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ABSTRACT ARTICLE HISTORY

The Portevin-Le Chatelier effect in an AlCu/Al,O3; composite Received 3 February 2020
with a large volume fraction (60%) of ceramic particles is Accepted 21 December 2020
investigated from a numerical point of view using a strain-
ageing visco-plastic material model for the metallic matrix Portevin_Le Chatelier effect:
and several different finite element meshes based on real metal matrix composite; '
microstructures. Even for this very large volume fraction, dynamic strain ageing;
some serrations are observed on the experimental tensile statistical analysis
stress/strain curves, together with the propagation of

bands of localised plasticity. The finite element model

succeeds in reproducing the serrations and the

propagation of bands experimentally observed, and allows

a fine analysis of the spatio-temporal evolution of the

bands of localised plastic strain rate. Different volume

fractions are then virtually generated, tested, and

compared to outline the influence of this second phase on

the Portevin-Le Chatelier effect.

KEYWORDS

1. Introduction

Many metallic materials exhibit serrations on their global tensile stress/strain
curves within a given range of temperature and deformation rate [1]. This
so-called Portevin-Le Chatelier (PLC) effect is due to the interaction between
mobile dislocations and solute atom diffusion, and is a manifestation of
dynamic strain ageing [2]. Strain ageing can induce a negative strain rate sen-
sitivity in a given range of temperature and deformation rate. This negative sen-
sitivity, in turn, leads to a strain localisation phenomenon characterised by
bands of high plastic strain rate propagating in tensile specimens, and by serra-
tions appearing on the global stress/strain curve. The PLC effect has been inves-
tigated in many aluminium alloys, from the early observations of Portevin and
Le Chatelier [3] to more recent works using advanced experimental methods
such as digital image correlation [4, 5], digital image thermography [6], or
X-ray laminography associated with 3D digital image correlation [7]. The
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effect has been reported in some aluminium alloys of the AA2xxx family [8-11],
the AA5xxx family [12-15] and the AA6xxx family [16].

The PLC effect has also been observed in aluminium-ceramic composites
with a low [12, 13], intermediate [17] or high [18, 19] volume fraction of
reinforcement. The first group of composites, of ceramic particle volume frac-
tion between 2% and 5%, were designed in order to postpone the occurrence of
the PLC effect by disrupting dislocation avalanches. The second group, with a
volume fraction up to 60%, was designed to obtain a high stiffness coupled with
strength/toughness combinations similar to high-strength engineering Al
alloys, using a standard Al-Cu matrix. In both cases, it was found that the
PLC effect is not suppressed and that serrations occur in general for an even
lower strain level. The influence of the volume fraction of particles on the
shape of the serrations has been investigated in [20, 21] using statistical analysis
of stress drops and multi-fractal analysis. Propagative visco-plastic instabilities
in multi-phase metallic alloys, such as PLC-like serrations and associated local-
isation bands, have been recently observed in some third-generation high-
strength TRIP/TWIP steels [22-25] where plastic instabilities initiate and pro-
pagate only in one of the phases. In this case, the volume fraction of each phase
(ferrite and austenite/martensite) is close to 50% and the contrast between their
mechanical properties is smaller than in aluminium/ceramic composites.

The influence of a second phase on the occurrence and evolution of the PLC
effect was already investigated earlier from a theoretical [26, 27] and from an
experimental point of view [28, 29]. The size and number of precipitates in Alu-
minium alloys seem to influence the critical strain i.e. the strain for which the
PLC effect starts to occur. The kinetics of strain propagating bands - width and
velocity - are also affected by this second phase.

Strain ageing inhomogeneous materials can be described using an elasto-
visco-plastic model which reproduces the negative strain rate sensitivity, such
as the KEMC model proposed by Kubin, Estrin, and McCormick [30, 31].
The KEMC model can predict serrated yielding and propagative plastic
bands during the finite element simulation of tensile specimens [32]. This
approach has been applied to many industrial alloys, including nickel-based
superalloys [33]. The model has been parametrised for the room temperature
behaviour of the AA5083 alloy [14], the AA2024 alloy [8], and the AA5754
alloy [15, 34] and used for the finite element simulation of the PLC effect in
smooth or notched 3D specimens. The predictive power of the KEMC model
was recently demonstrated in the case of complex loading conditions including
strain rate jumps and relaxations tests in a AA2139 alloy [10], and for the simu-
lation of forming processes [35].

The KEMC model has also been used to simulate the PLC effect in hetero-
geneous materials, such as polycrystals, by translating the constitutive
equations at the grain level [36-38]. The case of metal-matrix composites
has been addressed in [12, 13] for an AA5754 aluminium matrix and a
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low volume fraction of ceramic particles (2% and 5%). The ceramic particles
were accounted for by Graff et al. [13] using full-field 2D plane stress simu-
lations of periodic idealised microstructures. The simulation results show
that the hard elastic second phase does not represent an obstacle strong
enough to cancel serrations in the stress/strain curve or the associated pro-
pagating localisation bands of plasticity. The introduction of particles seems,
however, to decrease the amplitude of the serrations and the critical strain
for which they occur [13]. The actual shape of the particles was not
accounted for in this work since they were always assumed to be perfectly
circular. Furthermore, only low volume fractions of ceramics were investi-
gated (2% and 5%), while it appears that PLC effects in Al-Al,O3; composites
can also occur for a very large volume fraction of ceramic particles, up to
60% [18]. Finally, the analysis of serrations gave no statistical analysis of
the type performed in [21].

The aim of the present work is to show that the KEMC model can effectively
simulate the PLC effect observed in metal-matrix composites, even with a large
volume fraction of reinforcement, of up to 60%. For that purpose 2D plane-
stress finite element simulations have been carried out using meshes based
on the real composite microstructure [39]. The influence of the prescribed
strain rate and of the ceramic volume fraction is investigated, and statistical
analysis of the serrations is carried out for three different ceramic volume frac-
tions (0%, 30%, and 60%). The material and finite element model are presented
in Section 2. In Section 3, the simulations on the 60% volume fraction compo-
site are detailed. In Section 4, the influence of the volume fraction is investi-
gated, and a statistical analysis of serrations is proposed. Finally, in Section 5,
the main results are summarised.

2. Material and model
2.1. Material

Ceramic reinforced metals can be produced up to a rather high particle
volume fraction (i.e. 60%) using infiltration processing. The mechanical prop-
erties of such composites have been investigated extensively in the literature
[18, 19, 39-41]. In these studies, several different composites were manufac-
tured, changing the size, the shape, and the volume fraction of the ceramic
particles, and the composition of the metallic matrix. In the present study,
composites made of an Al-2 or 4.5 wt. pct. Cu matrix and 60% by volume
of polygonal Al,O3 particles with an average size of 25um, are used as a start-
ing point for the simulations. Room-temperature tensile curves of this
material were provided in Figure 2 of [18]. They exhibit large serrations
typical of the PLC effect. In spite of their high volume fraction of ceramic par-
ticles, those composites also display propagating bands of deformation
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Figure 1. Propagation of a PLC band in a tensile specimen of Al-2 wt. pct. Cu in the T4 condition
reinforced with 60 vol. pct. Al,05 particles, observed using photoelastic measurements of the
strain distribution, showing the propagation of a deformation band characteristic of the PLC
effect. Sample width normal to the (vertical) tensile axis was 6 mm; the strain rate was 10~*
s~'. Frames (from left to right) were taken ten seconds apart, at (average gage-section)
strain values of 0.4%, 0.5%, 0.6% and 0.7%, respectively.

characteristic of the PLC effect in homogeneous materials. This can be seen in
Figure 1, which was produced using Photostress© instrumentation and acces-
sories (photoelastic coating and adhesive), purchased from Measurements
Group, Inc. (Raleigh, NC, USA), to visualise the propagation, the orientation
and the intensity of the strain field along the flat gage section surface of a
tensile sample while it is deformed. Briefly, the method uses photoelastic
properties of the adhesive coating, the index of refraction of which is a func-
tion of strain allowing to visualise the strain field when observed with
polarised light.

The corresponding tensile curve of the matrix material in these composites is
not known a priori, because the particles alter its microstructure and plastic
deformation behaviour, see e.g.[42, 43]. As a first approximation, therefore,
we assimilate the matrix of these composites to the copper-containing
AA2024 alloy, KEMC model parameters of which are given in [8].
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Figure 2. Meshing process of five different parts of the micro-structure. A 320m x 200 m
portion of the microscopic image is binarised and then meshed in 2D. This portion was also
divided in four 160 m x 100 m sub-pictures that are meshed separately for simulation
comparisons.

2.2. Finite element model

In the previous numerical study on the PLC effect in metal matrix composite by
Graft et al. [13], the finite element model was based on a periodic elementary
cell including one single circular particle. Some simulations were also carried
out on ‘representative’ volumes containing 8 or 18 randomly distributed circu-
lar particles; however, their real shape was not accounted for. In the present
study, the model is based on the actual microstructure of the real material
observed along a polished cross-section through scanning electron microscopy
as presented in [39] and in Figure 2 of the present work.
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The selection and meshing process of a representative elementary volume,
presented in Figure 2, can be divided into three main steps:

(1) A portion of the cross-section of the composite, of dimensions
320m x 200 m, is extracted from the original picture.

(2) This picture is binarised with the matrix in black and the ceramic particles
in white.

(3) The binarised picture is meshed using 6-node triangular elements with
reduced integration. The technique ensures conformal meshing of the
matrix-inclusion interfaces.

In order to check the representative character of the considered surfaces, the
binarised picture of Step (2) was also divided into four different sub-pictures
whose size represents 160 m x 100m of material, each of them being then
meshed separately. The large mesh is denoted MO in the following, while the
four smaller ones are called, respectively, M1, M2, M3, and M4.

It must also be noted that between Steps (2) and (3), the size of particles can
be artificially decreased using the erosion image analysis technique. Removing
successively one row of pixels along the border of each particle allows to gen-
erate virtual composites and the corresponding meshes with volume fractions
of around 60% (no erosion), 50%, 40%, 30%, 20%, 10% or 0% (full erosion).
This method has been used in the present work based on Sub-picture M3.
The different meshes with variable volume fractions are used for the investi-
gation presented in Section 4.

For all simulations presented in the following, the boundary conditions are
such that tensile loading is applied along the length dimension (horizontally in
Figure 2), while the lateral lines are left free of force. All the meshes used in the
present work are 2D. The finite element simulations that are presented in the fol-
lowing are carried out using a plane stress assumption. This is probably unrealistic
compared with the real specimen response that is presented on Figure 1, except of
course along its outer skin. Some simulations using a 3D extruded mesh with two
elements in the thickness have also been carried out. They are not presented here
but reveal that the results in terms of serration analysis are qualitatively not
affected by choice of a 2D plane stress model. A more accurate description of
the full 3D micro-structure could give some different results; however, in this
case, the computation time would increase drastically. Finally, the mesh size
influence has also been tested using three different element sizes and no signifi-
cant difference was observed between these simulations.

Perfect bonding between matrix and particles is assumed in the finite
element simulations. This means that the displacement vector is continuous
at the interface: no crack and no sliding. In addition, the traction vector is
also continuous (in the weak sense of the finite element method) so that
forces are transmitted at the interfaces. Note that the plastic strain tensor
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and its rate are discontinuous at the interface since these internal variables are
not subjected to spatial continuity requirements. The ensuing discontinuity
across the interface has the implication that alterations in matrix hardening
caused by the additional dislocations that are required to satisfy this disconti-
nuity [44] (be they interfacial Kroner dislocations situated along the interface
or geometrically necessary dislocations distributed within the matrix), or in
other words the plasticity size effect, known to be manifest in metal matrix
composite materials in general [45] and those modelled here in particular
[42], is neglected in what follows. This assumption finds partial justification
here in the fact that the plasticity size effect is known to be far smaller in com-
posites that have an alloyed, as opposed to a pure metal, matrix. These ideal
conditions are questionable, especially in the case of high particle volume frac-
tions, but represent a reasonable first approximation. Interesting future work
could concentrate on measuring high-resolution strain fields along the par-
ticle/matrix interface (by DIC for instance) to observe possible discontinuities
of the displacement field at the interfaces. Cohesive zone models could then be
applied to account for specific interface laws. Another possible extension of
interface conditions would be to enforce continuity requirement on the
tangent part of the stress tensor as suggested by [44, 46] on the basis of conser-
vation of the continuum Burgers vector across the interface.

2.3. Constitutive equations

The mechanical model used in this work for the matrix was mainly introduced
by McCormick [31] and modified in the following work [47, 48]. The formu-
lation used here was proposed in [8] where the model was successfully ident-
ified for the Al-Cu alloy AA2024.

The strain rate tensor ¢ is split into elastic and plastic contributions:

E=¢&+¢ (1)
og=E:e (2)

where E is the fourth rank tensor of elastic moduli. The evolution of the plastic
part is provided by the yield function and the plastic flow rule:

f(Q', p» ta) — Ueq(‘!) - R(P) - Ra(p) ta) (3)
& = pn (4)
n=2 (5)
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where p is the accumulated plastic strain, ¢, the ageing time, and Oy the von
Mises equivalent stress measure. R(p) is the isotropic strain hardening function,
taken here as

R(p) = Ro + Q(1 — exp (— bp)) (6)

where Ry, Q and b are material parameters. The accumulated plastic strain rate
p is computed using the Norton visco-plastic flow rule:

p= (<If<>> ,  {f) = max (0, f) (7)

The age-hardening variable R, related to dynamic strain ageing, is calculated
from the over-concentration C, of solute atoms around dislocations. C; is a
function of both internal variables of the model, the accumulated plastic
strain p and the ageing time f,. The ageing time increment is computed from
an evolution law in which the accumulated plastic strain rate p intervenes:

Ry(ta) = PiCi(ta) = Py cm(p)[l — &P (_ (%) ﬂ ?
iyt _ WD)
=1t g = 9)

where Py, ty, n are three material parameters controlling the strain ageing con-
tribution to the flow stress. In the model of [8], the parameters w and C,, are
linear functions of the accumulated plastic strain, such that a coupling exists
between strain hardening and strain ageing:

Cm(p) = le + CmZp (10)

w(p) = w1 + wap (11)

All the parameters of the model for the constitutive behaviour of AA2024
aluminium alloy at room temperature are given in [8]. They have been used
without any modification in the present work. Here, again the choice of an iso-
tropic elasto-visco-plastic model to describe the metallic matrix behaviour can
be discussed. Indeed, the width of the channels between ceramic particles varies
from ~ 50um to less than 1um. The number of grains in each channel should
in all rigour be at least 10 for the model to apply, which is clearly not the case
here. A crystal plasticity model allowing for an accurate description of the local
grain anisotropy and orientation would be more appropriate to predict the kin-
etics of overall propagating bands as done in [49] for a titanium alloy. Qualitat-
ively the results should, however, not be very different, at least for the global
stress/strain curves.
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Finally, the material behaviour used for the alumina ceramic phase is isotro-
pic linear elastic with Young’s modulus of 370 GPa and a Poisson ratio of 0.22,
as in [13].

All simulations presented in this work have been carried out using the Zset
finite element program. This is an implicit finite element software devoted to
non-linear quasi-static simulations of continuum mechanics problems [50,
51]. The constitutive and balance equations are solved by implicit Newton
methods making use of the consistent tangent matrix. Automatic time-stepping
control is used in order to avoid divergences during the simulation. More
details on the numerical process used for the finite element simulation of the
Portevin-Le Chatelier effect are available in the following article [32].

3. Large volume fraction material (60% ceramic particles)

Five different simulations have been carried out using Meshes M0, M1, M2, M3,
and M4 of Figure 2 and the constitutive equations given in the previous section.
The global prescribed strain rate is equal to 1072 s~! with a goal to obtain A-
type bands characterised by a regular and repetitive propagation in the speci-
men [32]. The global stress/strain curves resulting from these five simulations
are given in Figure 3. For a better view, the curves are vertically shifted by 20
MPa. Portevin-Le Chatelier serrations are observed on all the curves. They
occur more or less for the same strain level, i.e. around 1% of global defor-
mation. The shape (amplitude, frequency) of the serration also looks very
similar between the five curves; however, a more quantitative statistical analysis
should be carried out to confirm this.

A special focus is then put on the simulations carried out on the larger mesh
denoted MO. In particular, the spatio-temporal evolution of the deformation is

400 : : : : : :
M4
350 | |
M3
- M2
S
S 300} ML
172]
g
7
250 | |
200 s s

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Strain

Figure 3. Influence of the original picture and mesh on the global stress-strain curve provided
by the finite element simulations. For a better view, the curve are vertically shifted by 20 MPa.
MO: —40 MPa, M4: —20 MPa, M3: noshift, M2: +20 MPa, M1: +40 MPa.
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Figure 4. Spatio-temporal evolution of the plastic strain rate as a function of time and position
along the Y -axis for the large mesh (M0) simulation. The selected area for the analysis is out-
lined in grey on the binarised image on the left of the picture. The corresponding global sample
stress/strain evolution for the investigated strain range is also given at the top.

investigated for the last part of the simulation, i.e. between 2% and 3% of global
strain. The spatio-temporal patterns plotted in Figure 4 present in a simple way
the position and the intensity of the bands as a function of time. This represen-
tation has been used experimentally to characterise the kinetics of PLC bands in
aluminium alloys based on optical measurements in [52], digital image thermo-
graphy [53] or digital image correlation measurements [4]. Only a part of the
specimen is accounted for in plotting this type of pattern, namely one vertical
strip of width 10pum, as presented on the left-hand part of Figure 4. For each
time step of the simulation, the value of the accumulated plastic strain rate p
is computed at all integration points located inside the selected dark-grey
area oriented along the Y tensile axis, and projected along a single Y-line in
order to plot the spatio-temporal pattern. The corresponding global stress/
strain evolution is also presented here in order to relate the band position
with the serrations. It is observed that the main strain rate localisation band
forms and globally propagates from one side of the sample surface to the
other. A stress peak is observed when a band reaches one side of the surface.
The local plastic strain rate can be larger than 20 times the global prescribed
strain rate, i.e. 1072 s7!. The white strips observed for some Y values in the
spatio-temporal pattern are due to the presence in the strip of ceramic particles,
and consequently to the lack of any integration point for these particular Y
coordinates.

Plastic strain rate p maps are plotted on Figure 5 for six different steps of the
simulation defined on the top of Figure 4 and denoted A, B, C, D, E, F. These
six steps correspond to the propagation of the band from one side of the surface
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0 5 10 15
Accumulated plastic strain rate / Global applied strain rate

Figure 5. Map of the plastic strain rate p in the investigated area for the large mesh (M0) simu-
lation for six different steps plotted on the stress/strain curve of Figure 4. The tensile direction is
horizontal. The plastic strain rate band propagates from one side of the area to the other,
experiencing some temporary arrests and orientation changes.

to the other side. It appears that the main band is inclined with respect to the
tensile axis by an angle varying between 50° and 60°, which is close to the theor-
etical value for strain localisation under tension (54.73°, see [54]), and also in
agreement with the experimental data in Figure 1. As seen, the ceramic particles
do not prevent the global formation and propagation of the band, even if it can
be temporarily arrested. The particles can however induce an increase in the
band width, as in Picture 5 (B), and may enforce a change in the band orien-
tation, as between pictures (C) and (D) or (D) and (E). The propagation of
the band in the composite is less regular than for the corresponding homo-
geneous material [8]. It is not fully obvious whether the propagation is of A
of B type in the present simulation. Locally, the band can propagates by
moving smoothly or jumping using channels between particles. The full
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animation of the MO simulation is available in the supplementary material
associated with this article.

The influence of the global prescribed strain rate has also been investigated
for this large volume fraction of ceramic using the reduced M3 mesh. The cor-
responding stress/strain curves are plotted in Figure 6 for five different strain
rates, namely 1071, 1072, 1073, 1074, 10> s~ L. The curves are in this case not
shifted and a negative strain rate sensitivity is clearly visible. Some usual fea-
tures of the PLC effect in metallic alloys without ceramic inclusions are also
retrieved. The critical strain for which the serrations occur describes a U-
curve with respect to strain rate, i.e. it decreases and then increases while the
strain rate increases. For low strain rates (107%, 107>s!), the serrations
appears to be of C-type with a large amplitude and frequency, while for large
strain rates (107!, 1072s7!), the A-type is observed. The spatio-temporal
propagation of the bands for these different strain rates is not presented here
but is in agreement with the serration type observed on the stress/strain
curve: randomly nucleated bands are observed at low strain rates, in contrast
to regular and side-to-side propagating bands for high strain rates.

4, Influence of volume fraction

The influence of the ceramic particle volume fraction is investigated in this
section using the virtual micro-structures generated using the erosion
method presented in Section 2.2. The reference simulation based on the M3
mesh is compared with six simulations carried out under the same boundary
conditions and prescribed strain rate (1072 s™!) for ceramic volume fractions
of 50%, 40%, 30%, 20%, 10% and 0%. The corresponding stress/strain curves

T T T T

360 | Global prescribed strain rate in s~ 1072 1
340 +

320

Stress (MPa)

300 +

280 +

260 L L L L
0.01 0.015 0.02 0.025 0.03 0.035

Strain

Figure 6. Influence of prescribed strain rate on the simulated stress/strain curves for the small
mesh M3. A negative strain rate sensitivity is observed and the influence of strain rate on the
critical strain and the serration shape is similar to what is usually observed for a single-phase
material.
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Figure 7. Influence of ceramic volume fraction on the simulated stress/strain curve. The meshes
for the various volume fractions are generated using an erosion method on the binarised M3
image. The hardening rate and the critical strain are affected by the particle volume fraction,
but the critical stress seems to be almost constant.

are plotted in Figure 7 for the seven investigated volume fractions. Because of
the influence of the purely elastic response of the ceramic phase, the apparent
hardening rate increases with the particle volume fraction, as expected. Porte-
vin-Le Chatelier serrations are observed for all simulations. The critical strain
for the occurrence of serrations decreases with an increase in the particle
volume fraction, while the corresponding critical composite stress seems to
be roughly always the same, i.e. around 270 + 10 MPa.

We also note that if one divides the strain at which the PLC effect appears in
each of the seven composite curves in Figure 7 by the volume fraction metal
(which varies from 100% to 40%), one finds that the resulting ratio decreases
as the volume fraction particles increases. This implies that the PLC effect
appears at an average tensile plastic strain along the sample straining direction
that decreases as the particle volume fraction increases. This too is most likely a
manifestation of the highly heterogeneous strain state of the matrix in these
composites. At a simplistic but perhaps not so unrealistic level of interpretation,
this might indicate that the PLC effect is triggered, in these particulate compo-
sites, within bands of matrix that extend across the composite roughly normal
to the direction of applied stress (see the video as a supplementary material).
Given the composite microstructure (discrete ceramic particles in a continuous
matrix) such bands exist, and those are indeed regions where (i) the average
shear stress borne by the matrix is highest (given that the particles carry an
over proportional portion of the stress) and (ii) the high plastic strain rate
associated with propagating PLC bands is located, see Figure 5.

The shape of the serrations seems to be affected by the particle volume frac-
tion. A statistical analysis of the serrations is proposed in the following for three
different volume fractions: 0%, 30%, and 60% (reference simulation). For that
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purpose, the method proposed in [21] is applied to the simulation results. In
that article, a statistical analysis of stress drops was carried out based on
tensile experiments on a AIMg/Al,O; metal matrix composite. Three
different volume fractions were investigated in that work: 0%, 2%, and 5%.
The authors show that the number of large drops decreases and the number
of small drops increases when the volume fraction of particle is increased.

380 = 0.5 Stress Drop
360 Zz
3
340 2 0.4
o~ ~
£
s 320 0.3
2 300
z 0.2
280
260 0.1
240 L L L L L 0 -
0.01 0.015 0.02 0.025 0.03 0.035 0.04 0 1 2 3 4 5
Strain Magnitude (MPa)
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Figure 8. Stress drop statistical analysis based on the simulated stress/strain curves of Figure 7
for three different volume fractions (0%, 30%, and 60%). The number of small drops increases
with increasing ceramic volume fraction while the number of intermediate drops decreases.
This is probably related to the strain heterogeneity induced by the second phase.
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The same effect is observed in the simulations of the present work, con-
ducted for much higher particle volume fractions. The statistical stress drop
analysis carried out on the tensile curve for the 0%, 30%, and 60% volume frac-
tion simulations is given in Figure 8. Even if a proportion of small drops (below
0.5 MPa) exists for all three simulations, this proportion is much larger for the
simulation with a large volume fraction of particles. On the contrary, the pro-
portion of intermediate drops (between 1 and 3 MPa) is larger in the case of the
matrix material (0% of volume fraction). The proportion of large drops (above
3 MPa) is not very significant in our analysis since they are related to the
rebound of the bands at the ends of the sample as observed on Figure 4. The
reason for the larger number of small drops in the presence of a second
phase is very probably related to the strain heterogeneity induced by the
latter in comparison with a more homogeneous material [21], and to the fact
that the particles do, on a microscale, interfere with the propagation of defor-
mation bands. The rather random propagation of the band observed on Figure
4 for the 60% simulation is in agreement with this assumption compared with
the very smooth propagation that is observed inhomogeneous material simu-
lation for the A-type bands [15]. Note however that, at the macroscale, this
does not prevent the formation of relatively smooth bands across the compo-
sites, see Figure 1.

5. Conclusion

The main findings of the present work can be summarised as follows:

(i) To explain initial experimental observations, the Portevin-Le Chatelier
effect has been simulated during tensile loading of a AlCu/Al,O; metal
matrix composite with a large volume fraction of ceramic particles (60%).

(ii) The serrations on the stress/strain curves and the propagation of bands of
localised plasticity can be reproduced by 2D finite element simulations
using a strain ageing elasto-visco-plastic model for the matrix associated
with a two-phase mesh based on the real micro-structure.

(iii) The ceramic particles act as obstacles to band propagation; consequently,
the latter is more disordered and random than for the pure matrix
material; however, a major result of the work is that, even for this very
large volume fraction of particles, the band globally forms and propagates
forward across the whole volume, as it does in homogeneous non
reinforced alloys.

(iv) The serration shape is also affected by the introduction of the second
phase; namely the strain heterogeneity induced by the particles increases
the number of small stress drops observed on the stress/strain curves.

(v) The statistics of stress drops predicted by the model is in accordance with
the same analysis performed on experimental results in [21].
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