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Abstract

Due to their low weight and high mechanical strength Al–Mg alloys provide a large variety of applications as material for lightweight
construction. However, the practical benefit is limited due to instabilities and inhomogeneities caused by correlated movement of dislo-
cations during plastic deformation (Portevin–LeChatelier effect, PLC). By addition of unshearable obstacles the formation of dislocation
avalanches should be prevented or at least reduced. Uniaxial tension tests at various constant strain rates on the metal matrix composite
(MMC) AA5754 with 2 or 5 vol.% Al2O3 particles showed hardly any influence of the particles added. This could be explained by an
inhomogeneous distribution of the particles during manufacturing of this MMC. First results of FE simulations using a macroscopic
PLC model are presented. The importance of local stress concentrations around the inclusions is emphasized.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Some of the earliest and most prominent examples for
materials with PLC plastic instabilities are Al-based alloys,
e.g. [1–6], where the effect occurs around room temperature
in an appropriate range of deformation rates. The instabil-
ities, which show up as repeated load drops (serrations)
during continuous deformation, are associated with local
plastic shear in slip bands and sometimes propagating
deformation bands. They cause corrugations of the origi-
nally smooth specimen surface and may give rise to early
failure of the components. In view of the high importance
of Al alloys for light-weight constructions, attempts have
been made to suppress the PLC effect or to shift its range
of occurrence to non-critical values. The latter is possible
as the understanding of the mechanisms that control the
PLC effect is rather advanced today, e.g. [7–18] and suc-
cessful modelling has been achieved, e.g. [19–24].
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The PLC instabilities arise if the waiting times tw of dis-
locations at obstacles are in the order of the diffusion times
td of solutes towards or along dislocations (‘‘dynamic
strain ageing’’, DSA) and if intensive interaction of disloca-
tions [13–15] through their long-range stress field results in
an avalanche initiated by the dislocation segments escaped
from their Cottrell solute cloud and multiplying rapidly.
Thus the PLC effect does not occur either if tw� td, so that
the dislocations are always saturated with solutes, or if
tw� td, so that a diffusionial rearrangement of the obsta-
cles cannot occur during the short waiting time. The wait-
ing time tw can be adapted by choosing the deformation
rate _eð� 1=twÞ.

Another attempt to suppress PLC behaviour is to avoid
the development of dislocation avalanches by introducing
appropriate obstacles. It is well-known from earlier studies
(e.g. [1–6]) that the PLC effect in Al–Mg(–Si) alloys is best
pronounced in as-quenched alloys, while ageing mostly
reduces the PLC serrations due to the production of small
precipitates acting as dislocation obstacles. First systematic
studies of this approach have been started by Pink [25–27]

mailto:h.dierke@tu-braunschweig.de


2 H. Dierke et al. / Computational Materials Science xxx (2006) xxx–xxx

ARTICLE IN PRESS
and the Prague group [28–30], and has been discussed in
some detail by Brechet and Estrin [31] who indicated the
complexity of the problem. For instance, if the obstacles
are not strong enough and can be cut (and thereby dimin-
ished) by the dislocations, they may have the opposite effect
and enhance the development of large dislocation groups
by the obstacle destruction mechanism (cf. [32,33]). Recent
results about PLC effects in alloys with precipitates have
been reported in [34–40].

In this work we explore the possibility of suppressing the
PLC effect by the addition of unsurmountable obstacles in
an Al–Mg alloy, namely small alumina particles. They are
expected to be sufficiently strong not to be cut by disloca-
tions, so no obstacle destruction and development of large
dislocation groups should occur. In the following we show
some first experimental (Section 3) as well as some model-
ing (Section 4) results in comparison, and draw conclusions
for future improvement of this approach.

2. Experimental

Uniaxial tensile tests have been performed at room tem-
perature and at constant applied strain rates varying from
10�6 s�1 to 10�3 s�1. For the experiments flat specimens
with a size of 54 mm · 4 mm · 1.5 mm have been used, pre-
pared from polycrystalline cold–rolled sheets of Al–3%Mg
alloy (AA5754), reinforced by Al2O3 particles with an
average diameter of about 3 lm (matrix and reinforced
material produced by LKR Ranshofen, Austria). All spec-
imens are heat treated in air for recovery after rolling (5 h
at 673 K) and quenched in water.

The investigated samples are the parent Al–3%Mg alloy
as well as the materials containing particles, noted as the
AA5754 metal–matrix composite (MMC). Two volume
fractions of particles are considered (2 vol.% and
5 vol.%). Unfortunately, during manufacturing of the
MMCs, the Al2O3 particles tend to form clusters, separated
Fig. 1. Macroscopic stress–strain curves for various strain rates from
1 · 10�6 s�1 to 1 · 10�2 s�1 (AA5754 matrix). For better view the curves
are vertically displaced by 50 MPa. For comparison also the stress–strain
curve of one MMC measurement is shown (bottom curve).
by rather large areas of pure matrix material. This inhomo-
geneous distribution of particles reduces significantly the
benefit of the introduction of non-shearable obstacles for
dislocation movement.

Examples of stress–strain curves for various strain rates
from 1 · 10�6 s�1 to 1 · 10�3 s�1 are shown in Fig. 1. From
these curves three quantities have been evaluated: (a) the
yield stress ry (at the transition from elastic to plastic flow),
(b) the critical strain ec for the onset of the PLC serrations
and (c) Dr, the magnitude of the PLC stress drops, charac-
terizing the strength of the PLC effect.

3. Experimental results and their discussion

3.1. Yield stress

The change of the plastic behaviour with ageing has
been studied for the matrix first and then for the MMCs.
As a first characteristic quantity the yield stress ry is plot-
ted in Fig. 2 versus ageing treatment. The yield stress
increases slightly with ageing from the ‘‘as quenched’’ up
to the most strongly annealed condition (combination of
120 h at room temperature followed by 120 h at 140 �C).
The corresponding microstructures as observed by TEM
are shown in Fig. 3, indicating a gradual rather sluggish
growth of precipitates in this AA5754 alloy. Surprisingly,
the yield stress of MMCs is neither higher than that of
the matrix as expected, nor does it notably change with
annealing treatment or alumina content. This contradicts
the simple ‘‘classical’’ strengthening concept according to
which the strong inclusions should result in an increased
yield stress. We interpret this observation as an indication
for high local stress concentrations in the surroundings of
the inclusions. These stress concentrations may already
arise from specimen preparation (heat treatments) due to
the different thermal expansion coefficients of matrix and
particles. They may increase further during loading in the
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Fig. 2. Average yield stress ry for the different ageing treatments and
materials.



Fig. 3. TEM images of the microstructure: (a) as quenched, (b) after 600 h at room temperature, (c) after 600 h at 140 �C and (d) after 120 h at room
temperature followed by 120 h at 140 �C.
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elastic range due to different elastic moduli and result in
early local plasticity around the inclusions at a reduced
average applied stress. This causes a more extended micro-
yield region of the MMC compared to the matrix alloy as
seen in Fig. 1. With longer annealing and development of
precipitates, their strengthening effect of the matrix seems
to be compensated by increasing stress concentrations (cf.
Section 4).

3.2. Critical strain for PLC onset

As can be seen in Fig. 1, the PLC effect sets in for low
strain rates only after a certain smooth strain ec which
shows a pronounced dependence on strain rate (Fig. 4(a)
and (b)). In agreement with the results in [5,16,17,42], the
PLC starts already at the yield point for strain rates
_e > 5 � 10�4 s�1, while with lower strain rates an increas-
ing pre-strain is required for the onset of PLC serrations.
This behaviour, which reflects the necessity of a certain dis-
location population for the expression of the PLC effect, is
called ‘‘inverse’’ PLC effect, because it contradicts on first
sight the waiting time argument in Section 1. However,
as shown in [11–14,41] such behaviour is well compatible
with DSA, if the evolution of the additional DSA enthalpy
[15,16,18] and of the dislocation density is properly consid-
ered. According to [16,18] the inverse behaviour, which is
associated with type C serrations (nucleation, no propaga-
tion) at very low strain rates, occurs with saturated DSA
enthalpy, while normal behaviour, associated with type A
(continuous propagation) at high strain rates is due to
the exhaustion of DSA, i.e. reduced DSA enthalpy, so
PLC can operate right after the yield point.

The annealing treatments of this AA5754 alloy do not
clearly show the expected suppression of PLC (Fig. 4(a)),
and no effect of the slight strengthening by precipitates
can be detected in the large scatter of critical strain values.

For the MMCs the expected suppression of PLC insta-
bilities also cannot be observed in our specimens
(Fig. 4(b)) at least for the low strain rates, rather the onset
on PLC seems to start even slightly earlier than for the pure
matrix as also found in [42]. Again this is supposed to be
the consequence of stress concentrations at the inclusions,
where first plastic activity starts with the development of
dislocation avalanches already at rather low external stres-
ses. In addition, as the distribution of the Al2O3 particles in
our specimens is very inhomogeneous (as well in size as in
space, showing pronounced clustering), there seems to be
always space enough between those clusters to develop
large dislocation avalanches, similar as in the matrix. It
should also be noted that in some specimens micro-cracks
could be observed even by the optical microscope starting
from alumina inclusions, sometimes causing early failure
of the specimen. Such local damage has been observed
and investigated in similar MMCs in [43]. A very slight



Fig. 5. Depth Dr of the stress drops at 5% strain: (a) matrix material
(different ageing treatments), (b) MMC (with matrix behaviour for
comparison).
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Fig. 4. Critical strain ec for the onset of PLC effect vs. applied strain rate
for different ageing treatments: (a) matrix material, (b) MMC (the line
shows the average matrix behaviour (cf. (a)) for comparison).
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increase of the critical strain by particles may be detected in
Fig. 4(b) for high strain rates, but it scarcely exceeds the
scattering of the values.

3.3. Intensity of serrations

The size of the dislocation avalanches developed during
the plastic instability events is roughly reflected in the mag-
nitude of load drops recorded during continuous deforma-
tion (neglecting the effects of machine stiffness and of
dynamic effects [44]). As shown in Fig. 5 the annealing
treatment as well as the alumina obstacles do not result
in a significant reduction of the avalanche sizes for the
same reasons as discussed in Section 3.2. The general
decrease of Dr with increasing strain rate is due to the more
rapid reloading by the machine drive at higher strain rates
after each load drop.

4. Modelling

4.1. Constitutive equations and FE implementation

The macroscopic model presented in [19] is applied to
simulate instabilities in materials containing interstitial or
substitutional elements that can segregate at dislocations
and lock them. It incorporates several features of the
intrinsic behaviour of strain ageing materials in a set of
phenomenological constitutive equations. The evolution
equations try to mimic the mechanisms of repeated break-
away of mobile dislocations temporarily arrested at forest
obstacles and of the solute atoms diffusing to (or along)
the dislocation cores. Here just a few points should be
emphasized, a more detailed description can be found in
[45].

At each moment, the flow stress r is given by

r ¼ ry þ Q½1� expð�bepÞ� þ P 1 Cs;

Cs ¼ Cm½1� expð�P 2e
a
ptn

aÞ� ð1Þ

where ry + Q[1 � exp(�bep)] describes yield stress ry and
isotropic strain hardening by the material parameters ry

and Q, b characterizes work hardening and ep is the equiv-
alent plastic strain variable. The instantaneous strain rate
sensitivity is neglected in the yield stress term because it
is near zero for PLC conditions [19]. The isotropic strain
ageing term P1Cs corresponds to the stress associated with
DSA. It depends on the local plastic strain rate through the



Fig. 6. Comparison between experimental data (matrix, grey) and the
simulation results (black) for various applied strain rates: (a) PLC type A
ð_e ¼ 1 � 10�3 s�1Þ, (b) PLC type B ð_e ¼ 1 � 10�4 s�1Þ, and (c) type B
preceded by smooth deformation up to ecð_e ¼ 1 � 10�5 s�1Þ.
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time ta (ageing time) that a dislocation spends at localized
obstacles when it gets additionally pinned by solutes diffus-
ing to its core. Cs is the concentration of solute atoms seg-
regating around the dislocation lines which are temporarily
immobilized by extrinsic obstacles. Cm is the saturated
(maximum) concentration around the dislocations. P1,
P2, a and n are material parameters in Eq. (1) characteriz-
ing the influence of DSA. An exponent n equal to 1/3 in-
stead of the Cottrell Bilby exponent 2/3 is adopted in
view of the more probable ‘‘pipe diffusion’’ of solute atoms
along dislocation lines [11,12,46].

The transition from low to high solute concentration Cs

at the dislocations, occurring during the segregation
process is approximated by the ‘‘relaxation–saturation’’
kinetics [47] (applied here instead of the differential equa-
tion suggested by [14], which would be physically more
realistic, but more complex to implement in the calcula-
tions, and would yield similar results).

_ta ¼
tw � ta

tw

; tw ¼
X
_ep

ð2Þ

The time tw is the mean waiting time of dislocations, which
are temporarily stopped by extrinsic obstacles. It depends
on the plastic strain rate (tw / 1=_ep, if the mobile disloca-
tion density is assumed to be constant). The parameter X
represents the elementary strain that all mobile dislocations
can produce collectively upon depinning. X is assumed to
be constant in a very first approximation [19], in view of
contradicting behaviours discussed in the literature [48,49].

The previous model is implemented in the FE program
Zset [50]. The differential equations are integrated at each
Gauss point using a fourth order Runge–Kutta method
with automatic timestepping. The resolution method
for global balance is based on an implicit Newton
algorithm.

4.2. Simulation results

In this section we first have to prove, if the model is able
to reproduce the PLC behaviour of the bulk Al–Mg alloy,
in particular the strain rate dependence of the PLC types.
Three strain rates have been selected representing PLC type
A (continuous movement of deformation bands, _e ¼
1 � 10�3 s�1) and type B (intermittent propagation, _e ¼
1 � 10�4 s�1 and 1 · 10�5 s�1, the latter with some stable
deformation at the beginning). A 2-dimensional FE analy-
sis is carried out for straight specimens with a total length
of 12.5 mm and a width of 2.5 mm. 8-nodes quadratic ele-
ments are used with reduced integration under plane stress
conditions. As a boundary condition the vertical displace-
ment at the bottom is fixed to zero, the vertical displace-
ment at the top is defined by a constant displacement
rate. An initial defect (lower yield stress) is introduced in
a single element in the center of the specimen in order to
trigger the first plastic strain rate bands. The position
and the value of this defect do not change significantly
the simulation results [51].
From simulations of uniaxial tensile tests at various
applied strain rates (and at room temperature) we can
derive by comparison of measured matrix data and calcu-
lated behaviour the material parameters like yield stress
ry and the hardening rate (Q, b). Using these material
parameters we have to find the parameters P1 and P2 and
X, which control the PLC behaviour in our simulations.
The result is shown in Fig. 6. One can see that in case of
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PLC type A ð_e ¼ 1 � 10�3 s�1Þ and type B ð_e ¼ 1 �
10�4 s�1Þ the simulation fits quite well to the experimental
data, whereas the smooth deformation prior to type B ser-
rations at the lowest strain rate ð_e ¼ 1 � 10�5 s�1Þ could
not be simulated adequately. This is expected because the
model equations (Section 4.1) are not designed for the
description of an ‘‘inverse’’ PLC behaviour.

In order to apply the material parameters to the MMC
an appropriate structure of finite elements has to be cho-
sen. For the sake of simplicity at first a 2D unit cell corre-
sponding to a hexagonal distribution of next nearest
neighbouring particles is used. The particles are simulated
as disks with a very high elastic modulus and are tightly
fixed to the matrix. The periodic alignment of particles
reflects just the density and not the true arrangement of
particles, but provides a good approximation of the behav-
iour at least for small volume fractions. The influence of
the used mesh density and the constraint to periodicity
were found to be negligible [51].

In Fig. 7 the computed stress–strain curves of the
MMCs for an applied strain rate of _e ¼ 1 � 10�3 s�1 are
compared with the results for the matrix material
AA5754. From classical theory the introduction of non-
shearable particles into the matrix is expected to increase
the macroscopic stress values, because the amount of
‘‘soft’’ material is reduced. In addition, the presence of par-
ticles should constrain the movement of dislocation ava-
lanches, so that the amplitude of the serrations should be
reduced and the onset of PLC effect should be retarded,
i.e. ec is expected to increase. However, the critical strain
ec for the onset is slightly reduced. This behaviour, as well
as the observation that the yield stress is nearly unaffected
by the volume fraction of particles, can be explained again
by stress concentrations in the surrounding of the particles.
In the simulations first plastic strain events have been
detected at macroscopic stresses 10–15 MPa below the
yield stress found for the matrix material.
Fig. 7. Influence of the volume fraction of particles at _e ¼ 1 � 10�3 s�1.
The inset indicates the hexagonal arrangement of the unit cells, though for
these calculations just one unit cell with periodic boundary conditions has
been used.
For comparison, in Fig. 7 also an experimental stress–
strain curve for the MMC material is shown. The experi-
mental stress level is below the calculated values, probably
caused by micro-cracks inside the clusters of particles [43],
which reduce the effective cross-section and thus increase
the local stress significantly.

5. Discussion and outlook

In parallel to tensile experiments a strain ageing model
implemented in a FE code is used to investigate the influ-
ence of Al2O3 particles in an Al–3%Mg alloy (AA5754).
Parameters for the successful simulation of the observed
PLC type A (continuous propagation of PLC bands) and
type B (intermittent propagation) are found while the
observed ‘‘inverse’’ behaviour for small strain rates (where
the PLC serrations start at higher critical strain after
smooth deformation) cannot be simulated as it is not con-
tained in the constitutive model equations. According to
[18] this would require to describe the kinetics of the addi-
tional obstacle enthalpy due to diffusion of solutes to the
dislocations waiting for thermal activation, as well as the
kinetics of dislocation density evolution including the
long-range dislocation interactions, as proposed in [14,15].

Applying the simplified model to the AA5754 MMC
and using a periodic arrangement of inclusions it has been
found that the introduction of non-shearable particles
reduces in the simulations the amplitude of stress drops sig-
nificantly by obstruction of the movement of dislocation
avalanches, but does not prevent these avalanches due to
still large areas of pure matrix between the inclusions. In
the experiments, the strongly inhomogeneous distribution
of inclusions and local stress concentrations cause the per-
sistence of shear instabilities in the MMC material.

The critical strain ec for the onset of PLC effect was
found to be slightly reduced in the simulations caused by
stress concentrations in the surrounding of the particles.
ec increases again with increasing volume fraction of parti-
cles, probably due to an increase of the mean strain rate in
the ‘‘soft’’ material caused by the increase of the volume
fraction of ‘‘hard’’ material (particle).

The assumed periodic arrangement of inclusions is
expected to be unfavourable for suppressing avalanches
due to the possibility of far-reaching avalanches running
between rows of particles. Indeed, first simulations using
a random distribution of particles show a further reduction
of the size of the serrations, but still localized deformation
bands can be found [51]. This behaviour will be investi-
gated in future analysis.

The experiments described as well as the simulations
suggest that for further reduction of the PLC serrations
the density of (non-shearable) obstacles should be higher
and more homogeneous in distribution. This might be
achieved by precipitation of an appropriate phase during
thermal treatments.

Since the AA5754 alloy does not show significant
improvements by annealing, further experiments are per-
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formed using a different Al–Mg alloy (e.g. AA6061) with a
stronger and more rapid age hardening ability.
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