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Damage evolution in Saffil alumina short-fibre reinforced
aluminium during tensile testing
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Abstract

The evolution of microstructural damage during tensile deformation of pure aluminium reinforced with 10 vol.% alumina short fibres is
studied by monitoring the evolution of density and Young’s modulus as a function of tensile strain. It is found that Young’s modulus drops
rapidly until a strainεc ≈ 3%. The composite density remains virtually unchanged in this strain range. At strains aboveεc, Young’s modulus
decreases more slowly while the density begins to decrease linearly, indicating void growth in the composite. It is shown that the drop in
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oung’s modulus is linked to fragmentation of fibres aligned along the stress axis, while the decrease in density is related to vo
cross fibre cracks.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Metal matrix composites based on planar randomly ori-
nted Saffil alumina short-fibre preforms have been used in
utomotive applications for more than 20 years[1,2]. The me-
hanical behaviour of this class of materials has, therefore,
een the subject of several investigations, focused mainly on

heir tensile behaviour at ambient[3–13] and elevated tem-
eratures[5,14,15], and their behaviour in creep[16–19],

atigue[20–24]and their fracture toughness[25–27].
In these, as in many other metal matrix composites, tensile

eformation is, to a large extent, governed by the build-up of
nternal damage. The phenomenon is generally studied using
wo experimental approaches. The first is direct, consisting
n qualitative microscopic description of the damage, e.g.
bservations of fibre breakage[3,15] and void formation in

he matrix[28]. In other investigations, indirect but quantita-
ive measures of damage are reported, based on the measure-
ent of variations with strain in certain composite physical

∗

properties, such as their density[28] or Young’s modulu
[20,29].

The present work aims to contribute to our underst
ing of damage accumulation in these composites using
approaches simultaneously. Model composites of pure
minium reinforced with 10% SaffilTM short alumina fibre
are strained in tension, and damage is characterised di
in terms of length distributions of broken fibre segments,
indirectly in terms of the evolution of Young’s modulus a
density of the composites. Relations between these d
ent measures are then sought, with a goal to contrib
somewhat more complete understanding of how this cla
composites accumulate internal damage as they defo
is shown that there are, in these composites, transitio
damage accumulation mode with increasing strain.

2. Experimental procedures

2.1. Material production
Corresponding author. Tel.: +41 21 693 29 34; fax: +41 21 693 46 64.
E-mail address:ludger.weber@epfl.ch (L. Weber).

The composites were produced by infiltrating preforms
containing 10 vol.% planar random oriented�-alumina fi-

921-5093/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2004.12.009



28 R. Tavangar et al. / Materials Science and Engineering A 395 (2005) 27–34

Fig. 1. Schematic of the as-infiltrated preform and the orientation of the samples as well as microscopic inspection for fibre segment length characterisation.

bres (SAFFIL RF grade, ICI Plc.) of average diameter
3�m with pure aluminium. Preform cohesion was ensured
by addition of 3–4% silica binder. The preform was pre-
heated to 300◦C and infiltrated with commercially pure
aluminium (99.8% pure Al produced by IRALCO, Arak,
Iran), superheated to 950◦C using a pressure of 35 MPa,
applied for 3 min. No change in the preform thickness
was observed along the pressing direction after infiltration;
hence, the preform fibre volume fraction was retained in the
composites.

2.2. Tensile testing

Flat dog-bone tensile specimens with gauge dimensions of
25 mm× 6 mm× 2 mm were extracted perpendicularly from
the middle of the reinforced portion of the infiltrated castings
as well as from the unreinforced matrix part of the squeeze
cast ingot. The tensile axis of the composite specimen was
oriented within the plane of random fibre orientation (Fig. 1).
The surfaces of the specimens were polished down to 1000
grit emery paper in order to remove defects created during
the cutting process.

Tensile tests were run on a Zwick 10 kN screw-driven ma-
chine following ASTM standard B557M-84 save for the fact
that the dog-bone samples were sub-sized. Longitudinal dis-
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magnification of 200× with a nominal resolution of the digi-
tised pictures of±0.1�m using a Zeiss optical microscope
equipped with a CCD camera. The fibre segments were se-
lected manually, essentially using all fibres containing two
or more breaks, visible in randomly selected micrographs.
Fibres showing only one or zero breaks were thus not con-
sidered; these included essentially all fibres oriented at an
angle to the plane of metallographic polish. The plane of pol-
ish is indicated inFig. 1; it was chosen to coincide with the
plane of fibre packing, so as to (i) contain the tensile axis
and (ii) contain the greatest number of fibres lying within the
plane of metallographic observation. Standard image analysis
software (Optilab pro V 2.6, Graftek professional software,
Austin, TX, USA) was then used to determine the length of
fibre segments between two breaks, as well as their orienta-
tion. Measurements were carried out on at least 25 randomly
selected metallographic areas; approximately 300 intact fibre
segments situated between two breaks were thus measured
for length and orientation in each composite at a given value
of strain.

2.4. Damage monitoring

2.4.1. Young’s modulus-based damage parameter
The measured reduction in Young’s modulus during the
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lacements were measured with a clip-on extensomete
10-mm gauge length. A nominal strain rate of 10−4 s−1 was
sed for all tests. The initial Young’s modulus of the sp
ens was measured by repeated unloading–reloading

onducted between 30 and 70% of the load before unloa
fter a small increment in deformation, typically 0.05% t
train[30].

.3. Metallography

Optical microscopy was used to examine the general s
ure and fibre distribution in the composites. In order to in
igate the mechanisms of damage development during
ile loading, tensile specimens that were loaded to a
etermined increment of strain were sectioned parall

he loading axis and the plane of random fibre orienta
Fig. 1) and mechanically polished using diamond paste d
o 0.25�m. Determination and quantification of the fract
f damaged fibres and of the distance separating two b
long the same fibre were carried out in the composite
ests was used to calculate a damage parameter,DE, conven
ionally defined as:

E = 1 − E(ε)

E0
(1)

ith E(ε) andE0 being the Young’s modulus at various to
trainsε and the initial Young’s modulus, respectively[31].
he modulus at strainε,E(ε), was measured at strain interv
f �ε = 0.5% overall strain by performing 12 unload–relo
ycles between 30 and 70% of the maximum load rea
efore starting the cycling. The moduli determined from

ast four unload–reload cycles at each increment were
ged to give the Young’s modulus at the respective strain.
rocedure, similar to that used in Refs.[30,32]was adopte
ince the first few unload–reload cycles showed traces o
roplasticity that disappeared gradually with further cycl
oung’s modulus was thus measured at typically 24 s

ncrements. Load–unload cycles were conducted at a c
ead speed of 0.3 mm/min.
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2.4.2. Density-based damage parameter
In a similar way, in order to evaluate the formation and

evolution of pores within the composite, a second damage
parameter is conventionally defined in terms of the composite
density as:

Dρ = 1 − ρ(ε)

ρ0
(2)

whereρ0 is the initial density of the composite prior to strain-
ing andρ(ε) is the density after applying an increment of
strain [31]. To measureDρ, the specimen density was pe-
riodically measured during the tensile test after strain incre-
ments of either 0.5 or 1.0% using an Archimedean technique.
This consisted in weighing the specimen with respect to a
“dummy” sample of the same material, both in air and in an
immersion fluid, before and after plastic straining[33]. A Sar-
torious MC 210P microbalance with a sensitivity of±10�g
was used, with distilled water as the immersion fluid. Using
this method, changes in specimen density of≈0.005% could
be measured reliably. Then, the damage parameterDρ was
back-calculated to the gauge length by making a correction
for the unstrained (and hence constant) volume in the speci-
men shoulder. Density measurements on an isolated gripping
section of a failed tensile specimen confirmed that there had
been no density change and hence that the correction was
j
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Fig. 2. Micrograph of the as-infiltrated composite in the plane of random
fibre orientation (a) and perpendicular to it (b).

rapid decrease in elastic modulus until about 3% strain, fol-
lowed by a second region where the curve levels off. Further
straining past the transition between these two regions up to
about 11% causes the elastic modulus to fall more gradu-
ally, by a further 3–5% of its initial value. For comparison,
the Young’s modulus evolution in the unreinforced matrix is
given as well. The indicated data points are the average values
of 12 different samples.

Density-based damage curves ofDρ versus strainε were
measured on two specimens (Fig. 5). In one sample (Spec-
imen 1), diffuse necking was observed to appear at strains
above 6.5%. Density data collected beyond this strain were,
therefore, discarded. Instead, the gauge section was cut into
three pieces of relatively uniform strain (the neck and its two
neighbouring regions). The final density of each of these three
regions was then measured, while its average strain was esti-
mated by measurement of its cross-section. This yielded the
three filled points inFig. 5. Specimen 2, on the other hand,
showed no necking during the test; hence, all data for this
ustified.

. Results

.1. General composite properties

A typical microstructure of the as-infiltrated composite
iven inFig. 2. As seen, the fibre preform is well infiltrate

he as-produced composite being essentially void-free
olished cross-section is in the plane of random orientati

he fibres, containing also the direction of tensile deforma
uring testing; as seen, fibres are indeed randomly orie

Three typical tensile curves for the composites are giv
ig. 3 (unload–reload cycles have been removed for cla
howing reproducible stress–strain behaviour. The com
tes yield gradually and display good ductility, deforming

ore than 10% total strain, with a flow stress slowly incr
ng from roughly 80 to 100 MPa. In some (but not all)
he composite samples, a region of concentrated plast
ormation, i.e., diffuse necking, was found to appear a
–8% strain along the gauge length of the samples; this
scertained by measuring cross-sectional dimensions
amples at several locations along the gauge length aft
ests.

.2. Indirect measures of damage

Measured changes in the composite elastic modulus,E, are
lotted versus strainε in Fig. 4for three separate tensile sa
les. Similar trends are observed for all three samples: fi
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Fig. 3. Stress–strain behaviour of three different samples tested in tension
exhibiting good reproducibility. The repeated unload–reload cycles for de-
termination of Young’s modulus at various strains have been eliminated from
the graph for the sake of convenience. Note the typical bilinear behaviour at
the beginning of the stress–strain curve (cf. inset).

specimen are plotted. As seen, the two sets of data superim-
pose, showing that the measurement method is reliable.

It can thus be concluded that a significant amount of void
formation occurs only after a certain plastic strain (i.e., criti-
cal strain≈3%) has been imposed. It is also evident that void
formation does not per se cause tensile instability, since a sig-
nificant void content is present over a wide range of plastic
strain before necking is observed[34].
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Fig. 5. Evolution of the density-based damage parameter with strain. After a
first region with virtually unchanged density, the damage parameter increases
linearly with strain.

3.3. Direct measures of damage

Metallographic observation reveals that damage takes two
forms: (i) discrete transverse fibre breaks and (ii) voiding be-
tween the broken fibre segment ends (Fig. 6a). The number of
breaks and the volume fraction voids opened between broken
fibre ends can both be seen to increase with strain.

To quantify fibre breakage, the length of intact fibre seg-
ments between two fibre breaks were measured on polished
cross-sections. These cross-sections were taken in the plane
of random orientation of the fibres (thus containing the ten-
sile axis) (Fig. 1); hence, several such fibre segments were
visible and all fibre orientations were seen (Figs. 2 and 6).

These measurements are displayed inFig. 7 for samples
elongated to 0.1, 0.4, 1.6, 3.0 and 4.0% total strain. The ori-
entation of the segments with respect to the tensile axis was
divided into three classes: segments within an angle of 0–30◦
of the tensile axis (Fig. 7a), those forming an angle between
30 and 60◦ (Fig. 7b) and those making an angle above 60◦
with the tensile axis (Fig. 7c). It can be seen that with increas-
ing strain the average segment length decreases in all three
orientation classes.

Comparison of these curves with the segment length dis-
tribution measured similarly on a sample taken to failure (at
13% strain) indicates that the segment length distribution for
t ◦ r-
t orted
i hin
3 of
s rien-
t
s ntin-
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ig. 4. Evolution of Young’s modulus determined with repea
nloading–reloading cycles at various stages of a tensile test for thre

erent composite specimens. A rapid drop in Young’s modulus at low s
<3%) is followed by a regime of slower decrease at larger strains
oung’s modulus evolution averaged over 12 specimens of unreinf
atrix material is shown for comparison.
he class with misorientation <30does not change after fu
her deformation beyond the range for which data are rep
n Fig. 7, i.e., the fragmentation of the fibres oriented wit
0◦ of the tensile axis is fully accomplished at around 3%
train and does not evolve thereafter. For the two other o
ation classes, i.e., for fibres inclined more than 30◦ from the
tress axis, the fibre fragmentation length distribution co
es to evolve up to tensile fracture of the composite.
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Fig. 6. (a) Optical micrograph of the composite after 8% strain showing the
typical form of microstructural damage encountered in these composites:
broken fibres and opening up of voids between the fibre ends at higher
strain. (b) Fibre–fibre interactions leading to an increased number of fibre
breaks. The tensile axis is vertical to the page.

4. Discussion

The tensile behaviour found here is consistent with that
reported in an earlier study of the same material[35]. Taken
together, observations and data of the present investigation
lead to the following understanding of the evolution of in-
ternal damage during tensile deformation of Saffil reinforced
aluminium.

Immediately after initial elastic deformation with the ex-
pected Young’s modulus near 82 GPa[3,25,35], there is, be-
tween 0.1 and 0.4% tensile strain, an initial stage of rapid
stiffness reduction during which the Young’s modulus de-
creases from 82 to 75 GPa, such thatDE increases rapidly to
a value of 0.1 (Fig. 4). Interestingly, during this stage, there is
no significant fibre fragmentation: all average segment length
curves practically superimpose between 0.1 and 0.4% tensile
strain (Fig. 5). Given the nominal fracture strain of 0.7% of the
Saffil fibres, it is indeed not surprising that extensive fracture
of the fibres has not begun at this early stage of deformation.

Fig. 7. Evolution of the average fibre fragment length as observed in the
plane of planar random orientation for three different classes of fibre segment
orientation with regard to the tensile axis: (a) 0–30◦, (b) 30–60◦ and (c) >60◦.
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The sharp initial drop in Young’s modulus observed in this
strain range must, hence, be due to some other effect, perhaps
the breaking up of the binder bridges linking the fibres. Al-
ternatively, given the relatively small stress range over which
E0 is measured, effects of bending and misalignment of the
system could have contributed to an artificially high value of
E0. Indeed, in the measurement on the matrix alone a similar,
yet much weaker, effect is seen, indicating that some but by
far not all of the initial drop can be attributed to the varying
stress range over which Young’s modulus is measured.

A second stage extends between around 0.4 and 3% tensile
strain. Here, the Young’s modulus of the composites con-
tinues to drop (i.e.,DE continues to increase). The drop in
Young’s modulus in the composite in this range of strain is
much stronger than in the matrix alone (Fig. 4), indicating
that microstructural damage is accumulating in the compos-
ite. On the other hand, the density remains nearly unchanged
(Dρ remains near zero). There is thus a clear difference be-
tween the evolution of the two standard damage parameters,
DE andDρ. This was also observed in aluminium reinforced
with densely packed alumina particles[32]. Metallographic
evidence shows that, during this second stage, damage takes
the form of progressive fibre breakage. Fragmentation in the
well-aligned (0–30◦) class of fibres proceeds rapidly and then
saturates, as indicated inFig. 7a by the unchanged segment
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That most of the fibre fractures occur between composite
strains of 0.4 and 1.6% strain (Fig. 7a) makes sense, given that
the fibre fracture strain of SaffilTM fibres is around 0.7%. This
also agrees with the observation reported in a previous study
of this composite that the slope of the composite stress–strain
curves shows a rapid reduction near 1% strain[5,23,35]as
shown in the inset inFig. 3; clearly a significant fraction of fi-
bres break when the stress in their central section reaches their
fracture strain, as predicted by standard composite shear-lag
theory[36].

The critical fibre length,lc, is given by:

lc = σruptrf

τm
(3)

lc is the shortest length of fibre of radiusrf that can be
loaded to its fracture stressσrupt by a plastic matrix hav-
ing a flow stress in shear ofτm (cf. p. 252 in [37]). For
the present composites, typical values of the relevant pa-
rameters areτm = 30 MPa (the higher strain value of the
stress–strain curve measured for the unreinforced Al matrix in
Ref.[35]), σrupt = 2000 MPa,rf = 1.5�m [38,39]. This yields
lc = 100�m. The average observed fibre segment length be-
tween breaks should theoretically be 0.75lc [36], i.e., 75�m.
The observed average fibre segment length decreases from
around 140 to 40�m as strain increases from 0.4 to 3% strain
( er,
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ength distribution for strains of 3 and 4% and, as noted ab
or higher strain up to composite fracture. In fibres alig
etween 30 and 60◦ to the stress axis (Fig. 7b), there is als
ome damage by fibre fracture in this stage; however, th
f fracture is well below that for fibres closer to the str
xis. For fibres nearly perpendicular to the tensile axis (a

n the range 60–90◦), there is no significant damage by fr
ure (Fig. 7c). Overall, these observations agree with thos
legg et al.[3], except for the fact that, in their work, fib

racture was most pronounced between 2.5 and 3.5% s
his difference can be rationalised by the fact that they di
istinguish between the fibre orientations (cf. Fig. 11 of

3]). As can be seen in Fig. 12 of ref.[3], their findings on th
ragmentation of fibres as a function of fibre orientation a
ualitatively with the results reported here, differences b
robably due to differences in volume fraction and ma
lloy composition.

Two different modes of fibre fracture are observed in m
llographic examination, namely (i) isolated fibre break

ributable to load transfer from the matrix, found to occur
n fibres aligned along the loading axis and (ii) fracture
o fibre–fibre interaction (Fig. 6b) found in fibres adjace
o other fibres, often in fibre clusters and on some m
raphs clearly attributable to bending of one fibre aroun
eighbours.

This second stage of composite deformation is thus d
nated by the gradual fracture of fibres aligned close to
ensile axis; this is consistent with quantitative damage m
ures, as fibre fracture is expected to lower significantly
omposite modulus while leaving its density essentially
ffected.
Fig. 7a). This is of the right order of magnitude; howev
he final average fibre segment length reached at the e
he fibre fragmentation process is nearer half the pred
alue of 75�m (Fig. 7a). Several explanations exist: (i) a
itional breaks due to fibre-to-fibre interaction, as sugge
y metallography (Fig. 6b) or (ii) the presence of sites of
re strength lower than 2 GPa[38]. The observed spread
bre segment lengths and the range of composite strain
hich fibre fracture progresses are obvious consequen

he large spread in fibre radius, fibre orientation and
trength (Figs. 2 and 6); another obvious cause is inhom
eneity in stress transfer to the fibres, particularly near
lusters.

Comparing the fibre fragmentation data and the meas
volution of Young’s modulus, there is a clear coincidenc
he strainεc at which the Young’s modulus versus strain cu
evels off and the strain at which the fragmentation of w
ligned fibres is saturated, reinforcing the link made betw

he drop in Young’s modulus and the fragmentation of fi
hat are well aligned with regard to the tensile axis. While
s not surprising as such, it has the interesting corollary
nce such fibre fragmentation is accomplished, the ra
amage accumulation as quantified byDE decreases sharp
s shown earlier[35], this can explain the comparatively hi
train to failure observed in the present composite.

The marked difference between the Young’s modu
ased and density-based damage parametersDE andDρ—not
nly in their order of magnitude but also in their gen
volution—resembles what was previously observed in
iculate reinforced metal matrix composites with a high
me fraction of reinforcement[30]. As suggested byFig. 6,
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Fig. 8. Schematic model to determine the volume generated by separating
the faces of the two fibre segments at a fibre break with the fibres accompa-
nying the composite as it deforms.

this difference is basically due to the fact that the breaking of
a fibre has an immediate effect on Young’s modulus while its
effect on density is only visible when voids have opened up
across fibre ends at a break. A simple quantitative relation be-
tween the two damage measures can be estimated, somewhat
similarly to the derivation in[30], as follows.

Consider a representative lengthl of a fibre inclined at an-
gleθ with respect to the tensile axis (Fig. 8). At a composite
strainε* , the fibre breaks. Assume that the material around
this lengthl of fibre, thereafter, follows the overall composite
upon further straining to strainε > ε* , ε being large as com-
pared to elastic strains in the fibre segments. The two ends
of this fibre length then move one in relation to the other
by a distance [l(ε − ε* )cosθ] parallel to the stress axis, and
[−l (ε − ε* )sinθ/2] perpendicularly to the stress axis. The fi-
bre ends at the fibre break thus separate according to

�l

l
= (ε − ε∗)

(
3

2
cos2 θ − 1

2

)
(4)

using the approximation (1 + 2x)1/2≈ 1 +x for x� 1. The
volume,�V, generated in the form of a void across the fibre
break is then

�V = A �l = Al(ε − ε∗)

(
3

2
cos2 θ − 1

2

)
(5)
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5. Conclusions

Damage accumulation in aluminium reinforced with
10 vol.% Saffil alumina short fibre proceeds in three stages:

(i) Immediately after yield and up to a strain of 0.4%, the
Young’s modulus of the composite drops by roughly
10%. No visible fibre fragmentation occurs in this initial
stage; it is proposed that the reduction in modulus is
mainly caused by break-up of the binder bridging the
fibres.

(ii) From 0.4 to around 3% strain, the Young’s modulus
decreases roughly by another 10%, while the density
remains constant. In this range of deformation, the
Young’s modulus drop in the composite is much stronger
than in the reference matrix material. Microstructural
damage in this range of deformation progresses mainly
by fibre fragmentation, which is completed in fibres
aligned close to the tensile axis when the strain reaches
3%. The larger the misorientation between fibres and
the tensile axis, the higher is the strain required to com-
plete the fibre fragmentation process. Comparison of the
Young’s modulus evolution and the advancement of the
fragmentation process with strain suggests that the drop
in Young’s modulus is mostly due to the fragmentation
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hereA is the cross-section of the fibre. Integrating ove
ngles of orientation, one finds for the volume opened a
eparated fibre breaks

V = Al(ε − ε∗)
π

4
(6)

nd for the density-based damage parameterDρ this leads to

ρ ≈ Vf (ε − ε∗)
π

4
(7)

ith the approximation that the fibre fragmentation proc
s finished after 3% strain, i.e.,ε* = 3%, we expect a straig
ine for the evolution ofDρ with strain, the slope of whic
s (πVf /4). This linear relation is also indicated inFig. 5and
s in good agreement with data, supporting the present
retation of the evolution ofDρ.
of short fibres roughly aligned with the tensile axis.
iii) Beyond 3% strain up to the composite fracture strai

10–12%, the rate of decrease of Young’s modulus
strain is far lower and close to that observed in the u
inforced matrix. The density-based damage param
Dρ increases roughly linearly with strain. A simple
ometrical model based on void formation between
arating faces at fibre breaks accounts for the evolu
of Dρ in this range of composite deformation.

cknowledgements

One of the authors (R. Tavangar) gratefully acknowled
ponsoring of his research by the Ministry of Higher
cation of the Islamic Republic of Iran during his stay

he Swiss Federal Institute of Technology. This research
lso funded by core funding of the Swiss Federal Institu
echnology in Lausanne.

eferences

[1] D.A. Gerard, T. Suganuma, P.H. Mikkola, A. Mortensen, in: R.
baschian, H. Brody, A. Mortensen (Eds.), Merton C. Flemings S
posium on Solidification and Materials Processing, TMS, War
dale, PA, 2001, pp. 475–488.

[2] A. Evans, C. SanMarchi, A. Mortensen, Metal Matrix Compos
in Industry—An Introduction and a Survey, Kluwer Academic P
lishers, Dordrecht, NL, 2003.

[3] W.J. Clegg, I. Horsfall, J.F. Mason, L. Edwards, Acta Metall.
(1988) 2151–2159.



34 R. Tavangar et al. / Materials Science and Engineering A 395 (2005) 27–34

[4] I.W. Hall, in: N. Hansen, D. Juul Jensen, T. Leffers, H. Lilholt,
T. Lorentzen, A.S. Pedersen, O.B. Pederson, B. Ralph (Eds.), Metal
Matrix Composites—Processing, Microstructure and Properties, 12th
Risø International Symposium on Materials Science, Risø National
Laboratory Roskilde, Danemark, 1991, pp. 367–372.

[5] W.J. Baxter, A.K. Sachdev, Metall. Mater. Trans. 30A (1999)
815–823.

[6] N.J. Musson, T.M. Yue, Mater. Sci. Eng. A135 (1991) 237–242.
[7] S. Bengtsson, R. Warren, Mater. Sci. Technol. 9 (1993) 319–

327.
[8] D.J. Towle, C.M. Friend, Mater. Sci. Technol. 9 (1993) 35–41.
[9] C.M. Friend, J. Mater. Sci. 22 (1987) 3005–3010.

[10] J.M. O’Rourke, R.S. Bushby, V.D. Scott, Compos. Sci. Technol. 56
(1996) 1071–1077.

[11] J.M. O’Rourke, R.S. Bushby, V.D. Scott, Compos. Sci. Technol. 56
(1996) 957–965.

[12] V.D. Scott, J.M. O’Rourke, R.S. Bushby, Composites B 30 (1999)
1–7.

[13] S. Harris, T.-E. Wilks, in: A.R. Bunsell, P. Lamicq, A. Massiah
(Eds.), First European Conference on Composite Materials, ECCM1,
AEMC, Bordeaux, France, 1985, pp. 595–603.

[14] C.M. Friend, Scripta Metall. 23 (1989) 33–37.
[15] M. Pahutova, J. Brezina, K. Kucharova, V. Sklenicka, T.G. Langdon,

Mater. Lett. 39 (1999) 179–183.
[16] A. Dlouhy, N. Merk, G. Eggeler, Acta Metall. Mater. 41 (1993)

3245–3256.
[17] A. Dlouhy, G. Eggeler, N. Merk, Acta Metall. Mater. 43 (1995)

535–550.
[18] A.F. Whitehouse, H.M.A. Winand, T.W. Clyne, Mater. Sci. Eng.

A242 (1998) 57–69.
[ 46

[ 995)

[ 03)

[ . 62

[23] C. Badini, P. Fino, M. Musso, P. Dinardo, Mater. Chem. Phys. 64
(2000) 247–255.

[24] T. Beck, K.-H. Lang, D. L̈ohe, Mater. Sci. Eng. A319–321 (2001)
662–666.

[25] G. Chadwick, in: J. F̈uller, G. Gr̈uninger, K. Schulte, A.R. Bun-
sell, A. Massiah (Eds.), Fourth European Conference on Composite
Materials, Elsevier Science Publishers, London, UK, 1990, pp. 3–13.

[26] K.-S. Sohn, K. Euh, S. Lee, I. Park, Metall. Mater. Trans. 29A (1998)
2543–2554.

[27] F.P. Kehoe, G.A. Chadwick, Mater. Sci. Eng. A135 (1991) 209–212.
[28] A.F. Whitehouse, T.W. Clyne, Acta Metall. Mater. 41 (1993)

1701–1711.
[29] M. Vedani, E. Gariboldi, Acta Mater. 44 (1996) 3077–3088.
[30] M. Kouzeli, L. Weber, C. SanMarchi, A. Mortensen, Acta Mater. 49

(2001) 497–505.
[31] J. Lemaitre, A Course on Damage Mechanics, second ed., Springer,

Berlin, 1996.
[32] M. Kouzeli, L. Weber, C. SanMarchi, A. Mortensen, Acta Mater. 49

(2001) 3699–3709.
[33] R.T. Ratcliffe, Br. J. Appl. Phys. 16 (1965) 1193.
[34] L. Weber, M. Kouzeli, C. SanMarchi, A. Mortensen, Scripta Mater.

41 (1999) 549–551.
[35] R. Tavangar, S. Nategh, L. Weber, Mater. Sci. Technol. 20 (2004)

1645–1648.
[36] H. Fukuda, Y. Takao, in: A. Kelly, C. Zweben (Eds.), Comprehensive

Composite Materials. Reinforcement Materials and General Theories,
vol. 1, Elsevier, Oxford, UK, 2000, pp. 377–401.

[37] A. Kelly, N.H. Macmillan, Strong Solids, third ed., Oxford Univer-
sity Press, Oxford, UK, 1986.

[38] J. Dinwoodie, I. Horsfall, in: F.L. Matthews, N.C.R. Buskell, J.M.
nce
Com-
pp.

[ .C.
on-
, pp.
19] A. Yawny, G. Kaustr̈ater, B. Skrotzki, G. Eggeler, Scripta Mater.
(2002) 837–842.

20] W. Shen, D. Chu, L.-H. Peng, J. Xu, Eng. Frac. Mech. 51 (1
479–486.

21] H.-Z. Ding, H. Biermann, O. Hartmann, Int. J. Fatigue 25 (20
209–220.

22] H.-Z. Ding, H. Biermann, O. Hartmann, Compos. Sci. Technol
(2002) 2189–2199.
Hodgkinson, J. Morton (Eds.), Joint Sixth International Confere
on Composite Materials and Second European Conference on
posite Materials, Elsevier Applied Science, Barking, UK, 1987,
2.390–2.401.

39] J. Dinwoodie, E. Moore, C.A.J. Langman, W.R. Symes, in: W
Harrigan Jr., J. Strife, A.K. Dhingra (Eds.), Fifth International C
ference on Composite Materials, TMS, Warrendale, PA, 1985
671–685.


	Damage evolution in Saffil alumina short-fibre reinforced aluminium during tensile testing
	Introduction
	Experimental procedures
	Material production
	Tensile testing
	Metallography
	Damage monitoring
	Youngs modulus-based damage parameter
	Density-based damage parameter


	Results
	General composite properties
	Indirect measures of damage
	Direct measures of damage

	Discussion
	Conclusions
	Acknowledgements
	References


