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Abstract. This paper shows cxperimental results concerning the martensitic transformation and the
transformation-induced plasticity under multiaxial loading. The material investigated is a Cr-Ni-Mo-Al-Ti steel,
which is submited to a Yo martensitic phase transformation under an applicd stress. The specimens are thin
tubes loaded in tension-torsion. The tests were specially designed to provide information on classical questions
related with transformation plasticity and the interaction between applicd stresses and phase transformations in
the casc of tension-shear loadings: clfect of the applied stresses on M, temperature, definition of the
transformation-induced plasticity (Now intensity, direction in siress space, evolution vs phase change), eventual
presence of internal stresses. Some of the answers given by the present study confirm the usual assumptions, bat
the analysis of the tests also reveals new cffcets not predicted by the classical theories proposed to quantify the
transformation induced plasticity phenomenon.

1. INTRODUCTION

The thermomechanical behavior of muterials undergoing a solid-solid phase transformation under an
applied stress has been largely investigated, but is still poorly understood (for a recent review, see e.g.[1]).
In particular it is well known that, when a solid material is subjected to a phase transformation under an
applied stress a new mechanical phenomenon, named transformation induced plasticity (TRIP) is observed.
TRIP phenomenon is usually attributed to two different mechanisms : (i) stress-assisted nucleation of
crystallographic varrants which are favourably aligned with the orientation of the applied stress, and
(ii) plastic deformation of the parent and product phases. The first mechanism, now currently referred as
the Magee effect (2] may be predominant in particular for the martensitic phase transformations in steels
(see e.g. [3]). The second mechanism, now currently referred as the Greenwood-Johnson effect [4] is, on
the other hand, prevalent for the various diffusion controlled phase transformations occurring in steels (see
e.g. [5D.

A number of authors have attempted to develop constitutive equations for TRIP phenomenon which are
largely based on the classical equations used in plasticity (see e.g. [6-8]). In these approaches the increment
of plasticity due to phase transformation under an applied stress is related to the stress state conditions, the
actual value of the amount of phase transformation and to the increment of phase transformation. As a rule
these theories are compared to experimental results obtained under uniaxial loading conditions. It is thus
impossible to verify completely their adequacy in the absence of experimental studies of phase
transformations under multiaxial loading. In a previous paper [9], a general framework was proposed to
account for transformation-induced plasticity and viscoplasticity, and for the coupling between the two. A
number of questions were related to the expressions used. The main objective of the present study is to
contribute to fill in the gap berween theories and experiment by reporting recent experimental results
obtained on a high strength steel which was submitted to the y—a' martensitic transformation under
tension-shear conditions.

Article published online by EDP _Sciences and available at http://dx.doi.org/10.1051/jp4:1996145



http://www.edpsciences.org
http://dx.doi.org/10.1051/jp4:1996145

C1-466 JOURNAL DE PHYSIQUE IV

Cr Ni Mo Al Ti C S1 Mn P S N
12,15 ]9.05 2.03 0.70 0.35 <0.01 10.05 0.03 0.009 | <0.00210.0045

Table 1: Nominal composition of the investigated material (weight percent).

2. MATERIAL

The material of the study is a Cr-Ni-Mo-Al-Ti Maraging steel provided by Aubert et Duval, and referenced
as Marval X12. Table T shows its composition, which is typical for a high resistance steel with structural
hardening. The thermal treatment applied to the bars consists in a solutionizing heat treatment at 840°C for 1
hour, followed by air cooling down to room temperature. The structural hardening heat treatment (550°C
for 4 hours) which is usually given to this material was not applied since this study was only concerned
with the y—o' phase transformation. The transformation during the cooling period produces martensite
only, even at low cooling rates. X-ray analysis at room temperature demonstrates that the transformation is
completely achieved, with no residual austenite in the material.

This material was chosen due 10 its excellent quenching capability, the absence of diffusional
transformations, and the specificities of its transformation range, with:

- a starting point M; at low temperature (between 150 and 200°C). High stress levels can then be applied
without (“classical”) plastic strain and without creep; on the other hand, recovery effects can be neglected in
the tests involving a pre-hardening in austenitic phase:

- the full transformation from martensite to austenite.

All these properties, joined to the fact that the material is a stainless steel, made that the same specimen
could be used several times: as a matter of fact, several thermal cycles were applied to the specimens, from
room temperature to alstenitizing temperature, followed by quenching under load, and these successive
treatments were supported without apparent damage. It was also tried to apply, after several different
cycles, the same conditions as in the first one: the results were reproducible, as indicated in section 5.1.

3. EXPERIMENTAL DEVICE

The tests were made with a servo-hydraulic tension-torsion device, with 7100 kN and 1200 m.N loading
capacities. The whole experimental set-up is schematically shown in fig.1. The specimens are thin tubes
with an external diameter of 19.5 mm and an internal diameter of 16.5 mm. The length of the cylindrical
part is 12 mm.

A tension-torsion extensometer developed at Cenue des Matériaux was used. The contact with the
specimen consists in two needles only. As they are made from aluming, the extensometer can work at high
temperature. A simultaneous measurement of the axial displacement and of the twist angle is obtained in the
cylindrical part of the specimen. The pressure applied on the needles was previously calibrated to prevent
the extensometer to ship. and at the same time to avoid local plasticity at the contact point. The tests may
then be performed either under stress control, or under displacement control (for the pre-hardening
sequences).

The specimen is set in a trilobic radiation furnace, producing a homogeneous temperature field on the
whole specimen. The cooling is assisted by compressed air, and by water circulation through two rings
fixed on the gripping system. The temperature measurement is achieved by means of thermocouples welded
on the specimen, and directly imposed by a micro-computer.

All the experimental data (displacement, forces, temperature, ...) are recorded by the micro-computer, for
further numerical treatment, in order 1o finally provide input files to an optimisation code for the numerical
simulations.
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Figure 1: Schematic view of the experimental device

4. TESTING PROCEDURES

The specimen is first fixed on the testing rig, and equipped with all the measurement system at room
temperature. It is heated at a constant temperature rate until 840°C, then the temperature is kept constant for
about 30 minutes in order to solutionize the material in the austenite field. The specimen is then cooled
down to room temperature. During this cooling, the loading is quickly applied at 230°C, the material being
still in the austenitic phase. According to the type of test, the loading is kept constant, or a loading step is
made during the transformation, in order to evaluate the internal stresses. This temperature of 230°C is high
enough to avoid the formation of stress induced martensite when the load is applied, and low enough to
reduce the possible creep effects for the highest loadings, which are around the apparent yield stress of the
austenite phase. This yield stress (about 180 MPa) was previously characterized by pure tension and pure
torsion tests. These tests may thus be regarded as anisothermal creep tests, or as dilatometric tests (partially)
under load.

Five different types of loadings were applied. In each case, the stress level is evaluated in terms of von
Mises equivalent:

- tension under 30, 50, 90, 120, 150 MPa,

- torsion under 30, 50, 90, 120, 150 MPa,

- tension-torsion under 30, 50, 90, 120, 150 MPa,

- compression under 30, 50. 90, 120 MPu,

- compression-torsion under 30, 70, Y0, 120 MPa.
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For the tension-torsion (resp. compression-torsion) tests, the ratio o1,/61,V3 is maintained equal to 1
(resp. -1). For all the stress levels investigated, the material remained in the elasticity domain during the
loading.

All the tests were at least performed twice in order to check the reproducibility of the experiment. In fact,
no significant discrepancy was noted, for any kind of loading (one- or two-dimensional), for any specimen,
and any thermal cycle.

As previously stated, some of the tests involved a load step during the transformation. This technique,
known as "dip test", consists in a total or partial unloading, after preliminary flow at the first loading level.
The subsequent flow intensity and sign give information on the actual value of the "neutral state” of the
material, resulting from the first part of the loading. Five tests were made under torsion, with an initial
stress level of 120 MPa, and followed by unloadings to 0, 30 and 60 MPa. In addition, a tension test was
also performed, with a first level at 120 MPa followed by a total unloading.

Two specific dilatometric tests and three transformation tests under 50 MPa and 90 MPa torsion loadings

were also added to the data base. For these tests, a torsion prehardening is applied when the specimens are
in the austenitic phase. For that purpose, the cooling is stopped for a while at 200°C, and several
mechanical cycles are applied. The tests follow then their normal course, id est loading, and cooling.
Provided the analysis is made carefully, they allow us to study the interaction between classical plasticity
and transformation induced plasticity, through the influence of hardening observed in classical plasticity
(isotropic and kinematic hardening) on transtormation plasticity.
Each specimen was used for a maxinmum of 10 thermal cycles (20°C-840°C-20°C). Neither oxidation nor
damage was found on the specimens. The first and the last cycles were made without applied load, so that
the classical dilatometric characteristics were determined (thermal expansion coefficients, variation of the
specific volume during phase transformation), and also the kinetics of the martensitic transformation.

5. EXPERIMENTAL RESULTS

The main experimental results are now reported. An attempt is made to exhibit clearly the principal
characteristics of the transformartion, and to present the results in an unbiased way. As indicated below, the
complete modeling of the reported observations is in progress and will be presented in a further paper.

5.1 Influence of the applied stress on the onset of the martensitic transformation

Figure 2 shows the dilatometric curves obtained on one specimen, which supported several thermal cycles,
under various tensile stresses. The successive loading levels were O MPa at the first cycle, then 30 MPa,
50 MPa, 90 MPa, 120 MPa, 150 MPa, the last cycle being performed under zero load. Thanks to this
procedure, the memory effect due to the thermomechanical history can be characterized: the maximum strain
at high temperature exhibits a low shift. It must be noted that the values of Mg and of the volume change
obtained for the last cycle remain consistent with the initial one. During the cooling, the application of the
load can be seen by a small increase of the toal strain at 230°C. For 150 MPa, the martensitic
transformation starts at a temperature My=180°C, whereas it starts around 150°C with no applied load. The
variation of M versus stress Is linear in the 0-120 MPa range, with a slope of 0.165 °C.MPal.

A similar behaviour was noticed for the other types of loadings, although less pronounced. Using von
Mises equivalent stress Gy such as cscq2 = 0”2 +3 0122 , the values of the slope are : (i) for tensile loading,
dMy/doeq = 0.165 °C.MPa’l, (ii) for torsional loading, dM¢/do.q = 0.059 °C.MPa’l, (iii) for tension-torsion
loading, dM/do.q =0.141 °C.MPaL.

These results clearly show that the variation of the My temperature is controlled not only by the y—o'
volume change, but also by the shear components associated with the phase transformation, as modeled in

[10].
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Figure 2: Dilatometric curves under ension loading

5.2 Inftuence of the applied stress on the amount of transformation-induced plasticity

The amount of transformation plasticity for 100% of phase transformation can be read from the dilatometric
curves, when room temperature is reached. This value non linearly depends on the applied stress. The
ranking of the different loading types is illustrated in fig.3, which shows that the stress sensitivity is the
higher for tension loadings, then for tension-torsion, torsion, compression-torsion and pure compression.
In fact, the three first cases do not present a large difference, for the same von Mises equivalent, but their
efficiency is much higher than the latter ones. The amount of transformation-induced plasticity observed
during the tests was 2% for a 150 MPa tensile stress. The ratio between the TRIP for 120 MPa in tension

and compression is 2.7. Defining von Mises equivalent in terms of transformation-induced plastic strain €
ke s .
by means of (8&;)2 = (M) + (4/3)(el)?, the values of the coefficient K= def; /doq are respectively:

(i) K=5.4 10-5 MPa-! for low tensile stresses, (ii) K=3.4 10-5 MPa-! for low compressive stresses,
(iti) K=21.9 10-5MPa-1 for high tensile stresses (around 120 MPa).
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Figure 3: Total amount of transformation plasticity lor various loading states (von Mises equivalents)
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5.3 Direction of the transformation-induced plasticity flow in the siress plane

Transformation-induced plastic flow rate is usually assumed to be collinear to the components of the
deviatoric part of the stress tensor, denoted by ;. This dependency is consistent with the use of the von
Mises equivalent and of the normality assumption as detailed in [9]. As the stresses are kept constant during
the transformation, the flow direction is constant and the rate equations can be integrated along the
transformation path, so that the equivalent plastic strain for transformation-induced plasticity and the
components of the transformation-induced plasticity strain should be related by:

eh=¢€l n,sef=€ np M
with : ny=do.y/doy = (3/2) 5,/0 2)

The values obtained in tension-shear and in compression-shear are reported in Table 2. For most of the
cases, the assumption of a von Mises type flow seems to be reasonable within a first approximation, the
agreement being better in tension-torsion than in compression-torsion.

Nevertheless, it can be noticed that the axial component seems to be a little too low. This point requires
further investigations.

Ocq (MPa) e (%) en/enny) | en/ (el )
T 31 0.13 0.98 1.01
T352 0.24 0.74 1.18
T92 0.66 .97 1.03
T122 1.07 1.00 1.00
T 152 2.01 0.97 1.03
C353 0.23 1.01 0.99
C73 0.31 (.89 1.09
C93 0.42 .89 1.09
C 123 .67 (.83 1.14

Table 2: Comparison of the [low direction with von Mises assumption in tension-shear (T) with 4, = G,Z\E and in

: S . N 2 D .
compression-shear (C) with o, = - 6,V 3 ; (€)= EY + @aEt

5.4 Relation between transformation induced plasticity and the transformation rate

It was experimentally observed that the cooling of a specimen loaded in torsion does not induce any
significant axial flow. Having in hand a tension-torsion extensometer, it is then possible to evaluate in a
continuous way the volume fraction transformed from the axial measurement, and to get the transformation-
induced plasticity from the shear component. Figure 4 shows the measured volume fraction as a function of
temperature. If this result is now reported against the transformation plasticity measured in shear, figure 5 is
obtained. Usually, two formulations are used concurrently 1o model the relation between the martensite
volume fraction and the transformation plasticity, either parabolic [6,7,11,12} or more complex [8]. These
are expressed according to the following formulae, where v stands for the shear transformation-induced
plasticity, and z for the volume fraction of martensite:

Wz) = (2-2) z Y(z=1) (3a)
¥z) = (1-In(z)) z y(z=1) (3b)

Both of them seem to be acceptable. the first one being better for the higher loadings, the second one for
the smaller ones.
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5.5 Evaluation of internal stresses

Although the evaluation of the normality rule with respect 1o a von Mises surface centred at the origin might
be a first approximation, the tests shown in this section demonstrate that a substantial kinematic effect is
present. These results suggest therefore that internal stresses must be introduced to describe the observed
phenomena, as proposed in |9]. These internal stresses are related with transformation-induced plasticity
and with classical plastic deformation.

5.5.1. Internal stresses due 1o transformation-induced plasticity

In the tests made under a torsional loading involving a first stress level of 120 MPa and several unloading
steps, it was found that the internal swess level for 50% transformation is about 60 MPa. That means that a
60 MPa unloading does stop the transtormation-induced plasticity. For larger unloadings, the sign of the
plastic flow is changed. that is one comes from a tensile ransformation plasticity flow under 120 MPa to a
compressive flow if the stress level reaches 30 MPa for instance.

The existence of an internal stress was also confirmed under tension loading. In the test which started
under a 120 MPa tension loading tollowed by a complete unloading, the transformation plasticity flow at
zero load was negative.

This observation makes the modeling more complex. Specially, coming back to the normality rule
discussed in section 5.3, it should be underlined that, due to the presence of an internal stress, the
transformation-induced plasticity increment should now be collinear to the deviator of the effective stress
instead of the stress itsclf. This assumption is consistent with the previous conclusions concerning the
normality rule, to the extent that one may reasonably postulate that the internal stress generated by the flow
has the same direction as the applicd stress, when the Joading is constant.

5.5.2. Internal stresses due 1o clussical plasticity

After four prehardening cycles in alternate torsion made in the austenitic phase, the strain and the stress are
set to zero by an appropriate unloading path. When the last maximum (resp. minimum) of this loading is in
positive torsion (resp. in negative torsion), the resulting internal stress is positive (resp. negative). This
internal stress interacts with transformation plasticity : it follows for instance that the presence of
prehardening:

- induces a plastic flow without applied load, whose direction depends on the prehardening sequence,

- (1) strongly decreases the amount of transformation plasticity if the load applied for performing the
transformation plasticity has the same sign as the last loading of the ¢yclic history in the prehardening
period, but (i1) does not affect significantly the same variable for the opposite case, that means that in a
model it might be necessary 1o couple the evolution of both variables.

Figure 6 illustrates this effect in a strain-suress plane. The four prehardening cycles are drawn. After total
unloading at zero stress, it wias found that the transformation plasticity flow was negative. Transformation
plasticity depends then on a negative "effective stress”, computed as the difference between zero (the
applied stress) and a positive value coming from the first level.

Additional studies will precise quuntitatively the levels of the internal stresses relating with transformation-
induced plasticity and with classical plasticity, as a function of strain and temperature history, but, at the
present time, one can consider that their presence is clearly established.

6. DISCUSSION

The evolution of the transformation-induced plasticity strain is classically considered as driven by the rate of
phase change, dz, and proportional to a function of the degree of ransformation, f(z). The orientation of the

strain increment def} is given by the deviatoric part of the applied stress-s;;
de¥ = f(z) s;dz @

As afirst point, the present study shows that the usual formulations for the function f are acceptable. The
dependency between the strain increment and the deviator seems to be more questionable. Two facts
disagree with this expression:
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(i) the results strongly suggest that internal stresses must be introduced, i.e. a tensorial variable XP for
representing the Bauschinger effect in classical plasticity, and a tensorial variable X™ for the transformation
induced plasticity. A correct model should thus take into account the fact that the induced plastic flow
produces material hardening. as assumed in [9]. During the progression of the transformation, this induced
plastic flow is related to the modification by the macroscopic stress of the plastic field around the martensitic
plates, or to the stress-assisted geometrical orientation of the platelets themselves. For transformation
induced plasticity as for classical plasticity, the origin of the hardening is "written” in the dislocation
populations, so that it is easy to understand that the two internal stresses should be coupled. The present
study allowed us to verify that classical plasticity affects the ransformation-induced plasticity. The reverse
effect is probably present, it could be shown by tests with a special temperature history, involving a cooling
period to partially transform the austenite, followed by a rapid heating and the application of a cyclic
loading: due to the re-heating, the wansformation is stopped, and the mechanical loading provides a
mechanical measurement of the internal stress state;

(i1 in addition, we demonstrated that plastic {low for a complete phase transformation is a non linear
function of the applied stress and that tension has a larger effect than compression on the transformation-
induced plasticity. This effect can be explained neither by the expression proposed in eq.4 nor by the
introduction of an internal stress. Other ingredients should then be used as the trace of the stress tensor, L.
A possible solution would be 1o have the effect of the stress included in the intensity of the flow, that is the
function f should depend not only on z, but also on the two invariants Iy and J, of the stresses (eq. 5).

delf = f(z, o) 5,dz o)

In fact, as long us an internal stress has o be introduced, the transformation plasticity flow will be
expressed as a function of the effective stress . the component of which are o;- XP' . A model has been
proposed to fulfil the first requirements (i), with two interacting internal stresses (9] The extension of this
model to take into account the point (i) is in progress (bused on the formalism proposed in {9]).
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7. CONCLUDING REMARKS

A certain number of new elements concerning a comprehensive experimental study of transformation-
induced plasticity are reported and analyzed. The tests were made under multiaxial loading and relatively
high stress levels. The classical assumptions concerning the scaling factor f(z) and the plastic flow direction
seem to be reasonable. The most important points exhibited in the study are:

- the asymmetric effect of tension and compression load, which has never been observed previously on a
steel,

- the non linear dependency of the transformation-induced plastic flow versus stress,

- the presence and the interaction of internal stresses associated with both transformation-induced plasticity
and classical plasticity.
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