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Dynamic mechanical response of
an SiC,/Al-Li (8090) composite
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The dynamic mechanical response of an Al-Li alloy (8090) and SiC particle-reinforced 8090
composite was studied. The strain-hardening behaviour of the alloy was found to change
significantly with increasing strain rate. Increasing the strain rate from 10 s~ 't0 6500 s’
doubled the strain-hardening coefficient of the alloy. The presence of the particles in the
matrix did not affect the strain-hardening coefficient of the alloy. This was attributed to the
relatively weak bonding between the particles and the matrix. An orientation effect was
observed in the composite samples as a result of the preferential orientation of the
reinforcing particles during the extrusion process. The thermal expansion behaviour of the
composite samples was found to agree well with Kerner’'s model, and provided further

evidence of the weak interfacial bonding.

1. Introduction

Aluminium matrices reinforced with ceramic particles
have been studied for many years. These discontinu-
ous composites have a number of practical advantages
over continuous fibre-reinforced composites, the two
most important ones being ease of fabrication, and
isotropy. In recent years, aluminium-lithium alloys
have been at the forefront of active research. It has
been shown [1, 2] that small additions of lithium to
aluminium can increase the stiffness, and at the same
time reduce the density of the parent metal aluminium.
These alloys are being considered for aerospace ap-
plications.

Additions of ceramic particles such as SiC can en-
hance the strength and stiffness of aluminiom-lithium
alloys even further, Table 1 [1]. Addition of 15 vol %
SiC particles to an Al-Li alloy can enhance the stiff-
ness of the alloy by as much as 25%. Additionally, SiC
has been shown to improve other important proper-
ties such as wear resistance [3], creep resistance [4],
and high-temperature strength [5] of other aluminium
alloys. Enhancement in these properties must also be
accounted for if such aluminium—lithium alloys are to
be considered in aerospace applications.

The static mechanical properties of aluminium
alloys and composites have been documented. How-
ever, one aspect of the mechanical behaviour which
has been relatively ignored is the effect of strain rate
on the response of such materials. When used in struc-
tural applications, these materials can be intentionally
or inadvertently subjected to high strain rates. How
these materials behave under such conditions can dic-
tate the potential uses, and also provide an under-
standing of what response to expect from them.

The mechanical properties of continuous aligned-
fibre composites have been reasonably well predicted
from fibre-strengthening theories in which the proper-
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ties are largely determined by the volume fraction and
strength of the reinforcement phase, matrix and inter-
face. However, the case of discontinuous composites is
more complicated. The distribution of the reinforce-
ments can change significantly with fabrication, and
subsequently affect the mechanical properties.

In this work, we investigated the dynamic mechan-
ical response of an aluminium-lithium alloy and an
SiC,-reinforced aluminium-lithium alloy. The ob-
served behaviour has been correlated with the distri-
bution of the particles in the matrix.

2. Experimental procedure

The nominal composition of the alloy (8090) used in
the present study is provided in Table I1. Both unrein-
forced and reinforced alloys containing 15 vol % SiC
particles (SiC,) were studied. The samples were produ-
ced by a spray-casting technique (Osprey). The mater-
ials were obtained in the form of extruded billets,
45 cm in length and 7.5 cm wide. The thickness of the
billet was 1.25 cm. The extrusion process was carried
out in one step at 538 °C, for 34 s, with an extrusion
ratio of 17.1: 1. The continuous extrusion pressure was
4.1 MPa.

Cylindrical test specimens (0.5 cm x0.5cm) were
machined out of the extruded stock materials (unrein-
forced alloy and composite), in three different direc-
tions as shown in Fig. 1. All of the samples were
heated in air at 450 °C for 8 h, and furnace cooled to
room temperature. The temperature and time were
selected based on earlier studies carried out on the
material [6].

The static and dynamic mechanical responses of
the unreinforced alloy and composite samples were
measured in compression using a conventional
screw-driven testing machine, and a Split Hopkinson
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TABLE 1 Advantages of Al-Li alloy and its composites over conventional aluminium alloys and composites [1]

Material Modulus Density Specific modulus
(GPa) (gem?) (GPA/unit density)

Al 2024 alloy 72 2.8 25.7

Al-Li 8090 alloy 80 2.55 315

Al 2024 alloy + 15 vol % SiC, 95 2.84 335

Al-Li 8090 alioy + 15 vol % SiC, 100 2.62 38.2

TABLE II Nominal composition of Al-Li 8090 alloy

Li Cu Mg Zr Fe Si Al

Composition (wt %) 22 1.1 05 012 008 004 Balance

TD

ED

Figure ] Schematic illustration of the various specimen orientations.

Pressure Bar. All of the tests were performed at room
temperature. The static tests were done at a strain rate of
1073 s !, while the dynamic tests were carried out at
strain rates of 2500 and 6500 s~ 1.

Thermal expansion measurements were made with an
Orton dilatometer (1000 D) according to ASTM Stan-
dard C-372/81. The dilatometer was interfaced with
a computer which was used to calculate and record the
experimental data. A sample length of 2.54 + 0.3 cm was
used in all of the tests. The thermal expansion of the
samples was detected by a linear variable differential
transformer having a resolution of 0.25%, in the range of
0.318 cm, with an error range of 65x 10~ * cm.

Almost all of the thermal expansion measurements on
the unreinforced alloy and composite samples were done
in the temperature interval 20-500 °C. This temperature
range was selected so as to include the entire usable
range of the materials, without inducing any liquid-
phase formation in the alloy. The thermal expansion of
the unreinforced alloy and composite samples was re-
corded at a heating/cooling rate of 5°Cmin~ .

Optical, scanning, and transmission electron micro-
scopy was carried out to characterize the microstructure.

3. Results and discussion

Results of the quasistatic and dynamic mechanical
tests for the unreinforced alloy and composite mater-
ial have been compared in three different directions,
and at three different strain rates in Figs 2 and 3. From
the data for the unreinforced alloy, Fig. 2, it is evident
that the strain rate has a significant effect on not only
the overall strength but also on the strain hardening.
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For a strain rate of 1073s~! the strain hardening
(increase in the stress in a given strain range) measured
in the strain range 0.15-0.25, was 300 MPa per unit
strain. The strain hardening more than doubled to
700 MPa per unit strain, in the same strain range, but
at a strain rate of 6500 s~ !. The mechanical response,
however, did not change much between the strain
rates of 2500 and 6500 s~ . Orientation of the test axis
with respect to the sample extrusion direction has
a minimal effect on the mechanical response of the
unreinforced material.

The composite, on the other hand, exhibits
a measurable difference in the strength in the three
tested directions, at all strain rates (Fig.3). The
strength in the extruded direction (ED) is higher com-
pared to the strength in the transverse direction (TD),
which in turn is higher than the strength in the normal
direction (ND). The yield stress for the composite
samples is also expectedly larger than for the unrein-
forced alloy (all strain rates and directions). The meas-
ured strain hardening of the composite samples is very
similar to those of the unreinforced alloy samples
tested at the same strain rates, as is the low strain-rate
sensitivity between strain rates of 2500 and 6500 s 1.
These data indicate that the reinforcing particles did
not contribute to the strain hardening of the matrix,
and the observed strain-rate sensitivity between 103
and 6500 s ™! was primarily a result of the alloy beha-
viour.

An equation describing the dependence of the
hardening rate in a metal as a function of strain rate is

[7]
6 = 0,—6, (1)

where 6 is the total hardening rate, 9, is the hardening
component due to dislocation generation and storage,
and 8, is the softening component due to dynamic
recovery through dislocation rearrangement. Both of
these quantities are functions of the stress, o, strain
rate, g, and temperature, T.

For a metal matrix composite, the equation is modi-
fied as [8]

0 = n(gh - 6r - ead) (2)

where 8,4 is the accumulative damage term due to
interface damage or particle cracking and 7 is the
ratio of the strength of the composite at two different
temperatures or strain rates for the same microstruc-
ture. Inclusion of n is important because the ratio of
the flow stresses at two different temperatures or
strain rates is constant irrespective of the total strain if
Cottrell-Stokes law is obeyed.
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Figure 2 Stress—strain response for the unreinforced alloy at
different strain rates. (a) ED direction, (b) TD direction, (c) ND

direction.
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Figure 3 Stress—strain response for the composite samples at
different strain rates. (a) ED direction, (b) TD direction, (c) ND
direction.
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We believe that 1 is dependent on four factors:

1. bonding between the particles and matrix;

2. the difference in the coefficient of thermal expan-
sion between the particles and matrix, which can
induce dislocations at the interface;

3. the size of the reinforcements;

4. distribution and orientation of the reinforcements.

Enhanced bonding, and a larger difference in the
thermal expansion coefficient (between the matrix and
reinforcement) lead to an increase in 1. Increase in the
size of the reinforcements decreases m. Optical and
scanning microscopy revealed very little particle dam-
age in the composite samples in all orientations, prior
to testing. With the large difference in the coefficient of
thermal expansion between the matrix (21.2x
107¢°C~ 1) and the SiC particles (4.5x 1076°C™1),
one would expect a significant enhancement in the
strain hardening because of the large dislocation den-
sity induced in the matrix in close vicinity to the
particles, as a result of the large thermal expansion
mismatch between the reinforcing particles and
matrix. However, the strain hardening in the com-
posite is not enhanced over the unreinforced alloy.

A scanning electron micrograph of a composite
sample fractured in tension can be seen in Fig. 4. The
micrograph revealed the presence of particle cracking
and particle/matrix debonding in the fracture surface.
However, no particle/matrix debonding was observed
in composite samples tested in compression (albeit not
to failure). A possible explanation of the discrepancy
in the observations is as follows: during the fabrication
process, the alloy and the reinforcing particles are
cooled down from clevated temperatures. Large ther-
mal stresses are generated in the vicinity of the par-
ticle/matrix interface because of the three-dimensional
constraint imposed on the particles by the rapidly
shrinking matrix. However, on axial loading to failure
(in tension), the interfacial constraint is relaxed in the
direction of the applied stress, and the interface de-
bonds. It should be possible to observe interfacial de-
bonding in the samples tested in compression, pro-
vided the samples are subjected to a larger strain than
that administered in the present tests.

Dislocations produced in the matrix, either as a re-
sult of thermal expansion mismatch or mechanical
deformation, can escape at the debonded (free surface)
and cracked interfaces. In addition, the constraint
exerted by the reinforcing particles on the plastic de-
formation of the matrix is reduced as a result of weak
particle/matrix bonding.

Transmission electron microscopy was carried out
to determine the possible causes of the weak interface.
A micrograph of the particle/matrix interface, in the
as-received and annealed material, can be seen in
Fig. 5. No reaction products were observed at the
interface. However, this does not necessarily mean
that a strong bonding between the particles and
matrix exists. The wetting characteristics of the par-
ticles by the alloy could be the contributing factors to
the weak bonding, especially because the alloy also
contains lithium. Furthermore, we found that the dis-
location density in the matrix, even in samples de-
formed at high strain rates, was very small compared
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Figure 4 Scanning electron micrograph of the fractured surface of a
composite sample illustrating extensive particle/matrix debonding.

s

! 80 nm

Figure 5 Transmission electron micrograph of a particle/matrix
interface in the as-received and annealed states.

to the dislocation densities in other ceramic particle-
reinforced aluminium matrix composites. We have
also shown in another study [9] that the par-
ticle/matrix bonding can have a significant effect on
the mechanical response of the composite. Currently
we are in the process of determining the wetting char-
acteristics of the SiC particles by this alloy.

The enhanced strain-hardening behaviour of the
alloy (between 1073 and 2500 s !) is an effect of the
lithium addition to the alloy, because pure aluminium
and many other aluminium alloys do not exhibit a sig-
nificant strain-rate effect below 10°s~! in the an-
nealed condition. Lithium, being an interstitial addi-
tion in aluminium, tends to diffuse to vacancies and
dislocations and can hinder the motion of disloca-
tions. The diffusion of lithium has been shown to
occur in aluminium alloys even at room temperature,
and is a contributing factor to the strain-rate sensitiv-
ity of this alloy. Also, dislocation accumulation occurs
more rapidly at higher strain rates. The amount of
dynamic recovery occurring at higher strain rates is
also smaller compared to low strain-rate testing, and
is further hindered by the lithium additions. This leads



to dislocation pileups and subsequently higher strain
hardening. Similar strain-rate sensitivity in 8090 alloy
has also been observed under torsional loading condi-
tions [10].

The difference in the mechanical response of the
composite samples in the three directions was resolved
by optical microscopy. Optical micrographs taken in
the three directions revealed a significant amount of
anisotropy in the particle alignment in the ED direc-
tion as compared to the TD and ND directions, Fig. 6.
The particles in the ED direction are aligned as a re-
sult of the extrusion process. This alignment of the
particles lends itself into producing a short-fibre com-
posite resulting in enhanced strength. On the other
hand, the particles are more uniformly distributed in
the TD and ND directions. A distribution analysis for
the particle aspect ratio and misorientation with re-
spect to the extrusion axis was carried out and can be
seen in Figs 7 and 8, respectively. It is evident that the
aspect ratios are more spread out along the ED direc-
tion as a result of the extrusion process. On the other
hand, the aspect 1atios are less spread out in the ND
direction. Also the misorientation angles, measured
with respect to the test axis, are smaller for the par-
ticles in the ED direction as compared to the particles
in the ND direction.

The differences in the orientation of the reinforcing
particles with respect to the loading axis affect the
deformation zones in the matrix surrounding the par-
ticles. When the sample is loaded in the ED direction,
the constraint on the matrix surrounding the long side
of the particles is greater than if the samples were to be
loaded in the ND or TD directions (short side of the
particles). The larger constraint limits the plastic de-
formation to the short side of the reinforcing particles,
which in turn leads to a larger dislocation pileup and
subsequently higher strength. On the other hand,
when loaded in the ND or TD directions, the matrix in
the vicinity of the long side of the particles experiences
little or no constraint, thereby deforming more uni-
formly. This is the reason for the observed orientation
effect in the composite and lack of it in the unreinfor-
ced alloy samples.

The constraint exerted by the particles on the
matrix is also reflected in the thermal expansion data
for the unreinforced alloy and composite samples in
Fig. 9. The slope of the per cent linear change curve
versus temperature (which is the coefficient of thermal
expansion) is similar for the unreinforced alloy and
composite samples in the ND direction, and smaller
for the samples tested in the ED direction.

An equation used by Turner [11] to predict the
linear coefficient of thermal expansion (CTE) of par-
ticle-reinforced composites is

U Ven K + 0,V K
VK + VK,

where o is the linear coefficient of thermal expansion,
V is the volume fraction, K is the bulk modulus, and
the subscripts ¢, m and p refer to the composite,
matrix, and particle, respectively. Turner’s model
assumes that uniform hydrostatic stresses exist at the
particle/matrix interface.
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Figure 6 Optical micrographs of the composite samples illustrating
the differences in the particle size and distribution. (a) ED direction,
(b) TD direction, {c) ND direction.

An equation developed by Kerner [12] predicts the
volumetric coefficient of thermal expansion of par-
ticle-reinforced composites as

Bc = Bme + Bpr - (Bm - Bp)
) 1/Km— 1K,
Vi/ Ky + Vio/ K + 3G/4

()
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where [ is the volume coefficient of thermal expansion
(equal to three times the linear coefficient of expan-
sion, o, as a first approximation) and G is the shear
modulus. Kerner’s model accounts for both the shear
and isostatic stresses existing at the particle/matrix
interface in such composites. Other models [13, 14]
for predicting the coefficient of thermal expansion of
particle-reinforced metal matrix composites are either
variants of Kerner’s model or have specific temper-
ature ranges over which they can be used.

The experimentally obtained coefficients of thermal
expansion for the unreinforced alloy and composite
samples have been compared to the values predicted
by Turner’s and Kerner’s models in Table III. From
the results it is evident that the experimentally ob-
tained values are in close agreement with Kerner’s
model. This is not unexpected, because Kerner’s equa-
tion is close to a rule of mixtures approximation and
the constraint term is small. This is true of particulate
composites compared to fibrous composites.

Comparing the measured coefficient of thermal ex-
pansion along the ED and ND directions with the
values predicted by Kerner’s model, one finds that the
difference between the experimental value measured
along the ED direction and the value predicted by
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Kerner’s model is very small compared to the differ-
ence between the experimental value along the ND
direction and the value predicted by Kerner’s model.
It is important to remember that Kerner’s model



TABLE 111 Comparison of the experimental CTE of the composite samples with the values predicted by Kerner’s and Turner’s models

Sample CTE
Experimental Kerner’s model Turner’s model
(1076°C™Y) (107¢°C™Y (107%°C™Y)
Al-Li 8090 212 - -
SiC,/8090: ND direction 214 18.4 139
ED direction 18.5 18.4 13.9

assumes perfect bonding and uniform distribution
of the reinforcing particles. Along the ND direction,
the constraint effect exerted by the particles on
the matrix is small (bonding relatively weak). As a
result, the expansion of the composite along the
ND direction is similar to that of the unreinforced
alloy. Along the ED direction, the constraint exerted
by the particles on the matrix is larger (inspite of
the weak bonding) because of the short-fibre effect
produced as a result of the extrusion process. Hence
the experimental value of the coeflicient of thermal
expansion along the ED direction is in closer agree-
ment with Kerner’s model as compared to the co-
efficient of thermal expansion measured in the ND
direction.

An equation developed by Nardone and Prewo
[15] predicts the enhancement in the yield strength of
particle-reinforced composites, as compared to the
unreinforced alloy as

ch - Gmy[l + (LZ + [)S/4L2:| Vp + Gmy Vm (5)

where G, is the yield strength of the composite, 6., is
the matrix yield strength, L, is the length of the
particle perpendicular to the applied stress, t is the
particle thickness, S is the particle aspect ratio (length
of the particle parallel to the applied stress divided by
1), V, is the volume fraction of the particles, and V, is
the volume fraction of the matrix.

When L, is much larger than ¢, Equation 5 reduces
fo

Gy = 0—my[Vp(S + 4)/4 + Vm] (6)

Using Equation 6 we calculated a theoretical value
of enhancement in the yield strength in the composite
over the matrix to be 1.15 in the ED direction and
1.05 in the ND and TD directions. The experimental
values, determined from the dynamic test curves,
are 1.09 and 1.02, respectively. This difference again
is probably because of the inadequate bonding
between the SiC particles and matrix. More impor-
tantly, the ratios of the strength for a range of plastic
strains of the unreinforced alloy and composite
are equal, further indicating that the reinforcing par-
ticles have no effect on the strain hardening of the
composite.

The ultimate strengthening observed in these com-
posites is nowhere close to the values predicted by the
rule of mixtures. Even assuming a very conservative
strength value for the SiC particles, significant
strengthening should be observed. However, the max-
imum strength of the composite 1s similar to that of

the unreinforced alloy in the ND direction and only
marginally greater along the ED direction. Also, the
stiffness values determined from the low strain-rate
tests are near identical for the unreinforced alloy and
composite samples, further indications of a bonding
problem. Studies are underway to determine the exact
nature and cause of this problem.

4. Conclusion

The study has demonstrated that the strain rate has
a significant effect on the mechanical response of
Al-Li 8090 alloy. The strain-hardening coefficient
and maximum strength (for a given strain) is signifi-
cantly enhanced. This is because of the higher rate
of dislocation pileup occurring at higher strain rates.
Addition of SiC particles to such an alloy did not
alter the mechanical behaviour of the alloy signifi-
cantly. Lack of this particle influence was attributed
to the weak bonding between the particles and matrix.
Differences in the strength observed for the composite
samples in different directions, was attributed to
preferential orientation of the reinforcing particles
within the composite sample as a result of the extru-
sion process. The thermal expansion of the alloy
was not changed as a result of the SiC particles in the
ND direction, because of the weak bonding. The ex-
pansion along the ED direction was altered as a result
of the larger constraint exerted by the oriented
particles.
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