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Abstract. Main changes which appear in microstructure of Ni base superalloys during creep 

exposure is the directional coarsening (rafting) of originally cubic γ’ precipitates embedded in 

γ matrix. The progress in γ’ degradation can be assessed with help of the analysis of 

geometrical parameters of the γ’ microstructure. Determination of the morphological changes 

of γ’ in creep-exposed single-crystal Ni-base superalloy CMSX4 using SANS was carried out. 

A new sample design (conic specimen) was tested in order to get continually changing stress 

levels in one sample and corresponding variety of microstructural change. Evolution of rafts 

with stress magnitude is clearly observable from the parameters obtained using SANS (the 

mean thickness of the γ channel in different crystallographic directions of the single-crystal, the 

evolution of the γ’ precipitate size and distance, the evolution of the specific interface). The use 

of conic specimen and spatial scan facilitate determination of microstructure evolution in 

dependence on the exposure parameters. 

1.  Introduction 

 

Turbine blades in gas turbines, fabricated of Ni base superalloys, operate under the creep and 

creep-fatigue conditions. One of the main changes which appear in microstructure during creep 

exposure is the directional coarsening (rafting) of originally cubic γ’ precipitates embedded in γ 

matrix. For residual lifetime estimation, it is desirable to have a non-destructive method which could 

reliably evaluate the progress in γ’ degradation in dependence on exposure time and relate these 

changes to the magnitude of stress the blade is experiencing. The available literature indicates that 

necessary information can be obtained from the analysis of geometrical parameters of the γ’ 

microstructure and γ/γ’ misfit [1, 2]. Using the bulk sensitive small-angle neutron scattering (SANS), 

morphological changes of γ’ phase resulting from the operation condition can be detected. SANS 

method [3] has proved to contribute successfully to the morphology assessment of γ’ in nickel base 

superalloys [4-8].  
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The aim of this investigation was to evaluate the morphological changes of γ’ in creep-exposed 

single-crystal Ni-base superalloy CMSX4 and relate them to the various applied stress levels. The 

secondary aim of the experiment was to test a possibility to investigate the microstructural parameters 

using a new special sample design: a conic specimen. As a result of the diameter change along the 

longitudinal axis, a continuous change of applied stress magnitude acting during the creep test exists 

which causes different microstructural change at different positions along the specimen. 

 

2.  Experimental 

 

Currently, the most widely used material for high pressure propulsion turbines is single-crystal Ni-

base superalloy CMSX-4 (the representative of the 2nd generation of single-crystal nickel base 

superalloys) with increased content of Re which strengthens the γ’ precipitates and retards their 

coarsening [9]. The alloy underwent the following heat treatment: solutioning at 1581K/18h/AC (gas-

fan quenched) + 1413K/6h/AC  + 1145K/24h/AC, which led to large volume fraction (≈ 70%) of 

cubic γ’-precipitates. 

 

Then, the conic specimen (Fig. 1, left) of CMSX-4 was exposed to a maximum stress 135 MPa for 

100h under uniaxial tensile creep load along [001] direction (the temperature during the creep was 

held constant at 1100°C). The conic shape of the specimen enabled to receive various stress levels 

along the specimen axis (Fig. 1, right). The resulting stress was calculated from the known load and 

sample geometry. Afterwards, a slice was cut form the specimen along the vertical axis (i.e. [001]) in 

order to produce a sample of an appropriate thickness (≈2.5 mm) for the ex-situ SANS experiment. 

Thus, the spatial scan of the sample could depict microstructure for exposures between 35 and 135 

MPa. 
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Figure 1. The tested specimen (left) exposed at 1100°C for 100h. 

The continuous change of applied stress was ensured by preparing 

the creep specimen in the form of a cone. Ten points scanned 

during the SANS experiment are marked. Stress dependence 

(σmin=35MPa, σmax=135MPa) on the position along the sample 

axis and average stress in the measured gauge volumes (right). 
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SANS measurement was carried out at the SANS II instrument of SINQ user lab of Paul Scherrer 

Institute, Villigen, Switzerland [10], which is equipped with a two-dimensional (2D) position sensitive 

detector. The samples were first oriented (ω-scan, tilt) in such a way that the [100] crystallographic 

direction was parallel to the beam and the [001] crystallographic direction was vertical.  

The spatial adjustment into the beam was done using linear table. The sample (Fig. 1) was scanned 

in vertical direction (i.e. along [001]) at room temperature. The used small slit (height 5.2 mm, width 

4.9 mm) ensured that the morphology gradient within the gauge volume (≈50 mm
3
) is not excessively 

large. 

The scattering data were collected at several geometries (the sample-to-detector distance varied 

from 1 m to 6 m, and the neutron wavelength λ from 4.55 Å to 19.6 Å). The covered range of the 

scattering vector Q was 1.2 x 10
-3

 Å
-1

 to 0.3 Å
-1

 (i.e. 1.2 x 10
-2

 nm
-1

 < Q < 3 nm
-1

), where the 

magnitude Q = Q = k-k0, k0 and k being the wave vectors of incident and scattered neutrons, 

respectively, and k = k0 = 2π/λ due to the elastic scattering. The measured raw data were corrected 

for background scattering, sample volume and normalized to the macroscopic differential cross section 

[3]. The data measured at large Q-magnitudes indicated the presence of a second population of γ’ 

precipitates of cuboidal shape with size about 10 nm. These were formed in the γ-phase channels on 

cooling from the high temperature. The most interesting- from the point of view of rafting - is, 

however, the measurement performed at very low Q-magnitudes as it brings out information on the 

rafting process of the original large cubic precipitates. 

 

3.  Results 

 

The two of the obtained 2D scattering curves (for σ= 38 and 124 MPa) are displayed in Figs. 2a and 

2b. They were taken at the opposite ends of the SANS sample (the most top and the most bottom 

scanned areas shown in Fig. 1). All the other scattering curves taken at the points in between these two 

extremes exhibit a continuous change of the γ’ shape. Therefore, only two extreme cases are 

displayed. Nevertheless, all then scanned points were equally evaluated and provide thus dependencies 

of microstructural parameters on the stress level. 
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Figure 2. Scattering curves at two of the scanned points: (a) minimum and (b) 

maximum stress, respectively. Orientation: [100] parallel to the beam, [001] nearly 

vertical. Measured data are shown as the colour-scale maps whereas the optimum 

2D fits are depicted by the white equiintensity lines. (c), (d): sections through the 

optimum 3D models (gray: γ’ rafts; white: matrix) for the (a) and (b) fits, 

respectively. 

 

The remaining part of the specimen, not used for SANS sample, was investigated by SEM in order 

to analyze microstructural change of γ’. SEM micrographs (presented in Fig. 3) indicate still partially 

non-rafted microstructure in the part of the bar exposed to the lowest stress, while the highest stress 

causes already advanced rafting. 
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Figure 3. SEM micrographs indicating γ’-morphology changes: (a) original microstructure before 

exposure, (b) cut from the large-diameter part of the bar (the lowest stress), (c) central part of the 

specimen and (d) cut from the small-diameter part of the bar (the highest stress). 

 

Qualitatively, the 2D scattering curves confirm the results of the electron microscopy performed on 

the specimen from the same bar. 

 

4.  Microstructural parameters evaluation  

 

SANS results were used to evaluate the change of microstructural parameters of the ' phase along 

the conic specimen. Collected scattering data were processed with a numerical modelling technique 

[11] based on the simulation of a scattering profile generated from a three-dimensional (3D) 

microstructural model of a particle system. Thus, the modelled scattering curve also covers the 

interparticle-interference effect. Moreover, multiple scattering corrections [12] are included as well in 

this procedure. The calculated 2D profile is then matched with the experimental curve in order to find 

microstructural parameters. 

A model of (partially) agglomerated γ'-precipitates was employed for the modelling of rafting. Due 

to the large size of the precipitates in the order of μm, the measured data does not provide direct 

information on their size as well as on the distance between them. However, the information of the γ 

channel thickness between precipitates can be obtained as it is significantly smaller. Then, the relative 

change of size and distance of precipitates itself can be calculated from the model providing that the 

volume fraction is known. As the thermal history of the sample is identical at all the locations, an 

assumption was made that the volume fraction of large precipitates is the same for all the scanned 

points. The constant volume fraction 55% was used for the modelling. If correct, then the absolute 

distance and size of precipitates in the respective directions could be obtained. As we do not know the 

actual volume fraction, however, we can take the reported size and distance parameters evolution only 

as a relative measure of the real size and distance. 
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Fig. 2c and 2d display two models corresponding to the optimum fits to the SANS data for the two 

scanned points at opposite ends of the conic specimen. 

The detailed evaluation of the data has brought a series of morphological parameters in dependence 

on the applied stress. In Fig. 4, the evolution of various parameters with the stress level is depicted. As 

can be seen from the evolution of the channel thickness (Fig. 4a), various extent of rafting of γ' 

precipitates embedded in the γ phase matrix was observed at variously exposed positions inside the 

sample. The tendency corresponds to the expected evolution: the larger stress, the more advanced 

rafting process. However, the used conditions for exposing the CMSX-4 single crystal do not allow to 

observe initial stages of rafting process, as can be seen from already large split of the thickness in x- 

and y- direction on one side and in z-direction on the other, even at the lowest applied stress level. 

The relative change of the size and distance of precipitates can be observed in Fig. 4b. As the 

precipitate size in x- and y-directions is larger than the average distance between the precipitates in 

these directions (see overlapping precipitates in Fig. 2d), a clear occurrence of rafting can be deduced 

also from these parameters. 

The last graph, Fig. 4c, displays the evolution of the specific interface between γ and γ' phase. The 

total specific interface as well as its projections to x, y and z-directions decrease with the stress level, 

as expected. The more pronounced is the decrease of the projection into x- and y-directions than into 

z-direction, as the former is caused by the disappearance of γ channels in [001] direction during the 

rafting process. Comparison between magnitudes in the respective directions confirms that the rafting 

advanced even for the lowest stress. The determined total specific interface between to be 37000 and 

50000 cm
2
/cm

3
 can be used only as indication of the real absolute value as it depends on the input 

volume fraction as described above. 
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Figure 4. Resulting evolution of parameters. (a) the mean thickness of the ' channel in the 

respective directions (x–direction is [100], y–direction is [010] and z–direction is [001]), (b) the 

relative evolution of the average precipitate size and distance, (c) the relative evolution of the 

specific interface - total and projection to the respective directions. 
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5.  Conclusions 

 

A different extent of γ'-precipitates rafting was observed for variously exposed positions inside the 

conic specimen. Evolution of rafts with stress level is clearly observable from the parameters obtained 

from SANS curves. The tendency corresponds to the expected evolution: the larger stress, the more 

advanced rafting process. Qualitatively, the 2D scattering curves confirmed the results of the electron 

microscopy performed on the specimen from the same bar. 

The use of conic specimen and spatial scan largely facilitate determination of microstructure 

evolution in dependence on exposure parameters. The detailed evaluation of the SANS data brought a 

series of morphological parameters in dependence on the applied stress, particularly the mean 

thickness of the  channel in the respective crystallographic directions ([100], [010] and [001]) of the 

single-crystal CMSX-4 specimen, the evolution of the ' precipitate size and distance as well as the 

evolution of the specific interface. 

The results confirmed that SANS method can be a proper non-destructive method for evaluation of 

structural changes caused by creep exposure in Ni base superalloys. 
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