T

%)

=3

S
T

y’strengthening contribution o, / MPa
S
(=}
T

8min

0 20 40 60 80 100
' volume fraction / %

Fig. 7—The calculated strengthening contribution of the 7’
precipitates in the Co-base superalloys VF20, VF40 and VF60
compared to that in the first- and second-generation Ni-base
superalloys CMSX-6 and CMSX-4 in dependence of the y” volume
fraction at a temperature of 1223 K (950 °C) and at a minimum
creep rate of 1077 s~

slope in regime 2 is only dependent on the ratio of the
corresponding matrix stress oy to the applied stress o
(compare Eq. [3]). By plotting the minimum creep rate
over the precipitation-strengthening contribution op of
the corresponding applied stress as shown in
Figure 6(a), it can be seen that op increases with
increasing y” volume fraction. In this study, the highest
strengthening contribution is reached by VF60 with a y’
volume fraction of 70 pct.

The choice of the strain value, from which the creep
rates of VFO are taken, leads only to small differences
for op gsee Figure 6(a)). At a minimum creep rate of
10~* s~ !, these differences amount to less than 15 MPa,
if the creep rates at a plastic strain of 0.5 or 2 pct are
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used to calculate op. Additionally, this change is reduced
to 6 MPa at a lower minimum creep rate of 10~/

In Figure 6(b), op of the 7" precipitates in VF60 is
compared with that in the first-generation Ni-base
superalloy CMSX-6¥ and the second-generation
Ni-base superalloy CMSX-4. These alloys exhibit a
similar 9" volume fraction and only a slightly larger )’
precipitate size of 440 nm and 470 nm, respectively, as
compared to 269 nm in VF60.5%34 Addltlonally, it has
to be noted that the stre ]gthemng contribution in the
study of Wilhelm er al®¥ was initially determined at
1253 K (980 °C), which was converted to 1223 K
(950 °C) as shown in Appendix A. Figure 6(b) reveals
that ap of the 7" precipitates in CMSX-4 is significantly
increased compared to CMSX-6 at 1223 K (950 °C).
Furthermore, it can be concluded that op in VF60
ranges between the ones observed in the Ni-base
superalloys CMSX-6 and CMSX-4 for all investigated
minimum creep rates according to the LBR approach.

At a minimum creep rate of 1077 s7', op increases
linearly with the 7" volume fraction for the investigated
Co-base superalloys (see Figure 7). The slope corre-
sponds to approximately 48 MPa per 10 pct 7" volume
fraction. In comparison with the Ni-base superalloys,
the calculated y’-strengthening contribution in VF60 is
about 90 MPa lower and higher than that in CMSX-4
and CMSX-6, respectively.

In contrast to both Ni-base superalloys, gp was
determined in compressive creep tests in this study.
The creep behavior of Ni-base superalloys is typically
inferior under compressive stress compared to tensile
stress for [001] oriented specimens in the low-tempera-
ture and hl%h stress regime (i.e. 1023 K (750 °C) and 750
MPa).B537 This asymmetry is expldined by E)ronounced
mechanical twinning in compressive creep. 537 In the
intermediate temperature and stress regime (i.e. 1173 K
to 1223 K (900 °C to 950 °C) and 250 to 392 MPa), the
minimum creep rates are similar for both loading
modes, even though larger primary creep strain values
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are obtained under compressive creep.’® ¥ Recently,
Lenz er all'™ observed slightly higher creep rates in a
CoNi-base superalloy during tensile creep compared to
compressive creep at 1123 K (850 °C) and 400 MPa. If
a similar anisotropy is also present for the investigated
alloys at the higher temperature of 1223 K (950 °C) and
considering a negligible anisotropy for the Ni-base
superalloys regarding the minimum creep rate, the
obtained op values would decrease slightly and op of
VF60 would get closer to that in CMSX-6. Despite these
promising results, it has to be noted that VF60 is not
optimized for harsh, corrosive environments compared
to the complex, commercial Ni-base superalloys. How-
ever, further improvements of the creep properties are to
be expected by optimized alloying additions, since VF60
represents only a quaternary model alloy.

VI. SUMMARY AND CONCLUSION

The strengthening contribution of the
1’-Cos(Al,W,Ta) precipitates in Ta-containing sin-
gle-crystalline Co-Al-W superalloys with varying 7y’
volume fraction was determined using a Lag-
neborg-Bergman—Reppich  approach at 1223 K
(950 °C). The following conclusions can be drawn:

e The creep strength as well as the precipita-
tion-strengthening contribution in the investigated
Co-base superalloys increases with increasing 7y’
volume fraction reaching a maximum in VF60, the
alloy with the highest investigated )" volume fraction
of 70 pct.

e While VF20 converges to a maximum precipita-
tion-strengthening contribution of 121 MPa, the
strengthening contributions in the alloys VF40 and
VF60 exceed 340 and 510 MPa, respectively, but do
not obtain a constant, maximum value at high-stress
level.

e The precipitation-strengthening contribution of the
7’-Co3(ALLW,Ta) phase in the Co-base superalloy
VF60 at 1223 K (950 °C) ranges between the
strengthening contributions of the 7" precipitates in
the first- and second-generation Ni-base superalloys
CMSX-6 and CMSX-4.

e The strengthening  contribution of  the
y’-Co3(ALLW,Ta) phase is 73 MPa in VF20,
208 MPa in VF40, 307 MPa in VF60 according to
the LBR approach compared to the strengthening
contribution of the y’-Nis(Al,Ta) phase of 216 MPa
in CMSX-6 and 397 MPa in CMSX-4 at a minimum
creep rate of 1077 s™' and at a temperature of
1223 K (950 °C).
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APPENDIX A

CONVERSION OF THE STRENGTHENING
CONTRIBUTION IN CMSX-6 TO 1223 K (950 °C)

The traditional power law equation describes the
dependence of stress ¢ and temperature 7 on the
minimum creep rate &min:

émin = Ad" exp < Q};;f’) , [Al]

where A4 is a constant and Q. is the apparent
activation energy.

Solving Eq. [A1] for the stress ¢ and inserting the
resulting expression for the precipitation-strengthened
alloy and the matrix into Eq. [l] at temperature T
yields:

. émin émin
OP,T, (8min) = M + M )a

Apexp (;%Tvlm> Avexp (:%?T.m

[A2]

where A, Ay are constants and na, my are the stress
exponents of the precipitation-strengthened alloy and
the matrix phase, respectively. Assuming na and ny to
be independent of temperature, which can be justified
by the small temperature difference of only 30 K,
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Eq. [Al] for the temperature 7, can be inserted into
Eq. [A2]:

it = (artver o (%2 (5-7)
(ot ou(22 (7))

[A3]

Thus, only the apparent activation energies Qqpp.a for
the precipitation-strengthened alloy and Quppm for the
matrix phase have to be known for the determination of
the precipitation-strengthening contribution ¢p at a
different temperature T, since na, nm, oo, and om 7,
have already been determined at temperature 75.

For CMSX-6, an apparent activation energies
Qapp,aof 797 kJ/mol is used as derived from the data
of Wilhelm e al.**! The apparent activation energy of
the matrix phases Q.,,m can be estimated by the
following equation®”’.

Qapp,M =0Oni + Z ann,Nia [A4]

where Qv is the activation energy for self-diffusion of
Nickel, x, is the concentration of solute n and Q, ;i is
the activation energy for interdiffusion of solute n in
Nickel. Using the activation energies for interdiffusion
determined in various binary Ni-X alloys,***¥ the
apparent activation energy equals approximately
423 kJ/mol for the matrix phase (Ni 51.1 at. pct, Al
3.1 at. pct, Co 20.3 at. pct, Cr 21.4 at. pct, Mo 0.9 at.
pet, Ta 0.1 at. pet, Ti 0.1 at. pct, W 3.0 at. pct!>).
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