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Finite Element Modelling of TRIP Steels
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A constitutive model that describes the mechanical behaviour of steels exhibiting “Transformation Induced Plasticity” (TRIP) during marten-
sitic transformation is presented. Multiphase TRIP steels are considered as composite materials with a ferritic matrix containing bainite and
retained austenite, which gradually transforms into martensite. The effective properties and overall behaviour of TRIP steels are determined
by using homogenization techniques for non-linear composites. The developed constitutive model considers the different hardening behav-
iour of the individual phases and estimates the apportionment of plastic strain and stress between the individual phases of the composite. A
methodology for the numerical integration of the resulting elastoplastic constitutive equations in the context of the finite element method is
developed and the constitutive model is implemented in a general-purpose finite element program. The prediction of the model in uniaxial
tension agrees well with the experimental data. The problem of necking of a bar in uniaxial tension is studied in detail.
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Introduction

TRIP-aided multiphase steels are a new generation of
low-alloy steels that exhibit an enhanced combination of
strength and ductility satisfying the requirements of auto-
motive industry for good formable high-strength steels. Af-
ter thermal treatment TRIP steels obtain a triple-phase mi-
crostructure consisting of ferrite, bainite and retained
austenite. Retained austenite is metastable at room temper-
ature and transforms to martensite during straining. TRIP
steels are essentially composite materials with evolving
volume fractions of the individual phases. A constitutive
model for TRIP steels is developed in this paper. The total
strain is assumed to be the sum of elastic, plastic and trans-
formation parts. The plastic part is determined by using ho-
mogenization techniques for non-linear composites that
have been developed recently by Ponte-Castafieda, Suquet
and co-workers [7, 9, 10]. The transformation strain rate has
both deviatoric and volumetric parts and is proportional to
the rate of change of the volume fraction of martensite. The
evolution of martensite due to martensitic transformation is
described by a kinetic model which takes into account tem-
perature, plastic strain and stress state. The model proposed
considers the different hardening behaviour of the individ-
ual phases and estimates the different levels of strain accu-
mulated by the constituent phases. A methodology for the
numerical integration of the resulting non-linear constitu-
tive equations is developed and implemented in a general-
purpose finite element program (ABAQUS). Experimental
data from interrupted tensile tests in specific TRIP steel are
used for the calibration of the constitutive model. The cali-
brated model is used together with the finite element
method for the analysis of necking in uniaxial tension.

Constitutive modelling

Multiphase TRIP steels are considered as four-phase
composite materials with a ferritic matrix containing bai-

732

nite, austenite and martensite. The following labels are used
for the individual phases: (1)=martensite, (2)=austenite,
(3)=Dbainite and (4)=ferrite. The corresponding volume frac-
tions of the phases are ", r=1,2,34, where

24:0(") =1.

r=1

The rate of deformation tensor D is decomposed into elas-
tic, plastic and transformation parts:

D = D°+D”4+D™®F (D

Elastic behaviour. The elastic properties of the individ-
ual phases are almost identical. Therefore, TRIP steels can
be considered as homogenous in the elastic region. A hy-
poelastic equation of the form

D' =M o o = LoD @)

is used, where M is the isotropic elastic compliance tensor,
. . . V..

L¢ = M¢ ! is the elastic stiffness tensor and & is the Jaum-

man derivative of the Cauchy (true) stress tensor.

Transformation deformation rate. A critical aspect of
the transformation process is the strain softening which oc-
curs as a result of the transformation strain. This is incorpo-
rated into the model by introducing the deformation rate
DTR!P "\which is proportional to the rate of the martensite
volume fraction f = ¢V, The transformation deformation
rate consists of a deviatoric term that models the transfor-
mation shape strain and of a dilatational term accounting for
the positive transformation volume change (Stringfellow et
al. [8]):
3s

P
D™ = A(0,) FN+28, N=>—1 (3
1 3 204
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where s is the deviatoric stress tensor, 0,4 = /3 5;; 8;;/2 is
the von Mises equivalent stress, 8 is the second-order iden-
tity tensor and ¢” = D/"" is the transformation dilatation
rate, the value of which is defined later in this section. The
dimensionless coefficient A reflects an ensemble effect of
the shape strains over an isotropic orientational distribution
of nucleation sites as considered by Olson, Tzusaki and Co-
hen [5] and, according to experimental data, is taken to de-
pend on the equivalent stress as follows:

A(0w) = Ao+ A= @)

a

where Ap and A are constants and s, is a reference austen-
ite stress.

The dilatation rate ¢” = D[{'" is determined by taking
into account that the volume change associated with the
martensitic transformation can written in the form

dv™ =—(1+A,) dV* 4

where dV" and dV“ are the volume changes of martensite
and austenite respectively, and A, is the relative volume
change and takes values in the range 0.02 to 0.05 (Stringfel-
low et al. [8]). Since changes in volume due to elastic
strains are small and fully recoverable, it is assumed that
changes in dilatation are due to volumetric plastic deforma-
tion rates only. Thus, taking into account that ¢! = V)V,
and using (5), we can show readily that

V14 A, Ve &l
= g and — =——
1% A, v A,

where V is the total volume. Then, using the definitions
Ff=cV=v"/V and ¢ = c® =V*/V, we can show
that

_1+0-pHaA

f N “el or
A, . .
fh=————" " fF=ZA,f and
! 1+(1—f)Avf /

(@)

1
— (A_ + c(“)) 51[)7

(1w Ay ;
(Av“ >1+(1—f)Avf

—[1-(1=f=c“)A]f.

12

12

Taking into account that f + ¢@ +¢® 4+ c® =1, we
can write the last equation as

(D2 1= (e 4 @) A, f.
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Similarly, using the definitions ¢® =V®/V and
c® =VvV®/V, we conclude that

c® = —C(S)éf o~ _C(S)AU f
and
W = —6(4)éf = —C(4)Av f

Finally, substituting the expression ¢, = A, f in (3), we

conclude that the constitutive equation for D8 can be writ-
ten as
TRIP Ay ;
D = A(aeq)N—i- 78 f. (6)

The plastic part of the deformation rate. The effective
plastic deformation rate is determined using a viscoplastic
constitutive equation of the form:

1 : .
D = 2" s =&"N, & =20, 6"" (7)

where ™™ is the effective viscous compliance that depends

on the macroscopic von Mises equivalent stress o,, and the
properties and volume fractions ¢ of the individual phas-
es. The compliance ™™ is determined by using the ho-
mogenization technique developed recently by Ponte Cas-
tafieda, Suquet and co-workers [7, 9, 10] for non-linear
composites. Each of the individual phases (r) is assumed to
obey a viscoplastic equation of the form

DI = 26050 = #UNO, 0 = 20090,

)
(r) m
gﬁ(r) — 0 Oeq ®)
" L)

where é7) and m®) are constants and U}(,") is the yield stress
of phase (r) that depends on the corresponding equivalent
plastic strain ). It should be noted that in the limit as
m") — oo, the above equations reduce to a rate-independ-
ent von Mises plasticity model with flow cr;,r).

A brief description of the methodology that determines
ghom for given values (aeq, ™, EP(")), is given in the fol-
lowing. Consider a linear composite with (as yet unknown)
compliances 0("), r=1,2,3,4, and a linear theory that
provides an expression for the "™ in terms of the afore-
mentioned 6. In our case, the following Hashin-Shtrik-
man estimate is used

o)
4 o)

1 - 1G]
@hom = Zﬁ Z 1

—
+ r=1

g0 290 50 T 200

r=

with @ = @ the compliance of the ferritic matrix phase
(4). Then, the following eight non-linear equations
(r=1,2,3,4) (Suquet [9, 10])
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=p(r) - ) m®
g 3¢ _ 3¢0 ey
(r) (r) O.}E") (ép(r))

Oeq Oeq
and
" 1 80h0m
o = O, —
eq T T\ L) e

are solved for (6 ") 06,(;)). Finally 6"°™ is determined from
(9). In the process of the solution, the average strain rate
#""in the phases are determined as well. The above
methodology is a special case of the so-called “modified se-
cant method” [9, 10] which coincides with the variational

procedure of Ponte Castafieda [7].

Phase Hardening. The individual constituents of the
composite material exhibit different hardening behaviour
during the deformation process. The selected hardening
curves accounting for the hardening behaviour of the four
phases are presented in figure 1. The hardening behaviour
of martensite is obtained from experimental data of a partly
martensitic steel (volume fraction of martensite =95%)
presented in [1]. Input data for the hardening behaviour of
the ferritic phase is obtained from experimental results for
an annealed steel also presented in [1]. The hardening be-
haviour of bainite is obtained from tensile tests performed
in a 0.5% C steel subjected to thermal treatment in the range
of bainite formation and presented in [1]. The hardening
curve for the austenite is obtained from experimental data
given in [3]. It should be mentioned that the behaviour of
martensite does not vary substantially with temperature in
the range considered in figure 1.

Transformation Kkinetics model. The evolution of
martensite due to martensitic transformation is described by
a transformation kinetics model which takes into account
temperature, plastic strain, and stress state. This kinetic
model was first proposed by Olson and Cohen [4] and then
modified in a generalized rate form by Stringfellow et al.
[8], so as to incorporate pressure sensitivity into the model.
The model of Olson and Cohen assumes that the rate of in-
crease of the volume fraction of martensite f is proportion-
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e
(7]
E 800
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Figure 1: Hardening behaviour of individual phases.
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al to the rate of increase of the number of martensitic em-
bryos per unit austenite volume and is based on the experi-
mental observation that strain-induced nucleation of
martensite occurs predominantly at shear band intersections
within austenite. The kinetic model used in the present work
is a generalization of what was proposed by Stringfellow et
al. [8] for two-phase steels in the form

f=c@ (48" + B %) (10)

= =p2). . . .
where 8 = §”? is the rate of the equivalent plastic strain

in austenite and the factor ¢® = ¢® reflects the decreasing
volume fraction of austenite available for transformation.
The parameter ¥ is a measure of the “triaxiality” of the
stress state and is defined as

»=1 (11)

where p = oy, /3 is the ratio of the hydrostatic stress. The
coefficients Arand By are functions of stress state, plastic
strain and the volume fraction of martensite for constant
temperature. The coefficient Ay is determined from
(Stringfellow et al. [8]

Ar =aBor (1 — f) (fn) ' P (12)

where o represents the rate of shear band formation and is
a function of temperature, the exponent  models the orien-
tation of shear bands and B, is a function of temperature.
The parameter f;;, represents the volume fraction of shear
bands and depends on plastic strain in the austenite, as fol-
lows:

fop=1—e @ (13)

The number of operational nucleation sites is assumed to
equal the number of shear band intersections per unit vol-
ume multiplied by the probability P that a shear band inter-
section will act as a nucleation site. The probability P is de-
termined from (Stringfellow et al. [8])

b =\ 2
1 1/g—¢
P = —— d 14
(8) msg_/eXp[ 2( 5 )} g (14)

where g and s, are the dimensionless mean and the standard
deviation of the probability distribution function. The prob-
ability P is a function of temperature and stress state
through the argument of the distribution function g. The pa-
rameter g is a normalized net thermodynamic driving force
defined as

§=28 — 810+ nk (15)
where gy, g1 and g, are dimensionless constants and ® is a

normalized temperature which is related to the absolute
temperature T according to
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T — M?ut
O=_————>u_ (16)
Md,ut - Ms,ut

where M ., M7, are the M, and M{ temperatures for uni-
axial tension, M is the temperature below which no trans-
formation is observed, and M the temperature above
which the transformation stress exceeds that of the parent
phase such that transformation is preceded by significant
plastic yielding. The parameter By is determined as follows

(Stringfellow et al. [8])

B =0ifAX <0, and

-\ 2
5 . l(g—g .
Br = (fsp) ex ——< ) if
1= T p[ 2\
AY > 0.

Summary of constitutive equations. The final form of
the constitutive model that describes the mechanical behav-
iour of multiphase TRIP steels is as follows:

D = D°4+D?4+D™RP 17)
D=M0 & o=L"D" (18)
D’ = &'N, é”zéaeqeh"m, Nzgaieq (19)
DR = |:A (0eq) N+ %8] f (20)
f — @ (Af 2@ + By E) 1)
(O=—[1-(cD+cM)A] f (22)
O =—cOA, f, D =—DA,f. (23)

Numerical integration and finite element
implementation of the constitutive model

In a finite element environment, the solution is developed
incrementally and the constitutive equations are integrated
numerically at the element Gauss points. In a displacement
based finite element formulation the solution is deformation
driven. Let F denote the deformation gradient tensor. At a
given Gauss point, the solution (F,, &, c{’) at time 7, as
well as the deformation gradient F,;; at time
ty+1 = t, + At are known and the problem is to determine

o1, cffll . The time variation of the deformation gradi-
ent F during the time increment [#,, #,4+1] can be written as

F@)=AF (@) -F,=R()-U() - F,,
tn ftftn-H
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where R () and U (¢) are the rotation and right stretch ten-
sors associated with AF (¢). The corresponding deforma-
tion rate D (¢) tensor can be written as:

D) =[F@)-F'0] =[AF@) - AF ' (1],

where the subscripts s and a denote the symmetric and anti-
symmetric parts respectively of a tensor. If it is assumed
that the Lagrangian triad associated with AF (¢) (i.e., the
eigenvectors of U (#)) remains fixed in the time period
[#,, t,+1], then it can readily be shown that

D) =R@)-E@)-R" (1),
W@ =R@)-R" (1)-R” (1) (24)

and

v X T

o()=R(@) -0 @) -R" 1) (25)
where E (f) =InU (¢)is the logarithmic strain associated
with the increment, 6 (1) = R” (¢t) - o (r) - R (¢). It is noted
that at the start of the increment:

AF,=R,=U,=68,6,=0, and E, =0,

whereas at the end of the increment:

AF,11 =F,1 -F,' =R,y - U1 = known, and

n

E,. 1 =InU, ;= known.

Taking into account (24) and (25), we can write the
elastoplastic equations in the form

E = E‘+EP +E™0P (26)

(;i = Lg:Ee (27)

Ep = ép N’

o1 g 38

~p =~ 0y ehom , N = _i (28)
3 2 0y

~TRIP S ¢

ETRP — [A (0eq) N+ 78} f (29)

fo e (4, 4 B, 5) o)

(= —[1=(c® +e®)A,] f (D

O = _OA, F e = DA, (32)

Integration of equation (26) gives

AE = AE‘+AEP+AE™R? or
AE® = AE — AE? — AET/P (33)
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Integration of equation (27) yields A¢ = L*:AE®  or
6,11 =6°— L% (AE? + AETR'P) (34)

where 6°=6, + L:AE = known is the “elastic predictor”.
Equations (28), (29) and (30) are integrated using the back-
ward Euler method

1 om
AE? = 3 aeq|n+l oRom AtN,.41 (35)
TRIP \ Ay
AR = A (00y),,) Rosi + 58| AF. (36)
(@ (a)
Af = CnJZI (Af|n+l ’[:'H At + Bf’ ) (37)

Equations (32) are integrated exactly:

3 _AL 4 A,
’(le — Cils) e~ Do Af’ 6(4)-1 _ c,(f) e~ D Af (38)
and cn +1 is determined form
(a) .3) .4
Cop1 = =1- f"""] ~Chr1 ~ Cuyr- (39)

Finally, is determined from the equation

AT =%, - %, = (i) - <£) . (40)
Oeq n+1 G"q n

Substituting the above equations into the elasticity equation
(34) and evaluating the deviatoric part of ¢,.1, we con-
clude that the deviatoric parts of &, and 6 are collinear.
Therefore

. 3 S 3 g
Nuy1 = 75 | =500 known.
€q n+1 eq

Then, projecting the stress tensor onto the deviatoric
plane <o'e,, =6:N=0:N) and the pressure axis
(p=6:8/3=0 :8/3) we obtain the following equa-
tions:

qu|n+1 = a:q —3G Agy,
Pnt1 =p° —KA, Af (41)

where and are the elastic shear and bulk modulus respec-
tively, o, = 6° : N = /3sf; s, is the equivalent stress of
the elastic 6¢, and

1
Ay =3 Ol 07 A+ A (agq|n+l) Af. (42

The integration algorithm can be summarized as follows.
The quantities Af and Ag, are chosen as the primary un-
knowns and equations (37) and (42) are treated as the basic

equations in which o, ] Pn+1, AX, I (3)1 and ¢

n+l? n+l’ n+1
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are defined by equations (41),(40), (39) and (38). Equations
(37) and (42) are solved for Af and Ag, by using Newton’s
method. OnceAf and Ag, are found, equatlons 41), (38),
(39) and (40) define o yors Prris AT, ) el and

ffﬁl Thena ., is determined from

2

O, = 5 O—eq‘n+1 Nn-‘rl + pny18. (43)

Finally, ¢/,,+; is computed from

Oyl = Rn+1 . &nJrl : R,{+1 (44)
which completes the integration process.

The corresponding “linearization moduli” of the algo-
rithm have been presented by Papatriantafillou in [6].

Results

The constitutive model presented in the previous sections
is implemented in the ABAQUS general-purpose finite ele-
ment program. This code provides a general interface so
that a particular constitutive model can be introduced as a
“user subroutine”.

The values E = 200 GPa and v = 0.3 for the elastic
Young’s modulus and Poisson’s ratio are used in the calcu-
lations. The curves that define the variation of the flow
stress of the phases o") (€7¢”) are shown in figure 1. The
values &) = 10~*sec’! and m") = 60 are used for all four
phases. The large value of the strain-rate exponent m®)
makes the behaviour of the phases essentially rate-inde-
pendent. The relative volume change associated with the
martensitic transformation takes the value Ay = 0.02. Ex-
perimental data for uniaxial tension of a TRIP steel in two
temperatures (room temperature and 50°C) are used for the
calibration of the model. This leads to the values Ag =
0.012, A1 =0.057, s =496 MPa, go=3400, g1=4.7, g.=493,
§=3230, s,=292, M, ,,=52°C M{ ,=10°C and r=2. The
variation of « and By with temperature is given in table 1.

The amount of retained austenite experimentally ob-
served before straining is 12% while the volume fractions
of ferrite and bainite are 50% and 38% respectively, i.e., the
initial volume fractions are f;=0, co(“=0.12, ¢¢®’ =0.38 and
c™® =0.50. Experiments show that, in uniaxial tension,
some amount of martensite appears before yielding takes
place; this is due to “stress induced” transformation. In or-
der to account for this effect, since our model considers
plastic-strain-induced transformation only, we modify the
initial values of fand to fo=0.017, co/” =0.103 at room tem-
perature, and f;=0.013, ¢“ =0.107 at 50°C.

Figures 2 and 3 show the predicted o—¢ and f~¢ curves
in uniaxial tension together with the experimental data at
room temperature and at 50°C. The predictions of the mod-
el are obtained by using one isoparametric axisymmetric fi-
nite element loaded in uniaxial tension; 2X2 Gauss integra-
tion stations and the so-called B-bar method are used in the
computations. The higher amount of martensite formed at
room temperature is responsible for the higher level of
hardening observed in the same temperature.

steel research int. 75 (2004) No. 11
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Figure 2: Stress-strain curves in uniaxial tension at room tempera-
ture (above) and at 50°C (below). Experimental results and model
predictions.

The model is used also for the simulation of necking in a
uniaxial tension test using the finite element method. A
cylindrical specimen is analyzed with aspect ratio Lo/Ry= 3,
where 2L is the initial length of the specimen and Ry its ini-
tial radius. Because of symmetry, only one half of the cylin-
drical specimen is analysed. The deformation is driven by
the uniform prescribed end displacement in the axial direc-
tion on the shear free end while the lateral surface of the
specimen is kept traction free. The finite elements used in
the computations are the same as that used in the problem
of uniaxial tension. In order to promote necking, a geomet-
ric imperfection is introduced. In particular, the undeformed
configuration of the specimen is perturbed in a way resem-
bling the necking mode, i.e., the initial radius R of the spec-
imen is assumed to vary in the axial z-direction according to
the formula

R(z) = Ry — & Ry cos ——
Z) = — COS —
0 0 cos 57

where the & = 0.005 is used, and the plane z = 0 coincides
with the middle cross section of the specimen.

Figure 4 shows the o—¢ curves for both a transforming
and a non-transforming material at room temperature. The

steel research int. 75 (2004) No. 11
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Figure 3: volume fraction of martensite fin uniaxial tension at room
temperature (above) and at 50°C (below). Experimental results and
model predictions.
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Figure 4: Stress-strain curves in uniaxial tension with and without
TRIP.

Table 1: Values used in the kinetics model

T a Bo
23°C 8.7 1.8
50°C 52 1.5
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75%)

Figure 5: Contours of von Mises equivalent stress (in Pa) with and
without transformation at a nominal strain level of 50%.

two arrows on the curves indicate the point of maximum
load, which coincides with end of uniform elongation of the
specimen; it is clear that TRIP increases substantially the
range of stable deformation. Figure 5 shows contours of the
von Mises equivalent stress o.,(in Pa) with and without
transformation at a nominal strain level of 50%. Formation
of martensite leads to stabilization of necking, and propa-
gation of the neck down the length of the specimen.
Figure 6 shows contours of f for the transforming material
at a nominal strain of 50% at room temperature and at 50°C.
The TRIP effect is more pronounced at room temperature as
expected.
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Figure 6: Contours of volume fraction of martensite f at room tem-
perature (above) and at 50°C (below) at a nominal strain of 50%.
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