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B Executive Summary

\2sting

« This work investigates new and currently used
constitutive equations for the inelastic mechanical
behavior of steel from 400°C-1600°C.

Key Findings:
* Model V, with a separately evolving back stress

term, performs much better than Model Il in cyclic
loading.

» Kozlowski’'s Model Il for austenite performs well in
cyclic loading while also matching experimental
tensile test, stress relaxation, and creep data.
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Introduction

» Constitutive laws to accurately describe the
inelastic flow of steel in cyclic loading are important
for FEM models of continuous casting.

» There are four common types of constitutive
models: time-independent elastoplastic,
elastoplastic with creep, unified models with
evolving state variables, and elasto-viscoplastic
models.

» Two new constitutive equations to describe the
inelastic mechanical behavior of steel from 400°C-
700°C were developed.
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Current Constitutive Models

G Used by CCC Researchers

« Liquid (Elastic-Perfectly » Austenite (Kozlowski Model
Plastic): I11):

—4.465 X 10* n-1
T) F A

- B =co— aegielgieln‘g_1
— a, =130.5-5.128X 1073 T(K)
- n,=-0.6289 + 1.114 X 103 T(K)

_ o= _ -3
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0349501 1.2 X 105(pCt C)Z
n=(1.617X10"*T(K) — 0.6166)"!

— & = ér IF e > (0y)¢g - §,=C exp(

* Ferrite (Zhu Power Law):
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Previous Work

 In Kozlowski’s!'l paper, four constitutive equations were
developed to model the inelastic flow behavior of austenitic
steel.

» These four constitutive equations were then evaluated
through comparison of the model’s behavior with
experimental data of steel from Wray®! and Suzukil?l.

» Kozlowski's best model, Model Ill, was an elasto-
viscoplastic equation with a back stress calculated using a
temperature dependent constant and inelastic strain.

 In Lu’sl®! paper, a unified model with evolving state variables
was developed with a back stress term that evolves
depending on the inelastic strain. This model was developed
for cyclic loading.
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A constitutive equation to
describe the inelastic
flow of steel in the ferrite
+ cementite phase region
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* Model Il (from Kozlowksi):

—_ éie = C exp (ﬁ) [O’ — aegieng]n Elasto-viscoplastic type
T model. No separately

] evolving state variables.
* Model V (from Lu):

— &, = Cexp (ﬁ) [0 — a]™ Unified type model with a
T separately evolving state

. . a .. variable.

—a=J (Eie T |€ie |) Extra calculations

necessary to evolve state

variable.
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Equation Solution

 To solve for the mechanical behavior of the
steel, the inelastic strain rate equation is
integrated over time.

* The stress, elastic, and inelastic strains were
then calculated from the below equations:

— & =&+ e
— Et4At — €t + £ At
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» The free parameters in each model were then optimized using the
Downhill Simplex Method to minimize differences between model
predicted stresses and measured stresses from Knoblochl®l,

» Stress difference calculated between constitutive model and
experimental data at 11 total strain values.

o -6 2
— Error(MPa) = V2(Tmodel - measured) N = Total number of data points

a00

450

400

380

Error for one data point.
Total error computed,
summed and averaged for
all 99 points.
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... Model Temperature Dependence

 Model Ill (from Kozlowksi): ¢ Form of temperature

. - dependence for Model lli
— €= Cexp (TQ) [0 — a.ﬁ:gien‘s]n1 P

parameters:
* Model V ( from Lu): _ nl=A+B()
— Eip = Cexp(_T—Q)[a—az]"2 — ne=C+D(T)
. . ay. — a.=E+F(T) +G(T?)
- a=g(£p—; £p|)

* Form of temperature
dependence for Model V

« Parameters highlighted in parameters:
yellow are temperature -~ n2=H+L(T)
dependent. — g=M+N(T)

— a*=P+R(T)+S(T?
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B Need for New Model
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. -Q n.1n Poor unloading
Eie = Cexp (T) [0 — aceie™] behavior

» Evolution of back stress term
as&i." e in Model Il is not
appropriate in unloading.
Back stress term is too large
in unloading, evolving with
strain inappropriately.

150

Constitutive Model

©  Experimental Data

., [MPa]
3

Stress
o

« Shape of unloading curve will .|
be the same shape as loading
curve Wlth Model ”I R o0 0005 0 0.005 0.01 0015

Total Slralnw [mém]

Initial fit of Model Ill to uniaxial tensile
data lead to poor cyclic behavior. Cyclic
data from Slavik[“l.
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% Development of New Model

» Back stress appears to reach
a saturation value in uniaxial

) € = constant
tension.
« Lul®l proposed a form for 1
: ~ Qsq
back stress (a) evolution: j‘” i '

- a= g (éie _%léiel)
* The back stress

exponentially approaches a
saturation value a*.

Effective Stress

At Saturation:

4=0=h,t"r,a,

Effective Strain
From Slavik!4l. Evolution of the back
stress with respect to effective strain for
steel at 20°C.
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Back Stress Evolution
N Comparison
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gie = Cexp (TQ> o —aeee™ " 5 1 ot fie = Cexp (_TQ) lo—a]® a=g (éie = |éie|)
wDack stress Back stress

60 . ; , : : &0
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-0.018 -0.01 -0.005 0 0.005 o 0015 -0.015 -0.01 -0.005 u] 0.005 0.01 0.015

Total Stramw [m/m] Total SlramW [m/m]

Model IlI, evolution of back stress term Model V, evolution of back stress term
during cyclic loading. during cyclic loading.

* Model lII’s back stress remains too large in unloading,
causing poor unloading behavior. Model V’s back stress
evolves similarly in initial loading and unloading.
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Model Evaluation Results
L) . . .
Ny (Uniaxial Tension)
Model Il Model V
- 'I , I > 2 Stra\nIRate=833e-51I; I
480 8‘ 3:::2:;::1822;5—;:1 AR0 H hvd Stra\nRate=1:657e-S1.is
0 [m] f;’;énﬁate=3.3ﬁe-51rs ol o itnr:(\:nﬁate=3.33e-51rs
S50C l 550C
T 30
%; 260t
Fol E% 200 +
Hf 150} f
mm-
50 :"
DD. D.E;EIS EI.‘EH D.E;15 EI.‘EIZ 0.025 DD. EI.E;EIS EI.‘EH EI.E;15 EI.IDZ 0.025
Total Slramyy [mém] Tatal Stramw [mim]
* Model lll shows a poorer fit at higher
Model Error [MPa] temperatures.
Model Il 1.10 * Model V is a better match at high
Model V 155 temperatures and small strains.
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Model Evaluation Results
&5 - -
N (Cyclic Loading)
Model Il Model V
150 e§=20E—-6 160 §=20E—-6
Constitutive Model T = 600°C Constitutive Maodel T = 600°C
O Experimental Data @ Experimental Data
100 B & 100 F 5
o] Q
A0 S0
= = o
< =
S0 L .
5 -50 - EE =50+ [#]
o [s]
100 - 100+ =
-17500015 -0 ID1 -0 DIDE 5 ul dDS ul 'm 0 D|15 'W-SEID.EHS -EI.IDW -U.dUS EI D.E;EIS EI.‘EI1 u} D“\S
Total StrainW [rmdm] Tatal StramW [mdm]
* Model Ill was fit to cyclic data but is still
Model Error [MPa] a poor fit.
Model Il 1.2 » Model V was not fit to cyclic data but is
Model V 102 a better match.
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Model Evaluation Results
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(Stress Relaxation)

Model Il Model V
2501 250
Constitutive Model Il Constitutive Model v
< Experimental Data §=20E-3 < Experimental Data §=20E-3
200} o ° | T=600C 00} o © T = 600°C
E ™ e=007%| e=05% | £=1.0%
§ e > «—>
& 100}
sog o o
00 2‘0 4‘0 6‘0 Sb 1[‘]0 OU Zb 4b Bb Sb 1 [‘]O
Time [min] Time [min]
* Model Ill better matches stresses
Model Error [MPa] during the stress relaxation.
Model Il 15.2 * Model V better matches peak stresses
Model V 15.2 after extension.
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Current Ferrite Model
(Zhu Power Law)
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Constitutive Model
©  Experimental Data
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20

Zhu power law model has a poor shape in cyclic loading, and seriously

under predicts stresses for this steel grade.

Zhu power law model is not capable of matching cyclic behavior of

alpha-ferrite well because of the absolute value on effective inelastic

strain.
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Comparison of Model Il for austenite with tensile
test data.

test data from Suzukil2l,

. -
Current Austenite Model
\ -
\Sasi, (Experimental Match)
=Onsortium
n,
4 Il
8] 77 co=%8MP ———— T. Suzuki [33]
1 i ~—  Model lil
- X
- g,=7.1MPa
% _ x
2 TP S - |~ q:s,sms
5 ’n"l.—
] = o, = 4.2 MPa
v’ _—— :e=1.d><10r‘sec:: -
5 = e e BT
—T — T
TR T TR Tase)
Inglastic Strain [ %]

Comparison of Model Il for austenite with creep
test data.

» Kozlowski's Model Il for austenite reasonably
matches tensile test data from Wray!3! and creep
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Current Austenite Model
:\\\‘ ?;i:li:ogrtium
40 - 251
o =
wl 20+
& 10r = 150
¢ : | S e=007%| £6=05% | £=1.0%
& 0T 1 £ e P <. -
A '!
S0 . L
S
a0 -0 IUﬂ -0.63 -0 IUZ -0.61 EJ 0.61 062 0.63 064 00 20 4b 6‘0 80 160
Total Stramw [mim] Time [min]
Cyclic loading of Kozlowski Model Stress relaxation of Kozlowski
[l at various temperatures. Model Il at various temperatures.
« Kozlowski Model Il for austenite shows reasonable
behavior in cyclic loading and for stress relaxation.
« Experimental data for austenite in cyclic loading is not
currently available.
University of lllinois at Urbana-Champaign Metals Processing Simulation Lab Nathan Seymour 20




) Current Austenite Model

s . .
\Sastins (No Hardening Version)
cOnsortium
40 6 T T T T T T
T=1000°C = Kozlowski Model III
30k T=1200°C al . Modified Kozlowski Model 11l
T=1400°C ’\
20t IS 5
r £ | -
E b | % o ¥ R
2} 0 l l 5 -2+ i
9 | [ o ! '
2 | o,
& -0 | | & ! '
[
o0k -6
;Stra\qht
a0l -8k In Spray Zone
Time: 150.00 s
Dist Below Meniscus: 2.750 m ‘ ‘ ‘ ‘
ap Ll " . . . . 1 L L ~10% 20 0 60 80 100 120
004 -003 -002 001 0 o.’m 002 003 004 Distance from Shell Surface [mm]
. . Total Slralny-y [m/rm] ) . Lo . L
Cyclic loading of Modified Kozlowski Stress during solidification of Modified
Model Il at various temperatures. Kozlowski Model .

» No-Hardening Kozlowski Model Ill has no back stress term:
— €= Cexp (?) e

* No-Hardening Kozlowski Model Il shows a very close
match with Kozlowski Model Il in solidification models.
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%...  Conclusions & Future Work

» Two new constitutive equations have been developed and
validated for ferrite + cementite from 400°C-700°C.

* Model V is better than Model Il because it more closely
matches uniaxial tension, cyclic loading and stress
relaxation tests.

» Kozlowski’'s Model Il for austenite performs well,
including cyclic loading.

« The No-Hardening Kozlowski Model Il for austenite
performs very similarly to the original austenite Model Ill
when used to model solidification.

« Zhu's power law for ferrite does not perform well in cyclic
loading for alpha-ferrite.

* Model V should be expanded to fit different grades of
steel and then implemented in the Abaqus UMAT.
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