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Experimental study of the phase transformation
plasticity of 16MND5 low carbon steel under

multiaxial loading

M. Coret,S. Calloch,A. Combescure 
LMT-Cachan, E.N.S. Cachan/C.N.R.S. UMR 8535/Universite´ Paris 
6, 61, Avenue du Pre´sident Wilson, 94235 Cachan Cedex, France

This paper is concerned with the experimental behaviour of a 16MND5 steel (french vessel
steel) under complex loading. A particular attention is paid to plasticity induced by phase

transformation. We present an experimental set-up to apply thermo-mechanical loads under
tension-torsion. This apparatus enables us to reach temperature of 1200 �C at a maximum
heating rate of 60 �C s�1 and a high cooling rate of �30 �C s�1. A series of tests is performed
in order to show the rule of loading on transformation plasticity.

Keywords: A. Phase transformation; A. Thermomechanical processes; B. Constitutive behaviour; B.

Metallic materials; C. Mechanical testing

1. Introduction

During welding or heat-treatment operations or even during catastrophic scenar-
ios conceivable, for example, on civilian nuclear facilities, steel parts are subject to
large thermal and mechanical actions leading to complex, multiaxial local loads
(Inoue and Wang, 1985). In these situations, the steel materials employed undergo
phase transformations under stress. Reliable numerical simulation of such processes
and catastrophic situations requires the use of sophisticated models which take into
consideration, on the one hand, the thermal, mechanical and metallurgical (phase
change) behavior of these steels and, on the other hand, the coupling effects among
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these various physical phenomena. Indeed, interactions do exist among thermics,
mechanics and metallurgy. These are illustrated in Fig. 1. The work we are present-
ing is part of a continuing study (Martinez, 1999) of the thermal, metallurgical and
mechanical characterization of 16MND5 low carbon steel. In the previous works,
coupling between thermics and mechanics, on the one hand, and thermics and metal-
lurgy, on the other, was studied and modelled precisely (Martinez, 1999). In this study,
we will focus more particularly on the influence of metallurgy on mechanics. Let us
recall that if a mechanical loading is applied during the phase change there is a resulting
residual strain called transformation plasticity. Two interpretations of the underlying
physical mechanisms have been given by Greenwood and Johnson (1965) and by
Magee (1966). According to Greenwood and Johnson, the residual strain comes from
microplastic effects developed during the transformation as a consequence of the dif-
ference in phase compactness. In the case of martensitic transformations, Magee inter-
prets transformation plasticity as the result of a propitious orientation of the platelets
during the transformation. Since then, numerous experimental studies have been
performed (Abrassart, 1972; Desalos, 1981; Denis et al., 1987; Hamata et al., 1991;
Taleb et al., 2000; Martinez, 1999), leading to a variety of models (Greenwood and
Johnson, 1965; Inoue and Wang, 1985; Leblond et al., 1989; Hamata et al., 1991;
Cherkaoui and Berveiller, 2000; Fischer et al., 2000). All the models proposed are
based on experimental observations under uniaxial loading. However, a recent study
(Videau et al., 1996) shows that transformation plasticity is influenced by the mul-
tiaxial character of the mechanical loading. Therefore, the main objectives of the
work reported here are, on the one hand, to develop an experimental apparatus on a
current tension-torsion testing machine devoted to the study of transformation
plasticity and, on the other hand, to present some experimental results to expand the
experimental data base of multiaxial load cases.

The paper has three parts. In the first, we describe the experimental facility and
quantify the performance it is likely to achieve. Particular attention is given to the
determination of the temperature field on the tubular test specimen as well as to the

Fig. 1. Illustration of the various coupling among mechanics, thermics and metallurgy (Inoue and Wang,

1985).
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range of cooling and heating rates which can be obtained with the apparatus devel-
oped. In the second part, the results of three different tests on bainitic transformation
are described and reported. Finally, the last part is dedicated to the interpretation of
the test results.

2. Experimental apparatus

2.1. Material and test specimen

The material studied is the French 16MND5 vessel steel whose composition is
given in Table 1. This is a low-alloy, low-carbon steel. Like all low carbon steels, it
can undergo a variety of transformations depending on the cooling rate (Fig. 2). We
will see that all the specimen are heated at 900 �C during 30 s. Hence the CCT dia-
gram presented in Fig. 2 is not directly applicable, but similar to our material’s one.
Bainitic transformation, obtained for a cooling rate on the order of �3 �C s�1,
begins at 600 �C, whereas martensitic transformation begins at 400 �C for a cooling
rate greater than �30 �C s�1. The material studied comes from a tank knockout and
has a tempered bainitic structure.

The tension–torsion test specimen (Fig. 3) is a thin tube connected to two massive
heads by a wide fillet. The central part, a tubular cylinder, enables us to obtain a
quasi-homogeneous stress field of the following form:
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0 � 0
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The axial and shear stresses are calculated respectively from the tension force F
and the torsion torque C:
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F

S
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�
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	2
ext � 	2

int

� �
ð1Þ
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�
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	4
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� �
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In order to simplify the notations, we will write: "="zz and �=��z. We note that
the geometry is dimensioned in such a way that a maximum equivalent stress of 1300

Table 1

Chemical composition of 16MND5 in mass %

C S P Si Mn Ni Cr Mo Cu Co Fe

0.16 0.007 0.010 0.015 1.30 0.74 0.18 0.48 0.06 0.01 Balance
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MPa can be reached with the available test machine. (The yield stress of the mar-
tensitic 16MND5 steel is 1200 MPa.) Finally, we note that we have little material at
our disposal and, therefore, we had to friction weld the central 16MND5 part to two
E36 low carbon steel heads. Welding was followed by machining, curing and stress
relieving phases.

2.2. Experimental device

The tests are performed on a MTS TTC servo-electro-hydraulic tension-torsion
machine with maximum capacity of 100 kN axial force and 1.2 kNm torque.

Heating is provided by electromagnetic induction. Power is supplied by an 18 kW
Celes generator driven by a Eurotherme 900HP regulator. This method allows fast

Fig. 2. TRC diagram of 16MND5 steel (Martinez, 1999).
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heating rates and requires no electrical insulation of the test specimen. On the other
hand, the temperature field greatly depends on the geometry of the inductor. For
this reason, a tuning phase was necessary in order to obtain a homogeneous tem-
perature field in the central part of the test specimen. The section view in Fig. 4
shows the disposition of the inductor facing the test specimen. Beside, a graph shows
qualitatively the variation of the temperature field with respect to the altitude z. The
axisymmetrical property of the temperature field depends, on the one hand, on the
correct positioning of the inductor and, on the other hand, on its loops being exactly
circular. Furthermore, the temperature gradient through the thickness is very small
because in the frequency range of interest the skin thickness is on the order of 0,5
mm (Applications de l’électricité, 1982). Finally, water runs through the test speci-
men heads, which ensures constant temperature boundary conditions regardless of
the heating time scale. The reader interested in induction heating of tension-torsion
test specimens may refer to the work by Ellis and Bartolotta (1997). In their case, the
device does not allow high cooling rates.

Cooling is achieved by injecting argon inside the test specimen. The gas enters
through the lower wedge brace, sweeps over the wall of the test specimen to cool it
and escapes through the upper wedge brace (Fig. 5). In order to optimize the argon
flow along the walls, we placed a f 20 mm external diameter alumina tube inside the
test specimen. Thus, the gas is channelled between the inside of the test specimen
and the outside of the alumina tube.

One last problem to avoid is decarburization and oxidation of the material which
occurs very quickly at high temperature. Therefore, a two-part enclosure is placed
around the test specimen. This enclosure enables us to create a confined space into
which argon is injected. This device minimizes the oxidation and decarburization
phenomena on the 16MND5 material.

Fig. 3. Biaxial test piece and geometry of the central area.
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Heating and cooling tests were performed in order to study the temperature field.
For this purpose, a test specimen was outfitted with twelve thermocouples (Fig. 6).
We recorded the 12 temperature measurements during a heating test at 10 �C s�1

followed by cooling at �3 �C s�1. We note that the homogeneity of the temperature

Fig. 4. Description of the inductor.
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field is good (Fig. 7). That is to say, the maximum temperature deviation over the
useful height of the test specimen is �10 �C. We also note that the heating and
cooling rates are respected. The minor breaks of slope occur during the phase
changes. This can be explained by the fact that the austenitic transformation is
endothermic, whereas ferritic transformations are exothermic. Furthermore, the
austenitic phases are nonmagnetic. Therefore, the feedback control parameters
should be adjusted during the test, which is always difficult.

This device provides a wide range of heating and cooling rates. Thus, various
calibration tests (Fig. 8) showed that the heating rate may come close to 60 �C s�1

and the cooling rate to �30 �C s�1. With such rates, one can expect to be able to
reproduce all possible transformations: ferritic–pearlitic (V50.5 �C s�1), bainitic (V
� �3 �C s�1) and martensitic (V �30 �C s�1). Fig. 9 shows a photograph of the
device minus the enclosure.

2.3. Measurements

During the tests, the temperature is measured via twelve thermocouples welded in
the useful zone (Fig. 6). The strains (" and �) are measured using a water-cooled

Fig. 5. Section view of the experimental device.
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MTS 632.68F biaxial high temperature extensometer (Figs. 9 and 10). This extens-
ometer was modified to reduce the distance between extension rods to 15 mm. This
modification, which can be applied to any type of extensometer, consists of using
two skewed alumina rods. When the modified rods are used, the extensometer with
its original springs is no longer in equilibrium on the test specimen. Therefore, we
added a third spring to support the device (Fig. 10). Furthermore, we observed that
due to the stiffnesses k1 and k2 of the springs the test specimen deforms at high

Fig. 6. Positioning of the thermocouples and extensometer on the useful part of the test piece.

Fig. 7. Evolution of the temperature versus time for all thermocouples.
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Fig. 8. Ranges of heating and cooling rates.

Fig. 9. Photograph of the experimental apparatus minus the controlled atmosphere enclosure.

Fig. 10. Modification of the extension rods and retention springs of the biaxial extensometer.
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temperature. The adjunction of the third spring enabled us to mount two springs
with initial stiffnesses k01 and k02 less than k1 and k2 (k01 ¼ k1

5 and k02 ¼ k2

5 ). All these
modifications ensure, on the one hand, the stability of the extensometer on the test
specimen and, on the other hand, eliminate the problems caused by the deformation
of the test specimen by the biaxial extensometer at high temperatures. We plotted
the calibration curves in Fig. 11 and one can observe the good linearity of the device.

3. Tests under uniaxial and multiaxial loading

3.1. Description of the loading paths

The first tests concerned bainitic transformation. The onset of bainitic transfor-
mation is 600 �C and, at that temperature, the conventional yield stress �y of bainite
is 100 MPa (Martinez, 1999). All the specimens were heated at a rate of 10 �C s�1

and were maintained at a temperature of 900 �C for 30 s, then cooled at a constant
rate of �3 �C s�1. Three test specimens were used in this first series of tests. Each
specimen was subjected to a succession of four thermomechanical load patterns as
described in Fig. 12. The first loading was a free dilatometry test with heating rate
�
:
chau=10 �C s�1 and cooling rate �

:
ref=�3 �C s�1. The second loading was a dila-

tometry test under torque. Starting at the transformation temperature �trans, a con-
stant torque is applied to the test specimen during the cooling stage and released at
the end. The third loading was a dilatometry test under axial force. In this case,
starting at �trans, an axial force was applied to the test specimen during the cooling
stage and released at the end of the test. Finally, the fourth loading was a dilato-
metry test under combined tension-torsion load. Again beginning at �trans, a torque
and an axial force were applied to the test specimen simultaneously, then released at
the end of cooling. We show in Fig. 12 the shape of the thermomechanical load
curves and in Table 2 the values of the applied stresses in the different phases of the
three tests. One can remark that for each phase, the two stress components � and �
are constant during phase transformation and that for each test, the von Mises

Fig. 11. Calibration curves of the biaxial extensometer.
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equivalent stress level (�eq=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ 3�2

p
) is constant. This choice will be justified in

part concerning the analysis of the experimental results.
Therefore, for each test, only one specimen was used. Thus, each specimen was

subjected to four phases. We have decided to perform four experiments on each
specimen because of the cost of one specimen. The hypothesis under this choice is

Fig. 12. Cycle of applied loads.
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that the residual stress state is annealed by the austenitisation at 900 �C. This will be
checked in the full experimental program by doing the same experiments in the
opposite order and shall be published soon. We have chosen to maintain specimen
at maximum temperature of 900 �C during 30 s because we want to avoid to much
austenitic grain size increase as well as carbon loss.

3.2. Results on bainitic transformation

The free dilatometry test enabled us to determine the thermomechanical char-
acteristics of 16MND5, as shown in Fig. 13.

We obtained from the tests the following characteristics:

1. Coefficient of expansion of the ferritic phases (Tref=20 �C)

�� ¼ 13; 2:10�6 þ 8; 5:10�9: T� Trefð Þ �C�1

and ��j700
0

¼ 16; 1:10�6 �C�1

2. Coefficient of expansion of austenitic phase (Tref=20 �C)

�� ¼ 41:10�6 þ 2; 3:10�8: T� Trefð Þ �C�1

and ��j1000
600

¼ 22; 6:10�6 �C�1

3. Compactness variation between phases at 20 �C

�"20o

�;� ¼ �10; 6:10�2

4. Characteristic temperatures of austenitic transformation

Initial : Ac1 ¼ 700 �C

Final : Ac3 ¼ 800 �C

Table 2

Stresses applied in the different phases of the three tests (MPa)

Tests Phase 1 Phase 2

1 �=0 �
ffiffiffi
3

p
=0 �=0 �

ffiffiffi
3

p
=30

2 �=0 �
ffiffiffi
3

p
=0 �=0 �

ffiffiffi
3

p
=45

3 �=0 �
ffiffiffi
3

p
=0 �=0 �

ffiffiffi
3

p
=60

Phase 3 Phase 4

1 �=30 �
ffiffiffi
3

p
=0 �=21 �

ffiffiffi
3

p
=21

2 �=45 �
ffiffiffi
3

p
=0 �=32 �

ffiffiffi
3

p
=32

3 �=60 �
ffiffiffi
3

p
=0 �=42 �

ffiffiffi
3

p
=42
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5. Characteristic temperatures of the bainitic transformation

Initial : Bs ¼ 560 �C

In order to compare, we can cite (Taleb et al., 2000), these authors propose:

�� ¼ 15:10�6 �C�1; �� ¼ 23:5:10�6 �C�1 and �"20o

�;� ¼ �0:01

Figs. 14–16 show the axial and shear strains evolutions during the different phases
of the three tests.

First we can observe that as soon as a mechanical loading is applied during the
phase transformation, there is a residual strain measured at the end of the test. The
residual strain is the result of the transformation plasticity. Qualitatively, we can see
that a torque alone causes only a shear plastic strain (Phase 2 of Figs. 14–16), a force
alone an axial strain (Phase 3 of Figs. 14–16) and a torque plus a force generate

Fig. 13. Example of dilatation curve.
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simultaneously axial and shear strains (Phase 4 of Figs. 14–16). However, we
observe in Fig. 15 that during the third phase (� 6¼0 and �=0) a little shear strain is
measured at the end of the phase. This shear strain appears during the austenitic
transformation. This experimental default is probably due to either an heterogeneity
of the temperature field or due to the presence of a residual stress field in the speci-
men. This phenomenon is little or none observed on the first specimen (Fig. 16) and
on the third one (Fig. 14). Next, let us observe that the kinetics of the transformation
is not affected by the mechanical loading, which can be easily deduced from the dif-
ference between the free dilatometry curve and the dilatometry curve under torque.
This result is consistent with the works of Gautier et al. (1994), who observed no
noticeable differences in the case of small applied loads. We also note that the shear

Fig. 14. Evolutions of total axial strain " and shear strain � during phases 2, 3 and 4 of test 3.

Fig. 15. Evolutions of total axial strain " and shear strain � during phases 2, 3 and 4 of test 2.
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strain remains constantly zero during heating. Finally, the small slope breaks visible
around 100 �C correspond to the release of the mechanical loads.

We must now extract from these curves the transformation plastic strains. For this
purpose, we consider the following decomposition of the total strain rate:

"
:
¼ "

:e þ "
:th þ "

:pt þ "
:vp ð3Þ

where "
:e is the elastic strain rate
"
:th is the thermal strain rate
"
:pt is the transformation plastic strain rate
"
:vp is the viscoplastic strain rate.

Furthermore,

"
:e ¼

�
:

E Tð Þ
�
: e ¼

2 1 þ �ð Þ

E Tð Þ
�
:

where E(T) and � are the Young’s modulus and the Poisson ratio, respectively. E(T)
is considered identical for each phase and given by the following equation (Marti-
nez, 1999):

E Tð Þ ¼ 2; 08:105 � 1; 90:102Tþ 1; 19T 2 � 2; 82:10�3T 3 þ 1; 66:10�6T 4

where E(T) and T are given in MPa and �C.
The function "

:th(T) is known from the free dilatometry test. "
:vp(T) corresponds to

the classical viscoplastic strain which develops when a stress is applied. One can
consider this quantity negligible since the stress levels applied during the tests are
low. Let us recall that the maximum equivalent applied stress is 60 MPa, whereas the

Fig. 16. Evolutions of total axial strain " and shear strain � during phases 2, 3 and 4 of test 1.
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conventional yield stress of austenite at 600 �C is 100 MPa. If we compute the vis-
coplastic strain due to an applied stress of 60 MPa during 100 s at 600 �C we obtain
"vp=810�6. This strain is negligible with respect to the other strains. Therefore, we
can determine the axial and shear transformation plastic strains by the following
expressions:

"pt ¼ "� "e � "th

�pt ¼ � � �e ð4Þ

Thus, still in the case of a bainitic transformation, the transformation plastic
strains for the different tests are represented in Figs. 17–19. Qualitatively, we
observe that a torque alone causes only a shear plastic strain (Figs. 17a, 18a, 19a), a
force alone causes an axial strain (Figs. 17b, 18b, 19b) and a torque plus a force
generate axial and shear strains (Figs. 17c, 18c, 19c). Finally, let us observe that the
higher the load, the more transformation plasticity develops.

3.3. Analysis of experimental results

The analysis of the influence of stress state on transformation plasticity is made in
order to validate or invalidate the evolution of the transformation plasticity rate
proposed in recent papers (Desalos, 1981; Inoue and Wang, 1985; Leblond et al.,
1989). Indeed, for this type of models, the transformation plasticity rate depends on
the austenite volume fraction, z, the austenite volume fraction rate, z

:
, and the stress

deviator, S by the following relation:

"
:pt ¼ k: f zð Þz

:
:S ð5Þ

where k is a material constant, and f is a material function, and

S ¼ � �
1

3
Tr �

h i
I ð6Þ

We can easily integrate Eq. (5) on the phase transformation interval, [t0,t1],in all
cases of considered loadings (Fig. 12). Indeed, the stress state is constant during the
phase transformation and for all the tests. So, we can write:

ðt1
t0

"
:ptdt ¼

ðt1
t0

k f zð Þz
:
Sdt ¼ S

ðt1
t0

k f zð Þz
:
dt ð7Þ

"
:pt ¼ S

ðt1
t0

k f zð Þz
:
dt ð8Þ

"pteq ¼
2

3
I�eq ð9Þ

where "pteq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"pt2 þ �pt

2

3

q
, �eq=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ 3�2

p
and I=

Ð t1
t0
k f zð Þz

:
dt.
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Fig. 17. Evolution of transformation plastic strains "pt and �pt versus temperature for the different stress

states at �eq=60 MPa.
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Fig. 18. Evolution of transformation plastic strains "pt and �pt versus temperature for the different stress

states at �eq=45 MPa.
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Fig. 19. Evolution of transformation plastic strains "pt and �pt versus temperature for the different stress

states at �eq=30 MPa.
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One can remark in relation (9) that I depends only on the phase transformation
considered and does not depend on the stress state. So, for all the loadings con-
sidered in our tests, to any level of equivalent stress, �eq, corresponds a level of
equivalent plastic transformation strain, "pteq.

For all the tests presented above, the temperature loading is identical and leads to a
bainitic transformation. Then, the integral I is constant for all the tests. So, Fig. 20
shows the equivalent plastic transformation strain level as a function of equivalent
stress level. One can observe in Fig. 20 that for all stress level applied in von Mises’ sense
the equivalent strain levels are identical regardless of the type of mechanical loading.
These original experimental results seem to confirm models like Eq. (5), where trans-
formation plasticity strain rate is proportional to the deviatoric stress tensor.

4. Conclusion

We have developed an experimental apparatus to apply severe thermomechanical
loads on tension–torsion test specimens. This device enables us to reach temperatures
of 1200 �C at a maximum heating rate of 60 �C s�1. Furthermore, very high cooling
rates, on the order of �30 �C s�1, can be applied. Therefore, we are able, with such a
device, to obtain all possible metallurgical transformations of low carbon steels,
from ferritic-pearlitic transformations for the lowest cooling rates to martensitic

Fig. 20. Plastic strain of the equivalent maximum transformation versus the equivalent von Mises stress.
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transformations obtained in high-speed cooling. In addition to temperature control,
all in-plane stress states (�, �), constant with time or not, can be achieved. A first
series of tests was conducted. The first series of tests presented here seem to validate
classical Eq. (5) describing transformation plasticity in the case of considered load-
ings in the present paper. The model has to be tested for martensitic transformation
as well as austenitic transformation (in case of heating). As a second step, it will be
useful to compare these models to multiaxial nonproportional load cases.
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