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Experimental study of the phase transformation plasticity
of 16MNDS5 low carbon steel induced by proportional
and nonproportional biaxial loading paths

M. Coret3, S.CallochHh, A. Combescuré

2 LaMCoS,CNRSUMR 5514,INSA batimentJ.C.A. Coulomb,20, avenueAlbert Einstein,69621Villeurbannecedex France
b | MT-CachanENS.Cachan/CNRSIMR 8535/universitéParis 6, 61, avenuedu PrésidentWilson,94235CachancedexFrance

This article deals witlthe multiphasic, anisothermal behavior of 16 MND5 steel (used in French nuclear reactor vessels)
under complex loading. We are focusing more specifically on transformation plasticity induced by proportional or
nonproportional biaxidbading.The first part briefly reviews the experimental setup we have bsig. The second part
concerns the studyf transformation-induced plasticity under constant stress in the cases of bainitic, martensitic and austenitic
transformations. Thegests enabled us identify Leblond’s transformation plasticity model. The final part presents tests on
the transformation plasticitjpduced by nonproportional biaxial loading and their comparison with the previously identified
model.

Keywords:A-phase transformation; A-thermomechanical processes; Bitdive behavior; B-metallic materials; C-mechanical testing

1. Introduction

For a number of years, much research has been devoted to the thermomechanical behavior of materials during solid—solid
phase changes. The main objective is to be able to predict the distortions and residual stresses in a structure following a welding
or heat treatment process. This is a relatively ambitious prospect as at least three physical phenomena must be taken into account:
the thermal loading, the mechanical loading and the phase transformation mechanisms (Inoue and Wang, 1985). Let us recall
that the slightest stress applied during a phase transformation results in a residual deformation called “TRansformation-Induced
Plasticity” (TRIP). Two physical interpretations of this phenomenon were given by Greenwood and Johnson (1965) for the case
of diffusion transformation and by Mage&966) for the case of martensitic transformation.

A number of experimental studies were conducted (Abrassart, 1972; Desalos, 1981; Hamata et al., 1991; Videau et al., 1996;
Taleb et al., 2000; Denis et al., 1987b; Martinez, 1999), leading to numerous models (Greenwood and Johnson, 1965; Leblond
et al., 1989a; Inoue and Wang, 1985; Hamata et al., 1991; Fistla., 2000b; Cherkaoui drBerveiller, 2000; Nagayama
et al., 2000, 2002; Tanaka et al., 2003; Taleb and Sidoroff, 2003). However, while real-life cases necessarily involve non-
constant multiaxial stress states due to nonbgemeous temperature fields, virtually all these experiments were performed
under constant uniaxial loading. Yet, the d@m—torsion tests by Videageem to indicate that the rtiaxial character of the
loading influences transformation-induced plasticity in the case of martensitic transformation. Therefore, it appears essential



Table 1
Chemicalconposition of 1L6MND5 in % mass (Mizushima, 1984)

C S P Si Mn Ni Cr Mo Cu Co Fe
0.17 0.002 0.004 0.25 1.44 0.75 0.20 0.51 0.01 0.004 balance

to provide new results on little-studied tsformations, such as austenitic traorsfiation, and to conduct tests under loading
situations closer to reality.

This article consists of three parts. The first part concerns mostly the material, the experimental setup and the phase
transformations being studied. The second part presents the results of numerous tests performed in order to characterize
transformation plasticity under constant habstress during bainitic, artensitic and austenitic traformations. These tests
were used to identify Leblond’s transformation plasticity model. The final part concerns the transformation plasticity induced
by nonproportional loadig during bainitic transformatiofResults are presented for thrgeés of loading and compared to the
response of the model.

2. Theexperimental setup
2.1. Material and test specimen

The material being studied is 16MND5 steel used in FrenclRRWssels. This is a low-alloy, low-carbon steel whose
chemical composition is given in Table 1h& tension—torsion testepimen is a thin tube connected to two massive heads by
a wide fillet, which ensures that the state of stress in the central zone is homogeneous (Coret et al., 2002). We will assume
throughout that the shear stress is constant across the thickness.

Height: 35 mm
Diameters:

Pint = 234 mm
Pext=254 mm

2.2. Mechanical and thermal loads

The mechanical loading was applied using an electro-hydraulic tension—torsion servo testing machine with a maximum
capacity of 100 kN in tension/compression and 1.2 kN m in torsion. Heating was provided by induction, which required the
development of a specific inductor (Coret et al., 2002) to insure a homogeneous temperature field in the measurement zone.
Thus, the test sample could be heated to temperatures greater than the austenitic transformation temper8a0eQ)r
Finally, for the fastest cooling stages (5°C s_l), the injection of gaseous argon at the center of the test sample (Fig. 1)
enabled cooling rates of the order-e60°C s~ 1.

2.3. Measurements
During each test, the following parameters were monitored continuously: the tensiorFfégbeng the normal stress),
the torqueC (giving the tangent stress, the axial and shear straiasy and the temperaturdsin 12 points.
3. Thetransformations being considered
In the rest of the paper, we will study transformation-induced plasticity through three transformations which are likely to

occur for the steel grade we are interested in: one transformation during the heating stage and two transformations during
cooling. Table 2 summarizes the characteristics of these transformations.
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Fig. 1. The experimental device.

Table 2
Summary of the characteristics
Tmean(°Cs™Y) Vaue
Acy 10 680°C
Acs 10 800°C
Bs -3 550°C
Ms —48 400°C
g - 16.1x10°6°c1
ay - 26x106°c1

3.1. Austenitic transformation

Austenite is a solid solution of carbon jn iron which remains stable at high temperatures. During this transformation,
which occurs upon heating, iron (body-centered cubic structure), which was stable at low temperatures, turns it
(face-centered cubic structure). At the rates we are considering, of the ordef 6518, the phase change begins at 68D
and ends around 80, as shown in Figs. 2(b) and 2(a).

3.2. Martensitic transformation

During very rapid cooling, carbon does not have time to diffuse and, therefore, causes carbon—supersaturated ferrite to appear
below temperatur®s. In the case of ferritic steels such as 16MNDJ5, this transformation is possible only for very high cooling
rates. Our tests were performed at average rates of ab8@ $0. Fig. 2(a) shows one of these tests. As often, a very small
residual strain remains at the end of the dilatometry test.

3.3. Bainitic transformation

At lower cooling rates, small carbon—supersaturated ferrite platelets appear at temperatures higiey thathese can
last only if their carbon can be expelled: this is the bainitic transformation mechanism. The transformation does not progress
through seeding and growth, but through theltiplication of thin ferrite platelets. In our casejghransformation takes place
at rates of the order of &C s™L. Fig. 2(b) shows a free dilatometry obtained for a bainitic transformation.
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Fig. 2. Free dilatometries. (a) Martensitic transformation; (b) Bainitic transformation.

Table 3
Mechanical loading sequence applied
in the stress planes(7+/3)

Cycle o T

1 0 0

2 o 0

3 0 T such thatv/3 =0
4 /N2 /32

5 —0 0

6 —o/\/2 /42

Fig. 3. Loading sequence.

4. Dilatometry under constant stress
4.1. Loading paths

The first tests we conducted were intended to characterize transformation-induced plasticity under constant (uniaxial or
biaxial) stress states. Therefore, these tests can be compared with existing uniaxial test results (Martinez, 1999; Cavallo, 1998;
Grostabussiat-Peti2000). Moreover, they enable us to check whether tramsftion-induced plasticitis indeed, as predicted
by Leblond’s model (Leblond et al., 1989a), proportional to the deviator of the macroscopic stresses.

For each transformation, the same loading sequence wasdpptige test sample. A sequence was composed of six stages
during which the same thermal loading was applied. Furthermore, all tests were conducted for the same equivalent stress in the
Von Mises’ sense. During each cycle, a different mechanical solicitation was applied, as shown in Table 3.

The first stage was a free dilatometry during which all defdions are, therefore, due toahmal effects. Stages 2 and 5
were unidirectional tension and compression tests. Stage 3 was a shear test. Finally, Stages 4 and 6 corresponded to truly biaxial
tension or compression loading combined with shear (Fig. 3). Stresses were applied just prior to the phase transformation at
a rate of about 100 MPas$. For the bainitic and martensiticansformations, the stressaere brought down to zero at the
end of the tests (around 10Q). However, in the case of austenitic transformation, the stresses were relieved at the end of the
transformation to prevent high temperature creeping phenomena from occurring.

The stress levels applied in each sequence are listed in Table 4. As an indication, let us recall that the conventional 0.2%
yield strength of austenite is (Grostasiat-Petit2000; Martinez, 1999; Waeckel, 1994;))5 =100 MPa at 600C, 150 MPa
at 400°C and 60 MPa at 800C.



Table 4
Thetests performed

Transformation oeq (MPa)
Bainitic 30, 45, 60
Martensitic 40, 50, 60, 70, 80
Austenitic 10, 15, 20, 30
tempe-
rature
emax 1
etra\ns.
time
force 4
F1
tir:\e
torque A
C1
tir:\e

Fig. 4. Description of the loading applied at each stage.
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Fig. 5. Evolution of the total strain vs. the temperature for each loading stage-(60 MPa). (a) Axial strain; (b) Shear strain.

4.2. Results from the tests — bainitic transformation

On Fig. 5, we represented the axial and shear strains measured during thedgst 80 MPa against the temperature. One
can see that fos = 0 (Stages 1 and 3) the axial strain is equal to zero. Similarly, when no shear stress is applied (Stages 1, 2
and 5), the shear strain is zero. Finally, when combined tension and shear loads are applied (Stages 4 and 6), axial and shear
strains develop. Let us also note that the kinetics of the transformation is slightly affected, by the applied stress.



4.2.1. Extraction of transformation-induced plasticity
We suppose in that part that the strains are small. Our objective is to extract from the total strain the transformation-induced

plastic strain.
Let us recall that in Leblond’s model (Lebid et al., 1989a) the strains are partitidnghrough time integration, as follows:

el=c®+eMt el + e + . 1)

(1) €'is the total strain.

2 ¢"Mis the thermal and metallurgical strain, deduced from the free dilatometry (Cycle 1).

(3) €®is the elastic strain, calculated using the elastic properties of each phase.
We will assume that the elastic properties are the same in each phase and depend only on the temperature. The Young'’s
modulus depends on the temperature and is calculated using the expression (Martinez, 1999):

E(T)=2.08x 10° — 1.90 x 10?7 + 1.1972 — 2.82 x 107373 + 1.66 x 10 674,

whereE is in MPa andrl" in °C. We will also assume that the Poisson’s ratig constant and equal to 0.3.

4) @gp ande(;p are classical plasticity terms.
In the case for our experiments we hafviép + éc}p” < 0.1]¢!P| (Coret, 2001).

(5) € is the transformation plasticity strain, whose rate is proportional ta;, is defined as the austenite volume fraction
rate.

Finally, the transformation-induced plastic strains can be determined through:

eP(T) = e(T) — e&(T) — "™(T),
y®(T) = y(T) — y&(T).

Fig. 6 shows the axial and shear plastic strains calculated from Eg. (2) against the temperature.

Let us compare the experimental results with the predictions from Leblond’s model. First, we will look at the final values
of the residual strain from transformation-induced plasticity; then, we will compare the evolution of the measured strains with
those predicted by the model.

In the case of small applied stresses and:for- 0.03 one has (Leblond et al., 1989a):
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Fig. 6. Transformation-induced plastic strains vs. the temperatigee<{ 60 MPa). (a) Axial strain; (b) Shear strain.



whereAe({’y is the difference of thermal strain between the 2 phases at the tempeFature

11 1 AST 11 1
/étpdt=/3%|n(zy)iy8dt=SSAe£y/?ln(zy)iy dr ®3)

fo fo 4 fo 4

if we considerAsg’y constant during the transformation

1
1 .
eP=3sA¢] / — NGz dr 4
o Y
For all the tests performed at a given cooling rate, the transformation is the same; therefore, the following integral is a constant:
141
1 .
I'= | —In(zy)zy dr = Constant
O

Y

fo

Finally, if we write:

I'=3A¢) 1
we get:
t 2
€e%= él/aeq (%)

with edy= /%2 + yP2/3 andoeq = Vo2 + 3¢2.
This equation shows that for any equivalent stress in Von Mises’ sense, the associated transformation-induced plastic strain
is the same regardless of the stress state. Furthermore, in the case of small loads, the strain is proportional to the applied stress.
Fig. 7 shows the final equivalent transformation-induced plastic strain against the applied stress. One can see on this graph
that for any test at a given equivalent stress the equivalent strains are practically the same. Furthermore, the transformation-
induced plastic strain is proportional to the level of the equivalent stress in Von Mises’ sense.

4.2.2. Identification of Leblond’s model

We are going to present the application of basic perfect plasticity Leblond’s model to interpret the experimental results.
This approach is rather coarse but needs only the yields stress of the austenite. We know the variation of compactness of the
phases for our material (see Section 3.3) and, since we are considering a complete transfarnatioes between 0 and 1.
Therefore, we are missing only the yield strength of austenite. A first method consists of seeking this value in the literature.
Many authors, e.g. Martinez (1999), Cavallo (1998), Desalos (1981) or Leblond et al. (1989a), proposed values of the yield
strength of austenite between 110 MPa and 145 MPa for temperatures of the orde? ©f E80us note that this yield strength
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Fig. 7. Equivalent (in Von Mises’ sense) transformation-icetli plastic strain vs. equivalent (in Von Mises’ sense) stress.



Table 5
Equivalent transformation-induced plasticity (calculated and from tests)
vs. the equivalent stress

oeq (MPa) Calculated (%) Experimentat (%, (%)
30 03 0.25

45 0.45 042

60 06 06

is particularly difficult to evaluate as austenite is unstable attlwperatures and, therefore, characterization tests are very
delicate, if not impossible. One approach consists of cooling the austenite down to the desired temperature, then stopping the
cooling and performing a charaeization test (one can refer to, e.g., Petitiegis (Grostabussiat-Petit, 2000)). The problem
with such a characterization is that it is performed at high strain rate. Is the result still valid at a lower rate? This can be
problematic if the material is viscous. Moreover, direct characterization of a phase is impossible when a phase change is taking
place. In such a case, it is useful to solve an invereblem to retrieve the characteristics of a phase.

In view of these problems, we propose simply to fit Leblond’s model to our tests by determining the yield strength of
austenite, which we assume to remain constant during the transformation. In the case&vlsarenstant, we get:

Al T
t s .
gepqz 2% / In(Zy)Z}/ dti|0‘eq

v Ly
ie.
-1
Ael
soy= 2—5r /ln(zy) dzy}aeq.
O‘y Lo
Therefore, by integration:
Ael
t t ;
edi(2y) — edg(0) = 2—5 [z(In2) ~ 1)] 0eq ®)
Y
and
Ael
t t ;
€e%(1) - €e%(0) =-2 (;; . Oeq @)
Y

Thus, we obtain:

o} =140 MP3

for temperatures ranging from 300 to 60D, which is close to the highest value witan be found in the literature. Then, the
comparison with experimental results can be made (Table 5).

One can also plot the evolution of transformation-induced plasticity against the temperature and the applied loading and
compare this evolution with the experimental results (Fig. 8). One can see in this figure that the measured and calculated strains
are relatively close. The final values are good because these are the experimental results on which the model was identified.
Moreover, one can note that the evolution of strains is properly represented by Leblond’s model. However, the simulation
appears to work better for axial strains than for shear strains.

4.3. Results from the tests — martensitic transformation

This second part on constant stress tests concerns the martensitic transformation. The loading stages involved were exactly
the same as those for the bainitic transformation. Thesewests more difficult though becausiee transformation was very
quick (cooling lasted 15 seconds and the transformation itself 2 to 3 seconds). An example of a test is shown in Fig. 9, in which
the six loading cycles can be seen again. One can see that at the end of cooling, even in the free dilatometry stage, the strains
do not return exactly to zero. In these tests, one can also observe that a tension or compression stress yields a pure axial strain.
Similarly, a shear stress alone yields a pure shear strain. Moreover, the phase transformation seems unaffected by the applied
stresses because the temperature at the onset of the transformation is the same for all the stages.
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Fig. 9. Evolutions of the total straingainst the temperature and the loading(= 70 MPa).

The same procedure as before was applied in order to extract the transformation-induced plastic strains from the total
strains. The identification is done for applied stresses less than 70 MPa. For these tests, the strains thus obtained are represented
in Fig. 10. One can also plot the equivalent transformation-induced plastic strain against the equivalent stress (Fig. 11). Up to
70 MPa, for the same applied equivalent stress, the strains are quite similar. Moreover, one can consider that the strains are
proportional to the stresses and obtain:

oj =210 MP4

Regarding the 80 MPa equivalent stress, one can make two remarks. First, the equivalent plastic strain seems to depend on
the solicitation applied. This observation could corroborate those already made by Videau et al. (1996). We cannot be definite on
this point for lack of sufficient results. More tests at stress levels equal to or greater than 80 MPa would give useful indications.
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Fig. 11. Equivalent transformation-inducptastic strain vs. the equivalent stress.

Secondly, the mean value of the plastic strain seems to be greater than what would be predicted by a linear model. This confirms
the observations by Leblond (1989a) and Taleb (2000).

4.4. Results from the tests — austenitic transformation

The final tests on transformation plasticity induced by constant biaxial stresses concern the austenitic transformation. As
was the case for cooling transformations, one can speak of transformation-induced plasticity through heating, even though this
case has been far less studied. Nevertheless, it appears important to take these phenomena into account when one wants to
study thermomechanical rupture during or occurring beyond the transformation temperatures, for instance in severe accident
over heating situation in a nuclear reactor. Here, the plasticity mechanisms involved can be only of the Greenwood and Johnson
type since the new phase is formed through seeding and growth. Let us recall that, from a metallurgical point of view, such a
transformation is very different from bainitic and martensitic transformations.

The tests performed during heating were very similar to those made during cooling. The load was applied just prior to the
austenitic transformation (about 700) and relieved immediately at the end of the transformation (about@R0n this case,
it was particularly important to end heatinga stress-free state in order not to induceepdastic flow of the austenite. Finally,

10



0.6 0.5

. 0.2 9
S <
= o
>

-0.2

-0.4

S0 2

. 0 F-s
06 T =-50°Cs-1 T=-50°Cs1
7100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
temperature (°C) temperature (°C)

@ (b)

Fig. 12. Transformation-induced plastic strains: cangon between experimental results and simulatieyy & 70 MPa). (a) Axial strain;
(b) Shear strain.

0.3
1.5 .
T 02 T=10°Cs-1
1 0.1
< S 0 [
& D : Q Y
w 0.5 - -0.1
2, ‘ | = 3
4?/(“ -0.2 A
g o S 6
O . - "_.._." ,;' _ Rt m’“"rﬁ“
6" -0.4 fom ' byt
57" 3 ’
-0.5
-0.5
0 200 400 600 800 1000 0 200 400 600 800 1000
temperature (°C) temperature (°C)
(@) (b)

Fig. 13. Evolutions of the total strains vs. the temperature and the loaglige=(20 MPa).

let us simply mention that, in these tests, the cooling rate was not controlled: heating was simply discontinued and the test
sample cooled down by conduction and natural convection.

An example of a test is shown in Fig. 13. As for the cooling transformations, one can observe that an axial stress yields an
axial plastic strain alone and a shear stress, a shear plastic strain alone. During cooling, all the curves are identical except for
a translation. One can extract from these results, exactly as we did for the other transformations, the transformation-induced
plastic strain term, which yields the curves shown in Fig. 14.

Leblond’s model cannot be applied for thestenitic transformation, so, we do rtoy to identify this model in that case.

We just plot the results on the grapheg, ste%) given in Fig. 15. One observes that for a given equivalent stress all the points are
near one another. Moreover, for the stress levels tested, the plastic strains are proportional to the stresses.

5. Bainitic transformation under nonproportional loading

Until now, as had been done in many other studies (Cavallo, 1998; Denis, 1996; Denis et al., 1985, 1987a; Desalos,
1981; Giusti, 1981; Greenwood and Johnsb®65; Grostabussiat-Petit, 2000; Hamata et al., 1991; Magee, 1966; Martinez,

11
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1999; Taleb et al., 2000), we have been considering phase transformations under constant uniaxial stresses, as well as under
constant biaxial stresses as in the works by Videau et al. (1996) and Coret et al. (2002). However, it is clear that during
welding or heat treatment operations structures are subjected to honhomogeneous temperature fields (Denis et al., 1987b;
Fernandes et al., 1985; Habraken and Bourdouxhe, 1992; Inoue and Wang, 1985; Inoue et al., 1985; Martinez, 1999;
Sjostrom, 1985; Todinov, 1998). These solicitations generate complex stress fields which vary during the transformation.
Therefore, it is necessary to acquire new experimental results which would be closer to actual situations. Accordingly, we
tried to achieve loading cases in which the stresses would not be proportional to one another. Moreover, during these tests, at
least one of the stress comporsewnould change sign. Thus, thealting possibilities becomendless. We chose to concentrate

our efforts on a single transformation, using several types of loading. This final test campaign was devoted to the transformation
plasticity induced by complex load cases applied during theitiatransformation. Some nongportional tests on martensitic
transformation are available in the these different works (Nagayama et al., 2000, 2001, 2002; Tanaka et al., 2003).

The loading paths. We used three types of loading whose paths were chosen in order to have:
(1) one component of the loading constant during the transformation;

(2) or piecewise constant components during the transformation;
(3) or both components varying during the transformation.

12
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The loading application starts at the beginning of the transformatidsb0Q°C) and stops at the ene:(400°C).

Finally, let us note that all the loading cases were preceded by a free dilatometry cycle, which was necessary in order to
process the results.

The first load cases applied followed paths dendatiee-constan{Fig. 17). In these tests, one of the components was
kept constant while the other varied sinusoidally. The subsequent load casesquarepaths in the plane of the stresses
(o, T+/3). Four types obquarepaths were applied (Fig. 17). These different load paths enabled us not to bias tension against
compression. The last nonproportional tests were performed tutterflyload paths. Two types of tests were performed in
which the butterflies take off either along the axis of the axial stresses or along the axis of the shear stresses (Fig. 18). In these
tests, none of the stress components remained constant during the phase transformation.

5.1. Total strains and transformation-induced plastic strains

We present the results of one test sequence for each load type. First, we show the total axial and shear strains; then, the
transformation-induced plasticity strains are extracted from the preceding curves.

14



1.4 = 0.1 =
T=-3°Cs1 T=-3°Cs-1
1.2
0.05
1 AN
ol
0 -
08 f 9
w 0.6 N Z -0.05
AWa f &=
-0.1
free dilato. ] -0.15 1
square 1 ----------
Squal’e 2 ............
-0.2 . L -0.2
0 200 400 600 800 1000 0 200 400 600 800 1000
temperature (°C) temperature (°C)
Fig. 21. Evolutions of the total strains vs. the temperature and the loagtjogrepaths 1 and 2).
0.15 — 0.2 T
T=-3°Cs- square 1 T=-3°Cs square 1
0.1 0.15
bbbl N / \ \
0.1
0.05 \ \ =
= &
:’:’ \#A*««' on 0.05
@ 0 E
L 0
-0.05
-0.05
-0.1 -0.1 s \.\/ /
-0.15 -0.15
250 300 350 400 450 500 550 600 650 250 300 350 400 450 500 550 600 650
temperature (°C) temperature (°C)

Fig. 22. Transformation-induced plastic strains vs. the temperature.

Sine-constanibad paths. Figs. 19 and 20 show an example of a total strain measured dsiriegconstantoading paths 1

and 2. The axial strains fully resemble what we saw earlier, whereas the evolution of the shear strains is more complex. One
can also observe on the latter that the atiohs for path 1 and path 2 are identicahieh indicates the good repetitiveness of

our tests. Then, we extracted the transformation-induced plastic strains from the total strains, which, in the case of path 2, led
to Fig. 20. One can note that the transformation-induced strains are zero while there is no applied stress and that, beyond that,
their evolution follows that of the stresses.

Squareload paths. An example of a test result undsquareloading is given in Figs. 21 and 22. In this test, the maximum
equivalent stress reached was 60 MPa and the stress evolved at a rate of 3'ViRalzefore, one can observe that the evolution
of the shear strain was identical fequarepaths 1 and 2, for which the evolution of the shear stress was identical.

Butterfly load paths. For this last loading type, we present an example of dilatometry results obtainedtferfly path 1

(Fig. 23). In this test, the maximum equivalent stress reached was 80 MPa and its evolution rate was 5. MRhis particular
example, two butterfly cycles were applied during the transformation. Fig. 24 and show the evolution of the transformation-
induced plastic strains extracted from the preceding curves.
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5.1.1. Discussion of the nonproportional tests

In this section, we aim to compare the previous resultaiobtl under nonproportional loading paths to the response of
the first generation of TrIP model (without any backstress and Magee effect). We have chosen here to use Leblond’s model
(Leblond et al., 1989a) with the parameters identified with uniaxial transformation plasticity tests (see Section 4.2). For each
loading case, the first figure gives the measured and calculated transformation-induced plasticity strains vs. the temperature.
The second figure shows the shear plastic strains vs. the measured and calculated axial plastic strains. The comments on these
figures can be found at the end of this chapter.

Sine-constanibading paths.
Figs. 25 and 26.

Squardoading paths.
Figs. 27 and 28.

Butterfly loading paths. Figs. 29 and 30.
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Fig. 26. Evolution of the shear component of the transformation-indu@adipktrains vs. the axial component — comparison with the prediction
of Leblond’s model (sinus-constant paths 2).

Overall, the differences observed between the experimental results and the response of “ideal-plastic” Leblond’s model are
small, even though the identification was performed based on constant stress tests. Nevertheless, there are a few comments
to be made. Thaine-constantests show that on the component for which the applied stress remains constant during the
transformation the response of Leblond’s model matches the experimental results perfectly. Conversely, slight discrepancies
between the measured and calculated plastic strains occur when the derivative of the applied stresses changes sign (e.g.
Figs. 27 and 28). Finally, in thbutterflyloading case, in which the stresses vary sinusoidally, Leblond’s model presents a
“damping” effect which can be seen in Figs. 29 and 30. The response of the model predicts a rapid decay of the evolution of
the plastic strains which we did not completely observe experimentally. These experimental results can be used as good base
for identification and validation of the recently developed TrIP models (Fischer et al., 2000a, 2000b).

6. Conclusion

The objective of this article was twofold. First, we intended to produce new experimental results on transformation plasticity
induced during martensitic, bainitic and &rstic transformations by constant biaxial stresses, but also by nonproportional
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Fig. 28. Evolution of the shear component of the transformation-indu@adipktrains vs. the axial component — comparison with the prediction
of Leblond’s model.

loading cases. Secondly, these tests enabled us to identify Leblond’s model through constant stress loading cases and then
to compare the response of the model with the experimental data, particularly for the nonproportional load paths. We are
able to state that Leblond’s transfortima plasticity model reproduces the comdtatress tests perfectly for the bainitic

and austenitic transformations and relatively well in the case of the martensitic transformation for the range of stresses
we considered. The simulation of the nooportional loading testsofi the bainitic transfanation) was fairly good in

spite of a slight damping effect which prevented the model from matching the experimental results perfectly. A way to
improve the model would be the introduction of strain hardening in the transformation-induced plasticity term. We could
first implement the isotropic or kinematic hardening model also propose by (Leblond et al., 1989b). Others models suggested
by Azzouz et al. (2000), Nagayama et al. (2001) and which take into account the magge effect could bring some more
improvements.
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