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It is well-known that the harsh operational conditions of turbine 

blades lead to a gradual change in the microstructure of underlying 

Ni-based superalloy of blades. Accordingly, a rejuvenation process 

should be conducted on turbine blades superalloys to recover their 

microstructures. The first and main step of the rejuvenation process 

is the determination of appropriate solution condition in which ϒʹ 

precipitates dissolve in the ϒ matrix. In this study, different heat 

treatment conditions were applied on a Ni-based single crystal 

superalloy to determine its solution condition. The results of 

scanning electron microscopy (SEM) showed that with increasing 

the solution treatment temperature from 1275°C (3h) to 1330°C (3h), 

at first, ϒʹ precipitates at dendritic regions dissolve and complete 

solution of ϒʹ phase occurs only after increasing the solution 

temperature to 1350°C (3h). The full solution condition (1350°C-3h) 

will be used as the first step of the rejuvenation process of these 

blades in future studies. 
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1-Introduction 

Nickel-based superalloys have good 

mechanical properties at high temperatures and, 

for this reason, they have found widespread 

application in different industries such as 

aircraft and gas and steam turbines. Two 

important phases that exist in Ni-based 

superalloys are ϒ matrix and ϒʹ precipitates 

with the composition of  

(Ni3 (Al, Ti)) and with L12 structure which is 

coherently dispersed in the ϒ matrix [1, 2]. 

Generally, the creep rupture occurs in grain 

boundaries. As a consequence, for improvement 

of creep resistance in an Ni-based superalloy, 

cast single crystal blades have been developed 

[3]. In single crystal superalloys, the volume 

fraction of ϒʹ increased to 60-70% and the 
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refractory metals such as (Mo, Ta, Nb, W) were 

added to these alloys [4]. The microstructure of 

turbine blade during working at raised 

temperatures and high stresses continuously 

changes. The ϒʹ precipitates become coarser, 

the morphology of cubic ϒʹ changes into an 

irregular morphology and finally, rafting occurs 

in these precipitates. Also, the volume fraction 

of ϒʹ phase decreases accordingly which leads 

to the deterioration of the superalloy 

mechanical properties and reduction of the 

remaining life of blades [5, 6]. The costs of 

replacement of blades are too high and, as a 

consequence, finding an appropriate method for 

repairing the blades is crucial [7]. The 

rejuvenation heat treatment can convert the 

degenerated microstructure of superalloys to an 
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optimum structure and increase the remaining 

life of turbine blades. The rejuvenation heat 

treatment includes: (i) solution treatment and 

(ii) aging treatment. The first and the dominant 

stage in the rejuvenation process is solution 

treatment in which ϒʹ precipitates dissolute in 

ϒ matrix and the superalloy structure is 

converted to a homogeneous structure [8-10]. 

Also, it is well-known that the pre-service of 

turbine blades may affect the heat treatment 

conditions [11]. On this basis, the determination 

of solution time and temperature of ϒʹ 

precipitates is an essential step for the 

rejuvenation process in ex-service turbine 

blades. In previous researches, the solution 

conditions of fresh Zhs32 Ni-based superalloys 

have been explored [12]. However, to the best 

of our knowledge, the solution conditions of ex-

service Zhs32 blades have not been reported 

yet. 

In the current study, the temperature and time 

of full solution of ϒʹ precipitates in an ex-

service Ni-based single crystal superalloy were 

investigated. Various temperatures were 

examined for solution treatment and the final 

microstructures of the heat treated samples were 

studied by scanning electron microscopy 

(SEM). 

 

2-Experimental procedure 
The chemical composition of the nickel–based 

cast single crystal superalloy (ZhS32) was 

determined by means of an Oxford Foundry 

Master Quantometer device. The weight 

percentages of the elements of the superalloy 

are shown in Table 1. As can be seen in Fig.1, 

samples with the dimensions of 11 cm2 from 

the center part of the serviced turbine blade 

were prepared by using Electrical Discharge 

Machine (EDM). The aluminide diffusion 

coating of turbine blades was removed by a 

chemical solution composed of 9 ml HNO3, 2 

ml HCl, 0.37 gr CuSO4, 0.025 gr, FeCl3, and 

9ml H2O. After electrical discharge machining, 

the samples were ground to a 2500 grit with the 

SiC papers followed by polishing using 

diamond paste. The specimens were chemically 

etched with a marble solution of 20 gr CuSO4, 

50 ml HCl and 100 ml H2O. 

Microstructural observations of the samples 

were performed with a TESCAN scanning 

electron microscope (VEGA II LMU/XMU). 

The geometrical parameters such as the particle 

size and volume fraction of ϒ´ were measured 

utilizing Image-pro Plus software by the linear 

intercept method. The solution heat treatment 

was performed on the specimens in an argon 

atmosphere furnace. 

The heat treatment details are presented in 

Table 2. For solution treatment, the samples 

were heated at a rate of 10 °C/min. After 

reaching the peak temperature, the samples 

were hold for 3h and then water quenched. 

In order to estimate the ϒ′ solvos temperature 

and to design the solution heat treatment 

conditions, differential scanning calorimetry 

(DSC) analysis was performed on the ex-

service blades. The results showed that the ϒ′ 

solvos temperature is about 1285°C which is 

slightly higher than the reported solution 

temperature of new Zhs32 superalloy (1275°C) 

[11]. As a consequence, the temperature of 

1275°C was chosen as the lower limit of 

solution treatment. The upper limit of solution 

treatment of the ex-service blades was the first 

temperature in which ϒ′ precipitates completely 

dissolved throughout the sample. 

For detection of full solution temperature of 

ϒ´, microstructural analysis was performed on 

specimens. After mechanical polishing, the 

samples were electrochemically etched in a 

20% oxalic acid (DC voltage=4 v, time=5 s). 

 

 
Fig. 1. Ex-service turbine blade. 
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Table 1. Chemical composition of the Ni-based cast single crystal superalloy. 

Ni Re Hf Nb Al Ti Mo W Ta Co Cr C 

bal 4 0.03 1.87 5.86 0.061 1.29 8.50 4.01 9.27 5.09 0.15 

Table 2. Solution heat treatment schedules for the Ni–based cast single crystal superalloy. 

No. Solution temperature (°C) Holding  time (h) Cooling 

1 1275 

3 Water Quenching (WQ) 

2 1285 

3 1295 

4 1330 

5 1350 

3-Results and discussion 
3-1-Microstructural evolution of the Ni-

based superalloy 

In Fig. 2a, microstructure of the Ni-based 

superalloy prior to service has been 

demonstrated. It can be seen that two kinds of 

ϒ′ precipitates exist in Ni-based superalloys: (i) 

primary ϒ′ with cuboid morphology and (ii) 

secondary ϒ′ precipitates with spherical 

morphology. The primary ϒ′ precipitates 

nucleate at high temperatures at the triple 

junctions and pin the  grain boundary and reach 

the equilibrium composition. Due to higher 

nucleation temperature in primary gamma 

prime precipitates, these precipitates can reach 

to larger sizes and higher volume fractions in 

the microstructure. However, due to changing 

diffusivities and build up of supersaturation in 

the γ matrix, secondary γ′ precipitates nucleate 

at lower temperatures and due to limited 

growth, these precipitates maintain their 

spherical morphology and non-equilibrium 

compositions. The result is a bimodal 

distribution of γ′ precipitates in the ϒ matrix. 

The γ′ precipitates are the most important 

strengthening phase in the Ni-based 

superalloys. The coexistence of γ′ precipitates 

with spherical and cuboid morphologies will 

yield better mechanical performance. In a 

typical Ni-based superalloy, fine and 

homogenously dispersed secondary γ′ 

precipitates provide creep resistance while 

coarse primary γ′ precipitates improve the 

ductility of the alloy. As a consequence, a 

bimodal configuration of primary and 

secondary gamma prime precipitates is favored 

[13]. 

In cast Ni-based superalloys, M23C6, M6C and 

MC carbides exist in the microstructure [14]. 

Generally, in the Ni-based superalloys with 

high weight percentages of tungsten and 

molybdenum elements, M6C-type carbides are 

formed with an acicular morphology [15]. In 

Fig. 2(b), M6C carbides with a typical acicular 

morphology have been demonstrated. The 

results of EDS analysis taken from these 

carbides show that Nickel, Cobalt, Tungsten 

and Chromium are the main elements which 

exist in the M6C carbide structure. Previous 

results performed on Ni-base cast single-crystal 

superalloys have shown that the M6C carbides 

are formed in the temperature range of 816-

1038°C [14]. 

 

3-2-Determination of solution temperature 

in the serviced ZhS32 superalloy 
In Ni-base cast single-crystal superalloys, 

higher amounts of tungsten, rhenium, and 

tantalum elements exist in the microstructure 

which will elevate their solution temperature. 

For a new ZhS32 turbine blade, the 

homogenization temperature has reported to be 

about 1275°C [16-19]. In Fig. 3, microstructure 

of the serviced superalloy after solution 

treatment at 1275°C for 3h has been presented. 

It can be seen that ϒˊ precipitates in dendritic 

and inter-dendritic regions did not dissolve, 

indicating that operational conditions of turbine 

blade change the solution conditions of the 

underlying superalloy. Also, as observed in 

Fig.3 (b), coarsening of ϒˊ precipitates in inter 

dendritic region occurred and their size 

increased from 0.601 µm2 (initial size) to 2.19 

µm2 after solution at 1275°C for 3h. With 

increasing the solution temperature to 1285°C 

for 3h (Fig. 4), similar to the sample 

solutionized at 1275°C, coarsening of ϒˊ 

precipitates occurs. In dendritic and inter-

dendritic regions, the ϒˊ phase starts to 

dissolve. With the aid of the results obtained 

from image analysis (table 3), it can be 

recognized that the volume fraction of the ϒˊ 

phase in this sample reduced in comparison 

with the sample solution treated at 1275°C. 
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Fig. 2. (a) Microstructure of primary and secondary gamma primes in pre-serviced Zhs32 superalloy, (b) SEM 

micrograph shows the acicular morphology of M6C carbides and EDS results obtained from this phase. 

 

 
Fig. 3. SEM micrographs of the serviced superalloy after solution treatment at 1275°C for 3h. 
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(a) (b) 

Fig. 4. SEM micrographs of the serviced superalloy after solution treatment at 1285°C for 3h. 

 

Table 3. The results of image analysis after heat treatment. 

Heat treatment procedure ϒˊ particle size(սm2) ϒˊ volume fraction% 

1275°c / 3hr 2.19 85.57 

1285°c / 3hr 2.353 72.45 

1295°c / 3hr 0.931 17.25 

1330°c / 3hr 0.757 6.5 

Base Sample 0.601 42.33 

 

With further increment of the solution 

temperature to 1295°C for 3h (Fig. 5(a)), the 

volume fraction and size of ϒˊ precipitates  

considerably reduced. In solution treatment at 

1330°C for 3h (Fig. 5(b)), the ϒˊ precipitates in 

dendritic regions completely dissolve and in 

inter-dendritic regions and only a small amount 

of ϒˊ precipitates will remain. According to the 

studies conducted by Sidhu and colleagues [20], 

precipitation of fine secondary ϒˊ particles 

occurs predominantly within the dendrite cores 

and to a lesser extent in the interdendritic 

regions. Also, it is well known that secondary 

ϒˊ precipitates nucleate at lower temperatures 

in comparison with primary ϒˊ phases. As a 

consequence, during solution treatment, the rate 

of ϒˊ particles dissolution in dendritic regions 

is more than that in inter-dendritic regions. This 

issue can be clearly observed in Fig. 4(a) and 

Fig. 5(a,b). 

  
(a) (b) 

Fig. 5. SEM micrographs of the serviced superalloy after solution treatment at (a) 1295°C for 3h, 

(b) 1330°C for 3h. 
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Finally, with solution treatment at 1350°C for 

3h and water quenching (Fig. 6(a)), the ϒˊ 

precipitates in both dendritic and inter-dendritic 

regions dissolve, showing that full solution of 

this phase occurred in this condition. Also, the 

results of EDS analysis (Fig. 6(b)) taken from 

carbides confirm that the MC-type carbides 

which contain refractory metals remain after 

solution treatment in the microstructure [21]. 

During solution treatment, the MC-carbides are 

partially dissolved and their morphology 

changes from initial blocky shape to semi-

spherical particles. It has been shown that the 

formation of spherical and discrete MC-

carbides is beneficial for the enhancement of 

creep resistance of the Ni-based superalloys 

[22]. This solution treatment condition (1350°C 

for 3h) will be used as the first step of 

rejuvenation process in future works.

 

  
(b) (a) 

Fig. 6. (a) SEM micrograph and (b) EDS spectra taken from MC carbides after solution treatment at 1350°C 

for 3h. 

 

4-Conclusion 
During operation of turbine blades, 

microstructure of the underlying superalloys 

continuously changes which deteriorates its 

properties. As a consequence, an intermediate 

rejuvenation process should be performed to 

recover its microstructure. The first step of the 

rejuvenation process is solution treatment. 

Microstructural changes and segregation of 

elements during operational conditions will 

cause the solution condition of the serviced 

turbine blade to differ from that of the virgin 

blades. In this study, various solution treatments 

were conducted on the serviced Ni-base cast 

single crystal superalloy (ZhS32). The result of 

DSC analysis performed on the ex-service blade 

showed that the ϒ′ solvos temperature is about 

1285°C which is slightly higher than the 

reported solution temperature of virgin Zhs32 

superalloy. Microstructural analysis performed 

by SEM showed that the solution treatment at 

1275°C for 3h did not yield the dissolution of 

ϒˊ phase and further temperature increment 

required for full solution. The SEM images 

taken from solutionized microstructure at 

1285°C and 1295°C proved that the coarsening 

of ϒˊ precipitates occurred and that the volume 

fraction of ϒˊ precipitates reduces with 

increasing the solution temperature. Also, it was 

observed that the rate of ϒˊ particles dissolution 

in dendritic regions is more than that in inter-

dendritic regions which is attributed to the 

higher nucleation ratio of secondary ϒˊ phases 

in dendritic cores. The full solution of ϒˊ phase 

occurred at the temperature of 1350°C for 3h in 

which all of the ϒˊ precipitates dissolve and a 

supersaturated solid solution with MC-type 

carbides remains. 
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