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Hot compressions tests of Inconel 625 superalloy were conducted using a deformation dilatometer to the strain level 
of 0,7 at 1 050 °C, with a different strain rate. Optical microscope and electron backscatter diffraction technique were 
used to investigate the microstructure evolution and nucleation mechanisms of dynamic recrystallization. Microstruc-
tural evolution of Inconel 625, deformed to the strain level of 0,7 at 1 050 °C, reveals that the size of the dynamic recrys-
tallization (DRX) grains and the fraction of DRX increase with the decrease in strain rate. At the strain rate 10 s-1, the 
grain sizes are mainly located in the size below 20 μm, indicating that nucleation of DRX was dominant due to the 
combined effects of high stored energy and short deformation time for grain growth at high strain rate. 
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INTRODUCTION

Inconel nickel-chromium alloy 625 is used for its 
high strength and outstanding corrosion resistance. The 
strength of Inconel alloy is derived from the stiffening 
effect of molybdenum and niobium on its nickel-chromi-
um matrix; thus precipitation-hardening treatments are 
not required. This combination of elements is also re-
sponsible for superior corrosion resistance to a wide 
range of corrosive environments of unusual severity as 
well as the high-temperature effects. During the hot de-
formation of metals or alloys, material flow behaviour is 
often very complex, and the control of microstructure is 
important to optimize the final mechanical properties [1]. 
Studies show that the work hardening (WH), dynamic 
recovery (DRV) and dynamic recrystallization (DRX) 
occur in the metals and alloys with low stacking fault 
energy during hot deformation [2,3]. Generally, DRX is 
not only an important softening mechanism, but also an 
effective method to refine size. The nickel-based superal-
loys are used in modern aero engines and gas turbine. 
The strengthening mechanism is mainly ascribed to the 
coherent γ’ (LI2 Structure with Ni3(Al,Ti) composition 
and γ’’ (DO22 structure with Ni3Nb composition) phases in 
the face centered cubic matrix (γ phase) [4].

EXPERIMENTAL

Flat specimens of Inconel 625, with chemical com-
position in Table 1, were used for hot-deformation tests. 
The specimens were cut from 11 mm thick hot-rolled 
plate. Cylindrical specimens with a diameter of 5 mm 
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and height of 10 mm were machined from flat speci-
mens of Inconel 625. Hot compression tests were per-
formed on a TA Instruments DIL805A/D. One tempera-
ture (1 050 °C) and four different strain rates (0,01, 0,1, 
1 and 10 s-1) were used in the hot compression tests, and 
the final log. deformation degree was 0,7. Each speci-
men was heated to 1 050 °C at a heating rate of 10 °C/s 
and then soaked for 10 minutes. The stress-strain data 
were automatically recorded by the testing system dur-
ing the hot compression. The specimens were immedi-
ately quenched by argon after each experiment. Then 
the deformed specimens were cut along the compres-
sion axis section for microstructural analysis. After pol-
ishing and ion etching the samples were observed by 
optical and scanning electron microscope.

Table 1 Chemical composition of Inconel 625 /wt.%

C N Ni Mo Nb Cr Ti
0,01 0,018 63,4 8,7 3,5 21,8 0,29

RESULTS AND DISCUSSION

Figure 1 shows the initial microstructure of Inconel 
625 before hot deformation. The specimens had a fine 
homogeneous γ phase with carbides solute in the ma-
trix. The microstructure consists of equiaxed austenitic 
grains with a mean grain size of 80 μm and a large num-
ber of annealing twins, typical for alloys with low stack-
ing fault energy [5]. 

Figure 2 shows the true stress-true strain curves of 
the alloy deformed a 0,7 true strain at 1 050 °C with dif-
ferent strain rates. Obviously, there is a work-hardening 
stage at the strain less than 0,2, which is mainly caused 
by the increase of dislocation density and the formation 
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of poorly developed subgrain boundaries. With the in-
creasing strain dynamic softening mechanisms occur, 
leading to the decrease of flow stress. In general the hot 
deformation is a competing process between the work 
hardening and dynamic softening. At the strain rate of 1 
s-1 a steady-state flow stress can be reached.  This means 
the work hardening and dynamic softening mechanisms 
reached a dynamic equilibrium. At the strain rate of 10 
s-1 the curves exhibit continuous flow softening. Figure 
2 shows that the flow stress is sensitive to the strain rate. 
At high strain rates, the reduction of deformation time 
restrains the growth of DRX grains and increases the 
wok hardening effect. Thus, the flow stress at high 
strain rate is higher than at low strain rate [5-7]. 

Figure 3 shows the evolution of microstructure of the 
alloy deformed to the 0,7 true strain at 1 050 °C with dif-
ferent strain rates. The nucleation and the growth of DRX 
grains, the volume fraction of DRX grains, and average 

grain size are strongly influenced by the strain rate. At the 
strain rate 10 s-1 the microstructure is composed of elon-
gated deformed grains and fine DRX grains (Figure 3, 
strain rate-10 s-1). At the strain rate of 1 s-1, small DRX 
grains and some deformed grains are visible (Figure 3, 
strain rate 1 s-1). The new recrystallized grains nucleate 
on the deformed grain boundaries and form a necklace 
around it [8-10]. With the decreasing strain rate, the ini-
tial large grains disappeared and more DRX grains are 
formed (Figure 3, strain rate 0,1 s-1). The specimen de-
formed at the strain rate of 0,01 s-1 has a fully recrystal-
lized microstructure, it is composed of uniform and small 
DRX grains (Figure 3, strain rate 0,01 s-1). This is very 
similar to the research of Zhang H. et al [11]. 

Figure 1  Optical micrograph of the studied superalloy before 
hot deformation 

Figure 2  True stress-true strain curves of the alloy deformed to 
a 0,7 true strain at 1 050 °C with different strain rates

Figure 3  The evolution of microstructure of the alloy deformed to a 0,7 true strain at 1 050 °C with different strain rates 



115

F. TEHOVNIK et al.: EVOLUTION OF MICROSTRUCTURE DURING HOT DEFORMATION OF INCONEL 625...

METALURGIJA 58 (2019) 1-2, 113-116

strain rate (10 s-1) many DRX grains and incomplete 
necklace structures appear (see Figure 5). The accelera-
tion of DRX at the minimum strain rate results from the 
fact that the decrease in the critical dislocation density 
leads to a decline of the critical strain required for the 
initiation of DRX [6, 12]. 

CONCLUSIONS 

Hot compressions tests of Inconel 625 superalloy 
were conducted using a deformation dilatometer to the 
strain level of 0,7 at 1 050 °C, with a different strain 
rates. The conclusions are as follows:

The flow stress is strain rate dependent and increas-
es with increasing strain rate. The flow curves are char-
acterized by the initial rapid work hardening stage to 
attain a peak stress at the a true strain of 0,2 followed by 
flow softening at the strain rate 10 s-1. At the lower 
strain rates a steady flow stress is observed in contrast 
to that observed at the higher strain rate, where stress 
decreases gradually.

Microstructural evolution of Inconel 625, deformed 
to the strain level of 0,7 at 1 050 °C, reveals that the size 
of the DRX grains and the fraction of DRX increase 
with the decrease in strain rate.

At the deformation strain rate 0,01 s-1 the specimen 
has fully recrystallized during hot deformation. Incom-
plete recrystallization occurs when deformed with the 

The microstructural evolution of Inconel 625, de-
formed to the strain level of 0,7 at 1 050 °C, reveals that 
the size of the DRX grains and the fraction of DRX in-
crease with the decrease in strain rate. 

Figure 4 shows the grains size distributions and 
number of grains of the alloy deformed at 1 050 °C. At 
the strain rate 10 s-1, the grain size are mainly located in 
the size below 20 μm, indicating that nucleation of 
DRX was dominant due to the combined effects of high 
stored energy and short deformation time for grain 
growth at high strain rate. In their words, higher nuclea-
tion and lower growth during high strain rate deforma-
tion led to finer DRX grains. 

The „deformation“ component illustrates the change 
of the crystal lattice orientation from point to point in 
each grain. Deviation from the average orientation of 
the grain (misorientation) is calculated for each grain. If 
this value exceeds the critical angle (usually defined be-
tween 1 and 2 degrees), the grain is deformed. Some 
grains are composed of subgrains, whose internal devi-
ation from the mean orientation is smaller than the criti-
cal angle, and the deviation between the subgrains is 
greater than the critical angle - these grains are defined 
as substructured. All other grains are classified as re-
crystallized. In the strain rate range of 0,01-10 s-1, the 
volume fraction of DRX grains decreases with increas-
ing strain rate. The lower strain rate can provide more 
time for grain boundary migration, which can promote 
the development of DRX process. With increasing 

Figure 4  Grain sizes distribution and number of grains of the 
alloy deformed at 1 050 °C at different strain rates Figure 5  The volume fractions of DRX grains at different strain 

rate
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strain rate 10 s-1, the recrystallization begins at the de-
formed grain boundaries, being consistent with the 
necklace mechanism.
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