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Abstract A short process of Inconel 625 alloy tube was

developed to solve the problems of the traditional extrusion

process, and particular attention was paid on the hot

deformation behavior of the as-cast Inconel 625 alloy. The

hot compression experiments were performed to study the

hot deformation behavior of Inconel 625 in the temperature

range of 900–1200 �C and strain rate range of

0.01–10.00 s-1 by Gleeble-3500. The hot compressed

microstructure was examined to study the effects of tem-

perature and strain rate on the microstructural characteristic

by electron backscatter diffraction (EBSD). The results

show that the processing maps were greatly influenced by

the temperature rather than the strain rate. It is found that

with the strain increasing, the instability zone gradually

turned to the low-temperature and low strain rate area,

while the range of high-temperature instability area shrank.

The optimum condition of the as-cast Inconel 625 alloy

was determined as high strain rate region (temperature of

1100–1200 �C, strain rate of 1.00–10.00 s-1) with the

dissipation efficiency of above 0.28. As illustrated by

microstructural characteristic of EBSD analysis, the perfect

dynamic recrystallization occurred and fine grain structure

was obtained under this deformation conditions.

Keywords Inconel 625; Hot deformation behavior;

Constitutive equation; Microstructure; Processing map

1 Introduction

As a kind of Ni-based superalloy, Inconel 625 alloy has

about 60% nickel content [1–4]. The initial development of

the Inconel 625 alloy was intended to meet the high

strength of the main steam tube [5–7]. Afterward, due to

superior corrosion resistance, oxidation resistance, good

creep properties, the fatigue properties, microstructural

stability and excellent high-temperature mechanical prop-

erties, Inconel 625 alloy has been widely used within

structural components, power plant of aeroengine, nuclear

industry, chemical equipment and spraying [8–10].

The traditional extrusion process of Inconel 625 alloy

tubes was displayed, as shown in Fig. 1a. However, long

process, large energy consumption, complicated process of

cogging, the brittle fracture and many defects were

inevitable in this process [11, 12]. In order to solve these

problems, a short process of Inconel 625 alloy tube was

developed, as illustrated in Fig. 1b. Compared with the

traditional hot extrusion process, the new process cancels

the cogging process and greatly shortens the processing

time to reduce the energy consumption. At present, the new

process has achieved obvious results in actual production.

In addition, the deformation behavior and forming pro-

cess of the Inconel 625 alloy are complex because of the

large deformation resistance and the narrow range of hot

forming parameters. At present, a lot of reports have been

demonstrated on the deformation behavior, plastic

mechanical properties and microstructural evolution with

different deformation conditions. At high temperatures, the
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grain growth behavior of Inconel 625 alloy was studied

[13]. The results show that the fine crystals microstructure

of Inconel 625 alloy increases significantly with the

increase in temperature. Scanning electron microscope

(SEM), X-ray diffraction (XRD) and chemical analysis

method were carried out to illustrate the effect of W and

Mo addition on the microstructure and mechanical prop-

erties of GY200 alloy [14]. Based on the extrusion tech-

nology of large-scale thick-walled Inconel 625 alloy pipe,

the influence rule of process parameters on forming and the

forming limit map Inconel 625 alloy were determined [15].

The microstructure, hardness and tensile properties of

multiphase V100-2x–Tix–Nix (x = 10, 15, 20) alloys for

hydrogen separation were investigated [16]. Microstruc-

tures and mechanical properties of Mg alloys extruded at

various deformation conditions were investigated [17, 18].

Specially, some reports focused on the dynamic recrystal-

lization behavior during hot deformation were studied

[19–24]. The study found that the grain size and the

recrystallization volume fraction increased with the

increase in temperature, and the deformation began at the

original twin grain boundaries at 1150 �C [20]. Moreover,

the strain rate played a significant role in the dynamic

recrystallization process of GH690 alloy [23]. Furthermore,

scholars have also devoted to improving the hot forming

technique of superalloy [24–26]. With the neutron

diffraction method, the residual stress in the Inconel 625

alloy tube was predicted [24]. By response surface methods

to optimize the extrusion process for large-size thick-wal-

led Inconel 625 alloy pipe, the best process parameter

window was obtained [25]. The die surface was treated

with shot peening to improve the die life [26]. Finally,

studies have investigated the hot processing map of

superalloys during hot deformation [27–30].

In this study, hot compression experiment of as-cast

Inconel 625 alloy was implemented by the thermo-simu-

lator system Gleeble-3500. The true stress–strain curves,

constitutive equation, the processing map and the effects of

temperature and strain rate on the microstructural charac-

teristic were established. The research results will provide a

theoretical basis for the simulation optimization and

numerical calculation of short processes and also lay the

foundation for improving the current hot extrusion process

or preparing a more excellent hot extrusion process.

2 Experimental

The material used in this experiment was Inconel 625 alloy

provided by Jinchuan Nickel Alloy Co., Ltd., as shown in

Fig. 2a, b. The chemical compositions of the Inconel 625

alloy are given in Table 1. The microstructure of the cross

section of the alloy is observed by optical microscope (OM,

XTZ-D), as illustrated in Fig. 2c, d.

The segregation phases of as-cast Inconel 625 alloy

were investigated by differential scanning calorimeter

(DSC, 404 F3 Pegasus�) and energy-dispersive spectrom-

eter (EDS, SEM-6700F), as shown in Fig. 2e, f. There are

some brittle Laves phases and carbides (MC) in the alloy

by (Fig. 3b). The main elements of segregation phases are

Nb, Cr, Mo, Al, Ti. The segregation coefficient (K) was

calculated to represent the segregation degree of each

element based on the result of EDS, as shown in Table 2.

The segregation degree of elements can be sorted as

Nb[Mo[Ti[Al[Cr.

In order to eliminate segregation and dendrite, the two-

stage homogenization treatment of the as-cast Inconel 625

alloy was carried out. The scale of Laves phases simply

decreased with increase in the homogenization treatment

time, and the morphologies also changed, as shown in

Fig. 3a–d. Laves phases are basically eliminated after 32-h

homogenization treatment. The treatment process was at

1100 �C for 11 h and then heated to 1150 �C for 60 h. As

shown in Fig. 3e, a mass of equiaxed crystal were

Fig. 1 a Traditional extrusion technology; b short flow extrusion process for Inconel 625 alloy tubes
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Fig. 2 Macroimages of a Inconel 625 alloy ingot and b its low-power macrostructure; as-cast OM images of Inconel 625: c intersecting surface

and d longitudinal surface; segregation phases of as-cast Inconel 625 by e DSC and f EDS

Table 1 Major chemical compositions of Inconel 625 (wt%)

C Cr Ni Co Mo Al Fe Ti Nb Si Mn

0.042 21.77 60.63 0.19 8.79 0.21 3.68 0.40 3.75 0.12 0.20

Fig. 3 Microstructure of as-cast Inconel 625 after homogenization treatment for different times: a 4 h, b 8 h, c 16 h and d 32 h; e OM image of

Inconel 625 after homogenization treatment
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observed, and some twins formed simultaneously during

homogenization treatment.

The sample of alloy was cut into U8 mm 9 12 mm and

polished for one-way compression experiments on Gleeble-

3500 hot simulation experimental machine. It was heated to

the experimental temperature at a speed of 278 K�s-1, and

the compression deformation was carried out at different

strain rates after 3-min heat preservation. The deformation

temperature of the hot simulation test was 900, 950, 1000,

1050, 1100, 1150 and 1200 �C, respectively. The strain rate

was 0.01, 0.10, 1.00 and 10.00 s-1, and the maximum true

strain was 0.7. After the hot compression, the samples were

immediately water-cooled. Specially, to reduce the effect of

friction on the stress state, graphite was applied at both ends

of the specimen, and tantalum was added to the specimen.

For convenience of electron backscatter distribution (EBSD,

JSM-6700F) analysis, all specimens were ground to a

thickness of 1–3 mm, and disks with 3 mm in diameter were

punched out. Next, the samples were mechanically polished

and then polished electrolytically with a solution of 20 ml

H2SO4 ? 80 ml CH3OH.

3 Results and discussion

3.1 True stress–strain curve

Figure 4 shows the true stress–true strain curve of the as-

cast Inconel 625 alloy at different temperatures and strain

rates. It can be found that the flow stress with deformation

degree increases rapidly to a peak, then gradually decreases

and finally tends to be stable, which accords with the

rheological characteristic of low stacking fault energy

(SFE) metals and also indicates the occurrence of dynamic

recrystallization during hot deformation. At the same strain

rate, the flow stress decreases with the increase in defor-

mation temperature, and at the same temperature, the flow

stress increases with the increase in strain rate.

When the strain rate of Inconel 625 is 0.01 and 1.00 s-1,

the stress–strain curves present serration after the rheo-

logical stress reaches the peak value. This is due to the

interaction between the softening caused by dynamic

recrystallization and the hardening caused by retransfor-

mation of the recrystallization grain. This phenomenon also

indicates that dynamic recrystallization–deformation

occurs repeatedly during the deformation process.

Obviously, the dynamic recovery and dynamic recrystal-

lization appeared during hot compression deformation of the

as-cast Inconel 625 alloy. In the initial stage, the dislocation

density increases with the increase in strain, and the softening

effect of Inconel 625 caused by dislocation cross-slip is not

enough to compensate for the hardening effect caused by the

increase in dislocation density, so that the flow stress

increases quickly. Therefore, work hardening is dominant

before reaching the peak stress. When the deformation is

large enough to exceed a certain critical deformation amount,

the dislocation density is also relatively high, the deformation

storage energy will provide a driving force for recrystalliza-

tion, and at this time, the softening effect caused by dynamic

recrystallization gradually becomes dominant, but when the

hardening caused by the retransformation of the grains and

the softening caused by recrystallization reach a dynamic

balance, the flow stress reaches a certain peak, and then, the

curve enters a steady state.

3.2 Constitutive equations

The influence of the strain rate ( _e) on the flow stress (r) and

temperature during hot compression of Inconel 625 can be

represented by constitutive equations proposed [31].

Equation (1) is the general form of the constitutive relation

of Arrhenius.

_e ¼ A1 sinh arð Þ½ �nexp �Q=RTð Þ ð1Þ

Equation (1) can be expressed as different forms under

different stress levels. The specific results are as follows:

_e ¼ A1r
n1 expð�Q=RTÞ when ar� 0:8 ð2Þ

_e ¼ A2 exp brð Þ expð�Q=RTÞ when ar� 1:2 ð3Þ

_e ¼ A sin arð Þ½ �nexpð�Q=RTÞ ar is an arbitrary value

ð4Þ

Equation (2) is suitable for a low stress level, Eq. (3) is

suitable for a high stress level, and Eq. (4) is suitable for all

stress, where a, b and n1 are the constants related to material,

and a = b/n1; Q is the activation energy of deformation; R is

the universal gas constant (8.314 J�mol-1�K-1); T is the

deformation temperature; A1, A2 and A are the coefficients;

and Q and A are independent of temperature. But such

independence is not absolute and is restricted to the tem-

perature range without phase transformation.

When the temperature is constant, Q, R, T and A are

constants in Eqs. (2), (3). Equations (5), (6) are built by

evaluating the natural logarithm of Eqs. (2), (3).

ln _e ¼ lnA1 þ n1 ln r� Q=RT ð5Þ
ln _e ¼ lnA2 þ br� Q=RT ð6Þ

When T is certain, ln _e versus lnr and ln _e versus r are all

linear relations on Eqs. (5) and (6). The peak stress of

Table 2 Main element content in dendrite and interdendrite (wt%)

Elements Nb Mo Ti Cr Al

Dendrite 1.44 8.94 0.21 0.14 0.19

Interdendrite 4.54 16.24 0.33 17.68 0.27

K 3.15 1.81 1.57 0.73 1.42
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different deformation conditions is obtained, and the lnr
versus ln _e and r versus ln _e linear relations are fitted, as

shown in Fig. 5a, b. From Fig. 5a, n1 is 7.01116. From

Fig. 5b, b is 0.02343 MPa-1. According to a = b/n1, a is

0.0033 MPa-1. Evaluating the natural logarithm of Eq. (1)

can obtain:

ln _e ¼ lnAþ n ln sinh arð Þ � Q=RT ð7Þ

In a definite temperature, the calculation formula of Q is

built by evaluating the partial differential equation of

Eq. (7).

Q ¼ R o ln _eð Þ=ðo ln sinh arð ÞjTðo ln sinh arð Þ= oT�1
� �

je
ð8Þ

The peak stress of different deformation conditions is taken

to make lnsinh(ar) versus ln _e and lnsinh(ar) versus T-1

relation curves, as shown in Fig. 5c, d. The average of the

slope of the two graphs is taken, and according to Eq. (8),

the deformable activation energy (Q) of the as-cast Inconel

625 alloy is 473.713 kJ�mol-1. This value is nearly equal

to that of forged Inconel 625 alloy (Q = 420.85 kJ�mol-1

[1]). The value is higher compared with the reported values

of other Ni-based superalloys such as Inconel 690, Inconel

718 and GH3535 [32].

Figure 5c, d shows the relationship between lnsinh(ar),

T and ln _e. From Eq. (7), the relationship between ln _e and

lnsinh(ar) is linear. The average value of the slope of the

straight line is n. The intercept of the straight line is (Q/

RT - lnA)/n. From Fig. 5a, b, n is 4.873, and A is

5.816 9 1017. The constitutive equation of the as-cast

Inconel 625 alloy is obtained as follows:

_e¼ 5:816� 1017 sinh 0:0033rð Þ½ �4:873� exp �473:713=RTð Þ
ð9Þ

To verify the accuracy of the constitutive equation, the

peak stress at different temperatures and strain rates is

calculated according to Eq. (9), and compared with the

experimental results, as shown in Fig. 6. It can be seen

from the graph that the maximum error is 17.4%, the

minimum error is 0.168%, and the average error is 4.88%,

so the predicted value is good agreement with the

experimental value.

3.3 Processing map of as-cast Inconel 625

Processing maps are developed based on dynamic materi-

als model (DMM) to represent the material response in

terms of specific microstructural processes. In the process

Fig. 4 True stress–strain curves of Inconel 625 at different strain rates and temperatures: a _e = 0.01 s-1, b _e = 0.10 s-1, c _e = 1.00 s-1, and

d = 10.00 s-1
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of hot deformation, when the deformation temperature and

the strain rate are certain, the constitutive relation of the

material can be expressed as:

r ¼ K _em ð10Þ

where m is the strain rate sensitive factor; J is the

consumption energy by the microstructure evolution of a

material during plastic deformation; and G is the Gibbs free

energy. m is defined as:

m ¼ dJ=dG ¼ ð _edrÞ=ðrd _eÞ ¼ d ln rð Þ=ðd ln _eÞ ð11Þ

where Jmax is the linear energy by the microstructure

evolution of a material during plastic deformation. A set of

cubic splines at different strains (0.1, 0.3, 0.5) can be

obtained by interpolating all the flow stress–strain curves.

Then, the derivative of the spline fit calculates the strain

rate sensitivity factor m. The power dissipation coefficient

(g) is given as

g ¼ J=Jmax ¼ ðmr _e=ðmþ 1ÞÞ=ðr _e=2Þ ¼ 2m= mþ 1ð Þ
ð12Þ

Based on the principle of maximum entropy produc-

tion, Zeigler puts forward the criterion of rheological

instability (f) of materials at high temperature, which is

expressed as:

Fig. 5 Relationship between peak stress and strain rate: a lnr–ln _e and b r versus ln _e; relationship between lnsinh(ar), T and ln _e: c lnsinh(ar)

versus ln _e and d lnsinh(ar) versus T-1

Fig. 6 Comparison of predicted peak stress and experimental stress
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fð _eÞ ¼ o ln m= mþ 1ð Þ½ �ð Þ=ðo ln eÞ þ m ð13Þ

The processing map of the different strains (0.1, 0.3,

0.5) constructed by overlaying the instability map onto the

power dissipation maps is shown in Fig. 7. The dissipation

factor increases exponentially with the increase in the

temperature; however, it was little changed with the strain

increasing. When the strain is small, the instability zone

covers a lot of domains of processing map. With the strain

increasing, the instability zone gradually transits to low-

temperature and low strain rate region. The peak efficiency

of 0.49 occurs at the temperature of 1423 K and strain rate

of 10.00 s-1. The effect of strain rate on dissipation factor

for as-cast Inconel 625 alloy is much greater than that of

temperature.

As shown in Fig. 7c, the as-cast Inconel 625 alloy has

two main instability zones at the strain of 0.5. The first

zone is located in the strain rate range of 0.022–1.580 s-1

and the temperature range of 900–1020 �C. This is because

recrystallization is a hot activation process. When the

temperature is low, the storage energy inside the crystal is

low, which is not enough to cause complete recrystalliza-

tion. Therefore, the inhomogeneous deformation is serious,

resulting in rheological instability. The second zone is

located in the strain rate range of 0.01–0.10 s-1 and the

temperature range of 1125–1175 �C. On the one hand, due

to the higher temperature and activation energy, grain

boundaries and phase boundaries are easy to slide. Many

dislocations result in stress concentration in the grain and

phase boundaries, leading to occurrence of discontinuous

dynamic recrystallization. On the other hand, due to the

longer deformation time at the lower strain rate, grains tend

to be nonuniform, which results in rheological instability.

There are two main stable zones in the processing map

of the as-cast Inconel 625 alloy at different strains (0.1, 0.3,

0.5). The first stable zone with the dissipation efficiency of

0.07–0.28 is located in the strain rate range of

1.58–10.00 s-1 and the temperature range of 900–1025 �C.

The microstructural evolution of alloy in this zone is

dominated by dynamic recovery, because of in this zone

without enough time recrystallization or only a small

amount of recrystallization nucleation. The second

stable zone with the dissipation efficiency of greater than

0.3 is located in the strain rate range of 1.00–10.00 s-1 and

the temperature range of 1050–1200 �C. The peak effi-

ciency is 0.49 at the temperature of 1150 �C and the strain

rate of 10.00 s-1. The grain boundary migration ability is

improved because the atomic diffusion rate is accelerated.

Meanwhile, the high strain rate makes the grains hard to

grow and can get fine and uniform recrystallized grains.

The evolution of microstructure of the as-cast Inconel

625 alloy was analyzed to verify the accuracy of the pro-

cessing map. The typical microstructures under different

temperatures and strain rate of 1.00 s-1 were obtained by

EBSD analysis, as shown in Fig. 8a–g. Figure 8 a–d, f, g

marks the grains with diameter between 0 and 10 lm by

different colors at different temperatures; Fig. 8e shows the

grains with diameter between 0 and 5 lm. The

microstructural evolution of instability zones is the dissi-

pation efficiency of below 0.21, as shown in Fig. 8a–d. The

dynamic recrystallization is incomplete, and the residual

initial grains elongate against to the compress direction.

The original grains are compressed into ribbons that are

decorated with chains of ultrafine grains. The formation of

new grains takes place along the bulging grain boundaries.

The phenomenon can be attributed to no enough energy to

grow up at the lower temperature, resulting in the restric-

tion of the initial grain boundary migration. As shown in

Fig. 8a–g, it is founded that the content of fine DRX grains

increases gradually, and the average grain size decreases

first and then increases. One is that the imbalance between

the newly formed non-distorted DRX grain and the original

grain of the high dislocation density will lead to the growth

of grain. Second, the high temperature and deformation

rate will lead to faster grain boundary migration, thus

promoting grain growth. The perfect dynamic recrystal-

lization occurs at 1100 �C with the dissipation efficiency of

0.28, as illustrated in Fig. 8e. These microstructure in the

Fig. 7 Processing map of the as-cast Inconel 625 alloy at different strains: a e = 0.1, b e = 0.3, and c e = 0.5
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dissipation efficiency of below 0.28 shows that the defor-

mation mechanism of the as-cast Inconel 625 alloy is

dynamic recovery and partial recrystallization, which

means that the soften effect is much weaker than work-

hardening effect.

The typical microstructures under different strain rates

are obtained by EBSD analysis at 1150 �C, and the grains

with diameter between 0 and 10 lm are marked with dif-

ferent colors, as shown in Fig. 8h–k. These microstructure

shows that the perfect dynamic recrystallization occurs in

all specimens. Compared with Fig. 8k (the dissipation

efficiency of 0.28), the recrystallization zone and the new

grain sizes shown in Fig. 8h are obviously smaller. This is

ascribed to no enough time to grow up at the higher strain

rate. As the strain rate increases, the microstructure is more

uniform and the local grain growth is suppressed. Ii is

found that the uniform equiaxed grains are formed through

dynamic recrystallization in the peak dissipation efficiency

of 0.49, as shown in Fig. 8h. From Fig. 8, the grain sizes

and the volume fraction of dynamic recrystallization are

decided by the temperature rather than the strain rate, and

the grain sizes of specimens increase with temperature

increasing and strain rate decreasing. The deformation

mechanism of the as-cast Inconel 625 alloy is dynamic

recrystallization with the dissipation efficiency of above

0.28, and the soften effect is much greater than work-

hardening effect. The trend is consistent with the conclu-

sion from Fig. 3a–d.

Through analyzing the segregation phase of as-cast

Inconel 625 by DSC and EDS, the Laves phases were

found. In order to eliminate segregation and dendrite,

Laves phases are basically eliminated after 32-h homoge-

nization treatment. It can be found that the flow stress with

deformation degree increases rapidly to a peak, then

gradually decreases and finally tends to be stable. Fur-

thermore, the hot deformation behavior is described by

constitutive equation. The optimal hot processing interval

is obtained by processing map and verified by the

microstructure evolution. According to the microstructure

figure obtained by EBSD, the grain size was uniform and

the structure was stable in the optimal processing interval.

4 Conclusion

In this study, high-temperature deformation behavior and

processing map of the as-cast Inconel 625 alloy were

studied in the temperature range of 900–1200 �C and strain

rate range of 0.01–10.00 s-1 through hot compression tests

on a thermo-mechanical simulator. The flow stress of cast

Inconel 625 alloy with deformation degree increases

rapidly to a peak, then gradually decreases and finally tends

Fig. 8 EBSD images of Inconel 625 at different temperatures and 1.00 s-1: a 900 �C, b 950 �C, c 1000 �C, d 1050 �C, e 1100 �C, f 1150 �C
and g 1200 �C; EBSD images of Inconel 625 at different strain rates and 1150 �C: h 10.00 s-1, i 1.00 s-1, j 0.10 s-1 and k 0.01 s-1
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to be stable, conforming to the rheological characteristic of

low stacking fault energy metal. The deformable activation

energy of the as-cast Inconel 625 alloy is

473.713 kJ�mol-1. The constitutive equation of the

alloy is as _e = 5.816 9 1017 [sinh(0.0033r)]4.873 9

exp(- 473.713/RT). The processing map of the as-cast

Inconel 625 alloy has two main instability zones, which are

low-temperature region (strain rate of 0.022–1.580 s-1,

temperature range of 900–1020 �C) and high-temperature

region (strain rate of 0.01–0.10 s-1, temperature range of

1125–1175 �C). The optimum process parameters of the

as-cast Inconel 625 alloy are high strain rate region (tem-

perature of 1100–1200 �C, strain rate of 1.00–10.00 s-1)

with the dissipation efficiency of above 0.28, where the

perfect dynamic recrystallization occurs and fine grain

structure is obtained.
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