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Abstract 
 

Morphological changes of γ´ precipitates in nickel based single crystal superalloy CMSX-
4 were studied during long-term ageing at four temperatures of 900, 925, 950 and 1000°C and 
various ageing times up to 4000 h. The precipitates were extracted from the γ (Ni based solid 
solution) matrix into thin carbon extraction replicas and then studied by scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). Using quantitative 
metallography, emphasis was set on real three-dimensional shape of such extracted γ´ 
precipitates. It was found out that long-term ageing leads to a change of some cuboidal shaped 
precipitates to precipitates with so called spontaneous rafted morphology. At a temperature of 
950 °C, spontaneous rafted precipitates were found after 3000 h of isothermal ageing. The 
temperature of 1000 °C was used to accelerate this type of degradation process and to 
increase occurrence of spontaneously rafted precipitates in the microstructure for their better 
observation and analysis. Eventual physical based aspects of spontaneously rafted γ´ 
precipitates occurrence are discussed in this paper. 
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INTRODUCTION 

Single crystal nickel base superalloys contain significant additions of refractory elements 
such as Mo, W, Ta and Re which improve creep strength and microstructure stability at high 
temperatures [1-3]. On the other hand, these refractory elements in general lead to higher 
microsegregation during directional solidification [4] and increased precipitation of hard 
topologically close packed (TCP) phases during exposure to high temperatures and stresses 
[5-7]. Due to microsegregation, dendrites have particularly different chemical composition in 
comparison with interdendritic region. This fact leads to difference (misfit) between lattice 
parameters of γ (Ni base solid solution) matrix and γ’ (Ni3(Al,Ti)) precipitates in these two 
regions [8-11]. When single crystal superalloy is exposed to a high temperature for 
a sufficiently long time, the size of the γ’ precipitates changes. The coarsening mechanisms 
are generally involved with two microscopic kinetic steps: diffusion and interface reaction, 
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which occur simultaneously. In aged superalloy with a coarsened γ/γ’ microstructure, the 
internal coherency stresses can be reduced by the formation of interfacial dislocations on the 
γ/γ’ interfaces [12]. Only few authors [1,13,14] have reported morphological changes of γ/γ’ 
microstructure of single crystal nickel base superalloys during long-term ageing without 
presence of external stress. It is clear, that after a long-term ageing there is not only cuboidal 
morphology of the γ’ embedded in the γ matrix, but there are also highly morphologically 
changed γ’ particles [1,13,14]. 

The aim of this paper is to study morphological changes of cuboidal γ’ precipitates in 
single crystal superalloy CMSX-4 during long-term ageing at various temperatures. Special 
attention is paid to determine a real three-dimensional shape of the γ´ precipitates after ageing. 

 
EXPERIMENTAL MATERIAL AND PROCEDURE 
 

As-cast ingot of nickel base superalloy CMSX-4 with diameter of 80 mm, length of 250 
mm and chemical composition Ni-6.5Cr-9.0Co-0.6Mo-6.0W-6.5Ta-3.0Re-5.6Al-1.0Ti-
0.1Hf (wt.%) was supplied by Canon-Muskegon (USA). The ingot was cut to smaller 
rectangular rods by electro-spark machining and lathe-turned to cylindrical rods with a 
diameter of 8 mm and length of 120 mm. Single crystals with [001] crystallographic 
orientation were prepared by seeding in a modified Bridgman type apparatus described 
elsewhere [15]. Crystallographic orientation of directionally solidified rods was controlled by 
Laue X–ray diffraction technique. Maximum deviation from ‹001› crystallographic direction 
was determined to be 7 degrees. Then the single crystal rods were exposed to seven step 
solution annealing in high purity argon atmosphere (99.9995%) and rapidly cooled in flowing 
argon. Finally, the ingots were subjected to two steps precipitation annealing at 1140 °C for 2 
h and 870 °C for 20 h in air followed by gas fan cooling to room temperature. 

The ageing experiments were performed on the samples with a thickness of 5 mm and 
diameter of 8 mm at temperatures ranging from 900 to 1000 ºC for different times from 100 to 
4000 h in air. As was shown elsewhere [16], CMSX-4 superalloy exhibits an excellent high 
temperature oxidation resistance and no special surface protection is required up to 1000 ºC. 

After ageing the samples were wet grinded, polished and electrolytically etched in the 
solution of 35.6 ml H2SO4, 37.5 ml HNO3 and 9.4 ml H3PO4 at voltage 7 V for 120 s. For 
dissolving γ phase, sample polarity was negative. On the other hand, for dissolving γ’ phase, 
sample polarity was set to positive. For preparing extraction replicas, samples were polished 
down to 1 µm, than electrolytically etched in the same etching agent for 60 s and 
consequently covered by thin carbon layer. Carbon layer was sliced to squares of about 3 x 3 
mm and than electrolytically etched until separation of the replica from the sample surface. 
Microstructure was investigated by optical microscopy (OM), scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM).  
 
RESULTS AND DISCUSSION 

 

Directional solidification and heat treatments 
 
Fig. 1 shows the typical example of a rod after directional solidification (DS) in the [001] 

crystallographic direction. It is clear that the seed is melted only partially (Fig. 1a ) and there 
was an excellent junction between the seed and the remaining part of the rod. The 
microstructure after the DS consists of dendrites and interdendritic regions (Fig. 1b). The 
dendrites are light-grey colored and the interdendritic region is dark-grey (Fig. 1c). The 
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average primary dendrite arm spacing was measured to be 230 µm. Due to different partition 
coefficients k of the alloying elements the elements with k > 1 such as Re, Mo, Co, Cr and W 
segregate mainly in dendrite cores and elements with k < 1 such Al, Ti and Ta generally into 
interdendritic regions [4]. The microsegregation leads to a large chemical heterogeneity 
between the dendrites and interdendritic region.  

Solution annealing followed by ageing decreased the degree of microsegregation in 
comparison with the microstructure after the DS, as shown in Fig. 2. The fact that there is still 
a certain degree of chemical heterogeneity after the solutioning and ageing was confirmed by 
both SEM (Fig. 2a) and BSE (Fig. 2b). Light color areas in Fig. 2b represent increased 
quantity of Re, Mo, Co, Cr and W and grey areas belong to regions with higher content of Al, 
Ti and Ta. 
Fig. 3a  shows  the  typical  γ/γ’  microstructure  within  the  dendrites   and  interdendritic 
region. The mean size of the γ’ precipitate characterized by the length of γ’ cube edge a was 
measured to be 313 nm. The distribution curve for precipitates size after the standard heat 
treatments is illustrated in Fig. 3b. The average volume fraction of precipitates was measured 
to be (69 ± 2.4) vol.%. 

 
 

 

       
Fig. 1. (a) Single crystal rod after DS, (b) and (c) Optical micrographs showing the typical 

dendritic microstructure and morphology of dendrites after DS 
 
 

Microstructure characterization after long-term ageing 

Matrix-precipitates type of structure in whole material 
 

Microstructure in the whole material is γ matrix/γ’ precipitates type (cuboidal precipitates 
embedded in the matrix). When the γ/γ’ microstructure is exposed to thermal exposure, 
coarsening process of precipitates occurs. Early stages of the γ’ coarsening process are 
Ostwald type [17-19], e.g. the growth of precipitates is controlled by diffusion and 
precipitates do not change their cuboidal shape because the larger precipitates grow at the 
expense of smaller ones. In the case of the studied alloy the Ostwald type ripening is 
represented by following ageing regimes: 900 ºC up to 3000 h, 925 ºC up to 2000 h, 950 ºC 
up to 2000 h and 1000 ºC up to 500 h. Fig. 4 shows extracted cuboidal shaped γ’ precipitates 
from the γ matrix. 
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Fig. 2.  Microstructure after the standard solution heat treatment followed by precipitation 
annealing. (a) SEM micrograph and (b) BSE micrograph taken from the same sample area 
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Fig. 3. (a) The typical γ/γ’ microstructure inside the dendrites and interdendritic regions after 
standard solution heat treatment followed by precipitation annealing. (b) Distribution curve 

for size of the γ’ precipitates 
 
 

     
Fig. 4.  (a) TEM micrograph showing extracted γ’ precipitates from the γ matrix after ageing 

at 925°C for 500 h, (b) Detail showing the cuboidal shape of the γ’ precipitate 
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Microstructure with matrix-matrix and matrix-precipitates type of structure 
After sufficient long time of ageing at high temperature (e.g. 1500 h at 1000°C) the 

process of γ’ coarsening is rather different in comparison with that at shorter ageing time 
[1,13,14]. The γ and γ’ phases are interlacing each other so structure seems like moistener – 
they are creating so-called spontaneous rafts. Therefore, microstructure after long-term 
thermal exposure can be divided morphologically into two types: matrix-precipitates and 
matrix-matrix type (γ’ phase is not more in a form of embedded cuboidal precipitates). Fig. 5 
shows micrographs taken from the sample after ageing for 2000 h at 1000°C. The 
microstructure within the dendrites (D) is different when compared with that within the 
interdendritic region (I), as seen in Fig. 5a and 5b. In addition, formation of topologically 
close-packed phases (TCP) is observed within the dendrites, as shown in Fig. 5c [5-7]. Within  
the interdendritic region, there are regions with cuboidal γ’ precipitates (Fig. 5d) and also with 
spontaneous rafted γ/γ’ microstructure (Figs. 5e and 5i). The dendritic areas are characterized 
by spontaneous rafts (Figs. 5f, 5g and 5h). 

 
Fig. 5. SEM micrographs showing the morphology of γ and γ’ phases in CMSX-4 superalloy after 
long-term ageing. Scanned planes are (001). (a), (b) Difference between dendrite (D) and 
interdendritic region (I), (c) Microstructure within the dendrite with TCP phases, (d) Cuboidal γ’ 
precipitates within I, (e) Rafted structure within I, (f) Rafted structure within D, (g) Detail of the γ’ 
rafts within D, (h) Detail of the γ rafts within D, (i) γ rafts within I 
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The formation of spontaneous rafting is possible to explain by the difference between 
lattice parameters of the γ and γ´ phases (so called misfit) and internal stresses in the alloy 
caused by the dendritic microstructure. According to Brückner et al. [9], the difference 
between lattice parameters in the superalloy CMSX-4 is the largest in the dendrites and the 
lowest in the interdendritic region. It is possible to assume that if the difference between the 
lattice parameters of the matrix and coherent precipitate is higher, then the stresses at their 
interfaces will be higher. These stresses in combination with the internal stresses can result in 
directional diffuse flow of softer matrix, thus directional coarsening of the γ’ precipitates - 
spontaneous rafting. 

Sample analysis showed that the primary and secondary dendrite arms contain areas with 
microstructure with the rafts oriented only perpendicularly to the [001] growth direction. On 
the other hand, the interdendritic region with spontaneously rafted areas contained rafts 
oriented perpendicularly to the [100] and [010] crystallographic directions. This phenomenon 
can be explained by microsegregation. Chemical composition of the dendrites is different 
from the composition of the interdendritic region [4], so dendrites have slightly different 
value of thermal expansion coefficient from that of the interdendritic region. During ageing 
the dendrites are subjected to tensile stresses and interdendritic regions to compressive 
stresses along the crystallographic direction [001]. Therefore, such internal stresses result in 
formation and orientation of spontaneous rafts during long-term ageing without applied load 
with a manner similar to creep loading conditions.  

 
CONCLUSIONS 
 

The investigation of the effect of long-term ageing on the coarsening and morphological 
changes of the γ’ precipitates in single crystal nickel base superalloy CMSX-4 suggests 
following conclusions: 
1. The cylindrical rods prepared from the seeds by directional solidification were single 

crystals oriented in a crystallographic direction [001]. The applied heat treatments resulted 
in a partial chemical homogenization of the rods and led to the microstructure composed 
of the γ matrix and cuboidal γ’ precipitates.  

2. After long-term ageing, two types of microstructure were identified: (i) cuboidal 
γ’ precipitates embedded in the γ matrix and (ii) spontaneously rafted microstructure 
composed of the γ’ and γ rafts. The internal stresses in the rods and stresses resulting from 
γ/γ´ misfit are assumed to be thermodynamic driving forces for spontaneous rafting. These 
stresses cause different orientation of spontaneous rafts in the rods. 
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