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Abstract

The paper presents the application of plane strain compression (PSC) test to the identification of material model pa-
rameters. Moreover, an attempt to substitute the finite element (FE) model with the metamodel in the inverse analysis was
made. There are several plastometric tests carried out in order to obtain material properties. Despite the fact that PCS test
is very accurate, the most commonly used is uniaxial compression (UC) test. This is due to the difficulties in interpreta-
tion of results of the PSC test. Inverse analysis is used to overcome this problem. This analysis requires simulation results
of adopted test. FE model is most commonly used in these simulations. However, due to mesh density in the area of
greatest strain gradients, FE simulations can take unacceptably long time. Therefore, artificial neural network (ANN) was
proposed in the present work as metamodel of the PSC test. This metamodel was used in the inverse analysis performed
to obtain material properties for copper alloys. The results were compared with uniaxial compression test performed for

the same material and good agreement was observed.
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1. INTRODUCTION

Continuous progress in numerical techniques
applied to modelling of metal forming is observed.
In consequence, the accuracy of numerical simula-
tions depends mainly on the correctness of the de-
scription of boundary conditions and properties of
the deformed material (Lenard et al., 1999). The
latter problem is the subject of the present work.
A number of papers dealing with rheological models
of materials subjected to plastic deformation can be
found in the scientific literature. New models with
specific features such as internal variable models,
which account for the history of deformation (Pie-
trzyk, 2001) or multiscale models, (Madej et al.,
2007) were developed. Potential extensive predictive
capabilities of these models are useful only when
proper identification of the models is performed on
the basis of experimental tests. Interpretation of the
results of plastometric tests, which are commonly
used for estimation of models parameters, is the
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main part of the identification. Properly performed
identification uses inverse analysis with FE simula-
tion of plastometric test and allows eliminating in-
fluence of various disturbances in the test, such as an
effect of friction or deformation heating. Various
algorithms for the inverse analysis were developed
in 1990s (Gelin & Ghouati, 1994; Boyer & Massoni,
2001; Forestier et al., 2002; Szeliga et al., 2006).
The published results show that application of the
inverse method improves accuracy of interpretation
of plastometric tests. On the other hand, in conven-
tional inverse analysis of plastometric tests, FE
model is combined with optimization techniques and
such combination involves long computing times.
Therefore, a lot of effort is put into searching for
more efficient inverse calculations. Application of
the metamodel in the optimization was proposed by
Sztangret et al. (2012). The metamodel substituted
the FE solution and significantly reduced the compu-
ting costs. This approach was successfully tested for
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the uniaxial compression test. Possibility of applica-
tion of the same approach to the plane strain com-
pression test was investigated in the presented work.
Plane strain compression is much more complicated
when interpretation of results is considered, see next
section. Due to a very non uniform strain distribu-
tion, FE simulation of this test requires fine mesh
and much longer computations comparing to the UC
test. In consequence, conventional inverse analysis
for the PSC test is not efficient. The artificial neural
network was used as the metamodel of the plasto-
metric test.

a)

the sample beyond the area under the die. These
parts are not compressed, therefore, they do not have
tendency to spread. Moreover, when the samples are
heated by resistance heating (e.g. on Gleeble 3800)
these parts are in lower temperature than the area
under the dies and their resistance to deformation is
higher.

Plane state of strains, which is not reachable in
other plastometric tests, has for years inspired the
scientists to various applications of the PSC tests.
Identification of the flow stress model is one of such
applications and investigation of the microstructure

b)

Fig. 1. Schematic illustration of the PCS test (a) and flat rolling process (b).

2. MODEL OF THE PLANE STRAIN
COMPRESSION TEST

2.1. Plane Strain Compression

Plane strain compression is one of the plastomet-
ric tests, which is used for physical simulations of
rolling processes. In this test a cuboid sample is
compressed between two flat dies, see figure 1a. The
PSC test allows large plastic deformation and the
state of strains is similar to that, which occurs in the
flat rolling process (figure 1b). The plane strain state
is obtained due to two factors. The low width of the
sample (b) — to width of the die (w) ratio prevents
flow of the material in the width direction. It is simi-
lar to the flat rolling, where low length of contact (L)
— to width of the strip (b) ratio fosters elongation and
prevents spread. Influence of the so called rigid ends
is another factor, which constrains spread and in-
volves plane strain state. Rigid ends are the parts of

evolution is another example. Among several re-
search laboratories involved in investigations based
on the PSC tests a team led by Mark Sellars at the
University of Sheffield should be mentioned. During
the second half of the last century this test was
commonly used there for investigation of materials
and fundamental works on microstructure evolution
(Sellars, 1979) and on flow stress models (Daven-
port et al., 1999) were a result of this research.
Thorough analysis of temperature changes in the
PSC test was performed by Hand et al. (2000) and
analysis of the influence of the size of the sample on
the test results was presented by Mirza and Sellars
(2001). Application of the FE model of the PSC test
to aid interpretation of results is described by Pie-
trzyk et al. (1993) and by Kowalski et al. (2000) and
further analysis of the influence of the size of the
sample on the test results was performed by Kow-
alski et al. (2006). All these discussed papers
showed that PSC tests involve strong inhomogenei-
ties of parameters. In spite of this, due to some spe-
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cific advantageous features PSC test have been
widely used during last half of a century for identifi-
cation of models of various materials like steels
(Davenportet al., 1999; Szeliga et al., 2002), alumin-
ium alloys (Pietrzyk & Tibbals, 1995; Hosford,
1966; Silk & van der Winden, 1999; Kowalski et al.,
2000) and magnesium alloys (Nave & Barnett,
2004). PSC tests were also widely used for investi-
gation of various non-metallic materials, see for
example applications for determination of strength
and deformation characteristics of sand (Tatsuoka et
al., 1986) or investigation of shear banding in sands
(Finno et al., 1997). Discussion of the PSC tests
features from the point of view of standards and
good practice guides can be found in (Loveday et al.,
2000).

It should be emphasized, however, that various
disturbances still make interpretation of results of
PSC tests very difficult. These tests are character-
ized by large inhomogeneity of deformation (figure
2a), which is caused by complex shape of the de-
formation zone (figure la) and by the effect of fric-
tion. Beyond this, heat generated due to plastic work
and friction, as well as heat transfer to the tools and
to the surrounding, cause strong inhomogeneity of
the temperature in the sample (figure 2b).

a)

strain
o
o

temperature, °C
o
o
o

Fig. 2. Distribution of strains (a) and temperatures (b) in the
PSC test calculated by the Forge 3 code (Sztangret & Pietrzyk,
2012).

Due to all these discussed features of the PSC
test, and due to the fact that strain rate and tempera-
ture can be effectively controlled at the Gleeble sim-
ulator, this test is frequently used as physical simula-
tion of the flat rolling process (Timothy et al., 1991).
Since mentioned above inhomogeneities of strains,
stresses and temperatures make determination of the
flow stress from this test very difficult, researchers
usually additionally performed uniaxial compression
tests to identify the flow stress model. This proce-
dure is very costly, therefore, researchers were
searching for a possibility of application of numeri-
cal simulations to aid interpretation of the PSC test
results. Results of this research are described in (Pie-
trzyk & Tibbals, 1995; Mirza & Sellars, 2001).
Large progress in accuracy was obtained when in-
verse analysis was applied to identification of the
flow stress model on the basis of the PSC test results
(Gelin & Ghouati, 1994; Szeliga et al., 2002). Very
good results of the inverse analysis were obtained. It
was shown by Szeliga et al. (2002) that when in-
verse analysis was applied identical flow stress
model were obtained from various tests (PSC and
UC) and for various dimensions of the samples.

Long computing times were the main drawback
of the inverse analysis for the PSC tests. As it has
already been mentioned, FE simulation of the PSC
test requires much finer mesh than that used in the
UC test, what leads to very high computing costs.
The objective of the present work was to investigate
possibility of substitution of the FE model in the
inverse analysis by the metamodel of the PSC test.
Promising results obtained by Sztangret et al. (2012)
for the UC test were the inspiration for this work.
Artificial neural network was selected as a meta-
model and the training data were generated using 2D
FE code.

2.2. FE model and flow stress model

Large number of simulations has to be per-
formed to generate the data for training of the Artifi-
cial Neural Network. These data could not be gener-
ated in a reasonable time using 3D FE code, which
was applied to obtain results in figure 2. Therefore
2D finite element code based on the flow formula-
tion (Kobayashi et al., 1989) was used for simula-
tions of the test. The rigid-plastic constitutive law
written in the form of relationship between stress
tensor (0 ) and the strain rate tensor (&) was the
basis of the model:
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o
6=z+”='3 (1)
3 &

where: g, — flow stress, &, — effective strain rate.

Details of the mathematical formulation of the
FE model are described by Lenard et al. (1999) and
they are not repeated in the present work. 2D ap-
proach is a simplification of the PSC test. It is seen
in figure 2 that some spread occurs under the contact
with the die. Therefore, a correction of the force
proposed by Kowalski et al. (2001) was used. The
current width of the sample was calculated from the
following equation:

b,
L 0,18 bfj—l
b-b,= 1+C_C(h_j , C=—2"

o (@)
)
hO

where: b, — initial width, A, — initial height, b,— final
width, 4, final height, b — current width, 4 — current
height, C — coefficient.

This correction accounts for the spread and al-
lowed using 2D model of the test to generate data
for training the artificial neural network.

Flow stress o, in equation (1) has to be deter-
mined for the investigated material. Compression of
the copper alloy in the temperature range 20-300°C
was selected as a case study in the present work.
Thorough analysis of plastic deformation of this
alloy in high temperatures was performed by Pie-
trzyk et al. (2013). Extended Hollomon equation
describes well behaviour of metals at lower tempera-

tures:
0
R(T+273)} ®

o,=Ag'E" exp{
where: & — effective strain, O — activation energy of
deformation, R — universal gas constant, 7 — temper-
ature in °C.

Since analysed copper alloy shows large sensi-
tivity to temperature, equation (3) could be not flex-
ible enough to describe behaviour of this alloy in
arange of temperatures. Therefore, Hansel-Spittel
(1979) equation was additionally considered in the
present paper.

o, = Ag exp(—qe) & exp(=BT) (4

Coefficients A, n, m and Q in equation (3) and 4,
n, ¢, m and B in equation (4) were determined using
inverse analysis of the compression tests.

2.3. Metamodel

The FE models provide the nearest approxima-
tion of simulated processes, but they are usually time
consuming. Lower computing costs are possible to
achieve by applying the metamodel instead of the
FE model. Metamodel is an abstraction created on
the basis of lower level model of the analysed pro-
cess built with an application of the selected meth-
ods of mathematical modelling (Kusiak et al., 2009).
Any approximation of the model of the real process
that gives reasonably reliable, approximate descrip-
tion of the considered process and allows significant
decrease of the computing costs, can be considered
as a metamodel. Various techniques can be used to
build a metamodel, and the artificial intelligence
techniques, in particular artificial neural networks,
are the most frequently used. The ANN is capable to
reproduce very complex relations, while the compu-
ting costs remain low. Full description of the Neural
Networks can be found in (Tadeusiewicz, 1993;
Bishop, 1995; Haykin, 1999).

Four ANN based metamodels were applied in
the present work. Two of them were used to deter-
mine coefficients in equation (3) (one for the uniaxi-
al compression test and second for the plane strain
compression test). The other two metamodels were
used to determine coefficients in equation (4) for
both tests. Each metamodel consists of ten artificial
neural networks built with the multi layer percep-
trons (MLPs), which are frequently used in meta-
modelling of static processes. Each metamodel pre-
dicts the load values recorded at ten, specific defor-
mation time steps (the number of time intervals is
selected arbitrary by the user).

The number of neurons in the input layer corre-
sponds to the number of the parameters of the flow
stress equation and parameters of the test conditions
(temperature, strain rate, friction), while a single
neuron of the output layer corresponds to the load
value of the compression test. The user chooses the
number of hidden layers and the number of neurons
in the hidden layers, arbitrarily. A root mean square
error (RMS) was used as a measure of the accuracy
of the neural network metamodel.

Trained metamodel predicts the loads during
compression test based on the information regarding
the characteristic material parameters (parameters of
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the flow stress equation) and the test (temperature
and strain rate). The accuracy of metamodels is pre-
sented in table 3 (paragraph 4.2).

3. IDENTIFICATION OF THE FLOW
STRESS EQUATION USING INVERSE
APPROACH

3.1. Experiment

Plane strain compression of the copper alloy in
the temperature range 20-300°C and strain rate range
0.1-10 s was considered in the present work. Sam-
ple dimensions were 10x15%20 mm and the width of
the die was 5 mm. Chemical composition of the
alloy was 0.81%Cr, <0.001%Ni, <0.001%Si,
0.026%Fe, <0.001%As, <5 ppm Bi and balance Cu.
Uniaxial compression tests were performed in the
same conditions for comparison. The cylindrical
samples dimensions were ¢10x12 mm. Both types of
tests were performed at constant strain rate (decreas-
ing velocity of the die). Figure 3 shows all loads
recorded in the PSC and UC tests for the investigat-
ed copper alloy. Analysis of these results allows to
conclude that the investigated copper alloy shows
large sensitivity to the temperature and very small
sensitivity to the strain rate.

3.2. Inverse analysis

The identification of the plane strain compres-
sion test results was performed by the inverse calcu-
lations. The problem of the parameter identification
was defined as the inverse problem. The commonly
used method to solve such a task, where the direct
problem is formulated with nonlinear differential
equations, is to transform it to the optimization task
with the goal function introduced as the distance
between calculated and measured data in the norm
defined in the functional value space. The minimum
of the goal function is the solution of the inverse
problem (Kirsch, 1996; Szeliga, 2013). The inverse
algorithm dedicated to such identification consists of
three steps (figure 4):

— Performing physical experiments and collecting
the obtained data.

— Performing simulations of the experiments at
constant physical conditions (temperatures,
strain rates) and elaborating the collected data.

— Running optimization procedure to minimize the
difference between measured and calculated da-
ta with respect to the parameters of the material
flow stress model.

a)

force, kN

die displacement, mm

b)

RSE 20°C

force, kN

0 ] ' ] I L} | L l ] l
0 1 2 3 4 5
die displacement, mm

Fig. 3. Results of measurements of forces in the uniaxial com-
pression tests (a) and the plane strain compression tests (b).

For the optimization task, the goal function was
defined as the mean square root error between
measured and calculated loads:

2

1 &1 & F"(x)—F..m

(I)(X)z ﬁz ﬁz UT (%)

i=1 Jj=1 i

where: x — vector of the material parameters (x = {4,
n, m, Q" - parameters of the flow stress equation (3)
or X = {4, n, q, m, B}" - parameters of the flow stress
equation (3)), F,, F, — measured and calculated
loads in the compression test, Ns — number of time
intervals in one test, N¢- number of tests (it accounts
for all tests performed at various temperatures and
various strain rates).
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Details of the inverse algorithm used in the pre-
sent work, are given by Szeliga et al. (2006). Simu-
lations of the plastometric test performed with the
FE software described in section 2.2 give accurate
results including prediction of inhomogeneities of
strain/stress and temperature fields. The inhomoge-
neities of strains are due to friction conditions in the
die—specimen contact surface and due to the effect
of the rigid ends (see section 2.1). The inhomogene-
ities of temperature are caused by the heat genera-
tion due to friction and deformation work. On the
other hand, such computations are time consuming
even when the 2D FE solution is used. The inverse
analysis, requiring the iterative recalculations of the
FE models, makes the whole identification proce-
dure useless from the practical point of view. Lower-
ing high computing costs is possible to achieve by
applying the metamodel defined in section 2.2, in-
stead of the FE model. The idea of the solution is
presented in figure 4. This approach was successful-
ly used by Sztangret et al. (2012) for the uniaxial
compression tests.

the parameters originate from some laws of physics.
Extended Hollomon equation (3) is a kind of phe-
nomenological/approximation equation. Thus the
uniqueness of the identification of parameters in this
equation is not guaranteed. There could be a lot of
local minima with the same value of the goal func-
tion and all of them could be applied to the model-
ling. These problems have been encountered when
identification on the basis of uniaxial compression
tests was performed by Sztangret et al. (2012). Solv-
ing the optimization problems characterized by mul-
ti-modal objective function of more than one local
minimum is difficult and sometimes fails, when the
classical, deterministic gradient or non-gradient
methods are applied. Therefore, the effective meth-
ods of searching for the global minimum not only
within a local region, but also in the whole domain
of the objective function, were developed. The prob-
abilistic methods belong to this group of optimiza-
tion techniques. Due to the random search, which is
the base of these methods, the probability of finding
a global minimum increases. The algorithms of the

Metamodel of
test {F} )
N il i Compression test
W InEISIA experiment
parameters x { F_{?l}
FE model of test i
{F Uc }

Minimization of
D(x)
Optimization

Computing of
goal function
O(x)

procedure -
restricted due to
time of FE solver

Minimization of
D(x)

Stop
condition?

Optimization
procedure - no
restrictions

x* - identified
process
parameters

Fig. 4. Flow chart of the inverse algorithm with metamodel (a - solid line) and FE model (b -dotted line).

Besides the problem of high computing time of
the inverse analysis based on the classical FE ap-
proach, there is another problem caused by the fact
that the optimized goal function (5) is often multi-
modal. To avoid that problem the searching space
should be narrowed (Kirsh, 1996). This is possible if

probabilistic methods are the results of observation
of the nature and its perfect mechanisms: evolution,
behaviour of population of individuals, etc. These
algorithms can be applied to any kind of the objec-
tive function: non-linear, discontinuous or multi-
modal, where classical algorithms fail. Optimization
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algorithms inspired by the nature belong to the
group of heuristic algorithms, and although they
belong to the iterative algorithms, requiring many
calculation runs, they can be effectively used here
because calculation times of the objective function
based on the metamodel are very short. Fast devel-
opment of these optimization methods has been re-
cently observed, e.g. efficient implementations of
evolutionary algorithms (EAs) using graphics pro-
cessing unit (GPU) were proposed for solving vari-
ous problems in materials science (Baumes et al.,
2011).

In the inverse calculations of material parameters
of the plastometric test with the metamodel ap-
proach, the following nature inspired algorithms
were implemented:

— genetic algorithms,

— evolutionary algorithms,

— particle swarm optimization,

— simulated annealing method,

— modified particle swarm optimization method.

The modification of the particle swarm optimi-
zation method is based on the introduction of the
sensitivity analysis of the objective function with
respect to the optimization variables. Information
obtained from sensitivity analysis was used in dy-
namic control of the particles behaviour in the
swarm. It improved the convergence of the optimi-
zation procedure (Sztangret et al., 2010).

4. RESULTS OF IDENTIFICATION

In the conventional interpretation of the com-
pression tests stress is calculated as force-to-contact
area ratio and strain is calculated as In(/y/h) for the

UC test and (2/ \/g )In(hy/h) for the PSC test, where
h is the current height of the sample. It means that
this interpretation assumes uniform strain and stress
distribution, what leads to erroneous results. Figure
5 shows comparison of the flow stress calculated
from the UC and PSC tests using conventional inter-
pretation. Of course, methods of correction of this
interpretation have been known long time ago but
the most accurate results giving the same flow stress
from the two tests were obtained when inverse anal-
ysis was applied (Szeliga et al., 2002).

4.1. Conventional inverse analysis with FE
model

Conventional two-stage inverse analysis (Szeliga
et al, 2006) was performed first. Two stages were

applied to avoid extreme times of computations. In
the first stage each test was investigated separately
and the stress-strain curve in a tabular form was
obtained. Simplified corrections for variations of the
temperature and the strain rate were introduced.
These tabular data were approximated next using
equation (3) or (4) and coefficients obtained in the
approximation x = {4, n, m, Q)" or x = {4, n, q, m,
0}" were used as a starting point for the second
stage of the inverse analysis. This point was usually
close to the minimum of function (5) and the solu-
tion could be obtained in a reasonable time, in par-
ticular when non-gradient optimization methods
were used. Figure 6 shows stress strain curves ob-
tained in a tabular form from the first stage of the
analysis. It is seen that the results are consistent.

450 —

400

temperature 300°C

w

a

o
|

w

o

o
|

NN
o o
o O
| |

flow stress, MPa
o
o
1 i

Lt ()] S-l

00 105!
0# . I L l L} l L] I L l
0 0.2 0.4 0.6 0.8 1
strain

Fig. 5. Flow stress calculated as force-to-contact area ratio
presented as a function of the uniform strain for the temperature
of 300°C.

S 2000, a0
400 i
350
[a5] -
E 300 —
¥ 250
8 -
£ 200
Z 150
jr o
100 - PSCI A—b—h ()] 5!
50 (e = BEY
--------- UC) |e—e—o 105"
0 L] I L] ' L) l L] I L] I
0 02 04 06 08 1
strain

Fig. 6. Flow stress calculated in a tabular form from the first
stage of the inverse analysis.
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Coefficients in equation (3) obtained from the
second stage of the conventional inverse analysis are
given in table 1. Coefficients in equation (4) ob-
tained from the second stage of the conventional
inverse analysis are given in table 2. The final value
of the objective function (5), which represents the
accuracy of the solution, is given in the last column
of these tables.

Table 1. Coefficients in equation (3) obtained using various
inverse algorithms for various tests.

neural networks. The number of records used to train
and to test each metamodel are presented in table 3.

Table 3. Number of records used to train and to test metamodels.

Metamodel Training set Testing set
. ucC 10742 1194
Equation (3)
PSC 2007 224
. ucC 1062 118
Equation (4)
PSC 643 72

A’ Q’ ®

test MPa " m J/mol

1. UC inverse

+FE 193.2 | 0.301 0.02 2000 0.0983

2. UC/PSC

inverse + FE 177.4 | 0.298 | 0.016 2167 0.112

3. UC inverse

+ metamodel 197.6 | 0.264 | 0.016 1975 0.0827

4. PSC inverse

+ metamodel 204.2 | 0.291 | 0.032 | 1468.6 | 0.133

5. UC/PSC
inverse + 201.0 | 0.275 | 0.024
metamodel

1718.6 -

Table 2. Coefficients in equation (4) obtained using various
inverse algorithms for various tests.

A, 0,
test MPa n 4 m J/mol @
L.UC inver-1 45 1 0492 |0.5928|0.0178 | 0.00148 | 0.0519
se + FE

2. UC/PSC
inverse + 740.810.4968 1 0.5793 1 0.0175 [ 0.00157 | 0.0476
FE

3. UC inver-
se + meta- | 698.7| 0.444 | 0.556 | 0.022 [0.00138|0.0349
model

4.PSC
inverse + 772.5( 0.55 | 0.539 | 0.0183]0.00143| 0.114
metamodel

5. UC/PSC
inverse + 735.6| 0.497 | 0.547 10.0201 [ 0.0014 -
metamodel

4.2. Metamodel of the experiment

The metamodels of the PSC and UC tests (in fact
four different metamodels - two for equation (3) and
two for equation (4) for each of the tests) were built.
Each metamodel predicts load values in ten specific
deformation time steps, therefore it consists of ten
different ANNs (as described in section 2.3). The
input signals of each network were: temperature,
effective strain rate and coefficients in flow stress
equation (four in case of equation (3) and five in
case of equation (4)). The compression force F for
the specified time interval was the ANN output sig-
nal. The ANNs were designed with typical MLP

Each record consisted of six or seven input sig-
nals and one output signal. A root mean square error
was used as a measure of the accuracy of the neural
network metamodel. Several tests were performed to
adjust optimal topologies of the networks used in
metamodel. The topologies and errors are presented
in table 4. The errors were relatively low and meta-
model can be used in the inverse analysis instead of
the FE model.

4.3. Inverse analysis with metamodel

Inverse analysis with the metamodel used as a di-
rect problem model (figure 4a) was performed for
both UC and PSC tests. Coefficients in equation (3)
obtained from this analysis are given in table 1 in
rows 3 and 4. Average coefficients for both tests are
given in row 5 of this table. These coefficients were
obtained by averaging flow curves obtained from the
two tests, therefore, the final value of the objection
function is not given in this case. Coefficients in
equation (4) obtained from the inverse analysis with
the metamodel are given in table 2 in rows 3 and 4.
Average coefficients for both tests are given in row 5
of this table. As previously, these coefficients were
obtained by averaging flow curves obtained from the
two tests.

Analysis of the results shows that conventional
inverse analysis gave similar flow curves for both
UC and PSC tests, therefore, flow stress determined
on the basis of both tests (row 5 in table 1 and table
2) was used in all comparisons below. Contrary,
inverse analysis with the metamodel gave slightly
different results for the UC test and PSC test. Figure
7 shows comparisons of the flow stress calculated
from equation (3) and from equation (4) with coeffi-
cients determined on the basis of both UC and PSC
tests using conventional inverse analysis with the FE
model and using inverse analysis with the metamod-
el. It is seen that reasonably good agreement be-
tween the two inverse approaches was obtained and
that this agreement is better for equation (4).
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Table 4. Topologies and errors of used metamodels.

Equation (3) Equation (4)
Force ucC PSC ucC PSC
Topology Error [%)] Topology Error [%] Topology Error [%)] Topology Error [%]
Fl1 6-23-6-1 0.0103 6-18-4-1 0.5863 7-21-9-1 0.6025 7-24-1 2.0554
F2 6-18-5-1 0.0098 6-20-1 0.7684 7-14-9-1 0.4158 7-25-1 1.9954
F3 6-28-1 0.0095 6-16-1 0.9477 7-28-2-1 0.4411 7-30-4-1 1.8496
F4 6-24-1 0.0094 6-25-6-1 0.9325 7-29-7-1 0.4126 7-17-1 2.7726
F5 6-15-4-1 0.0095 6-22-1 1.3063 7-16-6-1 0.4086 7-24-1 2.9332
F6 6-30-1 0.0095 6-15-1 1.4829 7-12-1 0.5206 7-26-1 2.8582
F7 6-11-5-1 0.0088 6-28-1 2.9868 7-18-9-1 0.4964 7-18-1 3.2004
F8 6-24-9-1 0.0082 6-15-1 3.0892 7-21-1 0.6007 7-26-1 3.3412
F9 6-21-10-1 0.0079 6-28-1 2.8627 7-24-5-1 0.7588 7-11-1 3.0462
F10 6-24-1 0.0077 6-12-1 3.0233 7-18-1 1.3943 7-16-1 4.4424
a) 5. RESULTS OF VALIDATION OF MODELS
AND DISCUSSION

The objective of the paper was evaluation of
possibility of making the inverse analysis more effi-
cient without losing accuracy of the solution. Results
of validation of subsequent approaches are presented
below. It was shown earlier that very good agree-
ment was obtained for the first stage of the conven-
tional inverse analysis, what is shown in figure 6.
Accuracy of the identification of the coefficients in
the model depends, to a large extend, on the flexibil-
ity of the model and its capability to describe re-
sponse of the material in a wide range of strain rates
and temperatures.

Verification of the models was performed by
comparison between forces measured in the tests and
b) calculated by the FE code with the considered model
introduced in the constitutive law (1). Identification
of the coefficients in equation (3) was considered
first. Figure 8 shows comparison of forces measured
in the uniaxial compression tests and calculated by
the FE code with equation (3) for the following three
sets of coefficients:

— Determined by the conventional inverse analysis
with the FE model for both UC and PSC tests
(row 2 in table 1) — notice that there was no dif-
ference between flow stress determined from the
UC test and PSC test separately.

— Determined by the inverse analysis with meta-
tamodel for UC tests (row 3 in table 1).

— Determined by the inverse analysis with meta-
tamodel for both UC and PSC tests (row 5 in ta-
ble 1).

flow stress, MPa

0 0.2 0.4 0.6 0.8 1

flow stress, MPa

Fig. 7. Flow stress calculated from equation (3) (a) and from
equation (4) (b) with coefficients determined on the basis of both
UC and PSC tests using conventional inverse analysis with the
FE model and using inverse analysis with the metamodel.

28]
)
Z
)
Q)
%)
%]
-
<
&
=
<
=
Z
%]
a
©)
T
5
=
[~
[
-
2
[
S
Y

-223 -



28]
@)
Z
=
O
%)
%]
-
<
&2
=
<
=
Z
%]
[a)
©)
LT
5
=
-4
wl
=
2
[
3
)

INFORMATYKA W TECHNOLOGI MATERIALOW

a)

70— measured
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104 *—o—0 | s’
¢ 105"
0 | LA E——
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die displacement, mm
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80 1 luc 20°C
70—_ —————— measured
60 =======--- calculated
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00105

T T 1
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Fig. 8. Comparison of forces measured in the uniaxial compres-
sion tests and calculated by the FE code with equation (3) and
coefficients in row 2 (a), row 3 (b) and row 5 (c) in table 1.
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809 (UC 3
70 1— measured
60 -=====---- calculated
Z 50
=1 £
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inverse+FE
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¢ 105!
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die displacement, mm
b)

- P
801 G 20°C

70— measured
---------- calculated

force, kKN

N
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1

N
S

=

O]

inverse+ANN

A—A—aA ()] 5!

oo 5!

90— 105!

T T 1

0 2 4 6 8
die displacement, mm

Fig. 9. Comparison of forces measured in the uniaxial compres-
sion tests and calculated by the FE code with equation (4) with
of coefficients obtained from the conventional inverse analysis
for both UC and PSC tests (row 2 in table 2) and obtained from
the inverse analysis with the metamodel also for both UC and
PSC tests (row 5 in table 2).

It is seen in figure 8 that good result was ob-
tained for conventional inverse approach inde-
pendently whether only data from the UC test were
used (these results are not presented) or both tests
were used in the inverse analysis (figure 8a). Very
good results were obtained from the inverse analysis
with metamodel when UC data only were used (fig-
ure 8b). Identification of coefficients of equation (3)
using the inverse analysis with the metamodel for
both tests gave worse results. The general conclu-
sion from the results in figure 8 is that equation (3)
has no capability to describe properly behaviour of
the material in a wide range of temperatures and
strain rates.
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Identification of coefficients in equation (4) was
considered next. Figure 9 shows comparison of forc-
es measured in the uniaxial compression tests and
calculated by the FE code with equation (4) for the
two sets of coefficients obtained from the conven-
tional inverse analysis for both UC and PSC tests
(row 2 in table 2) and obtained from the inverse
analysis with the metamodel also for both UC and
PSC tests (row 5 in table 2).

a)
70 -
measured
J B R LI calculated PSC »
e 20°C__ -89

force, kKN

inverse+FE

A—A—aA ().] 57!

oo |5

40— 105!

T - T - T 1

0 1 2 3 4 5
die displacement, mm

b)

RSE

force, kN

measured
---------- calculated
A—A—aA (.] 5!
—eo—o | 5!
inverse+ANN ~ ¢—¢—¢ 10 s’
1T T 1T 1
0 1 2 3 4 5
die displacement, mm

Fig. 10. Comparison of forces measured in the uniaxial com-
pression tests and calculated by the FE code with equation (3)
with coefficients determined by the conventional inverse analy-
sis for both UC and PSC tests (row 2 in table 1) (a) and with
coefficients determined by the inverse analysis with the meta-
model again for both UC and PSC tests (row 5 in table 1) (b).

Similar analysis was performed for the PSC
tests. Identification of coefficients in equation (3)
was considered first. Figure 10a shows comparison

of forces measured in the plane strain compression
tests and calculated by the FE code with equation (3)
with coefficients determined by the conventional
inverse analysis for both UC and PSC tests (row 2 in
table 1). Figure 10b shows comparison of forces
measured in the plane strain compression tests and
calculated by the FE code with equation (3) with
coefficients determined by the inverse analysis with
the metamodel for both UC and PSC tests (row 5 in
table 1). It means that in both cases the coefficients
in the material model were determined using inverse
analysis for both UC and PSC tests.

a)

force, kN

measured

---------- calculated

A—a—h (.] 57!

L = DY
inverse+FE ¢—6—¢ 10 s’

r = I * 1 =71 °* 1

0 1 2 3 4 5

die displacement, mm

measured

---------- calculated
A—A—aA ()] 5!
o—e—o | 5!

inverse+tANN ¢ 10 s’
'10 L) I L) I L) I L) I T I

0 1 2 3 4 5
die displacement, mm

Fig. 11. Comparison of forces measured in the uniaxial com-
pression tests and calculated by the FE code with equation (4)
with coefficients determined by the conventional inverse analy-
sis for both UC and PSC tests (row 2 in table 2) (a) and with
coefficients determined by the inverse analysis with the meta-
model also for both UC and PSC tests (row 5 in table 2) (b).
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The general conclusion from this part of the
analysis is that function (3) is not flexible enough to
describe properly material response in the investi-
gated range of temperatures and strain rates. Identi-
fication of coefficients in equation (4) was consid-
ered next. Figure 11a shows comparison of forces
measured in the plane strain compression tests and
calculated by the FE code with equation (4) with
coefficients determined by the conventional inverse
analysis for both UC and PSC tests (row 2 in table
2). Figure 11b shows comparison of forces measured
in the plane strain compression tests and calculated
by the FE code with equation (4) with coefficients
determined by the inverse analysis with the meta-
model for both UC and PSC tests (row 5 in table 2).
It means that again in both cases the coefficients in
the material model were determined using inverse
analysis for both UC and PSC tests.

It is seen in figures 9 and 10 that equation (3) is
not capable to describe behaviour of the material in
the plane strain compression test in the investigated
range of temperatures and strain rates while quite
good results were obtained for equation (4) for both
methods of identification of the material model.

6. CONCLUSIONS

Evaluation of the possibility of identification of
the flow stress model on the basis of the inverse
analysis with metamodel for the PSC tests was the
objective of the paper. Numerical tests allowed
drawing the following conclusions:

— Identification of the material model based on the
inverse analysis for the PSC tests is much more
difficult and time consuming than for the UC
tests.

— Conventional inverse analysis performed for the
uniaxial compression and plane strain compres-
sion gave similar flow stress models. The model
determined on the basis of both tests gave very
good prediction of forces in the UC and PSC
tests.

— Inverse analysis with the metamodel gave very
good results for the uniaxial compression test.
Slightly worse results were obtained when flow
stress was determined on the basis of the inverse
analysis for the two tests.

— Although the values of coefficients obtained
from various tests may differ, the agreement be-
tween measured and calculated forces is good. It
means that there is no unique solution of the

problem, but the accuracy of the obtained solu-
tion is satisfactory.

— Inverse analysis with the metamodel is few or-
ders of magnitudes faster than the conventional
approach with the FE model. Accuracy of the
former solution is quite good and it should be
recommended for practical applications of the
inverse analysis.
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METAMODEL JAKO ZAMIENNIK MODELU MES
PROBY SPECZANIA W PLASKIM STANIE
ODKSZTALCENIA W ANALIZIE ODWROTNEJ

Streszczenie

Artykut przedstawia zastosowanie proby spgczania w ptaskim
stanie odksztalcenia w identyfikacji parametroéw modelu materia-
hu. Sprawdzono rowniez mozliwo$¢ zastapienia modelu MES
przez metamodel w analizie odwrotnej. Istnieje kilka prob plasto-
metrycznych wykorzystywanych w celu wyznaczenia wlasnosci
materiatu. Pomimo, ze proba PSC jest bardzo dokladna, najcze-
$ciej stosowana jest proba speczania osiowosymetrycznego. Po-
wodem tego sa trudno$ci w interpretacji wynikow proby PSC.
Rozwigzaniem wspomnianego problemu jest zastosowanie anali-
zy odwrotnej. Wymaga ona jednak wynikow symulacji zastoso-
wanej proby. Symulacje te najczesciej wykorzystuja model MES.
Jednak ze wzgledu na gestos¢ siatki MES w obszarach, w ktorych
warto$¢ gradientu odksztalcenia jest najwigksza, czas symulacji
staje si¢ nieakceptowalnie dtugi. Z tego powodu sztuczne sieci
neuronowe zostaly wykorzystane jako metamodel proby PSC i
zastosowane w analizie odwrotnej majacej na celu wyznaczenie
parametrow materialu dla stopéw miedzi. Poréwnujac wyniki
otrzymane z wykorzystaniem proby PSC i proby speczania osio-
wosymetrycznego otrzymano dobra zgodnos¢.
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