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Abstract 

The mechanical properties of 25CrMo4 steel for high-speed railway axles depend on its 

microstructural evolution during hot cross wedge rolling (CWR). In this paper a set of 

mechanism-based unified constitutive equations has been determined for the prediction of 

elastic-viscoplastic material behaviour and microstructural evolution of the 25CrMo4 steel 

during hot CWR processes. Hot compression tests were conducted using a Gleeble 

thermo-mechanical simulator at temperatures in a range of 1223 K – 1433 K and at strain rates in 

a range of 1.0 /s – 10.0 /s. A set of equations was determined from experimental data of static 

grain growth, grain refinement and viscoplastic flow using a genetic algorithm (GA) method. 

Good agreements between the experimental and predicted data were obtained. The determined 

constitutive equations were implemented into the commercial FE code, DEFORM-3D, via a user 

defined subroutine and CWR processes were modelled. CWR tests were also carried out and 

microstructure examinations were conducted. FE simulation results, such as grain size, were 

compared with those of CWRed parts. Good agreements have been obtained, which shows that 

the determined constitutive model enables microstructure evolution in CWR processes to be well 

predicted. 
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1. Introduction 

Cross Wedge Rolling (CWR) has been used to produce a wide range of stepped axisymmetric 

components (Dong et al., 2000). In CWR the work piece revolves and is deformed in a gap 

between two contra-rotating rolls, the peripheries of which are wedge-shaped dies. High speed 

railway shafts are normally made of 25CrMo4 steel due to its good mechanical properties in 

extreme conditions (Xu et al., 2012). Railway shafts are traditionally formed by hot forging 

(Cornell, 1950). Given sufficient deformation, grain structure can be refined throughout the 

whole axle (Cui, 2006) providing high strength and toughness and good ductility. However hot 

forging of 25CrMo4 steel axles requires multi-step processes, which results in low tool life and 

high cost (Pater et al., 2006; Li et al., 2002; Dong et al., 1998). Compared with the traditional 

forging, the benefits of cross wedge rolling are significant: It produces components with higher 

performance, in shorter time, with less raw material, and at a lower cost. Therefore the CWR 

technique was firstly used for the production of railway axles in 2006 (Li et al., 2006). 

The fatigue resistance (Meng, 2009; Zhang et al., 2012) and the crack growth resistance 

(Klinger and Bettge, 2012; Zerbst et al., 2012) of high speed train axles is directly related to 

grain size of the processed parts. Therefore, it is vital to use the physically-based finite element 

simulation to predict and control the grain size of CWRed shafts. Much work on finite element 

modelling of CWR has been reported. Dong et al. (2000) used a three-dimensional FE model to 

characterize the stress and deformation behaviour with reference to internal defects. Pater (2006) 

developed a three-dimensional mechanical FE model to simulate the distributions of strain, strain 

rate, mean stress and rolling load components. However, little work has involved microstructural 

evolution prediction in FE simulation of CWR processes. 

Numerous researchers have focused on the thermal-mechanical properties and material 

characteristics of 25CrMo4 during hot forming. Xu et al. (2012) investigated the hot deformation 



3 
 

behaviour of axial steel deforming at a temperature range of 950 to 1150 ˚C and strain rates from 

0.1 to 20.0 /s using a Gleeble thermo-mechanical simulator. Li (2007) obtained a constitutive 

relationship of 25CrMo4 steel by thermal-mechanical testing for radial forging processes, and 

optimized the preform based on finite element simulation. Little research work was conducted on 

unified constitutive equations to predict the coupling of viscoplastic deformation and 

microstructure evolution of the material. 

Approaches to modelling microstructure may be classified into four types (Grong and 

Shercliff, 2002). They are: empirical (Sellars and Whiteman, 1979; Sellars, 1990), advanced 

statistical (Ai et al., 2003), direct simulation of microstructural evolution (Haghighat and Taheri, 

2008, Qian and Guo, 2004) and physically-based internal state variables. The internal state 

variable method provides a microstructural evolution modelling framework based on the 

significance of physical parameters of materials, and it can reflect the knowledge of the physical 

phenomena arising in thermal-mechanical deformation processes (Grong and Shercliff, 2002). It 

is capable of describing simultaneously correlation between physical variables at different scales 

and their evolution with time and/or strain. The microstructural parameters, such as grain size, 

recrystallization fraction and dislocation density, may be selected as individual internal variables. 

Horstemeyer and Bammann (2010) reviewed the development and usage of internal state 

variables (ISV) and stated that the ISV equations can be implemented into common CAE codes 

and thus materials processes can be modelled and optimized. Toloui and Serajzadeh (2009) 

employed the ISV method and developed a set of microstructural evolution constitutive 

equations for predicting static recrystallization fraction change after hot strip rolling. Although it 

is difficult to determine the constants arising in the model due to the complication of the 

equations, the power of the material model has been demonstrated for real applications. Many 

researchers (Cao and Lin, 2008; Cao et al., 2008; Lin and Yang, 1999) have provided techniques 

for solving this problem. Cao and Lin (2008) proposed a novel multi-objective function to 
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eliminate scale differences within the equations and enhanced the efficiency of calculation. This 

has promoted the use of the ISV method in materials processing applications. More attention has 

been paid to the use of the ISV method in materials processing applications. 

The aim of this paper is to apply the physically-based internal state variable method to 

25CrMo4 constitutive modelling, so that microstructural evolution in hot CWR of high-speed 

railway shafts can be predicted. In this paper, hot compression tests of 25CrMo4 were carried out 

on a Gleeble thermal-mechanical simulator. A set of unified viscoplastic constitutive equations 

was calibrated from experimental data of hot compression tests. The determined unified 

constitutive equations were implemented in the commercial FE code, DEFORM-3D, and 

microstructural evolution in CWR of a high speed railway axle was predicted. The simulation 

results of grain size evolution were further validated through CWR tests and conclusions are 

given at the end of the paper. 

2. Experimental Procedures 

Hot uniaxial compression tests using a thermo-mechanical simulator Gleeble-1500 have been 

conducted to characterize the viscoplastic flow and microstructural evolution of high-speed 

railway axle steel 25CrMo4 at high temperatures. The chemical composition of the steel is 

shown in Table 1. Cylindrical compression specimens of 8 mm in diameter and 15 mm in length 

were machined from the original ingot, as shown in Fig. 1. 

 

Table 1 Chemical composition of 25CrMo4 (% in weight). 

C Mn Si P S Cr Ni 

0.28 0.77 0.34 0.01 0.004 1.16 0.07 

Mo V Cu O H Fe  

0.23 0.02 0.12 0.0014 0.00016 balance  
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Fig. 1 Dimensions of specimens (unit: mm). 

 

Two types of tests, i.e. static grain growth tests and grain refinement tests were carried out 

under isothermal conditions. Static grain growth tests were used to measure austenitic grain 

growth after deformation, and grain refinement tests were used to study the effects of strain and 

strain rate on material recrystallization and grain size evolution. Strain-stress curves of the 

material at different temperatures and strain rates were also obtained from these experiments. 

2.1. Static grain growth tests 

An experimental programme for static grain growth tests is shown in Fig. 2. Each specimen 

was heated to 1253 K at a heating rate of 20 K/s and then heated to 1273 K at a heating rate of 2 

K/s to prevent overshooting. The specimen was soaked at 1273 K for 3 minutes to obtain 

complete austenitization. Subsequently, a specimen was either heated or cooled to one of the 

following deformation temperatures T1: 1223 K, 1273 K, 1323 K or 1373 K. Then the specimen 

was compressed to a predefined axial engineering strain of 0.6 (corresponding to 60% reduction 

in height) at a strain rate of 1.0 /s at the deformation temperature T1, which ensured the 

occurrence of recrystallization and thus refinement of the initial austenitic grain size. During the 

deformation, the real strain was measured using a C-Gauge (measuring specimen diameter 
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changes) at the central section of the testpiece. Due to the buckling and other effects, the 

measured local strain is normally higher than the average axial strain.  After deformation, the 

specimen was held at the deformation temperature T1 for 0 min, 10 min, 20 min and 30 min, 

respectively, to allow the austenitic grain growth, and then was immediately water quenched to 

freeze the austenitic grain structure at the deformation temperature T1. 

 

 

Fig. 2 Temperature profiles for static grain growth tests. 

2.2. Grain refinement tests 

The experimental programme for grain refinement tests is shown in Fig. 3. Each specimen was 

heated at a rate of 20 K/s to 1253 K and then heated at a rate of 2 K/s to 1273 K. Then each 

specimen was soaked at 1273 K for 3 minutes to obtain complete austenitization. Subsequently a 

specimen was heated to one of the following deformation temperatures T2: 1313 K, 1373 K, or 

1433 K. Specimens were compressed to one of the following values of true strain: 0, 0.2, 0.4, 0.6, 
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or 0.8, at a strain rate of either 1.0 /s or 10.0 /s, at the deformation temperature T2. After 

compression, specimens were quickly quenched using water cooling to retain the microstructure. 

 

Fig. 3 Temperature profiles for grain refinement tests. 

2.3. Cross wedge rolling tests 

In order to validate the cross wedge rolling FE model incorporated with material constitutive 

model developed in this study, experiments were carried out on an H630 cross wedge rolling mill, 

a model extensively used for making axles and long shafts. As shown as Fig. 4, the H630 rolling 

mill is a two-roll vertical machine, with a power system consisting of electric motor and speed 

reducer which drives the two contra-rotating cylindrical dies through universal joints. Two guide 

plates are symmetrically located in the front and behind of the machine frame, to hold the 

rotating workpiece between the dies. The forming conditions in the CWR experiment were listed 

in Table 2. Six rolled workpieces are shown in Fig. 5. A workpiece was cut through its axis, and 

a half workpiece was polished and etched, to investigate grain size distribution in a rolled piece. 

An optical microscope was used to investigate the microstructure at the nine locations. 
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Table 2 Process parameters and geometric variables of CWR test. 

Diameter of workpiece (mm) 50 

Area reduction (%) 35 

Forming angle ( )(
o) 50 

Spreading angle ( )
(o) 3 

Initial temperature for workpiece (K) 1423 

Initial temperature for dies (K) 293 

Rolling speed (rad/s) 0.8373 

Spreading length ( L )(mm) 80 

 

 

 

Fig. 4 Hot cross wedge rolling machine. 
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Fig. 5 Rolled workpieces using the forming parameters detailed in Table 2. 

3. Experimental Results and Discussions 

3.1. Static grain growth test results 

Deformed specimens were sectioned along the axial direction. The section of specimen was 

polished and etched in a solution of, 60 ml water, 0.1 ml H2O2, 0.2 g Sodium dodecyl benzene 

sulfonate (SDBS) and 2.5 g saturated picric acid. The etched specimen was heated to 323 K for 2 

minutes to reveal the microstructure on an optical microscope. The grain size was measured 

according to ISO643-2012. The average grain sizes (AGS) from static grain growth tests are 

shown in Table 3. 

To evaluate the confidence level of grain size, a 95% confidence interval (95%CI) is also 

shown in Table 3. The relative error (RE) of the grain size is calculated using: 

95%
100%

AGS CI
RE

AGS


   (1) 

It can be seen that RE is less than 10% for all the grain sizes presented in Table 3. It indicates 

that average grain sizes measured from static grain growth tests is reliable. 

In addition, Table 3 shows that at a certain temperature, grain size increases with the increase 
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of holding time; at a certain holding time, grain size increases with the increase of holding 

temperature. This indicates that grain growth is a function of both temperature and holding time. 

 

Table 3 Average austenite grain size (in m) at different temperatures and holding time (CI is 

confidence interval). 

Holding time 

Temperature 

0min 95%CI 10min 95%CI 20min 95%CI 30min 95%CI 

1223K 10.5 (9.6,11.4) 36.4 (33.4, 39.4) 44.8 (41.3,48.3) 49.5 (44.9,54.1) 

1273K 11.1 (10.3,11.9) 38.0 (35.2,40.8) 63.2 (57.9,68.5) 63.1 (59.4,66.8) 

1323K 13.0 (12.4,13.6) 64.8 (60.7,68.9) 87.8 (80.9,94.7) 97.9 (89.7,106.1) 

1373K 15.2 (13.9,16.5) 120.3 (108.9,131.7) 134.9 (122.3,147.5) 154.6 (140.9,168.3) 

 

3.2. Grain refinement test results 

The same etching and statistical methods were used as those for the grain growth tests. Fig. 6 

shows microstructures corresponding to different strain stages for hot compression at a strain rate 

of 1.0 /s and temperature of 1313 K. It can be seen that with the increase in strain, 

recrystallization takes place, and grain size is decreased to about 14.5 µm. 
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Fig. 6 Microstructures at different strains in a hot compression at a strain rate of 1.0 /s and a 

temperature of 1313 K. (a) =0; (b) =0.2; (c) =0.4; (d) =0.6; (e) =0.8. 

 

 

The average grain size measured from the grain refinement tests are shown in Table 4. A 

95%CI of grain size are given. The RE of grain size in Table 4 was calculated using Equation (1) 

and it was less than 10%. The calculation indicates that the average grain size measured from 

grain refinement tests is reliable. 

In addition, Table 4 shows that the average grain size increases with the increase of 

deformation temperature. When the specimen was compressed at a certain temperature and strain 
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rate, the austenite grain size is decreased with the increase of strain level, due to the fact that the 

extent of recrystallization depends on the amount of deformation. 

 

Table 4 Average austenite grain size (in µm) of compressed specimens  

at different temperatures and strain rates. 

Strain rate (1/s) 1.0 10.0 

Temperature (K) 1313 1373 1433 1313 1373 1433 

True 

strain 

0 41.4 60.7 93.2 41.4 60.7 93.2 

95%CI (38.1,44.7) (55.4,66) (85.6,100.8) (38.2,44.6) (55.5,65.9) (87.1,99.3) 

0.2 30.6 40.9 76.2 30.3 47.3 54.0 

95%CI (29,32.2) (37.7,44.1) (70.9,81.5) (27.4,33.2) (42.7,51.9) (48.8,59.2) 

0.4 18.3 30.0 32.3 22.3 28.8 38.7 

95%CI (16.6,20.0) (27.6,32.4) (29.2,35.4) (20.9,23.4) (26.1,31.5) (35.4,42) 

0.6 20.0 29.9 36.1 17.9 24.6 37.7 

95%CI (18.4,21.6) (27.3,32.5) (32.6,39.6) (16.4,19.4) (22.3,26.9) (34.1,41.3) 

0.8 14.5 27.8 35.6 16.2 20.2 29.8 

95%CI (13.2,15.8) (25.2,30.4) (32.7,38.5) (14.8,17.6) (18.7,21.7) (27,32.6) 

 

4. Formulation and Calibration of Unified Viscoplastic Constitutive Equations 

4.1. Formulation of constitutive equations 

Compared with a power exponent law, a hyperbolic sine law is considered to be able to 

accommodate a wider range of temperature and strain rate in modelling viscoplastic flow of 

metals (Lin et al., 2005).  

Considering features of the microstructure evolution such as recovery, recrystallization and 

evolution of grain size, a set of physically-based unified viscoplastic equations for high-speed 

railway axle steel 25CrMo4 during hot forming take the form of (Lin et al., 2005; Li, 2010): 
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1

1 2 0sinh[ ( )]( / )p A A R K d d
  

       (2) 

1

0[ (1 )](1 )cS Q x S S
         (3) 

1(1 )x H x       (4) 

2
31 4

4 0 3( / ) (1 ) [( ) / (1 ) ]p rA d d C A S S
              (5) 

0.50.5R B      (6) 

1 2

1 1 2 0( / ) ( / )d G d d G S d d
 

      (7) 

( )T pE        (8) 

 

where E  is the Young’s modulus, which varies with temperature, shown in Table 5. p  is 

plastic strain rate, d  is the average grain size, 0d is the initial grain size and 1  is a material 

parameter, characterizing the effects of grain size on viscoplastic flow.
 1A

 
is a temperature 

dependant variable.
 2A

 
is a material constant.   is effective stress. R  is an isotropic 

hardening variable. K  is initial yield stress which varies with temperature. 0Q  and 1  are 

material constants. The recrystallized volume fraction S  varies from 0 to 1 and its variation is 

cyclic, depending on the evolution of dislocation density. c  
represents the normalized critical 

dislocation density, which is a temperature dependant variable in Table 5. The recrystallized 

incubation fraction, x , is introduced to introduce sufficient time for onset of recrystallization. It 

describes an incubation time that varies with change in values of normalized dislocation density 

while the dislocation density must exceed the critical value c . 1G is a temperature dependant 

variable in Table 5. 1d  and 1  are material constants. The first term of the equation describes 

static grain growth. 2G , 0d and 2  are material constants. The softening mechanisms, which 
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consist of dynamic recovery, static recovery (annealing) and recrystallization, are included in the 

equations. Therefore the interrelationship of the physical variables and viscoplastic flow of the 

material can be fully described. 

The corresponding temperature dependent parameters in the equations are listed in Table 5. 

where 10K , 0c , 0B , 0E , 
10A , 

10H , 0rC , 10G  are material constants, 
1Q , 2Q , 3Q , 4Q , 

5Q , 6Q , 7Q , 8Q  represent thermal activation parameters in equations, which are required to 

determine together with other material constants in the following section. 

 

Table 5 List of temperature dependent parameters  =8.31 11   kmolJ  

(Universal gas constant); T is absolute temperature in K. 

))/(exp( 110 TQKK 
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))/(exp( 20
TQcc  
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))/(exp( 70
TQCC rr 

 

))/(exp( 40 TQEE 

 

))/(exp( 8101 TQGG 

 
 

4.2. Formulation of objective functions 

For the unified viscoplastic constitutive equations, two sub-objective functions are defined in 

terms of the square of the logarithmic error instead of the differences between predicted and 

experimental data for stress-strain and average grain size-strain. The individual sub-objective 

function can be expressed as (Cao and Lin, 2008): 

 

2

,

1 1 1 ,

1 1 1
( ) ln

jk
L cNM

ij k

e
k j ik j ij k

f x
L M N









  

     
     

     

     (9) 
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     (10) 

 

where ( )f x  
and ( )df x

 
are residuals for stress and average grain size, respectively. x  is 

the material constant vector required to calculate, 1 2[ , ,..., ]nx x x x , n  is the number of 

material constants. L  is the number of testing temperatures, M  is the number of strain rates at 

a chosen temperature, N  is the number of data points at a given strain rate and at a particular 

deforamtion temperature. ,

c

ij k
 
and ,

c

ij kd  are the calculated data for a strain level i  at a given 

strain rate j  and at a given deformation temperature k ; ,

e

ij k  and ,

e

ij kd  are the experimental 

data for a strain level i  at a given strain rate j  and at a given deformation temperature k . 

The effective stress, ,

c

ij k , and average grain size, ,

c

ij kd , are calculated through the numerical 

integration method, Runge-Kutta algorithm. The determination of material constants requires 

global minimization and the global objective function by the sum of individual sub-objective 

functions. In this case, the global objective function is: 

 

  ( ) ( ) ( )df x f x f x     (11) 

4.3. Determination of material constants 

The process of obtaining material constants consists of two key steps. During the first step, the 

material constants relating to static grain growth are determined using the first term of Equation 

(7) and static grain growth data shown in Table 3. The material constants, i.e. 10G , 8Q , 
1

d , 1  

are determined, as shown in Table 6. 

The second step is to determine the rest of material constants and corresponding temperature 

dependent parameters using Equations (2) to (8). Commercial software MATLAB, which 
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provides the Genetic Algorithm (GA) Toolbox to optimize the objective function, is used. The 

constitutive Equations (2) to (8), together with the expressed objective functions (9) to (11), are 

input in MATLAB software M-file to determine the material constants. Based on the 

sub-objective functions (9) and (10), two groups of experimental data, effective stress and grain 

size against strain for different strain rates at different temperatures, are selected in the 

optimization. In this paper three stress-strain curves and three grain size-strain curves were used. 

The initial value of variables in the ordinary differential equations is defined to be zero, apart 

from initial grain sizes. The initial grain size is 41.4 μm at 1313 K, 60.7 μm at 1373 K and 93.2 

μm at 1433 K. In this work, the following GA parameters are input into the GA toolbox: 

population size 200, generation number 5000, crossover rate 0.8, initial range x=[10-50,1010]. 

 

Table 6 The determined material constants in the constitutive equations. 

10A 1( )s  10-2.58 
1 ( )  100.92 

3Q 1( )J mol  104.5 

5Q 1( )J mol  101.91 
10H 1( )s  104.63 

10G ( )um  107.89 

2A 1( )MPa
 10-0.83 

6Q 1( )J mol  10-1.72 
8Q 1( )J mol  105.33 

10K ( )MPa  10-4.9 
1 ( )  10-24.56 

1d ( )um  103.20 

1Q 1( )J mol  10-5.2 
2 ( )  100.18 

1 ( )  10-0.12 

0d ( )um  20 
0rC 1( )s  105.95 

2G 1( )s  101.31 

1 ( )  0.2 
7Q 1( )J mol  10-0.23 

2 ( )  100.20 

0Q 1( )s  103.9 
3 ( )  10-1.45 

0E ( )GPa  102.67 

0c ( )  10-20.2 
3A ( )  10-14.50 

4Q 1( )J mol  103.73 

2Q 1( )J mol  10-0.94 
0B ( )MPa  100.49 4A ( )  10-0.02 

4 ( )
 30 - - - - 
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The experimental data, effective stress and grain size evolution for strain rates 1.0 /s and 10.0 

/s of 1313 K and 1.0 /s of 1433 K, were utilised for the optimization. The material constants 

determined in the model using GA optimization techniques are listed in Table 6. The fitting 

results (solid lines) with experimental values (symbols), for strain-stress curves and grain size, 

are plotted as Fig. 7 (a) and (b). Good agreements can be found by comparing experimental data 

(symbols) with fitting results (solid curves) of stress and grain size.  

In addition, the determined unified elastic-viscoplastic constitutive equations are validated 

using three other experimental data for strain rates 1.0 /s and 10.0 /s at 1373 K and 10.0 /s at 

1433 K, shown in Fig. 8 (a) and (b). It is shown that the predicted results are in a good agreement 

with the corresponding experimental results: the error of predicted flow stress is within 15%, and 

the error of predicted grain size is within 10%. This indicates that the determined constitutive 

equations enable the grain size evolution and viscoplastic flow of the material to be well 

predicted. 

 

 

(a) 
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(b) 

Fig. 7 Comparison of experimental (symbols) with calculated data (solid curves) of stress and 

grain size for different strain rates and temperatures. (a) fitting results of effective stress; (b) 

fitting results of grain size. 

 

 

(a) 
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(b) 

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

grain size for different strain rates and temperatures. (a) predicted results of effective stress; (b) 

predicted results of grain size. 

 

5. Application of Constitutive Equations in Cross Wedge Rolling FE Simulation 

5.1. Development of FE model for cross wedge rolling  

To understand the microstructure evolution of the material during cross wedge rolling processes, 

An FE model of this process has been established, and the determined material model was 

implemented into FE software DEFORM-3D via a user-defined subroutine.  

The FE model of CWR is shown as Fig. 9. Due to the symmetrical feature of the workpiece 

and tools, only half of the FE model was created. The symmetry plane is shown in Fig. 9. The 

Guide plates and rolls are considered as rigid bodies. 

The initial rolling temperature of the workpiece and the dies is 1423 K and 293 K, respectively. 

Forty thousand tetrahedron elements were used to mesh the workpiece. Fig. 10 shows the 

geometry of the top die. The radius of external surface for each die is 315 mm. The rotational 
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speed of the top die and bottom die is 0.8373 rad/s. The process of CWR lasts for 3.2 s. The 

diameter of the workpiece is reduced from 50 mm to 40 mm. Process parameters and geometric 

variables used in the FE model are identical with those in the CWR tests, as shown in Table 2. 

 

 

Fig. 9 FE model for CWR simulation. 

 

 

 

 

Fig. 10 Top die and its geometry. 

 

Thermal and physical properties of 25CrMo4 are given in Table 7 (Meng, 2009; Wang et al., 

Workpiece 
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2005). The thermal conductivity and heat capacity of 25CrMo4 are given in Table 8 (Meng, 

2009). In theory, the shear friction factor is less than 1.0 (Wang et al., 2004; Dong et al., 2000; 

Shu et al., 2007). To reduce the interfacial slip between the dies and the workpiece, in practice, 

surfaces of dies were indented with small pock-marks. Therefore, in this paper the shear friction 

factor was defined to be 0.9 (Hu and Li, 2011). A heat transfer coefficient of 1.5×104 W·m-2·K-1 

is defined between the workpiece and the dies at the firm contact condition (Wang et al., 2005; 

Grass et al., 2006; Zhang et al., 2012). 

 

Table 7 Thermal and physical properties of 25CrMo4. 

Poisson 

ratio 

(-) 

Thermal 

expansion 

(1/K) 

Environment 

Temperature 

(K) 

Emissivity 

(W/(m2K4)) 

 

Convection 

Coefficient 

(W/m2/K) 

Density 

(Kg/m3) 

0.3 1.2e-05 293 0.8 0.02 7820 

 

Table 8 Thermal conductivity and heat capacity of 25CrMo4 with temperature. 

Temperature 

(K) 

Thermal conductivity 

(N/(Sec·K)) 

Heat Capacity 

(N/mm2/K) 

373 46.44 3.97 

573 43.10 4.47 

773 39.33 5.22 

973 38.07 6.28 

1173 36.82 5.46 

1273 35.00 4.12 

1373 33.43 3.57 

1473 30.58 2.58 

1573 28.35 2.24 
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5.2. FE model validation with CWR tests 

Fig. 11 shows the microstructure at nine locations in a CWRed workpiece in Fig. 5, and the 

grain size at corresponding locations in the FE simulation. The grain size data are listed in the 

Table 9. The relative error for the grain size in Table 9 was calculated using the following 

expression: 

9 100%
i i

Table

i

E P
RE

E


   (12) 

where 
iE  denotes the experimental data, i.e. grain size from practical CWRed parts, and 

iP  

is the predicted data, i.e. grain size from numerical simulation. Relative errors of grain size are 

given in Table 9 for nine locations of the rolled part as indicated in Figure 11. 

 
Fig. 11 Grain morphology at different locations in the rolled workpiece. 

 

Table 9 Comparison of predicted and experimental grain size for the CWRed part. 

Location Grain size (μm) from Grain size (μm) from Relative Error (%) 
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numerical simulation practical CWR  

P1 57.85 57.93 0.14 

P2 56.60 54.78 3.32 

P3 68.64 64.62 6.22 

P4 76.95 80 3.81 

P5 78.07 82.62 5.51 

P6 72.84 76.36 4.61 

P7 61.20 56 9.29 

P8 61.22 54 13.37 

P9 70.31 64.61 8.82 

Average Value 67.07 65.66 6.12 

 

The standard error (SE) for the grain size in Table 9 was calculated using: 
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( )
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n

i i

i

E P

SE
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 (13) 

By comparing numerical and real grain size after rolling, the relative error of grain size for the 

nine locations is less than 10%, and the standard error for the grain size is 4.39 μm. This 

demonstrates that the determined model based on internal state variable method, implemented in 

FE software DEFROM-3D, enables the microstructure evolution, such as recrystallization 

fraction and grain size, to be well predicted. 

5.3. Predictions of state variables 

Fig. 12 shows the distribution of effective plastic strain, temperature in the longitudinal 

section of a workpiece after the rolling. The effective plastic strain in Region C is larger than that 

in Region B, and the small amount of deformation takes place in the Region A, i.e. unrolled area. 

Fig. 12 (b) shows that the temperature in the Region B is up to 1443 K, due to 
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deformation-induced adiabatic heating. In contrast, the temperature in Region C is lower since 

the region C is in contact with cooler dies, and heat transfer takes place. Without the influence of 

deformation-induced adiabatic heating and heat dissipation, the temperature in unrolled Region 

A almost remain unchanged. 

 

 

(a) 

 

(b) 

Fig. 12 Predicted distribution of (a) effective plastic strain; (b) temperature in workpiece after 

CWR. 

 

Fig. 13 shows the distribution of dislocation density, effective stress in the longitudinal section 
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of a workpiece after rolling. Due to the small amount of deformation, dislocation density and 

effective stress have little changes in the unrolled Region A. Fig. 13 (a) shows that normalized 

dislocation density is lower than 0.4 in the workpiece. The lower dislocation density is the result 

of annihilation, including recovery and recrystallization. With the variation of dislocation density, 

effective stress is exhibited as a very low value of approximately 70 MPa in rolled area, as 

shown in Fig. 13 (b), because of the softening mechanism, i.e. recovery and recrystallization. 

Fig. 14 shows the distribution of recrystallization fraction and grain size in the longitudinal 

section of a workpiece after rolling. In hot materials processing, once dislocation density reaches 

a critical value, c , recrystallization occurs after an incubation period. Fig. 14 (a) shows that the 

recrystallized volume fraction of the workpiece has reached 0.758 in the rolled area. In the 

unrolled Region A of the workpiece (Fig. 14 (a)), recrystallized volume fraction of the material 

has very limited changes, due to the small amount of deformation. 

 

(a) 
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(b) 

Fig. 13 Predicted distribution of (a) dislocation density; (b) effective stress in workpiece after 

CWR. 

 

Grain size is refined from initial grain size of 93 μm to 51.9 μm in the rolled area owing to 

recrystallization (Fig. 14 (b)). However, grains slightly grow in Region D, to more than 65 μm. 

Grains in Region E have not been refined significantly and at the outer edges have grown to 122 

μm, as shown in Fig. 14 (b). This phenomenon depends on the combined effect of 

recrystallization and grain growth and the grain growth factor, i.e. the first term of Equation (7), 

is directly related to the temperature. The temperature distribution in workpiece depends on the 

heat production and dissipation during deformation. This may lead to the variation of grain size 

in a workpiece. 
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(a) 

 
(b) 

 

Fig. 14 Predicted distribution of (a) recrystallization fraction; (b) grain size in workpiece after 

CWR. 

6. Conclusions 

1) A set of unified constitutive equations, coupling with thermal-mechanical-microstructure, 

has been determined from experimental data, for predicting the microstructural evolution in hot 

cross wedge rolling of high-speed railway axle steel 25CrMo4. 

2) The predicted results from the constitutive equations were validated through the comparison 

with experimental data. The error of predicted stress is under 15%, and the error of predicted 

grain size is under 10%, and the standard error for the grain size is 4.39 μm. This indicates that 

the constitutive model can be used for the modelling of both the viscoplastic flow and 

microstructure evolution of 25CrMo4 under hot forming conditions. 

3) The constitutive equations were implemented in a commercial FE software DEFORM-3D. 

The relative error of grain size between the simulation and experimental results for the nine 

locations is less than 10%, and the standard error for the grain size is 4.39 μm. It is demonstrated 

that the determined mechanism-based unified viscoplastic constitutive equations enables the 
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prediction of microstructure, such as recrystallization and grain, evolution of 25CrMo4 during 

and after practical CWR. 

4) Numerical simulation results and experimental data from a practical CWR trial show that the 

grain size of high-speed railway axle is homogeneous but not fine enough to meet the service 

specification. To produce a finer grain structure in cross wedge rolled shaft, a further simulation 

study will be conducted to optimize the process. A process window will be generated which 

enables the specified grain size to be achieved. 
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