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Parameter identification of 42CrMo4 steel hot forging plastic flow
behaviour using industrial upsetting presses and finite

element simulations

Gabriel Venet' - Cyrille Baudouin' - Corentin Pondaven ' - Régis Bigot' - Tudor Balan’

Abstract

An experimental-numerical methodology was proposed for the parameter identification of constitutive laws, when applied to hot
forging. Industrial presses were directly used to generate the reference experiments for identification. The strain and temperature
heterogeneity that appears during on-press compression experiments was taken into account by an FE-based inverse method.
Specific experiments were designed for the identification of the heat transfer and friction coefficients. A testing tool was designed
and instrumented with displacement sensors and a force cell. This was then used on a hydraulic press and a screw press in order to
cover a large range of strain rates. The identified parameter set was validated with respect to specialized plastometers, and a semi-
industrial validation forging process. A reasonable accuracy was observed, particularly in realistic forging conditions.

Keywords Forging - Parameter identification - Industrial press - Constitutive law

Introduction

The correct description of the material behaviour during large
deformation is necessary for the accurate numerical simula-
tion of metal forming processes. The development of consti-
tutive models is a fertile research field. Multiple physical
mechanisms occur during the hot deformation of metals, in-
cluding crystal slip, grain refinement, recovery, recrystalliza-
tion, texture evolution, dislocation generation and pile-up, etc.
Crystal-scale models were developed to explain many of these
phenomena, while macroscopic-scale models were developed
for industrial application. Following the early work of Avrami
[1], macroscopic physically-based models were developed
[2—4], along with more phenomenological laws which all ul-
timately describe the material’s flow stress as a function of
temperature, equivalent strain and equivalent strain rate phe-
nomena [5-9]. Reviews of the most commonly used constitu-
tive laws are available in [10, 11]. Several models proved their
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efficiency and are widely available in finite element (FE) sim-
ulation software.

Subsequently, the adaptation of such a model for a specific
material requires the identification of a set of corresponding
material parameters. The parameters are found with the help
of inverse analysis, in order to best describe a set of experi-
ments which reveal the material’s behaviour. Advanced in-
verse methods have been developed specifically for large
strain parameter identification during the hot deformation of
metals [12—16]. Different optimization algorithms have been
used in the literature for constitutive parameter identification.
The most common ones in metal forming are either evolution-
ary algorithms, which are slower but better suited to find a
global minimum, or gradient algorithms, which are faster but
may converge to a local minimum. Both approaches were
compared in the literature [17, 18] and proved to be efficient;
they are commonly available in commercial software [19]. As
a consequence, the most important step is the experimental
characterization of the material over strain, temperature and
strain-rate ranges relevant to the foreseen applications. In the
literature, many tests are recommended for assessing the rhe-
ological properties of a material: tensile, torsion, shear or com-
pression tests; their respective variants, advantages and limi-
tations were exhaustively explored in the literature, e.g. [20].
Specific parameter identification methods were developed in
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order to determine both rheology and tribology parameters
within the same experiment, in quasi-static or high strain-
rate conditions [21, 22].

In the literature, the uniaxial compression test is very pop-
ular for metal forming applications due to its simplicity and
ability to explore large ranges of strain and strain rate. For
example, uniaxial compression was used in [23] to compare
different constitutive models, in [24] to identify the parame-
ters of an internal variable constitutive model, and in [25, 26],
where an artificial neural network was used as a metamodel
for the inverse analysis. In these works, the compression ex-
periments are performed using specialized plastometers, spe-
cifically designed to apply large constant strain rates during
the tests, along with rapid heating, constant temperatures, and
minimal friction. As a consequence of these mature develop-
ments, models and material parameters were determined for
the most common metal-forming materials, and complete ma-
terial databases were produced and commercialized. As their
accuracy, robustness and completeness increased over time,
such databases are now the main source of material parame-
ters in industrial application.

Nevertheless, recent developments in metal forming
methods require new parameter identifications. On the one
hand, new materials are developed in order to improve the
strength-ductility balance and answer environmental con-
straints. On the other hand, customization, as well as ever
tighter deadlines and cost constraints, increase the needs for
process simulation. While the available models can often cov-
er the response of new materials, their missing parameters are
often determined using degraded procedures, mainly based on
the tensile test results supplied with every material batch by
material suppliers. This leads to the paradox that poor material
data is often used in industry, in spite of the availability of
powerful identification methodologies.

This paper explores the possibility of using industrial
presses to characterize bulk materials for constitutive model
parameter identification on industrial site, instead of quasi-
homogeneous characterization experiments on specialized
plastometers. The specific question addressed in this paper
is: can industrial users perform parameter identification using
only their industrial equipment and knowledge? An experi-
mental and numerical methodology is proposed, which is fur-
ther validated with respect to a more traditional identification
procedure; a semi-industrial forging process is used for vali-
dation. The paper is organized as follows. Section 2 describes
the equipment, materials, and experimental procedures used in
the investigation, while the applied simulation methods and
models are described in Section 3. The experimental results
are reported in Section 4, and they subsequently serve in
Section 5 for the parameter identification. The discussion in
section 6 leads to the final Conclusion.

Experimental methods
Experimental procedures, materials and equipment

Uniaxial compression tests were performed at various temper-
atures and strain-rates. The compression experiments were
realized using two industrial presses. In addition, two special-
ized testing machines were used for validation purposes. Each
of these machines came with a specific heating device and
required specific sample dimensions.

The tested material was 42CrMo4 steel, delivered as rolled
bars of 30 mm diameter, in an annealed state. The chemical
composition and tensile properties of the material are summa-
rized in Table 1. Several bars were purchased at the same time
from a unique batch. This standard steel is well documented in
the scientific literature and several databases provide reliable
material data, including parameters for various constitutive
laws and deformation conditions.

Two presses were used for the core experimental cam-
paign: a Loire 6MN hydraulic press and a Lasco 31.5 kJ screw
press, both belonging to the Vulcain experimental platform at
Arts et Metiers in Metz. These two machines provide very
different forging speeds. The hydraulic press provides a nom-
inal ram speed of 30 mm/s, which is constantly maintained
during the test. The impact ram speed can be set to values up
to 680 mm/s on the screw press. During the experiment, the
kinetic energy of the ram is transformed in part deformation
energy, thus the ram speed significantly decreases during the
test. Consequently, the two machines allow for compression
tests at different strain rates: in the range of 1 s ' for the
hydraulic press and 10 s~ for the screw press, for the selected
sample geometry.

For the compression experiments on industrial presses,
60 mm tall cylindrical billets were cut, with a 30 mm diameter
(the original bar diameter). The actual dimensions (height /
diameter) of each sample were measured in three equally dis-
tributed locations each, and the actual dimensions of each
sample were further used when exploiting the experimental
measurements or during the numerical simulations.

The lubricant used on the presses was Bonderite L-GP
D31A, a spray lubricant that provides a graphite coating on
the tools. Ring compression experiments were used for fric-
tion characterization. The geometry of the ring samples was as
follows: height 20 mm, inner diameter 35 mm and outer di-
ameter 70 mm. Consequently, an additional 42CrMo4 bar was
purchased in a larger diameter in order to prepare the friction
test samples.

The samples were heated using an electrical oven next to
the presses, under a controlled atmosphere to avoid oxidation.
The oven provides nominal temperatures of up to 1250 °C.
For each test series, the oven was heated up to the required
temperature and then the samples were introduced into the
oven and left for a period of 20 min, in order to obtain a



Table 1 Composition and tensile

properties of the raw 42CrMo4 Element C Cr Mn Si Cu Ni Mo S
material used in the experiments
Mass % 0.40 0.95 0.76 0.14 0.21 0.08 0.17 0.015
Yield stress [MPa] Ultimate tensile strength [MPa] A5 max. Elongation [%]
797 1046 12.7

uniform temperature within the billets. After this heating step,
the samples were extracted from the oven one by one and
tested. Consequently, the waiting time in the oven varied for
each sample between 20 and 35 min.

Additional compression experiments were performed for
validation purposes using two specialized plastometers. The
first plastometer was a Gleeble 3800 simulator, often used in
the literature for thermomechanical material characterization
of various steel grades [27] and other alloys, either through
tensile testing [28] or compression testing [26]. In the current
work, uniaxial compression tests were carried out on cylinders
12 mm high and 10 mm in diameter. Specific 0.25 mm thick
layers of graphite foils were used to reduce friction. The test
temperature was reached by resistance heating and was con-
trolled through the testing process with a thermocouple fixed
on the billet. All experiments were performed by the Instytut
Metelurgii Zelaza in Gliwice, Poland [29]. The second spe-
cialized testing device was a DIL805 A/D plasto-dilatometer.
Friction was reduced with molybdenum foils. An induction
coil placed around the sample performed the heating and a
thermocouple welded on the surface of the billet controlled
the heating. Experiments were carried out at ACM - ABS
Centre Métallurgique in Metz, France. On the Gleeble and
DIL805 machines, the heating time was 5 to 7 mins depending
on the desired temperature, followed by a 30 s waiting time for
temperature homogenisation. A constant temperature was
maintained during the tests on these two machines with the
aid of a thermocouple welded onto the outer surface of the
billet, in its central cross-section. The tool displacement was
controlled, in order to maintain a constant average strain-rate
during each compression test.

Displacement and force measurement on press

The Gleeble and DIL805 machines are equipped with displace-
ment sensors and load cells installed close to the compression
sample, while the sensors of the industrial presses are relatively
far from the samples. Consequently, the measured quantities may
include not only the response of the sample, but also the response
of the tooling and the machine. Preliminary tests demonstrated
that the force measurements on the screw press were significantly
affected by the vibratory response of the press. The displacement
measurements were more accurate, but could be affected by the
stiffness of the tooling pile-up and thus could induce dispersion
from one experiment series to another (for example, after a

change of tooling). Consequently, a simple, specific tool was
designed and manufactured for this study, shown schematically
in Fig. 1. The displacement between the upper and lower dies
was measured with three Micro-Epsilon optoNCDT 1401 laser
sensors. The position of the displacement sensors ensures that
only the displacement between the dies is measured, without any
perturbation from the press due to the elastic deformation [30] or
the backlash between the different parts of the press / tool. The
load is recorded by a SCAIME MLI11 load cell on which the
lower tool is screwed, thus measuring the force passing through
the sample as close as possible to it. The upper die is a regular flat
die. For very high strain rate experiments it may sometimes be
necessary to consider the elastic response of the testing tools in
order to correctly extract the material response from the actual
experimental data [31]. However, in our case, the dynamic ef-
fects appeared to be insignificant, even on the screw press, and
the load-displacement curves showed no spurious oscillations
when measured at the bottom of the lower die.

Temperature monitoring experiments

The material temperature is neither constant nor uniform dur-
ing the compression experiments on the presses. The press
environment also makes temperature measurement inadequate
during the experiments. As a consequence, the temperature
evolution during the transfer from the oven to the press, and
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Fig. 1 Outline of the compression test tooling on industrial presses,
including displacement sensors and force cell. Dimensions in mm



Fig. 2 Outline of the last two
steps of the thermal experiment.
The billet rests on the lower tool
(a) and is then maintained under
pressure between the lower and
upper tools (b)

Thermocouples (x3)

Lower tool

a) Waitingtime on lower tool
(16 seconds)

Upper tool

Thermocouples (x3)

Lower tool

b) Waiting time between lower
and upper tool

throughout the tests, must be included in the simulations. The
predicted temperature evolution and distribution depend on
the thermal properties of the material, and the thermal inter-
face with the tools and the air. Therefore, four parameters must
be identified: the emissivity of the material, the exchange co-
efficient with air, the exchange coefficient with the dies with-
out pressure and the exchange coefficient with the dies during
compression. Experimental measurements were designed and
performed specifically to identify these parameters. The ex-
periments used the same compression billets, equipped with
three thermocouples welded onto the lateral surface: one at
10 mm distance (3 mm) from the upper surface of the billet,
one at mid-height and one at 10 mm from its lower surface.
The billet was heated in the oven at 1000 °C and then manu-
ally transferred to the press in 6 s. After a 16 s waiting time,
the press was set to apply a small pressure on the billet, with-
out deforming it plastically. The temperatures were measured
during an additional 40 s period, under pressure. The two last
steps of the process are schematically shown in Fig. 2.

Simulation models

Two simulations approaches were used in the present investi-
gation. The simulation of the quasi-homogeneous compres-
sion tests on plastometer was carried out using the slab meth-
od [32], in order to account for the friction effect, while the
temperature and strain rate were considered constant and uni-
form within the sample. This approach has been shown to be
sufficiently accurate for the analysis of plastometer character-
ization experiments and it is regularly used [14, 27]. However,
for the simulation of the on-press experiments, full-field FE
simulations were performed using the commercial Forge®
software.

(40 seconds)

FE simulation model for the compression tests on
press

The Forge® software handles large strain thermo-plastici-
ty, contact and friction. Two-dimensional simulations
were performed using the built-in linear triangular finite
elements. A preliminary convergence study led to a

Upper tool, rigid |

|
Part/tool |
heat exchange |

Unilateral contact
with friction
(Coulomb-Tresca)

Imposed
displacement,
upper tool

Part/air
heat exchange [ -

Unilateral contact
with friction
(Coulomb-Tresca)

Part/tool |
heat exchange |
|

I Lower tool, rigid, fixed

Fig. 3 Boundary conditions used for the simulation of the compression
tests on press
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Fig. 4 Gradients of a) initial and b) final temperature, c¢) strain and d) strain rate after the simulation of a uniaxial compression test on the screw press,
with 1100 °C initial (oven) temperature

uniform mesh size of 1.47 mm. Simulations with and with-  the temperature evolution was determined during the
out remeshing led to the same results, in terms of forging  transfer of the billet between the oven and the press.
load, within an error limit of +3%. Therefore, the same
mesh was used throughout the simulations. The boundary e 1250°C, hydraulic press
conditions used in the simulations are summarized in 350 1100°C, hydraulic press
Fig. 3. The upper and lower tools were modelled as rigid o .

. . e . 950°C, hydraulic press
bodies and unilateral contact with friction was prescribed .
at the part/tool interfaces. Heat transfer was allowed be- 300 = == 1250°C, screw press
tween the part and the tools, and between the part and the = = == 1100°C, screw press
air, respectively. The lower die was fixed, while a pre- 950°C, screw press
scribed vertical displacement was imposed to the upper
tool. In the case of the hydraulic press, a constant tool 250
velocity was imposed, equal to the constant velocity of {
the press ram in the experiment. For the screw press, the

. . . . 200

experimental stroke-time history for each experiment was
imposed on the corresponding simulation. A total 35 mm
compression stroke was imposed on all of the simulations.
In the experiments, the final stroke was larger than 35 mm
in all cases and the experimental curves were trimmed to
this value in view of the parameter identification. In order
to take into consideration the heterogeneous temperature
distribution at the beginning of the compression experi-
ments, the simulation included three steps. In the first step,

Load (kN)

150

100

50

Table 2 Hensel-Spittel parameter values for 42CrMo4 steel in the 0
Forge® software material database

0 10 20 30

Stroke (mm)

1872 -0.0029 -0.11 0.144 -0049 0 O O O O Fig. 5 Experimental force/displacement curves of the compression tests
on industrial presses

A [MPa] m, my ms3 My ms m; mg Mg €p
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Heat exchange with air was imposed on the entire bound-
ary of the billet. In the second step, the temperature evo-
lution was simulated for the time when the billet was on
the lower tool, but the deformation had not yet start.
Finally, the third step simulated the actual compression
test, using the boundary conditions described in Fig. 3.
The transfer times for the first two steps were those mea-
sured experimentally for each test.

Due to the temperature and friction boundary conditions
during the test, heterogeneous distributions of temperature,
strain and strain rate were obtained in the billet during defor-
mation. Figure 4 illustrates the corresponding gradients within
a sample after a typical compression test on the screw press.
These gradients justify the use of an FE-based analysis of the
compression tests during the parameter identification phase. It
is, however, important to note that these temperature, strain
and strain rate distributions had the same pattern for all sam-
ples and testing conditions. The heat transfer, friction and
rheological parameters used in this simulation are those from
Tables 3-5, respectively.

Hensel-Spittel rheological equation

Several visco-plastic constitutive laws are available in
Forge®, along with a significant database of material param-
eters, including for 42CrMo4 steel at cold and hot forging
temperatures. The Hensel-Spittel equation [7] was selected
for this work:

m my ~ mgT
0= A" (e 4 o)™ eCI[1 + (e 4 g) ™ M) e,

where o designates the flow stress, € the equivalent strain, £
the equivalent strain rate, and 7 the temperature, while A, €q
and m; to mg are rheological parameters. The parameter set
proposed in the Forge® material database for material
42CrMo4 is summarized in Table 2. This equation reduces
to several classical models by setting some of the parameters
to zero. With all of the parameters active, this equation does
not represent specific physical deformation mechanisms but it
has an increased mathematical flexibility. One drawback is
that its predictions may significantly deviate from reality out-
side of the experimental identification range [33]. Here, the
model was only used in the of strain, strain-rate and tempera-
ture ranges covered by the experiments.

Experimental characterization results

For the identification of the parameters in Eq. (1), six different
test conditions were explored on the industrial presses: three
initial temperatures on each machine. In addition, characteri-
zation experiments were also conducted on two plastometers.
The resulting experimental curves are summarized in this
section.

Press-based compression experiment results

Three oven temperatures were chosen, typical for steel hot
forging conditions: 950 °C, 1100 °C and 1250 °C. Each tem-
perature was tested on the hydraulic press and on the screw
press. Each test was repeated three times to verify repeatabil-
ity, which was found to be very good on both presses. Figure 5

(1) summarizes the selected curves to be further used for the pa-
rameter identification process. The series exhibits significant
Fig. 7 Influence of temperature 200 o 120
holding time on two stress/strain 950 °C; 1/ S 1100 °C; 1/ S
curves of 42CrMo4 steel 4
- 100 ':\‘ A
-
— 150 — \« A7
© © !
o a 80 /
g 2 .
2 2
$ 100 g 60
2 2
2 2
£ I_C_LD 40 30sec
50 30min
L 45min
0 0
0 1 0 1

Cumulated plastic strain

Cumulated plastic strain



Table 3  Heat exchange parameter values after identification

Exchange Emissivity Exchange Exchange coefficient
coefficient with coefficient coefficient with with tools under

air lower tool pressure (Wm 2K
(Wm2 K™ (Wm 2K

10 0.95 680 1715

effects of both temperature and strain-rate, thus offering theo-
retical premises for discriminant parameter identification.

Characterization results on specialized plastometers
for validation

Figure 6 displays the stress/strain curves obtained for various
temperature and strain rate values with the Gleeble and
DIL805 plastometers. Considering that the temperature and
strain rate were constant and homogeneous within the sample
during the test, it was possible to analytically convert the mea-
sured force/displacement curves into stress/strain curves with
the slab method. The maximum difference between the
Gleeble and DIL805 curve pairs varied between 11% (at
1250 °C/0.01 s ') and 23% (at 950 °C/10 s '). Most of the
time, the DIL80S plasto-dilatometer gave slightly higher
stress values. In particular, the first peak stress was larger with
the DIL8O0S plasto-dilatometer; the differences ranging be-
tween 0.2% and 18%, with an average gap of 6.7%. For the
case of 1250 °C and 0.01 s, a difference of 31% was ob-
served, however, this only corresponds to an absolute differ-
ence of 6 MPa. The stress evolution at large strains (beyond
0.7) was slightly different, with the Gleeble results exhibiting

Upper thermocouple

1000 ® 1000
900 900
800 800

o 700 700
¢ 600 600
g 500 500
§. 400 s 400
300 300
200 200
100 100

0 0

0 20 40 60 0
Time (s)

Middle thermocouple

stress stagnation or softening while the DIL805 plasto-
dilatometer results showed apparent resumption of hardening.
These differences would only have a minor impact on the
results of the comparisons performed in this paper.
Therefore, for the rest of this paper, we will only consider
the results given by the Gleeble equipment, as a reference
for the specialized devices. Nevertheless, the material behav-
iour described by the two experimental series was sometimes
different, for example the change in the sign of the hardening
slope for some of the experiments, at large strains. In the
context of the present investigation, it is important to bear in
mind that plastometer experiments are not entirely exempt of
artefacts induced by temperature variations, friction and other
testing parameters. The characterization of metals at high tem-
perature and strain still remains a significant challenge.

Since the heating time was very different between the
presses and plastometers, additional compression tests at
1100 °C and 950 °C at a strain rate of 1 s~ were carried out
after different temperature holding times, using the DIL805
plasto-dilatometer. As shown in Fig. 7, there was no signifi-
cant influence of holding time on the stress-strain material
response (although it is probable that there were differences
at a microstructural scale). As a consequence, one can safely
assume that using an oven for heating the billet did not signif-
icantly influence the compression test results.

Parameter identification results

The identification of the material parameters was mainly per-
formed using the built-in optimization algorithm in Forge®.
This is based on a genetic algorithm using a kriging

Lower thermocouple

1000
900
800
700
600
500
400
300
200
100

Measure
—— Simulation

20 40 60 0 20 40 60

Time (s) Time (s)

Fig. 8 Comparison between measured and simulated temperature evolution at the three locations on the billet’s surface during the cooling experiment



Table 4  Friction coefficients found by the ring test with 70 mm outer diameter, 35 mm inner diameter 35 mm and 20 mm height

Friction coefficient Hydraulic press Screw press
m (Tresca) 0.4 0.2
1 (Coulomb) 0.231 0.115

metamodel [34]. The cost function, that is minimized by the
algorithm, can be written as

2
n; exp calc
1 2 (ai. i 4 )
CF=% % N
s (a7)

where a;/" is an experimental quantity measured at the step j

(2)

—_

of'test 7, and aﬁ‘}’" is the same quantity obtained by calculation.
N is the number of tests, while #; is the number of steps in the
considered test. When plastometers are used, the flow stress
can be calculated with the Hensel-Spittel eq. (1) and this is
directly used (quantity a) in the cost function expression (2).
In the case of the heterogeneous experiments realized on the
press, the cost function uses forces, both experimental and
simulated by finite elements. The inverse analysis is per-
formed with the help of an evolutionary algorithm and a gen-
eralized reduced gradient algorithm. The two algorithms were
used iteratively: first, the evolutionary algorithm was used to
span the entire solution range, followed by the gradient algo-
rithm to optimize the result. This procedure was repeated for
several initial guesses in order to prevent premature

Fig. 9 Influence of friction 15

coefficients on the samples’ inner
10 J

diameter variation after the ring
compressions tests

o un

Average inner diameter increase [%]
én

-10
-15
-20
-25
1100°C
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press

convergence on local minima.

In order to allow for the accurate FE simulation of the
compression tests on the press, the heat transfer and friction
parameters had to be identified first.

Heat transfer and friction parameters

The heat transfer parameter identification is based on the spe-
cific experiments described in Fig. 2. These experiments were
simulated using Forge® and the built-in optimization algo-
rithm of Forge® was used to minimize the difference between
the measured and the simulated temperature/time curves until
the optimal parameters were found.

The identified parameters are reported in Table 3 and the
result of the FE simulations with these parameters is displayed
in Fig. 8. The temperatures of the lower and upper thermocou-
ple are very well described by the simulation. Concerning the
thermocouple in the middle of the billet, differences up to 10%
(50 °C) were observed between the simulation and the mea-
surements. The thermal parameters in Table 3 were used in the
rest of this paper. The specific heat (460 J/kg'K) and thermal
conductivity (46 W/m-K) were taken from the literature.

]

m-—pu
0.4-0.2
I 0.3-0.15
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m0.15-0.075
m0.1-0.05

W Experiment
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Table 5 Hensel-Spittel parameter values after identification on industrial presses, using unconstrained identification (case 1) and physically-based
bounds (case 2). Parameter A is in MPa; all other parameters are dimensionless

case A my my ms3 ny ms my mg mg €9
260 —0.0036 —1.08 0.063 —0.28 —8x107° 0.87 6.8x107° 0.34 0.13
2 1714 —0.0036 0.129 0.0026 2x107¢ 3x107° —-0.26 0.00016 0.16 0.01

Finally, the friction model used in the simulation is a com-  parameters were identified with a FEM inverse analysis using
bined Coulomb—Tresca model, typical for bulk forming sim-  the ring test and a cost-function based on the final inner diam-
ulation. It has two parameters, one related to Coulomb’s law  eter of the ring (see e.g. [35] for the detailed methodology).
(denoted pt) and the other related to Tresca (denoted 7z ). These The initial stages of the ring test do not allow for an accurate

Experiments
300 Simulation, case 1
Simulation, case 2

=
=< 200
©
©
S
100 /
/
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0 ( hydraulicpress hydraulicpress ‘ hydraulicpress
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g
=200 /
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) /
100 //
1250°C | 1100°C ( 950°C
| screw press / screw press ’ screw press
0 |

0 10 20 30 40 O 10 20 30 40 O 10 20 30 40
Stroke (mm) Stroke (mm) Stroke (mm)

Fig. 10 Comparison between the force-displacement curves measured experimentally and those predicted by FEM with the identified parameters



Table 6 Hensel-Spittel parameter values after identification using the Gleeble experimental data

case A my my my my ms ny mg my €0
1 1810 —0.0035 —0.82 0.039 -0.29 19x107° 0.29 9x107° 0.098 0.18
2 1756 —0.0036 0.13 0.003 6x10°° —-8x107° -0.31 0.00013 0.17 0
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with the identified parameters (dashed lines) a) under unconstrained
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experiment was repeated three times; the variability of the
inner diameters was within £2 mm maximum. The experi-
mentally measured variations of the inner diameter for these

determination of Coulomb’s coefficient of friction but it was
assumed that ’/":’ = /3. Ring compression experiments were
performed at 950 °C and 1100 °C on the two presses. Each
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Fig. 13 Semi-industrial validation part: dimensions (left), experiment (center), simulation (right)

four configurations are plotted in Fig. 9, along with the simu-
lated results for various sets of friction coefficients numerical-
ly tested for identification. It is noteworthy that the friction
coefficients may be sensitive to the sliding speed [36-38].
Consequently, two sets of friction parameters were identified:
one for the hydraulic press and one for the screw press. These
two parameter sets are given in Table 4.

All of these parameters were used for all of the subsequent
simulations in the paper.

Hensel-Spittel equation parameter identification
using the press-based experiments

The ten parameters in Eq. (1) were identified with respect to
the press-based experimental force-displacement curves in
Fig. 5. Two identification strategies were compared. In the
first case, an unconstrained minimization of the cost function
was performed. In the second case, a set of physically-based
constraints were used to bound the values of some parameters:
condition m, > 0 was enforced for the hardening term, while
conditions m4 > 0 and m; < 0 were imposed for the softening
terms. The identified parameters are shown in Table 5 and

700 .
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300

Load (kN)

200

100

0 T T 1 T

Fig. 10 shows the experimental force/displacement curves,
as well as the curves obtained by FE simulation with the
identified parameters. The experimental trends of the temper-
ature and strain-rate influence are correctly reproduced in the
simulations, using both parameter sets. For four curves out of
six, the simulation-experiment differences are in the range of
the experimental scatter. The largest gap (30%) between sim-
ulation and experiment data for the unconstrained identifica-
tion case was observed for a 1100 °C oven temperature on the
hydraulic press. The average difference between simulated
and experimental loads was 8% for the unconstrained identi-
fication and 10% for the physically-bound identification, over
the entire set of experimental values used for the identifica-
tion. According to Fig. 10, both parameter sets describe with
similar accuracy the experiments. In these conditions, it is
generally accepted that the usage of physical bounds leads to
more robust solutions, in particular when applied outside of
the experimental range of conditions. This is specifically true
for large strains and large strain rates, since both are limited in
experiments.

In order to explore in more detail the validity of these
results, a classical parameter identification was also performed
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Fig. 14 Force/displacement curves: experimental (symbols) and simulated (lines) with the three parameter sets. The vertical dashed line indicates the

35 mm split line further used to analyse the results in Fig. 16



using the plastometer-based characterization, presented
below.

Hensel-Spittel equation parameter identification
using plastometer experiments, for validation

The results of the parameter identification with respect to the
Gleeble plastometer experiments are shown in Fig. 11 and the
corresponding Hensel-Spittel parameters are summarized in
Table 6. In both cases (constrained / unconstrained minimiza-
tion), the predictions were close to the reference curves and
followed the correct trends. However, the shape of the curves
was clearly not the same. The results showed a better compli-
ance between predictions and experiments for unconstrained
minimization at the larger temperatures (softening followed
by stagnation), while, at lower temperature values, the com-
pliance was better for the constrained minimization. In partic-
ular, the first peak stress was both too wide at a low strain rate
but too small at a high strain rate, compared to the reference
values. This is not surprising considering that the shape of the
curve has little weight in the cost function compared to the
average stress values. The predicted hardening slopes at the
end of each curve are also significantly different. It is clear that
the large strain predictions of the two parameter sets will be
more and more different, with the unconstrained identification

Reference:
Gleeble
experiments

Fig. 15 Difference in cost
function between the predictions a)
of the three sets of parameters
(database, press-based and

Gleeble-based) with respect to

various reference data: a) Gleeble 0,25
compression experiments, b)
press compression experiments
and c) semi-industrial part forging —
experiments 0,2
0,15
0,1

0,05

Database
Press-based

o
Gleeble-based _

leading to potentially unrealistic predictions at large strains.
On the other hand, the differences between predictions and
experiments are in the same range as the differences between
the two series of reference experiments in Fig. 6, thus reaching
a significant limit towards possible improvement. It is note-
worthy that the differences between the two sets of predictions
are also comparable (both quantitatively and qualitatively) to
the differences observed between the two sets of experimental
curves in Fig. 6. For the subsequent comparisons, the results
of the unconstrained minimization were used, which led to a
cost function that was approximately 10% smaller than for
constrained minimization.

Discussion

The parameter sets obtained with the proposed parameter
identification methodology (Table 5) were not identical to
the ones obtained by the classical approach (Table 6). Since
the two procedures used different experimental data as refer-
ence for the identification, the comparison task is not straight-
forward. For example, the two parameter sets can be used to
predict stress-strain responses at a constant temperature and
strain-rate. These predictions can be further compared to the
Gleeble-generated experiments, as shown in Fig. 12.

Reference: Reference:
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experiments experiments
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Fig. 16 Difference in cost function between the predictions of the three
sets of parameters, with respect to the semi-industrial part forging exper-
iments, for (a) displacement values smaller than 35 mm and (b) larger
than 35 mm

Alternatively, the same parameter sets can be used to simulate
the on-press compression experiments and confront the results
to the corresponding experimental curves. Each comparison
would favour one of the parameter sets but can serve to illus-
trate the gap between the two identification procedures.

Figure 12 illustrates the differences between the predictions
of these three sets of parameters. Unsurprisingly, the predic-
tions of the Gleeble-based parameters lay closer to the Gleeble
experiments. The press-based parameter predictions are closer
to the experiments than those from the database at 950 °C,
while the opposite trend is observed at 1200 °C. Overall, the
database and the press-based sets of parameters are close to
each other. This indicates that the identification on industrial
presses is a valid alternative if there is no database or special-
ized device available. It seems that the press-based experi-
ments did not allow for a complete description of the stress
stagnation at large strains, although almost asymptotic predic-
tions are obtained.

In order to enhance the validation, and in view of the in-
dustrial application of the identified parameters, an additional
validation was performed as the forging process of a semi-
industrial component. The semi-industrial validation part
shown in Fig. 13 was forged on the Loire hydraulic press,
for three heating temperatures and using material from the

same batch. The force/displacement curves associated with
the forging operation were recorded. Each experiment was
performed three times to ensure repeatability. Simulations of
the forging process were performed using the Forge® soft-
ware. The three sets of parameters of the Hensel-Spittel law
were used for the simulations (Tables 2, 5 and 6). The force/
displacement curves from each simulation are compared to the
experimental ones in Fig. 14.

The value of the objective function provides a quantitative
means to compare the three parameter sets. Figure 15 summa-
rizes the objective function values calculated for each param-
eter set, with respect to the three reference experiments avail-
able. As expected, in the first two cases the best performance
was obtained by the parameter set that was optimized on that
particular dataset, respectively. The worse predictions are
those of the database parameter set in both cases. However,
the three cost functions are very different from each other with
respect to the Gleeble experiments, while they are much closer
to each other when compared to the on-press experiments. It
seems that the press-based experiments are less discriminant
than the plastometer ones.

The semi-industrial forging validation experiments were
best predicted by the press-based parameter set, while the
Gleeble-based parameters led to a result that was slightly
worse than the database. A finer analysis can be made by
analysing the beginning of the force-displacement curves over
the first 35 mm of the stroke, where the forging force is mainly
governed by the material response. The results, visible in
Fig. 16a, tend to confirm that the Gleeble-based parameters
best describe the material response, followed relatively closely
by the press-based parameters. For the remainder of the stroke
(Fig. 16b), the accuracy of the press-based parameters be-
comes the best, probably in connection with the influence of
the friction and heat-transfer parameters, which are notorious-
ly important in forging simulations, especially when the con-
tact surface becomes significant. Again, the database parame-
ters are improved by both identification approaches.

Conclusion

In this paper, a pragmatic method was proposed for the pa-
rameter identification of constitutive laws with applications to
hot forging. Industrial presses were used to produce the refer-
ence experiments for identification. The prerequisite for ap-
plying the proposed methodology included the instrumenta-
tion of the press with displacement sensors and a force cell, the
identification of heat transfer and friction coefficients, and an
inverse method involving the FE simulation of the compres-
sion experiments.

The proposed identification procedure was applied to a
42CrMo4 steel. The resulting parameters showed a better ac-
curacy when compared to those from a standard material



database. The accuracy level was inferior to that provided by
specialized plastometers; the differences in predicted stress-
strain curves was less than 40 MPa in all cases. For a semi-
industrial validation problem, the proposed methodology led
to accurate results, emphasizing the equal importance of the
material, friction and heat transfer parameters in forging sim-
ulations. In conclusion, the proposed methodology offers a
pragmatic alternative for parameter identification of hot forg-
ing constitutive laws in an industrial context, especially when
the same forging equipment is used for the identification and
the future forging applications.
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