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Abstract

The dynamic recrystallization (DRX) behavior of Inconel 740 superalloy was

investigated via the isothermal compression tests and constitutive model. The unified

constitutive model involving the flow behavior and the microstructural evolution was

proposed for modelling the DRX behavior through considering the critical strain of

DRX initiation, DRX grain nucleation rate and DRX grain size. The results show that

the variations of flow stress, grain size and DRX fraction during hot deformation are

well described by the model at the constant strain rate. The strain hardening behavior

is also well predicted under the deformation conditions outside the calibration range

of this model. Moreover, the complex hot deformation characteristics covering stress

and microstructure in the transient deformation process caused by the strain rate jump

are also well predicted and estimated by this physical-based model. Furthermore, the

DRX diagram in the optimum hot-workability temperature range of Inconel 740

superalloy is established to visualize the DRX kinetics. This work provides a basis for

understanding the flow behavior and microstructural evolution of Inconel 740

superalloy in the hot forming process.
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1. Introduction

Inconel 740 superalloy with its unique performance is promising to be used to

make superheater and reheater pipes, and the tube material for advanced

ultra-supercritical steam boiler unit [1, 2]. To promote its wide application in

industries, huge efforts have been provided to study its creep behavior [3], thermal

stability [4, 5] and oxidation behavior [6]. Moreover, Inconel 740 superalloy similar

to other Nickel-based superalloys with the low stacking fault energy (SFE), since the

dynamic recovery (DRV) is retarded by reason of the dissociation reaction impeding

the climb and cross slip of dislocation [7], the dynamic recrystallization (DRX) can be

considered as the preponderant softening mechanism in its hot deformation process.

The DRX mechanisms of Inconel 740 superalloy during hot deformation were

specifically demonstrated in our recent report [8]. However, there is less focus on the

development of constitutive model, which is indispensable for predicting and

modeling the DRX behavior of this superalloy. Meanwhile, the numerical simulation

during hot forming is based on the applicable constitutive modeling. How to establish

the applicatory model to accurately predict the flow behavior and microstructure

evolution of Inconel 740 superalloy is critical.

From the microstructure-property aspect, the desirable properties of metallic

material components are fully dependent on the reasonable microstructure. The

forming process parameters, including strain rate, strain and deformation temperature,

in hot forming process can make a significant difference to the microstructure

evolution. The more applicable constitutive modelling should include microstructure

evolution involved in the deformation process. Many constitutive models involving

Arrhenius, Zerilli-Armstrong, and Johnson-Cook models [9-11], were developed to

estimate the flow stress of metallic materials. Meanwhile, the microstructure

evolution (DRX volume fraction) during hot deformation of metallic materials was

described by Avrami equation [12]. The above models are the empirical and

phenomenological description in nature. They do not consider the influence of

physical mechanisms related to the dislocation on the behavior of hot deformation.

The dislocation density as an important factor has a great impact on the flow and
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microstructure characteristics during thermoplastic deformation of materials. The

physically-based constitutive model correlating the dislocation mechanics caused by

work hardening, DRX and DRV can better represent the constitutive behavior of

metallic materials. With the help of physically-based constitutive models, the flow

behaviors of duplex stainless steel [13], aluminium alloy [14], nickel-based superalloy

[15] and medium carbon and vanadium microalloyed steels [16] had been well

predicted and verified. These models, however, do not model the dependence of

microstructure evolution on dislocation density in a unified way. In tandem with this,

Lin et al. [17] depicted the variations of flow stress, grain size and recrystallization

fraction during hot forming of a micro-alloyed steel through the proposed

physically-based unified viscoplastic constitutive model. According to the framework

of this model, Ji et al. [18] set up the unified constitutive model to display the true

stress, grain size and DRX volume fraction during hot deformation of

5Cr21Mn9Ni4N steel, but they did not consider the evolution of DRX grain size and

did not also conduct the experimental verification of DRX fraction in the model. Su et

al. [19] developed a unified constitutive model without considering grain size

evolution for predicting the true stress and DRX volume fraction during hot

deformation of AZ80 magnesium alloy. Xiao et al. [20] performed the constitutive

modeling without taking into account the recrystallization behavior of AA7075

aluminum alloy under hot stretching conditions, and the predicted data agreed with

the experimental stress and grain size. These above researches have been revealed that

to some extent, the hot deformation behavior of metal materials could be well

evaluated and predicted by those unified constitutive models. However, the above

several models were a bit imperfect for predicting the DRX behavior of metallic

materials. Therefore, a more rigorous constitutive model predicting DRX behavior of

materials which are prone to the occurrence of DRX should be developed.

In the current study, for Inconel 740 superalloy, a physically-based unified

constitutive model considering the flow stress, grain size and DRX fraction during hot

deformation was developed under the framework of Lin et al [17, 21]. The hot

deformation characteristics during the plastic forming of Inconel 740 superalloy were
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reasonably described by introducing the critical strain of DRX initiation, DRX grain

nucleation rate and DRX grain size into the constitutive model. The applicability of

this model was verified by the transient deformation caused by the change of strain

rate during hot deformation. Furthermore, the optimal hot-workability window of

Inconel 740 superalloy was presented by Wang et al. [22]. Based on the proposed

model, the DRX diagram was finally established to represent the DRX kinetics in the

optimum hot-workability temperature range of the superalloy.

2. Experimental procedure
The material studied is Inconel 740 superalloy with a nominal composition (wt.%)

of 0.03C-0.5Mo-0.5Si-0.3Mn-20Co-0.9Al-25Cr-0.7Fe-1.8Ti-2.0Nb and (Bal.) Ni.

The specimens of  8×12mm taken from a forged billet were annealed at 1150 ˚C for

30 min, and subsequently water-cooled. A series of hot compression tests were

implemented on Gleeble-3500 thermal simulator. Before loading, these specimens

were heated with a rate of 5 ˚C/s to the presupposed temperature, and subsequently

soaked for 3 min. Based on the fact that DRX behavior depending on the different

strain rates and deformation temperatures, Fig. 1 (a) showed the experimental plans

with the constant strain rate. The microstructures at the four true strain of 0.22, 0.36,

0.51 and 0.8 in Fig. 1 (a) were observed, respectively. Furthermore, in the transient

deformation process, the deformation temperature was always 1100 ˚C and Fig. 1 (b)

sketched the two cases of strain rate jump. In case I, the strain rate of 0.01 s-1 was

used before the true strain of 0.36, while the strain rate of 0.1 s-1 was performed after

that. By comparing with case I, the imposed strain rate was sequentially exchanged in

case II. In these two cases, the microstructures at the true strains of 0.51 and 0.8 were

obtained. After the load stopping, the high temperature microstructure of compressed

specimen was frozen by water quenching.
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Fig.1. Schematic of isothermal compression tests of Inconel 740 superalloy: (a)
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constant strain rate and (b) two cases of the transient deformation.

These compressed specimens were sectioned longitudinally for analysis of their

microstructures and the location of microstructural observation was in the center area

of above sections. These observation surfaces were electropolished for 12 s in a

mixture of 40 ml vitriol and 160 ml methyl alcohol at room temperature after being

ground and mechanically polished. In analysis of electron back-scatter diffraction

(EBSD), the area of more than 1 mm2 was scanned to give a statistically reliable

representation for evaluating the average grain size (AGS) and DRX fraction. The

scanning step size in the performance process of EBSD was 1.8 μm. The scanned data

were processed subsequently through the software Channel 5. The equivalent grain

size and DRX fraction in the scanned area were automatically measured through this

software. In particular, according to the literatures [23, 24], with the help of the grain

reconstruction function in Tango module of Channel 5, the fraction of DRX grains

was estimated via measuring the average misorientation angle of grain interiors.

Moreover, the microstructure of Inconel 740 superalloy was represented through the

inverse pole figure (IPF) map. A grain in IPF map was identified as a region

surrounded by the grain boundaries (the black lines) whose misorientation angle was

larger than 15° [25]. Specially, the AGS valuation included the annealing twin

boundaries [26, 27].

3. Experimental results under the constant strain rate

3.1. Initial microstructure

The microstructure after annealing treatment and before hot deformation is

defined as the initial state of Inconel 740 superalloy. Fig. 2 shows the microstructure

and grain size distribution of initial state. From Fig. 2 (a), the near-equiaxial static

recrystallized (SRX) grains are observed. The color codes of grain orientation are the

same as the following IPF maps. The abundant annealing twins with the

misorientation angle larger than 15° in the equiaxed grains and some small SRX

grains result in the non-uniform grain size distribution in Fig. 2 (b). It is apparent that

the grain size distribution of initial material mainly locates in the range of smaller

than 200 μm and the initial AGS is identified as 58.5 μm.
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(a)

200μm

Average grain size: 58.5 μm

(b)

Fig.2. The initial state of Inconel 740 superalloy: (a) microstructure and (b) grain size

distribution.

3.2. Effect of strain rate on microstructure

Fig. 3 illustrates the influence of different strain rates on the microstructure

evolution of Inconel 740 superalloy. The fraction and size of DRX grains are

significantly decreased with the increase of strain rate. Commonly, the higher strain

rate provides the greater dislocation density used for DRX grain nuclei [28]. However,

the insufficient deformation time resulting from the higher strain rate impedes the

formation and growth of the nuclei of DRX grains. Furthermore, the plentiful bulging

and serrated original boundaries are always observed in Fig. 3. The position of these

serrated boundaries is regarded as the potential nucleation sites of new grains during

subsequent hot deformation [29]. Most of DRX grains are generated at the initial

boundaries and arranged in a necklace structure. The microstructural characteristics

demonstrate the DRX grain nucleation resulting from the bulging of the original grain

boundaries [8, 30, 31]. On the other hand, as illustrated by the rectangle in Fig. 3 (b),

a new grain is formed by the subgrain evolution [8]. This subgrain orientation is

different from the parent grain and its boundary is transformed into a grain boundary

whose the misorientation angle is larger than 15°. Moreover, from Fig. 3, some new

grain shown by the arrows appear in the deformed grain interiors. These DRX grains

are produced by the progressive subgrain rotation [8, 31]. The typical microstructural

characteristic during hot deformation of Inconel 740 superalloy, i.e., the generation of

DRX grains within the initial grains, is similar to other Nickel-based superalloys [12,



8

32, 33].
(a)

200μm

(b)

200μm

(c)

200μm

Fig.3. The microstructure of Inconel 740 superalloy obtained at the true strain of 0.36

and 1100 ˚C with a strain rate of (a) 0.01 s-1, (b) 0.1 s-1 and (c) 1.0 s-1.

3.3. Effect of deformation temperature on microstructure

Fig. 4 displays the microstructures of Inconel 740 superalloy at different

deformation temperature and 0.01 s-1. Apparently, the fraction and size of DRX grains

are increased with deformation temperature. The sufficient driven force used for the

migration of grain boundaries is increased through the incremental deformation

temperature, which promotes the development of DRX grains. When the temperature

is 1000 ˚C, as shown in Fig. 4 (a), only a few DRX grains are formed at the initial

grain boundaries and the triangular junctions. Fig. 4 (b) illustrates that the more DRX

grains appear in the microstructure obtained at 1100 ˚C. The necklace-like structures

made up of DRX grains exhibit along the original grain boundaries. Furthermore,

some DRX grains are also formed at the initial twin boundary, as shown by the

rectangular area in Fig. 4 (b). The initial twin boundaries lose their twinning nature

due to dislocation accumulation [34]. They are transformed into the usual grain

boundaries with the misorientation angle greater than 15° during hot deformation.
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Therefore, the nucleation of DRX grains at the initial twin boundaries should be more

deferred than that at the initial grain boundaries. Fig. 4 (c) illustrates that the original

deformed grains almost disappear while the near-equiaxed DRX grains are dominant

in the microstructure obtained at 1200 ˚C. Moreover, form Fig. 4, the generation of

DRX grains shown by the arrows within the initial grains indicates the role of the

subgrain evolution.

(a)

200μm

(b)

200μm

(c)

200μm

Fig.4. The microstructure of Inconel 740 superalloy obtained at the strain of 0.51 and

0.01 s-1 with a deformation temperature of (a) 1000 ˚C, (b) 1100 ˚C and (c) 1200 ˚C.

3.4. Effect of strain on microstructure

Under the strain rate of 0.01 s-1 and the deformation temperature of 1200 ˚C, the

microstructures of Inconel 740 superalloy at different true strains are displayed in Fig.

5. The DRX fraction is significantly increased with strain, since the higher

deformation stored energy from the higher true strain provides the greater driven force

for the grain boundary migration. Fig. 5 (a) and (b) demonstrate that there are the

necklace-like structures consisting of several layers of DRX grains between the initial

grains at the true strain of 0.22 and 0.36, respectively. With the increase of strain to
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0.8, Fig. 5 (c) shows the full DRX microstructure. Moreover, by comparing the

microstructures of the strains of 0.51 and 0.8 given in Figs. 4 (c) and 5 (c), the growth

of DRX grains is clearly observed. Furthermore, through the progressive subgrain

rotation, some new grains shown by the arrows form in the grain interiors, as shown

in Fig. 5.

(a)

200μm

(b)

200μm

(c)

200μm

Fig.5. The microstructure of Inconel 740 superalloy obtained at 0.01 s-1 and 1200 ˚C

with a true strain of (a) 0.22, (b) 0.36 and (c) 0.8.

4. Unified constitutive modeling

4.1. Flow rule

A relationship of stress and strain during deformation is described by the flow

rule of materials. The total strain can be composed of elastic (reversible) and the

plastic (irreversible) strains. The flow stress  is given through Hooke's law [21, 35]:

( )t pE    (1)

where εt and εp are the total strain and plastic strains, respectively. E is Young's

modulus and its values of different temperatures can be obtained by JMatPro
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software.

In Eq. (2), the total flow stress can be made up of hardening stress H, initial yield

stress k and viscoplastic stress v during hot deformation process.

vH k    (2)

During hot deformation of metallic materials, the hyperbolic sine law in

Arrhenius equation applied to the large-scale stress and strain levels is more suitable

for expressing the flow stress [36]. The preliminary flow rule is represented as

follows:

1 2sinh[ ( )]p A A H k   & (3)

where A1 is a temperature-dependent variable and the change of k value is related to

temperature, A2 is a material constant, p& represents the plastic strain rate.

H in Eq. (3) is connection with the dislocation evolution. Therefore, the isotropic

hardening rate H is defined as [37-39]:

0.50.5H B   (4)

where B represents a temperature-dependent variable and expresses the impact of

dislocation density on the material hardening,  is the dislocation density and will be

discussed in the following section.

Furthermore, the grain size evolution has an effective impact on the flow

behavior for metallic materials. Hence, the grain size term is coupled into Eq. (3).

Finally, the flow rule expression is given as:

11 2 0sinh[ ( )]( )p A A H k d d     & (5)

where 1 is a material constant and represents the influence of AGS on the viscoplastic

flow behavior, d is AGS and discussed in the later sections, d0 represents the initial

grain size.

4.2. Microstructural model

4.2.1. Dislocation density modeling

The measurement and evaluation of absolute dislocation density are not easy to

implement during hot deformation of metallic materials. An expression of normalized
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dislocation density  is thus introduced and denoted as:

01    (6)

where 0 and  indicate the dislocation densities of the initial and deformed materials,

respectively. The value of  ranges from 0 to 1. Based on the relevant thermoplastic

deformation mechanisms of the superalloy, the normalized dislocation density rate &

is given by Eq. (7) [20, 21]:

31 2 44 0 1 3( ) (1 ) | | [( ) (1 ) ]pA d d C X A X          && & (7)

where C1 is a temperature-dependent variable, A3, A4,  1, 2, 3 and 4 are material

constants, X is the DRX fraction and will be discussed in the following section. C1

characterizes the combined effects of the average energy per unit length of a

dislocation and the grain boundary mobility, and A4 has an impact on the slope of the

hardening curve.

The two mechanisms are in connection with the dislocation density evolution of

metallic materials during hot deformation. One is the dislocation multiplication from

the work hardening. The dislocation annihilation caused by the recovery and

recrystallization processes is regarded as the other one. The dislocation density

accumulation from the plastic deformation is represented by the first term in Eq. (7).

Moreover, the role of grain size is also introduced into this term. The larger AGS

during hot deformation results in the smaller degrees of grain rotation and grain

boundary sliding, increasing the dislocation density. Furthermore, the second and

third terms in Eq. (7) represent the dislocation density evolution involved in the

recovery and recrystallization, respectively.

4.2.2. Determination of dynamic recrystallization fraction

For Inconel 740 superalloy with low SFE, the DRX behavior takes place as long

as the critical strain (εc) of DRX initiating is reached. εc is determined correspondingly

based on the critical stress (c) value of DRX initiating on the true stress-strain curve.

c at 0.01 s-1 and 1100 ˚C is acquired through the inflection point abscissa on stress

()-strain hardening rate (θ=d/d) curve [40, 41], as shown in the small diagram of
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Fig.6 (a). In addition, Zener-Hollomon (Z) parameter can be as following:

 expZ Q RT  (8)

where T is the deformation temperature (K), Q represents the activation energy of hot

deformation (kJ/mol),  represents the strain rate (s-1).

For Inconel 740 superalloy, the value of Q is 373.86 kJ/mol [22]. The function of

εc and Z parameter is expressed as [42]: 1
1

m
c D Z  , where D1 and m1 are material

constants. For making this power-law function more statistical and reliable, εc values

of Inconel 740 superalloy at the strain rate of 0.01, 0.1 and 1.0 s-1 and temperature of

1000, 1100 and 1200 ˚C are displayed in Fig. 6 (a). The experimental results of these

deformation conditions are obtained by the analysis of the flow stress from the study

[22]. Therefore, through the linear fitting in Fig. 6 (b), the function between εc and Z

parameter is given as:

0.133980.002314c Z  (9)

(a)

c

(b)

Fig.6. The critical strain of Inconel 740 superalloy: (a) the εc values and the example

of determination of c value and (b) the relationship between εc value and Z

parameter.

The DRX fraction depends on the new grain nucleation and growth, which are

relevant to the evolution of dislocation density. The grain size evolution will be

discussed in the next section. The nucleation rate of DRX grains is related to strain

rate and deformation temperature [43-45] and is designated as:
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   0, expb
nn T N Q RT    (10)

where N0 and b represent material constants, Qn is activation energy.

On the basis of the literature [18], by coupling the nucleation rate of DRX grains,

normalized dislocation density and critical strain of initiating DRX, the DRX volume

fraction X is proposed by Eq. (11):

1[ (1 )](1 ) b
c pX x X X N      & & (11)

where λ1 and b represent material constants, b
pN& term represents the right side of Eq.

(10) and N is a temperature-dependent variable, X& represents DRX fraction rate.

The occurrence of DRX behavior requires an incubation period. The parameter x

in Eq. (11) can describe this phenomenon and the incubation fraction x is expressed as

[38]:

0(1 )x A x  & (12)

where A0 is a temperature-dependent variable. The value of x varies from 0 to 1 and

x& is the incubation fraction rate.

4.2.3. Determination of grain size

The fact that both the growth and refinement of grains take place concurrently is

undoubted in the thermoplastic deformation process. The DRX occurrence after εc

causes grain refinement in microstructure. The AGS evolution is as the result of the

competition between the growth and refinement of grains [46]. The migration rate of

grain boundaries can be affected by thermal effect. The grain growth is correlated

with the migration of grain boundaries, which is regarded as the atomic diffuse

process. The grain growth rate gd can be expressed through Eq. (13) [17, 20].

0
g surfd M d   (13)

where γ0 is a material constant, M represents the mobility of grain boundaries, surf is

the energy density of grain boundaries. Eq. (13) is re-designated as:

  1

1 1gd G d d  (14)

where G1 is a temperature-dependent variable representing Msurf term in Eq. (13);
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d1 and 1 are material constants.

Based on the literatures [18, 40, 47], by coupling DRX grain size, the grain

refining rate ( rd& ) caused by the recrystallization behavior is re-expressed as:

2 22 ( )r dd G X d d  & & (15)

where G2 is a temperature-dependent variable,  2 and λ2 are material constants, dd

represents DRX grain size.

With the DRX occurrence, AGS is decreased by reason of the increase of total

grain number. By combining Eqs. (14) and (15), the AGS rate is formulated as:

1 2 21 1 2( ) ( )dd G d d G X d d   & & (16)

The power-law function between DRX grain size (dd) in Eq. (16) and Z

parameter is expressed as [48]: 2
2

m
dd D Z , where D2 and m2 are material constants.

For obtaining the statistical and reliable function, the deformation condition for the

obtainment of DRX grain sizes is the same as that of εc in Section 4.2.2. The DRX

grain sizes of different deformation conditions are acquired through the linear

intercept method of metallography from the report [22] and are illustrated in Fig. 7 (a).

Therefore, through the linear fitting in Fig. 7 (b), the function between Z parameter

and dd is given as:

0.2353513146.226dd Z  (17)

(a) (b)

Fig.7. The DRX grain size of Inconel 740 superallly: (a) the dd values and (b) the

relationship between dd and Z parameter.
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4.3. Formulation of the unified constitutive model

The unified viscoplastic constitutive model is developed for modelling the

evolutions of strain hardening, fraction and size of DRX grains and dislocation

density, and rationalizing the influence of these evolutions on the plastic flow

behavior and their inherent relationships during hot deformation of Inconel 740

superalloy. The group of unified constitutive equations can be formulated below and

the superscript ‘·’ implies the change rate of the physical parameters with time.

1
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where A1, k, B, C1, N, A0, G1 and G2 are the temperature-dependent variables and they

can be written as the classic temperature compensation parameters in the following

Arrhenius-type equations:
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(19)

where A10, k0, B0, C10, N0, A00, G10 and G20 are material constants, respectively. QA1,

Qk, QB, QC1, QN, QA0, QG1 and QG2 are the activation energies corresponding to the

temperature-dependent variables on the left side of Eq. (19), respectively. The value

of R is 8.314 J·mol-1·K-1.

The unified viscoplastic constitutive model represented in Eq. (18) is a group of
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highly coupled nonlinear differential equations. These material constants in Eqs. (18)

and (19) can be determined by the optimization technique from the genetic algorithm

in the software MATLAB. The optimization aims at minimizing the residuals between

the computed data and experimental values. The experimental values used to optimize

the material constant result from the plan in Fig. 1 (a). The optimization process is

detailed elsewhere [17, 49-51]. Therefore, the repetitive description is unnecessary.

Table 1 lists the above material constant values.

Table 1. The material constant values in the unified constitutive model of Inconel 740

superalloy.

Material constants Optimum values Material constants Optimum values

k0 (MPa) 2.301×10-2 Qk (J/mol) 8.750×104

A10 (--) 1.909×1012 QA1 (J/mol) 3.731×105

N0 (--) 8.869×104 QN0 (J/mol) 1.162×105

C10 (--) 6.244×1011 QC1 (J/mol) 2.963×105

A00 (--) 4.425×105 QA0 (J/mol) 9.022×104

B0 (MPa) 6.714 QB0 (J/mol) 3.353×104

G10 (--) 4.036×1014 QG1 (J/mol) 3.521×105

G20 (--) 36.254 QG2 (J/mol) 1.652×104

A2 (--) 0.058 γ1 (--) 0.263

λ1 (--) 0.072 A3 (--) 6.662

A4 (--) 5.562 1 (--) 0.031

2 (--) 1.328 3 (--) 2.149

4 (--) 1.623 d1 (--) 2.082

1 (--) 1.873 b (--) 0.194

λ2 (--) 0.623 2 (--) 2.213
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5. Results and discussion

5.1. The calculated results of the unified constitutive model

The comparisons of experimental and computed true stress under the different

strain rates and temperatures are presented in Fig. 8 (a) and (b), respectively. The

solid curves and symbols in Fig. 8 represent the computed data and experimental

values, respectively. The calculated curves match well the experimental results of the

corresponding deformation conditions. The characteristic of single peak stress is

exhibited on these stress-strain curves, implying the anteroposterior two stages

dominated by strain hardening and dynamic softening due to the dislocation

multiplication and annihilation, respectively. Furthermore, with the increase of strain,

Fig. 8 (a) shows that the predicted stress at 1100 ˚C and 10 s-1 also is in good

agreement with the experimental result. The deformation condition is outside the

calibration range, indicating the model with a well ability to predict the flow stress at

high strain rate.

(a) 10 s-1

1.0 s-1

0.1 s-1

0.01 s-1

(b)
1000 ˚C

1100 ˚C

1200 ˚C

Fig.8. Comparison of calculated (solid curves) and experimental (symbols) true stress

of Inconel 740 superalloy at (a) 1100 ˚C and (b) 0.01 s-1.

Fig. 9 shows the calculated curves and experimental values for the

microstructure evolution, including AGS and DRX fraction. The solid curves and the

symbols represent the calculated data and the experimental values, respectively. Fig. 9

(a) and (b) give the variations of AGS and DRX fraction at the different strain rates,

respectively. When the plastic deformation reaches εc, as shown Fig. 9 (a), with the
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occurrence of DRX, the AGS curves are observably decreased, while the downward

trend at 0.01 s-1 is more obvious. The low strain rate more benefits the DRX initiation

and increases the total number of grains. Under the large deformation condition, the

calculated curve at 0.01 s-1 is increased slightly, and AGS can be considered to reach a

steady state. However, the calculated curves are continuously decreased at 0.1 and 1.0

s-1. The decreasing tendency at 1.0 s-1 is more apparent. Therefore, the high strain rate

makes the grain refinement more significant at the large strain. Manonukul et al. [52]

and Cram et al. [53] also reached the same conclusions. One of the reasons is the

comprehensive effect of different DRX fractions and DRX grain sizes as a result of

different strain rates. Both the size and fraction of DRX grains should be concurrently

considered to correctly interpret the AGS evolution [46]. The other is that based on

Derby’s relation [54], the small AGS is generated by the high stress corresponding to

the high strain rate. Furthermore, Fig. 9 (b) illustrates that the computed curve of

DRX fraction is expectedly increased with the decrease of strain rate and the increase

of strain.

Fig. 9 (c) and (d) reveal the variations of AGS and DRX fraction at the different

deformation temperatures, respectively. From Fig. 9 (c), the decline of the calculated

curve at 1100 ˚C is more prominent than that at 1000 ˚C and 1200 ˚C. The low

temperature (1000 ˚C) leads to the limited number of DRX grains when the true strain

reaches εc. Although the high temperature (1200 ˚C) increases the number of DRX

grains, it also increases the DRX grain size. Therefore, compared with 1100 ˚C, the

refinement of microstructures obtained at these two temperatures is less significant at

the low strain. However, the low deformation temperature is more favourable to the

grain refinement at the large strain. Moreover, from Fig. 9 (c), it appears that the

computed curve at 1200 ˚C has an initial grain growth trend before εc. Two driving

forces, including the stored deformation energy (SDE) and grain boundary energy

(GBE), can promote the grain growth [46]. The initial state of Inconel 740 superalloy

is fully annealed at 1150 ˚C and the microstructure consisting of SRX grains is

illustrated in Fig. 2 (a). Thus, the initial state of material has the low stored energy

since the SDE obtained from the as-received forging billet drives the SRX grain
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growth [55]. When the specimen is heated again to the deformation temperature (1200

˚C) above its annealing temperature (1150 ˚C), the initial SRX grain growth is driven

by GBE resulting from the thermally activated mechanism due to the higher

temperature and new SDE [56]. Moreover, the sufficient time for the grain growth is

also provided by the low strain rate (0.01 s-1). Therefore, the growth stage of initial

grains forecasted by this unified constitutive model before εc at 1200 ˚C and 0.01 s-1

can be explained. Furthermore, Fig. 9 (d) reveals that the calculated curve of DRX

fraction is increased with strain and temperature. In addition, in terms of visual

display, as presented in Fig. 9, the experimental results of AGS and DRX fraction at

the different strain rates and temperatures agree well with the corresponding

calculated curve.

(a)

(b)

1.0 s-1

0.1 s-1

0.01 s-1

0.01 s-1
0.1 s-1

1.0 s-1

(c)

(d)

1000 ˚C

1100 ˚C

1200 ˚C

1200 ˚C
1100 ˚C

Initial grain growth stage

1000 ˚C

Fig.9. Comparison between the calculated (solid curves) and experimental (symbols)

data of Inconel 740 superalloy for (a) AGS, (b) DRX fraction at 1100 ˚C and different

strain rates and (c) AGS, (d) DRX fraction at 0.01 s-1 and different deformation

temperatures, respectively.

Through some statistical parameters, the accuracy of the proposed model is

quantitatively analyzed. These parameters, including the root mean square error

(RMSE), correlation coefficient (R) and average absolute relative error (AARE) are
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given in Eqs. (20)-(22), respectively.
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where N represent the number of data, Ei and Ci are the experimental and calculated

data, E and C represent the averages of Ei and Ci.

The correlation between the computed data and the experimental values from Fig.

1 (a) is revealed in Fig. 10 (a)-(c), respectively. Fig. 10 (a) shows RMSE, R, and

AARE of true stress are 3.074, 0.998 and 2.468%, respectively. Fig. 10 (b) gives the

correlation of AGS. RMSE, R, and AARE are determined as 2.583, 0.987 and 7.810%,

respectively. Fig. 10 (c) illustrates the correlation of DRX fractions. RMSE, R, and

AARE are calculated as 3.939, 0.992 and 8.956%, respectively. Furthermore, the

scatter distributions of true stress, AGS and DRX fraction in Fig. 10 are close to the

theoretical best fitting lines. Therefore, the true stress and microstructural evolution of

Inconel 740 superalloy are well presented by the developed unified constitutive

model.

(a)

RMSE=3.074
R=0.998
AARE=2.468%

Best fitting

(b)

RMSE=2.583
R=0.987
AARE=7.810%

Best fitting
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(c)

RMSE=3.939
R=0.992
AARE=8.956%

Best fitting

Fig.10. Correlation of the calculated and experimental results: (a) true stress, (b) AGS

and (c) DRX fraction.

For further verifying the ability of the proposed constitutive model to predict the

flow behavior of Inconel 740 superalloy under the deformation conditions outside the

calibrated scope of this model, the predicted and experimental results of strain

hardening rate (θ=d/d) curve against the applied true strain at 1.0 s-1 and 1000 ˚C

are represented by the solid curves and symbols, respectively, and are indicated in Fig.

11. The predicted true stress is close to the experimental results. Moreover, the

positive θ value is dropped quickly when the deformation begins, indicating the

dominance of hardening behavior. When θ value is zero, the peak stress and strain are

reached on the corresponding true stress-strain curve [57]. With the further increase of

strain, the dynamic softening mechanism dominated by DRX plays an active role

when θ value becomes negative. The experimental and predicted θ values are always

negative, while the two θ values at the strain of 0.8 are approaching zero. This shows

that the experimental and predicted stress at 1000 ˚C and 1.0 s-1 will reach a steady

state under a larger strain.

True stress

Strain hardening rate

Peak strain
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Fig.11. Comparison between the experimental (symbols) and computed (solid curves)

curves of strain hardening rate and true stress for Inconel 740 superalloy obtained at

1000 ˚C and 1.0 s-1.

5.2. The transient deformation tests and model validation

The applicability of the transient deformation caused by the instantaneous

variation of strain rate for the developed unified constitutive model is analyzed. The

two cases involved in Fig. 1 (b) are employed to verify this model. Fig. 12 (a)

presents the microstructures of case I with the true strain of 0.51 and 0.8. The

microstructure with the strain of 0.51 shows the typical necklace-like structures at the

original grain boundaries and DRX grains within the initial grains. Similarly, the new

grains indicated by the arrows are generated by the progressive subgrain rotation. The

microstructure of the true strain of 0.8 is composed of the dominant DRX grains and

some initial deformed grains. Moreover, Fig. 12 (b) illustrates the microstructures of

case II at the true strain of 0.51 and 0.8. Similarly, the necklace-like structures and the

new grains of original grain interiors are also apparent in the microstructure with the

strain of 0.51. When the strain is 0.8, the coarse initial grains almost disappear and the

microstructure consists of DRX grains. Furthermore, the decreasing strain rate can

increase both the fraction and size of DRX grains at the large strain when the transient

deformation happens at the medium strain from the comparison of Fig. 12 (a) and (b).

One of the reasons is that the increased deformation time provided by the decreasing

strain rate after the transient deformation promotes the development of DRX grains

[58]. The other one is that the greater strain rate before the transient deformation

generates the higher dislocation density, resulting in the more DRX grain nuclei used

for the lower strain rate after the transient deformation [59].

Fig. 12 (c)-(e) present the predictive (solid curves) curves involving the flow

stress, AGS, and DRX fraction and their experimental (symbols) results. The dashed

curves extended from the predicted curves indicate the trend of stress, AGS and DRX

fraction at the constant rate before the transient deformation. Fig. 12 (c) shows that

the predictive flow stress in case I is increased again and the secondary hardening
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stage appears after the transient deformation. The dislocation density accumulation

from the low strain rate is not sufficient for achieving the critical dislocation density

of DRX initiation under high strain rate, leading to the secondary hardening after the

transient deformation. Subsequently, the true stress is gradually decreased due to the

appearance of DRX. However, the computed true stress obtained at the constant rate

of 0.1 s-1 is greater than the predictive curve in case I at the large strain. The

dislocation stored from the low strain rate before the transient deformation makes a

contribution to the DRX occurrence at the high strain rate. It is the reason why c at

the constant rate of 0.1 s-1 is greater than that after the transient deformation in case I.

The detail of model corresponding to this phenomenon is reflected by Eq. (7). The

experimental stress of case I at the large strain in Fig. 12 (c) is also lower than that of

the constant rate of 0.1 s-1 in Fig. 8 (a). Furthermore, the predictive stress of case II

after the transient deformation is rapidly declined and immediately dominated by the

dynamic softening. The stored enough dislocation at the high strain rate before the

transient deformation contributes to achieving the immediate occurrence of DRX

behavior at the low strain rate [60]. The predicted stress curve of case II after the

transient deformation is almost the same as the calculated stress at the constant rate of

0.01 s-1. Furthermore, Fig. 12 (d) demonstrates that the calculated AGS curves at the

constant rate of 0.1 and 0.01 s-1 are nearly coincident with the predictive curves in

cases I and II at the large strain, respectively. The predictive AGS curve in case II at

the large strain reaches steady state. From Fig. 12 (e), it is appeared that the predictive

DRX fraction curve in case I at the strain of 0.8 is greater than the calculated curve of

the constant rate of 0.1 s-1, while this predictive curve in case II at the strain of 0.8 is

slightly lower than the calculated curve of the constant rate of 0.01 s-1. Through

comparing two cases I and II during hot deformation, the falling strain rate is more

favorable to increasing the fraction and size of DRX grains, which corresponds to the

microstructures in Fig. 12 (a) and (b). Furthermore, the true stress, AGS and DRX

fraction involved in the obtained experimental results can agree well with the

corresponding predicted curves, as illustrated in Fig. 12 (c)-(e).
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(e)

(a) 0.51

0.8
Case I: 0.01s-1→0.1s-1

200μm

(b) 0.51

0.8

200μm

(c)

(d)

Strain rate jump

0.1s-1→0.01s-1

0.01s-1→0.1s-1

0.1s-1→0.01s-1

0.01s-1→0.1s-1

0.01s-1→0.1s-1

0.1s-1→0.01s-1

Case II: 0.1s-1→0.01s-1

(Case I)

(Case II)

(Case II)
(Case I)

(Case I)

(Case II)

Fig.12. Validation of the unified constitutive model under 1100 ˚C and strain rate

jump conditions: (a) the microstructures of the true strain of 0.51 and 0.8 in case I,

and (b) the microstructures of the true strain of 0.51 and 0.8 in case II, comparison of

the predictive and experimental data for the variation of (c) true stress, (d) AGS and (e)

DRX fraction with the true strain, respectively. (The solid curves, symbols and dashed

curves in (c)-(e) represent the predictive data, the experimental measurements and the

calculated data at the constant strain rate, respectively).

5.3. Dynamic recrystallization diagram

As shown in Figs. 13 and 14, the DRX diagram predicted by the proposed

constitutive model, including the dislocation density, DRX fraction and AGS, is

developed for visualizing the DRX kinetics of Inconel 740 superalloy. The variations

of normalized dislocation density, DRX fraction and AGS at the strain rate of 0.1 s-1,

true strain from 0 to1.0 and deformation temperature from 1080 to 1200 ˚C are

displayed in Fig. 13 (a)-(c), respectively. The selective deformation temperatures are

in the optimum temperature range for the workability of this superalloy [22]. Due to

the dislocation multiplication caused by strain hardening, the dislocation density in

Fig. 13 (a) is sharply increased at the beginning of deformation. The rising trend of

the curve slows down when DRV happens and the critical dislocation density of DRX
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initiation is reached. The dynamic softening mechanism dominated by DRX results in

the dislocation annihilation after the peak dislocation density, and thus the dislocation

density is reduced. Moreover, as the deformation temperature is increased, the

dislocation density is gradually decreased. Furthermore, Fig. 13 (b) and (c) illustrate

that the DRX fraction and AGS can be increased with temperature. Meanwhile, the εc

value is reduced with increasing deformation temperature.

(a) (b)

(c)

Fig.13. DRX diagram of Inconel 740 superalloy at 0.1 s-1 and different deformation

temperatures described by (a) normalized dislocation density, (b) DRX fraction and (c)

AGS. (Symbols ☆ represent the experimental results).

Fig. 14 (a)-(c) show the variations of dislocation density, DRX fraction and AGS

at the deformation temperature of 1140 ˚C, true strain from 0 to1.0 and strain rate

from 0.01 to 5.0 s-1, respectively. Fig. 14 (a) reveals that the variation characteristics

of single dislocation density curve are similar to that in Fig. 13 (a). The dislocation

density amplitude is very small at 0.01s-1. The dislocation density is increased with
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strain rate. Moreover, with the increase of strain rate, Fig. 14 (b) shows the decrease

of DRX fraction. From Fig. 14 (c), AGS at the large strain is inversely proportional to

strain rate due to the small DRX grain size resulting from the high strain rate.

However, AGS is increased as the strain rate exceeds 1.0 s-1. This is because the DRX

fraction in Fig. 14 (b) is much lower at 5.0 s-1. In physics, Figs. 13 and 14 indicate

that the longer time exposure of Inconel 740 superalloy deformed at high temperature

encourages the occurrence of DRX at lower dislocation density.

(a) (b)

(c)

Fig.14. DRX diagram of Inconel 740 superalloy at 1140 ˚C and different strain rates

described by (a) normalized dislocation density, (b) DRX fraction and (c) AGS.

6. Conclusions
The unified constitutive model involving the flow behavior and the

microstructural evolution is developed for modelling the DRX behavior during hot

deformation of Inconel 740 superalloy via the isothermal compression tests. The

primary conclusions in this work are drawn as follows:

(1) By introducing the critical strain of DRX initiation, nucleation rate of DRX
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grain and DRX grain size, a unified constitutive model applied to predict DRX

behavior is proposed by for describing the variations of flow stress, AGS and DRX

volume fraction and reflecting their physical evolution mechanism during hot

deformation. Moreover, the flow stress at high strain rate and the strain hardening rate

are also well predicted under the deformation conditions outside the calibrated scope

of this model.

(2) Compared with the instantaneous increase of strain rate during hot

deformation, the instantaneous decrease of strain rate increases the AGS and DRX

fraction. The true stress after the instantaneous increase of strain rate is less than that

at the corresponding to constant high strain rate. These complex hot deformation

behaviors in the transient deformation process caused by the sudden change of strain

rate are well predicted by the model.

(3) Based on this model, the DRX diagram in the optimal hot-workability

temperature range is obtained to visualize the DRX kinetics involving the variation

trends of dislocation density, DRX fraction and AGS. The prolonged exposure at high

deformation temperature is beneficial to the occurrence of DRX at low dislocation

density
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Figure captions

Fig.1. Schematic of isothermal compression tests of Inconel 740 superalloy: (a)

constant strain rate and (b) two cases of the transient deformation.

Fig.2. The initial state of Inconel 740 superalloy: (a) microstructure and (b) grain size

distribution.

Fig.3. The microstructure of Inconel 740 superalloy obtained at the true strain of 0.36

and 1100 ˚C with a strain rate of (a) 0.01 s-1, (b) 0.1 s-1 and (c) 1.0 s-1.

Fig.4. The microstructure of Inconel 740 superalloy obtained at the strain of 0.51 and

0.01 s-1 with a deformation temperature of (a) 1000 ˚C, (b) 1100 ˚C and (c) 1200 ˚C.

Fig.5. The microstructure of Inconel 740 superalloy obtained at 0.01 s-1 and 1200 ˚C

with a true strain of (a) 0.22, (b) 0.36 and (c) 0.8.

Fig.6. The critical strain of Inconel 740 superalloy: (a) the εc values and the example

of determination of  c value and (b) the relationship between εc value and Z

parameter.

Fig.7. The DRX grain size of Inconel 740 superallly: (a) the dd values and (b) the

relationship between dd and Z parameter.

Fig.8. Comparison of calculated (solid curves) and experimental (symbols) true stress

of Inconel 740 superalloy at (a) 1100 ˚C and (b) 0.01 s-1.

Fig.9. Comparison between the calculated (solid curves) and experimental (symbols)

data of Inconel 740 superalloy for (a) AGS, (b) DRX fraction at 1100 ˚C and different

strain rates and (c) AGS, (d) DRX fraction at 0.01 s-1 and different deformation

temperatures, respectively.

Fig.10. Correlation of the calculated and experimental results: (a) true stress, (b) AGS

and (c) DRX fraction.

Fig.11. Comparison between the experimental (symbols) and computed (solid curves)

curves of strain hardening rate and true stress for Inconel 740 superalloy obtained at

1000 ˚C and 1.0 s-1.

Fig.12. Validation of the unified constitutive model under 1100 ˚C and strain rate

jump conditions: (a) the microstructures of the true strain of 0.51 and 0.8 in case I,

and (b) the microstructures of the true strain of 0.51 and 0.8 in case II, comparison of
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the predictive and experimental data for the variation of (c) true stress, (d) AGS and (e)

DRX fraction with the true strain, respectively. (The solid curves, symbols and dashed

curves in (c)-(e) represent the predictive data, the experimental measurements and the

calculated data at the constant strain rate, respectively).

Fig.13. DRX diagram of Inconel 740 superalloy at 0.1 s-1 and different deformation

temperatures described by (a) normalized dislocation density, (b) DRX fraction and (c)

AGS. (Symbols ☆ represent the experimental results).

Fig.14. DRX diagram of Inconel 740 superalloy at 1140 ˚C and different strain rates

described by (a) normalized dislocation density, (b) DRX fraction and (c) AGS.
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Table caption

Table 1. The material constant values in the unified constitutive model of Inconel 740

superalloy.




