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Gregory Antoni*, Frédéric Lebon and Thierry Désoyer

Return Mapping Algorithms (RMAs) for Two-Yield
Surface Thermoviscoplastic Models Using the
Consistent Tangent Operator

Abstract: The return mapping algorithms (RMAs) presen-
ted here are designed for use with pressure-dependent
thermoviscoplastic constitutive models involving irre-
versible effects associated with solid—solid phase trans-
formations. During the volume solid-solid phase trans-
formations occurring under mechanical loads, an “anom-
alous” plasticity, the so-called “transformation-induced
plasticity” (TRIP), is generated at much lower stress levels
than those related to the yield stress of the material
in the context of the classical plasticity. TRIP mechan-
isms are superimposed on the classical plasticity which
is liable to occur in the case of metallic materials. Based
on a non-standard generalized material framework, two
different models are presented in which an “associat-
ive” plastic flow is introduced in the context of classical
plasticity and a “non-associative” flow rule in the con-
text of TRIP-like plasticity. In this paper, a complete
algorithmic treatment of these two rate-dependent con-
stitutive models is therefore proposed with the associated
consistent tangent operator for dealing the quasi-surface
irreversible solid-solid transformations which can appear
in metal alloys during specific thermomechanical solicit-
ations. The predictive abilities of the presented numer-
ical procedure for modelling this kind of the irrevers-
ible solid—solid transformations involving two plasticity
processes are tested and assessed by performing a two-
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dimensional finite-element analysis on some numerical
examples.
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1 Introduction

The return mapping algorithms (RMAs) are widely used
in non-linear structural problems (see [1-4]) for provid-
ing accurate, efficient and robust iterative methods
associated with numerical integration procedure [5, 6].
RMAs have been classically presented for solving rate-
independent (see [7-9]) and rate-dependent (see [10-12])
elastoplastic problems, and their field of application has
also been advantageously extended to non-associated
plasticity rules (see [13, 14]) and arbitrary yield criteria
without losing their unconditional stability. In order to
preserve a quadratic convergence rate with the use of
Newton—Raphson method, a consistent tangent operator
(CTO) (see [2, 15]) — which has also been called the consist-
ent tangent modulus or linearization modulus - is usually
employed with RMAs.

In this paper, two thermomechanical models are
developed for predicting the behaviour of materials
undergoing quasi-surface irreversible (permanent) solid—
solid phase transformations which are also known as
“Tribological Transformation of Surface” (TTS) (see for
example [16]) or “Tribological Surface Transformations”
(TSTs) (see [17]). Over the years, some of the French rail-
road network’s rails have been affected by the physical
changes of TSTs type on the tread of rails in straight line.
Although the physical origin of TSTs has not yet been
clearly established, it seems likely that the mechanical
loads combined with the thermal effects resulting from
the wheel/rail contact may play a crucial role (see [18]).
The two thermomechanical models presented here are
able to take into account the initiation and development
of these TSTs, especially in the immediate vicinity of the



top of the rails on which the trains run (see [19]), based
on the main assumption that the friction occurring in the
wheel/rail contact area — where the thermal effects are
considerable - is strongly associated with the mechanical
loading mainly applied, i.e., that TSTs are due to ther-
momechanical coupling processes (see [17, 20]). During
the solid—-solid phase transformations which occur under
mechanical loads, an “anomalous” plastic flow, which is
also known as TRIP (transformation-induced plasticity)
(see [21-25]), generally occurs even at much lower stress
levels than the initial yield stress (the softest phase) of the
material in question. Indeed, this TRIP-like mechanism
can be superimposed on the classical plasticity behaviour
which are always present in metallic materials. For sev-
eral years now, TRIP processes have been widely studied
and successfully modelled (see, for example, [26-30]).

In the previous studies, the theoretical point of view
of these thermomechanical models has been mainly
addressed. Especially, the admissible thermodynamic fea-
ture has been investigated (for example, see [20] for a first
tentative model and [31, 32] for two other models strongly
inspired by the former). Derived from TRIP mechanism,
these models have been extended to include thermomech-
anical coupling so that they can be used to account for
TSTs. The present study focuses more specifically on the
numerical point of view on these models involving both
TRIP-like and classical plasticity processes. The imple-
mentation of these models is based on a RMA-type pro-
cedure (see for example [1, 3, 4]) adapted here to take into
account TSTs including these two irreversible processes
(TRIP-like and classical plasticity). A CTO (see [4]) is also
proposed for using with the RMAs. This paper is organized
as follows: (i) the constitutive equations governing these
two thermomechanical models are presented in Section 2,
(ii) the numerical integration associated with the pro-
posed models is developed in Section 3, (iii) the relevance
of this numerical procedure in terms of predictive abilities
is tested and discussed by performing a two-dimensional
finite-element analysis on some examples in Section 4.

2 Thermoviscoplastic constitutive
models: continuum framework

2.1 State equations

This section deals with the constitutive equations gov-
erning two thermomechanical models involving irrevers-
ible solid-solid phase transformations and the effects
associated with these processes. Within a continuum
framework (see [33, 34]) and assuming the presence of

small perturbations, two types of state variables are intro-
duced here: (i) the “observable variables” which are:
(i)-(1) the absolute temperature T; (i)-(2) the total second-
order symmetric strain-tensor (€) which can be written in
terms of thermoelastic (e® and €") and (visco)inelastic
(¢ and €P?) strain variables such as € = € + et +
€P¢ + €P%; (ii) the “internal variables” for describing the
irreversible solid-solid phase transformationsdand the
classical hardening of the material: (ii)-(1) z = p- e [0,1],
which is the mass fraction of the daughter phase (where
p? and p are the partial mass density of the daughter
phase and the total mass density, respectively); (ii)-(2) v,
which is an isotropic hardening variable associated with
classical plasticity.

Each of the above strain tensors, € (resp. €* with

1
* = el, th, pc, pz) is decomposed into its spherical §Tr(e)G

1
(resp. §Tr(e* G)) and deviatoric parts e (resp. e*; see [35]):
1 1
€= §Tr(e)G+ e; €= §Tr(e*)G+ e* ;

1
eh=a(T-T)G ; €¢=e" ; €= —§g(z) G + e

3 o)
—Xz (1%t model)

with g(z) =
(2" model)

where G denotes the metric tensor (in the case of any
canonical basis, G = I where I is a second-order sym-
metric identity tensor; see [35]), Tr(x) is the trace oper-
ator associated with the variable «, (e¢,eth,ePc,eP?) are
the (second-order) elastic, thermal, classical plastic and
TRIP-like strain tensors, respectively, T; is the initial tem-
perature, a is the thermal expansion coefficient (with is
identical in both phases and temperature independent),
g(z) denotes the density change resulting from TRIP-like
processes, { is a material parameter characterizing the
change in the density occurring during the phase trans-
formations and y is a material parameter associated with
changes in the density (see [32] for more details).
Assuming that the material under consideration is
initially untransformed (z; = 0 and €/° = 0) and unplas-
ticized (v; = 0 and e/ = 0), the Helmholtz-free energy
potential per unit mass, 1, is decomposed into the terms
corresponding to the thermal leaks (the irreversible part),
the free energy at constant temperature which can be
immediately recovered by an elastic unloading process
(the reversible part) and the hardening associated with
the classical plasticity and the latent heat of irreversible



solid—solid phase transformation. The state equations are
(see [34]) as follows:

(T-T)* 1 3A+2
Y= Ceyp o Ty (e 8@

1
N [(e— el —eF?): (e— e —e)] + 5hv2
i i

_ % (31 + 20a(T - T) [Tr(e) + g(2)]

IM[T,
— | z2-(T-T? .
+Pi [Zz ( I)Z}“/’l
__ oy
©aT
0=-PG+s
_ W pGA+2) |
b= paTr(e)_ pi 3 [Tr(e) + g(z) - 3a (T - Ty)]
= %—B — eP? — eP¢
s—Pae—piZy(e eP? — ebc)
xm__P Y
pi am

@

where S denotes the local specific entropy, Y™ denotes the
“thermodynamic forces” (so-called stress-like variables)
associated with the variables m = (e’¢,e"?,v,z), 0 is
the Cauchy stress tensor, —P and s are the spherical and
deviatoric parts of the (second-order symmetric) Cauchy
stress-tensor @, respectively, C¢, p and A are the specific
heat capacity and Lamé constants, respectively (which
are identical in both phases and independent of the tem-
perature T), a—i denotes the first partial derivative of t
with respect to the variable %, “:” represents the double
inner product, T7 is the solid-solid phase transformation
temperature, h is a material parameter characterizing the
linear isotropic hardening associated with classical plasti-
city, 9 and M are material parameters associated with the
solid—solid phase transformation and p; = p and y); are
both the initial density and Helmholtz-free energy of the
material per unit mass.

2.2 Yield functions and equations of
evolution

In order to define the equations of evolution of the internal
variable associated with TRIP-like processes (z and eP?)

and classical plasticity processes (v and eFc), two yield
functions fP# and fP¢, which depend on the temperature,
stress and internal variables, are introduced. Following
the classical rate-dependent approaches (such as those
used in viscoplasticity or viscodamage, for example), the
yield functions account for the evolution of the dissipat-
ive processes (i.e. fP* > 0 and/or fP¢ > 0) and can be
used to define the resulting elastic domain in terms of
fP% < 0 and fP¢ < O (where the coupled relations fP* = 0
and fP¢ = 0 represent the boundary of elastic domain; see
[33, 34]).

The two yield functions associated with both TRIP-
like fP# and classical plasticity fP¢ processes are defined
as follows (see [33]):

Oeq + 3XP — (0y:(T) + {B2) (15t model)

(2" model) (3)

Ti-T)\ -
(-1 0; is the TRIP-like yield

where 0,,(T) = exp

stress (with 0y,(T) = 0; wlhen T = Ty, B is a material
parameter associated with the hardening process, w is a
material parameter characterizing a “pressure sensitivity”
1

level (see [32] for more details), 0eq = (g S: s) 2 is the
Von Mises equivalent stress and oy, is the classical yield
stress and (.)* are the Macaulay brackets ((x)* = x when
x>0and (x)* =0whenx<0).

In the case of viscoinelastic case (which is here plastic
type, i.e. viscoplastic), the equations of evolution are:

o i p 2 s @

where “& = %” denotes the total time derivative asso-
ciated with the variable %, nP° and v (resp. n’* and p)
are the flow direction tensors and viscoinelastic multipli-
ers (so-called inelastic Lagrange multipliers) associated
with the classical viscoplasticity (resp. TRIP-like) process
which are defined as:



(fre(o, )

§oyp

PEOED) s (g + 3P
= ®)

+IM [(1-2)T - T?]) (15 model)
A2 n(1, P H(oeg + P

+IM [(1-2)T - T7)) (2" model)

where £ (resp. n7) denotes the characteristic time of the vis-
cous effects associated with the classical plasticity (resp.
TRIP-like) process and H(.) is Heaviside step function
(with H(x) = 1 when x > 0 and H(x) = 0 when x < 0);
see Appendix 1.2 for some additional comments.

3 Constitutive models: discrete
framework

3.1 Integration scheme: Return mapping
algorithm (RMA)

The constitutive equations involved in two models presen-

ted in this study (see Section 2) are implemented numer-

ically using a RMA, [1-4, 36—38]. The following notation is
used for this purpose:

- the quantities denoted by (*);kjl correspond to the (k)th
equilibrium iteration at time t,;.

— the quantities denoted by (*), are known at time t,.
Moreover, the quantities not corresponding to (%)@
are assumed to be given by the previous equilibrium
computation step.

— the incremental finite step A(*)gﬂfl gives the quantity
”x” between time t, and the (k)th equilibrium iteration
at time ty,y, i.e. A%, = ()X, = (),

When the evolution problem is addressed in terms
of discrete incremental approach with a time step Aty.1,
the thermomechanical constitutive equations reduce to a
rule which yields og‘fl, where the mechanical state S, =
(T, Tr(€n), en, €7, €25, z,, vn, 6,) at time t,, and the temper-
ature increment ATy, (or temperature Ty at time t,,,1) are
known and for any given strain increment Aeg?l such as:

o) = R(Sn, DY Trin)

n+l —

(6)

where R denotes the use of RMA (see [4, 39]).

The main steps in the RMA procedure applied to two
thermomechanical models presented here can be sum-
marized as follows:

(i) The “trial” thermoelastic stress tensor aﬁl;(lk) which

is decomposed into spherical and deviatoric parts,
Peh®) and W) respectively (see egs. (2)), are calcu-

lated as follows:

ael,(k) _ _Pfll;(lk)G ¥ sel,(k)

n+11 n+1
with Pt - _ JTion) + KTr(Ae®) - 3k aAT,Hl]
and s®® = s, + 2une®,

@)

1 1
where s, = 0, — gTr(an)G (resp. e, = €, — gTr(en)G)

is the stress (resp. strain) deviator tensor at time ¢,

and x = M is the bulk modulus.

(ii) The following two yield criteria (see eq. (3)) are tested
(see Figure 2 and also [39]):

1 IEfP2(0, pus Tret) < O (resp. fP%(Tnet, PE2Y) < 0) in
the first (resp. second) model and fP¢ (of,l;(lk), vn) < 0,
then the increment will be purely elastic, i.e. Apgi)l =0,
Avgi)l = 0 and we then go directly to [(iv)-(a)].

2. 1 fP%(059, pus Tus1) > O (xesp. fP*(Tyo, P5-%) > 0) in
the first (resp. second) model and fpc(ail;(lk),vn) <0,
then the increment will be a “TRIP-like” one (due only

to solid-solid phase transformation), i.e. Ap(k) > 0,

n+l

A% = 0 and we then go to [(iii)-(a)-(1)] (resp. [(iii)-

n+l

(b)-(1)]) in the case of the first (resp. second) model.

3. Iffpz(are,ﬁ(lk)’pﬁ Tni1) > O (resp. fP#(Tps1, Pflll(lk)) > 0) in
the first (resp. second) model and fpc(afll;(lk),vn) > 0,
then the increment will be both a “TRIP-like” and a
classical thermoviscoplastic one (due to solid—solid
phase transformation and classical plasticity), i.e.
Apgi)l > 0, Avﬂ?l > 0 and we then go to [(iii)-(a)-(2)]
(resp. [(iii)-(b)-(2)]) in the case of the first (resp.
second) model.

4, If fpz(oﬁl;(lk), DPn; Tni1) < O (resp. fPZ(Tml,Pel’(k)) < 0)in

n+1
the first (resp. second) model and fP¢ (af,l;(lk), vn) > 0,
then the increment will be a classical thermovisco-
plastic one (resulting only from classical plasticity),
i.e. Apﬁ,’?l =0, Avg?l > 0 and then we go to [(iii)-(a)-(3)]

(resp. [(iii)-(b)-(3)]) in the case of the first model (resp.
second model).

(iii) Based on eq. (5), Ap(k) >0and AV, > 0are computed

n+l = n+l =

as follows: (i.e. for [(ii)-(2,3,4)]; see Figure 2 and also [39]):
(a) With the first model:
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Figure 1: Geometrical interpretation of RMA: (a) using a pressure-dependent elasto(visco)plastic model in the (G, n)-plane (where

3

S
n=—-=
lIslI 2 0eq

=~ — is the unit normal vector in the deviatoric space with respect to the yield surface and || x | is Euclidean norm); (b) using a

classical elasto(visco)plastic model (with isochoric plasticity in the deviatoric space; see [39]).

(1) in the case of a “TRIP-like” iteration (corres-
ponding only to the TRIP-like processes) (i.e. for

[(D)-)D:
) _ fpz(aiigk)ypn; Ty+1) k) _
Apn+1 - n 0; ’ AVn+1 -
3+ 9Kx2 + B+ 4
Atn+1

(8)

and we then go to [(iv)-(b)]

(2) in the case of a “TRIP-like” and classical
thermoviscoplastic iteration (corresponding to
the TRIP-like processes and classical plasticity)
(i.e. for [(i1)-(3)]):

Bk 7 ok ~(k
Ap(k) _ BC£1+)1 _AE£1+)1 _ C£z+)l
n+l ~ _ AD a
A|{B- —
B
. ©)]
AE, _ C-(k)
Av(k) B B n+1
n+l — P
- AD
B- —
B
where
~ O; -
A=-3u-9xkp - (B 0L B=-3u;
Atn+1

~ ~ 0;

Cgir)l =fpz(ale;(1k),pn; Tpv1) 3 D=-3u-h- Ayp d
7(k) el (k) fra
Engy = fP(00,517 )

n+l »

and we then go to [(iv)-(b)]

(3) in the case of a classical thermoviscoplastic iter-
ation (corresponding only to classical plasticity)

(i.e. for [(ii)-(4)]):

e v

k > 3
AV£1+)1 = - O & Apiw)l =0 (10)
3u+h+
H Atn+1

and we then go to [(iv)-(b)]

(b) With the second model:
(1) in the case of a “TRIP-like” iteration (correspond-
ing only to the TRIP-like processes) (for [(ii)-(2)]):

k) (1-2zp)" <Tn+1 < (Pn)+>)
Ap,, =Atpi —exp| -
n+l1 n T;.Z w
HP,) ¥, =0 (11)

and we then go to [(iv)-(b)]
(2) in the case of a “TRIP-like” and classical ther-
moviscoplastic iteration (corresponding to the
TRIP-like processes and classical plasticity) (for

[GD)-(2)]):
K (1-2zn)" (Tan (Pn)"
Ay =ty 2 (;; ~exp (-
pe( LK)
H(Py) s, - TOn ) U’V"; (12)
3u+h+ 22
a Atn+1

and we then go to [(iv)-(b)]
(3) in the case of a classical thermoviscoplastic iter-
ation (corresponding only to classical plasticity)

(for [(iD)-B3))):



Figure 2: Flowchart for the numerical integration of the constitutive equations involved in two models.

L,(k)
o PO vn) 5
A"Su)l = o n{ ; Apgﬁ)l =0 (13)
3u+h+ -2

n+1

and we then go to [(iv)-(b)]

(iv) Updating the mechanical state S, (see egs. (2) and
(4)- (5)) gives (see Figure 2 and also [39]):
(a) in the case of a thermoelastic iteration (i.e. for

[(iD)-(2)-(1)] and [(ii)-(b)-(1)]):

otk =0l s el e s e = e s

n+1 n+l

L (S
Zne1 =%4n 5 Vpa = Vn

(14)

(b) in the case of a thermoelastoviscoplastic iter-

ation (i.e. for [(iii)-(a)-(2,3,4)] and [(iii)-(b)-
(2,3,4)):

ol =[P s (341 6 -

n+1
-2u [Aeﬁi’l(k) +A€? C’(k)] ;

n+1

efli,l(k) _ egz A epz,(k) . epc,(k) _ egc A €pc,(k) .

n+l > Fn+l

n+l
k k k k
Z$1+)1 =2Zn+ (AP£,+)1 H V£:+)1 =Vn+ AV51+)1
(15)

with the increment of classical plastic (resp.

TRIP-like) strain A&® (resp. Ae?*M) and the



increment of mass fraction Azgi)l which are given
by (see eq. (4); see also Appendix 1.3 for some

additional comments):

k
M
1,(k) n+l
(Oﬁﬂ )eq

n+1

aerelo _ 3
2

(k)
@ 3 Ap 1(k (K K
Aeﬁil - 2 ( el (753 sfl+(1) ; AZn+)1 = (Ap£1+)1
ot

n+l

(16)

3.2 The Newton-Raphson method and its
variants with a consistent tangent
operator

3.2.1 Overall equilibrium problem: The
Newton—-Raphson method

The classical Newton—-Raphson algorithm used to solve
the overall equilibrium problem requires the use of a
global tangent operator which is also called the “global
tangent modulus” or ”global tangent stiffness” (Figure 3-
(@)). In order to ensure a quadratic convergence, the
global tangent operator must have as its main feature to
be compatible with Newton—-Raphson method. Therefore,
the local tangent operator, which is determined at each
integration point in the structure and then assembled
to form the global tangent operator, must also have
the property of being “consistent” with the integration
scheme used for the local inelastic material behaviour (see
[39]). However, in the case of some non-linear structural
problems (involving a large number of finite elements),
the classical Newton—-Raphson method can no longer be
envisaged since it involves a prohibitively long computing
time due to the factorization of the global stiffness matrix
(associated with the tangent operator) which is updated at
each loading increment (see [40]). To address this issue, a
modified Newton—-Raphson method [41] (in which a con-
stant tangent operator, such as the elastic operator, is
used) is taken to be an effective solution, and although
it does not lead to a quadratic convergence, the calcula-
tion time required is much shorter than with the classical
method (Figure 3-(b)).

For solving a non-linear problem with the Newton-
Raphson procedure (to (k + 1)th iteration at time t,,1), the
overall equilibrium must check:

n+1 n+1 n+1

{R(k+l)} _ {O} — I:K:(k) ]{6u(k+1)}

R = EE - @)

{F}

exr
{f7l+l}

in,(k+1)}
n+1

{F

in, (k)
(F )

{]__i'n,(l)}

n+1

in,(0) L___ | | !
(Fi©@y pf : : :

L) L ke
{‘6un+11} 1{5“'.(,:11] ? } ‘

@Dyt

{“9L+1} {“}Hl} {“51/4-)1}

(a)

{u}
{F}

exr
{‘7:71,+1 }

{fi1l,(k+1)}

n+l1

et

)

EN N N A
Ly b e
Gupdyp (sali)

n+;‘
i ]
I I
| |

{u}

{unt1}

(5) (k4D

0 1
{un+1}{un+1}{un+] n+1

(b)

Figure 3: Geometrical interpretation of the Newton—-Raphson
method for overall equilibrium problem with (a) exact tangent
operator,

(b) constant tangent operator (elastic type; see [33, 39]); Notations:
{ug,1} = {un} and {F"} = {Fin.

n+l1

where {x} (resp. [x]) denotes a quantity of vector type

' 3 {R} (k) Nelem
(resp. matrix type), [/cf{jﬁ] = [ 3 {u}} = > [Kﬁ.’i)l]j
n+1 j=1

is the global tangent stiffness matrix to (k)th iteration at
time tn, (with Ne®™ is the total number of elements in
the structure considered), {su®*"} = {u®D1 - W} =

n+1 n+1 n+1

{Augfll)} - {Aul(q’?l} is the (unknown) increment displace-

ment vector to (k + 1)th iteration at time tn.1, {F54} is
the vector of external (applied) forces at time t,,,1, {}‘,’;'f;l(k)}
is the vector of internal forces to (k)th iteration at time
the1 and {Rg‘jl (resp.{Rgfll)}) is the residual force vec-
tor to (k)th (resp. (k + 1)th) iteration at time t,,; which
characterizes the imbalance of the equilibrium equation
(i.e. the overall equilibrium of the structure is reached

when the Euclidean norm of the residue equilibrium




||{RE1’f11)}|| is less than a tolerance parameter pror

such as [I[{R®YY] < prow).

n+1

3.2.2 Local consistent tangent operator (CTO)

In this section, we propose to develop the local CTO (see
Figure 4; for example [2]; [4]; [39]) associated only with
the first model ﬁfi(SH,Aeg?l; Tpi1) (which is a fourth-
order tensor; see [32]) at constant temperature T = Tp1,

i.e.:

K) ®) d oy
n+1(8ny Aeyis Tnet) = rz,t)
n+11T=Tpyy
_ I R(Sy, Aei,li)l; Tpi1) (18)
onel,

In line with Section 2, the Cauchy stress tensor ag‘fl =

R(S,, Ae® Tn.1) reads as follows:

n+1’

K
051431

-0, + &1 06y +x[g (828)) - 300Ten | 6
-2y (8 + nebo)

n+l n+l

(19)

1
where £ = 3k (G® G) +2u [G G- §G® G} denotes the

elastic stiffness operator (fourth-order tensor associated
with Hooke’s law) and ® (resp. x) is the classical (resp.

g
k
£ - ’Pgw)l
(k)
Ops1 [~ """ 7 |
o - |
£/ 1 ne™) |
k
€n €’EL+)1 €

Figure 4: Geometrical interpretation of the local CTO 7'”(1‘% (see [39]).

non-classical) tensorial product (see [35]) such that in any
canonical basis {e; ® e; ® ex ® ej}, i.e. [G ® Gliju = 6;i6u

1
(resp. [G ® Gl = §(5ik5j1 + 663)) (see [39]).

After combining eqgs. (18) and (19), the local CTO 7;[@
reduces to:

& if the thermoelastic
evolution occurs
(case [ii]-(1); see

’7;(2 (Sn, Aeg?l; Thi1) = Section 3.1)

else (case [ii]-(2,3,4);

see Section 3.1)

£-PY

n+1

(20)

where P is the operator of “inelastic-corrections” (i.e.

fourth-order tensor caused by the irreversible processes;

see [39]) which reads:

1. in the case of a “TRIP-like” iteration (corresponding
only to TRIP-like processes; case [(ii)-(2)], see Sec-
tion 3.1):

el,(k)
sn+1 sn+1

el, (k) ® el,(k)
0n+1 eq 0n+1 eq

1
+mb®[GEG—§G®G}+%ﬁ%%NG®m

el (k)

Pr(l,i)l =3u (3}1 afﬁ)l - bgi)l) (

n+l

© sel,(k) el,(k)
- 9K MY Apyy ﬁ ®G+G® #
(onil ) (Unil )
eq eq
(1)
with
®) 1 :
Apyy = n0; >
oo 1)
Atn+1
()
Ap
k
R T 22)
<0n+l )eq

2. in the case of a “TRIP-like” and classical thermovis-
coplastic iteration (corresponding to both TRIP-like
and classical plasticity processes; i.e. case [(ii)-(3)], see
Section 3.1):



sel,(k) sel,(k)
’Pr(lli)l - agi)l ;:13) e?:kl)
(Unil ) <Un;1 )
eq eq
1,(k) el,(k)
5 s:?Hl Sn+
+b (O_el,(k)) ®Gl+|CG® (ael,(k)>
n+1 eq n+l1 eq
~(k) 1 ~
+C |GR G~ §G®G +dGeG
(23)
with
3u (A 1)
e k
a® — 3y B ) 260
n+l 5 Af) (Oﬁ{r(lk))
- —= eq
B
o (B -A) E
(. ab\ A |’
A|B- —
B
H_ 7 (k)
~ B-A . A
b g | e e
B - — <0n+1 )eq
B
~ 3 24,2 B
- B -1
A 5 AD
B
and
- 5 -
A=3u-9xP-B- b 5 B= 3
Atn+1

Bo3u—h-

. in the case of a classical thermoviscoplastic iteration
(corresponding only to the framework of classical plas-
ticity; i.e. case [(ii)-(4)], see Section 3.1):

® ® sel,(k) sel,(k)
_ ~ 7 n+l n+1
Pn+1 - 3’1 (3}161 bn+1) (Uel’(k)) ® (0_81,(1())
n+1 eq n+1 eq
~ 1
+2ub®, [GG—§G®G] (24)

with

1 )

. B(k) _ Vet
opé\
h yp
(3y+ + AL >

a = n+l = 3’"‘ eI,(k)
(0n+1 )e
n+1 q

4 Numerical examples

Using the numerical procedure presented in Section 3,
these models have been implemented in the finite-
element software Code_Aster (which is developed by
French nuclear power company known as EDF Group).
This section is devoted to test, assess and discuss both
the predictive abilities associated with RMA numerical
procedure involving two plasticity type processes (see
Section 2) on some numerical examples.

4.1 Geometry and boundary conditions

Let Q be a two-dimensional material domain (square in
shape, measuring 100 mm on the side) in the x — y plane.
The boundary of Q denoted by 9Q will be divided into six
line segments (see Figure 5-(a)):

3Q = [AB] U[BC] U [CD] U [DE] U [EF] U [FA]  (25)

where [BC] denotes a part of the upper side of the square,
which is 100 mm in length. In Q, a finite-element mesh
composed of approximately 3000 quadratic TR6 triangu-
lar elements is generated with a more highly refined mesh
in the vicinity of the line segment [BC] (see Figure 5-(b))
where the loading is applied. This mesh is systematically
used in all the numerical simulations presented in this
section.

4.2 Preliminary thermal problem (PB1)

We consider here a weak thermomechanical coupling
with the presented two models (see Section 3), i.e.
the temperature field affects unilaterally the mechan-
ical fields. Due to the thermal boundary conditions (see
Eg. 26), the temperature field acting in Q can therefore be
computed without any mechanical considerations.
Neglecting the source terms corresponding to ther-
moelasticity, classical plasticity and irreversible solid—
solid phase transformations and considering the case
of steady-state conduction, the heat equation reduces
simply to Div(Grad(T)) = O (with Div(t) and Grad(#) being
the divengence and gradient operators associated with the
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Figure 5: (a) Two-dimensional material domain (square in shape, measuring 100 mm on each side) in the x — y plane (origin: o) and boundary
conditions pertaining at [BC]; (b) Zoom of the refined mesh.

300
.

375

450
|

Figure 6: (a) Steady temperature field for thermal problem PB1 (with temperature unit is Kelvin K).

variable t and #, respectively). Using of standard linear
thermal subroutine associated with the finite-element
Code_Aster enables to provide the corresponding temper-
ature field which is plotted in Figure 6. When dealing with
this purely thermal problem PB1 (where the mechanical
boundary conditions do not need to be taken into account
in 8Q), the temperature field is assumed to be a plane field
and the thermal boundary conditions are such that:

T=T;=300K on [AB]u |[CD]u [DE]u [EF]u [FA]

T = T% = 450K on [BC] (26)

The maximum temperature (i.e. imposed externe
temperature T%) is equal to 450K at [BC], whereas the
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temperature on the other sides of the square remains to
the room temperature (i.e. initial temperature T;) which is
300K.

4.3 Thermomechanical problem (PB2)

In this thermomechanical problem (PB2), the temperature
field calculated in the preliminary thermal problem (PB1)
(see Section 4.2) is used as an initial data, i.e. the tem-
perature field associated with the subproblem PBI (see
e.g. [42]) noted Ty is used here as a known parameter.
Therefore, the Cauchy stress tensor @ can be written as
follows:



0 = 0o +kTr(€)G + 2u (e - €)
with 0o = k [g(z(To)) - 3a (To - T})] G - 2ueP*(To) (27)

where g, denote the thermal prestresses associated with
PB1, z(Ty) and eP*(Tp) represent the variable z and e”?
which depend on the temperature field Ty associated with
PB1.

Under the plane strain assumption, the mechanical
boundary conditions are as follows (see [34]):

u=0on [EF] ; on=0o,n+0:=0

on [AB]u [CD]uU[DE] U [FA] ;

on=-0-e =-0pey— lotllex on [BC]
1

) x\2\ 2
with o, = ¥ ¢ 1-(§> and [o7]) = |04

where P8 = 100MPa.s™! and u = 0.3 (28)
where o-n = 0,n+0; denotes the stress vector, o, = (o-n).n
(resp. o) is the normal (resp. tangential) component asso-
ciated with stress vector, x (resp. t) is the spatial (resp.
time) variable, PS is the value of the maximum pressure
rate, “.” is the simple inner product, || * || is the Euclidean
norm, | * | is the absolute-value function (]x| = x when
x < 0, |x| = xwhen x > 0) and (ey, ey) is the orthonormal
basis. It is important to emphasize that (i) an additional
relation between normal and tangential stresses is con-
sidered here i.e. ||6¢| = u |0n| where u is a parameter; (ii)
it can be deduced from eq. (28) that the maximum of pres-
sure g, = P$ is reached in the centre of [BC] (i.e. when
x = 0 then P8 = 1000 MPa at time ¢t = 10s) and the min-
imum is achieved on the edge of [BC] (i.e. when x = +5 mm
then P$ = 0 MPa at time t = 10 s).

The materials simulated in the two models have
the following mechanical parameters in common (corres-
ponding to a standard steel type; see [34]):

A =115 x 10°MPa ; p = 77 x 10°MPa ;
pi =78 x 10~ 'kg.mm > ;
a=1210"°K"; gy, = 400MPa; h =2 x 10°MPa;

£=25%x10’s;6=0 (29)

On the other hand, the specific mechanical parameters to
each model are (see [32]):

1 _
X =33 0i = 75MPa; {=10?; B=5MPa;
n=13x10%; (first model)
T? = 1000K ; w = 700MPa ; { = 10°;
n=10°s (second model) (30)

4.4 Discussion and results

The z-field at time ¢t = 10 s, when P(x = 0) = 1000 MPa, is
plotted in Figure 7-(a) (resp. Figure 7-(b)) in the case of the
first (resp. second) model. Note that with the first model
(see Figure 7-(a), a complete transformation is obtained
(i.e. z = 1) in the region where the thermomechanical
loading is applied. The z-field observed in Figure 7-(a),
along the o - y axis, is extended down to a depth of about
5mm, zZ = Zpgx = 1 which shows that the material is fully
transformed (only one phase is present in this region).
However, at a depth of 5 < y < 5 mm, a mixed zone occurs,
where the parent and daughter phases are both present.
Beyond this depth, at around y ~ 50 mm, only the initial,
untransformed material (i.e. z = 0) could be observed. In
the case of the second model (see Figure 7-(b)), the trans-
formation occurs in the immediate vicinity of the surface
[BC] where the thermomechanical loading is applied. The
z-field observed in Figure 7-(b) is quite non-uniform, on
the o — y axis such as: (i) z = zmax ~ 28 x 1072 wheny = 0,
which corresponds only to a partial transformation occur-
ring at the place where the thermomechanical loading is
applied; (i) z = 13.1072 when y »~ 35 x 10" mm. Beyond
a depth of around 6 mm, which is the maximum depth
transformed, the transformation is zero (i.e. z = zyin = 0)
and therefore the material is still in the initial state.

The v-field obtained with the first and second models at
time t = 10 s is plotted in Figure 8-(a) and Figure 8-(b). It is
worth noting that, in line with the numerical implementa-
tion (see Section 3), the results obtained with the models
show that TRIP-like and classical plasticity processes are
highly correlated. As can be seen from Figure 8-(a), the
first model gives v = Vi ~ 62 x 107* on [BC], where
the thermomechanical loading is applied. Concerning the
second model (Figure 8-(b)), v = vjuin = 0 at [BC] and a
maximum value Vg is reached around 21 x 1073 in Q.

In short, these results show that the first model can
predict the occurrence of a complete “quasi-uniform”
phase transformation (i.e. z = 1) near the surface where
the thermomechanical loading is applied. The second
model is able to predict a transformed region which has a
smaller depth than that given by the first model, i.e. z # 1,
Vx e Q.

On the other hand, even if the region near the surface
where the transformation occurs is overestimated (with
both models) in comparison with the experimental data
obtained on the TSTs in the wheel/rail contact area —
where the maximum depth of TSTs hardly ever exceeded
10~ !mm in practice (see [19]) — the problem studied here
does not take into account neither nonlinear contact with
the dry and lubricated friction (see e.g. [43]) nor the strong

11



0 0.131
I

0279
E— ]

Figure 7: z-field for thermal-mechanical problem PB2 at time ¢ = 10 s predicted by the first model (a) and the second model (b).

multiphysics coupling (see e.g. [44]) — here, thermomech-
anical type — which can certainly play a role in TST
predictions.

The obtained results here confirm the numerical abil-
ities of RMAs developed for use with the proposed thermo-
mechanical models for predicting quasi-surface irrevers-
ible solid-solid phase transformations in the presence
of two plasticity mechanisms. These different simula-
tions are carried out using a modified Newton—-Raphson
procedure with a constant tangent operator (here, the
elastic operator, see Section 3.2) in a total number of 16
incremental step with each model (where the number of
incremental steps is chosen for providing a suitable con-
vergence for each step and therefore do not perform a sub-
step procedure). The Euclidean relative norm of the resid-
IHREH
RO

n+1
resulted in the convergence of the finite-element solution

CIHREY

sy T

RO

n+1

ual force vector with a tolerance pror = 107®

< 107 (see [45]). The convergence of the
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relative norm associated with the residual vector at five
incremental steps out of 16 performed with each model is
shown in Tables 1 and 2 (with the first and second mod-
els, respectively). The results presented in Table 1 clearly
show the occurrence of a non-quadratic convergence pro-
cess (with the elastic operator) for residual norm in the
case of the first model. Those presented in Table 2 show
that although the elastic operator is used in the second
model, it gives a satisfactory convergence rate. Indeed,
the non-linear processes involved when the first model
is used are higher than in the case of the second model
which means that the use of the elastic operator with the
second model has sufficed to obtain a suitable conver-
gence rate (i.e. quasi-quadratic), which is not the case
with the first model. Based on both these non-linear pro-
cesses and the use of an elastic operator, the first model
required a reasonable maximum number of iterations dur-
ing all the incremental steps in order to converge towards
the solution of the displacement vector associated with
the problem studied.
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Figure 8: v-field for thermal-mechanical problem PB2 at time ¢ = 10s predicted by the first model (a) and the second model (b).

(k+1)
Table 1: Relative norm of the residual force vector ||{Rn(7;)1}|| at some of the steps performed with the first
odel [I{Rpsa}l
Iteration (k) Third step Fifth step Seventh step Eleventh step Fourteen step
0 6.4901E-02 1.2631E-01 2.9511E-02 7.0043E-02 1.2664E-01
1 3.7643E-03 9.3909E-03 6.7415E-04 4.1950E-03 1.3985E-02
2 3.2192E-04 4.7753E-03 5.8018E-05 1.5301E-03 9.4971E-03
3 3.8773E-05 4.4985E-03 4.8591E-05 7.3359E-04 7.8342E-03
4 6.2836E-05 3.6453E-03 1.2140E-06 1.8236E-04 7.0522E-03
5 1.0178E-06 3.6556E-03 3.5130E-08 1.3221E-05 8.6781E-04
6 1.6449E-07 2.5014E-03 1.1421E-06 1.2036E-04
7 3.1181E-04 1.0488E-07 1.7778E-05
8 4.2088E-05 2.6261E-06
9 5.8927E-06 3.9029E-07
10 8.4919E-07

5 Conclusion

In this paper, a numerical procedure is presented, based
on RMA for dealing with two-yield surface thermovisco-
plastic constitutive models. The two thermomechanical
models developed in the consistent continuum framework

can be used for predicting the quasi-surface irreversible
solid—solid phase transformations which can occur in
some practical problems such as TSTs on the railroad net-
work’s rails, for example. Apart from the classical plastic
behaviour which always occurs in metallic materials,
these models account for TRIP-like processes occurring

13
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n+1

Table 2: Relative norm of the residual force vector

at some of the steps performed with the second

IHRE3
model.
Iteration (k) Third step Fifth step Seventh step Eleventh step Fourteenth step
0 8.2293E-04 8.0649E-04 3.0661E-03 2.6114E-03 5.9755E-04
1 1.9353E-06 2.8524E-06 3.6353E-05 3.5783E-05 4.5425E-07
2 5.5642E-16 5.5643E-16 3.7097E-16 5.5651E-16

during solid—solid phase transformations under mechan-
ical loading conditions. In order to simulate these two
processes numerically, a complete algorithmic treatment
is presented, based on the use of two rate-dependent
constitutive models along with the associated CTO. The
numerical abilities associated with the algorithmic pro-
cedures used in the proposed models are tested, assessed
and discussed on some examples. The obtained res-
ults show that these models can be able to predict the
quasi-surface irreversible solid—solid phase transforma-
tions involving two plasticity type processes.

A Comments
A.1 For Section 2

(S2)-(i) Concerning the yield functions associated with
TRIP-like processes, we consider a Drucker—
Prager type (see [33]) for the first model and a
non-standard type for the second model (which
is based on the observed physical arguments by
[18]).

For the internal state variables associated with
classical viscoplastic (e’¢) and TRIP-like (eP?
and z) processes, an “associative” and a “non-
associative” flow rule are adopted (egs. (4)- (5))
(see [33, 34]).

The two thermomechanical models presented
here are thermodynamically consistent (see [17,
32]), i.e. they comply with the second principle
of thermodynamics (see [34]).

(52)-(ii)

(S2)-(iii)

A.2 For Section 3

(S3)-(i) A strong thermomechanical coupling exists
between the thermal and mechanical evolu-
tions through T and ¢ and are not taken
into account here in the numerical imple-
mentation. Therefore, the source terms present
in the heat equation - corresponding to the
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thermoelastic, classical plastic and irreversible
solid-solid phase transformation processes — are
neglected. Indeed, throughout this section, we
consider only a weak thermomechanical coup-
ling, i.e. the thermal effects affect unilaterally
the mechanical evolution and this leads to the
temperature T, and its increment, ATy41 = Tne1—
Ty, are assumed to be known at time ¢,,.

For the sake of numerical simplicity, the latent
heat due to the solid-solid phase transforma-
tion is not taken into consideration here, i.e.
6=0.

The RMA procedures, used with for these two
models, are based on the following two-fold
condition (see [32]):

(83)-(ii)

(S3)-(iii)

fpz(oﬁli(lk) s Pn; Tnt) — fpz(Ug?p Pn

+Apg?l; Tni1) >0 (15t model)

fP?(Tyaq, P00 — fp2(Ty, PR > 0 (254 model)

n+1
and

k)

Vn; Tnat) _pr(a(k) Vn + AV$I+1§ Tni1) 20

n+1°

£Pe( ael(k)

n+l »

€3y

Using eq. (3), we can see that fP# (in the first model)
and fP¢ are two convex functions with respect to the
couple of variables (g, p) and (g, v), i.e.:

— in the case of classical plasticity process:

ofPe . (x 1k 0 ofF° X X
ET3 0% : (0% - o®) - E(vn + v )Hm®,
(k) , <)
= Av(k) 97}1 M (32)
n+l 2
2 ([ eq()
>0 (0n+1 )

>0

- in the case of TRIP-like process (for the first model):



3f k 1k 0y offf k K
(0£z+)1 : (0 fz+(1) £1+)1) - g(pn + Apin)l)Apiu)l
(k)
9 s,
gi)l 2"1 n+1 (k)ml 9KX2 +(2ﬁ >0 (33)
o | 2 (o)
>0

Therefore, we can see that eq. (31)-(a) and (31)-(c)
are automatically found to have with the above property
(egs. (32) and (33)).

— inthe case of second model, eq. (31)-(b) is also satisfied
since that:

(k)

Pl _ AZ;“ >0 with Az¥ >0,

n+1

pl _

n+1

k>0 and {>0 (34)
(S3)-(iv) When RMA step [(ii)-(2)] has been checked,
then the response of the model is pressure-dependent
elasto(visco)plastic (see [11, 12]) due only to the TRIP-like
process (Figure 1(a)). Therefore, the “trial” elastic stress
tensor, af,ﬂl, is subject to an “oblique projection” onto the
yield surface pr(a;’?l, Pn+1; Tne1). However, when RMA
step [(ii)-(4)] is satisfied, then the model is elastovisco-
plastic due to only the classical, isochoric plastic process
(Figure 1(b)): the “trial” elastic stress deviator tensor,
sfllﬂ, is subject here to a “normal projection” onto the
yield surface fpc(ag?l, Vne1; Tnsr). It is worth noting that
the RMA is associated with case (b) of Figure 1 known as

“Radial Return Algorithm” (see for example [46, 47])

(S3)-(v) The rate-dependent case is used in the RMAs with
both models as follows:

pz (5 (K) T, *
f (0n+1’ pml, n+1) ®
® r]& H(1 - (pn+1
Apy !

Atn+1

(1t model)

7> (fPZ(Tn+1, P(k)1)> H(PY)) (2 model)
and

() 003\
Avff‘) <fpc(0n+1’ n+1 >
Atpa $oyp

(35)

Rate-independent cases, where the viscous effects are
negligible, can be treated like rate-dependent cases when
the characteristic times of the viscous effects tend to zero,

i.e. p — O (in the case of TRIP-like processes) and
& — 0 (in that of classical plasticity); see [33, 34, 48].
Therefore, the rate-independent inelastic case can be con-
sidered as a limiting case of rate-dependent inelastic (so-
called viscoinelastic) [48], e.g. the classical instantaneous
plasticity is a borderline case of the viscoplasticity.

In the rate-independent case (e.g. in classical plasti-
city), the elastic/plastic regime under loading/unloading
condition is determined by Kuhn-Tucker relations such
as:

f<0, A>0and Af=0 (36)

In line with eq. (36), we can see that (i) an elastic
regime is obtained when f < 0 and A = 0; (i) an
elastoplastic regime is achieved when f = 0 and A> 0
(iii) a fully plastic regime is reached when f = 0 and A > 0.
In the case of rate-independent plasticity (known as clas-
sical instantaneous plasticity), the plastic multiplier Ais
obtained with the consistency condition: f = f=o.

In order to use the same approach in the rate-
dependent case, the yield functions associated with TRIP-
like and classical plasticity processes (eq. (35)) can be
written in the following form (see [48]):

- fpz(agil, Prs1; Tni1) < 0 in the first model (resp.
fPZ(T,,+1,P(k1) 0 in the second model) is replaced

. _A
by P20, prsis Tust) = fP% - néy LLE R (resp
Aty
(k)
~ Ap
PZ(T,01, p ) = fr7 - n n+l
A B =17 = @) Abyy

~ fP(0%)), V1) < O is replaced by ('}, V1) = f7€ -

(k)
A
§oyp

n+l1 <0
At)1+1

(S3)-(vi) In the second model, a semi-explicit approach is
used to implement the RMA. Indeed, an implicit approach
is considered with RMA procedure, except when solving
the consistency condition (where the approach is expli-
cit):

®) *

A 1-{p ’

APniy _ M <pr(T,,+1,P§1"))> H(PYP)
Atn+1 rl

G7)

(S3)-(vii) Figure 2 shows a flowchart with main steps for
the numerical integration of the constitutive equations
involved in two models.

(S3)-(viii) In the first model, and in the case of a ther-
moelastoviscoplastic iteration (i.e. case [(ii)-(2,3,4)]; see
Section 3.1), the fourth-order tensor P has symmetry
properties. In the classical thermoviscoplastic iteration
(i.e. case [(ii)-(3)]; see Section 3.1) corresponding only to
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classical plasticity processes, the fourth-order tensor P
has the same symmetry properties than the elastic oper-
ator &, i.e. P is a fourth-order symmetric operator (see
[39D).

(S3)-(ix) Figure 4 shows the geometrical interpretation of
local CTO 7’,1(1‘% in line with eq. (20) (see [39]).
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