JOURNAL OF MATERIALS SCIENCE 29 (1994) 2987-2992

Dynamic mechanical response of a 1060

Al/Al,O3; composite
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The flow stress of a 1060 Al/Al,O; composite increases rapidly with strain rate due to the
higher dislocation accumulation rate and the increasing strength of dislocation barriers.

The Al/Al, O, interfaces were found to be well bonded even after high-rate deformation of the
composite. MgAl,O, particles observed at Al/Al,O; interfaces in the composite of the present
study are thought to improve the interface strength. Unlike in pure aluminium, a well-
developed cell structure was not observed in the deformed 1060 Al/Al, O, composite. The
absence of a well-developed cell structure is thought to result from a more homogeneous slip

distribution in the composite.

1. Introduction

Recent results reported by Bless et al. [ 1] showing that
aluminium-matrix composites were much more effi-
cient at stopping tungsten projectiles than unrein-
forced aluminium alloys has rendered aluminium-
matrix composites more attractive as structural
materials under severe loading conditions. Marchand
et al. [2] and Cho et al. [3] have found that for
aluminium alloy-matrix composites, dynamic loading
raises the value of the critical stress intensity factor for
frasture. However, recent work [4] showed more fre-
quent interfacial cracks during dynamic deformation
than during quasi-static deformation in an
Al-Zn-Mg—Cu alloy-20 vol % SiC composite, which
could lower the fracture toughness at high strain rates.
Hong et al. [4] attributed the more frequent incidence
of interfacial cracks at high strain rates to the rapid
stress and strain build-up at the interfaces.

In order to develop composites with improved de-
formation and fracture performance under high
loading-rate service environments, it iS necessary to
understand the microstructural damage and dynamic
deformation behaviour of various metal-matrix com-
posites. The correlation between the high-rate
stress—strain response and the microstructural evolu-
tion in metal-matrix composites has not been exam-
ined extensively. The purpose of the present study was
to investigate the substructure development and dam-
age at high-strain rates in a commercially pure alumi-
nium-matrix composite reinforced with 10 vol %
Al,O;. The dislocation structure in a 1060 Al/AL,O,
composite after deformation is also compared with
that in pure aluminium to investigate the influence of
ceramic reinforcement.

2. Experimental procedure
The 1060 Al/Al,O; composite reinforced with

10 vol % a-Al,O; (nominal size 13 pm) selected for
this study was produced by a molten metal method at
the Dural Aluminum Composites Corporation at San
Diego. This composite was extruded into a rod with a
diameter of 25 mm. The as-received composite was
heat treated at 450°C for 12 h and furnace cooled.
Compression tests were performed at room temper-
ature with a screw-driven mechanical testing machine
at the strain rate of 1x1073s™ !, In order to investig-
ate the strain-rate dependence at high rates, some
samples were compressed in a split Hopkinson pres-
sure bar to a total strain of 22% at strain rates
between 2x 10% and 6x103s™ 1.

Some samples were cut parallel to the extrusion
direction before and after deformation for trans-
mission electron microscopy (TEM) characterization.
Discs, 3 mm diameter, were mechanically dimpled to
60 pm centre thickness and ion thinned at 5 kV with
an incidence angle between 11° and 12° in a liquid-
nitrogen stage. To ensure that the ion-milled samples
were first cooled to the lowest temperature the system
allows, the ion beams were switched on only after
waiting at least 1 h with the specimen rotation drive
rod lowered into a dewar containing liquid nitrogen.
A detailed description of the preparation of TEM
samples is provided elsewhere [5]. TEM observations
were carried out using a Phillips CM-30 clectron
microscope operated at 300 kV. X-ray analysis was
conducted with a Kevex X-ray spectrometer fitted
with an ultra-thin window for the detection of light
elements, including carbon and oxygen.

3. Results

Many small particles were observed to be present near
the Al/Al,O; interface regions, as shown in Fig. 1.
These particles were identified as spinels and Mg,Si by
X-ray micro-analysis and diffraction analysis [6]. In
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Figure I Bright-field transmission electron micrograph of the
matrix-interface region in the Al/Al,O5 composite.

addition, iron and silicon-rich intermetallic com-
pounds are often observed in the matrix [6]. Fig. 2a
and b show the dislocation arrangement near (a) and
away from (b) the interface in the composite. Both
micrographs were taken using a {111} reflection in a
(110> zone. As shown in these micrographs, the
dislocation density is found to be higher near
Al/AL O, interfaces [5]. An interesting finding is that
dislocations tend to be distributed more uniformly
near Al/AlLO, interfaces (Fig. 2a) while there is some
tendency for dislocation clustering in the matrix away
from the Al/Al,O; interfaces (Fig. 2b).

Fig. 3 shows the stress—strain response of the com-
posite as a function of strain rate. The stress—strain
response of the composite at 77 K and at low strain
rate (10”35~ 1) is also plotted in this figure and com-
pared with the stress—strain behaviour of the com-
posite deformed at high strain rates, but at room
temperature. This figure shows that the strain-rate
sensitivity of the 1060 Al/Al,O; composite is small at
low strain rates. However, the flow stress is observed
to increase quite rapidly at strain rates higher than
1000 s~ 1. This rapid increase of the flow stress at high
strain rates can be readily understood if one compares
the high-rate stress—strain response at room temper-
ature with that obtained at low strain rate, but at
77 K.

In Fig. 4a and b, dislocation structures away
from interfaces in the composite deformed at room
temperature at low (&€ = 107 s7!) and high (¢ = 2x
10% s71!) strain rate are shown, respectively. Disloc-
ations are seen to be arranged in dislocation tangles or
loosely knit cell walls at low strain rate at room
temperature (Fig. 4a). Following high-rate deforma-
tion, dislocations are more randomly distributed al-
though there is some loosely knit cell-wall formation
(Fig. 4b).

Fig. 5a and b show dislocation structures near (a)
and away from (b) Al/Al,O; interfaces at a higher
magnification in the composite deformed at room
temperature and at a low strain rate (€ = 1073 s™1).
Fig. 6a and b show dislocation structures near (a) and
away from (b) Al/Al,O; interfaces at a higher magni-
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Figure 2 Dark-field transmission electron micrographs of the un-
deformed Al/Al,O; composite, (a) near the interface, (b) away from
the interface.
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Figure 3 Stress—strain response of the slowly cooled Al/Al,O,
composite as a function of strain rate at (a) 77 K and (b—f) 298 K.
(a, ) 0.001s7 %, () 0.1s7 %, (d) 200051, (€) 4000 s~ 1, (f) 60005~ 1.

fication in the composite deformed at room temper-
ature, but at high strain rate (£ =2x10*s7!). In
general, the dislocation density is higher following
high-rate deformation (compare Figs 4 and 5). At high
strain rate and room temperature, however, disloc-
ations are randomly distributed and contain few
loosely knit dislocation tangles (Figs 4b and 6). At low
strain rate and room temperature, dislocations are



Figure 5 Dark-field transmission electron micrograph of siowly cooled Al/Al,O; composite deformed at a strain rate of 1073 s~ 1 at 2908 K to
€ = 0.23, (a) near the interface region, (b) away from the interface.

Figure 6 Dark-field transmission electron micrograph of slowly cooled Al/Al,O; composite deformed at the strain rate of 2000 s~ ! at 298 K
to € = 0.23, (a) near interface region, (b) away from the interface.

more tangled and many more loosely knit dislocation Fig. 7a and b show dislocation structures in the
cell walls are seen (Figs 4a and 5). This indicates that composite deformed at 77 K and at a low strain rate
dislocation rearrangement and recovery are more dif- (& = 1073 s 1). Dislocations are also distributed rela-
ficult at high strain rate. tively randomly in the composite deformed at 77 K
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Figure 7 Dark-field transmission electron micrograph of slowly cooled Al/Al,O, composite deformed at a strain rate of 107357 * at 77K to

g = 0.23, (a) near interface region, (b) away from the interface.

Figure 8 Al/Al,0; interface in slowly cooled composite deformed
at the strain rate of 2000s ™! at 298 K to £ = 0.23.

and at a low strain rate (£ = 1073 s~ ). As shown in
Figs 5-7, dislocations are more homogeneously dis-
tributed near Al/Al,O, interfaces even after the com-
posite is deformed to a total strain of 0.23. It can be
noted that the interfaces in the 1060 Al/Al,O; com-
posite are well bonded even after high strain-rate
deformation as shown in Fig. 8, consistent with the
rapid increase of the flow stress at high strain rates.
The presence of spinels at Al/Al,O, interfaces are
known to increase the interface strength in Al/Al,O,
composites [7].

4. Discussion

The rapid increase of the flow stress at high strain
rates or low temperature can be explained by the rapid
accumulation of dislocations and increasing resistance
to dislocation motion. Because there are no other
appreciable thermal barriers in a slowly cooled com-
mercially pure aluminium-matrix composite, disloc-
ation intersectioning could be the rate-controlling
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mechanism in the present composite, as observed for
pure aluminium [8, 97. The rapid increase of the flow
stresses observed in the 1060 Al/Al,O; composite is in
sharp contrast to the observations in Al-Zn-Mg-Cu
alloy-matrix composites reinforced with 20 vol % SiC.
In this case, the flow stress was found to fall off at high
strain rates when the total strain exceeded 15%. The
fall in the flow stress was suggested to result from
microstructural damage in the Al-Zn-Mg-Cu alloy
matrix composites where frequent Al/SiC interfacial
cracks are observed [5].

The increase or decrease of the hardening rate in
metal-matrix composites as a function of strain rate
can be described by the following equation

0= T]|:®h - ®r(69 Ta 8) - ®ad] (1)

where @ is the total hardening rate, ®, is the harden-
ing component due to dislocation generation and
storage, ©, is the dynamic recovery term due to
dislocation rearrangement and storage, and ©,, is the
accumulative damage term due to interface damage or
particle cracking at a given temperature and strain
rate. Finally, n is the ratio of the strength at two
different temperatures or strain rates for the same
microstructure. Equation 1 was modified from that
used previously [6] to describe the hardening rate in
more complex materials such as composites. For
example, the ®,, term is included in Equation 1
because microstructural damage at interfaces or par-
ticles can lower the overall hardening rate in a com-
posite. We believe inclusion of the 1 term in Equation
1 is relevant because the ratio of the flow stresses at
two different temperatures or strain rates should be
constant, irrespective of total strain, if the
Cottrell-Stokes law is obeyed. To keep the ratio of
the flow stresses at two different strains constant, the
hardening rate should increase. Accordingly, the ratio
of hardening rates, 1, at two different temperatures or
strain rates should be the same as the ratio of flow
stresses, if the Cottrell-Stokes law is followed. If the
Cottrell-Stokes law is not observed, m at a given
strain should be used.



The fall in the flow stresses at high strain rates
observed in the Al-Zn-Mg-Cu alloy-matrix com-
posite [4] is suggested to result from an increasing ®,4
term with strain at high strain rates. The rapid in-
crease of flow stresses at high strain rates in the 1060
Al/Al,O5 composite suggests that the ©,, term
due to interface or particle cracking is negligible. This
is supported in the present study by the observations
that the interfaces in our composite were well bonded
even after high-rate deformation. At high strain rates
the dynamic recovery term, ®,, becomes very small
because dislocation rearrangement and recovery be-
comes very difficult, leading to increasing hardening
rates.

The frequent interfacial cracks at high rates (for
total strains larger than 0.15) in the Al-Zn-Mg-Cu
alloy matrix composites are believed to be enhanced
by the presence of MgO particles at the interfaces
[4, 5]. Conversely, MgAl, O, particles were present at
Al/AlLO; interfaces in the present study. It is well
known that the interfacial bonding between alumi-
nium and Al, O particles improves in the presence of
MgAlL,O, [10].

Unlike pure aluminium, a well-developed cell struc-
ture was not observed in the 1060 Al/Al,O, composite
even after deformation to a total strain of 20% at
room temperature [11]. The typical dislocation struc-
ture in pure aluminium deformed to a total strain of
10% 1is known to consist of a well-developed cell
structure [8, 11]. The absence of a well-developed cell
structure is thought to result from a more homogen-
eous slip distribution in the composite. It is well
known that the presence of non-shearable precipitates
promotes slip homogenization and a more random
dislocation substructure [4, 8]. Likewise, the ceramic
particles in the composite in the present study are
expected to block and thereby diffuse localized slip.

The formation of a well-developed cell structure
may be further inhibited by impurities in the com-
posite, although their effect should be minimal given
the solubilities of these impurities at room temper-
ature are small [5]. The internal or residual stresses
developed in the composite by the thermal expansion
mismatch would also favour a relatively random dis-
tribution of dislocations. Dislocations punched out
from the Al/Al,O, interface due to the thermal ex-
pansion coefficient mismatch would tend to be dis-
tributed rather randomiy to screen the internal
stresses [6]. However, because the number and the
volume fraction of Al,O; particles are not large, there
is still some tendency for the formation of tangles and
loosely knit cells in the composite matrix away from
Al/Al,O; interfaces.

The observation of a random distribution of disloc-
ations at high strain rates or low temperatures is in
sharp contrast to those in pure copper or aluminium
deformed at high rates [11, 12]. Dislocation cells were
usually observed in pure copper and aluminium defor-
med at high rates [ 13, 14]. The more random distribu-
tion of dislocations at high strain rates or low temper-
atures indicates that dislocation rearrangement and
recovery is difficult in the composite at high strain
rates. The higher flow stress at 77 K and a low strain

rate (¢ = 10735~ !) than that at room temperature
and a high strain rate (see Fig. 3) suggests that the
thermally activated rearrangement and the recovery of
dislocations are more difficult at 77 K.

In this study, quantitative measurements of the
macroscopic dislocation density were not made owing
to the gradient in the dislocation density adjacent to
Al,O; particles and the influence of the Al,O; particle
spacing on the local dislocation density. However,
TEM observations consistently showed that although
the dislocation density increases throughout the ma-
trix after deformation, the increase of the dislocation
density is much more pronounced in the matrix away
from the Al/Al,O; interfaces than in the near interface
regions (see Figs 2, 5-7). This observation seems
reasonable, because most of the applied strain would
be accommodated primarily by deformation of the
soft matrix region away from the more heavily dislo-
cated interfacial regions. This further explains why the
strain hardening and deformation behaviour is prim-
arily controlled by the matrix microstructure. Con-
sistent with this, Hong et al. [4] recently observed that
the hardening behaviour of underaged and overaged
Al-Zn-Mg-Cu alloy-matrix composites was not sig-
nificantly changed by the ceramic reinforcement.

5. Conclusions

On the basis of the present investigation of the
dynamic deformation behaviour of a commercially
pure aluminium-matrix composite, the following con-
clusions can be drawn.

1. The rapid increase of the flow stress at high
strain rates in 1060 Al/Al,O, composites suggests that
microstructural damage in the interface or particle
cracking is negligible in compression at high strain
rates.

2. The higher dislocation accumulation rate com-
bined with the increasing strength of dislocation bar-
riers increases hardening rates at high strain rates or
low temperatures.

3. The interfaces are well bonded even after high-
rate deformation in the composites of the present
study. MgAlL, O, particles observed at the Al/Al,O,
interfaces in the composites are thought to improve
the interface strength.

4. Unlike in pure aluminium, well-developed cell
structures were not observed in the deformed 1060
Al/Al,O; composites. The absence of the well-
developed cell structure is thought to result from a
more homogeneous slip distribution in the composite
deformed in compression.

5. A more random distribution of dislocations at
high strain rates or low temperatures indicates that
dislocation rearrangement and recovery are difficult
during these loading conditions.
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