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Abstract  Computer-aided engineering (CAE) tools are increasingly being used in industry to speed up the design and 
simulation in metal processing and manufacturing. However such design and simulat ion at present is not yet completely 
“virtual”, in that the essential material property data required for CAE simulat ion can only be obtained through experimental 
measurements. This paper describes the development of material models that can calculate most of the material data required 
in CAE simulation, including TTT/CCT d iagrams, physical and thermophysical properties, and strength and flow stress 
curves. The calculated material data have been used by various CAE tools, and two case studies are presented for the 
simulation of hot stamping and quench distortion. 
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1. Introduction 
Introduction of materials modelling into CAE simulat ion 

has become popular in  recent years, whereas the 
fundamental technical challenge is the development of 
material models to calculate the physical, thermophysical 
and mechanical properties that are essential for design, 
manufacture and simulat ion. To overcome the problem of 
lacking material models and provide reliab le and cost 
effective material data for processing simulat ion, 
computer-based models have been developed and now most 
of the material data required for CAE simulat ion can be 
readily calculated.[1,2] 

This paper reviews our recent development on material 
modelling and its application in processing simulation. The 
first part introduces the main physical phenomena involved 
in the numerical simulat ion of metal processing, how they 
interact and  how the simulat ion  of each  phenomenon is 
carried  out. The material models used  to  calcu late the 
property data for the above simulations were introduced in 
the second part. To make them easy to use, these models 
have been implemented in computer software JMatPro,[1] 
where the material data calculated can now be organised in 
fo rmats that can be d irect ly read  by many  s imulat ion 
packages. The third and final part features two  case studies to 
demonstrate how JMatPro’s data have been used in various  
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CAE packages for the simulation of hot forming and heat 
treatments. 

2. Numerical Simulation 

 
Figure 1.  Interactions between the three main physical phenomena in 
materials processing 

The physical phenomena involved in metal processing as 
well as their interactions and interdependencies are shown in 
Fig. 1. An accurate coupling of these phenomena is essential 
to achieve reliab le simulation. The mathemat ical treatment 
of heat transfer (temperature field calculation) and 
deformation mechanics (stress-strain field computation) are 
usually dealt with in CAE simulat ion packages. Nonetheless, 
their governing equations are described below. CAE 
packages do not have the capacity of calculating 
transformation kinetics. Instead they rely on external user 
inputs typically in the form of TTT or CCT diagrams, the 
modelling of which is given in Session 3. 
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2.1. Heat transfer 

The temperature field  is governed by the following 
equation:[3] 
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where ρ, c, k  and LIJ are density, specific heat, thermal 
conductivity and latent heat from phase I to phase J, 
produced by the progressive Jth constituent with vo lume 
fraction ζIJ , respectively. Q is the heat generated by external 
heat sources.  is the time differentiation of ζIJ and is termed 
the transformat ion rate. The 1st term on the right hand side is 
from Fourier’s law of heat conduction. The 2nd, 3rd, and 4th 
terms represent the heat due to plastic deformat ion, the heat 
absorbed or released during phase transformation, and other 
heat sources. 

2.2. Deformation Mechanics 

The (tensor of) total strain generated during processing 
can be decomposed into various individual strain 
contributions as follows, given in the form of strain rate for 
ready adaptation in CAE analysis:[4] 

e p tr tpθε ε ε ε ε ε= + + + +     

          (2) 

where εe, εp, εθ, εtr, and εtp are the elastic, plastic, thermal, 
phase transformation, and transformation p lasticity strain 
contributions, respectively. The calculat ion of εtr and εtp is 
described below. 

Transformat ions from austenite to ferrite, pearlite, bain ite 
and martensite give rise to additional strain. This additional 
strain is one of main factors causing local deformation of the 
steel part and is proportional to the relative difference in the 
volume fraction of each phase transformed as follows: 

tr
ij IJ IJ ijε β ξ δ=∑ 

                (3) 

where βIJ is transformation expansion coefficient and it 
assumes that all of the phase I transforms to phase J 
instantaneously, and δij represents the Kronecker delta. 

Transformat ion plasticity is a  deformation  that appears in 
a transforming material under an applied stress even for the 
stresses lower than the yield stress of the phases.[5] It will be 
presented in the directions of the deviatoric stress 
components. The transformation plasticity strain in rate term 
during transformation from phase I to phase J is expressed 
as:[4,5] 

3 (1 )tp
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where KIJ and sij represent the transformation plasticity 
coefficient and the deviatoric stress, respectively. 

3. Modelling of Materials Properties 
Simulation of heat transfer requires the knowledge of 

thermal conductivity and heat capacity, and deformation 
simulation requires elastic modulus, Poisson’s ratio, thermal 

expansion coefficient, strength and flow stress curves. All of 
these properties are required as a function of temperature 
and/or strain rate. Phase transformation simulat ion requires 
the knowledge of transformation kinetics, as well as heat 
evolution and volume change during transformations. This 
session briefly introduces the material models developed to 
generate the above property data. An alloy used in later case 
studies is AISI 4140 (composition in wt%: Fe-0.40C-0.20Si
-0.85Mn-0.95Cr-0.20Mo), so the example calcu lations 
shown in this session are for this alloy. 

4. TTT/CCT Diagrams 
Significant work has been undertaken to develop material 

models that can calculate TTT and CCT d iagrams for steels, 
and now such calculation can be performed for a wide range 
of steels, including medium to high alloy types, tool steels 
and stainless steels.[6] The present model for the 
transformation from austenite to ferrite, pearlite and bainite 
is based on a previous model proposed by Kirkaldy et al.,[7] 
and it takes on the following fo rm, which calculates the time 
(τ) to transform x fraction of austenite at a temperature T, 
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where α=β2(G-1)/2, β is an empirical coefficient, G is the 
ASTM grain  size, D is an effective diffusion coefficient, ΔT 
is the undercooling, and q is an exponent dependent on the 
diffusion mechanism. Once the TTT diagram is calculated, 
the CCT diagram can be obtained using well-established 
additivity rules.[7] 

 
Figure 2.  Calculated TTT diagram of steel 4140 

An accurate description of the martensitic transformat ion 
is of great  importance because of the large volume change 
associated with this transformation. The amount of 
martensite, fM, as a  function of the undercooling ∆T below 
martensite start temperature Ms is calculated using the 
following equation: 
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1 exp( )Mf c Ms T= − − ⋅ ⋅∆        (6) 

The calculated TTT diagram of AISI 4140 steel is shown 
in Fig. 2, based on austenite grain size ASTM 9 and 
austenisation temperature 900°C. 

4.1. Physical/thermophysical Properties 

JMatPro’s ability to  calculate physical and thermophysical 
properties has been well documented in previous work for 
various metallic systems[8]. The calculation basically 
consists of three steps. Firstly, the microstructure is calculat
ed based on thermodynamics and phase transformation 
kinetics, which gives the amount and constituent of each 
phase in the alloy. Secondly, for each indiv idual phase, its 
property is calculated based on its constituent known from 
the first step. Once the property of each individual phase is 
defined, finally, the property of the alloy can be calculated 
via appropriate mixture models.[9,10] The properties that 
can be modelled include density, molar volume, thermal 
expansion coefficient, thermal conductivity, Young’s 
modulus, Po isson’s ratio, specific heat, and latent heat. 
Naturally such material properties can be provided for each 
phase when needed. 

Heat treatments consist of heating and cooling and it is 
important to know the materials properties in such cycles. The 
linear expansion of alloy 4140 during a thermal cycle is shown 
in Fig. 3, where both heating rate and cooling rate are set as 
10°C/s.  

 

Figure 3.  Linear expansion of alloy 4140 during a heating and cooling 
cycle, both at 10°C/s 

4.2. Mechanical Properties 

The calculat ion of strength/hardness of an alloy during 
cooling has been described previously.[11,12] JMatPro is 
capable of providing the strength of either the overall 
microstructure or that of each phase. Fig. 4 is the calculated 
σ0.2 proof stress as a function of temperature for each phase in 
AISI 4140 during cooling at 10°C/s. 

The approach for the calculation of flow stress models has 
been described in Ref.13. The flow stress curves at a fixed 
strain rate of 1.0 s-1 of the austenite phase at various 
temperatures is shown in Fig. 5, and it can be seen the model 
calculates three types of curves: work-hardening only  (e.g. 
600°C), a mixture of work-hardening and flw softening (e.g. 
700°C and 800°C), and flow softwening only (e.g. 900°C). 

 

Figure 4.  Proof stress of various phases during cooling at 10°C/s 

 
Figure 5.  Flow stress curves of austenite at various temperatures, strain 
rate 1.0 s-1 

5. Case Studies – Linking JMatPro with 
CAE Packages for Process Simulation 

The material data calculated using JMatPro have been 
used as inputs to a number of CAE packages for the 
simulation of casting,[14,15,16] heat treatments,[17,18] and 
forming.[19] Two case studies are provided here to highlight 
this application. 

5.1. Prediction of Quench Distortion 

The standard Navy C-ring test is used in this work to 
evaluate quench distortion of an AISI 4140 steel. The C-ring 
was first heated to 900°C in a furnace and held for 1 hour, 
followed by oil quenching. The calculated material data have 
been used as inputs to DEFORMTM-HT[20] to carry out the 
heat treatment simulation, and and details of this study can 
be found in Ref.18. 

Fig. 6 shows the simulated martensite distribution on the 
C-ring surface at different stages of quenching, as well as the 
dimensional displacement. The specimen was initially 
expanded when heated to become fully austenitised. After 4 
seconds into quenching, martensite starts to form in the 
region close to the C-ring gap. After 10 seconds, practically 
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all the thermal expansion disappears, but martensite 
formation is still in progress, which is responsible for the 
further distortion. As can be seen from the microstructure 
after 25 seconds of cooling that the martensite format ion in 
the thicker portion of the C-ring is associated with the final 
opening of the ring gap and the outside diameter of the ring. 
A comparison between the experimental and predicted 
values for the gap opening and the outside diameter was 
given in  Table 1. It can  be seen that the relat ive difference for 
gap opening and outside diameter increase are both smaller 
thn 7%. 

Table 1.  Comparison between experimental (Exp.) and simulated (Sim.) 
results 

Dimension change Exp. Sim. Dif. 
Gap opening (mm) 0.43 0.402 6.5% 

Outside diameter (mm) 0.09 0.084 6.7% 

5.2. Simulation of Hot Stamping  

The hot stamping operation investigated in this work is a 
V-bending process of an alloy 22MnB5: Fe-0.24C-0.17Cr-1
.14Mn-0.27Si-0.036Ti-0.003B in wt%. The CAE package 
used here is DEFORMTM-HT, and details of this study can be 
found in Ref.19. 

The temperature field, cooling rate at each position and 
volume fraction of martensite formed in the part  are shown in 
Fig. 7, respectively. It  corresponds to 1.6 seconds into 
quenching, i.e. the onset of martensite format ion. Fig. 8 
compares the experimental springback effect  with simulation. 
The die angle is 60°. In experiment, the final angle changed 
from 60° to 61.5° due to springback, whereas that change in 
simulation is from 60° to 62°. 

 
Figure 6.  Martensite formation on the C-ring during the cooling simulation 

 
Figure 7.  Temperature field, cooling rate distribution and onset of martensite formation (about 1.6 seconds into quenching) 
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6. Summary 

 

60°62° from simulation 
60°61.5° from measurement 

Figure 8.  Comparison of experimental and simulated final shape 

Reliab le simulation of metal processing requires accurate 
material data, the lack of which has been a common problem, 
even though there are many simulation packages available. 
The success in the development of computer software 
JMatPro fo r material property modelling has provided a 
viable solution to this problem and now most of the data 
required by processing simulation can be calculated. The 
calculated property data have been used as direct inputs to 
CAE simulation packages to perform forming and heat 
treatment simulation software. Th is has significantly reduced 
the amount of experimental work required  before any 
simulation attempts, and is a big  step forward towards true 
virtual design and simulation. 
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