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Abstract—The main subject of the current paper is
investigation of yield stress for C45 grade steelsawell as
development of a new methodology of such investigah. The

method requires high accuracy model of semi-solid teel

deformation. Hence, it requires a dedicated hybricanalytical-

numerical model of deformation of steel with variatle density.

The newly developed methodology allows to computauves

depending on both temperature and strain rate. The
experimental work has been done in Institute for Feous

Metallurgy in Gliwice Poland using Gleeble thermo-
mechanical simulator with high temperature testing
equipment. A number of compression and tension testhave
been done in order to verify the predictive abilityof both the

developed model and new, modified testing methodayg. The

comparison between numerical and experimental restd is the

supplementary subject of the presented paper, as Ve
The developed methodology allows reliable numerical
simulation of deformation of semi-solid steel sampk and

calculation of realistic flow curve parameters.

Keywords-yield stress, semi-solid steel testing; extra-high
deformation temperature; numerical analysis; inverse method

l. INTRODUCTION

Due to the global energy crisis in recent yearsiemamd
more new production technologies
preservation and environmental protection. Thegirated
casting and rolling technologies are newest efficiand
very profitable ways of hot strip production. Onlgw
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temperatures having great influence on the plastiaviour

of the material [1, 2]. The nil strength temperat(NST),
strength recovery temperature (SRT), nil ductility
temperature (NDT) and ductility recovery temperatur
(DRT) have effect on steel plastic behaviour anditli
plastic deformation. The nil strength temperatM&T) is
the temperature level at which material strengtbpdrto
zero while the steel is being heated above thedssli
temperature. Another temperature associated with NS
the strength recovery temperature (SRT). At this
temperature the cooled material regains strengtater than
0.5 N/mnf. Nil ductility temperature (NDT) represents the
temperature at which the heated steel loses itsliucrhe
ductility recovery temperature (DRT) is the tempera at
which the ductility of the material (characterisday
reduction of area) reaches 5% while it is beingedoOver
this temperature the plastic deformation is nobvedld at
any stress tensor configuration.

The most important steel property having crucial
influence on metal flow paths is the yield strebs.the
literature of the past years, one can find papeganding
experimental results [3] and modelling [4] of nanfbus
metals. Both the mentioned contributions focus tyaim

require  energixotrophy. The first results regarding steel defation at

extra high temperature were only presented in t& few
years [5]. This stems from the fact that leveliqéiidus and
solidus temperatures of steel is very high in caispa

companies all over the world are able to managen suGyjth non-ferrous metals. It causes serious expetiaie

processes. The technical staff of a plant locatedremona,
Italy is working on new methods of flat steel maaaifiring
for several years now. The ISP (Inline Strip Prdidung and
AST (Arvedi Steel Technologies) technologies whate

problems contrary to deformation tests for nonefesr
metals which are much easier. Rising abilities rafrino-
mechanical simulators such as the Gleeble and ol@veint
of new methods of identification of mechanical pdjes

developed in Cremona are distinguished by very highyjlow investigations leading to strain-stress iefathips for

rolling temperature. The main benefits of both thethods
are related to very low rolling forces and favouedfeld of
temperature. However, certain problems particubasuch
metal treatment arise. The central parts of slabstaushy
and the solidification is not yet finished while eth
deformation is in progress. This results in changes
material density and occurrence of
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characteristigGor

semi-solid steels, as well. This problem becamebgest of
research done by authors of the presented papsef@ral
years now. As a result a computer system suppottieg
investigation of mushy steel has been developed Thg
current paper presents the modified methodologyichvh
allows the calculation of the real stress-straiatienships

a wide range of temperatures and strain rate.
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In the second section of the paper the modifiechoddlogy  compression process. The experimental values of the
of stress-strain curves is described, the secordpoesents deformation forces were collected by the Gleeblgigrgent
a mathematical model, in the last section an examgsults while the theoretical one&{) were calculated with the help

are presented. Finally, the main conclusions andéuvork  Of a sophisticated solver facilitating accurate patation of
are shortly described. strain, stress and temperature fields for materigith

variable density. This solver is the least visiblg the most

II.  THEMETHODOLOGY powerful part of the computer aided testing system
developed by the authors called Def Semi_Solid.(Blg
The heart of the solver is based on a hybrid aicalyt
numerical mushy steel deformation model descrilbethé
next section.

Due to several serious experimental problems aiapec
technique of testing was developed for temperathigiser
than NDT. The deformation process has been divided
two main stages. The first one — a very small prielary
compression and the second one — the ultimate assipn.
The preliminary deformation is meant to eliminate
clearances in the testing equipment. Well known e/oc
formula [6] has been applied to describe the yigtiebss
functions. It takes account of a number of coedfits which
are calculated using inverse analysis. This is ¢iméy Testing procedure
acceptable method of interpretation of compressicgemi-
solid steel testing results. Due to strong tempeeatind MELTING DEFORMATION
strain inhomogeneity observed during compressioseafi- :: . m
solid samples the deformation causes significantebizg
of their central parts. Improvement of experimental —
methodology can help only to a small extent. Caytta T | PefSemi Solid jemm—
the old version of the method published in [6] thewly
developed one allows the computation of curves nidipg
on both temperature and strain rate. The tensists teas
been replaced by compression ones and the Voceufarm . MATHEMATICAL MODEL

was replaced by  more adequate equation. A mathematical model of the compression process has
Fig. 1 schematically presents the modified methogial been developed using the theory of plastic flow.e Th

More details concerning the experimental work were -~ . .
principle of the upper assessment, calculus ofatiaris,

Figure 2. The Def_Semi_Solid system as a feedback unit widelBe
simulator.

ublished in [7]. N SRR .
P [7] approximation theory, optimization and numericaltimoels
for solving partial differential equations were dg8]. The
GLEEBLE®: DEDICATED COMPUTER SYSTEM CURVES: following assumptions were established:
METHODOLOGY variant 2: « Deformation and stress state are axial-symmetrical;
SAMPLE « Deformed material is isotropic but inhomogeneous;
PREPARATION HYBRID NUMERICAL « The material behaviour is rigid-plastic — the
NDT TEMPERATURE AXIAL- [ relationship between the stress tensor and stagén r
SYMMETRICAL rRANLSTRESS CURVES tensor is calculated according to the Levy-Mises
COMPRESSION TEST | —}» INVERES . 1200°C TO NDT flow law [8], which is given as:
(1200°C TO NDT) SOLUTIONS g 5
p=f(e£T) . 2o
COMPRESSION TEST L — = L= 2 Eg..
(above NDT) HYBRID NUMERICAL _ | Oij 3 Okk 61] 3 €ij (1)
e -ANALYTICAL
NO AXIAL- L. . .
s SIMEIRIGAT TR STRES CoRVES Rigid-plastic model was selected due to its verpdyo
DEFORMATION

accuracy at the strain field during the hot defdromaand
sufficient correctness of calculated deviatorict pafr the
stress field. Moreover, the elastic part of eachsst tensor
component is very low at temperatures close talssliine
Figure 1. Flowcha_rt ofthe in_tegrated tt_estin_g methodolog§l@k stress and can in practice be neglected in calculationsstadin
investigation of semi-solid steel. distribution. The limits for plastic metal behavioare
defined according to Huber-Mises-Hencky yield crite:

- INVERES
e SOLUTIONS T

ABOVE NDT
POSSIBLE?

Op=f(eeT)

The presented approach allows to compute realiiid
stress curves depending on strain, temperatursteaid rate

2
in temperature range from 120to NDT and above. The 0,j01j = 2 ("_P) )
objective function of the inverse analysis was riedi as a 3
square root error of discrepancies between cabmlilg,) In (1) and (2)g,; denotes the stress tensor components,

and measuredr(,) loads at several subsequent steps of the )
& d P oy represents the mean stregg,is the Kronecker delta [8],
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o, indicates the yield stresg, is the effective strain rate, and direction of fall of total power which leads to bk
¢;; denotes strain rate tensor components. The comfmone optimum. The material density fluctuation causeghfer

are given by an equation:

In cylindrical coordinate systel®r6z the solution is a
vector velocity field defined by the distributiorf three
coordinatesv = (v, vg,v,) . The field is a result of
optimization of a power functional, which can betten in
general form as the sum of power necessary tolreimain
physical phenomena related to plastic deformatizue to

optimization  difficulties, resulting from additioha
replacement of incompressibility condition with allf
condition of mass conservation.

The proposed solution requires high accuracy iniems
the incompressibility condition for the solid ma&tior mass
conservation condition for the semi-solid areass Btems
from the fact that the errors resulting from thedwh of
these conditions can be treated as a volume chesugged
by the steel density variation in the semi-solicheoHigh
accuracy solution is required also due to largieifices in
yield stress for the individual subareas of theodwehtion
zone. In the discussed temperature range they eppeao

the axial-symmetry of the sample the circumferéntiaeven slight fluctuations in temperature. In presérsolution

component of the velocity field can be neglected &me
functional is usually formulated as:

Jwl =W =W, + W + W, 4

Componentii, occurring in (4) represents the plastic

deformation poweny; is the power which is a penalty for
the departure from mass conservation conditigngdenotes
the friction power and» = (v,,v,) describes the reduced
velocity field distribution.

Rigid-plastic formulation of metal deformation pleim
requires the condition of mass conservation
deformation zone. In case of solids and liquidshwat
constant density, this condition can be simplified the
incompressibility condition. Such a condition isngeally
satisfied with sufficient accuracy during the opsation of
functional (4). In most solutions a slight, butioetible loss
of volume is observed. The loss
incompressibility condition imposed on the solutisnnot
completely satisfied in numerical form. It is negjle in
case of traditional computer simulation of deforiorat

in thé

occurs because t

the second component of functional (4) is left ant mass
conservation condition is given in analytical form
constraining the radiali{) and longitudinal(v,) velocity
field components. The functional takes the follogvehape:
Jlv] =W, + W, ®)

In case of functional (5), the numerical optimieati
procedure converges faster than the one for fumeiti¢4)
due to the reduced number of velocity field pararsefonly
radial components are optimisation parameters)tiaadack
f numerical form of mass conservation conditiorheT
accuracy of the proposed hybrid solution is highlep due
to negligible volume loss caused by numerical stratich
is very important for materials with variable dépsi

As mentioned before, the solution of the problenais
velocity field in cylindrical coordinate system iaxial-

mmetrical state of deformation. Optimization oftal
ow velocity field in the deformation zone of semi
variational problem requires the formulation acéogdto
equation (5). The radial velocity distributiop(r, 8, z) and

processes although in some embodiments more aecurdf® longitudinal one,(r,6,z) are so complex that such

methods are used to restore the volume of metfcied to
the deformation. In contrast, in the presented tiaseensity
of semi-solid materials varies during the deforomagrocess
and these changes result in a physically significaange in
the volume of a body having constant mass. Thedfizbe
volume loss due to numerical errors is comparabi w
changes caused by fluctuation in the density ofrthterial.

wording in the global coordinate system poses denable
difficulties. These difficulties are the result tffe mutual
dependence of these velocities. Therefore the basic
formulation will be written for the local cylindrid
coordinate systemOrfz with a view to the future
discretization of deformation area using one ofdbdicated
methods. In addition one will find that the defotioa of

A further problem specific to the variable densitycylindrical samples is characterized by axial syrmneAs

continuum is poweW,, which occurs in functional (4). It is
used in most solutions and has a significant sbéretal
power. Even when the iterative process approadiegrnd,
this power component is still significant, espdyiaf the
convergence of the optimization procedures is figant. In
case of discretization of the deformation area. (@sing the
finite element method) if one focuses solely on lihea
number of possible locally optimal solutions appékey
are related to a number of possible directions ofement
of discretization nodes providing the volume preston of
the deformation zone. Each of these solutions eseatiocal

optimum forl; power and thus for the entire functional (4).

This makes it difficult to optimize because of lasfkuniform
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demonstrated by experimental studies conducted) s&mi-
solid samples the symmetry may be disturbed only result
of unexpected leakage of liquid phase.

Such experiments, however, are regarded as unsfigices
and not subject to numerical analysis. Establishnoérthe
axial symmetry, which except in cases of physiasatability
can be considered valid also for the process ofpcession
or tensile test of semi-solid samples, allows ansimplify
the model because of the identical strain distidlouat any
axial sample cross-section. Considerations wiltefage be
carried out inDrz coordinates for the sample cross-section
using one of the planes containing the sample axis.
Components of power functional given by (5) haverbe
formulated in accordance with the general theory of
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plasticity by relevant equations. The plastic poviar the
deformation zone having volume &f is given by the
subsequent relation:

is not preferred. This approach creates difficalspecially
in areas not subjected to the deformation whereséfecity
function should remain constant. Therefore, theitsmi to
the problem of semi-solid metal flow was based spexcific
method.

In the case of deformation of axial-symmetrical iead
the incompressibility condition is given by follavg
differential equation:

Wo- = fV O'iéi av (6)
whereg; is the effective stress anél denotes the effective
strain. The plastic deformation starts when thengis
effective stress reaches yield stress limit, (o; = 0, )
according to yield criterion given by equation (Effective
strain occurring in (6) is calculated on the badithe strain
tensor components; according to following relationship:

vy
ar

vy, 0vg

6z:0

- (12)

For the semi-solid area, (11) is replaced by thessma
conservation condition due to existing density ¢fesn The
longitudinal velocity has been calculated as anlyéinal
function of radial velocity using this conditiom tylindrical
coordinate system the condition has been descriliédan
equation:

2.
—-&
3

& = [Z&;€; 7
The components are given by (3). The second conmparie
functional (5) is responding for friction. To compdriction

power on the boundary of areaV a model given by the

subsequent equation was used:

ovy
ar

vr v 10p _

o (12

r p ot
Equation (11) is a special case of (12) and thesetioe
proposed solution will consider the dependence &s2nore
general. In (12p is the temporary material density ant
In (8), m is the so called friction factor, which is usually the time variable. The proposed variational forriata
experimentally selected afiis a relative velocity vector of Makes the longitudinal velocity dependent on thiatzone.
metal and toob = v — v,. In case of tensile test the samplesCondition (12) allows for the calculation afv,/0z

W, = f[ymE|wllds ®

are permanently fixed in jaws of a physical sinodaand ~ derivative as a function ofdv,/or after analytical
friction must not be taken into account. However,
compression test requires sharing the friction pomkgch is
significant.

For the solid zones the incompressibility conditiam be
described by universal operator equation indepethder
the mechanical state of the deformation process:

Vv=0 9

Because the semi-solid zone is characterized bygityen
change due to still ongoing progress of steel Bwlation,
the condition of incompressibility is inadequate reflect
changes and was replaced with the mass conservati
condition, which describes the following modified
operational equation:

_1dp _

Vv
p ot

(10)

The basis for the optimization of functional (5)the
velocity field determined by appropriate systemvelocity
functions in the concerned area. These functioagtren the
source of deformation field and other physical ditias
affecting the power functional formulation. Obtaigi an
accurate real velocity field requires the use ofocity
functions depending on a number of variational ipeters.
The functions should be flexible enough to map fietl
throughout the whole volume of the deformation zone
Analytical description of each component of theoeély
field with a single function in the whole area @farmation

Copyright (c) IARIA, 2012.  ISBN: 978-1-61208-237-0

differentiation of radial velocity distribution fetion
v,.(r,z). Hence, the longitudinal velocity is calculatedaas
result of analytical integration according to feliog

equation:
v, = — f( )dz

In this case, the velocity field depends only oe &unction —
the radial velocity distribution.

Heat exchange between solid metal and environraadt,
its flow inside the metal is controlled by a numbéfactors.
During phase transformation two additional phencariesave

vy
or

v 10p

+r p ot

(13)

% be taken into account. Note that in the procebs

deformation of steel at temperature of liquid téicsphase
transformation there are two sources of heat clan@a the
one hand heat is generated due to the state traratfon.
On the other hand it is secreted as a result oftipla
deformation. In addition, steel density variati@iso cause
changes of body temperature.

Thermal solution has a major impact on simulation
results, since the temperature has strong effecemmaining
variables. This is especially evident if the spemim
temperature is close to solidus line when the bmmhsist of
both solid and semi-solid regions. In such caseaffected
phenomena are: plastic flow of solid and mushy et
stress evolution and density changes. The theatetic
temperature field is a solution of Fourier-Kirchhefuation
with appropriate boundary conditions.
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The most general form of the Fou-Kirchhoff equation
in any coordinate system can be written in operfion as
follows:

T _ T oT
v (AVT)+Q—cpp(v VT+E)

whereT is the temperature distribution in the control
volume andA denotes the symmetrical second order te
called heat transformation tensor. In case of thé
inhomogeneity the whole tensor has to be consic
Q represents the rate of heat generation (or consoim)|
due to the phase transformation, due totic work done
and due to electric current flow (resistance heatifi the
sample is usually applied). Finalty describes the speci
heat,p the steel density the velocity vector of specime
particles and the elapsed time.

For axial-symmetrical case, (Ll4an be simplified. Th
following form of FourierKirchhoff equations for isotropit
axially-symmetric heat flow was applied in the presel
solution:

19T | 9°T

92T aT
A(Ga+iotoa)tQ=ro 5

arz  ror

Equation (15) needs to be solved watbpropriate initial an
bounday conditions. Combined Hankel'sboundary
conditions have been adopted for the presentedir

IV. EXAMPLE RESULTS

The experimental work was done in Institute forrbas
Metallurgy in Gliwice, Poland using Glee thermo-
mechaical simulator. The steel used for the experim
was the C45 grade steel having 0.45% of carboneabnin
all cases, experiments were performed accordingh&
following schedule:

e initial stage: sample preparation divided i
several sub stages (e.¢hermocouple assembly
die selection, etc,

e stage 2: melting procedure,

« stage 3: deformation process.

It is good practice to test materials in isotheri@hditions
[9]. Unfortunately, this is not possible for sesolid steel.
Nevertheless, the conditicshould be as close to isotherr
as possible due to the very high sensitivity of eriat
rheology to even small variations of temperatutge Basic
reason for uneven temperature distribution ingidesampl¢
body on the Gleebkimulator is the contt with hot copper
handles presented in Fig. 3.

Figure 3. The short contact zone handles used in experg
(hot handle).
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(14)

(15

The estimated liquidus and solidus temperatureldevk
the investigated steel are: 1°C and 1418C, respectively.
Thermal solution of the theoretical model has @b
influence on simulation results, since the tempeeahas
strong effect on remaining parameters. The resisi
sample heating and contact of the sample with colaper
handles cause namiform distribution of temperatui
inside heated material, especially along the sample
semisolid conditions in central parts of the samplese
even greater temperature gradient due to latent bk
transformation. Such nomiform temperatui distribution
is the source of significant differences in the nostructure
and hence in material rheological propert

During the experiments samples were heated to°C
and after maintaining at constant temperature weed
down to the requiredieformation temperature. In case
heating the heat generated is usually not knowausez the
Gleeble equipment uses an adaptive procedure $istire
heating controlled by temperature instead of curfew.
Hence, the actual heat generated by ct flow (in fact the
rate of heat generatid@) has to be calculated using inve
procedure. In this case the objective functicF) was
defined as a norm of discrepancies between caéxlT,)
and measuredTf,) temperatures at a checkpoint (stee
thermocouple position: TC in Fig. 4) according to the
following equation:

FQ = [JT(Q.7,2T) = Ty(r,zDldr  (16)

where: where is the time variableQ is the rate of heat
generation.

Thermocouples:
type 5-TC2, TC4
type R-TC3

I 2 4 T

quartz shield
TQ‘Z TC4 TC3
\ \/ -

_______ ‘__<|_

M10x15
Ly
=
|
|

L=125 mm

Figure 4. Samples used for the experiments. TC2, TC3 and
thermocouple:

In the final stage of physical t, the temperature difference
between core of the sample (TC3 thermocouple pogi
and its surface (TC4 thermocouple position) can
significant. In all cases the core temperature kiger thar
surfacetemperature. Differences between these two r
around 36C for cold handle (handle with long contact za
and about 4 for hot handle. The results of numeri
simulation are in agement with experiments. F5
presents the temperature distributi in the cross section of
sample tested at 138D right before deformation (varia
with hot handle). One can observe major temper:
gradient between disample contact surface. Howev
difference between experimental and theoreticale
temperaturesadfr hot handles was only’C (calculated core
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temperature was equal to 14C7and measured one was
equal to 142€C).

"HOT HANDLE", TC4 =1380C

W1 417,17 |1 376,297l 1 3354240 1 294,55 |1 253,677
1 212,804l 1 171,931/[l 1 131,0580 1 090,184/l 1 049,311

5 mm

z=62.5mm

Def_Semi_Solid v 5.0

r

Figure 5. Distribution of temperature in the cross sectionsample tested
at temperature 1380 right before deformation (variant with hot handle

The micro and macrostructure of the tested sanvpées
investigated as well. Fig. 6 shows microstructuightr
before deformation for both central and boundagyams of
the heating zone. Microstructure of the cooled demp
consists of pearlite (the darkest phase), baimjtey(phase
mainly near the borders of grains) and the brigitite.
This is a result of phase composition, wide mgltaone
and almost two times lower rate of cooling of cehfrarts
of the sample (in the case of hot handles).

Centre of the
heating zong

Border of the
heating zone

j§s -

Compression and tension tests were performed,
according to the given methodology. During experitee
die displacement, force and temperature changethén
deformation zone were recorded. The computer stioaka
were performed as well. All series of tests and ater
simulations were done using long contact zone batwe
samples and simulator jaws (cold handle). The dedtion
zone had the initial height of 62.5 mm. The sanu@eneter
was 10 mm. The samples were melted at 4@3and then
cooled to deformation temperature. During the testsh
sample was subjected to 10 mm reduction of helgésults
of each test were used for inverse analysis to ctenyield
stress curve parameters. Fig. 8 shows strain-streses at
several strain rate levels for temperature 2@00The
relationships were calculated using presented expetal
methodology.

30

—+s-1
-=s-10
s-25

0 0,005 0,01

Strain

Figure 8. Stress-strain curves at several strain rate ldoelemperature

1300C.

Comparison between the calculated and measured load
are presented in Fig. 9, showing quite good agreeme

o . = -10000
Figure 6. Microstructure of the central and boundary regiohsample -8000 .
right before deformation. Variant with cold handiéagnification: 400x. =
= -6000
Fig. 7 shows macrostructure of the central parcrols- § -4000
sections of samples right before deformation. Ldgpihase - FEM calculations
particles were observed. Experimental and numerezllts an i
can be compared taking into consideration the teatpes 0 =
gradient within the sample. This shows that the 0 2 4 6 8 10

mathematical model of resistance heating is cardistith
the experimental data.

T

imm

Figure 7. Macrostructure of the sample central part righbbef
deformation. Variant with cold handle. Magnificatid Ox.
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Die displacement, [mm]

Figure 9. Comparison between measured and predicted loads at
temperature 138C (new methodology).

Shape of a sample after experiment at 2308 presented
in Fig. 10.

———————

Figure 10.Example final shape of the sample after deformaatoh3000C.

Comparison between the measured and calculated
maximal diameters of samples allow rough verifiwatof
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the developed computer aided experimental methggolo should allow to better capture the physical prilespof

Results of such comparison are presented in Tablehd
table shows results for samples which have beejectel
to deformation at several levels of temperatuee, 1306C,

semi-solid steel deformation in micro-scale. Adfitlly,
the methodology should allow to transfer the chiaristics
of the material behaviour between the micro- an@cno-

1350C and 138fC. Good agreement between the realscale. As a consequence the final results shoulthbe

diameter and its calculated value is
The relative mean square error between both theesalk
equal to 2.76%.

observedprecise and accurate. Modelling of deformation tdek
samples at extra-high temperatures involves a nurobe
issues. One of them is the difficulty of calculgtirof

thermal and mechanical material properties. Anothest

TABLE I. COMPARISION OF THE MEASURED AND CALCULATED
MAXIMAL DIAMETERS OF SAMPLESDEFORMEDAT DIFFERENT

TEMPERATURE
Test Experiment Simulations
1300°C 15.3 mm 15.6 mm
1350°C 15.3 mm 15 mm
1380°C 17.8 mm 18.2 mm
Relative mean square error: 2.76%

important problem is the right interpretation o ttesults of
compression tests that provide data for flow stress
calculation. The presented testing methodology wadlo
reliable numerical simulation of deformation of sesulid

steel samples and calculation of realistic flow veur
parameters.
mechanical properties of investigated semi-soligelst

The presented research was focused

Compression tests carried out for semi-solid mafecould
Fig. 11 compares measured loads with those computezhly be interpreted using inverse analysis. Tentpeza

using the methodology previously used by the asthOne

strain and strain rate as a parameters of the flawe

can see that the mean square error in this case [govide accurate results of computer simulationsemi-

significantly greater than its equivalent for thewty
developed method.
-10000

-8000 -
Experlment\

-6000
-4000

Force, [N]

\
FEM calculations [1]
-2000 ¥

i
0 o

[2
0 -2 -4 -6 -8
Die displacement, [mm]

-10

Figure 11.Comparison between measured and predicted loads at ~ [3]
temperature 138C (old methodology).

The main reason for that is the lack of strain rate
dependency of yield stress in the old model. Thailte
obtained taking into account the strain rate aararpeter of

the flow curve are more accurate for temperatuxesexling  [5]
the NDT level.

V. CONCLUSIONAND FUTURE WORK [6]

The investigation reported in the current paper has
shown, that temperature distribution inside thetmdled |7
semi-solid volume is strongly heterogeneous and- non
uniform. Axial-symmetrical model does not take into
account all the physical phenomena accompanying the
deformation. Finally, the error of the predictedhst-stress
curves can still be improved. The proposed solutibthe
presented problem is application of both fully e [g
dimensional solution and more adequate solidificati
model taking into consideration evolution of fongisteel
microstructure. Therefore, the study of multiscaledelling
of mechanical properties is the main target of fineire
work. Contrary to the current model the new appnoac
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[10]

solid steel behaviour.
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