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Transformation-induced plasticity in multiphase steels subjected
to thermomechanical loading

D.D. Tjahjanto®, S. Turteltaub*, A.S.J. Suiker and S. van der Zwaag
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Kluyverweg 1, 2629 HS Delft, the Netherlands
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(v3.1 released April 2006)

The behavior of transformation-induced plasticity steels subjected to combined thermome-
chanical loading is studied at the microscale by means of numerical simulations. The mi-
crostructure is composed of an austenitic phase that may deform plastically and/or transform
into martensite, and a ferritic phase that may deform plastically. The micromechanical mod-
els capturing these effects are derived from a thermodynamical framework, which has been
extended from previous works in order to adequately account for the thermal contributions to
the kinematics and the Helmholtz energy. The models are used in numerical simulations on
a polycrystalline sample composed of an aggregate of multiple austenitic and ferritic grains
of various orientations. The thermomechanical response of the sample is studied under (i)
isothermal straining at different temperatures above the martensitic start temperature, and
under (ii) different paths of straining and cooling to temperatures below the martensitic start
temperature. The first type of analysis shows that at lower temperatures the transformation
mechanism is more dominant than the plasticity mechanism, whereas the converse occurs at
higher temperatures. The second type of analysis illustrates that, in comparison to a bench-
mark initially stress-free sample at room temperature, the transformation rate under straining
is higher when performed on an pre-cooled sample, but that the transformation rate under
cooling is lower when carried out on a pre-strained sample. The results of this analysis indi-
cate that, for optimizing the formability of this class of steels, it is recommendable to make
a judicious choice regarding the thermomechanical loading parameters during manufacturing
processes.

1. Introduction

Multiphase steels assisted by transformation-induced plasticity (i.e., TRIP steels)
have a superior combination of strength and ductility characteristics [1]. This is
because at the microscale the grains of retained austenite in a TRIP steel mi-
crostructure may transform into martensite upon mechanical and/or thermal load-
ing, thereby inducing plasticity in the surrounding phases, i.e., a TRIP effect is
generated. In order to accurately predict the overall behavior of this class of steels
during manufacturing and/or operation, a thorough knowledge of the evolution of
TRIP steel microstructures under thermomechanical loading is necessary.

In the last decades, various micromechanically-based models for martensitic
transformations have been developed, see e.g., [2-18]. However, these models
mainly focus upon mechanically-driven martensitic transformations, without tak-
ing into account the effect of temperature variations on the transformation behav-
ior. On the other hand, the characteristics of martensitic transformations in TRIP
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steel microstructures during cooling have been investigated in recent experimen-
tal and modeling works [19-24]. Several empirically- and thermodynamically-based
models have been proposed for predicting the transformation behavior in multi-
phase TRIP steels subjected to cooling. The stability of retained austenite in these
models is characterized by the martensitic start temperature, Mg, which is a func-
tion of microstructural parameters, such as the carbon concentration and the grain
size. Typically, the expression for the Mg temperature is based on the classical em-
pirical formulation of Andrews [25]. Nevertheless, the application of such models
is limited to thermally-driven martensitic transformations.

In the present work, the thermomechanical model originally proposed by
Turteltaub and Suiker [26-28] and further refined by Tjahjanto et al. [29] is adapted
to study the behavior of TRIP steels under thermomechanical loadings. In previous
works this model has been used to study the effect of microstructural parameters on
the behavior of TRIP steels [30, 31]. A modification of the model is required to ac-
count for previously neglected thermal effects on the kinematics and the Helmholtz
energy. The incorporation of the thermal expansion/contraction effect in the de-
formation is derived in the spirit of a model for shape-memory alloys proposed
by Anand and Gurtin [32]. Simulations are performed to analyze the effects of
microstructural parameters on the transformation and plasticity behavior upon
combinations of thermal and mechanical loadings. The outcome of the analyses
provides a deeper insight into the TRIP effect in multiphase carbon steels sub-
jected to thermomechanical loading. The occurrence of local, crystalline damage in
the relatively brittle martensitic product phase is not included in the present model.
This aspect has been discussed elsewhere [33, 34] for TRIP steel microstructures
subjected to mechanical loading at ambient temperature.

This paper is organized as follows: The models for the thermomechanical behavior
of the austenitic and ferritic phases in a TRIP steel are presented in Sections 2
and 3, respectively. The models are subsequently used in numerical simulations on
TRIP steel microstructures subjected to thermomechanical loadings, as discussed
in Section 4. Here, for simplicity, the differences between the ferritic and bainitic
phases are ignored in the TRIP steel microstructure, and pre-existing martensite
generated during the manufacturing process is not included. Concluding remarks
on the simulation results are given in Section 5.

2. Thermo-elasto-plastic-transformation model for single-crystalline
austenite

2.1. Kinematics, deformation gradients and entropy densities

In order to quantify the different mechanisms characterizing the response of a
multiphase steel, the total deformation gradient F' and the entropy density n (per
unit mass) in a material point are decomposed as follows (see [29]):

F=F.F,F, and 7=+ + 0, (1)

where Fi, F, and Fj, are, respectively, the elastic, plastic and transformation
deformation gradients, see Figure 1, and ne, np and 7, are the conservative, plastic
and transformation parts of the entropy density, respectively. Each material point
is meant to represent an infinitesimal neighborhood that may contain a mixture of
austenite and one or more crystallographically distinct arrangements of martensite
(referred to as transformation systems, see Figure 1). The volume fractions of the
transformation systems « (= 1,...,M) at a material point & in the reference
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Figure 1. Schematic representation of the decomposition of the deformation gradient F' into elastic-,
plastic- and transformation parts and the corresponding configurations.

configuration and at time t are denoted as & = é(o‘)(m,t), and are such that
0<&@ <1and0< Zg]:l ¢(@ < 1. The volume fraction of the (untransformed)
austenite is denoted as €4, and is defined as £y = 1 — ch‘f[: 1 €@ In accordance
with the transformation model developed in [26-28] (see also [29]), the time rate
of change of the transformation deformation gradient and the transformation part
of entropy density are, respectively, given by

) M ) M . )\(a)
EI‘ — Z f(a) b(a) ® d(a) and T‘]tI‘ = Z g(a)ﬁ 3 (2)
a=1 a=1

where a superimposed dot denotes a material time derivative. The vectors b(® and
d®) are, respectively, the transformation shape strain vector and the normal to
the habit plane of a transformation system « (measured in the reference configura-

tion), )\(Ta) is the latent heat of a transformation system « and O is the theoretical
transformation temperature (i.e., the temperature at which austenite can trans-
form isothermically into a specific system « of martensite at zero stress, without
dissipation, and in the absence of an internal barrier). In rate form, the plastic
deformation gradient, F},, and the plastic entropy density, n,, are given by

NA . . NA . i
L,= Fpr_l = Zﬁ(z)mx) ® nX) and 7, = Ji; Zﬁ(z)ﬁb&) ) (3)
i=1 =1

where 7)) = ¢ A"y/&i) /Jir represents the “effective” plastic slip rate of slip system 4

(=1,...,Nya), with "yX) the plastic slip rate in the untransformed austenite and
Jir = det Fi,. The previous expressions are based on the assumption that plastic
deformations evolve only in the (untransformed) austenitic region. Plastic deforma-
tions that occurred in the martensitic region prior to transformation are assumed
to be inherited, but further deformation in the martensitic phase is modeled as
elastic, in accordance with experimental observations reported in [35]. In (3), the
vectors mX) and nX) represent, respectively, the slip direction and the slip plane
normal of slip system 7. In the second intermediate configuration, both vectors

are orthogonal, unit vectors. The parameter qﬁx) represents the change in entropy
density per unit slip along slip system ¢ in the austenite.

The present model does not explicitly resolve the kinematics and kinetics at
the length scale of individual dislocations (see [18] for such sub-micron model). In
order to take into account the local elastic strains of the austenitic lattice associated
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with the presence of dislocations, a strain-like scalar variable (§ is introduced as:
B := by/pa, where b is the magnitude of Burger’s vector and pq measures the total
dislocation line per unit volume (see also [36]). The rate of change of the elastic
strain-like variable, 3, is taken to be linearly dependent of the rate of change of
the plastic slip, "y(i), as follows:

L T UL
f=3 w30 = 225 w50, (4)
i=1 Ti=1

where the functions w® depend on the slip resistance, as will be discussed in
Section 2.3.

2.2. Helmholtz energy and constitutive relations

The elastic deformation gradient F, that incorporates the thermal expansion (or
contraction) under a temperature change from 6y to 6 can be expressed as

Fe:Fg(I—i_A(a_eO))v (5)

where F represents the isothermal elastic deformation gradient (measured at a
temperature 6), while the term I+ A(6—6p) accounts for the stretch due to thermal
expansion (or contraction). Here, I defines the second-order identity tensor and A
is the effective thermal expansion tensor. The tensor A is obtained as the volume
average of the thermal expansion tensor in the austenite and martensite in the
second intermediate configuration, i.e.,

1 M
A= <5AAA + (1 +67) Zéa’A@) : (6)

a=1

with Ax and A(@ the thermal expansion tensors of the austenite and the marten-
sitic transformation system «, respectively, and d1 = b(®.d(®) the change in volume
due to transformation. The thermal expansion tensors are assumed to be isotropic,
and given by Ay = aal and A® = ay I, where aip and ayy are, respectively, the
coefficients of thermal expansion of the austenite and martensite.

In accordance with the formulation presented in [29], the Helmholtz energy den-
sity ¥ (per unit mass) is taken to be a function of the state variables F*, 0, 5 and &,
where 6 is the temperature and € = {¢(®|a =1,..., M} is a vector whose entries
are the volume fractions of the martensitic transformation systems. Further, 1) is
written as the sum of the (elastic) strain energy density tp,, the thermal energy
density vy, the defect energy density 14, and the surface energy density s, i.e.,

w:¢m+¢th+wd+ws- (7)

The elastic strain energy vy, is defined as a quadratic function of the elastic strain.
Moreover, since the (unconstrained) thermal stretch does not contribute to the
elastic strain energy density i, at a temperature 0, the elastic strain energy is
given by

1
P = Q—WJHCE; -E}, where E}=_((F)"F:-1I). (8)

DN |
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In the above expressions, E; defines the elastic Green-Lagrange strain measured
at a temperature 0, pg is the mass density in the reference configuration and C is
the effective elasticity tensor, which is given by [26, 27]

M
1
(1 c()
C= T (gA«:A+ + 67) § ) , (9)

where Co and C® are, respectively, the elasticity tensors of the austenite and
the martensitic transformation system a. The tensor Cp is characterized by three
independent elastic moduli, x*(i = 1,2, 3) and the tensors C@ are determined by
six independent elastic moduli, kM (i = 1,...,6). In addition, the elastic stiffness
tensors of the austenite and martensite depend on their crystallographic orienta-
tions, see [26] for details, and may be functions of temperature; however, in the
present model the temperature dependency is neglected for reasons of simplicity.
For metals, the magnitude of the thermal expansion tensor A is much smaller than
E;, hence quadratic terms in A can be ignored. Consequently, the elastic strain
tensor E} can be written in terms of the overall elastic Green-Lagrange strain E,
and the thermal expansion tensor A as follows:

B —E,—B(6—0)), where B-— % (F)FrA+ A(F)TE) . (10)

In view of (10)2, B can be interpreted as the thermal expansion tensor with a
correction for the elastic stretch. Observe that if the elastic deformation is relatively
small, then B ~ A. From (8); and (10);, the elastic strain energy density ¢y, can
be expressed in terms of the overall elastic strain FE., the temperature # and the
martensitic volume fractions &, i.e.,

(e, 0, €) = Q;Jtr(s)«:(s)Ee (B —2B(€) (0 — 00)) . (11)

Note that in the above expression for the elastic strain energy density v, the
higher-order terms in B are neglected, as well as the implicit dependency of B
upon FE, and 6.

The expressions for the thermal energy 4y, the defect energy 14 and the surface
energy 15 are given by (see [29]),

M
506 = @) (9-00—0m () ) ~mo+ N 1o
=1

M
VaB.€) = 5 Fe(Ouan(@F and (e )= o 2 (12€) )

where 61 is the theoretical transformation temperature, nr is the conservative
entropy density measured at the transformation temperature 6, wp is a scaling
factor for the defect energy in the austenitic phase, x is the interface energy per
unit area and ¢y is a length scale parameter. Furthermore, h(§) and (&) represent
the effective specific heat and the effective equivalent shear modulus, which are

http://mc.manuscriptcentral.com/pm-pml
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given by (see [29])

M M
h(€) = &aha+ Y R and  p(g) = JL <£AMA + (1 +dr) Zﬁ(a)u(a)> ;
a=1 tr a=1
(14)
with ha and h(® being the specific heats of the austenite and martensite, respec-
tively, and pa and (@) being the equivalent isotropic shear moduli of the austenite
and martensite, respectively. The complete expression for the Helmholtz energy
density per unit mass follows from substituting (11), (12), (13);, and (13)2 into

(7).

As pointed out in [29], the mechanical constitutive relation may be formulated
in terms of the second Piola-Kirchhoff stress S, where the expression follows from
differentiating the Helmholtz energy with respect to the elastic Green-Lagrange

strain F:

_ P9
Jtr 8-Ee

S C(E.— B (0—06p)) . (15)

In a similar fashion, the thermal constitutive relation in terms of the reversible
entropy 7. is obtained by taking the derivative of the Helmholtz energy with respect
to the temperature 6, leading to

3¢ 0 Jtr
o= ——t =hln | — “'CE,-B. 1
n 20 hn<6T>+77T+pOC (16)

It is emphasized that, in contrast to the model presented in Tjahjanto et al. [29],
the mechanical constitutive relation, (15), and the thermal constitutive relation,
(16), are fully coupled.

2.3. Driving forces, kinetic relations and hardening law

In the above section it has been shown that the Helmholtz energy contains four
components, see (11), (12), (13); and (13)3. In correspondence with these four
terms, the transformation driving force f(® for a martensitic system o may be
decomposed as

PO = £+ )+ 15+ 1 (17)

where j}(no‘)7 ft(}? ), féa) and fs(a) represent the (bulk) mechanical contribution, the
thermal contribution, the defect energy contribution and the surface energy contri-
bution to the transformation driving force, respectively. Using the procedure given
in [26, 29], the bulk mechanical part of the transformation driving force can be
obtained from the resolved stress contribution and the derivative of the Helmholtz
energy with respect to the martensitic volume fraction, £(®, as

£ = 1, FTFTF.SF;TFL - <b(°‘) ® d<a>)
L (@)
+3 (CA —(1460)C )Ee-(Ee—QB (6 — 6p)) (18)

~CE. (B~ (1+60)B®™) (6-6))

http://mc.manuscriptcentral.com/pm-pml
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where By and B(® represent the thermal expansion tensors that include elastic
stretch corrections of the austenite and the martensitic system «, respectively, as
given by

1
By = 5 ((F) F Ay + AN(F)TEY),
B = % ((F2) R A + A (BT (19)

Note that (6) and (10)2 have been used to get the expressions in (19). From (18)
it can be observed that the bulk mechanical part of the transformation driving
force consists of three terms, which successively represent the resolved stress, a
term reflecting the difference in elasticity stiffness between the martensite product
phase and the austenite parent phase, and a term reflecting their difference in
thermal expansion properties. The dominant term in the mechanical driving force
is typically the resolved stress whereas the two other terms play a role only when
there is a relatively large difference in stiffness and/or thermal expansion between
the parent and product phases. Furthermore, in accordance with [29], the thermal
contribution to the transformation driving force, and the contributions related to
the defect energy and surface energy, are derived as

N )\( a) 0
§h> = (0= 07) + po (ha — H) <9 ~fr—6ln ()) ;o (20)
Or

6
o (= (L onu @) 52 and 100 = (26 1))

The dominant term in the thermal driving force is typically the thermal analogue
of the resolved stress (i.e., the term related to latent heat) whereas the second term
in (20) plays a role only when there is a relatively large difference in specific heats
between the parent and product phases. Moreover, the contributions related to the
defect energy and the surface energy play a role mainly at the nucleation stage of
martensite (fq effectively acting as a barrier if the martensite is stiffer than the
austenite and fy acting initially as a barrier to transformation due to the energy
required to form new interfaces, see [37]).

The criterion for transformation nucleation and the evolution of the martensitic
volume fraction in a transformation system « are captured by the following kinetic
relation:

: Fe — N (@) @)
f(a) _ g() tanh <Vf@ if f > fCI‘ ) (22)

cr
0 otherwise ,

where fc(f‘ ) is the critical value for the transformation driving force, fg defines the
maximum transformation rate and v is a viscosity-like parameter. The parameters
&o and v characterize the rate-dependent behavior of the above kinetic model.
For TRIP steels it is realistic to assume that plastic deformations evolve in
the austenite only, and not in the martensite [35], i.e., the martensite deforms
elastically. In the present study the evolution of plastic slip in the austenite is
described by a power-law kinetic relation, where the rate of plastic slip in the
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austenite, "}/X), depends on the corresponding driving force for plasticity, g/&), as [29]

g(z) (1/pa)
. . A e (i ‘
SA
0 otherwise ,
where "y{)*, pa and SX) are the reference slip rate, the rate-sensitivity exponent and
the resistance against plastic slip in slip system . Using the procedure presented
in [29], the total driving force for plasticity in the austenite can be computed from

the resolved stress contribution (and its thermal analogue) and the derivative of
the Helmholtz energy with respect to the slip rate as

R=ETES () onll) epsl) . o

Observe that the third term in the plastic driving force is always negative, hence
it can also be interpreted as a hardening effect (i.e., an increase in difficulty to
achieve plastic slip as more dislocations are generated).

The rate of change of the slip resistance, SX), is constitutively connected to the
rate of plastic slip in the austenite as [29]

Z H{940) (25)

Here, HX’j) is the hardening matrix, which is characterized by self- and cross-
hardening contributions, i.e.,

i . (4)
1) _ 5% Cfori=g. i k9 = k(1 - i (26)
A aaky fori#j, : )

where ga is the latent hardening ratio, which reflects the ratio between the cross-
and self-hardening moduli on each slip system, ké* is the reference hardening mod-
ulus, SOAO is the saturation value of the slip resistance, and ua is the hardening
exponent.

In equation (4) it has been assumed that the rate of change of the microstrain
parameter, B, is connected to the rate of change of plastic slip, f'y(i), through the
functions w®. In principle, a purely kinematical model can be constructed for the
functions w®. Alternatively, in the present study the kinetic model proposed by
Clayton [36] is adopted, where the rate of change of the microstrain A in the
austenitic region is constitutively related to the average value of the rate of change

of the slip resistance in the austenite, SX), ie.,

1 &) :
N7A — SAZ = capaSa (27)

with ¢z a dimensionless scaling factor. From (4), (25), (27) and the relation 3 =
& AﬂA /Jir, it follows that the functions w® can be related to the hardening moduli

http://mc.manuscriptcentral.com/pm-pml
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as
1 Na .
wh = —— N HPY. (28)
capaNA

3. Thermo-elasto-plastic model for single-crystalline ferrite

The decomposition of the total deformation gradient and the entropy in the thermo-
elasto-plastic model for single-crystalline ferrite can be formulated in a similar
fashion as in the thermo-elasto-plasto-transformation model for austenite, given
in Section 2, by suppressing the transformation contribution. Formally, this can
be achieved by eliminating the volume fractions as state variables, and by setting
Fi;, = I and n, = 0. In addition, analogous to (5), the elastic deformation gradient
F;, needs to include the thermal expansion/contraction under a temperature change
from 6y to 6, in accordance with

F.=Fr (I+Ap(0—06)) , (29)

where F7 is the elastic deformation gradient measured at a temperature 6 and
Ap is the thermal expansion tensor, which is given by Ay = apl, with ap the
thermal expansion coefficient of ferrite. In analogy with equations (15) and (16),
the mechanical and thermal constitutive relations, respectively, have the form

0 1
S = Cr(Be—Be(0—00) and g =heln () o+ L CoBu B, (30
F 0

where Cr, po, hr, Or and nr are, respectively, the elastic stiffness tensor, the mass
density, the specific heat, the reference temperature and the reference entropy of
BCC ferrite. The stiffness tensor of BCC ferrite is characterized by three inde-
pendent elastic moduli, &} (i = 1,2,3). In (30)1, E. represents the elastic Green-
Lagrange strain and By is the thermal expansion tensor of ferrite with corrections
for the elastic stretch, i.e.,

By =~ (FE)"'FrAr + Ap(F})TFY) . (31)

N =

Furthermore, the asymmetry of slips in the twinning and anti-twinning directions,
which is typical for plastic deformations in BCC crystals, can be accounted for by

means of the “non-glide” stress effect, %}gj), defined by [38, 39]

7 = FI RS- (m) @ af)) (32)
where ﬁg) represents the non-glide plane corresponding to slip system ¢. As pointed
out in [29], the expression for the non-glide stress is formally similar to that of the
resolved stress, with the normal to the non-glide plane playing an equivalent role
as the normal to the slip plane. The non-glide stress is used for constructing the

(4)

“effective” slip resistance 8y’ as

s = s —als) (33)
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Figure 2. A polycrystalline TRIP steel sample and the applied boundary conditions that correspond to
uniaxial tension. The orientations of the austenitic and ferritic grains are represented in terms of (100)4-
and (100)g-pole figures.

where sg) is the common slip resistance, and a(? is a weight parameter that de-
termines the net contribution of the non-glide stress to the effective slip resistance
of system ¢. The expressions for the driving force and kinetic relation for plastic
slip in the BCC ferrite can be obtained analogous to those for the FCC austenite
in (23) and (24), by applying the following replacements

()

IS (4) (%)

—gW, ml (%)

—my’,

nl S n®

2(9)

PONINNO

. F < A
—SA s Y — 7% » DPF —PA,

O 0.

of =08, wr—wa, pp—p, fe—f, and w
Finally, the evolutions of the slip resistance sg) and the microstrain Gp are described
by similar laws as those used for the FCC austenite, see equations (25)—(28).

4. Simulation of TRIP-assisted steel behavior under thermomechanical
loading

4.1. Microstructural sample and material parameters

In this section, simulations are performed on microstructural TRIP steel samples
subjected to thermomechanical loading. The microstructural samples contain 27
polyhedral grains of (retained) austenite with random crystallographic orienta-
tions. All austenitic grains have the same volume and the same carbon concen-
tration (i.e., 1.4 wt. %), and are distributed uniformly in a matrix constructed of
81 randomly-oriented grains of ferrite, see Figure 2, where the random crystallo-
graphic orientations assigned to the austenitic and ferritic grains are represented
in (100)s and (100)r pole figures, respectively. The grains of retained austenite
occupy 13 % of the initial, undeformed sample volume.

Observe that the sample is only qualitatively representative of a TRIP mi-
crostructure since, in an actual sample, the grains are typically not randomly
oriented and some (spatial) variations are observed in grain sizes and carbon
concentrations. In order to account for microstructural texture while preserving
a reasonable computational time, an additional homogenization step is required
(see, e.g., [40] for TRIP steels in a purely mechanical context). The simulations
presented here, however, focus on interactions at the grain level.

The single-crystalline thermo-elasto-plastic-transformation model described in
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Table 1. Material parameters for the austenite/martensite model and the ferrite model.

Page 12 of 24

| Austenite/martensite Values |
Elastic moduli austenite K = 286.8, k) = 166.4, k5 = 145.0 [GPa]
Elastic moduli martensite /fll\/[ = 3724, ng/l = 345.0, /413\)/[ = 191.0,

kY =508.4, k) =201.9, k) = 229.5 [GPa

Transformation shape strain and dilation ~r = ||b{®)|| = 0.1809, 61 = b(®) - d(®) = 0.0391

Transformation kinetic law

€0 =0.003 571, v =017, £ =227 MPa

Surface energy x =0.2Jm 2, {5 = 0.05 um
Hardening law sa0 = 189, s = 579 [MPa],
ki =3 GPa, up = 2.8, qa = 1
Plasticity kinetic law A& = 0.001 571 ny = 0.02
Defect energy Bao = 0.0056, cA = 0.5, wa =10
pa = 67.5, () = py = 98.4 [GPa]
Thermal driving forces )\(Ta) = —50.5 kJ-kg™!, ¢X) =513 m? K 1s2
Coefficient of thermal expansion oy =ay =21x10"° K1
| Ferrite Values |
Elastic moduli ferrite kY =233.5, k5 = 135.5, K} = 118.0 [GPa]
Thermal driving force (ﬁg) =427 m?K 1572
Hardening law sk = 154, st = 412 [MPa]
k' =1.9 GPa, up = 2.8, gr = 1
Plasticity kinetic law 48 =0.001 s, np = 0.02
Non-glide stress coefficient a® =0.12
Defect energy wr =7, fr,o = 0.0056, cp = 0.5, purp = 55.0 GPa
Coefficient of thermal expansion ap = 1.7x107° K1

Section 2 is used to simulate the response of the austenitic region whereas the
thermo-elasto-plasticity model presented in Section 3 is applied to the ferritic re-
gion. The material parameters of these models are listed in Table 1. The values in
this table are equal to those used in [29], except for the critical value of the trans-

formation driving force fc(ra ) and the latent heat )\g:l ), which are taken somewhat
different. The differences stem from a reinterpretation of these parameters in order
to realistically simulate the onset of transformation in coupled thermomechanical
problems and to adequately account for the thermomechanical coupling during
transformation. Furthermore, the elasto-plastic properties of the material, e.g., the
elastic moduli, the initial slip resistance and the hardening moduli, are assumed
to be temperature-independent for simplicity reasons. Details on the computation
of the vectors b(® and m(® of the 24 martensitic transformation system and a
complete list of these vectors can be found in previous works [26-28]. The slip
directions mg’), the slip plane normals ng), and the non-glide plane normals ﬁg)
of the 24 slip systems in the BCC ferrite model are listed in [30].

The entropy density change per unit slip in the austenite, (bgi), and in the ferrite,

qﬁg), are assumed to be temperature-independent. The values of these parameters,
as presented in Table 1, are consistent with the values of the thermal driving force
for plasticity presented in [29], i.e., ¢ is computed from the value of pgf¢(?) given
in [29], evaluated at @ = 6y = 300 K where the mass density in the reference
configuration for the austenite and ferrite is pg = 7800 kg-m~3. The specific heats
of the austenite and the martensitic transformation systems are assumed to be
similar, i.e., ha ~ h(® for all @ = 1,..., M. Correspondingly, the thermal part of
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the transformation driving force in the austenite, as represented by (20), can be
approximated as

()
50 = 5 10— o) (34)

The theoretical transformation temperature is estimated as 61 ~ 633 K [27]. The

value of the latent heat /\gx ) for the transformation from austenite to martensite
(related to the temperature f1) is assumed to be equal for all transformation
systems a, i.e., )\SF ) — Ar. Furthermore, for simplicity, the values of the coefficients
of thermal expansion of the austenite and martensite are assumed to be the same,
ap = ay, and, together with the value for ferrite, ap, are within the range of

values reported in the literature (see, e.g., [41]).

4.2. Simulation of TRIP steel sample undergoing uniaxial tensile loading at
various temperature

The sample is initially stress-free and is subsequently subjected to an isothermal
uniaxial tensile loading during a time interval 0 < ¢t < 1000 s, as prescribed through
the following boundary conditions, see also Figure 2: (i) The normal displacement
and the tangential tractions on the external faces 2, 3 and 4 are set equal to zero;
(ii) The normal displacement on the external face 1 is prescribed as u; = 10~ %at,
where a is the side-length of the cubic sample, and the tangential tractions are
set to zero; (iii) the remaining cube faces (5 and 6) are assumed to be traction-
free. The applied boundary conditions correspond to a maximum axial nominal
strain of 0.1, which develops at a constant straining rate of 10~* s~1. In order to
study the influence of temperature on the overall mechanical response of TRIP
steels, the isothermal uniaxial tensile simulations are performed at three different
temperatures, i.e., 350, 300 and 250 K.

Figure 3 depicts, respectively, the evolution of the austenitic volume fraction
as a function of the average axial strain (Figure 3a), the average axial stress-
strain response (Figure 3b) and the axial stress-strain responses of the individual
austenitic/martensitic (Figure 3c) and ferritic (Figure 3d) phases. The effective
responses in the latter two figures are obtained by averaging the local stresses
and strains in the grains of austenite (which may contain martensite) and ferrite,
respectively.

The numerical simulations are performed with the finite element pro-
gram ABAQUS, where the martensitic transformation model for the
austenitic/martensitic phases and the crystal plasticity model for the ferritic phase
are implemented as a so-called “user subroutine”. The numerical implementation
of the transformation model is based on the formulation presented in [28], where
the incremental update algorithm relies on a fully implicit Euler backward dis-
cretization and a consistent tangent operator. A robust search algorithm is used
for detecting the transformation systems that are activated during thermomechan-
ical loading. Although not described in [28], a similar search algorithm is used
to identify the active slip systems in the austenitic phase. In addition, the nu-
merical implementation of the crystal plasticity model for the ferritic phase is
based on the formulation proposed in [42], where improvements taken from the
numerical implementation of the transformation model [28] have been incorpo-
rated. The sample shown in Figure 2 has been discretized with approximately
8000 tetrahedral elements (about 7000 for the 81 ferritic grains and 1000 for the
27 austenitic/martensitic grains). Each grain has been assigned one of the crystal
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Figure 3. TRIP steel samples undergoing uniaxial tensile loading at various temperatures: (a) Evolution
of austenitic volume fraction as a function of axial strain, (b) effective axial stress-strain response of the
sample, (c) effective axial stress-strain response of the austenitic/martenstic phases, and (d) effective axial
stress-strain response of the ferritic phase.

orientations shown in the pole figures in Figure 2

As shown in Figure 3a, under mechanical loading the transformation rate of
austenite depends strongly on the temperature at which the transformation takes
place. At a relatively low temperature of 250 K the transformation is virtually
completed at about 0.04 axial deformation. In contrast, at a relatively high tem-
perature of 350 K only a small portion of retained austenite has transformed into
martensite at the end of the loading process (i.e., at 0.1 axial deformation). For an
intermediate temperature of 300 K, about half of the austenite has transformed into
martensite at the maximum imposed strain. The dependency of the transformation
rate on the temperature is due to the following two factors: Firstly, in view of (34)

and since A is negative, the thermal transformation driving force, ft(}? ) decreases
with temperature, (i.e., austenitic grains are more stable at a higher temperature),
which thus makes the transformation easier at lower temperature. Secondly, the

thermal contribution to the plasticity driving force, ,009@%)5;), increases with temper-
ature, meaning that plastic flow becomes more dominant at elevated temperature.
Since the development of plastic deformations retards the transformation process,
the transformation occurs faster at lower temperature. As a consequence of these
two factors, in the simulation at low temperature, § = 250 K, the dominant in-
elastic mechanism in the austenite is the martensitic transformation, whereas the
dominant mechanism in the simulation at high temperature, 8 = 350 K, is plastic
flow.
When comparing cases 1 and 3 in Figure 3b, it can be observed that a relatively
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Figure 4. Three cases of TRIP steel simulations with different sequences of thermal and mechanical
loadings: (A) Uniaxial straining followed by cooling, (B) cooling followed by uniaxial straining and (C)
simultaneous uniaxial straining and cooling.

fast martensitic transformation for case 3 leads to an initial drop in the effective
strength of the sample, followed by a significant hardening behavior. This drop in
effective strength is caused by the fact the austenitic/martensitic grains for case 3
initially experience compressive axial stresses, see Figure 3¢, even though the effec-
tive loading is tension. Furthermore, the substantial effective hardening for case 3
can be ascribed to a rapid transformation of the austenitic phase into a stiffer, elas-
tic martensitic phase. Since the stresses in the elastic martensitic grains grow fast,
see Figure 3c, the effective hardening of the sample is significant. Figure 3c also
illustrates that at higher temperatures (i.e., cases 1 and 2) the response at the grain
level typically is elasto-plastic, in correspondence with most of the untransformed
austenite experiencing substantial plastic deformations. Comparing Figures 3c and
3d shows that for cases 1 and 3 the maximum stress in the austenitic/martensitic
grains is higher than in the ferritic grains, whereas for case 2 the opposite holds.
Furthermore, it can be observed that for case 3 the high stresses in the austen-
ite/martensite to some extent extent are transferred to the surrounding ferrite.
Nevertheless, it is worth pointing out that the high hardening rate in case 3 might
be overestimated since the damage mechanism in the martensitic phase has not
been included (see [33, 34]).

In metals composed of non-transforming phases, the overall strength typically
increases with decreasing temperature. As shown in Figure 3b, under small axial
deformations TRIP-assisted steels show the opposite trend for the considered range
of temperatures. Only at larger axial deformation, when the microstructure con-
tains a sufficient amount of martensite, the effective strength becomes the largest
at the lowest temperature, = 250 K.

4.3. Simulation of TRIP steel sample undergoing thermal and mechanical

loadings

In this section, the behavior of TRIP steel microstructures undergoing a combi-
nation of cooling and uniaxial straining is analyzed. For this purpose, three ther-
momechanical loading cases are considered, see Figure 4, namely (A) isothermal
uniaxial straining followed by cooling, (B) cooling followed by isothermal uniax-
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Figure 5. TRIP steel samples undergoing different paths of thermal and mechanical loadings: (a) Evolution
of austenitic volume fraction, (b) evolution of effective axial stress, (c) evolution of axial stress averaged in
the austenitic/martenstic phases, and (d) evolution of the microstrain averaged in the austenitic/martenstic
phases.

ial straining and (C) simultaneous uniaxial straining and cooling. In case A, the
microstructural sample is first deformed up to 0.06 nominal axial strain. This is
achieved by imposing the same boundary conditions as described in Section 4.2,
during a time interval 0 < ¢ < 600 s (i.e., the nominal strain rate equals 10~% s~1).
The straining is applied while maintaining the temperature constant at 6y = 300
K. Subsequently, the sample is uniformly cooled to a temperature of 240 K over
another period of 600 s, in correspondence with a cooling rate of 0.1 K-s~!. During
cooling, the normal displacement on the external face 1, see Figure 2, is kept con-
stant (i.e., the sample is mechanically constrained in the axial direction). In case
B, the sample is first cooled to a temperature of 240 K over a period of 600 s, while
the normal displacement on the external face 1 is maintained at zero. Subsequently,
the sample is strained up to 0.06 nominal axial strain applying the boundary con-
ditions prescribed in Section 4.2, while the temperature is kept constant at 240
K. In case C, the sample is simultaneously strained and cooled over a period of
1200 s at nominal straining and cooling rates equal to 0.5 x 1074 s~ and 0.05
Ks™!, respectively. Observe that the nominal straining and cooling rates used in
case C are chosen equal to half of the values used in cases A and B in order to ease
the graphical comparison between these cases. Additional simulations (not shown
here) indicate that the results are qualitatively similar when using the same rates
as in cases A and B during a total time of 600 s.

The simulation results for these samples are presented in Figure 5, in terms of
the evolution of the average austenitic volume fraction {5 (Figure 5a), the effective
axial stress response of the whole sample (Figure 5b), the effective axial stress re-
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sponse in the austenite/martensite (Figure 5c), and the microstrain § averaged in
the austenitic/martensitic grains (Figure 5d). From Figure 5a it can be observed
that for case A the martensitic transformation activated under straining starts rel-
atively fast. However, upon subsequent cooling, the transformation initially slows
down a little, and then gradually speeds up towards the end of the cooling pro-
cess. These features for case A can be traced back to the number of martensitic
transformation systems activated during the straining-cooling sequence. Initially,
only a few martensitic transformation systems contribute to the overall deforma-
tion, due to a dependence of the mechanical transformation driving force upon the
crystallographic orientation, see also [26, 27, 29]. During subsequent cooling, trans-
formation proceeds for the same number of active systems but, towards the end of
the cooling stage, previously inactive transformation systems start to contribute
to the overall transformation mechanism. This occurs when their thermal driving
force, which does not depend on crystallographic orientation, becomes substantial
and the transformation barrier (i.e., the critical value for transformation) is ex-
ceeded. The activation of more transformation systems at the later cooling stage
results in an increase of the transformation rate.

The transformation process for case B is activated under cooling, and starts
later than for case A, i.e., at about ¢ = 400 s, when the temperature is close to the
martensitic start temperature Mg. However, once activated, the transformation
proceeds at a significantly higher rate than for case A, with all transformation
systems contributing equally to the overall transformation deformation. During
the subsequent straining phase, the transformation proceeds at a relatively high
rate, as a result of which all austenite has transformed into martensite at the end
of the loading process. The transformation evolution for case C lies between those
for cases A and B. During the first half of the process, the transformation behavior
for case C has a stronger similarity to that of case A. Conversely, during the second
half of the process, the transformation behavior of case C is closer to that of case B.
This result suggests that in the simultaneous straining-cooling process, the overall
transformation mechanism is dominated by the strain-driven transformation, and
that the temperature-driven transformation plays a secondary role. Furthermore,
comparing the first part of the curve for case A in Figure 5a to the second part of
the curve for case B, it can be observed that transformation under straining is faster
when performed on a pre-cooled sample. In contrast, comparing the first part of the
curve for case B to the second part of the curve for case A, it can be inferred that
transformation under cooling is slower when performed on a pre-strained sample.

Figure 5b illustrates that during the straining and cooling phases of cases A
and B the effective axial stress of the sample increases and decreases, respectively.
The decrease in stress during cooling is in correspondence with the induced trans-
formation deformation of the austenitic grains being opposed by the surrounding
ferritic grains, as a result of which the austenitic/martensitic grains tend to go into
compression, see Figure 5c. Since for the simultaneous straining-cooling process
the overall transformation mechanism is dominated by the strain-driven transfor-
mation, the austenitic grains in this process do not reach the compressive regime,
and the effective stress-strain curve does not show a drop in stress, see Figure 5b.
Figure 5c¢ further illustrates that at the end of the straining-cooling sequence the
average axial stress in the austenitic/martensitic grains for case A corresponds to
compression. In contrast, for case B at the end of the cooling-straining sequence
the (mostly) martensitic grains effectively experience a large tensile stress.

The microstrain 3 is used as an indicator for the accumulation of dislocations
in the austenitic/martensitic regions, since (3 is related to the “effective” rates of
plastic slip "y(i) through equation (4). Note that the initial value of effective micros-
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train § (shown in Figure 5d) coincides with the initial value of the microstrain Sa
in the austenite (given in Table 1) since the sample is initially fully austenitic. This
initial value, 4 o, is consistently connected through (27) to the initial value of the
slip resistance in the austenite, s o, also shown in Table 1 (see [29] for details).
Figure 5d indicates that for case A a significant amount of plastic deformation
develops in the austenitic phase during straining, but that plastic flow is virtually
absent during cooling. In case B almost no plastic deformation is observed in the
austenite, both during cooling and straining. For case C the plastic deformation is
moderate, and is in between that of cases A and B. Although not shown in Fig-
ure 5, it is worth mentioning that the ferritic matrix deforms plastically during the
straining phase, both in cases A and B.

The above simulation results clearly indicate that different paths of thermal and
mechanical loadings give different evolutions of the transformation and plasticity
processes. Accordingly, for optimizing the formability of TRIP steels, it is rec-
ommendable to make a judicious choice regarding the thermomechanical loading
parameters during manufacturing processes.

5. Concluding remarks

Single-crystalline thermomechanical models for the austenitic/martensitic and fer-
ritic phases in multiphase steels assisted by transformation-induced plasticity have
been developed. The models have been constructed by extending the models pre-
sented in [26-29], through incorporating previously neglected thermomechanical
coupling effects. Two sets of simulations have been performed to study the effec-
tive behavior of multiphase TRIP steels during thermomechanical loadings, i.e.,
(i) isothermal straining at different temperatures and (ii) different paths of strain-
ing and cooling. At relatively low temperature, the stability of retained austenite
against transformation decreases. During isothermal straining, a lower austenite
stability corresponds to a lower effective stress at which the material starts to
deform inelastically. Hence, the initial effective “yield strength” of a TRIP steel
sample (i.e., onset of inelastic response) decreases with temperature, which is in
contrast with the trend observed for (stable) conventional steels. Nonetheless, upon
continued deformation, the strength of a TRIP steel becomes the largest at the
lowest temperature considered in the analyses. In addition, at low temperature
the austenite transforms relatively easily with little plastic deformation, whereas
at high temperature the transformation is restrained due to significant plastic de-
formation in the austenitic grains. Furthermore, the transformation and plastic
behavior of multiphase TRIP steels is strongly dependent upon the thermomechan-
ical loading path. Simulations of three different thermomechanical loading paths
indicate that, for the strain and temperature ranges analyzed, large differences in
the effective transformation rates can be realized.
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