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We present the rate-dependent constitutive response of hierarchical Al matrix composites which comprise a bi-modal distribution
of Al in ﬁne (nanocrystalline Al containing micro-sized B4C particles) and coarse (micro-grained Al) grain regimes. The strength of
these composites is improved by various strengthening mechanisms. Shear localization is observed to be the primary failure mode.
Compared to quaistatic loading, signiﬁcant increase of strain to failure is observed at high strain rates. Varying rate-sensitivity is
observed with diﬀerent amount of B4C particles.
Ó 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Particulate-reinforced metal matrix composites
(PMMCs) have been identiﬁed as attractive materials
for numerous applications due to their excellent mechanical and physical properties, ease of manufacture, and low
cost of production. One particular application is to work
as armors or protective coatings in military or aerospace
structures where the materials are often subject to explosive blast loading and dynamic impact. In these applications, understanding the rate-dependent high-strain-rate
behavior of PMMCs is important.
A conventional PMMC usually contains two-phases:
hard ceramic particles as the reinforcement and a ductile
metal as the matrix. The reinforcement particles provide
high stiﬀness and strength to the composite and the metal
matrix provides a compliant support for the reinforcement. The strength of PMMCs can be improved by
increasing the volume fraction of the reinforcement particles. However, damage such as particle cracking or debonding of particle/matrix interface [1] is usually
associated with deformation, and impairs the mechanical
properties of PMMCs. As a result, a practical limit of the
reinforcement volume fraction exists in fabricating
PMMCs. Another approach to improve the strength of
PMMCs is to increase the strength of the matrix. Various
methods have been used and possibly the most common
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one is to decrease the grain size [2]. In this material
strengthening mechanism the increased volume of grain
boundaries act as obstacles to dislocation glide. However,
increase in strength of materials with decreased grain size
is usually accompanied by a sacriﬁce of ductility, which
limits the use of this approach [3–5]. Recently, it is found
by creating a bi-modal structure of nanoscale grains and
microscale grains, the ductility in nanocrystalline metals
can be signiﬁcantly increased [6–8].
In this paper, we investigated the compressive constitutive response and failure of three tri-modal composites
(composed of micron-grain-sized (MG) Al, nanocrystalline (NC) Al, and micron-sized B4C particles) at both
quasistatic and dynamic strain rates. In dynamic loading, high-speed photography is used to reveal the dynamic failure of these tri-modal composites. This work
is an extension to high strain rates of our ﬁndings on
the super-high strength of similar tri-modal composites
under quasistatic loading [9].
These tri-modal composites were produced from a
two-step powder mixing (cryomilling and subsequent
blending) and hot extrusion process [9] and are designated TM5-20, TM5-45, and TM10-40 (the naming convention is TM-weight%B4C-weight%NC-Al). Figure 1
presents micrographs showing the overall microstructures of these composites in both extrusion and transverse directions. In these micrographs, the white
regions are MG Al particles; the gray regions are NC
Al with black B4C particles distributed in it. The micrographs in Figure 1 indicate uniform microstructures
of these tri-modal composites. TEM investigation,
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Figure 1. Optical micrographs of: TM5-20 in (a) extrusion direction
and (b) transverse direction; TM5-45 in (c) extrusion direction and (d)
transverse direction; and TM10-40 in (e) extrusion direction, and (f)
transverse direction.

reported elsewhere [9], revealed a clean interface between B4C particles and NC Al, and high temperature
phases were not detected in the interface. The microstructures shown in Figure 1 impart an inherent anisotropy of properties to these composites. In the following
text, all of the material properties are those measured
along the extrusion direction.
Quasistatic compression tests were performed on a
servo-hydraulic MTS machine. Transducer signals of
load were obtained using a load cell and the cross-head
displacement was measured using a linear variable differential transformer system. Strains were computed
from the cross-head displacement after correcting for
machine compliance. True stress–strain curves are obtained over a strain rate range of 104–102 s1. Cylindrical specimens with diameter of 5 mm and length-todiameter ratio of 2 were cut using a wire EDM. The
specimens were lapped with a precision lapping ﬁxture
to obtain parallel end surfaces (<5 lm over the diameter). In the test setup, interfaces between the specimen
and the compression platens were lubricated with a mixture of grease and solid MoS2 powder in order to reduce
friction.
The compression Kolsky bar (or split-Hopkinson pressure bar) [10] was used to obtain the high strain rate compressive response of the materials over a strain rate range
of 103–104 s1. The specimens were 5 mm in diameter and
0.6 in length-to-diameter ratio in accordance with standard practice for metallic specimens in Kolsky bar technique. The interfaces between the specimen and bars are
adequately lubricated as in quasistatic tests. A digital
high-speed camera (DRS Hadland Ultra 8) capable of
recording eight frames at 108 frames per second was
synchronized with the Kolsky bar system to record the
deformation and failure of the specimens under dynamic
loading. Rectangular specimens (4  4  2.75 mm,
square cross-section), with one peripheral surface polished to mirror ﬁnish, were used in tests with the highspeed camera.
Figure 2a presents the compressive true stress–strain
curves of these tri-modal composites under quasistatic
strain rates of 104–102 s1. The true stress–strain
curve of the conventional 5083-Al (MG-Al5083, H131
work hardened) [11] is also given for comparison. A
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Figure 2. Stress–strain curves of the tri-modal composites under strain
rates of (a) 104–102 s1 and (b) 3000–10000 s1; the stress–strain
curve of the conventional MG 5083-Al is also given. The high-strainrate curves are obtained from compression Kolsky bar tests. The
oscillation in the curves is from dispersion when waves propagate in
the testing apparatus and does not represent the material property.

summary of the apparent yield strength of the composites and the MG-Al5083 is given in Table 1. All of the
composites exhibit higher ﬂow strength than the MGAl5083, and among them, the composite TM10-40 has
the highest strength (928 MPa) and TM5-20 the lowest
(385 MPa). TM5-20 and TM5-45 exhibit failure strains
of 0.3. The increase of B4C volume fraction from
TM5-45 to TM10-40 signiﬁcantly increases the overall
strength from 516 to 928 MPa, but the failure strain decreases dramatically from 0.25 to 0.05. TM5-20 and
TM5-45 exhibit some strain hardening for strains less
than 0.1, like the conventional 5083-Al; while the composite TM10-40 shows only softening after the apparent
yielding. The strain hardening exponents N ¼ log r=
log e of these composites at the strain rate of
104 s1(given in Table 1) show a decreasing trend in
the order of MG-Al5083, TM5-20, and TM5-45. Strain
hardening behavior is aﬀected by damage evolution in
metal matrix composites [1]. In these tri-modal composites, it is likely that the damage is mainly associated with
NC Al and B4C particles. TM5-20 appears a negative
rate-sensitivity at these low strain rates, which is a manifestation of dynamic strain aging (DSA) in solution
hardened aluminum alloys [12], while TM5-45 and
TM10-40 do not exhibit obvious rate-dependence at
these rates.
Table 1. Material properties

a

Composite

Theoretical Elastic
Yield
N
density
modulusa strength
(g/cm3)
(GPa)
(MPa)

e_ 0
(s1)

m

MG 5083-Al
TM5-20
TM5-45
TM10-40

2.70
2.69
2.69
2.68

–
2.61  107
2.61  107
–

–
0.31
0.31
–

70
90
90
110

273
385
516
928

0.18
0.13
0.05
–

Calculated from the rule of mixture theory [15].
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In quasistatic tests, all specimens failed in shear with
a single ﬂat surface oriented at an angle approximately
45 degrees to the compression axis (Fig. 3a). A micrograph showing the fracture surface of TM10-40 is given
in Figure 3d, where the signiﬁcant shear of the material
is evident. Such shear failure has not been observed in
conventional Al5083 and indicates a relative brittle feature of these tri-modal composites. However, compared
to composites containing only NC Al5083 and B4C particles that fail barely in the elastic region [5], the tri-modal composites show an improved and controllable
ductility as a result of the adding of the MG phase.
Figure 2b shows true stress–strain curves of TM5-20,
TM5-45, and TM10-40 composites at strain rates of
about 3000, 6000, and 104 s1. Under high-strain-rate
loading, these composites exhibit similar strengths as
those observed under quasistatic loading. However,
the ﬂow behaviors are markedly diﬀerent from those under quasistatic loading, especially for TM10-40. Failure
strains (not shown in Fig. 2b) larger than 0.2 are observed in high strain rate compression tests compared
to those of 0.05 in quasistatic compression tests.
Figure 3b and c show specimens of the composite
TM10-40 after compression test at strain rates of about
3000 s1 and 104 s1, respectively [13]. In the former
one, several major cracks were developed and oriented
45 degrees to the compression axis. These major cracks
result in the ﬁnal failure of the specimen. The failure
strain is measured from the intact circular proﬁle of
one side of the specimen (reverse side of that shown in
Fig. 3b) and is 0.31, much higher than that observed
in the quasistatic test. Interestingly, the test at 104 s1
does not show any major crack, even though it experienced a much larger total strain (0.56). Instead, a large
number of micro-cracks are apparent on the specimen
surface. A rate-dependent damage process in these trimodal composites is therefore indicated: under low
strain rate deformation, single or several major cracks
develop to catastrophic failure of the specimen; under
high strain rate deformation, micro-cracks develop and
unload their neighborhood independently with less time
to fully communicate with each other so as to delay or
suppress the catastrophic failure of the specimen. In this

composite system, the MG Al is the most ductile phase
and plays signiﬁcant role in this mechanism to work as
cushion between the brittle regions of mixed NG Al
and B4C particles and mitigate the eﬀects of damaging.
Under high rate of loading, numerous micro-cracks
nucleate in broad regions containing NG Al and B4C
particles. These micro-cracks are likely to be stopped
or arrested by the intensiﬁed plastic deformation in
MG Al. Some evidence of this mechanism can be found
in Figure 3e, where an optical micrograph of cracks in a
TM10-40 specimen after dynamic test is presented. Two
micro-cracks, mostly residing in the mixing phase of NC
Al and B4C, are clearly stopped at the MG Al phase.
Shear localization is found to be the main failure
mode of this composite under high strain rate loading
through high-speed photography. A stress–strain curve
of a rectangular TM10-40 specimen loaded under high
strain rate of 4000 s1 is given in Figure 4, where the insets show snap-shots from a high-speed movie of the
specimen in course of deformation. Compared to specimens with circular cross-section under same strain rate
loading (Fig. 2), a smaller strain to failure of 0.18 is observed due to the geometry eﬀect of the specimen. The
inset images (a)–(e) correspond to strain levels of 0,
0.11, 0.16, 0.21, and 0.3, respectively. Inset a) shows
the intact specimen before arrival of the compressive
wave. The specimen experienced a homogeneous deformation until the strain corresponding to inset (c) where
multiple shear bands start to develop. Accordingly, the
stress–strain curve starts to drop and reaches a minimum value in a strain level corresponding to inset (e)
where shear bands are apparent. Note the later increase
of the stress after the stress drop in the stress-strain
curve is due to the constraints from the bar ends to
the failed specimen, and does not represent the real compressive property of the material.
The inﬂuence of strain rate on the material behavior
is shown in Figure 5. In this ﬁgure, the DSA of the composite TM5-20 and the rate-insensitivity of the composites TM5-45 and TM10-40 in the quasistatic strain rate
range are obvious. Two trends in the rate-sensitivity of
these composites are clear in the high strain rate region.
First, TM5-20 and TM5-45 exhibit apparent strain rate
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Figure 3. Deformation and failure of TM10-40 specimens after (a)
quasistatic loading; dynamic loading at strain rate of (b) 3000 s1 and
(c) 105 s1; (d) SEM micrograph showing the fracture surface of (a); (e)
Optical micrograph showing micro-cracks of (c). In (e), two microcracks have initiated and developed in the brittle phase of NC Al and
B4C (gray region with dark spots) and were stopped by MG Al (light
phase).

1141

1200
-1

b

800

Strain Rate: ~4000 s

c
d

400
e
0a
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

True Strain, ε

Figure 4. Stress–strain curve of a rectangular TM10-40 specimen
dynamically loaded at a strain rate of 4000 s1. Insets (a)–(e) are
snap-shots from high-speed photography, showing the deformation of
the specimen at strain levels of 0, 0.11, 0.16, 0.21, and 0.30,
respectively. Developing of multiple shear bands, starting from inset
(c), contributes to failure of the specimen shown by the steep dropping
of the ﬂow stress.
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hardening when strain rate increases from the quasistatic range to dynamic range. Second, TM10-40 exhibits no
rate-sensitivity to this strain rate change. For metal/
ceramic composites, rate-sensitivity is considered to be
mainly from their ductile matrices, where dislocation
motion is rate-sensitive [14]. This explains the rate-sensitivity observed in TM5-20 and TM5-45 where strain rate
plays a positive eﬀect on strength. For TM10-40, however, the development of intensive damage in brittle
phases of NC Al and B4C is signiﬁcant due to the increased amount of B4C. The eﬀect of damage on material strength appears to counteract the dislocation
eﬀect on rate-sensitivity.
The strain rate hardening of these materials can be exm
pressed by a modiﬁed power law r=
rðeÞ ¼ 1 þ ð_e=_e0 Þ
ðeÞ is a reference stress–strain function, e_ 0 a
[14], where r
reference strain rate, and m is the strain rate hardening
exponent. The ﬁtted e_ 0 and m of TM5-20 and TM5-45,
using their stress–strain behavior at the strain rate of
0.01 s1 as reference, are summarized in Table 1. The
strain rate hardening exponent of TM5-20 and TM5-45
is 0.31, slightly lower than the value 0.45 of some twophase Al/B4C composites [14].
These tri-modal composites exhibit highly tailorable
properties. The strength and the ductility of these composites can be adjusted by the B4C and MG Al weight
combinations. Adding MG Al eﬀectively increases ductility with some sacriﬁce in strength, as shown in
TM5-45 and TM5-20. On the other hand, increasing
the amount of B4C particles, such as from TM5-45 to
TM10-40, improves strength while still maintains a minimum ductility of TM10-40. This high tailorability is
mainly attributed to the tri-modal hierarchical microstructure. At high strain rates, ductility of these composites is further improved by a process of multiple microcrack nucleation and development in the hierarchical
microstructures; a uniform damaging takes place which
suppresses the catastrophic localized failure that occurs
in quasistatic rates. Another superior characteristic of
these tri-modal composites is their light weight and, in
turn, high speciﬁc stiﬀness and strength. The density of
these composites (Table 1) is lower than most metals
and composites, which gives these composites a broad
prospect of applications in diﬀerent environments and
loading conditions.
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Figure 5. Strain rate-sensitivity of the tri-modal composites. Stress
data are obtained at a constant strain level of 0.1 and are normalized
by their corresponding quasistatic stresses at the strain rate of 0.01 s1.

In summary, three tri-modal composites, TM5-20,
TM5-45, and TM10-40, which include three phases –
MG 5083-Al, NC 5083-Al, and B4C particles, have been
tested under both quasistatic and high strain rates in
compression. Their constitutive behavior strongly depends on their phase weight combinations. The key ﬁndings of this study are:
1) The strength of these tri-modal composites is dictated
by both the amount of MG (or NC) Al and the amount
of B4C (in the reinforcing phase of NC Al and B4C),
among which the latter plays more eﬀect on strength.
2) The hierarchical structure provides failure mitigating
mechanisms to improve the material ductility; this
failure mitigating mechanism is further ampliﬁed at
high strain rates by a process including multiple
micro-crack nucleation and development, which suppresses the catastrophic localized failure seen in quasistatic rates.
3) Shear localization is found to be the primary failure
mode of these composites at both quasistatic and
dynamic strain rates. One single band develops at
quasistatic rates while multiple bands are able to
develop at higher rates.
4) The strain rate hardening at high strain rates, provided mainly by the MG Al, is inﬂuenced by damage
in the composites.
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