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Abstract—The main subject of the current paper is the
modelling of mechanical properties of carbon steelst a
temperature which exceeds the typical hot rollingegmperature
range as well as a new methodology of such investtgppn was
developed. The method requires high accuracy modef semi-
solid steel deformation. Hence, it requires a dedited hybrid

analytical-numerical model of deformation of steel with

variable density. The newly developed methodologyllaws to
compute curves depending on both temperature and rstin

rate. In aim to verify the new modified methodology a number
of experimental tests using Gleeble 3800 thermo-mnteanical

simulator were done. The comparison between numeidt and

experimental results are presented in the first par of the

paper. The developed methodology allows reliable muerical

simulation of deformation of semi-solid steel sampk and
calculation of realistic flow curve parameters. Inthe second
part of the paper, the newest results of mechanicalroperties

prediction of 11SMn30 grade steel as well as an exale

numerical and experimental results are presented.

Keywords-strain-stress curve; semi-solid sted testing; extra-
high deformation temperature; numerical analysis, inverse
method

.  INTRODUCTION
Due to the global energy crisis in recent yearsrenamd
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temperatures having great influence on the plastiaviour
of the material [1] [2] [3] [4] [5]. The nil stretly
temperature (NST), strength recovery temperatuRT)S
nil ductility temperature (NDT) and ductility recemsy
temperature (DRT) have effect on steel plastic biela
and limit plastic deformation [5]. The nil strength
temperature (NST) is the temperature level at which
material strength drops to zero, while the steebésng
heated above the solidus temperature. Another texrye
associated with NST is the strength recovery teatpes
(SRT). At this temperature the cooled material mega
strength greater than 0.5 N/minNil ductility temperature
(NDT) represents the temperature at which the destieel
loses its ductility. The ductility recovery temptena (DRT)

is the temperature at which the ductility of the tenial
(characterised by reduction of area) reaches 5%evithis
being cooled. Over this temperature, the plastfordeation

is not allowed 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 [6] and modelling [7] of narrbus
metals. Both the mentioned contributions focus tyaim
tixotrophy. Thixoforming process is one member of a

more new production technologies require  energyamily of semi-solid forming processes and it peses

preservation and environmental protection. Thegirgteed
casting and rolling technologies are newest efficiand
very profitable ways of hot strip production. Onigw

characteristics of both casting and forging. Thst fiesults
regarding steel deformation at extra high tempeeatvere
only presented in the past few years [8]. This stéam the

companies all over the world are able to managé SuGact that level of liquidus and solidus temperasusésteel is

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

very high in comparison with non-ferrous metalscdtises
serious experimental problems contrary to deforomatésts
for non-ferrous metals which are much easier. RBisin
abilities of thermo-mechanical simulators such & t

developed in Cremona, are distinguished by veryhhig gleeble 3800 and development of new methods of

rolling temperature. The main benefits of both mdthare
related to very low rolling forces and favourabield of
temperature. However, certain problems particubasuch
metal treatment arise. The central parts of slabshaushy
and the solidification
deformation is in progress. This results in changes
material density and occurrence of

is not yet finished while eth

identification of mechanical properties allow intigations
leading to strain-stress relationships for semidsstieels, as
well. This problem became a subject of researchedmn
authors of the presented paper for several years As a
result a computer system supporting the investigatf
mushy steel has been developed. The current papeends

characteristiGhe modified methodology, which allows the calcialiatof
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the real stress-strain relationships for a widegearof
GLEEBLE®: DEDICATED COMPUTER SYSTEM CURVES:

temperatures and strain rate. In Section |l, thelifieal METHODOLOGY variant 2:
methodology of stress-strain curves is describedtién Il

presents a mathematical model, while Section I\s@mes ’ gty } e
experimental verification of the developed methodgl In = —— : ¥ —
; ; - NDT TEMPERATURE SXMnEIRCAL
Section V, the newest results of strain-stressiptied for [ PREDICTION ‘ MODEL ;- B
simulations of rolling process are presented. Binah the —— STRAIN-STRESS CURVES
g H H COMPRESSION TEST | —+ INVERES ] 1200°C TO NDT
last section, the main conclusions and future wark [ (1200°C TO NDT) SOLUTIONS it
i — r— p=f(eeT
shortly described. [ TR L )
(above NDT) HYBRID ANALITICAL _|
II.  THENEwMETHODOLOGY B e | ——
. . . TR NO )
The old version of steel examination methodology; d L — R e
noted as variant no. 1, was based on both tensiwh a . ‘Csoewr et BESS- g oo
compression tests [12] [13]. The temperature rawgs | . v )

divided into two sub-ranges: lower — below NDT -dan
higher — above this temperature. The usual expetehe
procedure based on tensile tests, which is valig¢détd and
low-level hot deformation was applied for the lower
temperature range. The resulting yield curves were This solver is the least visible but the most pdulgrart
described by modified Voce formula using approxiorabf  of the computer aided testing system developed Hay t
experimental data [11]. authors called Def_Semi_Solid. The heart of theregols

A special technique of testing was developed fobased on a hybrid analytical-numerical mushy steel
temperatures higher than NDT due to several serioudeformation model described in the next sectione Th
experimental problems. The deformation processbessn  Def_Semi_Solid solver was included into Extra-High
divided into two main Stages_ The first one — ay\mna” Temperature Solutions Platform (EHTS Platform) lides to
preliminary compression and the second one — ttimate ~ Support modelling of plastic deformation of mattiat very
compression. The preliminary deformation was desigio high temperature levels (Figure 2). The solutiofegf@rm

eliminate clearances in the testing equipment. Th&Onsists of two independent tools: Def_Semi_SolfslOv—
coefficients of the Voce formula were calculatedngs complete 2D modelling toolset dedicated for GleBI#800

: : : thermo-mechanical simulator with integrated
inverse solutions. This was the only acceptablehotetue . =
to strong strain inhomogeneity of semi-sold steBhis Pre&Po.stproc.essor and DEFFEM 3D - vertical appl_:qat

) . toolset including three modules: DEFFEM solver lI(sti
approach allowed to compute strain-stress curvperiting development) full three dimensional multiscale ther
on only one additional parameter — the temperatlihe

. mechanical solver for new methodology purposes, EHF
newly developed methodology (denoted as variant)0. jnyerse and DEFFEM pre&postprocessor. The last two

allows the computation of curves depending on bothyggyles were tested in real industrial tests dunioglelling
temperature and strain rate. The tension testsbeas of TIG welding process of Inconel super alloy arahsing
replaced by compression ones and the Voce formals. W processes. Those modules supported of boundaryiticond
replaced by more adequate equation. Contrary toottie dentification as well as strain-stress curves tasm
version of the method the newly developed one allthve  industrial results. More details concerning modelliof
computation of curves depending on both temperaance mentioned processes with DEFFEM inverse module atipp
strain rate. Figure 1 schematically presents thelifled  can be found in [9] [10] [15].

methodology. More details concerning the experimlent

work were published in [14]_ The presented apmoac Extra-High Temperature Solutions Platform Architecture

allows to compute realistic yield stress curvesetigjing on el

strain, temperature and strain rate in temperafinge from
1200C to NDT and above. The objective function of the

Figure 1. Flowchart of the integrated testing methodologfl@# stress
investigation of semi-solid steel.

2008-2011 20122014 ~2015

DEF_SEMI_SOLID DEFFEM 3D

inverse analysis was defined as a square root afor —@ DEFFEM [soier
discrepancies between calculatdd) (and measuredF() Complete 2D Vertioal R
loads at several subsequent steps of the compngssioess. it o R — et
The experimental values of the deformation forcesrew dedicated for  multiscale 3D G | iteqrated
. . Gleeble 3800 solver, =

collected by the Gleeble 3800 equipment while the thermo- linkage with o

: : mechanical commercial LAl
theoretical onesF) were calculated with the help of a bt soers | —
sophisticated solver facilitating accurate compaotatof i;tegr;ted )
strain, stress and temperature fields for materigith ,,,(-',ies;},,g

variable density.
Figure 2. Architecture of extra-high temperature solutioresfioirm.
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The newest version of Def Semi_Solid systerr
equipped with full automatic installation unit (ure 3) and
new graphical interface. It allows the computeedidesting
of mechanical properties of steels at very temperature
using Gleeble 3800 physical simulators to avoidbfams
which arise by traditional testing procedures. Tiirst
module allows the establishment of new projecta/arking
with previously existing ones (Figurd). The integral parts
of each project are: input data for a spec
compression/tension test as well as the results
measurements and optimization. In the current eersf the
program the module permits application of a numbg
database engines (among other standard MSAccesSE
IV and Paradox 7-8 for PBased systems) and allows
implementation of material databases and procedoft
automatic data verification. The next module (tlodver)
gives user the possibility of managing the work
conditions of the simulation press. The inverse analy:
can be turned off or on using this part of theesye

Def _Semi_Solid - Autorun

hermomeschanical Simulator

Instalacia

Wersja 5.0

Figure 3. The main window othe newest version Def_Semi_Solid
system.

KTOW | SIATKA MES | NAGRZEWANIE OPOROWE | SCISKANIE | ROZCIAGANIE |

Otwarty katalog roboczy: |
(C:\Users\dom\Desktop\System Def Semi Solid\GUI Def Semi Solid

[ED Utworz nowy katalog roboczy |

& Desktop
& System Def_Semi_Solid
- GUI Def Semi_Solid

[Nowy

| @ UsuiWyczysé katalog roboczy |

[=c [system] |
Sekwencja solverow: Status:
I~ Nagrzewanie oporowe O Solver gotowy do pracy!
I~ Sciskanie

[ Zapisz projekt |

O Solver gotowy do pracy!
I~ Rozcigqanie O Solver gotowy do pracy!

I~ Optymalizacja O solver gotowy do pracy!

o Wyiscie ‘

Figure 4. The Pre-processor tiie newest version Def_Semi_Solid
system.
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The last module (DSS/Post module) edicated to the
visualisation of the numerical results and printthg final
reports. In the current version the possibilityigualization
was significant improved. The main are: shadingiongi
using OpenGL mode (2D and 3D) as shown irure 5 and
possibility make a full contour map (2D and 3D) aswsh in
Figure 6.

Def_Semi_Solid v 5.0

Figure 5. The Post-processor tife newest version Def_Semi_Solid
system (shading option 2D and 3L

1477,

g

Def_Semi_Solid v 5.0

Figure 6. The Post-processor tife newest version Def_Semi_Solid
system ¢ontouroption).

I1l.  MATHEMATICAL MODEL

A mathematical model of the compression process
been developed using the theory of plastic [11]. The
principle of the upper assessment, calculus ofatiaris,
approximation theory, optimization and numericaltimoels
for solving partial differential equations were u: [16]. The
following assumptions were establisk

153

« Deformation and sess state are axial-symmetrical;

« Deformed materiak isotropic but inhomogeneo

- The material behaviour is ri¢-plastic — the
relationship beteen the stress tensor and strain
tensor is calculated according to the L-Mises
flow law [11], which is given a

1 20y
0ij — 50k bij = < Eij
1

3 3¢ (@)
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Rigid-plastic model was selected due to its verpdyo
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
and can in practice be neglected in calculationsstrdin
distribution. The limits for plastic metal behavioare
defined according to Huber-Mises-Hencky vyield ciite:

0oy = 2 (%)2 2
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A further problem specific to the variable density
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, espdygiaf the
convergence of the optimization procedures is figant. In
case of discretization of the deformation area.(@ging the
finite element method) if one focuses solely on lifjea
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

In (1) and (2)g;; denotes the stress tensor componentsyptimum forl#/, power and thus for the entire functional (4).

o, Tepresents the mean stre§g,is the Kronecker delta
[11], o, indicates the yield stress, is the effective strain

rate, ands;; denotes strain rate tensor components. Th

components are given by an equation:

1

In cylindrical coordinate syste®r8z 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 batten in

general form as the sum of power necessary toheimain
physical phenomena related to plastic deformatiowme to

the axial-symmetry of the sample the circumferéntia

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

Jwl =W =W, + W, + W; 4)

Componentif/, occurring in (4) represents the plastic
deformation poweny; is the power which is a penalty for

the departure from mass conservation condiﬁiz}ndenotes
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 op#aiion of
functional (4). In most solutions a slight, butineable loss
of volume is observed. The loss
incompressibility condition imposed on the solutisnnot
completely satisfied in numerical form. It is negile in
case of traditional computer simulation of deforiomat

This makes it difficult to optimize because of lasfluniform
direction of fall of total power which leads to bkl
é)ptimum. The material density fluctuation causeghfr
Optimization  difficulties, resulting from additioha
replacement of incompressibility condition with allf
condition of mass conservation.

The proposed solution requires high accuracy inigmg
the incompressibility condition for the solid maétior 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 chesugeed
by the steel density variation in the semi-solicheoHigh
accuracy solution is required also due to largiedifices in
yield stress for the individual subareas of theodwuftion
zone. In the discussed temperature range they agpeao
even slight fluctuations in temperature. In presérgolution
the second component of functional (4) is left antl mass
conservation condition is given in analytical form
constraining the radialy{) and longitudinal(v,) velocity
field components. The functional takes the follogvihape:

®)

In case of functional (5), the numerical optimisati
procedure converges faster than the one for fumaiti¢4)
due to the reduced number of velocity field pararsetonly
radial components are optimisation parameters)tiamdack

][v]=W¢7+Wt

in thef numerical form of mass conservation conditiorheT

accuracy of the proposed hybrid solution is highlsp due
to negligible volume loss caused by numerical stramich
is very important for materials with variable dénsi

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

occurs because thgymmetrical state of deformation. Optimization oftal

flow velocity field in the deformation zone of semi
variational problem requires the formulation acaugdto
equation (5). The radial velocity distributiop(r, 8, z) and

processes although in some embodiments more aecurahe longitudinal onev,(r,0,z) are so complex that such

methods are used to restore the volume of metjdcebdl to
the deformation. In contrast, in the presented taseensity
of semi-solid materials varies during the deforaoratprocess
and these changes result in a physically significaange in
the volume of a body having constant mass. Thedfizke
volume loss due to numerical errors is comparabidn w
changes caused by fluctuation in the density ofriaterial.

wording in the global coordinate system poses denable
difficulties. These difficulties are the result tife mutual
dependence of these velocities. Therefore, the cbasi
formulation will be written for the local cylindrét
coordinate systemOrfz with a view to the future
discretization of deformation area using one ofdbdicated
methods. In addition, one will find that the defation of
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cylindrical samples is characterized by axial syrmneAs
demonstrated by experimental studies conducted) ssmi-
solid samples the symmetry may be disturbed only result
of unexpected leakage of liquid phase [16].

Such experiments, however, are regarded as unsfigces
and not subject to numerical analysis. Establishinoérnhe
axial symmetry, with the exception of cases of pdals
instability can be considered valid also for thegass of
compression or tensile test of semi-solid samplésws one
to simplify the model because of the identical istra
distribution at any axial sample cross-section. réfwee,
considerations will be carried out @z coordinates for the
sample cross-section using one of the planes comgathe
sample axis. Components of power functional given5)
have been formulated in accordance with the getieealry
of plasticity by relevant equations. The plastievpo for the
deformation zone having volume &f is given by the
subsequent relation:

Wo’ = fo'ié:i dav (6)
14

whereg; is the effective stress ang 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:

. 2., .
& = §gij€ij

The components are given by (3). The second conmparie
functional (5) is responding for friction. To compuriction
power on the boundary of areal/ a model given by the
subsequent equation was used:

W, = | m 2 wllds ®)

= | m—|v

_ Cd B o

In (8),m is the so called friction factor, which is usually

experimentally selected amdis a relative velocity vector of
metal and toow = v —v,. In case of tensile test, the

()
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condition, which describes the

operational equation:

following modified

10p

ot (20)

The basis for the optimization of functional (5) thee
velocity field determined by appropriate systemvelfocity
functions in the concerned area. These functioaghren the
source of deformation field and other physical ditias
affecting the power functional formulation. Obtaigi an
accurate real velocity field requires the use ofoeity
functions depending on a number of variational peaters.
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
is not preferred. This approach creates difficaléspecially
in areas not subjected to the deformation where/éhecity
function should remain constant. Therefore, theitsm to
the problem of semi-solid metal flow was based specific
method.

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

av,
ar

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 ¢ylindrical
coordinate system the condition has been descriligdan
equation:

v, 0y,

r ' 0z

=0

11

av,
ar

Ur

r

av,
0z

10p

pot

12)

Equation (11) is a special case of (12) and thezetioe

samples are permanently fixed in jaws of a physicaproposed solution will consider the dependence &2nore

simulator and friction must not be taken into actou
However, compression test requires sharing theidnc
power which is significant.

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

VWww=0 9)

Because the semi-solid zone is characterized bygityen
change due to still ongoing progress of steel Bwlaion,
the condition of incompressibility is inadequate reflect

changes and was replaced with the mass conservation

general. In (12p is the temporary material density anis
the time variable. The proposed variational forriaka
makes the longitudinal velocity dependent on tltkateone.
Condition (12) allows for the calculation dfv,/dz
derivative as a function ofdv,./0r after analytical
differentiation of radial velocity distribution fetion
v,(r, z). Hence, the longitudinal velocity is calculatedaas
result of analytical integration according to feliag

equation:
v, 10dp
Ve = ‘f(ar +7‘;E)dz

(13)
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In this case, the velocity field depends only oe &mction —
the radial velocity distribution.

Heat exchange between solid metal and environraadt,
its flow inside the metal is controlled by a numbégfactors.
During phase transformation two additional phencerntesave
to be taken into account. Note that in the proceks
deformation of steel at temperature of liquid tdéicsphase
transformation there are two sources of heat clan@a the
one hand, heat is generated due to the state draregfon.
On the other hand, it is secreted as a result atipl
deformation. In addition, steel density variatiaiso cause
changes of body temperature.

Thermal solution has a major impact on simulation

results, since the temperature has strong effecemining
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 case affected
phenomena are: plastic flow of solid and mushy medte

stress evolution and density changes. The theatetic

temperature field is a solution of Fourier-Kirchhefjuation
with appropriate boundary conditions [16].

The most general form of the Fourier-Kirchhoff etipra
in any coordinate system can be written in operfion as
follows:

aT
VIAVT)+Q =c,p (vTVT + E) (14)
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density changes can be calculated according toviolg
equation:

ap s 0X, )
Fr (psXs + X)) (6_1 - 1) 5 + p X, div 9

+ (BspsXs + B X)) P

(16)

where X is the fraction andf the linear expansion
coefficient. Indexed and s denote the liquid and solid
phases, respectively.

IV. EXAMPLE RESULTS- NEW METHODOLOGY
VALIDATION

The experimental work was done in Institute forrbes
Metallurgy in Gliwice, Poland using Gleeble 38®@rmo-
mechanical simulator (Figure 7).

whereT is the temperature distribution in the controlled
volume andA denotes the symmetrical second order tenso
called heat transformation tensor. In case of tlérm
inhomogeneity, the whole tensor has to be congidere

Q represents the rate of heat generation (or consmmp
due to the phase transformation, due to plastickvdame
and due to electric current flow (resistance hegatifi the
sample is usually applied). Finally, describes the specific
heat,p the steel density the velocity vector of specimen
particles and the elapsed time.

For axial-symmetrical case, (14) can be simplifiede
following form of Fourier-Kirchhoff equations fosatropic,
axially-symmetric heat flow was applied in the Emed
solution:

A o +
or?

Equation (15) needs to be solved with approprigital and
boundary conditions. Combined Hankel's
conditions have been adopted for the presentedimode
One of the most important parameters of the saiuso
the density. Its changes have influence on the arechl
part of the presented model. The knowledge of #ffec
density distribution is very important for modefinthe
deformation of porous materials. Density changebooid,
solid-liquid and solid materials are ruled over ethr
phenomena: solid phase formation, laminar liquidwfl

10T 9%T

_ar
Tor Taz) TP (15)

boundary

Figure 7. The standard Gleeble 3800 equipment allowing dedtion is
semi-solid state (right before running process).

The steel used for the experiments was the C45egrad
steel having 0.45% of carbon content. In all cases,
experiments were performed according to the folhgwi
schedule:

e initial stage: sample preparation divided into
several sub stages (e.g., thermocouple assembly);
die selection, etc,

e stage 2: melting procedure,

e stage 3: deformation process.

It is good practice to test materials in isothere@iditions
[11]. Unfortunately, this is not possible for sesailid steel.
Nevertheless, the condition should be as clossdihérmal
as possible due to the very high sensitivity of eriat
rheology to even small variations of temperatutee Basic
reason for uneven temperature distribution indidesample
body on the Gleeble 38&Mmulator is the contact with hot
copper handles presented in Figure 8.

through porous material and thermal shrinkage. ITota
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Figure 8. The short contact zone handles used in expersg
(hot handle).

The esimated liquidus and solidus temperature level
the investigated steel are: 14@5 and 141°C, respectively.
Thermal solution of the theoretical model has @l
influence on simulation results, since the tempeeathas
strong effect on remaining paneters. The resistan
sample heating and contact of the sample with colzper
handles cause namiform distribution of temperatul
inside heated material, especially along the sample
semisolid conditions in central parts of the samplese
even greater temperature gradient due to latent he:
transformation. Such nomaiform temperature distributic
is the source of significant differences in the mostructure
and hence in material rheological propert

During the experimentsamples wel heated to 143C
and after maintaining at constant temperature werded
down to the required deformation temperature. Isecaf
heatingthe heat generated is usually not known becaus
Gleeble 3800equipment uses an adaptive procedure
resistive heating controlled by temperature instead
current flow. Hence, the actual heat generated uyent
flow (in fact the rate of heat generaticQ) has to be
calculated using inverse procedure. In this , the
objective function ) was defined as a rm of
discrepancies between calculatéd) (and measuredT,,)
temperatures at a checkpoint (steering thermocc
position: TC4 in Figure 9)according to the followin
equation:

FQ = | m@ran-Teanld  a7)

whereris the time variableQ is the rate of heat generatic

Thermocouples:
type $-TC2, TC4 TC2
type R-TC3 \ T\?ﬁ. Ics L

A0

quartz shield

M10x1.6

15 mm

L=125 mm

Figure 9. Samples used for the experiments. TC2, TC3 and
thermocouples.
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In the final stage of physical t, the temperature difference
between core of the sample (TC3 thermocouple pogi
and its srface (TC4 thermocouple position) can
significant. In all cases the core temperature kgker thar
surface temperature. Differences between theser#aoch
around 36C for cold handle (handle with long contact za
and about 4% for hot handle. Tt results of numerical
simulation are in agement with experimentin Figure 10
and Figure 1lthe temperature distribution aft3 and 6
seconds of heating proceare shown. One can observe
increasing gradient of temperature near the -sample
interface.

"HOT HANDLE -3s ", TC4 =1380 C

[ EX .o13l79‘379|77.744|7e.11Ji74.47s B72.341l 71,207
W 69,572l 67,938 66,304/ 64,669 [ 63,035[W 61,401|W 59,766
[58,132[H 56,4980 54,8630 53,220 51,5950 49,96 [T148,326
[7146,691|[7] 45,057|[1] 43,4237 41,788 ] 40,154[] 38.52 |7136.885
[135,2511133,617|]31,982/130,348
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r=5mm

Def_Semi_Solid v 5.0

Figure 10.Temperature distribution aft3 seconds of heating.

"HOT HANDLE - 6s", TC4 =1380 C

W1415 |W1382420134,953 0 131,725 128 4660 125,208
121,949 118,691/ 115,433l 112,174 108,916|] 105,657
102,399 99,14 | 95.882 [ 92,624 (89,365 86,107
[22.248 [[79.59 |H76.331 [73.073 (169,815 |]66,556

[[163,298 |[]60,039 |[]56,781 |[[]53,522 |[]50,264 [[]47,006

(143,747 |[]40,489

z2=62.5mm

r=5mm

Def_Semi_Solid v 5.0
Figure 11.Temperature distribution aft6 seconds of heating.

Figure 12 presents the finldmperature distributions in the
cross section of sample tested at °C right before
deformation (variant with it handle). One can observe
major temperature gradient between -sample contact
surface (physical contact sample with to. However,
difference between experimental and theoreticale
temperatures for hot handles was on°C (calculated core
temperatee was equal to 14°C and measured one was
equal to 142%C).
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"HOT HANDLE", TC4 = 1380 C Cor’qpression a_nd tension tests were perf_ormed,
according to the given methodology. During experitae
die displacement, force and temperature changethén
deformation zone were recorded. The computer stk
were performed as well. All series of tests and poter
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 sanueneter
was 10 mm. The samples were melted at @3ind then
cooled to deformation temperature. During the testsh
z =625 mm 5 e sample was subjected to 10 mm reduction of heRgasults
ef_Semi_Solid v 5.0 K . .

-7 of each test were used for inverse analysis to atenyield
Figure 12.Distribution of temperature in the cross sectiorsainple tested ~ Stress curve parameters. Figure 15 shows stramsstr
at temperature 1380 right before deformation (variant with hot handle  cyrves at several strain rate levels for tempeeall.’ﬂOGC.
The relationships were calculated using presented
experimental methodology.

r=5mm

The micro and macrostructure of the tested sanvpbes
investigated as well. Figure 13 shows microstruecight

before deformation for both central and boundagyars of 30
the heating zone. Microstructure of the cooled damp
consists of pearlite (the darkest phase), baigitey(phase 25 ~—————
mainly near the borders of grains) and the brighttite. E 20
This is a result of phase composition, wide mgltaone s [ N
and almost two times lower rate of cooling of cahparts 15 /\ = - L
of the sample (in the case of hot handles). @ |
Centre of the  Border of the g / +5’§2
e

heating zong heating zone

0 0,005 0,01
Strain

Figure 15.Stress-strain curves at several strain rate ldeelemperature
1300°C.

Comparison between the calculated and measured load
are presented in Figure 16, showing quite goodengeait.

Figure 13.Microstructure of the central and boundary regiohsample

right before deformation. Variant with cold handiéagnification: 400x. -10000

Figure 14 shows macrostructure of the central placross- r
: ! . 8000 -

sections of samples right before deformation. Ldgphase =
particles were observed. Experimental and numerésallts = 6000
can be compared taking into consideration the teatpes o
gradient within the sample. This shows that the & -4000 \
mathematical model of resistance heating is carsisvith H FEM calculations
the experimental data.\ -2000 ;

— i '-“-‘_-ﬁa.' F F I3 .__,__._- .-___-7 .-__ - O ‘. u

0 -2 -4 -6 -8 -10

Die displacement, [mm]

Figure 16.Comparison between measured and predicted loads at
temperature 138C (new methodology).

Shape of a sample after experiment at 808 presented
in Figure 17.

Al E e NN, il s R i T o T

Figure 14.Macrostructure of the sample central part righbbef
deformation. Variant with cold handle. Magnificatid Ox.
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Figure 17.Example final shape of the sample after deformadich3006C.
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V. EXAMPLE RESULTS OFINVESTIGATION OF11SIMN30

GRADE STEEL

In this section, the newest results of investigatiaf
11SMn30 grade steel are presentdthe investigation
procedures were analogous to those applied in @fa€d5

Comparison between the measured and calculateglade steel described in the previous chapter asécon

maximal diameters of samples allow rough verifimatof
the developed computer aided experimental methggolo
Results of such comparison are presented in Tablehé
table shows results for samples which have beejectabl
to deformation at several levels of temperatuee, L306C,

new methodology. The long contact zone handleuseel
during all physical tests made using Gleeble 3&@¥mo-
mechanical simulator. The liquidus and solidusgerature
of 11SMn30 grade steel are 1518°C and 1439°C,
respectively. The average NST temperature for ¢hected

1350C and 1388C. Good agreement between the realsteel was 1410+15°C. In order to determine theludtility

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

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%

Figure 18 compares measured loads with those camput
using the methodology previously used by the asthOne
can see that the mean square error in this case
significantly greater than its equivalent for thewty
developed method.

-10000

-8000

-6000

-4000

Force, [N]

FEM calculations

-2000

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

-10

Figure 18.Comparison between measured and predicted loads at
temperature 138C (old methodology).

observediemperature (NDT) a number of experiments were done

All the tests indicate a common temperature of @25
The estimated ductility recovery temperature waS02Z.

At this temperature the sample’s reduction of awness
around 5% and rose very fast with the temperatuop.d
The predictions of strain-stress relationships weased on
compression tests. The sample were melted at 1438a8C
then deformed after dynamic cooling to selected
temperature levels between 1200 and NDT. The
temperature program used for all experimental tests
presented in Figure 19.

Temperature program

1600 10s
1400
1200

30s 10°C/s f
1000

deformation

@
o
o

20°C/s

Temperature, [C]
N oA O
o o o
o o o

o

50 100 150 200 250

Time, [s]

Figure 19.Temperature program used for all experimental tests

For dynamic cooling and deformation processes meso
regions of the sample the remainder of liquid pheese be
observed at temperatures lower than NDT. We must
remember that for cold handles the core temperaisire
higher about 3% than nominal test temperature. Due to
significant strain inhomogeneity inverse analysishie only
method allowing appropriate calculation of coeffitis of
yield stress functions at any temperature highan tNDT.

The main reason for that is the lack of strain raterhe objective function was defined as a norm of

dependency of yield stress in the old model. Thaulte
obtained taking into account the strain rate aararpeter of
the flow curve are more accurate for temperatuxeseding
the NDT level.

discrepancies between calculatd€f) (and measuredF(")
loads in a number of subsequent stages of the @ssipn
according to the following equation:

n

000 = Y IFf = FMT:

i=1

(18)
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The theoretical forces’Rvere calculated with the help of
sophisticated FEM solver facilitating accurate catagion
of strain, stress and temperature fields for malenivith
variable density. As written before, experimentsr fo
temperatures higher than NDT are difficult. Seveeious
experimental problems arise. Apart from problemghwi
keeping temperature constant and uniform duringathele
experimental procedure there are also difficulties
concerning interpretation of the measurement resilhe
inhomogeneity in strain distribution and distortiof the
central part of the sample lead to poor accuradh®ftress
fields calculated using traditional methods whicé asually
good for lower temperatures. Hence, the applicatibthe
developed FEM software is necessary in order tairens
appropriate interpretation of experimental data but
experimental procedure has still to be carriedvath great
caution. More details concerning the applied ingersodel
can be found in [12].

Figure 20 presents an example graph of stress serst
strain curve at temperature of 1400°C for the sdv&rain
rates levels. The presented curves are plottedgutfie
calculated coefficients for temperature levels obsg in
the samples’ cross-sections. The formula itself den
written in the following form:

0, = Ae"exp (Be)éMexp (—CT) (29)
where:A, n, b, C are calculated coefficients angé, T are
strain, strain rate and temperature, respectively.

—+-Strainrate: 1s-1 #-Strain rate: 5s-1

25

Strainrate: 10s-1 — Strainrate: 50s-1 —+ Strain rate: 100s-1

A
pAK
I it

20 =5

VR

0,05
Strain

Figure 20.Flow stress vs strain at temperature 1400°C anerakstrain
rate levels.

The comparison between the calculated and meatnadd
are presented in Figures 21-26, showing quite good
agreement between both loads.
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7000
6000
5 5000

4 6 8 10 12

Displacement, [mm]

Figure 21.Comparison between measured and predicted loads at
temperature 1350°C (medium-dynamic process).

+ Gleeble 3800 W Inverse solutions

10000
8000

6000
4000

Force, [N]

2000

0 2 4 6 8 10 12

Displacement, [mm]

Figure 22.Comparison between measured and predicted loads at
temperature 1350°C (high-dynamic process).

¢ Gleeble 3800 M Inverse solutions

5000

4000
3000

2000

Force, [N]

1000

0 2 4 6 8 10 12

Displacement, [mm]

Figure 23.Comparison between measured and predicted loads at
temperature 1400°C (medium-dynamic process).
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+ Gleeble3800 m Inverse solutions

0 2 4 6 8 10 12

Displacement, [mm]

Figure 24.Comparison between measured and predicted loads at
temperature 1400°C (high-dynamic process).

+ Gleeble 3800 M Inverse solutions

5000

4000 $
3000

o]
o
o
o

Force, [N]

1000
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Figure 25.Comparison between measured and predicted loads at
temperature 1420°C (medium-dynamic process).

+ Gleeble 3800 W Inversesolutions
6000
5000
4000
3000
2000
1000

o "

0 2 4 6 8 10 12

—

Force, [N

Displacement, [mm]

Figure 26.Comparison between measured and predicted loads at
temperature 1420°C (high-dynamic process).

The verification of the model was done by comparing
numerical and experimental results. The developiett y
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jaws), but only a part of it has been subjectedthe
deformation due to huge temperature gradient althay
sample. Samples were melted at 1430°C and theectal;
to the deformation at nominal test temperature \uigfght
reduction of 10 mm. In Figure 27, the final tempera
distribution in the cross-section of the sample pefore the
deformation at 1425°C is presented. Taking intmaatthe
value of NDT temperature, solidus temperature a age
the temperature difference between the surfacecantal
part of the sample one can assume existence ofyraste
in the sample volume.

"COLD HANDLE", TC4 =1425C

| | 299:052 255,969 |[212,886

z=625mm

r=5mm

Def_Semi_Solid v 5.0

Figure 27.Initial temperature distribution (right before teformation at
1425°C) in the % part of sample cross-section.

The non-uniform temperature distribution in the péam
cross-section has a great influence on the stiald find
deformation zone size and shape. The inhomogeatitye
strain field leads to inhomogeneous stress digidbu The
analysis of the strain shows its maximum valuesthie
central region of the sample. In the Figures 28e68@&mple
strain distribution in the cross section of the odefed
samples at several temperatures are presentecbriehean
observe that strain level is higher for high-dynamiocess.
On the other hand, the level of strain increaseth wi
increasing test temperature for both processesiumednd
high-dynamic.

Rmax=6.99 mm

stress curves were used for example simulations of

compression of cylindrical samples with mushy canpart.
The length of the potential deformation zone of shenple
was 30 mm (the rest was mounted in the testingpegemt

Figure 28.Strain distribution in the ¥ cross-section of thenple
deformed at 1350°C for the medium-dynamic process.
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Rmax =7.84 mm Rmax =7.48 mm
Figure 29.Strain distribution in the ¥ cross-section of thenple Figure 32.Strain distribution in the ¥ cross-section of theple
deformed at 1400°C for the medium-dynamic process. deformed at 1400°C for the high-dynamic process.

Rmax=8.05 mm Rmax=9.1 mm
Figure 30.Strain distribution in the ¥4 cross-section of taenple Figure 33.Strain distribution in the ¥ cross-section of thenple
deformed at 1420°C for the medium-dynamic process. deformed at 1420°C for the high-dynamic process.

Example shape of a sample after experiment at°C420
presented in Figure 34. Visible cracks formed dyrin
virtually all attempts carried out in the temperatuanges
close NDT temperature. The proposed mathematicalemo
of steel deformation in semi-solid state does a&etinto
account this phenomena. The authors have run furthe
investigations leading to development of crack pgation
model, which will be implemented into developed FEM
system.

Rmax=6.91 mm

Figure 31.Strain distribution in the ¥4 cross-section of taenple
deformed at 1350°C for the high-dynamic process.

Figure 34.Example final shape of the sample after deformadinl426C
with visible crack propagation (medium-dynamic @ss).
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Finally, the verifications of the model were dof&o main
comparative criteria were used for the verification
-comparison between the measured and
maximum sample radii,

-comparison between the measured and calculatethlef
zone, which is not subjected to the deformation.

Figures 35-36 and Figures 37-38 show example egijmn
of the £'and 2° criterion, respectively. The figures confirm
quite good agreement between theoretical and ewpatal
results.

—+Gleeble 3800 -=-FEM simulation

17
16,5
16
15,5
15
14,5
14 -
13,5
1340

/"":
"

Maximum diameter, [mm]

1360 1380 1400

Testtemperature, [C]

1420 1440

Figure 35.The comparison of the measured and calculated noastim
diameters of the sample — deformation in tempeeatmge 1350°C to
1420°C (medium-dynamic process).

—+Gleeble 3800 -=FEM simulation
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Testtemperature, [C]

Figure 36.The comparison of the measured and calculated noamim
diameters of the sample — deformation in tempeeatamge 1350°C to
1420°C (high-dynamic process).

—+Gleeble 3800 -=FEM simulation
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Figure 37.The comparison of the measured and calculatedHesfgtone,
which was not subjected to the deformation — @rpamt in temperature
range 1350°C to 1420°C (medium-dynamic process).

calculated
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—+Gleeble 3800 -=FEM simulation

118
116
114
112

Pt

P
I’

Undeformed zone length, [mm]

—
110 //
108
—
106
1340 1360 1380 1400 1420 1440

Testtemperature, [C]

Figure 38.The comparison of the measured and calculatedHesfgtone,
which was not subjected to the deformation — erpamt in temperature
range 1350°C to 1420°C (high-dynamic process).

VI. CONCLUSIONAND FUTURE WORK

The investigations reported in the current papereha
shown that temperature distribution inside the et
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 predictethst-stress
curves can still be improved. The proposed solutibthe
presented problem is application of both fully tire
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 apphoa
should allow to better capture the physical pritespof
semi-solid steel deformation in micro-scale. Adfitlly,
the methodology should allow to transfer the charistics
of the material behaviour between the micro- an@cno-
scale. As a consequence, the final results shoeldnbre
precise 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
important problem is the right interpretation oé 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. The presented research was focused on
mechanical properties of investigated semi-soliéelst
Compression tests carried out for semi-solid maleigould
only be interpreted using inverse analysis. Tenipeza
strain and strain rate as parameters of the flawecprovide
accurate results of computer simulation of semdssieel
behaviour.

The authors have run further investigations leadimg
development of fully three-dimensional simulatioystem
of integrated casting and rolling processes, ad althe
soft reduction process, that are part of strip icgst
technology. Like the model presented in the henedyyer,
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the spatial one focus on three main aspects: tHermd16] M. Hojny and M. Glowacki, "Modeling of strain-steselationship
mechanical and density changes. All of them areedéent
on each other
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