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Abstract. Hot forging dies are subjected to high cyclic thermo-mechanical loads.
In critical areas, the occurring stresses can exceed the material’s yield limit. Addi-
tionally, loading at high temperatures leads to thermal softening of the used marten-
sitic materials. These effects can result in an early crack initiation and unexpected
failure of the dies, usually described as thermo-mechanical fatigue (TMF). In pre-
vious works, a temperature-dependent cyclic plasticity model for the martensitic
hot forging tool steel 1.2367 (X38CrMoV5-3) was developed and implemented
in the finite element (FE)-software Abaqus. However, in the forging industry,
application-specific software is usually used to ensure cost-efficient numerical
process design. Therefore, a new implementation for the FE-software Simufact
Forming 16.0 is presented in this work. The results are compared and validated
with the original implementation by means of a numerical compression test and a
cyclic simulation is calculated with Simufact Forming.
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1 Introduction

In hot forging processes, the dies are subjected to high loads. These loads can be divided
into mechanical, thermal, tribological and chemical loads [1]. The high cyclic thermo-
mechanical loads can result in crack initiation and propagation due to material softening.
Failure of the forging dies occurs when the crack finally exceeds a critical length [2].
This fatigue behaviour is also known as thermo-mechanical fatigue (TMF) and can cause
unexpected failure of the dies [3].

The simulation-based design of forging dies and processes with the help of the finite
element method (FE) is increasingly used nowadays [4]. In many cases, simulations are
only carried out in relation to the semi-finished products and their forming process using
the FE method. This simulation method ensures a cost-efficient development process as
the simulation time is low compared to elastic-plastic or thermally coupled simulations
considering the dies [5]. The simultaneous or additional consideration of the dies in
the simulation process enables an estimation of the stresses on the forging dies under
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the stresses caused by the forming process and can thus be used to predict the die
stability and life time. In addition, numerical simulations can be used to optimise the
dies in a cost-effective manner and to increase the service life time by optimisation [6].
Usually isothermal linear-elastic simulations are used, where the focus is on the load
in the first cycle. However, the effect of plasticity due to stresses that locally exceed
the temperature-dependent yield strength at high operating temperatures is neglected
[2]. In addition, cyclic loading on the die results in material softening, which leads to
a reduced service life time. This holistic view from the simulation process with the
cyclic consideration is the final goal of the project, and this paper presents the necessary
material model with the softening behaviour.

The high strength of hot forging steels is a result of the so called Orowan mechanism.
Strengthening secondary carbides are precipitated during heat treatment and hinder the
slip of dislocations [7, 8]. However, an effect called Ostwald ripening occurs at high
temperatures leading to coarsening of the strengthening carbides with time and, thus,
reducing the material’s strength [9]. Thermal softening of the material was observed
in high temperature applications comparable to forging dies [10]. The evolution in the
microstructure due to thermo-mechanical loading of hot forging tool steels was for
example addressed in [11]. It was found that the microstructure and the bond between
the particles depend on the tempering behaviour.

The effects of TMF and thermal softening are well known. Nevertheless, a mean-
ingful implementation in the context of a cyclic viscoplasticity material model for hot
forging tool steels is not yet available and therefore not yet accessible in FE-simulations.
Zhang et al. [12] developed a material model for the prediction of thermal fatigue for
the martensitic steel 55NiCrMoV7, which was commonly used as material for hot forg-
ing tool steels. The development of the cyclic anisothermal plasticity model including
ageing effects was published in [13].

Jilg et al. developed an approach to assess plastic deformation in FE-simulations for
the hot forging tool steel 1.2367 (X38CrMoV5-3) including thermal softening [14]. A
kinetic model describes the strengthening effect and the temperature dependent coars-
ening of the carbides [15]. This model was implemented in the FE-software Abaqus.
However, in the forging industry application-specific software is usually used to ensure
cost-efficient numerical process design. In addition, the use of application-specific soft-
ware makes it possible to calculate processes with strong non-linear deformations due
to efficient and robust remeshing algorithms.

Within this study it is the aim to implement the plasticity model developed by Jilg
etal. [14] in a time-dependent (viscoplastic) formulation for Simufact Forming 16.0 that
is commonly used for the design of hot forging processes by means of a user subroutine.
Thus, it can be used in future for efficient service life time calculation of complex hot
forging processes considering cyclic thermal-mechanical loadings.
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2 Model Description and Implementation

2.1 Viscoplasticity Model

The extension of the plasticity model of Jilg et al. [14] to non-isothermal viscoplas-
tic behaviour is based on the works of Chaboche [16]. For simplicity, the viscoplas-
ticity model is presented in the uniaxial formulation in this section whereas the FE-
implementation is based on the multiaxial formulation using the von Mises yield func-
tion. To describe thermal softening, the model considers a kinetic model, which was
originally presented in [14].

The nominal stress o is calculated using Hooke’s Law with young’s modulus E and
the total strain &'°* by

oc=FE- <8t0t _ Sth _ EVP) (1)

considering the thermal strain eth and the viscoplastic strain ¢P. The thermal strain is
calculated with the coefficient of thermal expansion «th. The viscoplastic strain &P is
calculated by integration of the equation
B0 g O i o m el =R )
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The viscoplasticity model takes time-dependent effects like strain rate dependency
into account using the material properties K and n. This model contains kinematic and
isotropic hardening. Kinematic hardening is implemented through the variable & named
backstress (see Eq. 3) so that the Bauschinger effect occurring under cyclic loading can
be described with the model. Isotropic hardening is considered through the yield strength
R, (see Eq. 4). Macaulay brackets ensure that viscoplasticity only occurs if there is an
overstress, i. . expression in the brackets is greater than zero.
The backstress is computed via the following evolution equation representing an
extension of the kinematic hardening law proposed by Frederick and Armstrong [17]:
dzc.évp_y.gvf’.a_R.a_FEZ ct

. > 7. 3
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C and y are the kinematic hardening variables, R is a material property for static
recovery which gives a recovery of hardening with time. The last two terms of Eq. 3 are
temperature and particle expressions that can be derived from thermodynamic principles
presented in [18]. Isotropic softening is implemented through

Ry = Re + Qoo - (1 - e—b'fvp). @)

Initially, R, corresponds to the initial yield strength R. but changes depending on
the accumulated plastic strain £'P. For initiation of softening Q. must be a negative
value, R.+Qx>0. The proportionality constant b defines how fast softening occurs with
increasing accumulated plastic strain.

The strengthening effect of secondary carbides on hot forging tool steels due to
the Orowan mechanism was for example described in Eser et al. [7] and Caliskanoglu
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et al. [8]. This effect is considered in the viscoplasticity model using the radius r of
a representative strengthening particle that is assumed to control the strength of the
material. For hot forging tool steels, coarsening of secondary carbides was observed and
explained as Ostwald ripening [9]:

r=3 &)

The coarsening leads to thermal softening of the material and is implemented into the

viscoplasticity model through the temperature dependent coarsening constant k.. The

particle radius has impact on material properties through formulation of expressions

depending on the particle radius [3]. Overall, the material properties are determined
based on low-cycle-fatigue (LCF) tests at different temperatures as presented in [4].

2.2 Implementation

It is the aim of this work to implement the viscoplasticity model for the tool steel 1.2367
(X38CrMoV5-3) described in Sect. 2.1 in Simufact Forming. Therefore, some basic
definitions that are important for the implementation of the model in Simufact Forming
are presented. The specifications from Abaqus are taken from the Abaqus documentation
[19] and the Simufact Forming specifications from the MSC Marc Volume D [20].

In previous works the viscoplasticity model was implemented and validated in
Abaqus as an external subroutine called User Material (UMAT) using the algorithms
described in [21]. Abaqus brings its own implicit FE solver while Simufact Forming
uses a modified solver from MSC Marc. For Simufact Forming, a similar environment
to UMAT called Hypela-2 is available [20]. This model was used for example in the
research of Schmaltz to describe the material behaviour of sheet materials at large shape
changes [22]. Hypela-2 is used to compute update of stresses and the internal variables
(e. g. accumulated plastic strain or particle radius) at a time point #,,.1 based on the values
of stress and internal variables at time #,,. To this end, the increments of total strain and
temperature are provided by the FE-software. Moreover, the consistent material tangent
needs to be defined within Hypela-2. In the used configuration strains are provided as
logarithmic strains which allow depiction of large deformations. Stresses have to be
defined in a rotated coordinate system considering rigid body rotations.

The subroutine uses a predictor-corrector method [23]. In every time increment a
check is performed if the stresses are within or outside of the elastic range. Plastic
correction of the results is only carried out if the stresses are outside the elastic range.
The standard MARC solver uses implicit integration scheme, so the material model is
also implemented by means of implicit calculation using the Euler backward method. A
schematic representation of the simulation workflow in Simufact Forming is presented
in Fig. 1.

At the beginning, Simufact Forming provides several input data of the simulation
to the subroutine during initialisation. The material properties are defined in Hypela-2
before the subroutine is called. Communication between the subroutine and Simufact
Forming takes place, whereby Simufact Forming provides the forming and the individual
parameters to the subroutine. Additional routines of MSC Marc are implemented in
Hypela-2 for visualisation of the internal variables in the post processing.
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Fig. 1. Schematic representation of the simulation workflow in Simufact forming.

3 Simulation Model in Simufact Forming and Abaqus

For the comparison of the viscoplasticity model in Simufact Forming, simulations are
also carried out in Abaqus. For this, a static compression and cyclic tests at various
elevated temperatures (between 20 and 650 °C) are simulated, whereby the billet cor-
responds to the later deformable die in the planned forming process, already initially
designed in the work of Behrens et al. [6]. The billet part is computed with the vis-
coplasticity model and the available material properties such as young’s modulus are
provided for the material 1.2367 within the material model. The focus is primarily on
small deformations, since the later die will also only undergo small deformations.

In Abaqus boundary conditions as the displacement can be specified direct on the
geometry. However, in Simufact Forming a press kinematic in combination with dies has
to be modelled for a displacement-controlled compression test. To model an isothermal
case the upper and lower die are defined as a rigid body without heat conduction. The
billet is located between the analytical dies in Simufact Forming (see Fig. 2).

In the first part of the investigation, the focus is on a static compression test (see
Fig. 2, left). During these simulations, only one cycle of compression is calculated in
order to check the general runability of the material model in Simufact Forming. In this
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simulation no friction is defined between the billet (purple) and the dies (grey). These
parameters are chosen in regard to the Abaqus reference model. Hence, a homogeneous
stress and temperature distribution in the billet should occur. A rotationally symmetric
cube with a radius of 10 mm and a height of 10 mm is defined as geometry for the
simulations. A displacement of 0.1 mm with a forming speed of 1 mm/s is investigated.
By choosing these forming parameters, both the linear-elastic range and the plastic
range can be considered. The billet is meshed with overall nine equally spaced rectangle
elements. This number has been chosen in such a way that exactly only one element is
in the middle. The remeshing is switched off for these simulations.

Upper die
(rigid)

Billet
(with plasticity model)

Area for evaluation

Lower die
(rigid)

z
’y X
Fig. 2. Exemplary simulation models (left: static; right: cyclic) in simufact forming 16.0.

After the static compression tests, cyclic tests are simulated in the second part of this
investigation (see Fig. 2, right). These calculations are carried out for comparison of the
cyclic behaviour of the viscoplasticity model. Thus, the runnability of the subroutine
must also be guaranteed for this type of simulation. A round tensile specimen is chosen
as the geometry. The area used for the evaluation is in the middle of the smaller area of
the specimen (area in the black box) and has the same radial dimension as the specimen
in the static compression test. By choosing a cyclic loading and unloading, an adherent
contact between the dies and the billet must be selected. A larger distance between
the contact area and the evaluation area is chosen so that the effects on the stresses do
not influence the results from the subroutine. As in the previous simulations, the heat
transfer between all components is exhibited. The set mesh has the same edge lengths as
in the previous model, so that again only one element is in the middle of the considered
area. As before the remeshing in the billet is switched off. The choice of settings aims
to achieve a homogeneous stress and strain condition in the evaluation area. A total of
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twelve cycles over a time of 500 s is examined. The displacement of the upper edge is
controlled by the forming speed. The forming speed is linearly reduced / increased to
a speed of 1.2 mm/s within 20 s. This specification results in a triangular profile of the
forming speed with time.

4 Results and Discussion

After successful implementation of the subroutine in the simulation software Simufact
Forming, the results are calculated for the static compression and cyclic tests described in
Sect. 3 and the static simulations are compared with the results of Abaqus. Comparison
of the results is important for the verification of the viscoplasticity model calculated
using Simufact Forming (orange) and Abaqus (blue) as shown in Fig. 3. The evolution
of the stress component in forming direction and the accumulated plastic strain with
increasing forming time at different temperatures is shown. Up to a forming time of
0.03 s, a linear stress curve is shown, as expected for linear-elastic material behaviour.
From 0.03 s to the end of the simulation, a non-linear stress curve is observed. The
lines of the accumulated plastic strain follow a straight course up to a time of 0.03 s.
After that, an increase of the values can be seen. In both results, the accumulated plastic
strain as well as the stress, an increase respectively decrease of the value with increasing
temperature can be seen. The influence of isotropic hardening is small in this simulation
due to the low plastic strains.
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Fig. 3. Comparison of stress and accumulated plastic strain in forming direction.

In addition, the cyclic tests are carried out on a round full tensile specimen in Sim-
ufact Forming and Abaqus. These tests are carried out to compare the effects of the
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viscoplasticity model and the cyclic softening behaviour of the model. The cyclic tests
are carried out displacement controlled by specification of the forming speed as men-
tioned in Sect. 3. Figure 4 shows the results of the cyclic tests as stress-strain hysteresis
which is commonly used for the representation of cyclic tests. The figure includes the
simulation results at 500 and 600 °C from Simufact Forming and Abaqus. Additionally,
results from the first isothermal fatigue tests is presented for 500 and 600 °C marked by
triangle symbols for quantitative comparison of the model with the experimental data.
The stress values of the fatigue tests are on the same level as the model results for both
temperatures. Figure 4 shows that the results of both simulation programmes agree. For
500 °C higher stresses are present and only small stress relaxation appears. The results
reach a maximum stress value of about 1150 MPa and a maximum strain value of about
0.008. The initial stresses at 600 °C (900 MPa in the first cycle) are smaller than at
500 °C as indicated by the material properties. The cyclic tests show stress relaxation
and thus the impact of the viscoplasticity model. Additionally, material softening occurs
which can be evaluated by comparing the stress range in the first cycle to the last cycle at
600 °C. The softening in stress range is 30 MPa from the first to the last cycle of the test.
Furthermore, an increase in the maximum strain from 0.008 to 0.01 can be observed.

1600

1200

800

Stress in MPa
o
(=]
(=)

0.0 0.002 0.004 0.006 0.008 0.01 0.012
Strain

« « =« Simufact 600 °C = = =« Abaqus 600 °C A Test 600 °C

e Simufact 500 °C Abaqus 500 °C A Test 500 °C

Fig. 4. Experimental and numerical results of cyclic tests calculated in Simufact Forming and
Abaqus.

This work shows that the mathematical viscoplasticity material model can be used in
the forging-specific FE software Simufact Forming with Hypela-2. A material softening
could be proven by a cyclic calculation in both simulation programmes.

5 Conclusion and Outlook

Within this work, the implementation of a viscoplasticity model with material proper-
ties available for the hot forging tool steel 1.2367 in the forging specific FE-Software
Simufact Forming was demonstrated by means of using a subroutine Hypela-2. The
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implemented model allows for considering material softening in the common industrial
software for development of hot forging dies.

The simulation in this work shows that the integration of the subroutines was pos-
sible in Simufact Forming. Furthermore, it was shown that the calculations in Simufact
Forming agree with the results from Abaqus for the static compression and cyclic tests.
In addition, the cyclic tests demonstrated a softening of the material over the cycles at
higher temperature.

In future works the viscoplasticity model has to be used in FE-simulations of forg-
ing dies under cyclic loading conditions and validated with experimental tests. Effects
such as transient temperature fields and inhomogeneous loads will be considered. The
developed and implemented model allows the realistic calculation of the development of
plastic strains and stresses within the forging die under consideration of cyclic thermo-
mechanical loads as well as their influence on material hardening and softening. This
data should be coupled with a life time model. Finally, a realistic prediction of the die’s
life time can be made which allows cost reduction and resource saving.
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