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Abstract: This article discusses the effects of solid-state bonding (SSB) and subsequent heat treatment (HT) on the 
microstructure, phase composition, and mechanical properties of solid-state joints (SSJ) made of wrought (EK61) and powder 
(EP741NP) heat-resistant nickel superalloys. SSB was performed in a vacuum under the temperature gradually increasing 
from 850°C to 1000°C. After SSB, in the EK61 superalloy transformation of the ultrafine-grained structure into a coarse-
grained one with an average grain size of 38 ± 7 μm is observed, while the microstructure of the EP741NP superalloy remained 
of fine-grained microduplex type. After subsequent HT, grain growth is observed up to the size of 300 ± 48 µm in the EK61 
superalloy and up to 49 ± 5 µm in the EP741NP superalloy. The width of the diffusion zone after SSB was 18 μm, and after HT it 
increased significantly, up to 150 μm. The results of mechanical tests showed that the fracture of the obtained EK61//EP741NP 
joints immediately after SSB occurred in the SSJ zone, and after subsequent HT, the fracture occurred outside the SSJ zone in 
the less heat-resistant EK61 superalloy. The strength after SSB is 660 MPa, and after following HT it is 770 MPa. It was found 
that after SSB, the microhardness of the EK61 superalloy decreased from 3.9 GPa to 2.4 GPa, and in the EP741NP superalloy it 
remained at the level of the initial state. In the SSJ zone, the microhardness, both after SSB and after HT, possesses intermediate 
values between the microhardness values of the superalloys being joined.
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1. Introduction

Currently, the aircraft engine building and power engineering 
industry face the challenge of creating reliable permanent 
joints of heat-resistant nickel superalloys that are used under 
conditions of high temperature gradients and significant 
mechanical loads [1– 4]. The development of effective 
bonding technologies allows for high strength and durability 
of structures. Examples of such promising structures are 
bimetallic structures of the “blisk” type (one-piece joint of 
a disk with blades) and “disk-shaft” [2, 5 – 7]. However, the 
processing and production of high-quality SSJ from hard-
to-deform high-alloy heat-resistant nickel superalloys are 
associated with a number of technological difficulties due to 
their specific physical, chemical and mechanical properties 
[1– 3, 2 – 8].

The solution to the above problem will expand the areas of 
application of bimetallic parts of gas turbine engines (GTEs). 
This will significantly reduce the weight of prospective 
GTEs and improve their energy efficiency and performance 
characteristics, in particular, by increasing their durability 
under cyclic thermomechanical effects [9 –12]. This is 
especially important when using modern heat-resistant 

nickel superalloys, which are characterized by high heat 
resistance and corrosion resistance [13 –16].

However, to implement this task, it is necessary to develop 
scientific and technical proposals for obtaining high-strength 
one-piece joints, for example, between wrought and powder 
heat-resistant nickel superalloys. Traditional methods of 
fusion welding, including arc welding in a protective gas 
environment, spark plasma sintering, electron beam and laser 
bonding, make it possible to obtain strong joints [17 – 23]. It 
should be noted that bonding of high-alloy heat-resistant 
nickel superalloys using the specified methods is often 
accompanied by the formation of defects such as thermal 
cracks, porosity, heterogeneity of the microstructure and 
phase composition in the joint zone, which can significantly 
reduce the performance characteristics of bonded joints 
[24 – 26].

Today, the promising methods for obtaining solid-
state joints are diffusion bonding, types of friction welding 
(linear friction welding, rotary friction welding and friction 
stir welding) or spark plasma sintering [27 – 36]. Diffusion 
bonding is an effective alternative to traditional methods of 
joining heat-resistant nickel superalloys [27, 28]. The diffusion 
bonding process involves plastic creep deformation [28], 
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usually within 5 %. However, diffusion bonding is carried out 
mainly at high temperatures, exceeding the temperature of 
complete dissolution of the strengthening phase. Therefore, 
after diffusion bonding, a significant coarsening of the 
original microstructure can be observed, which can lead to 
a decrease in the strength characteristics of the heat-resistant 
superalloy by 10 –15 %. Despite the effectiveness of friction 
welding, it has a number of disadvantages, such as the 
formation of a heat-affected zone in which a heterogeneous 
structure is formed, high probability of residual stresses, 
and limited applicability for complex-shaped parts [29 – 31]. 
All the above mentioned disadvantages can be eliminated 
by using the solid-state bonding (SSB) method using 
superplastic deformation [31, 32, 37, 38]. This method 
ensures the formation of a homogeneous structure in the 
solid-state joint (SSJ) zone without a temperature gradient, 
which allows achieving strength characteristics at the level 
of the base material. In addition, reducing the welding 
temperature by 200°C or more compared to temperatures in 
traditional diffusion bonding allows reducing energy costs 
and the thermal impact on the material, while maintaining 
its original properties [32, 38].

To ensure high performance characteristics of 
superalloys, it is necessary, among other things, to apply 
heat treatment (HT) after SSB, aimed at eliminating residual 
stresses, increasing thermal stability and ensuring uniformity 
of the microstructure, as well as homogeneous precipitation 
of intragranular coherent particles of the strengthening phase 
[1– 3, 39 – 43].

The aim of the study is to establish the effect of HT on 
the change in the microstructure, phase composition and 
properties of solid-state joints made from heat-resistant 
nickel superalloys EK61 (wrought) and EP741NP (powder), 
which differ not only in chemical composition and type 
of strengthening phase, but also in the method of their 
production.

2. Materials and methods

2.1. Materials

The materials under study were the wrought EK61 superalloy 
and powder EP741NP superalloy obtained by powder 
metallurgy. The chemical composition of the materials 
under study is given in Table 1. The chemical composition of 
the superalloy EK61 corresponds to TU 14‑1‑50‑45‑91, and 
EP741NP corresponds to GOST R 52802-2007.

The wrought EK61 superalloy has an ultrafine-
grained microstructure of a mixed type, formed as a 
result of preliminary deformation and heat treatment in 
the temperature range of 950 – 850°C. The average size 
of the γ-phase grains and incoherent δ-phase particles is 
0.3 – 0.8  μm, the volume fraction of the δ-phase is 24 %. In 
addition to ultrafine grains, relatively large δ-phase particles 

(up to 2 μm in size) are observed in the microstructure, the 
fraction of which is 5 % [32]. Powder superalloy EP741NP 
has a fine-grained microstructure of the microduplex type, 
obtained according to the modes given in the [44]. The 
microduplex structure is represented by grains of the matrix 
γ-phase in the EP741NP superalloy with an average size of 
5.5 ± 0.6  μm. Along the boundaries and in triple junctions 
of γ-phase grains, there are incoherent precipitates of the 
γ'-phase based on the intermetallic compound Ni3(Al, Ti) 
with a size of 2.9 ± 0.7  μm. In addition, coherent dispersed 
particles of the γ'-phase are uniformly precipitated inside 
the γ-phase grains, which are usually formed during cooling 
to room temperature after high-temperature deformation 
treatment, or during the aging process of final HT.

2.2. Methods

Solid-state bonding. Experiments on SSB in vacuum were carried 
out using specimens in a combination of EK61//EP741NP 
superalloys with a step-by-step increase in temperature: 
850°C → 900°C → 950°C →1000°C. Bonding was carried out 
using an original UVSD-1 device for high-temperature (up to 
1250°C) SSB, including a high-temperature furnace, strikers 
made of intermetallic superalloy type VKNA, a cooling 
system for the load cell of the Schenck Trebel testing machine 
type RMS100 and equipment (forevacuum  +  diffusion 
pumps) for creating a vacuum during the deformation 
treatment of the materials being joined. The vacuum depth 
was P = 5 ·10−2 Pa. The SSB experiments were conducted using 
cylindrical specimens with the same diameter of 16 mm with 
the following height values of 20 and 16 mm for EK61 and 
EP741NP superalloys, respectively. The prepared specimens 
were placed in a sealed stainless steel container. Vacuum was 
created and maintained inside the container along with the 
specimens during the entire SSB process. The deformation 
of the specimens together with the container was carried 
out according to the uniaxial compression scheme on a 
Schenck Trebel RMS100 testing machine. During the SSB, 
the container’s tightness was not violated.

Heat treatment. After SSB, some of the deformed specimens 
in the EK61//EP741NP superalloy combination were subjected 
to HT, including high-temperature annealing at 1200ºC and 
subsequent aging at 950ºC in an ATS electric furnace. The heat 
treatment temperature conditions were chosen to be suitable 
for the more heat-resistant EP741NP superalloy.

Microstructure analysis. Microstructural studies 
were performed using a Mira 3LMH scanning electron 
microscope. Electropolished specimens were used for 
microstructural studies using the EBSD analysis method. 
The scanning step for EBSD analysis was 0.3 – 0.8 μm using 
the CHANNEL 5 program. The distribution of elements was 
studied using the energy-dispersive analysis method using a 
Tescan VEGA 3SBH scanning electron microscope with an 
EDX attachment.

Superalloy Al Cr Co W/V Fe Mo Ti Nb Cu C Ni
EK61 1.0 16.6 - 0.5V 15.0 3.9 0.8 5.0 0.5 ≤0.05

Base
EP741NP 5.0 9.0 15.7 5.6W ≤0.5 3.8 1.8 2.6 - 0.035

Table  1.  The chemical composition of nickel superalloys (the main alloying elements, %).
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Mechanical testing. Mechanical tests were carried out at 
room temperature on flat specimens with a working section 
of 3 mm  ×  2 mm and a working length of 6 mm, cut from the 
central part of welded blanks. The travel speed was 0.5 mm / min.

Microhardness measurement. Microhardness was 
measured using a MNT-10 microhardness tester. The load 
was 100 g, the loading rate was 50 g / s, and the holding time 
was 10  s. Microhardness was measured both in the base 
material and in the SSJ zone. Microhardness measurements 
were performed in accordance with GOST 9450-76.

3. Results

Figure 1 shows the microstructure in the SSJ zone and 2 mm 
away from the SSJ after the SSB (Fig. 1a, c, e) and subsequent 
HT (Fig. 1b, d, f) of EK61//EP741NP superalloys.

According to the microstructural analysis, it was 
established that after the SSB, the EP741NP superalloy retained 
its initial fine-grained microduplex-type microstructure. 
However, in the EK61 superalloy, after SSB with a step-
by-step increase in temperature from 850 to 1000°C, the 
ultrafine-grained microstructure was transformed into a 
coarse-grained one with an average grain size of the matrix 
phase of 38 ± 7 μm. The porosity after SSB was 12 %.

After HT in the bonding specimen EK61//EP741NP 
there is a significant grain growth in both superalloys: in 
the EK61 superalloy the grain size is 300 ± 48  μm, in the 
EP741NP superalloy it is 49±5 μm. The porosity decreased 
and was about 5 %.

Figure 2 shows the EBSD maps of the microstructure in 
the SSJ zone after SSB (Fig. 2 a) and subsequent HT (Fig. 2 b).

Figure 3 shows graphs of dependences of the concentration of 
diffusing elements on distance from the SSJ of EK61//EP741NP.  
The dotted lines indicate the boundaries of the diffusion 
interaction region (diffusion zone) of the superalloys being 
joined. In the combination of EK61//EP741NP superalloys, 
active diffusion of Co, W and Al from the EP741NP powder 
superalloy into the deformed EK61 superalloy and counter 
diffusion of Cr, Fe and Nb occurs. The width of the diffusion 
zone after SSB was 18 μm, and after HT the width of the diffusion 
zone increased significantly, up to 150 μm (more than 8 times). It 
should be noted that within the diffusion zone after HT, a more 
monotonous change in the chemical composition is observed 
upon transition from one joined superalloy to the other; brittle 
particles of intermetallic phases are not detected.

Table  2 shows the results of mechanical tests at 
room temperature for tension of flat specimens cut from  
EK61//EP741NP bonded samples. It was found that 
immediately after SSB, failure occurs in the SSJ zone, while in 
the case of SSB and subsequent HT, it occurs outside the SSJ 
zone in the less heat-resistant EK61 superalloy. It is shown, 
that the strength of EK61//EP741NP after SSB is 660  MPa 
that is 0.4  of the strength of EK61 with ultrafine-grained 
microstructure. And following HT increases its level up to 
0.5 one.

The results of fractographic analysis of the fracture 
surfaces of bonded specimens EK61//EP741NP after both 
SSB and subsequent HT are shown in Fig. 4.

The fracture surface has both dimples and chips. Also, on 
both halves there are visible signs of seizing and cracks. The 

fracture surface of the bonded specimens has a pronounced 
relief (Fig. 5). On the side of the EP741NP superalloy, slip lines 
are visible in the grains of the matrix phase, and this pattern 
is observed in large grains. The area in which such grains 
are present is 500 – 700  μm from the interface between the 
two superalloys, and at further distances the grains are not 
deformed. In the EK61 superalloy, slip planes are also visible 
throughout the material.

	            a				    b

	            c				    d

	           e				    f

Fig.  1.  The microstructure of SSJ (a, b) and in the depht of 2 mm of 
EP741NP (c, d) and EK61 (e, f) superalloys after SSB (solid-state 
bonding) (a, c, e) and SSB + HT (solid-state bonding and following 
heat treatment) (b, d, f). 

	           a				    b
Fig. 2. (Color online) The EBSD maps of the SSJ zone of EK61//EP741NP 
after solid-state bonding (a) and following heat treatment (b).
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Table 3 shows the results of microhardness measurements 
both in the area of the base materials and in the solid-state 
joint zones. According to the results of microhardness 
measurements, it was found that after SSB the microhardness 
of the EK61 superalloy decreased from 3.9 GPa to 2.4 GPa, 
and in the EP741NP superalloy it remained at the level of the 
initial state. In the SSJ zone, the microhardness, both after 
SSB and after HT, occupies intermediate values between the 
microhardness values of the superalloys being joined.

Specimen Condition σB, MPa

EK61//EP741NP
SSB 660 ± 85

SSB + HT 770 ± 85

			            a							       b
Fig.  3.  (Color online) The distribution of alloying elements in the solid-state joint of EK61//sEP741NP after solid-state bonding (a) and heat 
treatment (b).

	           a				    b

	            c				    d
Fig.  4.  The fracture surfaces of bonded specimens after SSB (a, c) and 
SSB + HT (b, d): one piece of bonded specimens (a, b); another piece 
of bonded specimens (c, d).

Table  2.  The strength of EK61//EP741NP after SSB and following HT 
at room temperature.

Fig.  5.  (Color online) Surface relief of bonded EK61//EP741NP 
specimens after mechanical tensile testing at 20°C (SSB + HT).

Specimen Condition
Microhadneess, GPa

EK61 In the SSJ EP741NP
Initial state – 3.9 ± 0.2 – 5.6 ± 0.2

EK61//EP741NP
SSB 2.4 ± 0.4 3.6 ± 0.3 5.4 ± 0.2

SSB+HT 3.1± 0.3 4.6 ± 0.3 5.2 ± 0.2

Table  3.  The microhadneess of EK61//EP741NP after SSB and 
following HT at room temperature.
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4. Discussion

In the presented work, bonded joints of EK61 and 
EP741NP superalloys were successfully obtained by SSB 
with a step-by-step increase in temperature in following 
stages 850°C → 900°C → 950°C →1000°C. The choice of 
such temperature conditions of SSB in the combination of 
EK61//EP741NP superalloys was due to the fact that in this 
case superplasticity will manifest itself both in the EK61 
superalloy and in the EP741NP superalloy. Forming solid-
state joint is occurred both by superplastic deformation and 
by diffusion of alloying elements.

Figure 6 presents distribution maps of alloying elements 
at the interface region obtained in SE mode. At the right part 
of the figure, higher magnification maps are given for the 
small area highlighted by the red square.

Particles enriched in carbide-forming elements such as 
Mo, Nb, and Ti and depleted in Cr are visible in SE images 
and maps of alloying element distribution (Fig.  6). These 
particles are located both along the grain boundaries of the 
matrix phase and within the grains. During heat treatment, 
diffusion within the bulk of the material prevails over 
diffusion along the grain boundaries. This is evidenced by the 
intermediate composition of the matrix phase grain interior. 
For instance, after heat treatment, the grains of the EK61 
superalloy adjacent to the interface between the two alloys 
have an intermediate chemical composition. This results 
in the different phase composition within a single matrix 
γ-grain. The γ'-phase precipitates are observed in the matrix 
grains of the gamma phase, which presented Fig. 6 b in red 
square. Such precipitates are revealed to a depth of about 
50  μm toward the EK61 superalloy (noted in Fig.  6 b by 
yellow line and arrows).

Вoth γ-grains adjacent to the interface of EK61 and SSJ 
zone have an intermediate chemical composition between 
the ones of the superalloys joined. Any brittle particles 
are not visible, that is confirmed by the absence of peaks 
in the microhardness values indicated. In addition, the 
distribution maps of alloying elements show that the joint 
interface is sharp in the specimens after SSB, while after  
HT it is blurred.

Thus, the HT led to significant changes in the 
microstructure and phase composition in the solid-state 
joint zone of EK61//EP741NP superalloys and far from this 
zone. The microstructure of both superalloys became coarse-
grained, and the visible line of the solid-phase bond became 
more sinuous. Noted change is likely due to migration of grain 
boundaries. As well as, during HT, in the process of collective 
recrystallization in the SSJ zone of EK61 and EP741NP 
superalloys, common grains are formed. At the same time, 
the change in the content of alloying elements when moving 
from one joined superalloy to the other became smoother. 
However, according to the microstructural and mechanical 
testing results noted above, it should be noted, that selected 
heat treatment conditions are not optimal, since they led to 
excessive grain growth to 300 ± 48 μm in the EK61 superalloy. 
With such a large grain size, the tensile strength of the EK61 
superalloy is 15 – 20 % lower than in the material with a 
smaller grain size (30 – 40 μm). Despite the fact that fracture 
occurred along the EK61 superalloy, the tensile strength level 

is 0.5 of the tensile strength of the EK61 superalloy with the 
original UFG microstructure. After fracture of the welded 
specimens, signs of bonding are observed. The fracture most 
likely occurred along the grain boundaries of the EP741NP 
superalloy. In the heat-treated specimens, crack initiation 
during fracture occurred in the matrix phase grains of 
the EK61 superalloy. Cracks are observed on flat surfaces 
corresponding to the cleavage planes. The presence of both 
cleavage zones and pits suggests a mixed fracture pattern.

5. Conclusion

The solid-state bonding method in temperature range 
850 –1000°C allowed for obtaining SSJ of heat-resistant 
EK61 and EP741NP nickel superalloys. After heat treatment 
of EK61// EP741NP bonded samples the microstructure of 
both superalloys became coarse-grained one with grains of 

			         a

			          b
Fig.  6.  (Color online) Microstructure and maps of alloying element 
distribution (Cr, Mo, Nb, Ti) in the SSJ zone  after SSB (a) and 
SSB + HT (b).
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the γ-matrix phase 300 ± 48  μm in EK61 and 49 ± 5  μm in 
EP741NP superalloys.

After heat treatment, the γ-matrix phase grains in the 
heat-resistant EK61 superalloy adjacent to the interface 
between the two alloys have an intermediate chemical and 
phase composition. In the side of EK61 superalloy, γ'-phase 
precipitates are observed only within one matrix grain in a 
depth of about 50 μm.

The bonded specimens subjected to heat treatment failed 
outside the solid-state joint zone. However, heat treatment 
conditions used in the present study led to strong softening 
of the EK61 superalloy. The strength after SSB is 660 MPa, 
after subsequent heat treatment it is 770 MPa.
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