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Z. MROZY, G. ZIETEK?

D Institute of Fundamental Technological Research
Warsaw, Poland

2) Wroclaw University of Technology
Wroctaw, Poland

THE WORK PRESENTS an elasto-plastic material model with mixed hardening tak-
ing into account martensitic transformation. Modification of the kinematic hardening
rule is proposed by relating back stress to the generalized thermodynamic force by
a nonlinear function dependent on the fraction of martensite. The martensitic evo-
lution is expressed in terms of isotropic hardening parameter by introducing proper
free energy related force. The proposed model has been applied to predict hysteretic
response for cyclic tension and compression tests for austenitic steel.

1. Introduction

MATERIAL UNDERGOING PHASE transformation, especially the martensite tran-
sition have been examined theoretically and experimentally for more than 50
years. Such phase transformation may occur in certain types of austenitic steels,
so-called metastable ones, such as high manganium or high nickel steels. This
transformation takes place as a result of varying temperature, applied stress or
by induced plastic strain. The transformation caused by stress or plastic strain,
so called athermal transformation, takes place even at room temperature (also
induced by cyclic loading). The ample literature in the area of athermal trans-
formation is devoted to the effect commonly known as TRIP (transformation
induced plasticity).

The present paper provides the discussion of another problem, namely the
martensitic transformation induced by plastic strain (PIMT). Such transforma-
tion can substantially affect mechanical properties by increasing the hardening
rate and the form of hysteresis loops, generated in the cyclic loading process.
Figure 1 presents the steady cyclic loops obtained for AS 304L steel at dif-
ferent strain amplitudes by KALETA and ZIETEK, [1]. The majority of papers,
especially the experimental ones devoted to this problem, examine mostly mono-
tonic loading (LEBEDEV et al. [2], GANESH et al. [3], PIWECKI, [4]). However
such transformation occurs also under cyclic loading (MUGHRABI et al. [5],
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SUGIMOTO et al. [6], KALETA et al. [1], GARION et al. [7]), and it can sub-
stantially affect material properties. Only microscopic observations and struc-
tural examinations performed, for example, by means of electron microscope
can determine the amount of existing martensite. The paper of KALETA and
ZIETEK [1], presents results of such examinations indicating appearance of the
o/ martensite inside austenite under uniaxial cyclic strain. It is seen that the
hardening modulus increases starting from some value of plastic strain in both
compressive and tensile semi-cycles. There is a characteristic inflection point on
the cyclic skeletal curve connecting the tips of hysteresis loops, Fig. 1.
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Fic. 1. Cyclic stress-strain curve and steady state o — e loops for strain controlled cyclic
loading (from KALETA and ZIETEK, [1]).

Phenomenological constitutive equations are usually formulated within the
framework of irreversible thermodynamics with account for internal state vari-
ables ([8]). This allows for the analysis of kinetics of deformation processes as
well as of evolution of generalized thermodynamic forces. The two-phase mater-
ial is then treated as a thermodynamical system with two irreversible processes,
namely, phase transformation and plastic deformation. The selection of internal
variables and macroscopic parameters is essential for this approach. The volume
fraction of martensite £ is the most popular macroscopic internal variable spec-
ifying the growth of martensitic phase [9, 10]. The derived evolution equation
for this parameter together with suitable model of material hardening provides
a complete set of equations specifying the response, with account for structural
changes induced by martensitic transformation. In Sec. 2 we propose a simple
constitutive model of plastic response with the combined isotropic-kinematic
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hardening and cyclic stress evolution dependent on martensite volume fraction &.
The specification of material functions and parameters is presented in Sec. 3.
The model is applied to simulate cyclic response of steel with some examples
presented in Sec. 4.

2. Elastic-plastic model

To formulate the constitutive relations, assume the combined (isotropic-
kinematic) hardening model. A familiar Huber-Mises yield condition takes the
form

3
@) Fy =[S0  F)loss — f) ~ () <0
where s;; is the stress deviator, R(k) denotes the yield surface radius (size) and
K is the monotonically increasing accumulated plastic strain measure. The yield
surface centre is specified by the deviatoric tensor f;; related to the back stress
X;; by the following equation:

(2.2)  fij = Xi;(1 + aXpnXomn),  or f=X(1+aX- -X)=X(1+aX?),

where X2 = X-X and a = a(£) > 0 is the function of the martensite volume frac-
tion, so that a(0) = 0. Thus, for £ = 0, we obtain the classical kinematic harden-
ing model with the back stress X = [X;] representing the yield surface centre.
The dot between two vector or tensor symbols denotes their scalar product.

The back stress X;; does not correspond to the yield surface centre for a > 0
(Fig. 2). It is shifted by the vector

(2.3) fij — Xij = (aXpuXn) Xij,

which depends on the martensite volume fraction and is proportional to the
second invariant of the back stress.

The yield surface specifies the regimes of plastic flow and elastic deformation.
Additionally, we have to formulate the condition of martensite transformation
in the form

(24) Fop =X — G(§7 Ii) < 0,

where X denotes the generalized transformation force conjugate with & and
G (&, k) is the dissipative force dependent on both plastic strain and martensite
volume fraction, thus allowing for the analysis of coupled effect of two irreversible
processes.
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F1G. 2. The yield surface with back stress shifted from the surface centre.

The elastic state of material can be specified in terms of state variables o
and conjugate forces A1,

(2.5) o = (e%,T) — Ay =(0,95)

e
ij
is the Cauchy stress tensor and S is the specific entropy per unit mass. The
hardening state is specified in terms of internal state variables and conjugate

generalized forces

(26) X2 = (11757 K“) — Ay = (Xa 2, R)

where €€ = [5 } is the elastic strain tensor, 7" denotes the temperature, o = o]

where 1 = [1;;] is the microstrain conjugate to the back stress X.

The specific free energy ¥ per unit mass is assumed to be a function of state
and internal variables. For an isothermal process, assume the following form as
a sum of elastic and stored energies:

- 1 1
(2.7) P =U(ou, o) = S Aijmeieiy + 5 Cimighij + ¢ (& k)

where p is the mass density. The conjugate forces are specified from the potential
relations, thus

o ov
Oij = 3o = Aijklgzlv Xij = = Clmj’
Oe§ O
(2.8) ’
_o¥ _9¢ r= _0¢
o~ o¢” Ok Ok’

where A;jj,; is the tensor of elastic stiffness moduli.
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Assume the total strain as a sum of elastic and inelastic components, thus

(2.9) eij = €55 + €l
where
(2.10) efj =+

Here €} denotes the plastic strain due to polycrystalline slip and sf;” is the
transformation strain induced by martensite combined with twinning. In our
model formulation, we shall not make distinction between €5 and EZ as it is
difficult to specify this irreversible strain decomposition experimentally.

For the increasing stress, we have first the case of plastic deformation, so

that
(2.11) F,=0, F,=0 and F, <0

and no martensite transformation occurs. The associated flow rule specifies the
plastic strain rate and the non-associated evolution rules specify the microstrain
and the back stress rate, thus

O _ 5 30 — Fy)

2.12 L= A
(2.12) i = Mgy °R
. (OF, 0w 1
2.1 %= —A d U= ~O0X; Xy
(2.13) A (aXij +aXZ-j>’ o O XX
and
. OF .
2.14 = —A—2 = AL
( ) K A oR )\1

In writing (2.13), we introduce the recovery potential ¥" = ¥"(X;;) by assum-
ing the evolution of back stress to be governed by the hardening and recovery
processes. In view of (2.8), we have

(2.15) Xij = C1iij = C1A;juel, — MC1C X5
where
(2.16) Aijrl = Oijia[1 + aX pnXomn] + 20X X g

and 0;;%; is the unit tensor. Let us note that for a = 0, the back stress evolution
rule (2.15) becomes the familiar Frederick-Armstrong rule

(2.17) Xij = Ciél, = MC1CXy5
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accounting in a simple way for hardening and recovery effects. It is clear that
for constant values of Cy and C, the back stress evolves to the limit surface
Fy(X) = 0. In fact, setting X;; = 0 at the limit state, from (2.17) we obtain

l 3(Sij — Xi )
C 2R

and in view of (2.1) there is a limit surface in the back stress space specified by

(2.18) X =

_ 3 3
2.1 FY(X) =1/2X;: Xii — Ry = 0, =
(2.19) 1(X) 5 XijXij — Ro =0 Ry = o

Similarly, in the stress space we have

/3 3
(220) E(O‘) = §sijsl-j — Rl = 0, Rl =R+ %

Equations (2.19) and (2.20) specify the limit surface in respective spaces. The
transformation rule (2.17) can now be rewritten in the form

(2.21) X = )'\1(81 — 5)7 = )'\1(Xl — X)CCl

where s; and X are the limit states on the surfaces Fj(o) and Fj(X) correspond-
ing to the same normal vector of the yield surface at the current state, Fig. 3, thus

(2.22) s = (s —X) <1+2§C>, Xl:%(s—X).

Figure 3a illustrates the evolution rule (2.21). The back stress evolves along the
vector (s; —s) or (X; — X) tending to the limit state X; for constant orientation

F1G. 3. Evolution of the back stress X to the limit state X, specified by a) Eq. (2.21)
and b) Eq. (2.15).
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of the plastic strain rate vector. Let us note that the coaziality rule occurs
at the limit state between X; and €”. Let us note that evolution rule (2.21)
is identical to that proposed by MROz [11], in formulating the multisurface
hardening model, and next extended by MROz and RODZIK [12], in order to
simulate quantitatively ratcheting and memory effects in cyclic deformation.
Consider now the evolution rule (2.15) which can be rewritten in the form

: . i — fii X _
(223) Xij =Ci\ M(l + aXQ) + 3CLMX” — CXZ] .
2R R
If a limit state exists, then Xij =0, and
(2.24) M(l +aX?) + 3aMXij —CX;; =0
2R R
so the coaxiality rule occurs, namely
1 X (s—f) 3(s—f)
2.2 E— — 3¢ X =
(2:25) 1+ aXx? <C T ) 2R

and the transition rule (2.21) remains valid, see Fig. 3b.
3(sii — fir
Equations (2.24) multiplied by (5132wa)

two scalar equations

§(1 +aX?) +2a <3X(S_f)>2

and X;; provide the system of

_C3X-(s—f) _o,

2 2R 2R

(2.26)
[(1+aX2)3X. (s —f) 49 (SX-(s—f)

2| _ry2
- ) X - oxt =

3X - (s — f)

with two unknowns, X? and . After rearrangements, we arrive at

the equation specifying the size of the limit surface in the form

C2 —9q— CVC? = 18a>

(2.27) (aX?+1) <X2 - Sz

<X2 C% — 9a + CV/C? - 18a> 0
‘ - 2702 e

Equation (2.27) has no positive roots when

(2.28) 18a > C?



10 Z. MRrROz, G. ZIETEK

and then the limit surface does not exist. Thus when a = 0, & = 0 at the
initial transformation state, the evolution rule (2.17) or (2.21) predicts the usual
saturation value of the back stress. Assuming the monotonic function a = a(§),
the critical value a. = a(&.) = C?/18 is reached and for a > a, the limit surface
does not exist. The hardening process is strongly affected by the increasing
martensite fraction and for £ > &, it dominates over the recovery process.

The hardening modulus H can be determined from the consistency condition

OF,

(2.29) For.

Gij — MH =0,

and we obtain

OF OF, OR
2. H={A; .} =P A 1T x ) 4 9
(2.30) {Aijr} 0w <01{ i }c%mn gl J>+ o
X-(s—f£)\?
= g {01(1 +aX?)? + 6aCy (i)> (14 aX?)
X-(s—1f)/ o 9 3 OR
7 (X Cy(4a” — 2aC — 20) + o

The parameter x is proportional to the length of the plastic strain trajectory.
The martensitic transformation process proceeds when k reaches the critical
value k., and then we have

2.31 F,=0, F,=0 and F, =0, F, =0.
p p

The evolution rule for the volume fraction of martensite has a form

. L OF,
(2.32) E=—X oy = Ag.
In view of Eq. (2.4), we have
\ Zn - G/{ .

2. o= —F
( 33) 2 Gg — Z,E K
where

oG oG 0x 0x
9.34 = S y M S Y el
(2:34) Gr = 5n e = 3¢ Or ¢

23
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3. Selection of free energy function and material parameters

Appropriate forms of the functions ¢(&, k) and G(&, k) must be selected in
order to describe the coupled process of the martensitic transformation and the
plastic deformation. Assume the condition that both, the yield surface radius R
and the martensite volume fraction £ tend to limit values R* and £* for increasing
accumulated plastic strain, xk — oco. Assume that the stored free energy function
is of the form

(3.1) o(&, k) = a1k + agk + az (e” ™" — 1),

where 0 < € < 1 and k > 0. The first term of (3.1) represents the stored free
energy associated with martensite transformation and the effective accumulated
plastic strain and the subsequent terms provide the variation of the radius R
due to plastic hardening, so that

R = a1€ + as — azage™ “7,

(3.2) o0

o€

= alk.

Assuming the form of the function G(§, k), we may obtain the relation between
the parameter £ and the effective accumulated plastic strain

b1§/<;
b2 — e~ b3k

(3.3) G(E, k) = + G

Taking into account Egs. (2.4), (3.2) and (3.3), we have the martensite evolution
rule in the form

. Ke L e . (1by
e=¢ (1 ﬁ)(l = ) &=

and K> Ke= —.

(3.4)

The martensite volume fraction £ and the yield surface radius converge asymp-
totically to limit values

(3.5) & — & and R — a1&" + ao.

K—00

The parameter a occurring in Eq. (2.3) is the function of the martensite volume
fraction &, so it converges to a limit value a*

(3.6) alé ()] — a* = a(€").
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F1G. 4. The form of functions a) £ = {(k), b) R = R(k).
4. Application of constitutive model: evolution of hysteresis loops
in uniaxial cyclic straining

The model identification was performed for the exemplary martensitic trans-
formation in steel AIST 304L. The deformation process of cylindrical specimens
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was examined in the cyclic uniaxial tension — compression tests. The control
was imposed on the amplitude of the plastic strain €4,. The measured quanti-
ties are total strain ¢, elastic strain €, and the stress ¢ in the cyclic deforma-
tion process. The details of performed experiments and their results are pre-
sented in [1]. Approximation has been performed making use of the package
PLOT 4.0.

For the uniaxial tension-compression, Egs. (2.1) and (2.15) take the form

(4.1) lo — X —a(§)X?| =R,

3
(4.2) X =00+ 2a(€)X?)é, — C1CX |&,|
where |¢,] = A1. Denoting by X the derivative dX/d\; from (4.2) we obtain
two equations specifying the evolution of X for tension and compression events,

namely

3
X'= 201 —yX +308(6)X?,  £,>0,

2
(4.3)
. 3
X¢ = FC1 X + 3086 X2, £, <0
where v = CC].

Figure ba presents the variation of X following the rules (4.3). It is seen
that for X = £C/6a (points K and L in Fig. 5a) the rate of back stress in-
creases on both the tension and compression paths. The stress-strain hysteresis
loop then exhibits inflection points with increased rate of hardening (points
K" and L' in Fig. 5b). To preserve the positive values of X! and X°, the
discriminant of the quadratic forms (4.3) should be negative definite so that
a(¢.) > C?/18. This inequality is identical to (2.28) derived for the general
stress state.

When a(§) < a(&.), then the limit surface exists and recovery process domi-
nates over the hardening process, thus assuring the saturation state. There are
two real roots for the parabolas (4.3). The root

C—+VC?-18a
6a

(4.4) Xiim =

3 3
determines the limit value of the back stress. Xjim, 20 and Xy, (a(&)) = Yol
a—

3 3 .
SO Yol < Xiim < rok Figure 6 presents the variation of X and the corresponding

back stress — strain hysteresis loop.
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Now there is no inflection point on the X, ¢, diagram. Starting from the value
& = &, the increasing martensite fraction induced the increase of hardening rate
and the radius of the limit surface tends to infinity.

The parameter a = a(&) is a function of martensite volume fraction { and
in view of Eq. (3.2), it can be expressed in term of plastic strain, so Eq. (4.3)
is the Riccati equation. This equation may be integrated exactly for a = const.
Assuming a* = a(£*), Egs. (4.3) can be integrated along the loading path CF
and the reverse loading path AC (Fig. 5). We may obtain for CF

X, C ] C
(4.5) X(ep) = Dtan [2a*01D(5p + €4p) + arctan (Da - 6a*D>_ + 6o’
and for FC
X, C ] C
(4.6) X (ep) = Dtan [QQ*CID(EP — €qp) + arctan <_Da + 6a*D>_ ~E
V18a* — C? c?
where D = ——— and a* > —

6a* 18"
Next, the relation between stress and plastic strain is specified, thus

(4.7) o=R"+ X(gp) +a*X(gp)>

The first step of the identification was to find the values of parameters Cy
and C in order to specify the steady state of the material, R = R*, £ = £,
a* = a(£*). The constants R*, C' and C; were determined, for different values
of a*, making use of common approximation of the hysteresis loops chosen from
each load level (Fie. 1). The examnles of annroximation of the hysteresis loop
and the cyclic
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F1G. 7. The hysteresis loop at constant value of a (a* = 0.0001). The case a(§) > a(&.).
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F1a. 8. Cyclic stress-strain curve at constant value of a (a* = 0.0001). The case a(§) > a(&.).

Next, we perform the simulation for two kinds of asymptotic convergence
of the function a(¢), (Fig. 9). The values C; = 48 GPa, C' = 0.027 MPa™! and
R* = 150 MPa are obtained as a result of identification of the experimental data
for the steady state.
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b) 1.2e-4 A~ a(K)
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F1G. 9. The exemplary forms of the function a: a) a = a(§), b) a = a[{(k)] = a(k).

Results of the simulation for the constant strain amplitude g4, and two
different kinds of the convergence of the function a = a(§) are presented in
Figs. 10 and 11.

However, the results of simulation for constant stress amplitude are presented
in Fig. 12. The hysteresis loops for constant strain amplitude and constant stress
amplitude stabilize very quickly, but we obtain the shift of the hysteresis loops
for constant stress amplitude. This shift depends on the direction of first cycle
(compression or tension).
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[F1G. 10a]
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Fic. 10. The evolution of cyclic hysteresis loops for constant plastic strain amplitude
(eap = 0.006) and varying a(x) = 0.0001(1 — exp(—20k)); a) plastic strain — back stress,
b) plastic strain — stress.
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Fi1G. 11. The evolution of cyclic hysteresis loops for constant plastic strain amplitude
(€ap = 0.006) and varying a(x) = 0.0001(1 — exp(—200k)): a) plastic strain — back stress,
b) plastic strain — stress.
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Fic. 12. The evolution of cyclic hysteresis loops for constant stress amplitude
(0o = 300 MPa): a) plastic strain — back stress, b) plastic strain — stress.

5. Conclusions

The paper presents an elasto-plastic model with possible appearance of the
second phase — martensite in austenite. Constitutive equations were derived
making use of irreversible thermodynamics with internal parameters. The mod-
ification of the yield surface allows the description of evolution of the hardening
observed for such type of materials. The martensite volume fraction depends
on the effective accumulated strain. This parameter may be determined in mi-
croscopic experiments. Such experiments may assist in selecting an adequate
form of the evolution functions and offer information on the kinetics of phase
transformation. However, quantitative description requires values resulting from
the suitably designed macroscopic experiments. The function appearing in the
phenomenological description is selected to fit the experimental data.
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