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Abstract
The simultaneous hot/cold forging is an innovative metal forming process, which takes advantage of
highly temperature dependent material behaviour of metallic materials. Thus, low forming forces in
heated areas and high geometric accuracy in cold forged areas are achieved. The finite element
analysis of such processes requires material models taking temperature and rate dependent plasticity
into account. Due to the conditions of simultaneous hot/cold forging, the temperature ranges from
room temperature up to nearly the melting point. The constitutive models of BAMMANN in [3] and MARIN
et al. in [4], denoted as *MAT_BAMMAN (*MAT_51) and *MAT_EMMI (*MAT_151), are available in the
material library of LS-DYNA. Both models represent the thermo-viscoplastic characteristics of metals.
Furthermore, a user defined material model based on a rheological network is implemented into LSDYNA. Each material model describes temperature dependent nonlinear isotropic and kinematic
hardening, thermally activated recovery effects as well as strain rate sensitivity. In this contribution, the
aforementioned thermo-viscoplastic material models are evaluated under simultaneous hot/cold
forging conditions. Therefore, the material parameters are identified with the test data of the low alloy
steel 50CrV4/51CrV4, the case hardening steel 16MnCr5, the low carbon steel C15 as well as the
aluminium alloy AlMgSi1 by using LS-OPT. The accuracy of each model is evaluated by comparing
the numerical results and test data on the basis of the mean squared error.
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1 Introduction
The demand for lightweight design in modern industry increases the requirements for steel and
aluminium components related to mechanical properties, weight and material consumption. In addition
to the material used, the production process may influence the component properties strongly.
Therefore, new production methods of forming technology are developed. An innovative production
process is the simultaneous hot/cold forging of a workpiece in a single step, which takes advantage of
highly temperature dependent material behaviour of metals. Thus, low forming forces in heated areas
and high geometric accuracy in cold forged areas are achieved. Furthermore, a process integrated
heat treatment similar to press hardening leads to locally tailored material properties. Compared to a
multi-step forging process or machining, the simultaneous hot/cold forming shortens production time
and reduces costs.
Due to cost-intensive and time-consuming experimental tests, computer based simulations are
integrated into the product development. Desirable predictions of forging simulations are the final
geometry of the workpiece as well as the required forming force. Further interests are the phase
transformation, the damage in the workpiece as well as thermo-mechanical fatigue of the tools.
Commercial software like LS-DYNA use the finite element method (FEM) to simulate engineering
problems, however, the choice of suitable material models is crucial. The finite element (FE) analysis
of simultaneous hot/cold forging processes requires material models taking temperature and rate
dependent plasticity into account. In this contribution, the material models *MAT_BAMMAN and
*MAT_EMMI as well as the user defined constitutive model are evaluated for simultaneous hot/cold
forging conditions. Each of the aforementioned thermo-viscoplastic material models includes different
approaches for nonlinear isotropic and kinematic hardening, initial yield stress, strain rate sensitivity,
static recovery and damage evolution. In accordance with the conditions of simultaneous hot/cold
forging, the material models are investigated in the temperature range from room temperature up to
nearly the melting point.

2 Motivation of a simultaneous hot/cold forging process
Due to the moderate formability of metals at room temperature, cold forging is not suitable for large
degrees of forming. Hot forging as an alternative, reduces the required forming force significantly, but
entails the disadvantage of low geometric accuracy. Simultaneous hot/cold forging is an innovative
metal forming process combining the advantages of both forging techniques. Thereby, only a partial
area of the component is heated and hot-forged, while other areas are cold-forged.
For example, the simultaneous hot/cold forging of a shaft is summarised briefly. For a more detailed
description see [1,2,7,8]. The production process comprises three steps. At first, the middle of the
workpiece is heated inductively up to a maximum of 1623 K (1350 °C) within twelve seconds—see
Fig. 1 a). To achieve a homogeneous temperature distribution in the cross section of the heated area,
a heat conduction phase is applied for five seconds, whereby the induction power is reduced strongly.
After locally heating, the shaft is moved into the press and forging starts after approximately 24
seconds, whereby the temperature at the middle of the shaft is maximally 1393 K (1120 °C). As a
result of the highly temperature dependent material behaviour, a significant reduction of the forming
force is achieved in the heated area.
The open die forging causes a bulging of the middle part of the shaft—see Fig. 1 b). Simultaneously,
the cold forging of the conical ends of the workpiece starts. After approximately three seconds, contact
between the bulged material and the tools occurs, so that the final flange geometry is formed by the
die—see Fig. 1 c). Finally, an integrated heat treatment, caused by rapid cooling of the hot forged area
in the tool for 28 s, leads to locally tailored material properties. Thereby, a martensitic phase with high
strength is induced in the flange—see [2].

Fig.1: Simultaneous hot/cold forging of a shaft [2]
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Fig.2: Schematic diagram of temperature and strain rate dependent
material behaviour (according to [13], p. 92)

3 Thermo-viscoplastic material models
The behaviour of metals during the forming process is strongly influenced by the process temperature
and the forming speed—see Fig. 2. Metals show an extensive hardening behaviour at room
temperature, whereas the hardening nearly vanishes at higher temperatures. Thereby, the hardening
saturation is caused by a thermally activated recovery process. Furthermore, the strain rate
dependence is mainly noticeable at high temperatures. In general, a high temperature causes a lower
initial yield stress.
To model these phenomena, three different material models are analysed. The material model
*MAT_BAMMAN (*MAT_51), also known as BCJ-Model according to BAMMANN, CHIESA and JOHNSON
presented in [3] available in LS-DYNA, represents the thermo-viscoplastic characteristics of metals. A
further material model in LS-DYNA is *MAT_EMMI (*MAT_151), denoted as Evolving Microstructural
Model of Inelasticity—see [4]. For both models, the conversion of dissipated work 𝑤diss into heat is
determined by means of the TAYLOR-QUINNEY approximation based on the plastic work 𝑤plast —see [5].

𝑤diss = 𝛾TQ 𝑤plast

,

𝛾TQ = 0.85 … 0.95

(1)

The TAYLOR-QUINNEY coefficient 𝛾TQ is used to specify the amount of plastic work dissipated into heat
and is usually chosen between 0.85 and 0.95. In addition to the aforementioned material models, a
user defined thermo-viscoplasticity model is implemented into LS-DYNA by means of the keyword
*MAT_USER_DEFINED_MATERIAL_MODEL—see [6,9–12]. The constitutive equations of the user
material model are based on an enhanced concept of rheological models—see Fig. 3, which allows a
straightforward interpretation of the material characteristic. Thereby, each rheological element is
associated to energy storage or dissipation resulting in a better prediction of plastic work converted
into heat—see also [10,11].

Fig.3: Rheological network of user defined material model in uniaxial case of
small strains [6]
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Table 1: Approaches of the initial yield stress

Due to the absence of test data, the material models are not used in their full abilities. Thus, the
temperature dependency of the YOUNG’s modulus is not considered. The kinematic hardening is
neglected since no cyclic tests are available. As a consequence, the hardening behaviour is
completely described by isotropic hardening. A further restriction relates to static recovery and
damage evolution. As a result, only the temperature-dependent initial yield stress, the isotropic
hardening as well as the strain-rate-sensitivity are considered for the three material models in this
contribution.
The temperature dependency of the initial yield stress and their associated parameters is given in
Tab. 1 for each of the three different material models, whereby 𝜃 is the absolute temperature in Kelvin.
Moreover, the dimensionless quantities of *MAT_EMMI are denoted with breve symbol. For more
detailed information about the non-dimensional formulation of the constitutive equations of
*MAT_EMMI see [4]. The approach of the *MAT_BAMMAN model is described by the exponential
function 𝑌(𝜃) with two parameters, whereas the *MAT_EMMI option 𝑌̂̆ (𝜃̆ ) combines an inverse
exponential function with the hyperbolic tangent and five parameters. For the initial yield stress 𝜅̂ 0 (𝜃)
of the user defined material model, the hyperbolic tangent is used with three parameters and
consequently is a special case of the approach in *MAT_EMMI for 𝑚
̆ 2 = 0.
The approaches of the isotropic hardening and their associated parameters are given in Tab. 2 for
̅vp . Each material model
each material model. Here, the effective viscoplastic strain is denoted as E
consists of isotropic hardening assumption with a hardening modulus and a saturation term. The
hardening assumption of *MAT_BAMMAN is described by the exponential decay function 𝐻(𝜃) and the
inverse exponential saturation function 𝑅d (𝜃), whereby a total of four parameters are necessary. The
̆ and the
isotropic hardening approach of *MAT_EMMI includes the constant hardening modulus 𝐻
temperature-dependent saturation function 𝑅̆D (𝜃̆), whereby an inverse exponential function is taken
analogously to *MAT_BAMMAN with an overall of three parameters. For the user model, the
temperature-dependent hardening function 𝐸̂𝜅 (𝜃) and a constant saturation parameter 𝜀𝜅∞ is taken into
account, whereby a hyperbolic tangent is chosen for the temperature-dependent hardening function
𝐸̂𝜅 (𝜃). This requires a total of four parameters.
The approaches of the strain rate sensitivity and their associated parameters are given in Tab. 3 for
each of the three material models. Here, the plastic multiplier is denoted as λ and the yield function as
𝐹. Each investigated material model uses a PERZYNA viscoplasticity approach to represent the strain
rate sensitivity. While a pure hyperbolic sine function is used with *MAT_BAMMAN, the exponent 𝑛̆(𝜃̆) is
additionally introduced with *MAT_EMMI. In the user model, the exponent 𝑚
̂ (𝜃), which is a function of
Table 2: Approaches of the isotropic hardening
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Table 3: Approaches of the strain rate sensitivity

temperature, represents the temperature dependency of the plastic multiplier. Each material model
has a temperature-dependent pre-factor 𝜂̂ (𝜃) respectively 𝑓(𝜃)/𝑓̆(𝜃̆), which can be interpreted as
pseudo-viscosity for the user model and as pseudo-fluidity for *MAT_BAMMAN and *MAT_EMMI. The
denominator 𝑉(𝜃) within the hyperbolic sine function of *MAT_BAMMAN is represented by a
temperature-dependent exponential function as the so-called drag-stress. The approach of
*MAT_EMMI consists of the isotropic hardening and the initial yield stress as drag-stress. This
approach can be achieved in the user model by setting D0 = 0 and D1 = 1. In this contribution, the
6
2
parameters D0 = 10 N/m and D1 = 0 are chosen, whereby only the stress unit disappears and thus
no drag-stress is active.

4 Identification of model parameters
The presented approaches of each material model contain various functions to describe the
temperature and strain rate dependent material behaviour, for which a certain number of parameters
have to be determined. Therefore, test data of various metals are taken into account for different strain
rates and temperatures. The experimental data of the case hardening steel 16MnCr5 as well as the
low carbon steel C15 are given in [13] with the true strain rate of 1.6 1/s, 8.0 1/s as well as 40.0 1/s.
Hereby, the temperature ranges from 293 K (20 °C) up to 1373 K (1100 °C) in case of 16MnCr5,
respectively from 293 K (20 °C) up to 1473 K (1200 °C) in case of C15. Furthermore, test data of the
aluminium alloy AlMgSi1 is given in [13] within a temperature range from 573 K (300 °C) to 773 K
(500 °C) at the true strain rates of 0.3 1/s, 3.0 1/s and 100 1/s. It should be mentioned that the
temperature range is only given for hot forming here. Test data of the low alloy steel 50CrV4 is given
in [14] within a temperature range from 1073 K (800 °C) to 1423 K (1150 °C) at the true strain rates
between 0.001 1/s and 10.0 1/s. For the nearly similar material 51CrV4, experimental data for
temperatures from 273 K (20 °C) to 973 K (700 °C) are given in [15] at the engineering strain rate of
0.025 1/s. It is assumed that both materials 50CrV4 and 51CrV4 have nearly the same mechanical
properties and therefore can be used equivalently for the identification process.
The test data of 16MnCr5, C15, AlMgSi1 as well as 50CrV4 are generated by upsetting tests to
achieve large degrees of forming. In contrast to the other test data, 51CrV4 is measured by tensile
testing. Thereby, necking occurs in the middle of the specimen resulting in an early rupture. Hence,
only small deformations are obtained by tensile testing. To achieve a homogenous stress state, the
tensile test data is only applied before necking of the specimen occurs.
The fitting process of the simulation to the test data is done by using the optimisation tool LS-OPT.
The deviation between the measured and simulated flow curves is investigated on the basis of the
mean squared error (MSE)
𝑛

𝜖MSE

1
𝑌̂𝑖 − 𝑌𝑖
= ∑(
)
𝑛
𝑆𝑖

2

,

(2)

𝑖=1

which is calculated and minimised during the optimisation process. Here, 𝑌̂𝑖 relates to the simulation
value, 𝑌𝑖 to the experimental value and 𝑆𝑖 is a scaling factor, which is determined from the maximum
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experimental value. Furthermore, 𝑛 is the total number of data pairs. Due to the large amount of test
data, flow curves at certain temperatures and strain rates are selected for the optimisation process,
whereby the parameters are identified simultaneously.
For simplicity, a single eight-node solid element (ELFORM=2) with initial edge lengths of 𝐿0 = 10 mm is
used for the FE simulation. The displacement controlled loading is applied at all nodes of the upper
element side. The degrees of freedom of the lower nodes are restraint in order to generate a uniaxial
stress state due to tensile and pressure load. For simulating the tensile test, the displacements
𝑢(𝑡) = 𝐿0 𝜀̇eng 𝑡 are prescribed linearly over time 𝑡 such that the engineering strain rate 𝜀̇eng = 𝑢̇ (𝑡)/𝐿0
is kept constant. To simulate the compression test, the true strain rate 𝜀̇true = 𝑢̇ (𝑡)/𝐿(𝑡) is prescribed
as a constant value. The resulting time-displacement function is determined by means of the relation
between engineering and true strain 𝜀true = ln(1 + 𝜀eng ) that leads to 𝜀̇true = 𝜀̇eng /(1 + 𝜀eng ) . Finally,
the resulting nonlinear time-displacement function is given with 𝑢(𝑡) = 𝐿0 (exp(𝜀̇true 𝑡) − 1 ) .
During forging processes, the mutual interactions of the displacement and temperature field is caused
by the thermo-mechanical coupling. To solve the thermo-mechanical coupled problem, the staggered
solution scheme is used in LS-DYNA. Thereby, the mechanical problem is implicitly solved with fixed
temperatures and the thermal problem is implicitly solved with fixed displacements. The thermal and
mechanical time step size is chosen identically to achieve a high temporal resolution. The finally
identified material parameters of *MAT_BAMMAN, *MAT_EMMI and the User Model for each
investigated metal are summarised in Tab. 5—see appendix.

5 Evaluation of material models
The agreement of simulation results with experimental data is an essential criterion for the use of a
material model. The accuracy of each aforementioned model is evaluated by comparing the numerical
results and test data on the basis of the MSE according to Eq. (2). The simulation results are
presented with positive stress and strain to correspond with the experimental data base, even if a
compressive load is applied.
The predicted flow curves of *MAT_BAMMAN, *MAT_EMMI and the User Model are compared to the
experimental data of the case hardening steel 16MnCr5 at the true strain rate 1.6 1/s in Fig. 4. The
test data at 293 K as well as at 1373 K is in good agreement with the prediction of *MAT_BAMMAN.
However, the region in between is insufficiently described, so that *MAT_BAMMAN is not suitable for the
entire temperature range. The experimental data in the entire range of temperature is well represented
by *MAT_EMMI. However, the hardening cannot be predicted very well at 293 K since no temperature
dependent hardening modulus is used—see Tab. 2. The User Model shows a very good agreement
with the experimental data over the entire range of temperature. In contrast to *MAT_EMMI, the
hardening can be described better at low temperatures.
The comparison between the simulation results with *MAT_BAMMAN, *MAT_EMMI as well as the User
Model and the test data of the low carbon steel C15 at the true strain rate of 1.6 1/s is shown in Fig. 5.
The test data at 293 K and 1473 K are acceptably captured by *MAT_BAMMAN. However, the
temperature range in between is described poorly. A good agreement between experimental data and
simulation results is achieved with *MAT_EMMI at the temperatures 273 K as well as from 773 K up to

Fig.4: Test data (dots) and simulation results (lines) of 16MnCr5 at true strain rate 1.6 1/s
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Fig.5: Test data (dots) and simulation results (lines) of C15 at true strain rate 1.6 1/s
1473 K. The User Model captures the test data even better at the aforementioned temperatures.
However, there is a strong deviation between test and simulation data in the range of 373 K–673 K,
where the decrease of flow stress is interrupted in the test data. The reason of interruption is the so
called blue brittleness, which occurs for this steel type with the characteristic blue colour at
approximately 473 K–673 K. Within this temperature range, nitrogen atoms diffuse into dislocation
regions and thereby block dislocation motions leading to increasing flow stress. Due to an empirical
yield stress approach, none of the investigated material models can predict the blue brittleness at all.
The simulation results of *MAT_BAMMAN, *MAT_EMMI as well as the User Model are compared to the
test data of the low alloy steel 51CrV4 at the engineering strain rate 0.025 1/s and temperatures from
293 K to 973 K in Fig. 6. Simulation and test data of 50CrV4 are compared at temperatures from
1073 K to 1423 K at the true strain rate 0.1 1/s in Fig. 7. The test data at 293 K and at 1423 K are in
good agreement with the simulation using *MAT_BAMMAN. Due to the exponential approach for the
initial yield stress, the region in between is insufficiently reproduced. Therefore, *MAT_BAMMAN is not
suitable in the entire temperature range. The experimental data over the entire temperature range is
represented well by *MAT_EMMI. However, the hardening at low temperatures is not predicted
precisely since no temperature dependent hardening modulus is used—see Tab. 2. The User Model
shows a very good agreement with the experimental data over the entire range of temperature. In
contrast to *MAT_EMMI, the hardening at low temperatures is captured more accurately by the User
Model.
The comparison of the simulation results with *MAT_BAMMAN, *MAT_EMMI as well as the User Model
with the test data of the aluminium alloy AlMgSi1 at true strain rate of 0.3 1/s is shown in Fig. 8. The
experimental data is reproduced acceptably over the entire range of temperature by *MAT_BAMMAN.
However, the hardening behaviour is too strong compared to test data. Nevertheless, *MAT_BAMMAN
is a suitable model to predict the material behaviour of AlMgSi1. A good agreement of simulation and

Fig.6: Test data (dots) and simulation results (lines) of 51CrV4 at engineering strain rate 0.025 1/s
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Fig.7: Test data (dots) and simulation results (lines) of 50CrV4 at true strain rate 0.1 1/s
experimental data is achieved by *MAT_EMMI as well as the User Model.
For the evaluation of the material models, the averaged MSE values are compared in Tab. 4. Thereby,
the MSE is determined for each load case and averaged to a single value, whereby a load case
contains a specific temperature and strain rate. As a result, the MSE values of *MAT_BAMMAN are the
highest ones in all cases. Therefore, this material model is least suitable to describe the investigated
material behaviour. The material model *MAT_EMMI provides significant better results than
*MAT_BAMMAN and causes a lower MSE of approximately one order of magnitude. Consequently, the
*MAT_EMMI is a suitable model to represent the characteristics of metals within the complete
temperature range. The simulation results with the User Model have the lowest MSE values and
therefore the User Model is the most suitable material model.
Comparing the MSE values of the User Model and *MAT_EMMI, the User Model improves the
prediction accuracy about 9 % for 16MnCr5 and 17 % for C15. The improvement for 50CrV4/51CrV4
is even 63 % respectively 15 % for AlMgSi1.
In view of the poor accuracy of Table 4: Overall MSE values (in 10-3) of investigated
*MAT_BAMMAN, the effort for the identification
metals and material models
of ten parameters is very high. The,
*MAT_EMMI model uses twelve parameters
in total and produces significant better
simulation results. Although the User Model
only needs eleven parameters, the accuracy
of simulation results with the test data is
even higher than with *MAT_EMMI.

Fig.8: Test data (dots) and simulation results (lines) of AlMgSi1 at true strain rate 0.3 1/s
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6 Summary
The thermo-viscoplastic material models *MAT_BAMMAN (*MAT_51), *MAT_EMMI (*MAT_151) and
the user defined material model are investigated under simultaneous hot/cold forging conditions.
Approaches of each model for the initial yield stress, the isotropic hardening as well as the strain rate
sensitivity are presented and discussed. The model parameters are identified by fitting the simulation
results to test data of the case hardening steel 16MnCr5, the low carbon steel C15, the low alloy steel
50CrV4/51CrV4 and the aluminium alloy AlMgSi1 by using LS-OPT. Each of the aforementioned
material models is evaluated by means of a comparison between simulation result and test data based
on the MSE. As a result of the evaluation, the test data in the entire temperature range is not predicted
suitably by *MAT_BAMMAN. The prediction of *MAT_EMMI leads to a satisfactory agreement with the
test data in the entire temperature range. However, the best agreement with the applied test data is
predicted by the User Model.
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