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Abstract 

Monocrystalline specimens of the γ'-hardened 
nickel-base superalloy SRR 99 were examined by X-ray 
line profile measurements in the undeformed as well as 
in different high-temperature creep-deformed states. 
Deformation-induced residual long-range internal stresses 
were determined for the phases γ and γ', respectively, in 
all <100>-directions. 

Introduction 

Nickel-base superalloys are modern high-tempera-
ture alloys which are used, e.g., in turbojet engines /l/ . 
Turbine blades are cast as monocrystals in order to avoid 
grain-boundary weakening during service /2,3/. An im-
portant hardening mechanism in monocrystalline alloys 
is precipitation hardening of the coherent γ'-phase which 
has an initially cuboidal morphology in alloys with a 
high volume fraction of γ'. During creep deformation 
the morphology changes to a directionally coarsened raft-
like plate structure /4-7/. This change is determined by 
the sign and magnitude of the external stress and can be 
characterized by the relative lattice mistmatch δ between 
the two phases γ and γ' /8-10/, which is defined as 

ay — αΊ 

~ 0 . 5 ( a y + a 7 ) ' ( 1 ] 

During deformation residual internal stresses occur 
and give rise to lattice parameter changes /11-13/. From 
measurements of the lattice parameters ay and ay' of the 

phases γ and γ", respectively, and the lattice mismatch δ 
after creep and cooling to room temperature, the internal 
stresses during deformation can be estimated. These 
results provide valuable information on deformation 
mechanisms. 

The aim of the present work is to obtain reliable 
data on the local distribution of the lattice parameters and 
the lattice mismatch δ in three dimensions for the un-
deformed state of the alloy as well as for creep-deformed 
specimens. From these data, the residual internal stres-
ses in the phases γ and γ' after creep deformation and 
cooling to room temperature are evaluated and interpreted 
with respect to their role in the plastic deformation 
process. 

Experimental 

For the experiments monocrystalline samples of 
the nickel-base superalloy SRR 99 were used (for infor-
mation about the composition of the alloy see Hammer 
/14/). Creep samples were prepared from cast rods with 
an axial orientation close to a <100> direction. This 
crystal growth direction will be called [001] in the 
following. 

The alloy is composed of a face-centred cubic γ-
matrix and of about 70 vol.% γ'-precipitates with an 
ordered LI 2 structure. In the initial, undeformed state 
the γ'-particles are arranged in cubes of about 0.3 μπι 
mean edge size. After creep deformation the γ'-phase is 
directed in a so-called raft-structure, cf. Fig. 1. 

The samples were standard heat-treated and creep-
deformed in tension until fracture at different stresses at a 
temperature of 1323 Κ (see Table 1). Some samples 
were predeformed in tension (305 MPa, 1173 K) up to 
about 3% strain and additionally annealed (10 min., 1353 
Κ). The aim of this treatment was to introduce a well-
developed raft structure for the subsequent creep deforma-
tions. Only some selected results obtained in extensive 
studies of the creep behaviour /14/ and in subsequent 
measurements of the γ/γ' lattice mismatch are presented 
in this work. 

From the creep-deformed specimens [001}-oriented 
slices were cut by spark erosion and mechanically 
polished with a final diamond particle size of 1 μπι. 
One type of specimen examined was perpendicular to the 
[001] direction which is close to the stress axis ("axial 
case", (002) Bragg reflection), the other was parallel to 
the [001] direction ("side case", (200), or equivalently, 
(020) Bragg reflection). X-ray line profiles were mea-
sured with a special double-crystal diffractometer. The 
used radiation was a monochromatic CuKai-radiation, 

the scattered intensity was registered with a linear posi-
tion-sensitive Χ-rav detector with a nominal distance 
between two adjacent channels of 29.0 μπι. The distance 
between sample and detector was set to be 532 mm. 
Features of this instrument are high angular resolution, 
self-compensation of the wavelength dispersion and neg-
ligible instrumental line broadening /12,15,16/. Further 
information on experimental details will be published 
elsewhere /17/. 
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Fig. 1: Scanning electron micrographs, (a) Typical initial microstructure in a {001} type plane, (b) γ/γ' 
raft structure in the (100) plane of a creep-deformed sample. Stress axis vertical. 

Table 1 

Data of the Creep Tests of the Examined Samples 

specimen σ/MPa ej/% t , / h 
1 150 13.2 133.6 
2 200 19.4 31.9 
3 305 25.0 2.8 
4* 150 17.1 144.1 
5* 200 16.1 16.4 
6* 305 11.9 0.5 

The temperature was 1323 Κ. σ: axial stress, e f strain to failure, if time to failure. 

* Predeformed samples: Τ = 1173 Κ, σ = 305 MPa, e = 3%, annealed at Τ = 1353 Κ for 10 min. 

Results and Discussion 

Fig. 2a shows a typical (002) line profile of the un-
deformed state. Within experimental error, this line pro-
file is indistinguishable from that of the (020) and/or 
(200) Bragg reflections. The profile shows a pronounced 
asymmetry on the left-hand side which is due to follow-
ing facts: The volume fraction of γ' is larger than that 
of γ and the lattice parameter of γ' is smaller than that 
of the γ-phase /14,18,19/. Hence the peak of the profile 
can be assigned mainly to the γ'-phase and the more 
slowly decreasing part of the profile at the lower angle 
side to the γ-phase. A quantitative deconvolution of the 
profile, however, is not possible yet. In another study 
we showed that the mismatch of the undeformed state, 
^undefi c a n also be obtained from a mapping of the 

intensity in reciprocal space around the Bragg reflection 

/17/. Such a mapping gives values of the average mis-

match of the whole specimen (gun(ief = -1.7 · 10~3) and 

of the main part of the sample (5u ndef = -1-4 · 10~3) 
which reflects in the centre of the rocking curve (±0.5°). 
In the following the latter value is taken as more charac-
teristic of the undeformed state. 

Figs. 2b - 2d show the markedly broadened profiles 
of samples 1 to 3, which were creep-deformed at stresses 
of 150 MPa, 200 MPa and 305 MPa, respectively. 
Some differences compared to the profile of the 
undeformed state are remarkable: 

i) The (020) line profiles have a much more pro-
nounced asymmetry on the left-hand side with a 
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a) 

Aa = 0.002 nm Lax 

ΔΘ = 10' 

Internal Stresses, Coherency Strains and Local Lattice Parameter Changes in 
a Creep-Deformed. Monocrystalline Nickel-Base Superalloy 

initial 
state 

(002) 

0.35853 nm 

a Θ -
(020) 

b) σ = 150 MPa 

0.35847 nrn 0.35843 nm 

c) 

d) 

σ = 200 MPa 

σ = 305 MPa 

0.35834 nm 0.35830 nm 

Fig. 2: X-ray line profiles of (a) an undeformed sample of the nickel-base superalloy SRR 99; (b) - (d) show 
the axial case (002) and side case (020) Bragg reflections of different creep-deformed samples (150 
MPa, 200 MPa and 305 MPa at 1323 K). The given lattice parameters represent the centres of 
gravity of the profiles. 

ii) 

separate shoulder. The profile of sample 3 with the 
highest stress of σ = 305 MPa (Fig. 2d) even has a 
second peak on the left-hand side of the maximum 
of the profile. 
The profiles of the (002) Bragg reflection of 
samples creep-deformed at 150 MPa (Fig. 2b) are 
nearly symmetrical, the profiles of samples defor-

med at higher stresses have a reversed asymmetry 
on the right-hand side with respect to the profiles of 
the initial state. Fig. 2d shows a shoulder on the 
higher angle side for the (002) Bragg reflection of 
sample 3. The line profiles of the predeformed 
samples 4 to 6 are within experimental accuracy 
indistinguishable from those of samples 1 to 3. 
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Based on the explanation of the asymmetry of the 
profile in Fig. 2a the profiles of the deformed samples 
can be deconvoluted into two subprofiles, corresponding 
to the phases γ and γ', respectively. An example of the 
deconvolution of the profiles in Fig. 2d is shown in 
Figs. 3a and 3b; Figs. 3c and 3d will be discussed later. 

The deconvolution of the profiles of the side case 
(e.g. Fig. 3b) is done with a simple "mirror" procedure: 
In the first step the maximum of the profile which 
corresponds to the γ'-phase is determined. Then that 
part of the γ'-profile which is at the opposite side of the 
γ-profile is reflected at the maximum, the resulting sub-
profile is subsequently subtracted from the original pro-
file. The third step is the reflection of the left-hand part 
of the obtained profile at its maximum. This profile is 
the line profile of the γ-phase. Using the diffraction line 
of a high-purity nickel crystal as a reference, the centre 

High Temperature Materials and Processes 

of gravity of the subprofile gives a mean value of the 
lattice parameter of the γ-phase. Subtracting this profile 
from the initial profile yields the γ'-profile and the y'-
lattice constant. 

In the axial case the procedure is similar to that of 
the side case under the condition that the ratio of the 
areas of the two subprofiles (which is related to the ratio 
of the respective volume fractions) must be equivalent to 
that of the side case. It is obvious that this procedure is 
not suitable for a deconvolution of the nearly symme-
trical profiles of the axial case of the samples deformed 
at 150 MPa (see Fig. 2b). 

The resulting lattice parameters of the examined 
specimens are plotted in Fig. 4 versus the external 
stress. The values are mean values of at least 4 separate 
measurements. The figure shows the dependence of the 

axial cose side case 
(002) (200/020) 

Ί I 1 I 
(002) (002) _ (020) (020) 
κ aY Q a t 

Fig. 3: Schematic representation of the deconvolution of the line profiles of Fig. 2d into γ and γ' 
subprofiles for the axial case (a) and side case (b). Figs, (c) and (d) show the deformation-induced 
residual long-range internal stresses: The dotted lines represent the measured, stressed state after un-
loading and cooling to room temperature. The dashed lines represent the positions of the subprofiles 
corresponding to the undeformed state and the solid lines the hypothetic subprofiles of the un-
constrained γ and γ' phases. The arrows demonstrate the shift of the subprofiles due to internal 
stresses. 
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Fig. 4: Lattice parameters of the phases γ and γ' obtained from the (002) and (020) Bragg reflections, re-
spectively. (Symbols: predeformed samples: γ (•), γ' (Δ); not predeformed samples: γ (ο), γ' (*). 

lattice parameters of the phases γ (ο, • ) and γ' (* , Δ), 
obtained from the (020) and (002) Bragg reflections, 
(020) (020) (002) (002) 

ay , ay· , ay and ay , respectively. The symbols 
(•) and (Δ) represent the predeformed samples 4 to 6, the 
symbols (o) and ( * ) samples 1 to 3; the values of the 
undeformed state are given at the ordinate. The values of 

(002) (020) (002) 
ay and a γ decrease, while ay shows a small 
increase with increasing external stress; a-y020' is nearly 
constant. It is obvious that the mean lattice parameters 
measured by the (002) and (020) profiles decrease (cf. 
Fig. 2). This behaviour indicates a negative creep 

contribution which increases with the external stress. 
In accordance with Fig. 4 the γ/γ' lattice mismatch 

can be determined for both the Bragg reflections (002) 
and (020) in the directions [001] and [010], δ[οοΐ] and 
5[oio]i respectively. These values are given in Fig. 5. 
The γ/γ' mismatch shows a strong dependence on app-
lied stress for the cases of the lattice planes parallel and 
perpendicular to the external stress axis. The mismatch 
of the side case in the [010] direction, δ[0ΐ0]> decreases 
slowly with increasing external stress, δ[οοΐ] increases 
very strongly from 5undef = -1-4 · 10 3 to δ[οοΐ] = +2.2 
• 10'3 at σ = 305 MPa. The value of δ[οοΐ] for a stress 

δ / 1 0 ' 3 

ο 

t 
- 2 

"40 100 200 300 
σ / M P a 

Fig. 5: Dependence of the γ/γ lattice mismatch of samples 1 to 3 (•) and 4 to 6 (o) versus applied stress. 
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of σ = 150 MPa cannot be given because the profile is 

symmetrical and not deconvolutable. It is clear, how-

ever, that δ[οοΐ] should be near zero, in accordance with 

the dependence shown in Fig. 5. In the case of samples 

2 and 5, δ[οοΐ] might be overestimated due to the pro-

cedure of the deconvolution. 

Residual long-range internal stresses due to dislo-

cation cell structures in deformed metals can be described 

by Mughrabi's two-phase composite model /11,13/. 

This model explains asymmetric X-ray line profiles by 

internal stresses which remain after deformation and 

unloading. The hard cell walls remain in a foreward and 

the soft cell interiors in a backward stressed state with 

respect to the applied stress. The model which was deve-

loped for deformed copper can also be applied to creep-

deformed nickel-base superalloys. In this case the phases 

7' and γ are expected to stay under axial tensile and com-

pressive residual stresses, respectively. Figs. 3c and 3d 

show the application of this model to the line profiles of 

the deformed sample 3. The solid lines denote an in-

tuitive hypothetical unstressed state. Due to coherency 

stresses the difference in lattice parameter between γ and 

γ ' diminishes, the resultant lattice parameters of the un-

deformed state are shown by dashed lines. The arrows 

show the shift of the γ and γ' subprofiles as a result of 

the deformation-induced residual internal stresses: In the 
(002) (002) 

axial case (Fig. 3), ay decreases, ay· is enlarged, in 

the side case the shifts have the opposite sign. In the 

case of samples 1 (Fig. 2b) and 4 the shift of the 

subprofiles yields a nearly symmetrical profile in the 

axial case, in the case of samples deformed at higher 

stresses the original asymmetry is reversed (Figs. 2c and 

2d). The (020) profiles show that the subprofiles move 

away from each other (Fig. 2). Fig. 5 shows this beha-

viour in another representation: The (002) lattice mis-

match shifts from negative to positive values, the (020) 

lattice mismatch is reduced with increasing external 

stress. These characteristics are in accordance with the 

predictions of the composite model which predicts a 

tetragonal distortion of the crystal lattice. This concept 

is related closely to the principles developed earlier by 

Carry and co-workers /20/ in a microscopic dislocation 

model for the explanation of residual long-range internal 

stresses. 

High Temperature Materials and Processes 

After deformation, the phases γ and γ ' remain 

under triaxial residual long-range internal stresses which 

can be evaluated from the sum of the absolute values of 

the elastic deformation-induced strains in the phases γ 

and γ' in the three principal directions, e [ooi]> e [010] 

and e [ioo]. respectively. It is clear that e [οίο] is equi-

valent to e [ioo]. The measured values of the strains are 

then given by the lattice mismatches as follows: 

€[010] = Ie[0l0]l + le[010]l = ^[010] - bundej (2) 

6[001] = |ej)0l]l + le[00l]l = ήοοι] — t>unde j (3) 

The sums of the absolute values of those principal 

stresses Δ σ (in γ and γ ' ) which are calculated from the 

sums of the elastic strains can then be written in terms 

of Hook's generalized law. For simplicity it is assumed 

that the elastic constants of the two phases γ and γ' are 

similar /21/. Then, for example, Δσ[οοΐ ] . the [001] 

direction, can be written as: 

Ε 

Δ σ [ 0 0 1 1 = ( ΐ + ^ ) ( ι - 2 ί , ) [ ( 1 " 1 / ) C [ 0 0 1 ] 

(4) 

+ " ( q i oo ] + «[010])], 

where Ε is Young's modulus and ν Poisson's ratio. The 

internal stresses Δσ[0ΐ0] (= Δσ [ ΐοο ] ) are described by 

similar equations. 

Since Eqs. 2 and 3 refer to the measured sums of 

the absolute values of the strains in the two phases in 

the unloaded stress-free state of the material, the stress in 

Eq. 4 is, in turn, the sum of the absolute values of the 

counteracting internal stresses in the two phases γ and 

γ', ΔσΎ and ΔσΎ, respectively. 

In the unloaded state, stress equilibrium requires 

(Albenga's law): 

ΑσΊ • / 7 + Δ σ ν · / y = 0, (5) 

where / γ and fy are the volume fractions of the phases 
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Conclusions 

1) X-ray line profiles of the undeformed state of the 
nickel-base superalloy SRR 99 are strongly asym-
metric due to the different lattice parameters of the 
two phases γ and γ'. 

2) The (002) and (020) X-ray line profiles of creep-
deformed samples show a considerable change with 
respect to the profiles of undeformed samples. In 
the case of the (020) line profiles, the γ and γ' 
lattice mismatch becomes more negative; in the 
case of the (002) Bragg reflections (pertaining to 
lattice plane spacings measured parallel to the stress 
axis), the asymmetry is reversed. The originally 
negative lattice mismatch changes sign. 

3) The complex shape of the profiles could be ex-
plained by application of a two-component compo-
site model to the deformed nickel-base superalloy. 

4) Residual internal stresses were evaluated for the 
phases γ and γ', respectively, in all <100> direc-
tions using the two-component composite model. 

5) The calculated internal stresses depend in a linear 
way on the external stress. 

6) It is concluded that plastic deformation is governed 
locally by a triaxial stress state resulting from the 
superposition of the applied and the internal 
stresses in the two phases, respectively. 

Table 2 
Young's modulus, calculated internal stresses of the phases γ and γ' in the directions 

[010] and [001], respectively. The values marked by an asterisk were obtained from δ[οοΐ] 
values that were not measured but extracted by interpolation from Fig. 5. A value of ν = 

0.392 721/ was used. 

sample σ/MPa E/GPa A < W M P a A< 1 0 1 /MPa A^0011/MPa Δ σ ^ / M P a 
1 150 130.9 37.9* -16.2* -135.2* 57.9* 
2 200 130.9 27.3 -11.7 -224.2 96.1 
3 305 129.2 113.3 -48.6 -235.0 100.7 
4 150 135.9 23.5* -10.1* -152.8* 65.5* 
5 200 140.3 23.6 -10.1 -229.0 98.1 
6 305 136.8 56.9 -24.4 -322.2 138.1 
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γ and γ', respectively, with fy + f y = 1. The interna! 
stresses of the phases γ and γ' in the directions [001] 
and [010] (equivalent to [100]) can then be determined 
from Eqs. 4 and 5. Table 2 gives the calculated values 
(the given Young's moduli Ε are calculated values which 
differ somewhat for the examined samples due to small 
deviations of the axes from the exact [001]-direction). 
The significant scatter of some of the data in Table 2 can 
be due to several reasons: i) The separation of the line 
profiles for σ = 200 MPa, cf. Fig. 2c, was difficult to 
perform. Hence the δ[οοΐ] values obtained were in-
accurate. ii) Eqs. 4 and 5 that were used to analyze the 
residual stresses refer to a highly idealized and not to the 
more complex real stress state that prevails in the speci-
mens examined/17/. 

The present results lead to conclusions with respect 
to the triaxial stress states that govern the process of 
plastic deformation in the two phases. At the tempera-
ture of deformation, the internal stresses Δσ determined 
above will be modified as a consequence of thermal ex-
pansion/contraction. Denoting the internal stresses at a 
given temperature by Δσ(Τ), plastic deformation in each 
of the two phases will occur at an applied stress σ under 
a local triaxial state of stress, described by the principal 
stresses Δσ[100](Τ), Δσ[0ιο](Τ) and σ+Δσ^υίΤ) in the γ-

phase and accordingly (replacing γ by γ'), in the γ'-
phase. Details of the consequences with respect to the 
mechanism of deformation must still be worked out, see 
for example Mughrabi et al. 1221. 
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