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Creep-Induced Local Lattice Parameter Changes in a
Monocrystalline Nickel-Base Superalloy

H. Mughrabi, H. Biermann, and T. Ungar

The v lattice mismatch of specimens of the monocrystalline nickel-base superalloy SRR 99 has been
measured by a high-resolution X-ray diffraction technique for the undeformed state and after high-tem-
perature creep deformation. During creep deformation beyond the minimum creep rate (total strain
=0.5% ), the lattice mismatches, measured in and perpendicular to the [001] stress axis, respectively, un-
dergo changes in opposite directions. This reflects the buildup of a complex deformation-induced triaxial
state of internal stress in the phases yand y’. The overall resolved shear stresses that act in Y’ and ydue
to the combined action of the external and internal stresses are estimated, and the conditions under which
cutting of the y’ phase by dislocations should occur are discussed.
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1. Introduction and Objectives

MONOCRYSTALLINE nickel-base superalioys with high vy’
volume fraction have become increasingly important as mod-
ern turbine blade materials. At high temperatures and under the
action of an external or internal stress, the microstructure
changes from cuboidal vy’ precipitates to a raft-like y-y’ struc-
wre. 141 Important factors that influence this microstructural
change are the direction of external load and the sign and mag-
nitude of the lattice mismatch, & = 2(aY - aY)/(aY + “Y)‘ de-
fined as the relative difference in the lattice parameters of the
phases vy’ and v, ay and a., respectively. In the past, the y-
v’ lattice mismatch has been investigated by different tech-
niques.fS‘“]

This article is a revised and up-dated version of a paper that
was presented earlier.l 121 The aim of the present work is to ob-
tain reliable data about the local distribution of the lattice pa-
rameters of the phases yand v’ and the lattice mismatch, §, of
the monocrystalline nickel-base superalloy SRR 99 after high-
temperature creep deformation. For this purpose, X-ray line
profiles were measured with negligible instrumental line
broadening and were evaluated to obtain the deformation-in-
duced residual long-range internal stresses. From the superpo-
sition of the latter with the external stress, the resolved shear
stresses acting in the slip systems of the type ‘111 (101} in the
phases yand y” are calculated and discussed with respect to the
deformation behavior.
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2. Experimental

2.1 Samples

Samples of the monocrystalline nickel-base superalloy SRR
99 with rod axes near [001] were investigated. In its initial
state, the alloy is composed of a fcc ymatrix and of ordered L1,
vy’ precipitates that are arranged in cubes of about 0.25 to 0.3
Hm mean edge size with faces perpendicular to the <100> di-
rections. The samples were standard heat treated by a single-
stage annealing of 16 h at 870 °C. The v’ volume fraction was
determined as 71 £ 2% by analysis of X-ray line profiles of
creep-deformed samples that were separated into yand vy’ sub-
profiles, taking into account the different atomic scattering fac-
tors of the phases. This result was confirmed by
complementary techniques.

The samples were creep deformed in tension at constant
stresses, ©, between 150 and 750 MPa at temperatures of 750,
900, and 1050 °C.l13-14I The data from several specimens that
were crept to rupture are given in Table 1.1131 All specimens
were cooled to room temperature by an air blow to the grips im-
mediately after fracture. One further set of samples was de-
formed at 7'= 900 °C and ¢ = 305 MPa to different total strains
(¢). Sample a was undeformed; samples b to e correspond to
strains of 0.5, 1.5, 3.0, and 21.3%, respectively.l 13! Tn all sam-
ples creep deformed until rupture at 1050 °C and in the samples
deformed at 900 °C under stresses of 305 and 444 MPa, a raft-
like y-y” structure developed. The other samples still had a
cuboidal v’ structure even at the end of creep deformation.

2.2 X-Ray Diffraction Technique

From the creep-deformed specimens, {001 }-oriented slices
were cut by spark erosion and polished. One type of specimen
was cut perpendicular to the [001] direction of the stress axis
and investigated with the (002) Bragg reflection (axial case).
The other type of specimen was perpendicular to the [010]
(equivalent to [100]) direction and was studied with the
(020)/(200) Bragg reflection (side case). The X-ray line pro-
files werc measured with monochromatic Cuy,, radiation, us-
ing a special double-crystal diffractometer with high an%ular
resolution and negligible instrumental line broadening.[ 0.11]
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Table1 Data from creep tests

[13]

Sample

No. T,°C 6,MPa
1050 150
1050 200
1050 305
900 305
900 444
900 444
900 607
900 607
900 750
750 750

n’ 750 750

E,GPa £f, % it,h €650 8
86.0 13.2 133.6 30x10
86.0 194 319 12x10°
84.9 25.0 2.8 30x 107
98.1 213 515.5 12x 107

104.5 28.7 89.3 70x 107
98.0 30.0 83.2 7.1 % 107
96.6 242 6.7 6.8x 10°°
97.5 25.1 10.0 6.5%10°
98.5 244 0.7 70x 107
109.6 24 1348.3 28x10°%
109.6 19.7 400.8 1.3% 107

Note: The values of Young’s modulus, F were calculated for the slightly differing orientations using the appropriate high-temperature clastic constants that

hdd been reported by Kuhn and SockelI

for an alloy similar to SRR 99. € strain to failure; , time to failure; €, quasi-steady-state creep rate.

*This sample has been predeformed in tensile creep at 7= 900 °C, ¢ = 305 MPa, to a strain of 3% and annealed for 10 min at 1080 °C to obtain a raft structure

prior to the creep test.
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Fig. 1 X-ray line profiles. (a) Undeformed state. (b) (002) and
(020) Bragg reflections of the creep-deformed sample 3 (o =
305 MPa at T = 1050 °C).111 The stated lattice parameters refer
to the centers of gravity of the profiles.

The specimens were rotated continuously around the exact
Bragg angle to probe the exact lattice parameter distribution of
the sample.[10) The fact that the line profiles were not broad-
ened due to instrumental effects was confirmed by the observa-
tion that the line profiles of type {002} and {004 } had identical
shapes. The absolute Bragg angles (and lattice parameters)
were evaluated using a high-purity nickel single crystal as aref-
erence. The reported values were calculated as a mean value
from at least four line profiles.
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3. Results

3.1 Samples Creep-Deformed at 1050 °C

First, a short review of earlier results obtained on samples
that were creep deformed at 1050 o104 given to compare
these data with results of creep deformation at different tem-
peratures. Figure 1 shows typical line profiles of alloy SRR 99
in the initial standard heat treated state (Fig. 1a) and after creep
deformation and cooling to room temperature (Fig. 1b). The
(002) line profile of the undeformed sample, which is indistin-
guishable from the (200) and (020) profiles, shows a pro-
nounced asymmetry on the left side. This is due to the smaller
volume fraction and the larger lattice parameter of the y phase
(i.e., negative constrained lattice mismatch in the undeformed
state, 8ypger= — 1.4 x 1073).1191 Hence, the maximum of the
profile can be assigned primarily to the y” phase and the more
slowly decreasing tail on the lower angle side to the y phase.

The X-ray line profiles of a sample creep deformed at a con-
stant stress of 305 MPa are shown in Fig. l(b).[ ] These pro-
files are broadened markedly in comparison to those of the
undeformed sample and exhibit dramatically changed shapes.
In the axial case, the profile has a reversed asymmetry on the
right side and even exhibits a shoulder, whereas the (020) line
profile (side case) shows the original asymmetry, which has
however become more pronounced, as evidenced by the ap-
pearance of a second peak. The shape of line profiles of sam-
ples deformed at stresses of 150 and 200 MPa are intermediate
between those shown in Fig. 1(a) and (b).

The profiles of the deformed samples can be separated by a
mirror procedure,! !0 which yields the subprofiles of the ¥ and
v’ phases. The result of this evaluation is that the centers of
gravity of the subprofiles are shifted apart from each other in
the side case, whereas they are shifted toward each other and
even overlap in the axial case.

As shown in Fig. 2(a), the lattice parameter of v in the [010]
direction, a , decreases with the applied stress, whereas the
lattice parameter in the [001] direction, « 00171 increases. The
strongest change in the lattice parameter is IFound for the yphase
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Fig. 2 Lattice parameters of Y and Y versus applied stress for the (002) and (020) planes. (a) Samples | to 3, T = 1050 .l l](b) Samples 4

t0 9, T =900 °C.

in the direction of the applied stress; a/., , decreases by about
0.3%. On the other hand, aYOIO exhibits only a small increase.
It is evident that the mean lattice parameters evaluated from the
centers of gravity of the line profiles decrease with increasing
applied stress.

3.2 Samples Creep Deformed at 900 °C

3.2.1 Creep Deformation to Rupture at Different Stresses

The change in the line profiles of samples creep deformed at
900 °C (samples 4 to 9) with increasing applied stress is similar
to that of samples deformed at the higher temperature. The pro-
files are, however, broadened more markedly and therefore
more difficult to separate than the profiles of samples 1 to 3.
The dependence of the lattice parameters as a function of the
applied stress is illustrated in Fig. 2(b), which shows that
“YO()l decreases considerably, but not as strongly as after creep
at 1050 °C. The values of a/,, increase, the increase being
slightly stronger than that shown'in Fig. 2(a) for samples creep
deformed at 1050 °C. The (002) profile (axial case) of the sam-
ple deformed at 305 MPa is nearly symmetrical. Therefore, the
stated lattice parameter represents the mean value obtained
from the center of gravity of the corresponding line profile. The
lines represent a best fit to each set of data points. The (002)
measurements for 6 = 444 MPa were not included in these fits,
because the only very slight asymmetry in the line profiles led
to some uncertainty in the peak separation procedure. The
(002) profiles of samples deformed at 607 and 750 MPa are
asymmetric, but due to their broadening they do not exhibit
separate shoulders like sample 3 in Fig. [(b). The (020) line
profiles (side case), however, always exhibited a separate
shoulder, and the lattice parameter values obtained have a
smaller error than those of the (002) profiles. In the axial case,
the lattice parameters of the y phase increase strongly compared
to the 1050 °C data. The a(O()l | values decrease with increasing
applied stress.
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3.2.2 Creep Deformation at =305 MPa to Different
Strains

Figure 3(a) shows the differentiated creep curve in a
semilogarithmic plot with a minimum creep rate at € = 0.5%
and a quasi-steady-state (ss) regime beyond € = 3%. Sample a
represents the undeformed state; sample b was unloaded at the
minimum creep rate. Samples ¢ and d correspond to the strains
at which raft formation begins and is completed, respectively.
Sample e (identical to sample 4) was deformed to rupture.

The line profiles of sample b are indistinguishable from pro-
files of undeformed samples. Ata strain of 1.5% (sample ¢), the
(002) profiles are symmetrical, and the (020) profiles exhibit a
separate shoulder on the lower angle side (Fig. 3b). The profiles
of samples ¢ to e do not differ significantly from one another.

3.3 Samples Creep Deformed at 750 °C

The two samples investigated at this temperature were de-
formed at a stress of ¢ = 750 MPa. One sample had a cuboidal
v’ microstructure (sample 10) and one a prerafted microstruc-
ture (sample 11). The creep rate of the prerafted sample was
found to be about one order of magnitude larger than that of the
sample with the cuboidal y-y” microstructure. The (002) line
profiles of sample 10 exhibit an asymmetry on the higher angle
side and the (020) line profiles a small asymmetry on the lower
angle side. The shape of the line profiles of prerafted sample 11
is very different from that of sample 10. The (002) line profile
has a second peak on the higher angle side, whereas the (020)
profile is broadened markedly and nearly symmetrical. This
(020) line profile can be separated into two subprofiles corre-
sponding to the phases yand y’. The y subprofile is situated on
the lower angle side relative to the y” subprotile. The sense of
the asymmetries of the two samples corresponds to that of sam-
ples 1 to 9. However, the magnitude of the shift of the subpro-
files differs noticeably from that of the other samples.
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Fig. 3 (a) Creep rate versus strain of samples b to e detormed to
different strains € at 6 = 305 MPa and T = 900 °C.[13](b) X-ray
line profiles of sample ¢ (¢ = 21.3%), which is identical to Sam-
ple 4 (Table 1).
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4. Discussion

4.1 v-Y Lattice Mismatch

4.1.1 Mismatch as a Function of Stress

In Fig. 4(a) and (b), the values of the so-called constrained
lattice mismatch, , of samples deformed at 1050 and 900 °C,
measured at room temperature, are given as a function of ap-
plied stress. The mismatch of the undeformed state, ot
=-14x 10‘3, was not evaluated from the line profiles, but
from so-called ®-20 scans of the intensity distribution in recip-
rocal space.l 10 The y-y* lattice mismatch values of deformed
samples were determined as 8y and 8¢y for the Bragg re-
flections (002) and (020) in the directions [001] and [010], re-
spectively. Their dependence on the applied stress is shown in
Fig. 4. The y-y” mismatch shows a strong dependence on ap-
plied stress for the {002} lattice planes both parallel and per-
pendicular to the external stress axis. The mismatch of the side
case in the [010] direction, 8{010], decreases slowly with in-
creasing external stress; 8[001] increases very strongly to
o[001] = +2.4 x 1073 (T'=1050 °C and ¢ = 305 MPa) and to
8j001]=+2.2% 1073(T =900 °C and 6 = 750 MPa). The values
of 5[001Jf0r T=1050°C, ¢ = 150 MPa (sample 1) and T =900
°C, and 6 = 305 MPa (sample 4) and 444 MPa (samples 5 and
6) cannot be given, because the profiles were either symmetri-
cal (samples 1 and 4), or had only a small asymmetry (samples
5 and 6) and were therefore not separable. It is clear, however,
that 6[{001] should be near zero for T = 1050 °C, 6 = 150 MPa
and T =900 °C, ¢ = 350 MPa, in accordance with the depend-
ence shown in Fig. 2. For the following evaluations, 6[001] = 0
will be taken as an approximation in these cases. In the case of
samp]es 5and 6, 8[001]is determined by interpolation to be 0.9
x 1073, The corresponding mismatch values of samples 10 and
11 (T 750°C, 0= 75() MPa) were found to be 8 [001]= +2.4 ><
]0_ and+4.9 x 10~ dndS[OIO] -1.8x 10~ dnd 33)('0*
respectively.

axial case 900 °C

(002)

o 0
%]
-2
side case
(020)
-4 L L . I -
0 200 400 600 800
o/ MPa
(b)

Fig. 4 -y lattice mismatch versus applied stress for (a) 1050 °CL'and (b) 900 °C. The circular inserts in the figures represent the Y-y mi-

crostructure after fracture of samples without predeformation.
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Fig. 5 y-v lattice mismatch of samples deformed at 900 °C and
305 MPa to different strains (see Fig. 3).

4.1.2 Mismatch as a Function of Strain

In Fig. 5, the constrained lattice mismatch values, 3, are
plotted for the specimens that were creep deformed at 900 °C
and at a stress of 305 MPa to different strains (Fig. 3a). The lat-
tice mismatches, 6[001]3“‘1 5[010] of sample b, whlch was de-
formed to €=0.5%, are both equal to —1.4 x 1073 of the
deformed state. The (002) line profiles (axial case) of samples
¢ to e are almost symmetrical and therefore not separable, the
mismatch is about zero. In the side case, the lattice mismatches
are —1.90x 1073, ~1.91 x 1072, and ~1.95 x 1073 for the strains
of 1.5, 3, and 21.3%, respectively. These mismatch values are,
within the scatter due to separation of the line profiles, constant
in the range of strains from € = 1.5% until rupture (¢ = 21.3%).

4.2 Deformation-Induced Residual Long-Range
Internal Stresses

The shifts of the subprofiles and the change of the lattice pa-
rameters of the yand y’ phases can be described in terms of re-
sidual long-range internal stresses, as explained by a composlte
model.L10-1H1n this model, dislocations located in the v-y ' in-
terfaces act as sources of internal stresses. In the unloaded state,
the hard y’ phase remains in a forward and the soft y phase in a
backward stressed state with respect to the applied stress. The
residual deformation-induced internal strains in the directions
[001] and [010], and E[001] and €010, respectively, are evalu-
ated from the deformation-induced changes in the lattice mis-
match. Thus, the residual internal strain in the [001]} direction is
given by:

€001 = A®(001} = 81001) ~ Sunder (1]

For the strains in the | 100] and/or |010] directions, analo-
gous equations are valid. The difference between the internal
stresses in the yand y " phases in the directions (001} and [010],
AG[()()] | and AG[OIOI* can be evaluated from the elastic defor-
mation-induced internal strains in the y and y’ phases via
Hooke’s generalized law, e.g., for AG|gg7. as:
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E
A =—
C1001) (O +v)(] -2V

. [(l = VIE|pny) + V(EUOO] + E[UIOI)} (2]

where v is Poisson’s ratio. Note that this is a simplified ap-
proach that does not take into account that, for the continuous
phase (yin cuboidal, y " in raft structure), different stress states
exist in the regions aligned roughly parallel and perpendicular
to the stress axis.[!0 Stress equilibrium in the y and y’ phases
requires that the following relation holds between the local in-
ternal stresses AcYand AcY (in a given direction) and the corre-
sponding volume fractions f¥ and fY of the ¥ and vy’ phases,
respectively:

A Y+ AV Y =0 131

Although the Young’s moduli of the y and vy * phases are dif-
ferent, the present work uses the Young’s moduli of the alloy
for simplicity. To relate the internal stresses to the deformation
process, it would be necessary to determine their value at the
temperature of deformation by also taking into account the ef-
fect of thermally induced stresses. Because such data were
lacking at the time of the authors’ earlier report, thermally in-
duced stresses were ignored in the previous publication.l121Tn
the interim, measurements of the line profiles were performed
on unloaded specimens in the temperature range between room
temperature and the temperatures of creep deformation.!13]
Some important results of these measurements are summarized
in the Appendix. These results indicate that the magnitudes of
the internal stresses calculated from the data presented here for
creep-deformed specimens that were unloaded and cooled to
room temperature represent upper limits.

With this reservation, Eq | to 3 were used to obtain upper
limits of the magnitudes of the internal stresses in the yand v’
phases in the directions [001] and [010] for the appropriate
temperatures. Use was made of the relevant high-temperature
elastic data as follows: Young’s modulus, E (see Table 1); Pois-
son’s ratio, v =0.395, 0.398, and 0.407 for T = 750, 900, and
1050 °C, respectively.[16] The internal stresses are compres-
sive in y along the |001] direction and in vy along the [010] di-
rection and are tensile in y” along the [001] direction and in y
along the [010] direction. In other words, forward internal
stresses prevail in the hard v phase, and internal back stresses
prevail in the softer y phase. The largest internal stress prevails
in y along the direction of the applied stress as follows:
AG?(OOI] =-169 and -203 MPa for 7 =900 °C/c =750 MPa
and 1050 °C/c = 305 MPa, respectively. In the case of samples
deformed at 750 °C, the internal stresses are different from
those of the other samples: tension prevails in the directions
[001}and |010] iny " and compression in both directions in y. In
the prerafted sample (sample 11) deformed at 750 °C, the inter-
nal stresses are larger than in the sample with the cuboidal y-y*
structure deformed at the same stress. This is in contrast to the
results of samples deformed at 1050 °C with and without prede-
formation, which exhibit no difterences.[!11[n these latter sam-
ples, however, the microstructure at rupture is always raft-like.
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Fig. 7 Critical resolved shear stress (in compression) of
Niz(ALTY) in the [001] direction for strain rates of 5 x 107651
and 5 x 1074571, respectively,“gl and local shear stresses in the
Y phase in stressed glide systems of the type (111'(101).

The mismatch data of samples a and b through e, creep de-
formed at 900 °C at a stress of 305 MPa to different strains,
show that the residual internal stresses develop after the mini-
mum creep rate has been reached at a strain 0f 0.5%. During the
subsequent deformation process, the internal stresses do not
change significantly beyond [.5% strain until rupture (sample

e).

4.3 Resolved Shear Stresses

In the following, the procedure for calculating the overall
resolved shear stresses acting in y” (and in ) is described. Ap-
proximations will be used where exact quantitative values are
not available. The overall resolved shear stress, 1T, on the
stressed slip systems of the type 111 {101) due to the superpo-
sition of the external and internal stresses can be evaluated by

562—Volume 2(4) August 1993

the following relation for the stress in the y’ﬂ/phase, which is
similar to an equation of Pollock and Argon:[!7]

_ 1
Tn{ll}(lOl):(capplied*' Acfo01; = ASlh0) }Tﬁ (41

A similar relation holds for the stress in the y phase. In this
expression, the initial coherency stresses of the originally
cuboidal v’ particles are explicitly omitted, assuming that these
coherency stresses correspond to a triaxial tensile stress state
without shear stresses. At any rate, the internal stresses in the
v’ phase should be small, mainly due to the high volume frac-
tion of y’. Therefore, the evaluated resolved shear stresses in
the vy’ phase are probably realistic approximations. In the case
of the yphase, Eq 4 should be interpreted in terms of the follow-
ing contributions:! 7] coherency stresses, orowan stresses,
solid solution hardening, and dislocation-dislocation interac-
tions, including hardening effects of gliding dislocations with
dislocation networks situated at the y-y’-phase boundaries.
Such a detailed evaluation is beyond the scope of this article.

Because the magnitudes of the internal stresses calculated
previously represent upper bounds, the calculation of the over-
all resolved shear stresses, based on the use of these internal
stresses in Eq 4, will lead to lower bound values for the y phase
and to upper bound values for the v’ phase, respectively. This
statement is correct for the data obtained at deformation tem-
peratures of 900 and 1050 °C; it does not apply to samples de-
formed at 750 °C, in which the nature of the internal stresses
was different (see Section 4.2). The values of the overall re-
solved shear stresses described above, i.e., tVand 1Y’ acting in
the phases yand y’, respectively, were determined as described
above for all s]pecimens investigated in this and in the authors’
carlier study!!!l and are plotted as a function of the applied
stress in Fig. 6(a).

From the comparison of the values 7" with the critical re-
solved shear stress (crss) of the v’ phase at the appropriate tem-
perature and strain rate, it should be possible to infer whether

Journal of Materials Engineering and Performance



the v~ phase has yielded and has been penetrated by disloca-
tions. For this purpose, the TV " data (and the 1V data) are replot-
ted in Fig. 6(b) as a function of the quasi-steady-state creep
rate, é” (at the beginning of the almost steady-state creep),
which is taken as the relevant creep rate. From this plot, the lo-
cally acting shear stresses, t¥ ’, are extracted for some given
values of é” and plotted as a function of temperature in Fig. 7.
In this evaluation, the data of the prerafted specimen 1, which
exhibited a higher subsequent creep rate,[13:14)were also used,
because there were no other creep data at 750 °C available. The
evaluated data are then compared with values from the litera-
ture with the crss values of Ni3(Al,Ti),“8] which corresponds
approximately to the y " phase, as a function of temperature and
for given strain rates. In view of the phenomenon of flow stress
asymmetry, it must be pointed out, however, that the data in Ref
18 refer to compression tests. This comparison, although crude,
shows that the 17 values do indeed lie in the range of the crss
values of Niz(ALTi) reported fore = 5 x 1076 s=1.

It should be noted that, in the earlier publication,“2I the
range of creep rates, éss, for the v’ phase was incorrectly stated
as 10810 1075 s linstead of 10~ to 10~4s~! in Fig. 7. This cor-
rection has, however, no consequences on the discussion of the
figure. Figure 7 shows that the deformation of samples 10 and
11 at 750 °C falls within a range of strain rate and stress where
the v’ phase should be penetrated by dislocations. The shear
stress in these samples is high enough to allow cutting, particu-
larly because the shear stress is higher than that necessary for
cutting of Ni3(ALTi) at a higher strain rate. This statement is
supported by transmission electron microscopy (TEM) studies
of these samples, which show cutting of vy’ with associated
stacking faults.[19T At 900 °C, samples deformed at stresses of
607 and 750 MPa (samples 7, 8, and 9) also fali in that shear
stress-temperature regime at the given strain rate, where cut-
ting of v’ seems to be possible. Besides the approximations
mentioned previously, the current estimated data do notinclude
the fact that the y~y “ phase boundaries are covered with disloca-
tion networks, which has a hardening effect. They also ignore
that Ni3(Al Ti)is notidentical toy " and do not take into account
the presence of local stress concentrations in the microstruc-
ture, which could modify the actual local shear stresses. 1171
This is particularly true in the cuboidal y-y’ microstructure.
This factor, however, is more important for the yphase. Regard-
ing the flow stress in the constrained yphase, factors such as, in
particular, the absolute value of the coherency stresses in the in-
itial state are not yet known reliably. Hence, as mentioned pre-
viously, a more detailed evaluation with respect to the ditferent
microstructural hardening contributions will not be attempted
here.

5. Conclusions

e In the undeformed state, the monocrystalline alloy SRR 99
exhibits asymmetrical X-ray line profiles and has a nega-
tive lattice mismatch of Sundef = —1.4x 10-3.

e In [001]-oriented samples creep deformed at stresses up to
750 MPa at different temperatures, the (002) and (020) line
profiles are markedly different from each other. The asym-
metry observed in the undeformed state is enlarged in the
side case and reversed in the axial case.
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e The change in the lattice mismatch was evaluated in terms
of long-range internal stresses. The deformation-induced
internal stresses are triaxial. They build up after the mini-
mum creep rate and remain constant during quasi-steady-
state creep until rupture.

e  The internal stresses at room temperature of samples creep
deformed till rupture at 900 and 1050 °C depend linearly on
the applied stress.

¢  From the superposition of the triaxial internal stresses at the
temperature of deformation and the applied external stress,
the overall resolved shear stresses on the active glide sys-
tems were evaluated.

®  The estimated resolved shear stresses acting in the y * phase
were found to be comparable to the crss of Ni3(AlTi) for
given strain rates.
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Appendix

Summary of Measurements of X-Ray Line Profiles at High
Temperatures

Measurements of the line profiles were performed in the un-
loaded state between room temperature and the temgeratures of
creep deformation, i.e., 750, 900, and 1050 °C.115]1 The most
important results can be summarized as follows.

As a general observation, it was noted that, during the high-
temperature X-ray measurement, some recovery and relaxation
of internal stresses occurred, as verified by subsequent repeti-
tion of room-temperature measurements. This effect became
more pronounced the higher the temperature of deformation,
and, hence, the higher were the largest temperatures at which
the X-ray measurements were performed.

The following results are partly a consequence of this be-
havior.

X-ray line profiles of samples creep deformed at 1050 °C,
measured at this deformation temperature, are almost identical
for the side and axial cases. This result is a consequence of the
fact that the misfit of the (002) line profiles, 8o}, of the sam-
ples deformed at stresses of 150 and 305 MPa changes sign
with increasing temperature and assumes almost the same
value as 8[0101 (0=-27102x 103 at 1050 °C for both
cases.

In the case of samples deformed at 750 and 900 °C,
5[010] remains nearly constant over the entire temperature
range. On the other hand, g decreases for both tempera-
tures above about 800 °C and approaches zero in the case of
samples deformed at 900 °C.

From these high-temperature results, the following conclu-
sion is relevant to the present work. Because of the possibility
of recovery during measurement, the magnitudes of the inter-
nal stresses derived from the room-temperature measurements
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are upper bounds for the internal stresses at the temperature of
deformation. This justifies the manner in which the room-tem-
perature data were used in the analysis of the internal stresses
and the overall resolved shear stress in the present article (see
Sections 4.2 and 4.3).
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