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Abstract 

 

This paper presents a mechanism-based approach for modelling the thermomechanical 

behaviour of a Cr-Mo-V steel. A set of unified viscoplastic constitutive equations were employed 

to model dislocation density, recrystallisation and grain size during deformation. The evolution 

of dislocation density accounts for the build-up of dislocations due to plastic strain, the static and 

dynamic recovery and the effect of recrystallisation. Recrystallisation occurs when a critical 

dislocation density is reached after an incubation time, and grain size becomes smaller after such 

event. Gleeble compression tests were used to obtain Stress-strain curves and evaluate the 

microstructural evolution at different temperature and strain rate, and the material constants for 

the model were determined from the experimental data. 

 

Introduction 

 
Friction welding is a class of solid state welding processes where heat is generated 

through mechanical friction between a moving workpiece and a stationary component. Because 

of its localised weld and the ability to join dissimilar materials, it is finding use in many 

industries including aerospace industry (such as turbine wheel and shafts). There are many 

publications related to joining different pairs of dissimilar metals and/or its effect on the 

microstructures and properties, such as dissimilar steels,  nickel based superalloys, Al alloy, Ti 

alloy, copper, etc [1-6]. 

Welding process is like a thermomechanical processing operation. During the process, 

deformation takes place and, depending on strain rate, temperature and initial conditions of the 

material, various microstructural changes may occur, which, in turn, affects the 

thermomechanical behaviour of the material. The microstructural changes involves build-up of 

dislocation density, strain hardening, static and dynamic recovery, recrystallisation and grain 

growth. These changes are highly temperature and strain rate dependent, and different factors are 

interacting/competing in the process [7-11]. 

In recent years, unified approaches have been employed to model interactive effects of 

microstructural evolution and viscoplastic flow of materials based on continuum theories [12-
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15]. In these theories, state variables are introduced to model the evolution of individual 

microstructural variables (such as grain size, precipitate volume fraction, etc.) during the process, 

and all these variables contribute to the change in mechanical properties and viscoplastic flow. In 

this paper, the same approach was applied to a Cr-Mo-V steel – super CMV (SCMV), which has 

been a candidate material of previous study for inertia welding [1]. A set of unified constitutive 

equations were established and materials constants in the equations were determined based on 

the data from experimental work. 

 

Viscoplastic Model 

 

Several material characteristics are changed during thermomechanical processes, 

including grain size, dislocation density, and recrystallisation, which affect the viscoplastic 

behaviour of the material. Therefore, grain size, dislocation density, and recrystallised volume 

fraction are some of the state variables used to model the thermomechanical behaviour. 

At a high temperature and a high stress level, deformation process is predominated by 

dislocation controlled mechanisms and the stress-strain rate relationship is non-linear. Sinh-law 

is applicable to a wide range of strain rates and stress levels [16], and is used in the current 

model. Thus the viscoplastic constitutive equation is: 

 

  4)-R-(AsinhA 21p

 
 d  (1) 

 

where p is the plastic strain and a dot over a variable represents its time derivative. R represents 

the isotropic strain hardening of the material, which is directly related to dislocation density.  is 

the yield stress and d is the average grain size. A1 is a temperature dependent material constant, 

and A2 and ψ4 are temperature independent constants.  

Equation (1) also shows that the stress consists of three components: the viscoplastic 

stress, the yield stress and the strain hardening. The strain hardening is caused by the build-up of 

dislocations and is proportional to the square root of dislocation density [17]. Thus, isotropic 

strain hardening (R) can be express as 

 
5.0

1BR    (2) 

 

where B1 is a temperature dependent material constant, and  is a normalised dislocation 

density.  

During deformation, material experiences plastic strain, causing dislocation density to 

increase and resulting in strain hardening. There are several factors that affect the dislocation 

density: the development of dislocation density during plastic straining, dynamic recovery of 

dislocation density during straining, static recovery of dislocation density and the effect of 

recrystallisation on the evolution of dislocation density. A normalised dislocation density 

 /1 i  is used here, where i and  are the initial and current dislocation density in the 

material [13].  At the beginning,   has a value of 0 and can increase up to a maximum value of 

1 during the deformation process. The rate equation for the normalized dislocation density is 
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where C1, C s, δ1, δ2, δ3 and δ4 are material constants, Cr is a temperature dependent constant, d0 

is the initial average grain size, S is the recrystallised volume fraction. The first term in Equation 

(3) models both the development of dislocation density due to plastic strain and dynamic 

recovery of dislocation density. The dynamic recovery term enables the normalized dislocation 

density to be limited to the saturated state of dislocation network being 1.0. The second term is 

due to the static recovery of dislocation density during the thermal process. The third term comes 

from the contribution of recrystallisation to the recovery of dislocation density. 

Recrystallisation is directly related to dislocation density. A critical value of dislocation 

density is required before recrystallisation can start. c  is the critical value of normalised 

dislocation density, below which recrystallisation will not take place. The value of c  is 

dependent on the temperature. When the normalised dislocation density reaches c  at high 

temperature, given sufficient time, recrystallisation will occur. This time-effect is modelled by an 

incubation fraction. The recrystallised volume fraction is  

 

  1S)-(1S)-(1-xHS c1

    (4) 

 

where 1 is a material constant, H1 is a temperature dependent constant. x is the incubation 

fraction for the onset of recrystallisation and is dependent on the dislocation density: 

 

 x)-(1Xx 1
   (5) 

 

where X1 is a temperature dependent material constant. 

The grain size (d) is affected by the normal grain growth and the refining effect of 

recrystallisation. Therefore,  

 
2

3

1

0

8
0

7
d

d
SG-

d

d
d


























  G   (6) 

 

where G8, ψ1, ψ2 and ψ3 are material constants, and G7 is a temperature dependent material 

constant.  

For the elastic deformation range, Hooke’s law of elasticity is applied: 

 

)-(E p T   (7) 

 

where E is Young’s modulus, T is the total strain.  

Equations (1)-(7) are a set of the unified viscoplastic constitutive equations, describing 

the evolution of dislocation density, strain hardening, recrystallisation, and grain size. The 

following expressions were used for the temperature dependant material constants: 

 



 4 
















TR

Q
Kk

g

p
exp0   (8a) 
















T

Q-
exp a1

101

gR
AA   (8b) 
















T

Q
exp b1

101

gR
BB   (8c) 
















T

Q-
expCC r

0rr

gR
  (8d) 
















T

Q-
expGG

g7

707

gR
 (8e) 
















T

Q-
expHH h1

101

gR
  (8f) 
















T

Q
exp c

0cc

gR
   (8g) 
















T

Q-
exp x1

101

gR
XX  (8h) 

 

where A10, B10, Cr0, G70, H10, K0, Qa1, Qb1, Qc, Qg7, Qh1, Qp, Qr, Qx1, X10 and 
0c  are constants. Rg 

is the gas constant, and T is the absolute temperature. These constants were determined by fitting 

the model results with the experimental data using the same technique detailed in [13]. 
 

Material And Experiments 

 

The material used in the study is a high strength low alloy Cr-Mo-V steel – super CMV 

(SCMV). The composition of SCMV is Fe-0.3C-3.15Cr-1.6Mo-0.1V-0.6Si (wt%).   

Compression tests were carried out using Gleeble machine. The dimensions of the 

testpieces were cylindrical shape with a diameter of 8 mm and a length of 12 mm. Stress-strain 

curves were obtained for different temperatures and/or different strain rates. The average grain 

sizes of the tested specimens were analysed and reported elsewhere [18]. Experimental results 

were used to determine the material constant of the viscoplastic constitutive equations. 

 

Results And Discussions 

 

From Equation (8a), it follows that  
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The half of the flow stresses (/2) for each temperature at a strain of 0.1 and a strain rate 

of 1 s-1 are plotted in Fig. 1. It shows that ln(/2) is linearly proportional to the value of 1/T. This 

is taken as the yield stress . By matching Equation (9a) with the fitting in Fig. 1, one obtains 
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Fig. 1 Relationship of flow stress () at 0.1 strain and 1 s-1strain rate with temperature - experimental results and 

linear fitting. 

 

The Young’s modulus expression was obtained by fitting the available data during 

heating [19] and extrapolated to the whole temperature range. Fig. 2 shows the values of 

Young’s modulus at different temperature and the trend fitting equation. An additional point has 

been added at 1973 K so that it will not become negative for any possible modelling temperature 

range during inertia welding. The final equation used in the model for Young’s modulus (MPa) 

is  

 

 204403.024.26223000 TTE  .      (10) 

 

The material constants were determined after comparing the simulation results with the 

Gleeble test data.  Table 1 lists the final values for the material constants used in the viscoplastic 

model for SCMV.  
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Fig. 2 Young’s modulus of SCMV 

 

 
Table 1 Material constants used in SCMV model 

A10 A2 B10 C1 Cr0 Cs 

550 0.1 0.49 1.2 2.65x104 1 

G70 G8 H10 k0 Qa1 Qb1 

1.23 x108 28 2.48x105 0.372 5x104 6x104 

Qc Qg7 Qh1 Qp Qr Qx1 

4.5x104 2x105 1.1x105 5.39x104 9.5x104 8x104 

X10 c0 1 2 3 4 

1.3x106 0.0022 1 1.2 1.88 1 

1 2 3 4 1 d0 

2 0.12 1 0.5 1 19.5 m 

 

Figs. 3 and 4 show the modelling results up to a strain of 0.5 for temperatures of 1273, 

1373, 1473 and 1573 K at a strain rate of 1 s-1, together with the experimental stress-strain 

curves. The temperature history in Fig. 3 shows that the testpiece is first heated at 20 K.s-1 to the 

compression test temperature, held for 1 s before starting the compression test, then cooled at 50 

K.s-1. This cooling rate is approximated from the natural cooling tests. The cooling period is 

included here for the purpose of simulating the final grain size. Simulation was stopped when the 

temperature was cooled to 1073 K as further cooling has insignificant effect on the grain size. 

From Fig. 3, it can be seen that normal grain growth takes place during heating, but only 

becomes obvious after 1100 K. As the temperature increases, the grain growth rate becomes 

larger. For a particular temperature, however, Equation (4) indicates that the growth rate 

decreases with increasing grain size and a saturated state of grain size may be reached after some 

time. Fig. 3 also shows that there is a sudden drop in grain size, which is caused by 

recrystallisation. After recrystallisation, the grains start to grow again. The growth rate is faster 

at first, then gradually grain growth comes to a plateau. The main reason for this is that the 

temperature is decreasing after deformation, therefore reducing the mobility of the atoms.  
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Fig. 3 Simulation thermal history and change is grain size for different testing temperatures. In the figure, xxxx/x 

(e.g., 1473/1) indicates the temperature in K and strain rate in s-1 for the test. 

 

As shown in Fig. 4, a good match for the stress-strain curves has been achieved. The flow 

stress first increases with the strain because the dislocation density is increased as is the strain 

hardening effect. Then recrystallisation occurs, reducing the dislocation density, the flow stress 

and also the grain size. The vertical parts of the curves at 5.0  are the results from the cooling 

period when no more load was applied (see Fig. 3 for comparison). Fig. 4 shows that as the test 

temperature increases, the flow stress becomes lower, incubation period becomes shorter, and 

recrystallisation process becomes faster. From the graph of recrystallised volume fraction, it can 

be seen that some recrystallisation may continue when deformation ends. 

The effects of the test temperature and the strain rate on the grain sizes are plotted in 

Figs. 5 and 6 respectively. The experimental data are from Ref. [18]. As can be seen from the 

figures, the grain size increases with testing temperature due to higher activity/diffusion 

coefficient at higher temperature. The simulation results of the temperature effect on the grain 

size compare favourably with the experimental data. For the effect of strain rate at 1473 K, the 

grain size prediction from the current model is higher than the experimental results, especially at 

the strain rate of 0.1 s-1.  
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Fig. 4 Effect of temperature on the flow stress, dislocation density, grain size, incubation fraction and recrystallised 

volume fraction of SCMV, at strain rate of 1 s-1. 
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Fig. 5 Effects of test temperature on the grain size of SCMV after compression test at 0.5 strain and 1 s-1 strain rate. 
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Fig. 6 Effect of strain rate on the grain sizes of SCMV after compression test at 1473 K and 0.5 strain. 

 

Fig. 7 shows the effect of strain rate on the viscoplastic behaviour of SCMV at 1473K. 

The model results for the flow stress are in good agreement with the experimental data. The 

higher the strain rate, the higher the normalised dislocation density and the flow stress. For 

higher strain rate, the incubation period comes to completion at higher strain. The effect of strain 

rate on the recrystallisation and the grain size is not straightforward but varies depending on the 

test temperature. This is because that recrystallisation depends on dislocation density, 

temperature, and time. At the strain of 0.5, the strain rate of 0.1 s-1 has the most recrystallised 

volume fraction at 1473 K.  
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Fig. 7 Effect of strain rate on the viscoplastic behaviour of SCMV at 1473 K. 

 

However, results may look different if it is plotted as a function of time rather than strain. 

For a certain strain, higher strain rate means higher dislocation density, but less time for any 

process to proceed. In Fig. 7, for example, recrystallisation advances fastest as a function of 

strain for the lowest strain rate of 0.1 s-1. However, from time point of view, recrystallisation is 
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slowest at this strain rate, as shown in Fig. 8. When recrystallisation occurs, the grain size has 

two competing factors: normal grain growth and refinement through recrystallisation. In Fig. 8, 

the result of 0.1 s-1 shows that the grain size first increases through normal grain growth, then 

decreases because of recrystallisation, and it starts to grow again when recrystallisation becomes 

nearly completed and normal grain growth has a stronger effect over recrystallisation.  
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Fig.8 Effect of strain rate on the recrystallisation of SCMV at 1473 K, as a function of time. 

 

Conclusions 

 

A material model for the viscoplastic behaviour has been developed for a Cr-Mo-V steel, 

super CMV. Material constants for the equations have been determined. Simulated flow stresses 

are in good agreement with the experimental ones in the temperature range studied. The flow 

stress increased with decreasing temperature and increasing strain rate. Recrystallisation 

occurred in the process, while grain size was refined and dislocation density decreased after such 

event. The modelled grain sizes are in fair agreement with experimental results. 
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