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Minimization of Friction Influence
on the Evaluation of Rheological
Parameters From Compression
Test: Application to a Forging
Steel Behavior Identification
In order to characterize the metal behavior at strain, strain rate, and temperature range
encountered in metal forming processes, the rheological compressive test is well adapted
and has been often used. Nevertheless, this experimental test is more complicated to
realize than the extension one and requires some particular considerations owing to the
friction condition occurring between the specimen and the dies. This paper deals with a
new specimen shape proposed to realize both static and dynamic compression tests. The
independence of the material parameters to die friction is highlighted by means of a
pseudo-experimental validation. The proposed specimen shape is validated by compres-
sion tests carried out on a 50CD4 steel (norm EN 10 083). The choice of the mathemati-
cal form of the constitutive law allowing to characterize its behavior at strains, strain
rates, and temperatures corresponding to an extrusion application is then discussed. To
replicate more accurately the nonuniformity of the different fields in the specimen, a
classical inverse procedure consisting in coupling a finite element model of the compres-
sion test with an optimization module is used to determined the rheological parameters.
�DOI: 10.1115/1.3026543�

Keywords: friction, compression, rheological behavior, inverse analysis, finite element
simulation, dynamic
Introduction
In recent years, finite element method �FEM� simulations have

een extensively used for the development and optimization of
etal forming processes. To obtain accurate results within these

imulations, material models and their input data are needed. The
mplementation of these material models into finite element �FE�
ackages is commonly realized through constitutive relationships
hich describe, into one single equation, the plastic behavior of
aterials as a function of strain, strain rates, and temperature. The
ost common way to evaluate the parameters of these constitutive
odels is based on performing tests on specimens. Many metallic

lloys, used in forming applications, are subjected to strain and
iscoplastic hardening when the plastic deformation process oc-
urs. Viscoplasticity implies a strain rate dependency, which be-
omes significant when the strain rate reaches a value around
0 s−1 �1,2�. The strain hardening is easily obtained by submitting
he material to static loading by means of a conventional testing

achine. On the other hand, the characterization of the viscoplas-
ic hardening requires some particular considerations owing to
ynamic loadings which have to be applied to material samples.
n overview of rheological laws developed and of general experi-
ental tests reveals that there is a lack of characterization meth-

ds dedicated to intermediate strain rates range, up to 500 s−1,
ncountered in forming applications �3�. As far as forging and
etal forming are concerned, tensile, torsion, and compression

ests have been extensively used in order to characterize the
hermo-elasto-viscoplastic behavior of the material. The tensile
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test is widely used although the plastic instability and the strain
localization �necking phenomenon� �4� which appear at the maxi-
mum load do not allow the characterization of the material behav-
ior at large strains. Torsion test has often been used since large
strains �600–800%� can then be reached. Finally, the compression
test has the advantage of generating sollicitations suitable to form-
ing applications and sufficient strain levels �up to 150%�. From an
experimental point of view, the compression test is more compli-
cated to realize than the traction one. The main difficulties en-
countered in realizing a compression test are ensuring the co-
axiality of the forces applied on the specimen faces to avoid
shearing and considering the friction that appears between the
sample and the tools, particularly for tests carried out at interme-
diate or high strain rates and elevated temperature ranges �5�.
Usually, the specimen geometry is cylindrical and a uniform strain
field is assumed in the whole specimen, the displacement �L and
the force Fexp measurements allow to compute, respectively,

• the true stress

�̄ =
Fexp

S0

L0 − �L

L0
�1�

where L0 and S0 are, respectively, the initial length and ini-
tial section of the specimen,

• the true strain

�̄ = ln�L0 − �L/L0� �2�

When the test is realized at a velocity V, the strain rate is

then given by
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�̇̄ = V/�L0 − �L� �3�

rom these “experimental” results a rheological law �̄

f��̄ , �̇̄ ,T , . . . � can be identified, where T is the temperature.
owever, the friction between die-specimen interfaces generates
arreling �6� and stress, and strain fields are no longer uniform in
he specimen. To reduce the effect of friction, efforts have been

ade in the past in order to define an appropriate specimen shape
double-cup specimen, narrow-neck specimen, Rastegaev speci-
ens, etc.�. In spite of these efforts, the influence of friction on

orming processes still remains a problem. Special attention has
een given to friction losses and to the corresponding friction
onditions. Van Rooyen and Backoffen �7� measured the frictional
tress at the interfaces when compressing aluminum cylinders us-
ng flat dies. For cylinders with a height-to-diameter ratio equal to
.25 and for a maximum height reduction of 40%, the frictional
tress was constant when sheets of lead were placed at the inter-
aces, increased linearly from the center to the circumference
hen the dies were unlubricated, first increased with the radius

nd then remained constant when the dies were oil lubricated, and
ecreased during the test when molybden bisulphide additive was
sed. Oh and Kobayashi �8� took into account experimental data
elating the normal pressures at the interface to calculate the fric-
ional stress distribution when upsetting aluminum alloy cylinders,
ith either unlubricated or lubricated conditions. In the first case,

he distribution of the frictional shear stress was uniform for small
eductions, but varied for larger reductions. In the second case, the
istribution was fairly uniform. Gelin et al. �9� proposed a new
rocedure for obtaining accurate stress-strain characteristics from
he axisymmetric upsetting of solid cylinders of 1.5 height-to-
iameter ratio.

A new upper bound analysis has been developed to predict
etal flow. The friction stress at the die-cylinder interface has

een assumed to increase linearly from the center of the cylinder
o the circumference. The predicted profiles of the bulging cylin-
rical surfaces are nearly the same as those observed experimen-
ally up to a height reduction of 50%.

For the quantitative evaluation of friction, ring compression test
s a typical method in metal forming. It was first proposed by
unogi �10� and was later improved by Male and Cockcroft �11�.
number of works, both experimental and theoretical, showed

he usefulness of this method in determining friction at the die-
orkpiece interface for isotropic materials. The upper bound so-

ution by Avitzur �12� has been widely used to infer theoretical
riction factors �13–15�. However, Avitzur’s solution was not able
o model barreling or “bulging” of the specimen. In order to
sssess Avitzur’s theoretical solution, Male and de Pierre �15�
onducted ring compression test using strain rates between 10 s−1

nd 102 s−1. The correlation between theoretical and experimental
esults was generally good, but a tendency of the analysis to over-
stimate theoretical friction factors was noted. Various attemps
ave been made to improve on the available theoretical solutions
y employing assumptions that better approximate observed ring
ehavior �16–18�. An assessment of the available solutions by
ao and Sivaram �16� indicates that the more advanced theoretical

olutions that incorporate barreling, such as those by Liu �17� and
he upper-bound approach by Lee and Altan �18�, produce results
imilar to those of Avitzur’s analysis. Agreement is very good at
ow strains and for low friction, as discussed by Hwu et al. �19�.

As one can see, conventional interpretation of the test results is
hen often difficult. Different approaches are encountered to treat
his problem. The first one consists in minimizing the friction by
sing a lubrication device. Some authors propose to use tools or
pecimens with a specific geometry �Rastegaev geometry� allow-
ng to constrain the lubricant in the sliding face �20–22�. This
reatment enables converting the measured values ��L ,Fexp� into
ocal values �true strain, true stress�. The advantage of this first
ethod is the possibility of calculating the stress-strain state in the
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sample directly from the force and the displacement measured
during the compression test by means of the relationships given
by Eqs. �1� and �2�, the so-called analytical model. However, fric-
tion is difficult to eliminate and is still a difficulty that harms the
accuracy of the rheological parameters’ identification. A second
approach is to maximize friction in order to obtain sticking con-
ditions �23�. This method is often used for hot temperature tests:
Indeed, to eliminate friction in those operating conditions is even
more difficult. The main advantage of this method is that the test
can be performed with a high level of reproducibility. In this case,
numerical models are required for calculating the inhomogeneous
stress-strain state in the sample. Nowadays, numerical approaches
are used more and more. The numerical models are mostly based
on the FEM and are extensively used in combination with optimi-
zation methods in so-called inverse analysis procedures to identify
the parameters of rheological laws from experimental tests
�24,25,4,49�, Fig. 1. Besides, with a finite element model, it is no
longer necessary to realize tests with homogeneous deformation
since it is possible to work with the values directly measured
�force and displacement� instead of the local values of true strain
and true stress �which are unknown�. Based on these inverse
methods coupling FEM calculations and optimization techniques,
Szyndler and et al. �26� evaluated both friction coefficients and
rheological parameters from the results of a hot ring compression
test. Szeliga et al. �27� performed axisymmetric compression and
plane-strain compression tests on specimens of carbon-manganese
steeel. Die-specimen interfaces were lubricated to decrease fric-
tion in tests. The friction coefficient was determined on the basis
of additional ring compression tests. It was shown that the flow
stress sensitivity to the test conditions is negligible when the in-
verse method is applied to the interpretation of the tests’ results. In
a similar way, Gavrus et al. �28� proposed to identify rheological
parameters and friction coefficients directly from forging pro-
cesses as, for example, a cylindrical upsetting and a direct extru-

Fig. 1 Inverse analysis: rheological parameter characteriza-
tion by iterative procedure
sion.
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Whatever the method used, optimization technics, which are
terative procedures, are necessary to identify the constants of the
onstitutive law. Table 1 introduces these iterative procedures for
oth analytical and numerical models. The parameters P of the
onstitutive law are the ones that minimize the deviation—
xpressed by a least-square function f—between the observable
xperimental variable Oexp and the observable calculated one
cal�P�. �̄exp and �̄cal are, respectively, the true stress obtained by
q. �1� and the true stress calculated from the set of material
arameters P.
The general framework of this study is the thermoviscoplastic

ehavior characterization of materials encountered in forming ap-
lications. The principal aim of this work is to propose a new
pecimen shape allowing �a� the identification of the coefficients
f the constitutive law independently from friction between the
pecimen and the tools, and �b� the protection of the load cell
gainst overloads in the case of dynamic tests. Through numerical
E simulations of the compression test, different specimen shapes
ave been investigated. In this paper, results are presented for the
lassical shape �cylindrical� and for the proposed one, so-called
umbbell specimen shape. To confirm the independence of the
onstitutive law parameters from friction that develops between
he specimen and the dies, a pseudo-experimental study is realized
nd the interest of the chosen specimen shape to realize dynamic
ompression tests is shown. Then, compression tests are per-
ormed on 50CD4 steel specimens in order to characterize its
ehavior at temperatures between 298 K and 673 K and at strains
nd strain rates achieved in a specific extrusion application. The
hoice of the mathematical formulation of the constitutive law
escribing the evolution of the Von Mises flow stress as a function
f the generalized strain, the generalized strain rate, and the tem-
erature is discussed. Experimental load-displacement diagrams
re then used to identify the constitutive law parameters by means
f an automatic inverse procedure consisting in coupling a finite
lement model of the compression test with an optimization mod-
le.

Specimen Geometry
Classical samples used to perform compression tests are cylin-

rical. At high temperatures, the minimization of friction by an
ppropriate lubrication device seems not easy to realize and may
ot be sufficient to ensure full sliding conditions at the specimen/
ools interfaces. Also, the nonuniformity of the different fields
strain, strain rate, stress, and temperature� requires the use of an

able 1 Analysis of rheological experimental tests from ana-
ytical and numerical models

Model

Analytical Numerical

Experimental: Oexp Fexp��L ,V ,T�

⇓
Analytical model

⇓

�̄exp��̄ , �̇̄ ,T�

Fexp��L ,V ,T�

Calculation: Ocal�P� �̄cal�P , �̄ , �̇̄ ,T� �̄cal�P , �̄ , �̇̄ ,T�

⇓
Numerical model

⇓
Fcal�P ,�L ,V ,T�

f f��̄exp , �̄cal�P�� f�Fexp ,Fcal�P��
nverse procedure to identify the rheological parameters. Never-
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theless, the direct FE model of the compression test used in this
procedure requires knowing the values of the friction coefficient
at tools/specimens interfaces. Unfortunately, the latter is not ex-
actly known. Moreover, to realize dynamic tests at intermediate or
high strain rates, the actuator displacement rate requires taking
extra care in order to avoid an overload of the sensor at the end of
the compression stage, when the stiffness of the specimen be-
comes very important.

In order to minimize the friction dependence of the material
parameters, we have to increase the localization of the strains in
the middle of the specimen as far as possible from the interfaces.
However, the critical length leading to the apparition of buckling
limits the choice of the specimen height. The diameter of the
cylindrical specimen is defined by the maximum load capacity of
the experimental device and also by the maximum strength of the
tested material. François �29� recommends a height-to-diameter
�H /D� ratio of 3, where H is the height and D the diameter of the
specimen, but in literature a ratio H /D=1.5 is commonly adopted
in order to avoid the apparition of a double barrel �30–32�. Con-
sidering both the capacity of the hydraulic machine used to realize
the experimental tests and the nature of the tested material, differ-
ent shapes have been investigated by means of FE modeling of the
sample compression. “Heads” have been added to the “classical”
cylindrical specimen in order to isolate the deformed part from the
friction area at the interface between specimen and tools. The
proposed shape, called dumbbell specimen, is introduced in Fig.
2. This shape allows us to concentrate the plastic strain in the
middle of the specimen �a cylinder with a ratio of 1.5�, as shown
Fig. 5. The heads are dimensioned to remain elastic throughout
the test. This kind of sample has been used previously in split
Hopkinson pressure bar devices �33�. Moreover, the total height of
16 mm of this particular shape compared to the 6 mm height of
the classical one makes it possible for the actuator to stop without
generating a too significant overload that would be dangerous for
the load cell. As one can see in Fig. 6, the measured load do not
exceed 20 kN on a dumbbell specimen �the maximum dynamic
capacity of the machine� for a 4 mm length compression, whereas
a classical cylindrical specimen leads to 40 kN force on the load
sensor.

Another difficulty encountered in realizing a compression test is
ensuring that the forces applied on the specimen faces remain
coaxial during the test to avoid the appearance of shearing. In
order to do this a special device, similar to a tube, fixed on the
load sensor has been designed �Fig. 3�. The specimen is impacted
by the actuator rod via an intermediate tool which remains coaxial
with the specimen for the duration of the compression test �3�.
The design of the servohydraulic testing machine ensures a good
coaxiality between the load cell and actuator rod axis. The coaxi-
ality between the intermediate tool and the specimen is ensured by

Fig. 2 Dimensions „in millimeter… of the compression
specimen
an appropriate diametral gap �less than 0.01 mm� between the
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ube and the intermediate tool. The flat smooth intermediate tool
nd faces are lapped to eight rms surface finish, with opposite
aces parallel to within 5 �m over a diameter of 30 mm. The
riction effect between the intermediate tool and tube is minimized
y the combination of hard, smooth parts, lubricant well geom-
try, and glass lubricant, which provided excellent lubrication.

Compression Test Model
In order to study what happens in the dumbbell specimen dur-

ng compression, a finite element model of the test is developed. A
hermo-elasto-viscoplastic behavior of the specimen material is
onsidered. The rheological law is assumed to be as follows:

�̄ = K�̄n exp��

T
��̇̄m �4�

here �̄ is the Von Mises stress, �̄ is the generalized strain, and �̄
s the generalized strain rate, with K=500 MPa, n=0.2, m=0.05
nd �=150 K. The model takes into account the self-heating
temperature rise due to plastic work� of the material during com-
ression. Considering the revolution shape of the specimen, an
xisymmetric model is used. The specimen is meshed with six
ode triangles �Fig. 4�.

The node’s displacements on its lower face are fixed, whereas a
onstant velocity V=3 m s−1 is imposed on the upper face. The
nitial temperature of the sample and tools is 293 K. A Coulomb
aw describes the friction at the specimen/tools interfaces

�c = min���n,�0/�3� �5�

ith � the tangent stress, �n the normal stress, and �0 the flow
tress. Two cases are then defined:

• ���c, then sticking friction is considered
• �=�c, then there is � such as Vg=−��, where Vg is the

sliding velocity

The finite element commercial package FORGE2® �34� is used to
imulate the compression of the dumbbell specimen. Considering
he friction coefficient �=0.13, the simulation shows that strain is
ocalized in the middle part of the specimen �Fig. 5�. These results
Figs. 5 and 6� have been obtained for an impactor velocity of

m s−1, an initial strain rate of 500 s−1, and an initial room tem-
erature of 293 K. Instinctively one can think that friction at the
pecimen/tools interface has no influence on deformation.

Also, the influence of the friction coefficient value ��=0.13 and
=0.3, modeling, respectively, a lubricated and a dry contact� is

ig. 3 Experimental compression device: „a… 3D view without
pecimen, and „b… view cut with specimen
valuated. The FE numerical simulations are used to compare the

11001-4 / Vol. 131, JANUARY 2009
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load versus displacement curves for two values of the friction
coefficient �Fig. 6�. The comparison is extended to the compres-
sion tests made on standard cylindrical specimens �D=4 mm, H
=6 mm�. Figure 6 shows that the load versus displacement curves
are not sensitive to friction coefficient for displacements up to
5.5 mm and 3.5 mm, respectively, for the dumbbell and cylindri-
cal samples, which correspond to a maximum equivalent plastic
strain of 150% for the dumbbell specimen and 60% for the cylin-
drical one. Moreover, these curves show the interest of this kind
of geometry to protect the load sensor against an overload in the
case of dynamic compression testing. Indeed, due to the more
important height of the dumbbell sample and to the strain concen-
tration in the central part of the specimen, a reduced force is
applied on the load sensor to a given displacement level. Also, the
actuator can be stopped without generating a too important over-
load on the load sensor.

Fig. 4 Compression specimen mesh
Fig. 5 Strain in the specimen during the compression test
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The objective is not necessarily to minimize the friction, but to
efine a procedure able to identify the material parameters of the
lastic rheological law independently of friction that develops be-
ween the specimen and the tools. Since the plastic rheological
aw describes the evolution of the Von Mises equivalent stress
ith respect to equivalent strain, generalized strain rate, and tem-
erature, comparisons of these fields led to two friction coefficient
alues of 0.13 and 0.3. These comparisons are performed to two
isplacement values: the first one, �L20 kN

new , corresponds to a com-
ression force of 20 kN �maximum force capacity of the ma-
hine�, while the second one is �L20 kN

new /2. The deviation between
he values obtained with the two friction coefficients is expressed
y a function

D �%� = 100 	 ��R�=0.13 − R�=0.3�/R�=0.13� �6�

here R is strain, strain rate, or temperature in the central point of
he sample. The results are introduced in Tables 2 and 3.

Table 2 shows that the equivalent strain, the generalized strain
ate, and the temperature fields are very sensitive to friction con-
ition for cylindrical specimens. The deviation varies between

ig. 6 Influence of friction coefficient on the compression
orce

able 2 Cylindrical specimens: influence of friction coefficient
t tools/specimen interfaces on strains, strain rates, and tem-
eratures in the heart of the specimen

�L20 kN
new /2 �L20 kN

new

�=0.13 �=0.3 �=0.13 �=0.3

�̇̄�s−1� 1231 1430.3 1732.8 2608.6

D �%� 16.19% 50.54%

�̄ 0.4 0.459 1.1 1.374
D �%� 14.75% 24.91%

T �K� 374.48 387.94 536.45 595.9
D �%� 13.26% 22.57%
ournal of Engineering Materials and Technology
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13% and 50% in the heart of the cylindrical specimen. On the
contrary, Table 3 shows that for dumbbell specimens, the friction
coefficient taken into account have an insignificant influence on
these fields. The deviation varies between 0.13% and 4%. The
local effect of friction on the sample heads, which remain elastic,
does not modify the distribution of the strain, strain rate, and
temperature fields in the central zone of the specimen. Since nei-
ther these fields nor the load versus displacement curves are sen-
sitive to the value of friction coefficient for the dumbbell shape,
one can think that it will be the same for the material identification
of the parameters for the rheological plastic law.

4 Pseudo-Experimental Validation
In order to confirm the independence of material parameters

identification to friction that develops between the specimen and
the tools, a pseudo-experimental study is realized. The principle of
this study is presented in Fig. 7. By means of the FE model de-
fined above �Sec. 3�, the compression of the specimen is simulated
considering a Coulomb friction coefficient �=0.13 at the tools/
specimen interfaces to the following operating conditions:

• temperatures: 298 K, 473 K, and 673 K
• velocities: 3	10−4 m s−1 and 3	10−2 m s−1

Pinit= 	K ,n ,� ,m
 is the set of known parameters with K
=500 MPa, n=0.2, �=150 K, and m=0.05. The six force versus
displacement curves thus obtained make up the “pseudo-
experimental” database. From this pseudo-experimental database
an inverse procedure coupling the FE model of the compression
test and an optimization tool is used �Fig. 1� to identify the set of
parameters Piden of the rheological law. The Coulomb friction co-
efficient considered at tools/specimen interfaces during the test is
�=0.3. The deviation between the parameters identified and the
initial ones is expressed via the function

D �%� = 100 	 ��Pinit − Piden�/Pinit� �7�

The results are introduced in Table 4. The parameters identified
are very close to the initial ones, the maximum deviation is ob-
tained to the parameter n and is less than 3%. The comparison of
the pseudo-experimental force versus displacement curves with
those recalculated from the identified parameters is presented in
Fig. 8. The good agreement between these results demonstrates
the independence of the rheological parameter determination from
friction tools/specimen interfaces and the relevance of the pro-
posed specimen shape.

5 Example: Characterization of 50CrMo4 Steel Be-
havior

In the first part of this paper, a new specimen shape has been
defined to realize compression tests which are used to identify

Table 3 Dumbbell specimens: influence of friction coefficient
at tools/specimen interfaces on strains, strain rates, and tem-
peratures in the heart of the specimen

�L20 kN
new /2 �L20 kN

new

�=0.13 �=0.3 �=0.13 �=0.3

�̇̄ �s−1� 852.8 856.07 1522.5 1463.3

D �%� 0.38% 3.89%

�̄ 0.417 0.418 1.226 1.233
D �%� 0.24% 0.57%

T �K� 377.22 377.36 536.74 564.92
D �%� 0.13% 0.41%
plastic rheological laws encountered in forging applications. For
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he proposed shape, so-called dumbbell specimen, the indepen-
ence of the rheological parameter identification from friction that
evelops between the specimen and the dies has been shown. In
he second part of this paper, the proposed dumbbell shape is
alidated by means of compression tests performed at initial strain
ates and temperatures corresponding to those encountered in an
xtrusion application. In this process, the considered material is

Fig. 7 Numerical validation of the indepe
die friction

Table 4 Results of the pseudo-experimental validation

Pinit Piden D �%�

K �MPa� 500 491.698 1.66
n 0.2 0.194081 2.96
m 0.05 0.050579 1.16

� �K� 150 150.957 0.638

ig. 8 Pseudo-experimental base and simulated curves from

dentified parameters

11001-6 / Vol. 131, JANUARY 2009
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worked at ambient temperature and only its self-heating leads to a
temperature rise. For other forging applications, compression tests
could be performed at higher strain rates and temperatures.

Experiments have been performed on dumbbell and cylindrical
specimens, but only results on dumbbell specimens are used to
identify the constitutive law since it has been shown through nu-
merical investigations that friction between the specimen and the
tools did not influence the fields of strain, strain rate, and tempera-
ture in the central part of the dumbell specimen.

Uniaxial compression tests are carried out on 50CrMo4 speci-
mens using a computer-controlled servohydraulic testing machine.
Its load capacity is 20 kN �dynamic� and 30 kN �static�. As ex-
plained above, the friction between the specimen and the tools
generates barreling and the stress and strain fields are no longer
uniform in the specimen. Also, the rheological parameters of the
constitutive law cannot be identified from the local variables such
as strain and stress but from the two global variables measured
during the tests, i.e., the displacement and the force. A linear
variable differential transformer �LVDT� sensor set on the top of
the actuator is used to measure displacement. The location and the
accuracy of this displacement sensor do not make it possible to
analyze the elastic response of the material. Therefore, only the
inelastic part of the behavior will be studied. The elastic constants
have been previously identified by means of an appropriate de-
vice. The stiffness of the setup is taken into account automatically
by the software in order to not integrate the corresponding dis-
placement to the one measured by the LVDT sensor. To charac-
terize the plastic behavior, the plastic strains are calculated by
means of Eq. �2�. In this equation, displacements can be measured
with a sufficient accuracy by the LVDT cross head sensor. As far
as forging applications are concerned, the characterization of the
material behavior at high strain level �up to 150%� allows to ne-
glect the elastic displacements of the specimen compression. A
conventional load cell �using resistive strain gages�, fixed on the
lower part of the machine, is used to measure the load. For high
temperature tests, an electrical resistance tube furnace is mounted
on the machine. The tools and their direct environment are held at
a constant temperature during the measurement. The different op-
erating conditions of these tests are the following:

• compression velocities: 3	10−4 m s−1 and 3	10−2 m s−1,
which correspond, respectively, to 5	10−2 s−1 and 5 s−1

initial strain rates
•

nce of the material characterization from
nde
Initial temperatures of the material: 298 K, 473 K, and
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673 K

he load versus displacement curves obtained are introduced in
ig. 9.
According to previous works in the field of forming and dy-

amic thermo-elasto-viscoplastic behavior, several additive
35,36� and multiplicative �37–40� constitutive equations have
een used. Some models are devoted to a medium range of strain
nd strain rates �41,42�, while others models are dedicated to an
ccurate description of the thermal softening �43,44�. An analysis
f the present literature have shown that additive models are not
ood candidates for modeling the work-hardening behavior of ma-
erials with strong temperature and strain rate dependencies
45,46�. So plastic rheological laws, taking into account strain,
train rate, and temperature effects, are usually used in a multipli-
ative form to forming process simulations as follows �24�:

�̄ = H��̄,T� 	 S��̇̄,T� 	 ��T� �8�

here H is a function describing work hardening and structural
oftening, S the strain rate sensitivity, and � the influence of tem-
erature.

The mathematical expressions of the different terms H��̄ ,T�,
��̇̄ ,T�, and ��T� are chosen in studying the equivalent stress evo-
ution given by rheological tests. To do this, the load versus dis-
lacement curves are “converted” into “estimated stress” �̄est ver-
us “estimated strain” �̄est �Fig. 10� by means of the analytical
odel previously introduced in Sec. 1 �Eqs. �1�–�3�� based on the

ssumption of homogeneous strain fields in the specimen to each
nitial strain rate and temperature. From an estimated strain �̄est
0.3, one can note a decrease of �̄est. This evolution can be at-

ributed to the softening of the material and also to the use of the
lassical analytical compression test model which does not cor-
ectly represent strain, strain rate, and temperature fields in the
pecimen for large deformations.

Figure 11 presents the maximal estimated stress �̄est
max versus

nitial strain rate �̇̄init=V /L0 for three different temperatures
298 K, 473 K and 673 K�, where L0=6 mm is the initial length
f the central part of the specimen and V is the initial compression
elocity. As one can see both in this figure and in Fig. 9, illustrat-
ng the load versus displacement curves, this material presents
ither a small positive or negative strain rate sensitivity depending
n the considered temperature. So, this material does not exhibit

ig. 9 Experimental load versus displacement curves for com-
ression tests performed at speed V and temperature T on
0CrMo4 „EN 10 083… steel
ignificant strain rate sensitivity for the range of tested tempera-

ournal of Engineering Materials and Technology
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ture and strain rate. This observation is in agreement with litera-
ture results �3,47,48� obtained for steels. So, in the constitutive
equation �Eq. �8�� identified in this study, the strain rate sensitivity
does not take into account �S��̇̄ ,T�=1� for describing the behavior
of this material for the tested operating conditions.

Classically, a power law K�̄n�T� is chosen to describe the work
hardening influence of a steel. The evolution of ln��̄est� versus
ln��̄est� to each tested temperature �Fig. 12� shows that the curves
can be approached by lines that are almost parallel. The average
of the different slopes gives an estimation of n=0.20463. So, the
strain-hardening exponent is not considered temperature depen-
dent for the temperature range corresponding to this extrusion
application. Concerning structural softening, it is difficult to
evaluate the interest of modeling this behavior since the model
used is not a good predicted one to strains larger than 0.3. Also,
the law will be identified with and without a softening term
exp�−r�̄�. The best results will then be kept. The influence of
strain will then be modeled by

Fig. 10 Stress versus strain curves for compression tests per-
formed at speed V and temperature T on 50CrMo4 „EN 10 083…
steel

Fig. 11 Initial strain rate influence on the maximal estimated

stress
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H��̄,T� = H��̄� = K�̄n exp�− r�̄� or H��̄,T� = H��̄� = K�̄n

�9�
n forging process modeling, the decrease in the equivalent plastic
ow stress with the temperature is often modeled �35,20� by the
ollowing terms:

��T� = exp�− �T� or ��T� = exp��/T� �10�
Figures 13�a� and 13�b� show, respectively, the evolutions of

n��̄est
max� versus the temperature Ti and versus the inverse of tem-

erature 1 /Ti, where �̄est
max is the average of the maximal estimated

tresses to each temperature Ti at both test velocities V=3
10−4 m s−1 and 3	10−2m s−1. As we can see on these figures,

he evolution of ln��̄est
max� as a function of the temperature or the

nverse of temperature does not vary linearly. The mathematical
ormulations Eq. �10� seem not to be well appropriate to describe
he evolution of the equivalent plastic stress versus temperature.
nother formulation is then chosen differentiating the initial tem-
erature Tinit �298 K, 473 K, and 673 K� from the increased tem-
erature �T due to the dissipation of the plastic deformation en-
rgy

��T� = �1�Tinit� · �2��T� with �T = T − Tinit �11�
here

Fig. 12 Influence of strain

¯ max
Fig. 13 Evolution of ln„�est … with „a… the tempera

11001-8 / Vol. 131, JANUARY 2009

om: http://materialstechnology.asmedigitalcollection.asme.org/ on 09/29/2
�1�Tinit� = 1 + B · T0/�Tinit − T0� with T0 = 293 K �12�
and

�2��T� = 1 − C · �T − Tinit� �13�

Figure 14 presents the calculated value of the term ��Tinit�=1
+B ·T0 / �Tinit−T0� as a function of the initial temperature Tinit. The
proposed formulation of the term �1�Tinit� allows us to model both
the decrease in the equivalent plastic stress from ambient tempera-
ture to 473 K and remains constant between 473 K and 673 K. A
linear decreasing function of the temperature is considered for the
term �2��T�. The proposed formulation of the term �1�Tinit� allows
us to model both the decrease in the equivalent plastic stress from
ambient temperature to 473 K and remains constant between
473 K and 673 K.

Finally, the two constitutive relationships

�̄ = K · �̄n exp�− r · �̄��1 + B · T0/�Tinit − T0���1 − C · �T − Tinit��
�14�

and

�̄ = K · �̄n�1 + B · T0/�Tinit − T0���1 − C · �T − Tinit�� �15�
respectively, called law I and law II are identified. Based on the
complete experimental database presented in Fig. 9 and a FE
model of the compression test, an inverse procedure of identifica-
tion is carried out to determine the set of material parameters P
= 	K ,n ,r ,B ,C
. The software package FORGE2® dedicated to FE
simulations of forming applications is used to simulate the com-

Fig. 14 Influence of the initial temperature on maximal esti-
mated stress
ture T and „b… the inverse of temperature 1/T
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ression tests of specimens. The identification procedure used in
he present work �24� is based on a gradient Gauss–Newton algo-
ithm to solve the optimization problem. Of course, the gradient
ethod does not ensure finding the global minimum but only a

ocal one. In order to avoid these problems, the initial values of
he constitutive law parameters Pinit are determined by a regres-
ion method using the classical analytical compression test model
Sec. 1, Eqs. �1�–�3�� and the estimated stress �̄est versus esti-
ated strain �̄est curves �Fig. 10�, which constitute the experimen-

al database. Then, the best set of parameters Pinit is obtained by
eans of the inverse procedure minimizing the difference in a

east-squares sense between the experimental forces versus dis-
lacement curves and the finite element calculated ones .

The identification results for the proposed constitutive equa-
ions are given in Table 5. The comparison of the cost function
btained from laws I and II at the end of the identification stage
hows the interest of considering a structural softening sensitivity

Table 5 Identification results o

K �MPa� n

Law I Initial 723.86 0.20463
Final 783.243 0.178183

Law II Initial 783.243 0.178183
Final 939.237 0.236078 0
Fig. 15 Comparison between experimental and

ournal of Engineering Materials and Technology

om: http://materialstechnology.asmedigitalcollection.asme.org/ on 09/29/2
to determine the constitutive parameters. The comparison between
the experimental and calculated �from law I� loads versus dis-
placements curves is presented in Fig. 15. The compressive tests
have been modeled for the six operating conditions corresponding
to the experiments realized, i.e., three initial temperatures: 298 K,
473 K, and 673 K and two initial strain rates: 5	10–2 s−1 and
5 s–1 corresponding, respectively, to 3	10−4 m s−1 and 3
	10−2 m s−1 impactor velocities. The friction coefficient value
used in the FE simulation is 0.13. We can observe good agreement
between the real and the predicted behavior: A global deviation of
4.09% is obtained from the constitutive law identified.

6 Conclusion
In order to characterize the material behavior at operating con-

ditions encountered in forming applications, a new specimen
shape has been proposed to realize uniaxial compression tests.

e constitutive law parameters

B C �K−1� f �%�

2.054	10−3 1	10−3 11.40
1.8563	10−3 7.8522	10−4 4.64

7 1.8563	10−3 7.8522	10−4 8.02
369 1.8685	10−3 5.7029	10−4 4.09
f th

r

—
—

0.1
.295
simulated forces versus displacement curves
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umerical investigations lead by means of the FE model of the
ompression test have shown the independence of both the load
ersus displacement curves and strain, strain rate, and temperature
elds in the central part of the dumbbell specimen from the fric-

ion between the specimen and the dies. Moreover, this specimen
hape allows us to avoid a too important overload on the load
ensor when dynamic tests are considered. The pseudo-
xperimental validation has confirmed the independence of the
heological parameter determination from the friction coefficient
onsidered at the interface between the tools and the specimen
aces and has demonstrated the relevance of the proposed speci-
en shape. Finally, compression tests have been realized on

0CrMo4 steel at different temperatures and strain rates. Two
athematical formulations of constitutive relationships have been

iscussed. Starting from the experimental base, the material pa-
ameters of the proposed constitutive laws have been identified by
eans of an inverse procedure coupling a FE model of the com-

ression test and an optimization tool minimizing the deviation
etween the experimental and calculated force versus displace-
ent curves.
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