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Abstract. The aim of this work is to derive the behavior for an austenitic single crystal from which the overall
behavior of polycrystalline TRIP steels can be deduced using classical scale transition method. The micromechanical
modeling is based on the kinematics, kinetics and continuum-thermodynamics of the martensitic transformation.
Plastic strains of product and parent phases as well as the volume fractions of each martensitic variants are taken as
the internal variables describing the microstructure evolution of the single crystal. From the derived Helmholtz free
energy and dissipation, we obtain the driving forces acting on these internal variables according to the irreversible
thermodynamic formalism. First results are presented and discussed in the case of a thermomechanical shear test.

1. INTRODUCTION

The transformation induced plasticity deals with at least two inter related inelastic strain mechanisms: plastic
flow by dislocation motion and the inelastic transformation strain related with the martensitic phase change.
In addition to the usual thermoelastic properties which may be assumed homogeneous for usual TRIP
materials like steels, the plastic behavior of an austenitic-martensitic two-phase material appears strongly
heterogeneous. According to the diversity of active strain mechanisms and the evolutive microstructure,
various couplings have to be described. From a kinematical point of view, a volume element suffers a
plastic strain in its austenitic state, followed by the instantaneous transformation strain according to discrete
values of the possible set of transformation strains and plastic flow in the martensitic state. Beside the
chemical part of the free energy, the elastic part is due to applied stresses but also to internal stresses
generated by the incompatibilities of the whole inelastic strain field (plastic+transformation). These
couplings lead to two well known effects [1]:

- the Magee [2] effect (or orientation effect) corresponds to the orientation of the transformation (or to the
variant selection) by internal as well as by applied stresses,

- The Greenwood-Johnson [3] effect (or accommodation effect) is related with accommodation by oriented
plastic flow of austenitic and martensitic phases due to the local stress field inside both phases.

Except some phenomenological laws and finite element calculations [4, 5, 6, 7, 8], the study of the
constitutive equation for the TRIP steels is yet much developed as compared with shape memory alloys.
The aim of this work is to derive constitutive equations for an austenitic single crystal undergoing
martensitic phase transformation within a thermodynamic and micromechanic framework taking into
account both the orientation effect (Magee effect) and the accommodation effect (Greenwood-Johnson
effect). The progress of the transformation is assumed to result from the nucleation and instantaneous
growth of new martensitic domains considered as ellipsoidal inclusions. The Helmholtz free energy and its
evolution including the chemical part are deduced from a micromechanical analysis in which the elastic part
is obtained using simultancously the classical plastic inclusion problem together with interface operators.
The theoretical model is applied in a simple case corresponding to a macroscopic shear where only one
martensitic variant is assumed to appear together with simple slip in austenite as well as in martensite.

2. KINEMATICS AND PHASE TRANSFORMATION KINETICS

The continuum mechanic aspects of a thermomicromechanical approach for the behavior of heterogeneous
materials are usually based on the description of a representative volume element (RVE), which contains
enough microscale deformation information. Let us consider the austenitic single crystal as a RVE with

volume V and external surface dV. The reference configuration consists of a pure austenitic phase assumed
to be stress free. The current ¢onfiguration corresponds to the volume V under a thermomechanical load, a

temperature T and uniform stress X (or uniform strain E). At this stage of transformation a certain number
N of 24 crystallographically possible variant I with corresponding stress free transformation strains £%7 has
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developed with volumes VI, boundaries S and corresponding volume fractions f7 =VI/V. The typical
shape of a martensitic domain (or variant) is a plate or lath with small ratio of thickness to other
dimensions. The martensitic transformation consists of nucleation and growth processes corresponding to

boundary motions of martensitic domains VI whose velocities are different from those of material particles.
Consequently, the kinetics of the martensitic transformation can be described by the volume fraction rate
which is linked to the velocity w! of the boundary §! through the following relation

f"=%fw{, nl dsi, )
s

where nl, are the components of the unit normal vector to the boundary §/. Each variant is characterized by
an habit plane normal N, a direction of transformation M and the amplitude g of the transformation strain
considered as a material constant. Starting from the crystallographic theory of the martensitic transformation

[91, we can calculate the transformation strain €% of the variant I as

1
! = gk} =~ g(MIN} + MIN]), @)

where R! is called the orientation tensor of the martensitic variant /.

In case of TRIP steels, the deformation field results from several strain mechanisms:

- an elastic part £¢(r) due to the elastic deformation of martensitic and austenitic lattices,

- a plastic part €p(r) due to the plastic flow of parent and product phases associated with creation,
annihilation and movement of dislocations (slip),

- the transformation strain et(r) due to the inelastic change of lattices during phase transformation and
lattice invariant strain,

- the thermal strain £t (r) which is usually low compared with the other strains and therefore neglected in
the following. With small strain hypothesis, the total strain can be decomposed as

g(r)=¢€e(r)+ep(r)+eu(r), 3)
The total macroscopic strain E of the RVE is the average over the volume V of the local strain g(r )

E= % ‘j, £(r) dv. @

If we assume that the martensite and austenite phases have the same elastic tensor C, equation (4) leads to
E=Ec+Ep+Et, )
where Ep and Et are respectively the macroscopic plastic and transformation parts of the overall strain
defined by
Ep= -‘17jsp(r) dV =(1-f)€pra + fEpM, Etc = %J‘efr(r) av=y flgur = 8> fIRI 6)
v % I I

and Ee the elastic part linked to the overall stress X using the linear elasticity ( Ee = C-1X). Epa is the
average plastic strain over the austenitic phase, £pM is the one over the martensitic phase and f its total
volume fraction. It will be necessary to follow not only the mean value of plastic strain inside the volume
VM of martensite but also for each martensitic variant (volume V) so that we can write

fEem =Y fIEMI, ’ 0]
1

where €M is the mean plastic strain over the volume of the variant / composed by a set of elementary
martensitic domains. In fact, the plastic strains of each martensitic domain belonging to one variant are
different since the domains are formed at various times where the plastic strain inside the austenite is
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different. From the current stage, a thermomechanical loading (an imposed stress rate X and a uniform

temperature 7°) lead to the formation of new martensitic domains with an instantaneous growth as well as to
the plastic flow of the austenitic phase and the pre-existing martensitic domains. The elastic overall

response Ee of the RVE is known. In the following our attention is focused on the evolution of the
inelastic part Et = Ep + Etr which is the mean value of the inelastic local strain £%®(r) = gp(r)+ &t (r)

Ep=_ Jew(r)av. ®
|4 v

The inelastic response Et due to the thermomechanical loading ¥ and 7 can be calculated through the
time derivative of (8) by taking into account the jump of the local inelastic strain e€t(r) across the
boundaries $7. We obtain the following form

. _df1 1. 1
Ew =E[V ‘j, gt(r) dV)= v {, to(r) dV—Vz,“ sjl [ee(r)]' wk nk dst, ©)

where €tp(r)= et (r)[ ot is the rate of the local inelastic strain and [gtp(r )]’ its jump across the moving

boundaries S7 corresponding to the formation of new martensitic domains. With the instantaneous growth
assumption and after some average operations, equation (9) is reduced to

EY = (1= SIS B/ yn+ S FIBf n+ B f1. (10)

where yn and 7In are the plastic slip rates on glide systems n of austenite and martensitic variants,

respectively. PA» and Pls are the corresponding Schmid tensors.

Equation (10) shows the nature of internal variables describing the evolution of the RVE microstructure
associated with the inelastic behavior: the volume fraction of each possible martensitic variant, the plastic
strain of the austenitic phase and the plastic strain of the martensitic phase.

The evolution of these internal variables as function of the thermomechanical load are derived using free
energy and dissipative concepts taking into account the dissipation due to the plastic flow as well as to the
frictional work due to boundary motions. These allows to obtain the thermodynamic driving forces acting
on internal variables and therefore the conditions for the formation of martensitic variants as well as for the
plastic flow of product and parent phases. Furthermore, an additional internal variable appears in
thermodynamic driving forces (see section 3.) and therefore plays a key role in plasticity and phase
transformation conditions. This internal variable is the average plastic strain £M7 over a martensitic variant
I whose evolution is given by

FIES = f13,Bfryin + f1(E5A - E)1). an
i
3. HELMHOLTZ FREE ENERGY AND THERMODYNAMIC DRIVING FORCES

At the current stage Helmholtz free energy @ per unit volume of the martensitic-austenitic system includes
three different contributions : the chemical free energy, surface energy and elastic strain energy. The surface
energy due to the presence of martensitic-austenitic interfaces related with the formation of martensitic
variants is generally weak in first order martensitic transformations, and therefore, disregarded in this
work. Furthermore, the coupling between stress and temperature is not considered in this work, because
the change in mechanical properties of two phases with temperature is low compared to the change in
chemical energy with respect to temperature. From this point of view, @ can be written as a sum of a term
directly coupled with temperature and term directly coupled with stress :

- The temperature dependent term describes the chemical free energy @ch per unit volume of the
martensitic-austenitic system given by

1
Ch = —
i - £ o(r)dv. (12)
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- The stress dependent term cotresponds to the elastic strain energy
W = [w(r) dV (13)
= VV r N

where @(r) and w(r) are the chemical and elastic strain energy densities, respectively. From (12) and (13)
the Helmholtz free energy per unit volume of the austenitic-martensitic system is given by

D=W+ P =% f(w(r)+ o(r))dv. a4
|4

At the current stage, the evolution of the Helmholtz free energy associated with the change of the
thermomechanical loading results from the progression of the plastic strain of parent and product phases as
well as from the moving boundaries related with the formation of new martensitic domains. As described
previously, the stress and strain field are discontinuous across the moving boundaries and therefore the
elastic strain energy density too. Due to the difference of the crystal structure between austenite and
martensite, the chemical energy density is also discontinuous. Thus, the jumps { w(r)] and [ ¢(r)] of elastic
and chemical energies have to be taken into account for the calculation of the Helmholtz free energy
evolution. By the time derivative of (14), it follows that

&=L [(i(r)+§(r) V- 3 [(w(r)Y +[o(r)] anads:. s
V 14 V I s!

The volumic variation in (15) is due to the plastic strain mechanism related with the plastic flow of
austenitic phase and the pre-existing martensitic variants. The surface integral corresponds to the
transformation strain mechanisms associated with the formation of new martensitic domains, With uniform
elasticity and using the behavior laws in both side of the austenitic-martensitic boundary, (15) gives

& =%I0'xji(")(é‘7(r)— éi[}(’)) av-
%

(16)

%;SJ'I(—;—{G,-’}"(’*H Gy,(r_)}[gij(r)—eij!’(r)]’ _ B(T—TO)}Vanadsl,

where B and To are a material constants. oA1(r+) and oMi(r—-) are the limit values of the local stress on
S7 from the austenitic and martensitic sides, respectively.

On the other hand, the power Pe developed by external forces T; = Xj; n; applied on the external boundary
dV of the RVE in the absence of volumic forces is defined by

1 1
PP=% [TvudS= aIZ"‘avrv-dS, amn
Va_[vz (3 Vv A ij 18j Vi

where v; =1 are the components of the particle velocity vector and »n; components of the unit normal
vector to the boundary dV . Using the divergence theorem with the Hadamard relations and taking into
account the equilibrium equations in absence of volumic forces, the power Pe is expressed as

Pe= ljo;j(r)éij(‘r)dV—Lz J(O’;’}’ (r+)+ oyt (r_))[eij(’)]l We o ST (18)
VV VT s

During the evolution of the austenitic-martensitic system, the intrinsic dissipation is given by the difference
between the power developed by the external forces and the variation of the Helmholtz free energy. From
(16) and (17) and using the instantaneous growth hypothesis, one finds the dissipation D as

= -‘%Iag(r)ég(r)dv'.,_%;z j(%{alf}l (r+)+ 0'3.41 (r")}ggl - B(T_To)}vanadSI. 19)
\ 4 I s8I
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The first term in (19) is the volume dissipation due to the evolution of austenitic and martensitic plastic
strains. The second term corresponds to the propagation of boundaries S related with the formation of
martensitic domains. Furthermore, these terms show the local thermodynamical driving forces associated
with the microscale strain mechanisms describing the evolution of the RVE microstructure :

- the local stress o(r) as the driving force for the plastic strain mechanism. This stress field results from
the applied stress as well as from the internal stress generated both by the plastic and transformation strains,
- the term (1/2{oAI(r+)+ oMI(r-)}etr — B(T —Te)) as the local driving force for the transformation
strain mechanism which can be also defined as the driving force acting on the boundary $7 of a martensitic
domain during its instantaneous growth. The determination of driving forces associated with plastic and
transformation strain mechanisms requires the knowledge of the stress distribution in austenitic phase and
martensitic variants. This is accomplished by using simultaneously the concepts of ellipsoidal inclusion,
interfacial operators [10] and homothetic ellipsoidal growing [11]. If we denote by oA the average stress in
austenitic phase and oM! the one in a martensitic variant 7, one obtains:

- the driving forces as the resolved shear stress on slip systems in austenite and martensitic variants /

TA = OAPAn = (2 —EfIC(I— SI)(EpA — g1 —EMI ))PAn 0
I

TMI = OM[ Pln =[2+C(I—S1)(§PA — gty ——EMz)—ZfJC(I—SJ)(EpA — gty — My ))Pln, 2n
J

- the driving force for the formation of a volume fraction f7
o1 =(O’A—-—C(I S )E"’) -B(T-T°) (22)

with et as transformation strain and martensitic domains with Eshelby tensor SI. Equation (22) containsg
the extended Magee effect since oA depends on applied as well as internal stresses. Simultaneously,
equations (20) and (21) represents the Greenwood-Johnson effect since oA and oMr depends on the
internal stresses generated by the martensitic phase transformation.

4, CRITICAL FORCES AND OVERALL BEHAVIOR

For thermodynamic irreversible processes corresponding to plastic flow and martensitic transformation the
obtained driving forces 7;(X, T, X;) have to be compared with critical forces z{(X;) depending on internal

variables X;. The expression of these critical forces is based on physical concepts taking into account :

- the hardening of austenite and martensite due to their own plastic strains,

- the hardening of the martensitic phase due to the plastic strain inherited from the austenite,

- the fact that the plastic flow of the austenitic phase assists the martensitic phase transformation (strain
induced martensitic transformation),

- the martensitic topological hardening related with geometrical restrictions traducing the fact that the growth
of martensitic domains is limited by grain boundaries as well as by already existing martensitic variants.
We assume that the inelastic mechanisms related with plasticity and phase transformation are of time
independent type so that any viscous effect is neglected. In that case, the evolution of critical forces as
function of internal variables can be expressed such as

(X ) = HiX;, 23)

where Hij = 9t§(Xy)/0X; are the interaction matrices between the different internal variables X; which
can be determined using the physical concepts discussed previously. The consistency rule allows to obtain
the following non-linear system for the case where the equalities 7;(Z,T, X;) = t7(X;) are satisfied

(?—J—(X, )-25 (z T, X; )) pai(z, T, xj)z'k,+%(z T, X;)T 4)

whose resolution gives the evolution of internal variables as function of the thermomechanical load and
therefore the inelastic response as well as the overall behavior of the single crystal using equation (10).
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5. APPLICATION

As a first application, the theoretical model developed in this work is applied in a simple case corresponding
to a macroscopic shear in the (1,3) plan of the external reference system. Only one variant is assumed to
appear parallel to the shear stress and therefore the Magee effect is introduced. Furthermore, the plastic
flow of austenitic and martensitic phases is described by a simple slip and the transformation strain is
assumed purely deviatoric. Figure 1 shows the results for a shear test at constant temperature. The stress-
strain curve (Z, E) OABC consists of four stages: elastic behavior of austenite (OA), plastic flow without
transformation (AB), plastic flow inside the austenite and martensitic phase transformation (BC), after C,
plasticity occurs in both phases. The dotted curve (f, E) represents the evolution of the volume fraction of
martensite. Figure 2 shows the evolution of Etp as function of the.volume fraction f during cooling at
various applied stresses 2. The TRIP effect is clearly reproduced since E® increases with X at a fixed f
where the transformation strain ( fetr) is given despite the fact that X is less than the austenitic yield stress.
The obtained results agree qualitatively with the experimental ones performed by Gautier et al. [1] but not
quantitatively since in the considered simple case the Magee effect is complete (all martensitic domains are
oriented in the direction of the applied stress).
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Fig. 1. Stress-strain curve of a Fe-Ni TRIP steel and  Fig, 2, Macroscopic inelastic strain in dependence of
the evolving volume fraction of martensitic phase martensitic volume fraction and the level of external
applie_;d stress

6. CONCLUSION

Within a thermodynamic and micromechanic framework, a constitutive equation for an austenitic single
crystal undergoing transformation induced plasticity has been derived. At a given stage of transformation
and plastic flow inside both phases, the condition for the apparition of a martensitic domain inside the
austenite with given transformation strain and aspect ratio is deduced. This transformation mechanism
differs deeply from other conditions usually assumed in the literature. To check the model an application on
a single variant and slip systems during a thermomechanical shear test shows results which are in good
agreement with experiments. Non deviatoric effects, second order stress fluctuations (from austenitic grain
to grain) and multivariant interactions which are present in the theoretical model will improve the numerical
results.
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