
                                                                                                                  
 
 
 
Final Draft 
of the original manuscript: 
 
 
 
 
Pyczak, F.; Neumeier, S.; Goeken, M.: 
Influence of lattice misfit on the internal stress and strain states 
before and after creep investigated in rhenium and ruthenium 
containing nickel-base superalloys 
In: Materials Science and Engineering  A  (2009) Elsevier 

 
DOI: 10.1016/j.msea.2008.08.052 



Influence of lattice misfit on the internal stress and strain states before and 

after creep investigated in rhenium and ruthenium containing nickel-base 

superalloys  

 

Florian Pyczak1, Steffen Neumeier*2, Mathias Göken2 

1Institute for Materials Research, GKSS Research Centre Geesthacht, Geesthacht 21502, 

Germany 

2Department of Materials Science & Engineering, Institute I, University Erlangen-Nürnberg, 

Erlangen 91058, Germany 

 

Abstract 

 

The microstructure of nickel-base superalloys changes significantly during creep. The 

strengthening γ′-precipitates coarsen directionally and dislocation networks develop at the 

interfaces between γ′-precipitates and γ-matrix. Coherency stresses due to the lattice misfit 

between γ and γ′ phase act as the driving force for these microstructural changes. 

The measurement of the lattice constant of the γ-matrix and γ′-phase by X-ray diffraction 

before and after creep experiments allows to see the changes of internal stress and strain states 

during creep. In this work three experimental alloys with systematically varied amounts of 

lattice misfit were studied. It was found that the separation of X-ray peaks of γ and γ′ after 

creep is directly dependent on the amount of lattice misfit. Also the distortion of the lattice, 

visible in the broadening of the respective rocking curves, was measured and found to be 

dependent on the lattice misfit as long as the γ/γ′-interfaces stay coherent. The lattice misfit is 



directly influenced by the alloy composition. Rhenium and ruthenium decrease the lattice 

misfit and modify the coherency stresses between γ- and γ′-phase, accordingly. 
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1. Introduction 

 

The presence of up to 70 % of the ordered γ′-precipitate phase contributes to significant 

strengthening in nickel-base superalloys [1-3]. Initially the γ′-particles form a coherent 

interface with the face centered cubic nickel solid solution γ-matrix and often possess a cubic 

shape [4]. Due to slight differences in lattice constants of both phases, γ and γ′, a lattice misfit 

exists. With increasing temperature the misfit changes as the lattice constant of the γ-matrix 

increases more strongly than the lattice constant of the γ′-precipitates. During creep 

deformation especially in the low stress high temperature regime interfacial dislocation 

networks develop at the γ/γ′-interfaces [5-7]. The γ′-precipitates coarsen directionally either 

parallel or perpendicular to the external stress axis. The orientation of the directional 

coarsening is determined by the sign of the lattice misfit between γ- and γ′-phase, as it is 

caused by a combined effect of the externally applied stress and the coherency stresses 

between γ and γ′. In later stages of creep the dislocations stored in the networks recover either 

by cutting γ′-precipitates or by climbing over γ′-precipitates [8]. As the γ′-phase contributes 

strongly to the creep strength of nickel-base superalloys, the directional coarsening of this 

phase, the γ/γ′-lattice misfit and the interfacial dislocation networks are of utmost interest. 

It is well known that the lattice misfit of nickel-base superalloys is strongly influenced by the 

alloy composition [9-11]. A number of alloying elements, which are added in the 2nd, 3rd and 



4th generation nickel base superalloys, namely rhenium and ruthenium, increase the amount of 

lattice misfit as they are known to partition preferentially to the γ-matrix. Nanoindentation 

experiments have shown that rhenium strengthens the γ-matrix phase [12]. Ruthenium on the 

other hand increases the hardness of the γ′-phase, due to its influence on the partitioning 

behavior of other alloying elements [13]. Alloys developed by the group of Harada possess a 

large lattice misfit and show excellent high temperature creep properties [14, 15]. In these 

alloys dense dislocation networks are found at γ/γ′-interfaces after creep deformation in the 

low stress and high temperature regime. 

Different methods exist to measure lattice misfit and/or lattice constants such as convergent 

beam electron diffraction (CBED) (e.g. [16-19]), evaluation of interfacial dislocation 

networks [20, 21], X-ray diffraction (e.g. [22-25]) and neutron diffraction (e.g. [26-28]). 

Diffraction methods are easily employed and yield not only information about the lattice 

constants and lattice misfit but also about the lattice distortion. For these reasons X-ray 

diffraction was frequently used in the past to investigate nickel-base superalloys. The majority 

of investigations up to now were performed on commercial alloys [23-25, 29]. In these studies 

phenomena such as the influence of different applied stresses on the change of internal stress 

and strain states during creep were investigated intensively. In the present work the lattice 

misfit and the resulting strain and stress states are investigated in three experimental alloys 

with varying rhenium and ruthenium content before and after creep deformation. This is to the 

knowledge of the authors the first experimental investigation on alloys with systematically 

varied lattice misfit by respective additions of rhenium and ruthenium. 

 

2. Experimental 

 



Three experimental alloys (Alloy 0, Alloy Re and Alloy ReRu) with similar alloy composition 

except the addition of 3 wt.% rhenium or 3 wt.% of rhenium and ruthenium with a 

directionally solidified (DS) microstructure were cast in a laboratory  scale Bridgman unit. 

The alloy compositions are given in Table 1. The alloys were solution heat treated and 

subsequently aged for 4 h at 1100 °C and 24 h at 850 °C to produce γ′-precipitates with 

diameters between 220 nm and 360 nm. The microstructures of the fully heat treated states are 

shown in Fig. 1. Local enrichments of some alloying elements in the cast structure (especially 

rhenium) were homogenized during sufficiently long holding times during solution heat 

treatment 

Specimens for creep tests with a diameter of 5 mm and a length of 7.5 mm parallel to the 

solidification direction were machined from the fully heat treated alloys by means of spark 

erosion. Compression creep tests were performed in air using an applied stress of 137 MPa at 

a temperature of 1100 °C. The external stress axis lies parallel to the common [001] 

orientation of the elongated grains. Samples for X-ray diffraction measurements were 

prepared by cutting the creep specimens perpendicular to the stress axis allowing to record 

{002} X-ray peaks (i.e. diffracting at lattice planes perpendicular to the external stress axis). 

The X-ray diffraction measurements were done at room temperature with a double crystal 

diffractometer with monchromized copper Kα1 X-rays. By using a setup first proposed by 

Wilkens and Eckert [30], the instrumental peak broadening was eliminated. Owing to the high 

angular resolution of the setup, lattice constants were determined with an error in the order of 

2x10-5 nm. All X-ray peaks were recorded as ω-2Θ-scans rotating the specimen in steps of 

0.25° around the ω-axis. Details are described in [23]. The {002} peaks at the different angles 

ω are composed of the {002} sub-peaks of the γ-matrix and the γ′-precipitate phase, 

respectively. Due to the fact that the differences in lattice constant between the two phases are 

very small, the two sub-peaks of the phases γ and γ′ normally overlap. To extract the sub-



peaks for the γ- and γ′-phase from the measured integral peak the software XPLOT [31] was 

used. Either two sub-peaks for the γ- and the γ′-phase were fitted if their sum satisfactorily 

resembled the integral peak or in the fully heat treated state of Alloy ReRu up to three sub-

peaks were used to represent the contributions of the γ′- and the γ-phases of the two different 

kinds of matrix channels perpendicular and parallel to the specimen surface. A combination of 

Gaussian and Lorentzian peak shapes was used for the fit. From the lattice constants of the γ- 

and γ′-sub-peaks the lattice misfit was derived as 
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Here γ ′a  is the lattice constant of the γ′- and γa of the γ-phase, respectively. For the standard 

heat treated state of Alloy ReRu the lattice misfit given in this work is an average misfit [32] 

as it was necessary to deconvolute the overall profile in a γ′- and two separate γ-sub-peaks to 

achieve an acceptable fit,. The error of lattice constant measurement, given above, results in 

an error in misfit determination of about 0.01 %. All misfits given in this work are directly 

derived from the X-ray profiles and represent the constrained misfit in the case of the standard 

heat-treated states with coherent γ/γ′-interfaces and a combination of the constrained misfit 

and the strain contributions from the interfacial dislocation networks in the specimens 

investigated after creep. In order to derive lattice constants and misfits in the manner 

described above, sum profiles adding up the X-ray intensity of all profiles of the ω-2Θ-scan 

recorded at different angles ω were analyzed. 

To gain information about the angular distortion in the two phases, γ and γ′, rocking curves 

were processed from the intensity distribution in the ω-2Θ-scan at the diffraction angles of γ- 

and γ′-phases, respectively (Fig. 2). In the case of some ω-2Θ-scans, more than one peak was 

present in these rocking curves resulting from contributions from more than one dendrite. In 



such cases the contributions of the single dendrites to the rocking curve were derived by 

fitting the peaks with XPLOT [31]. 

 

3. Results and Discussion 

 

After standard heat treatment the three alloys show different constrained lattice misfits at 

room temperature varying between 0.11 % for Alloy 0, near zero for Alloy Re and a negative 

lattice misfit of -0.23 % for Alloy ReRu. The lattice parameters of the phases γ and γ′ are 

given in table 1. The lattice constant of the γ′-phase in Alloy 0 and Alloy Re is only slightly 

different while the lattice constant of the γ-phase is larger in Alloy Re. This result is easily 

understandable, as the only difference in alloy composition is the addition of 3 wt.% of 

rhenium, which is known to partition preferentially to the γ-matrix and accordingly change 

it’s lattice parameter [11]. In Alloy ReRu, the lattice constant of the γ-phase is further 

increased compared to Alloy Re, while the lattice constant of the γ′-phase is also slightly 

higher. This is most probably caused by the addition of ruthenium, which increases the lattice 

constant of γ significantly but also increases the lattice constant of γ′ slightly. The tendency of 

ruthenium to partition to the γ-phase is not as pronounced as for rhenium. A second effect is 

probably the reverse partitioning of rhenium, which is reported for some alloys in the 

presence of ruthenium [33-35]. This would slightly lower the rhenium content in the γ matrix 

and increase it in the γ′ phase with corresponding effects on the lattice constants. 

The width of the ω-profile (rocking curve) reflects the angular distortion of the lattice. In the 

absence of interfacial dislocation networks it should be governed by three factors: The 

amount of lattice misfit, the stiffness of the two phases and the width of the matrix channels. 

A large amount of lattice misfit requires a high angular distortion of both phases for coherent 

interfaces. Nevertheless, the elastically stiffer phase gets less distorted. Results of 



nanoindentation measurements, published by Göken et al. [36], found that the γ′-phase is 

elastically stiffer than the γ-phase. In contradiction Siebörger et al. [37] measured single 

phases reassembling the composition of the γ- and γ′-phase of CMSX-4 by resonance method 

and here the matrix phase was elastically stiffer for temperatures below 1000 °C. Additionally, 

if the matrix channels are narrow, angular distortion may not be pronounced but the lattice 

planes of the γ-phase over the whole width of the matrix channel could be strained to reach a 

lattice constant near that of the γ′-phase. Additionally the presence of slightly misoriented 

volumes in the specimens which results in multiple peaks at different angles ω should be also 

considered. It cannot be ruled out fully that the mosaic structure also alters the width of the 

single peaks in the ω-direction. In Fig. 3 the full width at half maximum of the rocking curves 

for the standard heat-treated states of Alloy 0, Alloy Re and Alloy ReRu is plotted versus the 

amount of constrained lattice misfit. The differences in the widths of the rocking curves 

correspond to the change in the amount of lattice misfit resulting in lower distortion in the 

alloy with nearly zero misfit (Alloy Re) compared to the two alloys with either positive 

(Alloy 0) or negative lattice misfit (Alloy ReRu). Also the γ-matrix is always slightly more 

distorted than the γ′-phase. This would correspond with the results of Göken et al. [36] stating 

that the γ′-phase is elastically stiffer than the γ-matrix. 

In Fig 4 the strain rate is plotted versus the plastic strain during creep for each alloy. The 

creep resistance of the alloys improves with increasing amount of rhenium and ruthenium 

with a minimum creep rate of 10-4 s-1 for Alloy 0, 6x10-7 s-1 for Alloy Re and 2x10-7 s-1 for 

Alloy ReRu.  

Fig. 5 shows X-ray profiles of the crept specimens (full symbols) in combination with the 

profiles measured for the state after the standard heat-treatment (open symbols). While the 

profile of Alloy 0 after creep deformation resembles the shape prior to creep, significant 

changes in profile shape are found in Alloy Re and Alloy ReRu. The separation of the sub-



profiles, which is especially visible for Alloy ReRu, is known to be caused by the dislocation 

networks which form during creep deformation [23]. In Fig. 6 the lattice misfit is plotted 

versus the sum of Re and Ru contents. The (constrained) lattice misfit in the standard heat-

treated specimens is directly related to the alloy composition as already described above. 

After creep deformation the lattice misfit in Alloy 0 is almost the same as in the standard-heat 

treated state while the lattice misfit changes significantly in Alloy Re and Alloy ReRu. During 

creep in the high temperature low stress regime as investigated in this study plastic 

deformation is caused by dislocation loops moving in the γ-channels leaving dislocation 

segments at the γ/γ′-interface, which form interfacial dislocation networks. It is suggested that 

this mechanism is active up to the point when the back stress of the dislocations stored in the 

networks makes it impossible for new dislocations to enter the matrix channel [38, 39]. Then 

the recovery of dislocations already stored in the matrix channels is necessary before 

dislocations can enter the channel. This recovery can either happen by cutting of γ′-

precipitates or by climbing of dislocations around γ′-particles. Which of the two processes of 

recovery is encountered and what density of dislocations in the interfacial networks is reached 

before recovery sets in, is dependent on different factors. In the case of precipitates which do 

not coarsen directionally, like those in Alloy 0 (Fig. 7), the process of climb is probably more 

attractive compared to cutting a hard ordered intermetallic phase. In Alloy Re and 

Alloy ReRu with their directionally coarsened microstructure recovery processes by cutting of 

γ′-precipitates should happen. 

The point, where recovery of the dislocations stored at the γ/γ′-interface is necessary before 

new dislocations can enter the matrix channel is determined by the amount of coherency 

stresses in the channel [21, 39]. These coherency stresses themselves are higher if the amount 

of constrained lattice misfit before deformation is higher (i.e. for the fully coherent γ/γ′-

interface). As long as the incorporation of new dislocations into the interfacial networks 



further relaxes the coherency stresses this process should be favorable. In the later stages of 

creep deformation, not only the coherency stresses are relaxed, but stresses in the opposite 

direction are introduced by interfacial dislocations as has been calculated by Müller et al. [40]. 

Experimentally this was also shown by Lu et al. by means of CBED measurements [19]. At a 

certain point the externally applied stress is not high enough to overcome the increasing back 

stress of the interfacial networks. Starting from this point, recovery of interfacial dislocations 

is necessary, before new dislocations can enter the matrix channel. Hence, the dislocation 

networks at the γ/γ′-interfaces should reach a certain equilibrium density [29], which increases 

with the magnitude of the coherency stresses at creep temperature resulting in an accordingly 

high separation of X-ray peaks measurable in crept specimens. Dislocation networks at γ/γ′-

interfaces were found in Alloy Re and Alloy ReRu after creep. An example for Alloy Re is 

shown in Fig. 8. Theoretical work by Probst-Hein et al. [39] supports this view. The 

dependence of the separation of X-ray peaks after creep on the constrained lattice misfit prior 

to creep found for the alloys under investigation in this work is in accordance with this 

explanation. In addition, the fact that Harada and coworkers [14, 15] report, that an increasing 

density of interfacial dislocation networks is found after creep deformation for alloys with 

high lattice misfit in the initial state supports the present results. 

The lattice misfit measured in creep deformed specimens is also dependent on the externally 

applied stress (e.g. [23]) and the width of the γ-matrix channels [29]. As all three alloys 

investigated in this work were deformed under the same applied external stress, the 

differences in the measured lattice misfit after creep cannot be related to different levels of 

externally applied stress. Furthermore, the channel widths in the creep deformed specimens of 

Alloy 0, Alloy Re and Alloy ReRu are in the same range of 405 to 455 nm. 

Hence in this work the coherency stresses caused by the constrained lattice misfit seem to be 

the dominating factor controlling the equilibrium density of dislocation networks built during 



creep. As the constrained lattice misfit depends on the alloy composition, the alloying 

elements rhenium and ruthenium influence the density of interfacial dislocations by directly 

influencing the constrained lattice misfit.  

The full widths at half maximum of the rocking curves of the crept specimens of Alloy 0, 

Alloy Re and Alloy ReRu, which are plotted in Fig. 9, show no clear dependence on the 

constrained lattice misfit. Interestingly, the width of the rocking curve for the crept specimen 

of Alloy 0 is almost equal to that of the standard heat-treated state. This is probably due to the 

fact that the dislocation networks are not well developed in Alloy 0. Therefore the strains at 

the γ/γ′-interfaces keep the same as in the standard heat-treated state. The direct dependence 

of the width of the rocking curves on the lattice misfit is lost for the Alloy Re and Alloy ReRu 

as dislocation networks at the γ/γ′-interfaces have formed. 

 

4. Conclusion 

 

The lattice misfit and internal strain states were investigated by X-ray diffraction in three 

experimental nickel-base superalloys with systematically varied alloy composition in standard 

heat treated condition and after creep: 

• The addition of rhenium increases mainly the lattice constant of γ with respective effect on 

the lattice misfit. Alloying ruthenium to a rhenium containing alloy increases the lattice 

constant of γ further but also increases the lattice constant of the γ′-phase to a lesser extent. 

This is in accordance with the partitioning behavior of rhenium and ruthenium between γ- 

and γ′-phase as known from literature. 

• While the γ/γ′-interfaces are coherent, the width of the rocking curves of the γ- and γ′-

phase are directly dependent on the (constrained) lattice misfit of the alloys. An influence 

of other parameters as width of γ-channels or different elastic properties of the phases γ 



and γ′ was not clearly found. This dependence is lost in the crept specimens when 

dislocation networks form at the interfaces. 

• The sub-peaks of the γ- and γ′-phase were the more separated in the crept specimens the 

higher the constrained lattice misfit of the respective alloy was. This was assumed to be 

caused by a higher maximum density of dislocations in the interfacial networks reached 

before recovery processes begin. 
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Fig. 1: Microstructure of a) Alloy 0, b) Alloy Re and c) Alloy ReRu in the standard heat-

treated state 

 

 

Fig. 2: Scheme how the rocking curves for γ- and γ′-phase, respectively, were derived from 

the ω-2Θ-scan 



 

Fig. 3: Change of full width at half maximum of the rocking curves (ω-profiles) of the γ-phase 

(filled symbols) and γ′-phase (open symbols) of the investigated alloys in the standard heat-

treated state as function of misfit δ 

 

Fig. 4: Strain rate versus plastic strain for the alloys investigated in the present work during 

creep in compression with an applied load of 137 MPa at a temperature of 1100 °C 



 

Fig. 5: X-ray profiles of a) Alloy 0, b) Alloy Re and c) Alloy ReRu; open symbols show 

profile of standard heat-treated specimen and closed symbols for crept specimens 

 

Fig. 6: Dependance of the lattice misfit measured in the standard heat-treated state (open 

symbols) and subsequent to creep (filled symbols) on rhenium and ruthenium content 

 

 

 



 

Fig. 7: Microstructure of a) Alloy 0, b) Alloy Re and c) Alloy ReRu in the crept state after a 

creep time of 0.28 h, 14 h and 28 h, respectively 

 

Fig. 8: Transmission electron micrograph showing an example of an interfacial dislocation 

network in Alloy Re 



 

Fig. 9: Change of full width at half maximum of the rocking curves (ω-profiles) of the γ-phase 

(filled symbols) and γ′-phase (open symbols) of the investigated alloys after creep 

 

Table 1: Nominal chemical composition and room temperature lattice constant of the γ- and 

γ′-phase of the experimental alloys investigated in this work 

 

elements / wt-% Al Ti Cr Co Mo Ta Re Ru Ni a(γ) a(γ′) 

Alloy ReRu 4.9 3.9 8.2 4.1 2.5 1.6 3.0 3.0 68.8 0,35931 0,35849

Alloy Re 4.9 3.9 8.2 4.1 2.5 1.6 3.0 0 71.8 0,35826 0,35811

Alloy 0 4.9 3.9 8.2 4.1 2.5 1.6 0 0 74.8 0,35750 0,35791
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