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Abstract 

The r/+/-l a tt ice 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-temperature creep deformation. During creep deformation beyond 
the minimum creep rate (total strain w 0.5 %), the lattice mismatches, measured in and 
perpendicular to the [OOl] t s ress axis, respectively, undergo changes in opposite directions. 
This reflects the build-up of a complex deformation-induced triaxial state of internal stress 
in the phases y and 7’. The overall resolved shear stresses which act in y’ and y due 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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Introduction and Obiectives 

Monocrystalline nickel-base superalloys with high y’--volume fraction have become in- 
creasingly important as modern turbine-blade materials. At high temperatures and under 
the action of an external or internal stress the microstructure changes from cuboidal y’-- 
precipitates to a raft-like y/7’-structure, e.g. (l-4). Important factors which influence 
this microstructural change are the direction of external load and the sign and magnitude 
of the lattice mismatch, S = 2(a,, - a,)/(~,, + a?), defined as the relative difference of 
the lattice parameters of the phases 7’ and 7, a,) and uY, respectively. In the past, the 
r/y/-lattice mismatch has been investigated by different techniques, compare e.g. (5-ll), 

The aim of the present work is to obtain reliable data about the local distribution of the 
lattice parameters of the phases 7 and 7’ and the lattice mismatch S of the monocrystalline 
nickel-base superalloy SRR 99 after high-temperature creep deformation. For this pur- 
pose X-ray line profiles were measured with negligible instrumental line broadening and 
evaluated in order to obtain the deformation-induced residual long-range internal stresses. 
From the superposition of the latter with the external stress, the resolved shear stresses 
acting in the slip systems of the type { 11 l} (TOl) in the phases 7 and 7’ are calculated and 
discussed with respect to the deformation behaviour. 

Experimental 

Samples 

Samples of the monocrystalline nickel-base superalloy SRR 99 with rod axes near [OOl 
were investigated. In the initial state the alloy is composed of a fee y-matrix and of ordere cl 
Lls 7’-precipitates which are arranged in cubes of about 0.25 to 0.3 pm mean edge size 
with faces perpendicular to the (100)-d irections. The samples were standard heat-treated 
by a single-stage annealing of 16hj860”C. The y’-volume fraction was determined as 71 
f 2 % by analysis of X-ray line profiles of creep-deformed samples which were separated 
into 7- and 7’-subprofiles, taking into account the different atomic scattering factors of 
the phases. This result was confirmed by complementary techniques. 

The samples were creep-deformed in tension at constant stresses G between 150 MPa 
and 750 MPa at temperatures of 75O”C, 900°C and 1050°C (12,13). The data from several 
specimens which were crept to rupture are given in Table I (12). All specimens were 
cooled to room-temperature by air blow to the grips immediately after fracture. One 
further set of samples was deformed at T = 900°C and cr = 305 MPa to different total 
strains E. (sample (a): undeformed, samples (b) t o e correspond to E. = 0.5 %, 1.5 %, ( ) 
3.0 % and 21.3 %, respectively (12)). I n a samples creep-deformed till rupture either at 11 
1050°C or at 900°C under stresses of 305 MPa and 444 MPa, a raft-like r/y’-structure 
had developed. The other samples still had a cuboidal y/-structure even at the end of 
creep deformation. 

X-rav diffraction techniaue 

From the creep-deformed specimens {OOl}- oriented slices were cut by spark erosion and 
polished. One type of specimen examined was cut perpendicular to the [OOl]-direction of 
the stress axis and investigated with the (002) Bragg reflection (‘axial case’). The other 
type of specimen was perpendicular to the [OlO]- (equivalent to [lOO])-direction and was 
studied with the (020)/(200) Bragg reflection (‘side case’). The X-ray line profiles were 
measured with monochromatic CuK,r-radiation, using a special double-crystal diffracto- 
meter with high angular resolution and negligible instrumental line broadening (10,ll). 
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 
broadened due to instrumental effects was confirmed by the observation that the (002) 
and {004}-type line profiles had identical shapes. The absolute Bragg angles (and lattice 
parameters) were evaluated using a high-purity nickel single crystal as a reference. The 
reported values were calculated as a mean value from at least four line profiles. 
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Table I: Data from creep tests (12). 

T/“C a/MPa Cf/% 

1 1050 150 86.0 13.2 133.6 
2 1050 200 86.0 19.4 31.9 
3 1050 305 84.9 25.0 2.8 
4 900 305 98.1 21.3 515,5 
5 900 444 104.5 28.7 89.3 
6 900 444 98.0 30.0 83.2 
7 900 607 96.6 24.2 6.7 
8 900 607 97.5 25.1 10.0 
9 900 750 98.5 24.4 0.7 

10 750 750 109.6 22.4 1348.3 
11’ 750 750 109.6 19.7 400.8 

The values of Young’s modulus E were calculated for the slightly differing orien- 
tations using the appropriate hi h-temperature elastic constants which had been 
reported by Kuhn and Sockel (14 for an alloy similar to SRR 99. 7 
cf: strain to failure, tf: time to failure, iss: quasi steady-state creep rate. 
* This sample has been predeformed in tensile creep at T = 9OO”C, 0 = 305 MPa, 
to a strain of 3 % and annealed for 10 min. at 1080°C in order to obtain a raft 
structure prior to the creep test. 

Results 

Samples creep-deformed at 1050°C 

First, a short review of earlier results obtained on samples which were creep-deformed 
at 1050°C (10) g is iven in order to compare these data subsequently with results of creep 
deformation at different temperatures. Fig. 1 shows typical line profiles of alloy SRR 99 
a) in the initial standard heat-treated state and b) after creep deformation and cooling 
to room temperature. The (002) line profile of the undeformed sample which is indistin- 
guishable from the (200) and (020) profiles shows a pronounced asymmetry on the left 
hand 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, 
6 undef = -1.4. 1O-3 (10)). H ence the maximum of the profile can be assigned mainly to 
the 7’-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 constant stress of 305 MPa are 
shown in Fig. lb (11). Th ese profiles are broadened markedly in comparison with those 
of the undeformed sample and exhibit dramatically changed shapes. In the axial case 
the profile has a reversed asymmetry on the right-hand side and even shows a shoulder, 
whereas the (020) 1 ine ro e si p fil ( d e case) shows the original asymmetry, which has, however, 
become more pronounced, as evidenced by the appearance of a second peak. The shape 
of line profiles of samples deformed at stresses of 150 MPa and 200 MPa are intermediate 
between those shown in Fig. la and b. 

The profiles of the deformed samples can be separated by a ‘mirror’-procedure (lo), 
which yields the subprofiles of the phases 7 and 7’. The result of this evaluation is that 
the centres of gravity of the subprofiles are shifted apart from each other in the side case, 
whereas they are shifted towards each other and even overlap in the axial case. 
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Figure 1: X-ray line profiles. (a) Undeformed state. (b) (002) and (020) Bragg reflections 
of the creep-deformed sample 3 (G = 305 MPa at T = 1050°C) (11). The stated lattice 
parameters refer to the centres of gravity of the profiles. 

As shown in Fig. 2a the lattice parameter of y’ in the [OlO]-direction, a&sl, decreases 

with the applied stress, whereas the lattice parameter in the [OOl]-direction, a&,il, increa- 
ses. The strongest than 

-F 
e of the lattice parameter is found for the y-phase in the direction 

of the applied stress: dlooll decreases by about 0.3 %. On the other hand, a;b,sl shows only 
a small increase. It is evident that the mean lattice parameters evaluated from the centres 
of gravity of the line profiles decrease with increasing applied stress. 

Samples creep-deformed at 900” C 

Creep deformation to rupture at different stresses. The change of the line profiles of 
samples creep-deformed at 900°C ( samples 4 to 9) with increasing applied stress is si- 
milar to that of samples deformed at the higher temperature. The profiles 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 given in Fig. 2b. The figure shows that uy ,w11 decreases considerably but not as 

strongly as after creep at 1050°C. The values of a;b,il increase, the increase being slightly 

I I I L 

0 loo 200 300 

a/ MPa 

I . I I 
0 200 4aJ 600 8ou 

a/ MPa 

Figure 2: Lattice parameters of y and y’ vs. applied stress for the (002)- and (020)-planes. 
(a) Samples 1 to 3, T = 1050°C (11). (b) Samples 4 to 9, T = 900°C. 
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stronger than that shown in Fig. 2a for samples crept at 1050°C. The (002)-profile (axial 
case) of the sample deformed at 305 MPa is nearly symmetrical. Therefore the stated 
lattice parameter represents the mean value obtained from the centre of gravity of the 
corresponding line profile. The lines represent a best fit to each set of data points. The 
(002) measurements for 0 = 444 MPa were not included in these fits, since the only very 
slight asymmetry in the line profiles led to some uncertainty in the peak separation proce- 
dure. The (002) p ro fil es of samples deformed at 607 MPa and 750 MPa are asymmetric, 
but due to their broadening they show no separate shoulders like sample 3 in Fig. lb. 
The (020) line profiles (side case), however, always showed 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 in comparison to the 
1050” C-data. The a&1l- values decrease with increasing applied stress. 

Creep-deformation at (T = 305 MPa to different strains. Fig. 3a shows the differentia- 
ted creep curve in a semi-logarithmic plot with a minimum creep rate at e M 0.5 % and 
a quasi steady-state (ss) regime beyond E M 3 %. Sample (a) represents the undeformed 
state, sample (b) was unloaded at the minimum of the creep rate. Samples (c) 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 profiles of undeformed samples. 
At a strain of 1.5 % (sample (c)) the (002) p ro fil es are symmetrical and the (020) profiles 
show a separate shoulder on the lower-angle side (Fig. 3b). The profiles of samples (c) to 
(e) do not differ significantly from one another. 

Samples creep-deformed at 750” C 

The two samples investigated at this temperature were deformed at a stress of 0 = 750 
MPa. One sample had a cuboidal 7' microstructure (sample 10) and one a pre-rafted 
microstructure (sample 11). Th e creep rate of the pre-rafted sample was found to be 
about one order of magnitude larger than that of the sample with the cuboidal y/7'- 
microstructure. The (002) line profiles of sample 10 show an asymmetry on the higher- 
angle side, the (020) 1 ine profiles a small asymmetry on the lower-angle side. The shape of 
the line profiles of the pre-rafted 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 

Aa=0.002 nm 

AO=lO' 

Figure 3: (a) Creep rate vs. strain of samples (b) to (e) d e ormed f to different strains t at 
cr = 305 MPa and T = 900°C (12). (b) X-ray line profiles of sample (e) (E = 21.3 %). 

603 



broadened markedly and nearly symmetrical. This (020) line profile can be separated into 
two subprofiles corresponding to the phases 7 and 7’. The y-subprofile is situated on the 
lower-angle side relative to the r’-subprofile. The sense of the asymmetries of the two 
samples corresponds to that of samples 1 to 9. However, the magnitude of the shift of the 
subprofiles differs noticeably from that of the other samples. 

Discussion 

y/+-lattice mismatch 

Mismatch as a function of stress. In Fig. 4a and b the values of the so-called con- 
strained lattice mismatch S of samples deformed at 1050°C and 900”, measured at room 
temperature, are given as a function of applied stress. The mismatch of the undeformed 
state, Sundef = -1.4 . 10m3, was not evaluated from the line profiles but from so-called w- 
26-scans of the intensity distribution in reciprocal space (10). The y/y’-lattice mismatch 
values of deformed samples were determined as Sl~oll and SIolsl for the Bragg reflections 
(002) and (020) in the directions [OOl] and [OlO], respectively. Their dependence on the 
applied stress is shown in Fig. 4. The y/r’--mismatch shows a strong dependence on 
applied stress for the (002) lattice planes both parallel and perpendicular to the external 
stress axis. The mismatch of the side case in the [0101-d’ nection, Slsicl, decreases slowly 
with increasing external stress. SloOrl increases very strongly to Slooll M $2.4. 10S3 (T = 
1050°C and 0 = 305 MPa) and to Slcorl M $2.2 . 10m3 (T = 900°C and cr = 750 MPa). 
The values of Slooll for T = 105O”C, u = 150 MPa (sample 1) and T = 9OO”C, u = 305 
MPa (sample 4) and 444 MPa ( samples 5 and 6) cannot be given, because the profiles 
were either symmetrical (samples 1 and 4) or had only a small asymmetry (samples 5 and 
6) and were therefore not separable. It is clear, however, that Slsoll should be near zero in 
the cases T = 105O”C, c = 150 MPa and T = 9OO”C, 0 = 350 MPa in accordance with 
the dependence shown in Fig. 2. For the following evaluations Slooll = 0 will be taken as 
an approximation in these cases. In the case of samples 5 and 6, Slssil is determined by 
interpolation to be 0.9*10-3. The corresponding mismatch values of samples 10 and 11 (T 
= 75O”C, g = 750 MPa) were found to be Slosrl = +2.4*10m3 and +4.9.10-3 and SlolOl = 
-1.8.10S3 and -3.3*10S3, respectively. 

Mismatch as a function of strain. The lattice mismatches Slosll and Slon,l of sample (b) 
which was deformed to E = 0.5 % are both equal to the value -1.4.10W3 of the undeformed 
state. The (002) line profiles (axial case) of samples (c) to (e) are almost symmetrical 
and therefore not separable, the mismatch is about zero. In the side case, the lattice 
mismatches are -1.90 . 10m3, -1.91 + low3 and -1.95. 10S3 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 c = 1.5 % until rupture (E = 21.3 
%I. 

axial case loso% 
c 

0 100 200 300 

o/MPa 

b) I 

0 200 400 600 800 

aIMPa 

Figure 4: y/y’-lattice mismatch versus applied stress for (a) 1050°C (11) and (b) 900°C. 
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Deformation-induced residual long-range internal stresses 

The shifts of the subprofiles and the change of the lattice parameters of the phases 7 
and 7’ can be described in terms of residual long-range internal stresses, as explained by 
a composite model, cf. (10,ll). In this model dislocations located in the y/y’-interfaces 
act as sources of internal stresses. In the unloaded state, the hard 7’-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 [OOl] and [OlO], 
~10011 and cfsisl, respectively, are evaluated from the deformation-induced changes of the 
lattice mismatch. Thus, the residual internal strain in the [OOl] direction is given by 

qooll = A( S)[OOII = ~[ool] - hmdef. (1) 

For the strains in the [loo] and/or [0101-d irections analogous equations are valid. The 
difference between the internal stresses in the phases 7 and 7’ in the directions [OOl] and 
[OlO], Aalooll and Aalolol, can be evaluated from the elastic deformation-induced internal 
strains in the phases 7 and 7’ via Hooke ‘s generalized law, e.g. for Aalssrl, as: 

Aa[ooll = (1 + V); - 2V) * 10 - +[ool] + +[loo] + qolo])], 

where v is Poisson’s ratio. Here one must note that this is a simplified approach which does 
not take into account that, for the continuous phase (7 in cuboidal, 7’ in raft structure), 
different stress states exist in the regions aligned roughly parallel and perpendicular to 
the stress axis (10). St ress equilibrium in the phases 7 and 7’ requires that the following 
relation holds between the local internal stresses AaY and AgY’ (in a given direction) and 
the corresponding volume fractions fy and fy’ of the 7 and Y/--phases, respectively: 

AgYfY + A&fr’ = 0. (3) 

Although the Young’s moduli of the phases 7 and 7’ are different, the present work uses 
the Young’s moduli of the alloy for simplicity. In order to relate the internal stresses to the 
deformation process, it would be necessary to determine their value at the temperature of 
deformation by taking into account also the effect of thermally induced stresses. However, 
since, at present, the significance of the latter is unclear, thermally induced stresses will 
be ignored in the present evaluation. 

With the above equations the internal stresses in the phases 7 and 7’ in the directions 
[OOl] and [OlO] were calculated for the appropriate temperatures, using the relevant high 
temperature elastic data: Young’s modulus E (see Table I), Poisson’s ratio v = 0.395, 0.398 
and 0.407 for T = 75O”C, 900°C and 105O”C, respectively, (14). The internal stresses are 
compressive in 7 along the [0011-d irection and in 7’ along the [OlO]-direction, and tensile 
in 7’ along the [0011-d irection and in 7 along the [OlO]-direction. The largest internal 
stress prevails in 7 along the direction of the applied stress: Ag;l,,,, = -169 MPa and 
-203 MPa for T = 900”C/a = 750 MP a and 1050’C/a = 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 [OOl] and [OlO] in y’, compression in both 
directions in 7. In the pre-rafted sample (sample ll), deformed at 75O”C, the internal 
stresses are larger than in the sample with the cuboidal y/7’ structure deformed at the 
same stress. This is in contrast with the results of samples deformed at 1050°C with and 
without pre-deformation which show no difference from each other (11). In these latter 
samples, however, the microstructure at rupture is always raft-like. 

The mismatch data of samples (a) and (b) t o e , crept at 900°C at a stress of 305 MPa ( ) 
to different strains, show that the residual internal stresses develop after the minimum of 
the creep rate at a strain of 0.5 %. During the subsequent deformation process the internal 
stresses do not change significantly beyond 1.5 % strain until rupture (sample (e)). 

605 



Resolved shear stresses 

In the following, the procedure for calculating the overall resolved shear stresses acting 
in 7’ (and in 7) is described. Approximations will be used where exact quantitative values 
are not available. The overall resolved shear stress r on the stressed slip systems of the 
type (111) (iO1) due to the superposition of the external and the internal stresses can be 
evaluated by the following relation for the stress in the y/-phase which is similar to an 
equation of Pollock and Argon (15): 

A similar relation holds for the stress in the y-phase. In this expression, the initial 
coherency stresses of the originally cuboidal y/-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 y/-phase should be small, mainly due 
to the high volume fraction of 7’. Therefore the evaluated resolved shear stresses in the 
y/-phase are probably realistic approximations. In the case of the y-phase equation 4 
should be interpreted in terms of the following contributions (15): i) Coherency stresses, 
ii) Orowan stresses, iii) solid solution hardening and iv) dislocation dislocation interactions, 
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 paper. 

The overall resolved shear stresses 77 and ~-7’ acting in the phases 7 and y’, respectively, 
were determined as described above for all specimens investigated in this and in our 
earlier study (11) and are plotted as a function of the applied stress in Fig. 5a. From the 
comparison of the values 77’ with the critical resolved shear stress (crss) of the y/-phase at 
the appropriate temperature and strain rate it should be possible to infer whether the 7’- 
phase has yielded and has been penetrated by dislocations. For this purpose, the rY’-data 
(and the rY--data) are replotted in Fig. 5b as a function of the quasi-steady state creep 
rate i,, (at the beginning of the almost steady-state creep) which is taken as the relevant 
creep rate. From this plot the locally acting shear stresses ry’ are extracted for some given 
values of .& and plotted as a function of temperature in Fig. 6. In this evaluation, the 
pre-rafted specimen 11 which exhibited a higher subsequent creep-rate (12,13) was also 
used, since there were no other creep data at 750°C available. The evaluated data are 
then compared with values from the literature on the crss-values of Nis(Al,Ti) (16), 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. (16) refer to compression tests. This comparison, although 
crude, shows that the rY’-values do indeed lie in the range of the crss-values of Nis(Al,Ti) 
reported for i = 5 . 10-6s-1. 

a) 

lu 
2 . k 

a/MPa 

b) 

log 2ss is’ 

Figure 5: Local resolved shear stresses (a) in the phases 7 and 7’ vs. applied stress and 
(b) in the phase 7’ as a function of the quasi stationary creep rate i,,. 
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Figure 6: Critical resolved shear stress (in compression) of Nis(Al,Ti) in the [OOl]-direction 
for strain rates of 5.10-6s-1 and 5-10-4s-1, respectively, (16) and local shear stresses in 
the y/-phase in stressed glide systems of the type { lll}(~Ol). 

Fig. 6 shows that the deformation of samples 10 and 11 at 750°C falls into a range of 
strain rate and stress, where the y/-phase should be penetrated by dislocations, The shear 
stress in these samples is high enough to allow cutting, especially since the shear stress is 
higher than that necessary for cutting of Nis(Al,Ti) at a higher strain rate. This statement 
is supported by TEM studies of these samples which show cutting of 7’ with associated 
stacking faults (17). At the temperature of 900°C samples deformed at stresses of 607 MPa 
and 750 MPa (samples 7, 8 and 9) are also in that shear stress-temperature regime at the 
given strain rate, where cutting of y’ seems to be possible. Besides the approximations 
mentioned previously, our estimated data do not include the fact that the y/y’-phase 
boundaries are covered with dislocation networks which have a hardening effect. They 
also ignore that Nis(Al,T i is not identical with y’ and do not take into account that there ) 
are local stress concentrations in the microstructure which could modify the actual local 
shear stresses (15). Th is is especially true in the cuboidal y/y’-microstructure. This factor, 
however, is more important for the y-phase. Regarding the flow stress in the constrained 
y-phase factors such as, in particular, the absolute value pf the coherency stresses in the 
initial state are not yet known reliably. Hence, as already mentioned, a more detailed 
evaluation with respect to the different microstructural hardening contributions will not 
be attempted here. 

Conclusions 

1) In the undeformed state the monocrystalline alloy SRR 99 shows asymmetrical X-ray 
line profiles and has a negative lattice mismatch of &&f = -1.4. 10p3. 

2) In [OOl]-oriented samples creep-deformed at stresses up to 750 MPa at different 
temperatures the (002) and the (020) 1 ine profiles are markedly different from each 
other. The asymmetry observed in the undeformed state is enlarged in the side case 
and reversed in the axial case. 

3) The change of the lattice mismatch was evaluated in terms of long-range internal 
stresses. The deformation-induced internal stresses are triaxial. They build up after 
the minimum of the creep rate and remain constant during quasi steady-state creep 
until rupture. 

4) The internal stresses of samples creep-deformed at 900°C and 1050°C depend linearly 
on the applied stress. 

5) From the superposition of the triaxial internal stresses at the temperature of de- 
formation and the applied external stress the overall resolved shear stresses on the 
active glide systems were evaluated. 

6) The estimated resolved shear stresses acting in the y/-phase were found to be com- 
parable to the crss of Nis(Al,Ti) for given strain rates. 
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