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ABSTRACT
In metal matrix composites (MMC), internal stresses are
generated during cooling due to the differences in the
coefficient of thermal expansion between the matrix and
the reinforcements. When the matrix presents a phase
transformation, the associated deformations induce also
internal stresses. The evolutions of these stresses are a key
factor in understanding the residual stress states which play
an important role on the final mechanical properties of the
MMC.
In situ high energy X-ray diffraction using a synchrotron
source performed on a steel metal matrix composite re-
inforced by TiC allows following the evolutions during
cooling of the phase fractions and the mean cell parameters
(Rietveld analysis). Thanks to the development of a new
experimental device (a transportable radiation furnace with
a controlled rotation of the specimen) the evolutions during
cooling of the stress tensor components in all phases of the
composite have been obtained too.
It has been shown that the matrix and the reinforcements
are under a hydrostatic stress state all along cooling even
during the martensitic transformation. Using the stress free
cell parameters and their evolutions versus temperature,
it comes out that from 900◦C to the beginning of the
martensitic transformation, high compressive stresses are
generated in the reinforcements due to the difference of
the thermal expansion coefficients of the phases. As the
martensitic transformation occurs, the stresses relax largely
in the reinforcements, martensite undergoes tensile stresses
and relatively small stress variations occur in the austenite.
Micromechanical simulations by finite elements have been
used to understand better these stress evolutions.
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INTRODUCTION
Mass reduction (for example in transportation applications
where reduction of fuel consumption and pollution are
aimed) can be obtained, by using new lighter materials
with at least the same mechanical properties as the for-
mer ones. Metal Matrix Composites (MMC) reinforced by
ceramic particles allow reaching this goal. In our study,
steel matrix composite reinforced by TiC particles obtained
by powder metallurgy (mixture of 75% steel powder and

25% TiC powder) allows reducing the density (7 g/cm3

for this composite instead of 7.8 g/cm3 for steel alone i.e.
a decrease of 11.4% in mass). Final properties of MMC
depend on the chemical composition, on the nature of the
interfaces, on the microstructure of the matrix and on the
stresses in the reinforcements and in the matrix. These
stresses are generated during the heat treatment and result
from the differences in the coefficient of thermal expansion
between matrix and reinforcements and also from the phase
transformations of the matrix that occur during cooling
and induce volume changes. The residual stress levels and
distributions are a key factor for the final properties of the
MMC. In a previous study [Mourot:2011] phase evolutions
were analysed in details. In this presentation, we focus on
the internal stress evolutions.

High-energy X-ray diffraction

The high energy X-ray diffraction experiments were per-
formed at the ESRF (Grenoble, France) on the ID15B
beam line. The in situ measurements were conducted with
a monochromatic beam of 87 keV. The high energy beam
allowed to analyse a large volume of the sample (due to
the low absorption of the sample) thus being representative
of the bulk and lessen the surface effect. The transmitted
signal is collected by a large area 2D detector (Perkin
Elmer XRD1621) that records the whole Debye-Scherrer
rings with a 2θ angle maximum of 12◦. The important flux
gives a high quality diffraction signal quickly, thus XRD
frames can be recorded at high rate (up to 10 fps). By
this method, we can follow Debye-Scherrer rings evolution
during a thermal treatment. For our experiments, the sample
was a cylinder of 3 mm diameter and 30mm length and the
beam size was 0.4 x 0.4 mm2.
The sample was heated thanks to a radiation furnace
specially developed to perform a thermal treatment with
a controlled rotation of the sample. Temperature was con-
trolled by a thermocouple welded on the sample surface
and placed just below the beam path to avoid diffraction
signal from the thermocouple. Due to the sample and
furnace configuration, it is ensured that the temperature
is homogeneous around the thermocouple and beam path.
Using the sample rotation during in situ cooling and a fast
acquisition rate allows collecting the data to determine the
full stress tensor within one second. Results are presented
on figure 1.
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Figure 1: Internal stresses evolution during cooling in
all phases present in the MMC (As the stress states are
hydrostatic, only one component of the stress tensor is
presented).

Micromechanical simulations
In order to interpret the experimental results, 3D mi-
cromechanical simulations on a simplified microstructure (a
periodic distribution of spherical TiC particles (representing
25vol%) embedded in a steel matrix have been performed
code (software ZeBuLoN)
Thermal treatment parameters are the same as the ones
used during the experiments. Cooling of the composite
is simulated from 900◦C to room temperature at a rate
of 5◦C/s. Martensitic transformation is described by a
Koistinen-Marburger law with parameters determined from
experimental results. Ms temperature is 180◦C.
For the matrix, we have used a thermo-elasto-visco-plastic
behaviour law taking into account the phase transformation
[Denis:2002]. This law is written in incremental form by :
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with :
dεe

i j : incremental elastic strain related to stress increment
from Hooke’s law with temperature dependent Young’s
modulus and Poisson’s ratio.
dε

p
i j : incremental visco-plastic strain at high temperature

and only plastic at lower temperature. These components
are calculated using the classical plasticity theory with Von
Mises criterion and isotropic hardening.
dε th

i j : incremental thermal strain.
Strain increments due to phase transformation are :
dε tr

i j : incremental strain due to volume change.
dε

pt
i j : incremental strain due to transformation plasticity

All parameters have been extracted from previous studies
made at IJL for the matrix and from a literature review for
TiC particles [Wall:2006]. Results are presented on figure
2.
The calculated mean stress for each phase follows the same
evolution as the one extracted from the experiments. But,
the calculated stress levels are largely different from the
experimental ones especially in TiC particles, with much
lower values. These differences have been related to an

Figure 2: Calculated mean internal stresses during cooling
in the MMC.

overestimation of the plastic strains in the matrix in the
simulation.

CONCLUSION
We have developped an original experimental device and
a methodology to determine in situ the full stress tensor
of a material from Debye-Scherrer rings. The results show
a mean hydrostatic stresses state in the austenite and in
the TiC reinforcements before and during the martensitic
transformation. 3D micromechanical simulations allows to
analyse of the stress fields in the reinforcements and in
the matrix on a simplified microstructure. The calculated
mean stresses evolutions are coherent with the experimental
evolutions but the high stresses level differences remain to
be explained. More developments are needed on the model
to take into account the real microstructure.
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