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Experimental study of the phase transformation plasticity
of 16MND5 low carbon steel induced by proportional

and nonproportional biaxial loading paths
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This article deals with the multiphasic, anisothermal behavior of 16MND5 steel (used in French nuclear reactor vesse 
under complex loading. We are focusing more specifically on transformation plasticity induced by proportional or 
nonproportional biaxial loading. The first part briefly reviews the experimental setup we have been using. The second part 
concerns the study of transformation-induced plasticity under constant stress in the cases of bainitic, martensitic and au
transformations. These tests enabled us to identify Leblond’s transformation plasticity model. The final part presents tests o 
the transformation plasticity induced by nonproportional biaxial loading and their comparison with the previously identifie 
model.

Keywords:A-phase transformation; A-thermomechanical processes; B-constitutive 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 s
phase changes. The main objective is to be able to predict the distortions and residual stresses in a structure following
or heat treatment process. This is a relatively ambitious prospect as at least three physical phenomena must be taken in
the thermal loading, the mechanical loading and the phase transformation mechanisms (Inoue and Wang, 1985). Le
that the slightest stress applied during a phase transformation results in a residual deformation called “TRansformatio
Plasticity” (TRIP). Two physical interpretations of this phenomenon were given by Greenwood and Johnson (1965) for
of diffusion transformation and by Magee (1966) for the case of martensitic transformation.

A number of experimental studies were conducted (Abrassart, 1972; Desalos, 1981; Hamata et al., 1991; Videau et
Taleb et al., 2000; Denis et al., 1987b; Martinez, 1999), leading to numerous models (Greenwood and Johnson, 1965
et al., 1989a; Inoue and Wang, 1985; Hamata et al., 1991; Fischer et al., 2000b; Cherkaoui and Berveiller, 2000; Nagayam
et al., 2000, 2002; Tanaka et al., 2003; Taleb and Sidoroff, 2003). However, while real-life cases necessarily invo
constant multiaxial stress states due to nonhomogeneous temperature fields, virtually all these experiments were perfo
under constant uniaxial loading. Yet, the tension–torsion tests by Videauseem to indicate that the multiaxial character of the
loading influences transformation-induced plasticity in the case of martensitic transformation. Therefore, it appears
1



Table 1
Chemicalcomposition of 16MND5 in % mass (Mizushima, 1984)
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0.17 0.002 0.004 0.25 1.44 0.75 0.20 0.51 0.01 0.004 bal

to provide new results on little-studied transformations, such as austenitic transformation, and to conduct tests under load
situations closer to reality.

This article consists of three parts. The first part concerns mostly the material, the experimental setup and t
transformations being studied. The second part presents the results of numerous tests performed in order to ch
transformation plasticity under constant biaxial stress during bainitic, martensitic and austenitic transformations. These tes
were used to identify Leblond’s transformation plasticity model. The final part concerns the transformation plasticity
by nonproportional loading during bainitic transformation.Results are presented for three types of loading and compared to th
response of the model.

2. The experimental setup

2.1. Material and test specimen

The material being studied is 16MND5 steel used in French PWR vessels. This is a low-alloy, low-carbon steel who
chemical composition is given in Table 1. The tension–torsion test specimen is a thin tube connected to two massive head
a wide fillet, which ensures that the state of stress in the central zone is homogeneous (Coret et al., 2002). We wi
throughout that the shear stress is constant across the thickness.

σ =
[0 0 0

0 0 τ

0 τ σ

]
(�er ,�eθ ,�ez)

Height: 35 mm
Diameters:
φint = 23.4 mm
φext = 25.4 mm

2.2. Mechanical and thermal loads

The mechanical loading was applied using an electro-hydraulic tension–torsion servo testing machine with a m
capacity of 100 kN in tension/compression and 1.2 kN m in torsion. Heating was provided by induction, which requ
development of a specific inductor (Coret et al., 2002) to insure a homogeneous temperature field in the measurem
Thus, the test sample could be heated to temperatures greater than the austenitic transformation temperature (T> 800◦C).
Finally, for the fastest cooling stages (< −5 ◦C s−1), the injection of gaseous argon at the center of the test sample (F
enabled cooling rates of the order of−50◦C s−1.

2.3. Measurements

During each test, the following parameters were monitored continuously: the tension forceF (giving the normal stressσ ),
the torqueC (giving the tangent stressτ ), the axial and shear strainsε, γ and the temperaturesT in 12 points.

3. The transformations being considered

In the rest of the paper, we will study transformation-induced plasticity through three transformations which are l
occur for the steel grade we are interested in: one transformation during the heating stage and two transformatio
cooling. Table 2 summarizes the characteristics of these transformations.
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Fig. 1. The experimental device.

Table 2
Summary of the characteristics

Ṫmean( ◦C s−1) Value

Ac1 10 680◦C
Ac3 10 800◦C
Bs −3 550◦C
Ms −48 400◦C
αα – 16.1× 10−6 ◦C−1

αγ – 22.6× 10−6 ◦C−1

3.1. Austenitic transformation

Austenite is a solid solution of carbon inγ iron which remains stable at high temperatures. During this transforma
which occurs upon heating,α iron (body-centered cubic structure), which was stable at low temperatures, turns intoγ iron
(face-centered cubic structure). At the rates we are considering, of the order of 10◦C s−1, the phase change begins at 680◦C
and ends around 800◦C, 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
below temperatureMs. In the case of ferritic steels such as 16MND5, this transformation is possible only for very high c
rates. Our tests were performed at average rates of about 50◦C s−1. Fig. 2(a) shows one of these tests. As often, a very s
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 higher thanMs, but these can
last only if their carbon can be expelled: this is the bainitic transformation mechanism. The transformation does not
through seeding and growth, but through the multiplication of thin ferrite platelets. In our case, this transformation takes plac
at rates of the order of 3◦C s−1. Fig. 2(b) shows a free dilatometry obtained for a bainitic transformation.
3
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Fig. 2. Free dilatometries. (a) Martensitic transformation; (b) Bainitic transformation.

Table 3
Mechanical loading sequence applied
in the stress plane (σ, τ

√
3)

Cycle σ τ

1 0 0
2 σ 0
3 0 τ

4 σ/
√

2 τ/
√

2
5 −σ 0
6 −σ/

√
2 τ/

√
2

such thatτ
√

3= σ

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 (un
biaxial) stress states. Therefore, these tests can be compared with existing uniaxial test results (Martinez, 1999; Cav
Grostabussiat-Petit,2000). Moreover, they enable us to check whether transformation-induced plasticityis indeed, as predicte
by Leblond’s model (Leblond et al., 1989a), proportional to the deviator of the macroscopic stresses.

For each transformation, the same loading sequence was applied to the test sample. A sequence was composed of six s
during which the same thermal loading was applied. Furthermore, all tests were conducted for the same equivalent st
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 deformations are, therefore, due to thermal effects. Stages 2 and
were unidirectional tension and compression tests. Stage 3 was a shear test. Finally, Stages 4 and 6 corresponded to
tension or compression loading combined with shear (Fig. 3). Stresses were applied just prior to the phase transfor
a rate of about 100 MPa s−1. For the bainitic and martensitictransformations, the stresses were brought down to zero at th
end of the tests (around 100◦C). However, in the case of austenitic transformation, the stresses were relieved at the en
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 conventio
yield strength of austenite is (Grostabussiat-Petit,2000; Martinez, 1999; Waeckel, 1994):σ

y
γ = 100 MPa at 600◦C, 150 MPa

at 400◦C and 60 MPa at 800◦C.
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Table 4
The tests performed

ne
ges 1, 2

l and shear
Transformation σeq (MPa)

Bainitic 30, 45, 60
Martensitic 40, 50, 60, 70, 80
Austenitic 10, 15, 20, 30

Fig. 4. Description of the loading applied at each stage.

(a) (b)

Fig. 5. Evolution of the total strain vs. the temperature for each loading stage (σeq= 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 the test atσeq= 60 MPa against the temperature. O
can see that forσ = 0 (Stages 1 and 3) the axial strain is equal to zero. Similarly, when no shear stress is applied (Sta
and 5), the shear strain is zero. Finally, when combined tension and shear loads are applied (Stages 4 and 6), axia
strains develop. Let us also note that the kinetics of the transformation is slightly affected, by the applied stress.
5



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

Let us recall that in Leblond’s model (Leblond et al., 1989a) the strains are partitioned, through time integration, as follows

εt = εe + εthm + ε
cp
T + ε

cp
σ + εtp. (1)

(1) εt is the total strain.
(2) εthm is the thermal and metallurgical strain, deduced from the free dilatometry (Cycle 1).
(3) εe 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. Th
modulus depends on the temperature and is calculated using the expression (Martinez, 1999):

E(T ) = 2.08× 105 − 1.90× 102T + 1.19T2 − 2.82× 10−3T 3 + 1.66× 10−6T 4,

whereE is in MPa andT in ◦C. We will also assume that the Poisson’s ratioν is constant and equal to 0.3.
(4) ε

cp
σ andε

cp
T are classical plasticity terms.

In the case for our experiments we have‖ε̇cp
σ + ε̇

cp
T ‖ < 0.1‖ε̇tp‖ (Coret, 2001).

(5) εtp is the transformation plasticity strain, whose rate is proportional tożγ . żγ is defined as the austenite volume fracti
rate.

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

εtp(T ) = ε(T ) − εe(T ) − εthm(T ),

γ tp(T ) = γ (T ) − γ e(T ).
(2)

Fig. 6 shows the axial and shear plastic strains calculated from Eq. (2) against the temperature.
Let us compare the experimental results with the predictions from Leblond’s model. First, we will look at the final

of the residual strain from transformation-induced plasticity; then, we will compare the evolution of the measured stra
those predicted by the model.

In the case of small applied stresses and forzγ > 0.03 one has (Leblond et al., 1989a):

ε̇tp = 3
	εT

α,γ

σ
y
γ

ln(zγ )żγ S,

(a) (b)

Fig. 6. Transformation-induced plastic strains vs. the temperature (σeq= 60 MPa). (a) Axial strain; (b) Shear strain.
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where	εT
α,γ is the difference of thermal strain between the 2 phases at the temperatureT .
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ε̇tp dt =
t1∫

t0

3
	εT

α,γ

σ
y
γ

ln(zγ )żγ Sdt = 3S	εT
α,γ

t1∫
t0

1

σ
y
γ

ln(zγ )żγ dt (3)

if we consider	εT
α,γ constant during the transformation

εtp = 3S	εT
α,γ

t1∫
t0

1

σ
y
γ

ln(zγ )żγ dt . (4)

For all the tests performed at a given cooling rate, the transformation is the same; therefore, the following integral is a

I =
t1∫

t0

1

σ
y
γ

ln(zγ )żγ dt = Constant.

Finally, if we write:

I ′ = 3	εT
α,γ I

we get:

ε
tp
eq= 2

3
I ′σeq (5)

with ε
tp
eq=

√
εtp2 + γ tp2

/3 andσeq=
√

σ2 + 3τ2.
This equation shows that for any equivalent stress in Von Mises’ sense, the associated transformation-induced pla

is the same regardless of the stress state. Furthermore, in the case of small loads, the strain is proportional to the app
Fig. 7 shows the final equivalent transformation-induced plastic strain against the applied stress. One can see on

that for any test at a given equivalent stress the equivalent strains are practically the same. Furthermore, the trans
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

This approach is rather coarse but needs only the yields stress of the austenite. We know the variation of compactn
phases for our material (see Section 3.3) and, since we are considering a complete transformation,zγ varies between 0 and 1
Therefore, we are missing only the yield strength of austenite. A first method consists of seeking this value in the li
Many authors, e.g. Martinez (1999), Cavallo (1998), Desalos (1981) or Leblond et al. (1989a), proposed values of
strength of austenite between 110 MPa and 145 MPa for temperatures of the order of 500◦C. Let us note that this yield streng

Fig. 7. Equivalent (in Von Mises’ sense) transformation-induced plastic strain vs. equivalent (in Von Mises’ sense) stress.
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Table 5
Equivalent transformation-induced plasticity (calculated and from tests)
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σeq (MPa) Calculatedεtp
eq (%) Experimentalεtp

eq (%)

30 0.3 0.25
45 0.45 0.42
60 0.6 0.6

is particularly difficult to evaluate as austenite is unstable at lowtemperatures and, therefore, characterization tests are
delicate, if not impossible. One approach consists of cooling the austenite down to the desired temperature, then sto
cooling and performing a characterization test (one can refer to, e.g., Petit’s thesis (Grostabussiat-Petit, 2000)). The probl
with such a characterization is that it is performed at high strain rate. Is the result still valid at a lower rate? This
problematic if the material is viscous. Moreover, direct characterization of a phase is impossible when a phase change
place. In such a case, it is useful to solve an inverseproblem 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 stre
austenite, which we assume to remain constant during the transformation. In the case whereσ

y
γ is constant, we get:

ε
tp
eq= 2

	εT
α,γ

σ
y
γ

[ t1∫
t0

ln(zγ )żγ dt

]
σeq

i.e.:

ε
tp
eq= 2

	εT
α,γ

σ
y
γ

[ 1∫
0

ln(zγ )dzγ

]
σeq.

Therefore, by integration:

ε
tp
eq(zγ ) − ε

tp
eq(0) = 2

	εT
α,γ

σ
y
γ

[
z
(
ln(z) − 1

)]zγ

0 σeq (6)

and

ε
tp
eq(1) − ε

tp
eq(0) = −2

	εT
α,γ

σ
y
γ

σeq. (7)

Thus, we obtain:

σ
y
γ = 140 MPa

for temperatures ranging from 300 to 600◦C, which is close to the highest value what can be found in the literature. Then, th
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 loa
compare this evolution with the experimental results (Fig. 8). One can see in this figure that the measured and calcula
are relatively close. The final values are good because these are the experimental results on which the model was
Moreover, one can note that the evolution of strains is properly represented by Leblond’s model. However, the si
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 w
the same as those for the bainitic transformation. These testswere more difficult though becausethe transformation was ver
quick (cooling lasted 15 seconds and the transformation itself 2 to 3 seconds). An example of a test is shown in Fig. 9,
the six loading cycles can be seen again. One can see that at the end of cooling, even in the free dilatometry stage,
do not return exactly to zero. In these tests, one can also observe that a tension or compression stress yields a pure
Similarly, a shear stress alone yields a pure shear strain. Moreover, the phase transformation seems unaffected by
stresses because the temperature at the onset of the transformation is the same for all the stages.
8
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Fig. 8. Transformation-induced plastic strains: comparison between experimental results and simulation (σeq = 60 MPa). (a) Axial strains;
(b) Shear strains.

(a) (b)

Fig. 9. Evolutions of the total strains against the temperature and the loading (σeq= 70 MPa).

The same procedure as before was applied in order to extract the transformation-induced plastic strains from
strains. The identification is done for applied stresses less than 70 MPa. For these tests, the strains thus obtained are
in Fig. 10. One can also plot the equivalent transformation-induced plastic strain against the equivalent stress (Fig. 1
70 MPa, for the same applied equivalent stress, the strains are quite similar. Moreover, one can consider that the
proportional to the stresses and obtain:

σ
y
γ = 210 MPa

Regarding the 80 MPa equivalent stress, one can make two remarks. First, the equivalent plastic strain seems to
the solicitation applied. This observation could corroborate those already made by Videau et al. (1996). We cannot be d
this point for lack of sufficient results. More tests at stress levels equal to or greater than 80 MPa would give useful ind
9
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Fig. 10. Transformation-induced plastic strains (σeq= 70 MPa).

Fig. 11. Equivalent transformation-inducedplastic 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. Thi
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 transform
was the case for cooling transformations, one can speak of transformation-induced plasticity through heating, even th
case has been far less studied. Nevertheless, it appears important to take these phenomena into account when o
study thermomechanical rupture during or occurring beyond the transformation temperatures, for instance in severe
over heating situation in a nuclear reactor. Here, the plasticity mechanisms involved can be only of the Greenwood and
type since the new phase is formed through seeding and growth. Let us recall that, from a metallurgical point of view
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 pri
austenitic transformation (about 700◦C) and relieved immediately at the end of the transformation (about 800◦C). In this case,
it was particularly important to end heating in a stress-free state in order not to induce viscoplastic flow of the austenite. Finall
10
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Fig. 12. Transformation-induced plastic strains: comparison between experimental results and simulation (σeq = 70 MPa). (a) Axial strain;
(b) Shear strain.

(a) (b)

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

let us simply mention that, in these tests, the cooling rate was not controlled: heating was simply discontinued and
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
axial plastic strain alone and a shear stress, a shear plastic strain alone. During cooling, all the curves are identical
a translation. One can extract from these results, exactly as we did for the other transformations, the transformation
plastic strain term, which yields the curves shown in Fig. 14.

Leblond’s model cannot be applied for the austenitic transformation, so, we do nottry to identify this model in that case
We just plot the results on the graph (σeq, ε

tp
eq) given in Fig. 15. One observes that for a given equivalent stress all the poin

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;
1981; Giusti, 1981; Greenwood and Johnson,1965; Grostabussiat-Petit, 2000; Hamata et al., 1991; Magee, 1966; Mar
11
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Fig. 14. Transformation-induced plastic strains (σeq= 20 MPa).

Fig. 15. Equivalent transformation-inducedplastic strain vs. the equivalent stress.

1999; Taleb et al., 2000), we have been considering phase transformations under constant uniaxial stresses, as we
constant biaxial stresses as in the works by Videau et al. (1996) and Coret et al. (2002). However, it is clear tha
welding or heat treatment operations structures are subjected to nonhomogeneous temperature fields (Denis et
Fernandes et al., 1985; Habraken and Bourdouxhe, 1992; Inoue and Wang, 1985; Inoue et al., 1985; Martine
Sjöström, 1985; Todinov, 1998). These solicitations generate complex stress fields which vary during the transfo
Therefore, it is necessary to acquire new experimental results which would be closer to actual situations. Accordi
tried to achieve loading cases in which the stresses would not be proportional to one another. Moreover, during thes
least one of the stress components would change sign. Thus, the loading possibilities become endless. We chose to concentra
our efforts on a single transformation, using several types of loading. This final test campaign was devoted to the trans
plasticity induced by complex load cases applied during the bainitic transformation. Some nonproportional tests on martensit
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



(a) (b)

Fig. 16. Type-1 and Type-2sine-constantpaths.

(a) (b)

Fig. 17. Type-1 and Type-2squarepaths. (a) Square 1; (b) Square 2.

(a) (b)

Fig. 18. Type-1 and Type-2butterflypaths. (a) Butterfly 1; (b) Butterfly 2.
13



order to

was
es
against
in

). In these

; then, the
Fig. 19. Evolutions of the total strains vs. the temperature and the loading (sine-constantpaths 1 and 2).

Fig. 20. Transformation-induced plastic strains vs. the temperature (sine-constantpath 2).

The loading application starts at the beginning of the transformation (≈ 550◦C) and stops at the end (≈ 400◦C).
Finally, let us note that all the loading cases were preceded by a free dilatometry cycle, which was necessary in

process the results.
The first load cases applied followed paths denotedsine-constant(Fig. 17). In these tests, one of the components

kept constant while the other varied sinusoidally. The subsequent load cases weresquarepaths in the plane of the stress
(σ, τ

√
3 ). Four types ofsquarepaths were applied (Fig. 17). These different load paths enabled us not to bias tension

compression. The last nonproportional tests were performed underbutterfly load paths. Two types of tests were performed
which the butterflies take off either along the axis of the axial stresses or along the axis of the shear stresses (Fig. 18
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
transformation-induced plasticity strains are extracted from the preceding curves.
14
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Fig. 21. Evolutions of the total strains vs. the temperature and the loading (squarepaths 1 and 2).

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

Sine-constantload paths. Figs. 19 and 20 show an example of a total strain measured duringsine-constantloading paths 1
and 2. The axial strains fully resemble what we saw earlier, whereas the evolution of the shear strains is more com
can also observe on the latter that the evolutions for path 1 and path 2 are identical, which indicates the good repetitiveness
our tests. Then, we extracted the transformation-induced plastic strains from the total strains, which, in the case of p
to Fig. 20. One can note that the transformation-induced strains are zero while there is no applied stress and that, be
their evolution follows that of the stresses.

Squareload paths. An example of a test result undersquareloading is given in Figs. 21 and 22. In this test, the maxim
equivalent stress reached was 60 MPa and the stress evolved at a rate of 3 MPa s−1. As before, one can observe that the evolut
of the shear strain was identical forsquarepaths 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 obtained forbutterflypath 1
(Fig. 23). In this test, the maximum equivalent stress reached was 80 MPa and its evolution rate was 5 MPa s−1. In this particular
example, two butterfly cycles were applied during the transformation. Fig. 24 and show the evolution of the transfor
induced plastic strains extracted from the preceding curves.
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Fig. 23. Evolutions of the total strains vs. the temperature and the loading (butterflypath 1).

Fig. 24. Transformation-induced plastic strains (butterflypath 1).

5.1.1. Discussion of the nonproportional tests
In this section, we aim to compare the previous results obtained under nonproportional loading paths to the respons

the first generation of TrIP model (without any backstress and Magee effect). We have chosen here to use Leblond
(Leblond et al., 1989a) with the parameters identified with uniaxial transformation plasticity tests (see Section 4.2). F
loading case, the first figure gives the measured and calculated transformation-induced plasticity strains vs. the tem
The second figure shows the shear plastic strains vs. the measured and calculated axial plastic strains. The commen
figures can be found at the end of this chapter.

Sine-constantloading paths.
Figs. 25 and 26.

Squareloading paths.
Figs. 27 and 28.

Butterfly loading paths. Figs. 29 and 30.
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Fig. 25. Transformation-induced plastic strains – comparison with the prediction of Leblond’s model (sine-constant paths 2).

Fig. 26. Evolution of the shear component of the transformation-induced plastic strains vs. the axial component – comparison with the predic
of Leblond’s model (sinus-constant paths 2).

Overall, the differences observed between the experimental results and the response of “ideal-plastic” Leblond’s m
small, even though the identification was performed based on constant stress tests. Nevertheless, there are a few
to be made. Thesine-constanttests show that on the component for which the applied stress remains constant dur
transformation the response of Leblond’s model matches the experimental results perfectly. Conversely, slight disc
between the measured and calculated plastic strains occur when the derivative of the applied stresses changes
Figs. 27 and 28). Finally, in thebutterfly loading case, in which the stresses vary sinusoidally, Leblond’s model pres
“damping” effect which can be seen in Figs. 29 and 30. The response of the model predicts a rapid decay of the evo
the plastic strains which we did not completely observe experimentally. These experimental results can be used as
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 p
induced during martensitic, bainitic and austenitic transformations by constant biaxial stresses, but also by nonpropor
17
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Fig. 27. Transformation-induced plastic strains – comparison with the prediction of Leblond’s model.

Fig. 28. Evolution of the shear component of the transformation-induced plastic strains vs. the axial component – comparison with the predic
of Leblond’s model.

loading cases. Secondly, these tests enabled us to identify Leblond’s model through constant stress loading case
to compare the response of the model with the experimental data, particularly for the nonproportional load paths
able to state that Leblond’s transformation plasticity model reproduces the constant stress tests perfectly for the bainit
and austenitic transformations and relatively well in the case of the martensitic transformation for the range of
we considered. The simulation of the nonproportional loading tests (on the bainitic transformation) was fairly good in
spite of a slight damping effect which prevented the model from matching the experimental results perfectly. A
improve the model would be the introduction of strain hardening in the transformation-induced plasticity term. We
first implement the isotropic or kinematic hardening model also propose by (Leblond et al., 1989b). Others models s
by Azzouz et al. (2000), Nagayama et al. (2001) and which take into account the magge effect could bring som
improvements.
18
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Fig. 29. Transformation-induced plastic strains – comparison with the prediction of Leblond’s model.

Fig. 30. Evolution of the shear component of the transformation-induced plastic strains vs. the axial component – comparison with the predic
of Leblond’s model.
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