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STRUCTURE AND PHASE COMPOSITION OF HEAT-RESISTANT 
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The paper presents research into the structure and phase composition of Ni–Al–Co alloy modified by rhenium 
(~3 аt.%) alloying. Observations are carried out using the transmission electron microscopy. The initial state 
of the alloy is the state after the directional crystallization. The alloy is further subjected to 900°С annealing 
during 1143 h. Creep tests are additionally carried out for this alloy at the same temperature and time and 
400 MPa load. It is shown that FCC disordered - and ordered -phases are major in all alloy states. 
Secondary phases are found to be -phase, -phase, Laves and AlRe2 phases. Experiments show that the high 
temperature annealing changes the phase composition of the alloy. Thus, the amount of the ordered -phase 
increases, while that of disordered -phase decreases. During the creep process, the amount of the former 
reduces and the amount of the latter increases. The annealing process modifies the phase composition in 
secondary phases. It is found that the structural modification caused by the creep process differs from that 
caused by the annealing process. Thus, the creep-induced modification of the cuboid structure in -phase is 
stronger than due to annealing. Dislocations are observed in - and -phases in all states of the alloy. During 
the annealing process, the dislocation density in -phase is higher than in -phase, and vice versa during the 
creep process. The experiments show that the behavior of the dislocation structures is different during the 
annealing and creep processes. 
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INTRODUCTION 

The properties of heat-resistant nickel alloys are determined by the thermal stability of their structure, size, 
shape and the amount of the strengthening -phase and strength properties of -phase solid solution [1–4]. 
Physicochemical properties of these alloys can be improved by the traditional alloying. The latest-generation alloys can 
be modified by the refractory alloying elements, such as Cr, Mo, W, Ta, Re and others. Such alloying provides the 
increase in the working temperature due to the high melting temperature of the phases formed [5–10]. For example, 
rhenium as well as other refractory elements is an active phase-forming element. To the author’s knowledge,  the 
composition and localization of phases forming in these superalloys after the use of these alloying elements have been 
scarcely investigated. 
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Such superalloys nearly loss stability under thermal loading. In these cases, a range of the low-stable and 
metastable structures and phases appears in superalloys. Therefore, it is important to study the initial structure and phase 
composition of superalloys after alloying by both ultrafine refractory powders and refractory metals. 

It is interesting to note that the low-stable and unstable regions in the crystal lattice before phase 
transformations are well observed in a wide range of metals and alloys [11–21]. 

In order to achieve the required functional properties of these alloys, it is expedient to study changes in the 
structure and phase composition after their alloying. Importantly, a study of processes induced by Cr, Ta and Re 
alloying elements should include investigations of the fine structure of superalloys. Such investigations will show the 
modified structure and phase composition, microstructure and the formation of secondary phases in superalloys. 

The aim of this work is to investigate the structure and phase composition of Re-alloyed heat-resistant Ni–Al–
Co alloy in the initial state and annealed and crept states. 

MATERIALS AND METHODS 

Ni-Al-Co superalloy was investigated in this experiment. Its composition included 69–59 at.% Ni, 12–15 at.% 
Al and 10–13 аt.% Со. Cr, Ta and Re alloying elements were used in the amount of not over 3.5 at.% each, and W and 
Mo alloying elements were used in a lower content.  

Thin foils were obtained from plates using electroerosion cutting with their plane normal to the specimen axis. 
Three states of the alloy structure were examined, namely: 

1) the initial state, after the direct crystallization;  
2) after 900С annealing for 1143 hours;  
3) after creep tests at 900С for 1143 hours and 400 MPa load. 
The alloy plates of different thickness were obtained from the ingot on an electrospark discharge machine using 

the soft operating mode that did not induce distortions or additional defects in the material. The alloy plates were cut 
perpendicular to <001> direction of the crystal growth. The microstructure and phase composition of the specimens 
were investigated on a transmission electron microscope (TEM) EM-125 at 125 kV accelerating voltage and 25000× 
magnification. TEM observations included electrolytic polishing of the alloy in an oversaturated solution of chromic 
anhydride containing orthophosphoric acid. Medium sizes of the structural elements and parameters of the fine structure 
were detected on micrographs using the secant method [6, 7]. All the experimental data were statistically processed. 
The phase analysis used the TEM images confirmed by the micro-diffraction patterns [8] and bright- and dark-field 
images obtained in the respective reflections [6]. 

EXPERIMENTAL RESULTS 

Let us consider the phase composition, morphology and dislocation structures forming at different 
temperatures. 

Phase composition and morphology 

Major - and -phases in the volume of ~0.99 observed in all alloy states are given Table 1 [3, 6, 8]. The 
volume of secondary phases is not over 0.01.  

Now we describe in detail the observed phases and their morphology.  
1) -phase is the FCC solid solution with L12 structure [3, 6, 7, 9, 22–25]. The morphology of this phase 

represents spheroidized and clear faceted cuboids. These cuboids have an isotropic shape in the original state of the 
alloy. After annealing, cuboids acquire anisotropic shape and became clear faceted. After the creep process, 
spheroidized cuboids are observed in each alloy state. TEM images of -phase are shown in Fig. 1. 
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2) -phase is the disordered FCC solid solution. The morphology of this phase represents thin layers between 
cuboids of -phase as shown in Fig. 2. Although -phase is observed in the alloy in rather a small amount, it is a major 
phase [3, 6–9].  

3) -phase (TaRex) is an electron compound of transition metals with a complex BCC structure. This phase 
represents rounded particles located in cuboids of -phase [6–8]. TEM images of -phase and its microdiffraction 
pattern are shown in Fig. 3. 

4) -phase represents a multicomponent solid solution with the tetragonal crystal structure having a Р42/mnm 
space group (FeCr type). There are such elements as Re, Cr, Ta, W, Mo, Ni, Co and Al [6, 7, 10, 26, 27] in this phase. 
-phase has an acicular shape, an example of which is presented in Fig. 4. 

TABLE 1. Volume Fractions of Phases  

Alloy states -phase, % -phase, % Secondary phases 

Initial state, after the direct crystallization 80.0 19.7 -phase 
After 900С annealing for 1143 h 83.0 16.5 AlRe2 

Post-creep state (900С creep for 1143 h 
and 400 MPa load) 

69.0 30.8 
Laves phase 
-phase 
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Fig. 1. TEM images of -phase: a – clear faceted isotropic cuboids (initial state); b – clear faceted 
anisotropic cuboids (900С annealing for 1143 h); с – spheroidized cuboids (creep at 900С 
annealing for 1143 h) 
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Fig. 2. TEM images of the alloy structure after 900С annealing for 1143 h: a – bright-field image; 
b – microdiffraction pattern of the region (a). Black arrows indicate -phase layers. 
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Fig. 3. TEM images of the alloy structure in the initial state: a – bright-field image; b – 

microdiffraction pattern; с – dark-field image of 131     and [048] matching reflections of -

phase. Black arrows indicate -phase particles. 
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Fig. 4. TEM images of the annealed alloy structure: a – acicular formations (indicated with black 
arrow); b – dark-field image in [311] reflection indicated by the black arrow (c). 
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Fig. 5. TEM images of Laves phase: a – bright-field image of lamellar formation (indicated with 
black arrow); b – dark-field image; c – microdiffraction pattern of the region (a). 

 

5) The cubic Laves phase is characterized by the space group 3Fd m  and the crystal structure of MgCu2 type 
[6–8]. This phase is observed in -phase and represents lamellar anisotropic formations. Their average size is about 
~0.52.5 μm (Fig. 5). Laves phase has no effect on morphology of - and -phases and does not disturb their 
distribution in the alloy 
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Let us compare the results of the temperature and creep processes. As can be seen from Table 1, 900С 
annealing during 1143 h has no significant effect on the volume fraction of phases in the total volume. Thus, in the 
initial state this volume fraction is 99.7% (80.0% -phase + 19.7% -phase) and after annealing it is 99.5% (83.0% -
phase + 16.5% -phase). The volume fraction of the ordered -phase slightly increases, while that of the disordered -
phase slightly decreases. Notably, instead of the secondary -phase we observe the secondary AlRe2 phase. 

Creep tests show that the phase composition changes both qualitatively and quantitatively. When the alloy state 
changes from the initial to the post-creep state, the volume fraction of major phases does not change, i.e. 99.8% (69.0% 
-phase + 30.8% -phase). Notably, instead of the secondary -phase we observe the secondary Laves phase and  
-phase.  

It is found that both annealing and creep processes are accompanied by the changing phase composition of 
secondary phases. During the annealing process, -phase dissolves and forms rhenium aluminide. The creep process 
causes the formation of -phase and Laves phase, AlRe2 phase not being observed. The ratio between the volume 
fractions of - and -phases shifts toward the increase in the disordered -phase. We, therefore, observe a slight disorder 
of Re-alloyed superalloy after its long-term thermal treatment. We assume that during the creep process, the localized 
regions in -phase subjected to thermal treatment become low-stable relative to the order–disorder transfer. As a result, 
it is that regions that increase the amount of the FCC solid solution in the post-creep state of the alloy.  

Dislocation structure 

In - and -phases, dislocations are observed in each state of the superalloy. Dislocations form mostly 
network or cell-and-network structure as shown in Fig. 6а, b. In post-creep states, the formation of subboundaries 
occurs (Fig. 6c) 

In specimens, the scalar dislocation density  ranges from 111010 to 8.51011 сm–2 in the disordered -phase 
and from 2.51010 to 7.51010 сm-2 in the ordered -phase. This means that the deformation processes occur during both 
the creep and annealing processes. Usually, the dislocation density in the disordered -phase is sometimes several times 
higher than in the ordered -phase. And the deformation process is therefore more intensive in the disordered -phase. 

The annealing process results in the natural reduction in the dislocation density of - and -phases as shown in 
Fig. 7, curves 1 and 3, respectively. During annealing, the dislocation density in -phase is higher than in -phase. 
Thus, the increase in the annealing time results in the reduction in the dislocation density both in - and -phases.  

As can be seen from Fig. 7, during the creep process the behavior of the scalar dislocation density  = (t) in 
both phases is different (curves 2 and 4, respectively). The deformation processes are more intensive in the disordered 
-phase. At the same time, the dislocation density in -phase is unchanged. This can be explained by the formation of 
the localized low-stable regions in -phase during the creep test that promotes the formation of the diffusion creep 
mechanisms just in the disordered -phase [6]. 
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Fig. 6. TEM images of dislocation substructures: а – network; b – cell-and-network; c – subboundaries. 
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Fig. 7. Scalar dislocation density in -phase (curves 1, 2) and -phase (curves 3, 4) 
depending on the annealing (curves 1, 3) and creep (curves 2, 3) processing. 

 

CONCLUSIONS 

Summing up the experimental results, it can be concluded that the rhenium alloying of Ni–Al–Со superalloy 
caused the localized transfer of the crystal lattice to the low-stability state. That transfer was accompanied by serious 
changes in the structure and phase composition of the alloy which were manifested in the appearance of secondary 
phases, such as -phase, -phase, Laves phase. 

The consequent annealing and creep tests did not affect the phase composition of the alloy, but changed the 
shape of quasi-cuboids of -phase. 

TEM observations showed the formation of different substructures. It was found that the value of the scalar 
dislocation density in the disordered -phase was higher than in the ordered -phase. That indicated to more intense 
deformation processes in -phase. 
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