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Abstract

This work deals with mathematical modeling of processes involved in the quenching process of
steel. It is the aim to provide a comprehensive model of thermo-elasto-plasticity with phase
transitions in steel for small deformations, which integrates the complex behavior of steel
materials in general models of thermo-elasto-plasticity and deals with the modeling of the
mathematical problem of linear thermo-elasto-plasticity, taking into account phase transitions
and transformation-induced plasticity. Moreover, the qualitative behavior of the solution is
illustrated for the Jominy-End-Quench-Test in a simple numerical simulation.

Kurzfassung

Diese Arbeit befasst sich mit der mathematischen Modellierung von Abschreckprozessen bei
Stahlbauteilen. Das Ziel ist es, ein Gesamtmodell fiir kleine Deformationen bereitzustellen,
welches das komplexe physikalische Materialverhalten von Stahl in allgemeinere Modelle der
Thermo-Elasto-Plastizitat einbindet und somit das mathematische Problem der linearen Thermo-
Elasto-Plastizitdat unter Beriicksichtigung von Phasentransformationen und Umwandlungsplas-
tizitat beschreibt. Dartiberhinaus ist das qualitative Losungsverhalten fiir ein Beispielproblem
anhand des Jominy-End-Abschreck-Tests dargestellt.
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1 Introduction

Today, steel is one of the most common materials in industry. The world steel production,
with more than 1.3 billion tons produced annually, takes the second place behind cement.
Steel and iron materials are used in various areas, very often with high quality requirements
according geometry, structure, surface finish, hardness and other properties of the components
for questions of production and processing of modern steels. This creates a major challenge for
the prediction of the material behavior, i.e. stress, strain and phase composition.

The modeling and the simulation of essential effects can help to gain a deeper understanding
of the material behavior. An important goal is to minimize the distortion at the end of the
production process, i.e. the unwanted or undesirable deviation from the norm geometry.
Controlling distortion in the manufacturing process, especially in heat treatment processes of
steel, remains a complex problem even today for the significant distortion potential of steel
workpieces, and the costs of compensating distortion failures of wrought component parts are
considerably large. Therefore it is a major interest to understand the causes of distortion in
every production step in detail, cf. [HKLM02, WBBD12].



1.1 Steel

Steel is an iron-carbon alloy with a carbon content between 0.002% and 2.1% by weight. It is
(in the solid state) a polycrystalline material. Macroscopic phenomena in steel are the possible
solid-solid phase transformations, which are strongly influenced by the history of the temperature
and the carbon content (cf. e.g. [Dah93, WWO04, BT06]). Phase transitions, which occur during
the heat treatment of steel materials, e.g. heating and quenching, are connected with volume
changes and heat effects. This results in a time- and temperature-dependent stress distribution
and deformation, which are crucial for the result of heat treatment processes.

Another important phenomenon is the transformation-induced plasticity (TRIP) with appears
in connection with phase transformations. TRIP already occurs under deviatoric stresses and
leads to permanent deformation at relatively low stress, even if the yield stress of the softer
phase is not reached. This effect cannot be explained by classical plasticity at the macroscopic
level of modeling (cf. e.g. [Mit87, FST96, Fis97, FRW00, DL06, DLZ06]).

1.2 Heat treatment processes

The condition in which workpieces and tools made of steel are processed fulfills rarely the needs
arising from the intended purpose. Therefore, it is necessary to change the condition of the
steel material, e.g. by heat treatment, in order to modify the material properties w.r.t. the
different conditions needed in the specific application (cf. e.g. [Hor92, Koh94] for details). Such
hardening treatments set up large internal strains in the metal and cause distortion of steel
components during the production process.

1.3 Literature review: Coupled models for material behavior of steel

Some references that exist associated with the problem of interest are given afterwards. More
detailed information are given in [Boel2a].

For coupled models dealing with the material behavior of steel there exists literature in a smaller
scale. Problems of thermo-elasticity are treated in [Wei09], modeling of elasto-plastic problems
can be found in [Pal98, Lub02]. In connection with phase transitions a thermo-plastic problem is
discussed in [DB04a] and the coupling with an elasto-plastic problem can be found in [DB04b]. In
[IW85] stress, temperature and phase transitions are coupled. TRIP and plasticity are considered
in [TP06]. Coupled models of thermo-elasto-plasticity with phase transitions and TRIP are
discussed in [WB03, WBS05, WBT11] for small deformations. An important contribution to the
modeling of thermo-elasto-plasticity with phase transitions and TRIP of the material behavior
of steel and the basis of this work are [WBH08, WBMS11]. In [MWSBI12] a corresponding
model is formulated within a thermodynamic framework at large strains. Coupled models that
neglect the classical plasticity are discussed in e.g. [WBS04, WB06, WBS06, WBB07]. For such
models dimensional analysis (cf. [WBF08]), carbon diffusion (cf. [WABMO6]) and creep (cf.
[WB10, BWD*11]) are investigated.

1.4 Scope

This work is concerned with mathematical modeling of thermo-elasto-plasticity with phase
transitions in steel of processes involved in the quenching process of steel workpieces. Therefore,
it is positioned in the overlap of two scientific disciplines: applied mathematics and materials
science. The considered physical processes are heat conduction, phase transformations, thermo-
elasticity, classical plasticity and TRIP.

Stress- and strain-dependent phase transformations, TRIP and its interactions with classical
plasticity are important phenomena of both theoretical and practical interest in the material



behavior, as they may cause distortion of steel work-pieces. Therefore the idea came up to
integrate the complex behavior of steel materials (especially the phase transformations and
TRIP) in general models of thermo-elasto-plasticity as a prototypical example for heat treatment
processes of steel components (cf. [WBH08, WBMS11] for instance). The steel is assumed as a
co-existing mixture of its phases (or components), while diffusion processes are not considered
in this work. Usually, diffusion of the phases is not designated in macroscopic models and
the (macroscopic) carbon diffusion is primarily interesting in order to investigate special heat
treatment processes, like carburizing (or carbonization, cf. [Lie09]). In this case, the model has
to be extended by adding an equation describing the carbon concentration (cf. [WABMO6] for
an ansatz).

The main objective of this work is the formulation of a (mathematical) model of TRIP and
their interaction with classical plasticity in the framework of small deformations. To sum up,
the results provide a theoretical basis for further mathematical investigation or the efficient
implementation of numerical algorithms suitable for real-world applications.

1.5 OQutline

After the introduction in the first section, the modeling and the simulation are contained in
sec. 2 and sec. 3, followed by a discussion and outlook in the last section. In sec. 1, some
citations for well-known models for material behavior of steel are provided. The aim of sec. 2
is to formulate the model of linear thermo-elasto-plasticity with phase transitions and TRIP,
describing the material behavior of steel in the context of macroscopic continuum mechanics and
to discuss the capabilities. Due to the possible interaction (coupling) of transformation-induced
and classical plasticity, the usual approach in plasticity without phase transformations has to
be modified substantially. Numerical simulations of the fully coupled problem are illustrated in
sec. 3 via the Jominy-End-Quench-Test.

2 Modeling of material behavior of steel

This section deals with the formulation of a complex (macroscopic) model of the material
behavior of steel including specific phenomena like stress-dependent phase transitions, TRIP
and the possible interaction with classical plasticity developed in [WBHO08, WBMS11] for small
deformations.

2.1 Governing equations

A material body will be identified with its reference configuration Q C R3. In the framework of
small deformations we have the well-known balance equations for linear momentum and energy:

0%u .
1) ooy —div(o) =F,
de . __0e
(2) pog, + div(q) =0 : 5 T

Moreover, the second law of thermodynamics is applied in the form of the Clausius-Duhem
inequality:
0 00 de 1
3 —p0— — — t——=-q-V6>0.
(3) Pogy PG T o —0a VO >
The relations (1) — (3) have to be fulfilled in the space-time domain Qx]0,7[, T € R. The

notations are standard: pg — bulk density in the reference configuration, i.e. for t = 0, u —
displacement vector, € — (linearized) Green strain tensor, § — absolute temperature, o — Cauchy



stress tensor, f — volume density of external forces, e — mass density of internal energy, q — heat
flux, r — volume density of heat supply, 1) — mass density of free (or Helmholtz) energy, n — mass
density of entropy. Note the relations:

(4) =e(u) = (Vu + Vu ) u = (ug,us, U3)T and

(5) Yi=e—0h.

2.2 Phase transitions

The evolution of phase fractions is given by the ODEs

api 00

,0,€) (i=1,...,m) (m > 2)

In general, the phase evolution may depend on internal variables labeled by &. Here, p denotes
(p1,-..,Pm). Moreover, the phase (mass) fractions p; of the ith phase (i = 1,...,m) have to
fulfill the subsequent balance and non-negativity relations

(7) Zpizla pi >0 for i=1,...,m
which implies ", v; = 0. More detailed information are given in sec. 2.10.

2.3 Decomposition of the strain tensor

As usual in the theory of small deformations (using geometric linearization), the linearized
Green strain tensor € is decomposed into the following three components

(8) E =€+ Etrip + Ecp,

where €. — thermoelastic strain (including (isotropic) density variations due to temperature
changes and phase transformations), €, — (non-isotropic) strain due to TRIP and e, —
strain due to (classical) plasticity. Because of the two mechanisms for plasticity (interaction
between classical plasticity and TRIP), the considered model is an concrete example of a so-
called two-mechanism model (cf. [WT08, WBT10, Saill, WBT11] for multi-mechanism models).
Sometimes, &, is also split up into a pure elastic part, a pure thermal part and a part only due to
phase changes. Viscosity and creep effects are not taken into account. In principal, they could be
considered analogously with some modifications (cf. e.g. [WB10, BWD'11, KBW12, WBBK12]).
As usual, the inelastic strains are assumed to be volume-preserving, i.e.

(9) tr(etrip) =0 = €trip = Efpip and tr(eep) =0 = € =€y,

We remark that classical plasticity and TRIP act by the stress deviator on the deformation.
For later on, the accumulated plastic and TRIP strain are given via:

20e. Oegp

28&} a€t
1 - . d d i Tip : Mp dr.
(10) 3 Ot or T an Strip © / \/3 or




2.4 Thermo-elasticity relation

The material law (11) is a generalization of the so-called Duhamel-Neumann’s law (or generalized
Hooke’s law) of the classical (linear) thermo-elasticity for isotropic bodies, cf. e.g. [WBHO0S,
WBMS11]. The last term in (11) takes the density changes as a result of phase transitions
into account. In order to separate this part from the thermal expansion, the phase densities
appear at the initial temperature. The stress tensor o and the thermoelastic part g of the
strain tensor are connected by the law of thermo-elasticity taking density changes due to phase
transformations into account:

m
(11) a:2m%+lﬁquM—3Kﬂ0—%ﬂd—K§:( g)—1)mm,
: Pi\Vo
=1
where p — shear modulus, K — compression (bulk) modulus, K, := Ka — modulus taking

compression and linear heat-dilatation of the bulk material into account, p;(6y) — density of the
ith phase phase at initial temperature 6y, i.e. at t = 0. The deviator €}, := g4 — %tr(ste)ld can
be written as €f, = €* — €4ip — €cp, using (8). Alternatively, the last two terms in (11) may be
written as a sum

le(g)Id —a(0—0)Id+ lmld’

12
(12) 3 o 3 po

where p(6) — current density related to the current temperature using (7) and a mixture rule for
density, cf. [WBDO03]. The stress in (11) can be alternatively defined by using Young’s modulus
and Poisson’s ratio or the Lamé constants instead of using bulk and shear modulus. We have
2 3K -2 9K
H _ M E- H

13 A=K - H = SR T A —
(13) 3 YT OBK + ) 3K + 11’

where A — Lamé’s first coefficient, v — Poission’s ration and E — Young’s modulus.

2.5 Plasticity

Using the von Mises criterion (cf. [LC90, Lem01] for generalizations), the material behavior is
constrained by

3
(14) F(o,X, Ro, R) := \/2 (o*=Xp,): (6% =X3) — (Ro+R) <0,

which is a restriction on the deviator of the effective stress o* —X¢,. The notations are: F' - yield
function, o — stress deviator, X, — back-stress associated with plasticity (with tr(X.,) = 0, cf.
e.g. [WBT10] for details), Ry — initial radius of the yield sphere in the stress space (or initial
yield stress), R — its possible increment due to isotropic hardening. The evolution of the plastic
strain €., is governed by the flow rule:

aECP * *
(15) at:A@r—XM,
where the plastic multiplier A has to fulfill
(16) A=0, if  F(o,Xg,Ro,R) <0 and
(17) A>0, if  F(o,Xg,Ro,R)=0 (yield condition).

Thus, plastic deformation is only possible, if the yield condition (17) is fulfilled. The relation
(15) — (17) is equivalent to a variational inequality, cf. sec. 2.12.



2.6 Transformation-induced plasticity (TRIP)

Phase transformations under non-vanishing deviatoric (non-isotropic) stress yield a permanent
deviatoric deformation which cannot be described by classical plasticity at the macroscopic level.
It is assumed that TRIP has no yield condition and that its evolution can be described by

85257"1' *
(18) 8t £ = b ( Xtmp)

where Xy,i, — back-stress associated with TRIP (with tr(X.,) = 0, cf. e.g. [WBT10] for details)
and b > 0 depends essentially on the phase evolution. One proposal for TRIP in the multi-phase
case (based on the Franitza-Mitter-Leblond ansatz, cf. e.g. [WBS09]) is

3¢ 0¢; Opi
(19) b= 3> mSt <p@>max{at,o}

=1

where r; — Greenwood-Johnson parameter (may depend on temperature and stress direction, cf.
e.g. [WBHO8]) and ¢; € C%1([0,1]) N C1(]0, 1) — saturation function of the ith phase satisfying

olo
Op;

(200 K20, $(0) =0, o(1) =1, (p) >0 fa. 0<p<L.
The function ¢; describes the dependence of the transformed phase fraction p; on the strain due
to TRIP. Cf. sec. 2.11 for an equivalent formulation of (18).

Remark 1 (Proposals for saturation functions). There are various proposals for saturation
functions in the literature (cf. [WBDLO3]), partially based on experiments, partially derived
from theoretical considerations:

o(p) =p (Tanaka),
¢(p) =p(2-p) (Desalos, Denis),
¢(p) = p(1 — In(p)) (Leblond),
o(p) =p(3 —2p) (Abrassart).

2.7 lIsotropic and kinematic hardening

For further investigations, it is very useful to get more information about the isotropic hardening
variable R. The following ansatz is suggested in [WBH08, WBMS11]:

t
/Bcp aScp >
21 R(t) = vep | sen(t) — —R——(s)ds
(21) 0= (s0t) = [ 22RO
as well as the linear ODE (differentiating (21))
e
8R Os 0s &
29 o _ . D ot '

Clearly, the solution of the ODE (22) (for the initial value R(0) = 0) reads as

(23) = Yop / < / BcpaSCp d7>

Moreover, one gets the following estimate

Yep .
(24) 0<R=R(t)< min(Aa) (1 —exp (— mln(ﬂcp)scp)>.

min(fep



In general, the parameters ., and 7., depend on the temperature and the phase fractions.

Therefore, R is a slope of s, for constant 3., and 7, i.e. R = g%z (1 — exp ( — ﬂcpscp)>. The

curve I has its decline v, and its saturation value is gﬂ Besides this, R is an increasing func-
cp

OSecp
ot -

tion of sy, as one expects in isotropic hardening (cf. [WBHO08]): 0 < R < gzz ,0< %—If < Yep

The general model leads to the following equations for the back-stresses, cf. [WBH08, WBMS11]:

t t A ‘
(25) ch(t) =Ccep | Ecp — / @ch 830}7 ds | + Cint | €trip — / Qtrip Xt?“ip ast”p ds ,
0 Os 0 Os

Cep Ctrip
t t
a Os Qri OStri
(26) Xtm'p(t) =Cint | Ecp — / ﬂ}(cp L ds + Ctrip | Etrip — / P Xtrip P ds ) .
0 Cep s 0 Ctrip Os

These relations may be understood as generalizations of the well-known Armstrong-Frederick
equations in plasticity (cf. [LC90, JK96, Hau02]). For a constant coefficient c., and without
TRIP, from (25) follows the classical Armstrong-Frederick equation for non-linear hardening:

0X, Oe. 0Se
27 £ = . —2.
27) at P ot P Ht
In a similar manner, for constant ¢, and without classical plasticity, from (26) follows an
analogon for TRIP

—appX

(28) 8)2?”) = Ctripas(;;w - atripXtripa(Z?)-

For a given evolution of 6, p, ., and €44, (and therefore s., and syp), (25) and (26) are
a coupled system of Volterra integral equations with a unique solution (X, X¢rip) (in the
class of continuous functions under suitable conditions). It is well-known, that in the case of
purely classical plasticity the Armstrong-Frederick equation (27) leads to a bounded back-stress
for given e, (saturation effect, cf. e.g. [WBHO0S]). A similar result for the case of coupled
back-stresses X, and Xy, is not obvious. For constant cp, Cint, Crip, the differentiation of
(25) and (26) yields the following coupled system of ODEs

0X Oe 0s O€ri Cint i OStri
29 ot~ Cagr CaXagy tem gy — = n X g
trip
axtrip aé70p CintQcp ascp 8€trip aStm‘p
(30) ot = Cint ot - Cop ch ot + Ctripw - atripXtripT-

This linear system of ODEs has a unique solution (for given evolution of e, and &4;). Using
the results from the theory of ODEs, one obtains the following results:

Lemma 1 (Boundedness of the back-stresses). Under the assumptions cep, Cint, Cirips Geps Girip

are constant, acp, airip > 0 and c?nt < Cep Crip the back-stresses are bounded
IXep(x,t)| < ¢ < oo, | Xrip(x,t)] < ¢ < o0 fa. (x,t) € Qx]0, T
and
o =Xl <c<oo,  flo¥[<c<oo,  [lo¥ =Xill <c<oo, el < <o

These results can also be obtained in case of general acp, Girip, Ceps Cint and cyrp. The
global boundedness of Xy, X¢rip, R, 0 and e}, (uniformly w.r.t. cp, Etrip, Sep and sgip) is
an important consequence of the general nonlinear hardening. In contrast to this, the case
Qep = Qgrip = Bep = 0 leads to a linear relation between X, Xirip, €cp, Etrip, 12 and sqp. Thus,
the model has an unbounded growth of the hardening variables for unbounded growing strains
in this case. Moreover, the stress deviator might be growing unbounded, too.



Remark 2. The hardening variable R and the back-stresses X, and X.;, can be obtained as
internal variables in a thermo-mechanical framework. R is a scalar having the character of
a stress. The quantities X,, Xyip, and R may be considered as thermodynamic forces (cf.
[WBHOS] for details).

2.8 Initial and boundary conditions

Finally, the following initial conditions f.a. x in €} are assumed:

(31) u(x,0) = up(x), (?;tl(x, 0) = ui(x), 0(x,0) = 6p(x),

(32) Etrip(xv 0) =0, Ecp(xa O) =0, E(Xa 0) = EO(X)v

(33) p(x,0) = po(x)

with

(34) ipm' =1, poi = 0 for 1=1,...,m.
i=1

Furthermore, boundary conditions for u and # have to be added. There are mixed boundary
conditions for u assumed:

(35) u=0 f.a. points in I'y, o -vr, =0 fa. points in Iy,

where I'; and I'y are mutually disjoint parts of the boundary of Q s.t. meas(I'y) > 0 and T'; is
closed and v, is the outward unit normal vector on I's (this case without any boundary load is
important e.g. in heat treatment processes, where no load is applied on the surface). Let the
temperature fulfill the Robin condition

00
(36) —Xg=—— =0(0 —6r) on 9Nx]0,T7,

al/p
where A\g — heat conductivity,  — heat-exchange coefficient, O — temperature of the surrounding
medium and vr — outward unit normal vector to the boundary 9f2.

2.9 Complete model of material behavior

Modeling the relevant interactions between temperature, mechanical behavior and phase tran-
sitions leads to an initial boundary value problem (IBVP) for a system of coupled nonlinear
partial and ordinary differential equations and inequalities for the time and space-dependent
temperature, displacement and phase fractions. Summarizing all the model equations needed to
describe the evolution of displacement, temperature and phase fractions leads to the following
IBVP: Find the displacement u : Q x [0,7[— R? s.t.

9%u

poﬁ — 2div(,us(u)) — grad()\div(u)) + 3grad(Ka(6? — 00))+

+ grad (Kz (Pfgo) — 1) pi> + 2div(,u€mp) + 2div(,uecp) =f in Qx]0,T7,
i=1 v

the temperature 6 : Q x [0, T[— R s.t.

0
pocegt — diV(AQVH) = (o0 —X¢p):



+ 0870' . aste +98ch . a5:0p +08Xtrip . 8Etrip

00 = ot 00 ot 00 Ot

— . Opi :
+poZLi8—i+r in Qx]0,T|
=2

and the phase fractions p : Q x [0,T[— R™ s.t.

op 90
vP 9.~
5 v(p, 5

including the relations (4), (8), (14) in combination with (23) and

tr(o),0® :0*) in Qx]0,T]|

a;;pzA(a*—X:p), A>0for F=0and A=0for F<0 in Qx]0,T],
02;@ - g (0" = Xiip) g’ﬂgﬁz(pz) max { 881: ) 0} in  Qx]0,T7,

ag(tcp = Cep ag;p — acpXep a;;p Cint ai{;;ip - Cir;ii:ip Xitrip ai;;ip in  Qx]0,T],
a)zttrip = Cint a;;p _ Cizijcp Xep a;;P + Ctripae(;;ip — amempaZTD in 0x]0, T

as well as initial values (31) — (33) and boundary values (35) — (36).

In [WBHO8] (cf. also [MWSB12]) was proven that

Lemma 2 (Thermo-dynamic consistency). The presented bulk model is thermo-dynamic con-
sistent, i.e. the dissipation inequality (3) is fulfilled (under reasonable assumptions).

Remark 3. As in the theory of linear thermo-elasticity for small deformations commonly accepted,
one obtains (cf. e.g. [JRO0]) the following approximation of the thermo-mechanical dissipation

do  Oete . (Ou
(37) 0%. 5 _—3Ka90dlv<at>,

where 0y denotes a (constant) reference temperature close to the actual temperature. Further-
more, the material parameters are assumed to be real constants.

2.10 General model for phase transitions in steel

Isothermal diffusive transformations are well described by the Johnson-Mehl-Avrami-Kolmogorov
kinetics (cf. e.g. [WBBO07]) and models for martensitic transformation are based on the Koistinen-
Marburger equation (cf. [KM59]), but there are some essential open questions in modeling the
non-isothermal transformation and phase transformations under stress. In [WBBO07] one can
find a good description of a phenomenological model for phase transformations, but there are
a lot of proposals for modifications and generalizations of phenomenological models for phase
transformations, cf. e.g. [LMDD85, Vis87, FBT094, H6m95, MS02, WBS03, AGC04, BHSW04].
In this section, (6) is specialized in order to obtain applicable models for phase transformations
for multi-phase simultaneous and consecutive reactions. In the context of macroscopic modeling,
we consider steel as a coexisting mixture of m (m > 2) phases (or constituents), which differ
in their micro-structure and have different material parameters. These phases are assumed to
be continuously distributed in the model, so that the steel appears as a co-existing mixture of
its phases (or components), while diffusion processes (of the phases) are neglected, i.e. they
stay at their original places of formation. Moreover, we do not consider carbon diffusion, cf.
[WABMOG6].
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The considerations below are not only valid for phase transformations in steel, but also for
general (chemical or other) reactions in coexisting mixtures without diffusion of the constituents.
The following general model for phase transformations in steel is proposed in [WBBO07]. The
change of p; in favor of p; can be described by the transformation law

Op; - B m B _
(38) 5 = Z aijH (pi)H (pij — pj)Gij + Z a;iH(p))H (pji — pi)Gyi,  i=1,...,m.
j=1

J=1

where H — Heaviside function, p;; — the equilibrium fraction (maximal possible fraction) p; of the
ith phase (p;; = 0 if the phase transformation does not occur), G;; a switch function, taking into
account that the transformation of the ith phase into the jth phase (for i # j, 4,7 =1,...,m,
abbr.: i — j) takes place during a defined temperature interval and —a;; — transformation rate
for the transformation i — j . We specify the a;;:

g 3 ol ..
(39)  aij := (ei;(6,€) _|_pj)7"w(9:£) (Pij _pj)szj(97£)gij(9,£)hij <6t> for 4,5=1,...,m.
The parameters e;;, 155, s;; and g;; have to fulfill e;; = r;; = s; = ;s = 0 for i = 4,...,m and
e;j > 0, rij > 0, 835 > 0, gij = 0, hij >0 f.a. admissible arguments.

Remark 4 (Leblond-Devaux proposal). A simple specialization of (38) consists of

Op;
4 = —HMi5Piy

where the non-negative p;; may depend on the same arguments as a;; in (39). This means that
the decomposition rate of ¢ into j is proportional to the fraction of 7 available for decomposition.
In case of only two present phases this leads to

Op1 Op2

41 _— = — el _— = ) —_ g
(41) oy H12p1, p1(0) = po and 5t piz2 (P12 — p2) , p2(0) =0

for the forming phase (p12 = 1), which is a special case of the Leblond-Devaux proposal. Leblond
and Devaux suggested applying the linear approach to martensitic transformation as well. Due
to Koistinen and Marburger (cf. e.g. [WBDHO08] and generalizations of (42) in [WFLO7]), the
martensite fraction forming from a given (austenite) fraction p; at the temperature 6 less than
the martensite start temperature 6,,,; reads as

(42) ra(6) = (o) (1 - oxp (== ).

emO

2.11 Equivalent formulation of TRIP
Due (8) and (11) the following relations hold:
(43)  o* =2uej, =2pu(e"(u) —eyip —€p)  and  tr(o) = 2utr(e(u)) = 2pdiv(u).

Now, the problem (18), (32); can be formulated as an equivalent initial value problem:

(44) Ehrip(t) = b(t) (2 €™ (u(t)) — 2necy(t) — Xipsp) — 2ub(t)Ermip(t), t €]0,T]
(45) Etrip(0) =0
where b is defined as in (19) and X7, is the solution of (26). Therefore, the solution reads as

(46)  ewplt) = /0 b(s) exp (— / opb(r) dT) (21" (u(s)) — 2ucep(s) — Xiyy) ds

for t € [0, 7.
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2.12 Equivalent formulation of plasticity

For further mathematical investigation it is convenient to reformulate the described model,
using a variational inequality (or rather a differential inclusion) in order to characterize the
plastic deformation. The following (original) problem is to find the strain e, : € x [0, T[— R
with tr(es,) =0, s.t.

Oeep

(47) % x,1) = A (0 (x,1) ~ X5y (x.1) (1) € 9]0, T],

(48) €ep(x,0) =0, x € Q,

where the plastic multiplier A has to fulfill (16) - (17) fa. o € Rg’yﬁ with F(o,Xcp, Ro, R) <0.
The plastic multiplier can also be expressed as A = m%, cf. [WBMSL11]. Taking (47),
(16) — (17) and the yield function (14) into account, (47) can be reformulated as

Oe 2 OF ~ OF
49 P =ZARo+R) ——(0,Xep, Ro, R) = A — (0, X, Ro, R
( ) ot 3 ( o+ ) o (0’, ps> L0, ) Do (0-7 ps L0 )

with a new multiplier A. This reformulation is often called ‘normality rule’, cf. [Mau92, Lub06].
We define F : R3*3 x R3*3 x R x R — R via (14) for given X, and for given constants
Ry, R € RT. The set of all admissible o is convex (cf. [HR99]). We define
Kp:= {1 e RS tr(1) = 0: F(7,X¢p, Ro, R) <0},

(50) K:={re[L*(V)]":7(x) € Kr faa x € Q}.

Remark 5 (Time- or parameter-dependent K). Due to the general time-dependence of Ry and
R, the set of admissible stresses varies in time, when considering a time-dependent process (cf.
e.g. [HR99, HWRO05, WBHO08]). In [Mac92, CR06, BFM11] the yield function depends explicitly
on the temperature. Therefore one defines F' via

3
F(1,Xep, Ro, R;0.,t) := \/2 (0* — sz) : (o’* — sz) — (Ro + R(G,t)),
(51) Kp(0,t):= {7 e RS, tr(r) = 0: F(7,Xep, Ro, R; 0,t) < 0},

sym >

K(0,t) == {7 € [L*(Q))° : 7(x) € Kp(0,t) faa. x € Q}.

In general, the function R is not monotone and therefore, the set of space- and time-dependent
functions generated by K (i.e. all L2-functions with values in K f.a.a. t € [0,7) is in general
not convex.

The constraint in (47) — (48) resp. (16) — (17) is non-linear. An adequate tool for dealing
with non-linear constraints for equations is a variational inequality (cf. e.g. [HR99]). Based on
the identity A* : B* = A*: B = A : B — tr(A)tr(B) for A,B € R, the relations (47) — (48),
(17) and (14) are equivalent to the variational inequality
Oeep

ot

fa. 7 € RY with 7 = 77 and F(7, X, Ro, R) < 0, where o has to fulfill (14).

(52)

H(r—0) <0 in Qx]0, T

Lemma 3. The set K is nonempty and convex.

Proof. Since Ry > 0 and R > 0, one concludes that 0 € Kg. Hence, K is nonempty. Further-
more, let o, 7 € K and A € [0, 1]. Obviously, tr(Ao + (1 — X)7) =0 for tr(o) = tr(7) = 0 and
Ao+ (1 =M1 = Mo+ (1—-X7)T for 0 = 67 and 7 = 77. Moreover, the convexity of the
function F' completes the proof. O
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Theorem 1 (Main result: Equivalent formulation of plasticity). For fized X.,, Ry and R let
F = F(o) be a convex function R3*3 — R, which is differentiable in R3*3\ {0} and fulfills
F(0) < 0. Moreover, let 2—5(7) #0 fa. T € R¥3 with T =71 and F(r) = 0. In addition, let
o*(0) € K. Assume (14) and (50) are given. Then, the normality rule (49) and the variational
inequality (52) are equivalent.

Proof. The proof of the main theorem is divided into two parts:

1. The normality rule (49) implies the variational inequality (52). Equation (52) is ob-
viously fulfilled for A = 0. For A > 0 it follows F(o,Xp, Ry, R) = 0 and therefore

8—F( , Xep, Ro, R) = 3(2((7;7“%) # 0. Thus, dscp and 85 are parallel and have the same

orientation. Because of the convexity of K, it follows 8an : (T* — o-*) <0 in Qx]0,T]
fa. 7 € R33 with 7 = 77 and F(1) < 0, which is equivalent to (52).

2. On the other hand, the variational inequality (52) implies the normality rule (49). If
F(0,Xep, Ro, R) < 0, then it follows o* € Int(Kr) and (52) implies %52 = 0 = A 2F
with A = 0, compatible with (17). Let F(o, X, Ry, R) = 0. Hence, o* € 0Kp. Putting
T=0+Vv with v: aF <0 s.t. F(o,X¢p, Rg, R) <0 in (52) we have 8;? :v<0fa v
with v : OF <0. Therefore ngp and aF are parallel and have the same orientation. Thus,
(49) is valid. 0

As a result of the re-formulation via a variational inequality, the plastic multiplier is excluded.
If o fulfills (14) with a strong inequality, than (52) leads to g‘p = 0, i.e. there is no plastic
deformation. If no plastic deformation occurs, the model of ‘thermo-elasticity with phase
transitions and TRIP without classical plasticity’ (cf. e.g. [Boe07, Kerll, Boel2b]) is directly
applicable. The (mathematical) problem of perfect plasticity is e.g. discussed in [ER04].

In order to prepare further mathematical investigations, one can reformulate the variational
inequality as a differential inclusion. This approach is also used in [ASS01] for instance. There
are at least two possibilities when dealing with the variational inequality (52). Either one can

Oe . .
exclude 51 Via o™* or vice versa.

1. Eliminating o in the variational inequality: Using (8) and (43) one rewrites (52). This
leads to a new variational inequality for e,. For convenience we denote 7 := €},. Thus,
we look for a function i : Q x [0, T[— R, s.t.

tr(n) =0, F(QN n, XCp7 Ry, R) <0
(53) on . (Ou Detrip |
Gz (e ((%) -t =)

fa. 7€ RIS with 7 =77, tr(7) = 0 and F(2u T, Xep, Ro, R) < 0. Based on (8) and (43),

sym

Ete 18 given by €1 = m + gtr( g(u))Id. Moreover, it holds

88cp —¢* 8711 o 85trip B aj
o ot ot ot

(54) Ep=€"(0) —€tip — M and

2. Eliminating e, in the variational inequality: This approach is similar to the idea in [DL76].
In this particular situation one gets from (8) and (43) (for constant p)

aEcp _ 1 oo™ % 8711 . astrip
(55) ot 2u<8t>+€ <6t> ot

13



Therefore, the inequality (52) reads as

50 o () e () e+ B - 0) 20

fa. 7 € R with 7 = 77 and F(1,Xp, Ro, R) < 0, where o has to be symmetric and to
fulfill the constraint F'(o, X, Rg, R) < 0. Note, that only in the special case without

. 86,5 P .
influence of €, on €44, one can exclude —g5* from (56) without any return of e, after

substituting % in (56). But, in the case of hardening, one re-imports ., via the

back-stress relations. That is why this approach seems to be inconvenient.

Remark 6 (Definition of a weak formulation of the variational inequality). The weak formulation
of the variational inequality reads as: Find n € WH2(0,T;[L?(Q)]?) with n(¢) € K f.a.a. t €]0,T]
s.t.

(57) 8—17(15) D (o —n(t)dx > /

ou aemp
=) | - (o —n(t))d
o Ot Q<€ <8t()> ot ) (o= n(t)) dx
fa. o € [L*(Q))° with tr(o) =0, 0 = o1 and F(2u0,Xep, Ro, R) < 0. The idea to tackle this
problem is to use solution methods for solving parabolic variational inequalities, cf. e.g. [Nau84].

Let xkx : [L%(Q)]° — R U {+oc} be the indicator function on K, i.e. xg(u) = 0 if u € K
and xyk(u) = +oo if u ¢ K. The variational inequality (52) can be rewritten as a differential
inclusion agf’ € Oxk(o), cf. [Zei85] for details. Using (56) and this differential inclusion
(2p is a positive multiplier), (47) — (48) and (17) are equivalent to find the stress deviator

o Q% [0,T[— RS, s.t.

(58) a(;’t ") + Oxk (o () > 2u (s* (?;(t)) - a“;;ip (t)) fa.a.t€]0,T]
(59) o (0) = o := 2ue*(up).

This leads to the theory of differential inclusions and/or evolution equations of subgradient type,
cf. e.g. [Wat73, Ken75, Bar76, Ken77, Pap90, Ahm92, Pap95].

3 Numerical Examples

In this section some numerical simulations with realistic material data are presented to demon-
strate the distortion effect of metallurgical phase transitions in the context of small deformations
(for large deformations cf. e.g. [MWSB12]).

3.1 Description of the setting

In order to show phase induced thermo-mechanical effects, we implement the presented model
in COMSOL Multiphysics®, cf. e.g. [Zim06] and simulate the Jominy-End-Quench-Test. The
Jominy-End-Quench-Test is a standard test to determine the hardenability of steels. Moreover, it
is useful for simulation testing. Here, it is used to test the thermo-mechanical model with phase
transitions and TRIP and to illustrate the results (cf. e.g. [H6m96, Hom97, HLHM04, NKSF05]).
The heat treatment process for most steels involves heating the alloy until austenite forms, then
cooling it so rapidly that the transformation into martensite occurs almost immediately. The
presence of two (or more) phases leads to plastic deformation due to the volume differences in
the phases. There are situations, where classical plasticity is negligible and TRIP is the decisive
factor, cf. e.g. [WBS09]. For a sufficiently high cooling rate, i.e. close to the quenched boundary
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parts, where the temperature descends very quickly, austenite is transformed into the hard phase
martensite, whereas a slower temperature change, e.g. in the interior of a big workpiece, causes
usually softer phases like ferrite, pearlite or bainite to grow. A correlation of the temperature
change and the phase transformation can be obtained from the time-temperature-transformation
diagram. Due to the fact that the product phases (e.g. pearlite and martensite) have different
thermal expansion (different (lower) densities in comparison with austenite), their formation
influences the deformation of the workpiece.

In order to avoid technicalities, we consider only the cooling of a steel specimen from high
temperature phase austenite with fraction p4 to one product phase (martensite) with phase
fraction pys. This applies for instance in martensitic hardening of eutectoid carbon steel.

3.2 Literature review: Numerical simulation for thermo-mechanical models

In this section some references connected with the problem of interest are collected. For the
implementation of algorithms in elasto-plasticity there exist some literature, cf. e.g. [SHIS,
Mah99]. Simulation of steel quenching process using a multi-phase transformation model is
discussed in [RFFO01] and a finite element analysis of coupled thermo-inelastic problem with
phase transformation is given in [IW82]. A adaptive finite element simulation of a model for
TRIP in steel are presented in [SWB03, SSM*06].

Adaptive finite element methods with ALBERTA (cf. e.g. [SS05]) are investigated in the work
of [Suh10] for numerical simulations, concerning analysis of distortion for workpieces with and
without phase changes. Throughout the thesis a mathematical model for steel quenching is
introduced, a numerical scheme is developed and in simulations for conical rings it is shown that
the model is in accordance with the reality. Numerical treatment of models including phase
transitions, transformation-induced and classical plasticity is rarely found in the literature so
far. A semi-implicit numerical scheme is derived for both models. In order to identify the model
parameters for the more complex hardening model an optimization procedure is developed.
The papers [CHKO07, HK09] and the thesis [Kerll] are concerned with thermo-mechanical
modeling and numerical treatment of metallurgical phase transitions in steel during quenching.
Their quasi-static model is similar to the presented model without the inertia term, without
classical plasticity and with pure zero boundary conditions, but it still captures the effect
of TRIP. The implementation is done within the finite element framework provided by the
WIAS-toolbox pdelib (cf. [FKLI8]) using a semi-implicit approach for time-stepping. The
resulting code is applied to investigate the effect of inhomogeneous quenching strategies of roller
bearing rings. Moreover, a strategy for distortion compensation by means of a gradient method
obtained from optimal control theory is introduced.

A semi-implicit algorithm (predictor-corrector approach based on [SH98|) for incorporating the
interaction between (classical) plasticity and TRIP in steel is developed in [WBMS11]. Contrary
to the usual elasto-plasticity, the underlying model of material behavior of steel is far more
complex. A special application of this approach for small and large deformations in SIMULIA
Abaqus FEA® is provided in [MWSB12].

3.3 Numerical Implementation

The objective is to simulate the quenching process of a steel specimen. We consider a two-
dimensional cross-section (due to rotation symmetry) of a steel cylinder made of the eutectoid
carbon steel 100Cr6 of dimension 100mm x 25mm and infer specific cooling to obtain corre-
sponding phase distribution. We assume the specimen to be the closure of a Lipschitz domain
Q. As mentioned above, we consider only the cooling and not the preliminary heating process.
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100 mm air (and radiation) cooling
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water nozzle

(a) Photo from [Lie05]. (b) Scheme from [HLHMO04].

Figure 1: Jominy-End-Quench-Test.

Therefore we assume a sufficiently high, homogeneous initial temperature and complete austeni-
tization. Moreover, we distinguish between the reference and the initial geometry. Using the
initial value ugp(x) = a4 (0y — bair) x for the displacement, we take this initial thermal expansion
into account. Creep effects and TRIP during the austenitization are not considered.

In the model the workpiece is quenched at the bottom (this corresponds to nonzero Robin
boundary conditions) and it is assumed to be fixed on top. Furthermore, we suppose that
the whole upper boundary part may only shrink horizontally. Moreover, it is assumed to be
thermally insulated. The left and the right edges fulfill Robin boundary conditions as well, but
the cooling rate is considerably lower. The following initial conditions f.a. x in :

(60) u(x,0) = up(x), u'(x,0) =0, 6(x,0) = 6o,
(61) p(X, 0) = pO(X)7 Etrip(xa 0) = 0, Ecp(X, O) =0

and the mixed boundary conditions for u and for

(62) o-vr,, =0 and —AVO -vr, ,, = Gair (9 — Hair) on Liese
(63)  o-vru,,=0 and  —XVO-vr, . =0water(0 = Owater) 0N Thottom
(64) u=0 and —XV0O-vp,,, =0 on  Typ
(65) o-vr,,, =0 and =AVO -vr . = Oair (9 - Hair) on Lright

are included. We consider only two phases, a parent phase, austenite and a forming phase,
martensite (cf. [DSB83, GZWDO00, GTJS01, BHL*06]). This behavior is given by the Leblond-
Devaux model, cf. rem. 4:

p;‘(X,t) = _pﬁl(xvt)v pA(X70) =1,
pﬁ\/[(X,t) =K (ﬁM(e(X’t)) —pM(X,t)), pM(X7O) =0

for x € Q, where p; = p4 — austinite phase fraction, po = pj; — martensite phase fraction,
po = (pa(0),par(0))T, 6 — given temperature and pys represents the maximal martensitic phase
fraction that can be attained. We use the following Koistinen-Marburger ansatz (cf. (42)):

e_oms

m0

pm(0) =1 —exp ( ) for 6 € [0, Oms| and par(0) = 0 for 0 € [0y, 6o
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Moreover, we assume f = (0, pog)” and r = 0. Furthermore, we assume a linear mixture rule
between both phases f.a. material parameters, i.e. the value of a material parameter is calculated
by m = wapa + Tarpar, where pa, pas are the austenitic and martensitic phase fraction and w4,
myr are the corresponding material parameters, which are taken from data table 1 for eutectoid

carbon steel 100Cr6. The parameter p is calculated via the measured data from dilatometer or

Gleeble" experiments (cf. [HT'Y09, WBLS05, WBS04]).

. Phase
Property Unit Austenite  Martensite
A Thermal Conductivity W] 0.02012  0.04273
Ce Specific Heat Capacity kg%c 560.7 501.3
p Density & 7798 7741
E Elastic Modulus MPa 170665 204671
v Poisson Ratio — 0.3318 0.3556
Ro Initial Yield Strength MPa 173.3 1278.4
Q Thermal Expansion Coefficient % 23.8 10.9
00 Initial Density ke 8041.4
AH,_,, | Transformation Enthalpy % 78520
fo Initial Temperature °C 850
O air Air Temperature °C 22
Owater | Water Temperature °C 18
Orns Martensite Start Temperature °C 211
O s Martensite Finish Temperature °C —174
0o Koistinen-Marburger Temperature | °C 93.4
Oair Heat Transfer Coefficient (Air) W 150
dwater | Heat Transfer Coefficient (Water) Z\Q}; 3200
K Greenwood-Johnson Parameter Mlpa 7-107°
I Leblond-Devaux Parameter - 5.95
g Gravitational Acceleration = 9.81

Table 1: Average material properties and their units and dimensions, cf. [ADFT08a, ADFT08b,
SLH*09, Suh10].

3.4 Simulation results and conclusion

Fig. 2 and fig. 3 demonstrate the process at a sample of time steps. The workpiece is shown at
times t = Os, 0.2s, 2s, 5s, 10s, 20s, 30s, 40s, 50s and 100s. Colors indicate the temperature in
fig. 2 and the martensite fraction in fig. 3, where blue corresponds to low values and red to high
values of temperature or phase fraction. The background rectangle gives the initial geometry.
The deformation of the workpiece is magnified by a factor of 10.

At time t = Os, the initially rectangular specimen is completely heated and stress-free, cf.
fig. 2a and fig. 3a. A strong cooling is applied to the bottom, the left and right side is cooled
moderately and there is no heat transfer at the top of the sample. When quenching sets in, we
can observe the shrinking of the quenched area in fig. 2c and fig. 3c. Because of the strong
cooling, the sample contracts more at the left and right bottom vertexes in vertical direction.
After a while, thermoelastic effects may be observed first, i.e. the shrinking due to classical
thermo-elasticity can be observed. After some time, the austenite-martensite-transformation
sets in (cf. fig. 2d and fig. 3d), beginning at the left and right bottom vertexes, where the
temperature has already dropped below the martensite start temperature, i.e. the rapid cooling
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Figure 2: Surface plot: Temperature

effected the growth of martensite in the lower part of the specimen. Martensite has a lower
density and thereby a larger volume and higher expansion than austenite. Therefore the sample
starts to expand in this area. Thus, the transformation pushes the material outward, which
causes a huge bulge in the specimen (cf. fig. 2e — g and fig. 3e — g) and remains until the heat
treatment is completed, cf. fig. 2h and fig. 3h. This corresponds to the observed behavior in
experiments, cf. [HLHMO04, NKSF05] for instance.

Fig. 4 shows the influence of different effects of the fully coupled model. Fig. 4a corresponds
with fig. 2h in order to compare the following different scenarios. Fig. 4b (without intrinsic
dissipation), fig. 4c (without inertia term in the momentum balance) and fig. 4e (without TRIP)
show a similar result. The importance of considering the phase transitions and the plastic effects
is shown in fig. 4d (without classical plasticity), fig. 4f (without plasticity) and fig. 4g (without
phases), where the deviation from the fully coupled model in fig. 4a is very big. The simple
thermo-elastic model shown in fig. 4h is even worse.

Figure 3: Surface plot: Martensitic phase fraction
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Figure 4: Surface plot: Temperature for different scenarios

4 Discussion and outlook

In this work we introduced and investigated a mathematical model for steel quenching.

Modeling: A further continuation at the level of mathematical modeling would be the connec-
tion of this problem with micro- and meso-investigations (cf. e.g. [Fis90, DSB95] for micro-models
for TRIP), in particular of phase transformations, transformation-induced plastic behavior and
the interaction with classical plasticity, which leads to the method of mathematical homogeniza-
tion (cf. [OSY92, Vis06, Vis08, Sch09, SV10] for homogenization approaches).

Moreover, dimensional analysis could be helpful to reduce the number of key parameters in order
to accomplish qualitative investigations or to prepare approximate calculations (cf. [WBFO08]).
In order to investigate special heat treatment processes, like carbonization, the description of
the carbon diffusion would be interesting (cf. ansatz in [WBMO06, Hii07]).

More complex phenomena, like additional inelastic dissipation or non-constant material parame-
ters could be taken into account. The investigation of more general saturation functions (cf.
rem. 1) or more general evolution equations for the phase fractions could also be discussed. Fi-
nally, in the context of heat treatment, (kinematic) hardening, creep (cf. [NA07, BWD™11]) and
damage (e.g. fatigue, ratcheting, friction (cf. [E1197, ASS99, HSS01, LD05, Cha06, AMMO7]))
may be relevant and need to be investigated (cf. [WBBD12]). To describe phase transformations
during the complete heating and cooling process cf. e.g. the ansatz in [SKHZ08]. Moreover,
considering small and large deformations would be interesting as well.

Simulation: The numerical simulation should be extended in order to incorporate additional
forming phases like ferrite and bainite. Moreover, the simulation of other geometries should be
taken into account. Therefore, an complex implementation with real data and the comparison
of the simulation results with experimental data could follow up this work as a larger project
(cf. [Suh10, Kerl11]).

Application: The effect of inhomogeneous quenching strategies could be investigated and the
numerical computations should be compared with the experimental results in order to follow up
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the work [CHKO07, HK09, Kerll, Boel2a] to some extent. Therefore, a strategy for distortion
compensation by means of a optimization method obtained from optimal control theory has to
be introduced.

Possible extensions are also testing and evaluating models for phase transformations, TRIP
and stress-dependent transformation behavior for under-eutectoid steels with different car-
bon content as well as the evaluation of relevant creep models based on measured data (cf.
[BWD*11, WBBD12)).

In summary, the results give a theoretical basis for further mathematical investigation or
the efficient implementation of numerical algorithms suitable for real-world applications.
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