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Abstract

In this paper, the effect of particle size on the formation of adiabatic shear band in 2024 Al matrix composites reinforced with 15%
volume fraction of 3.5, 10 and 20 pm SiC particles was investigated by making use of split Hopkinson pressure bar (SHPB). The results have
demonstrated that the onset of adiabatic shear banding in the composites strongly depends on the particle size and adiabatic shear banding is
more readily observed in the composite reinforced with small particles than that in the composite with large particles. This size dependency
phenomenon can be characterized by the strain gradient effect. Instability analysis reveals that high strain gradient is a strong driving force for
the formation of adiabatic shear banding in particle reinforced metal matrix composites (MMCp).
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1. Introduction

Adiabatic shear banding is a commonly observed phe-
nomenon in various classes of materials deformed at high
strain rates. Usually, the formation of adiabatic shear band is
followed by macroscopic failure of materials. Therefore, an
in-depth understanding in adiabatic shear banding is of great
practical interest. During the past several decades, extensive
research activities have been made to explore the formation
and evolution of shear bands [1—10]. The primary mecha-
nism for shear bands is the thermomechanical mechanism.
Due to interaction of microstructures of materials, the initial
homogeneous pattern of plastic deformation may be broken
down into inhomogeneous one. At high strain rate of
loading, this inhomogeneous deformation will induce local
intensive heating which in turn leads to material softening
so that the localized deformation bands are finally formed.

However, the great majority of the aforementioned efforts
were focused on monolithic materials. Experimental works
have demonstrated that adiabatic shear banding not only can
be found in monolithic materials, but also can be observed in
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particle reinforced metal matrix composites (MMCp)
[11,12]. Up to now, relatively limited investigations have
been made to address the mechanisms for the formation and
development of adiabatic shear banding in MMCp. There-
fore, how to understand the effects of particle size on
adiabatic shear banding in two-phase MMCp is still open.
In view of the aforementioned observations, the effect of
reinforcing particle size on the formation of adiabatic shear
band in SiCp/2024Al matrix composites was investigated in
this paper by making use of split Hopkinson pressure bar
(SHPB). The mechanism for the size-dependent adiabatic
shear banding phenomenon in MMCp was elucidated in this

paper.

2. Experimental procedure
2.1. Materials and specimens

In the present work, MMCp have been manufactured
following a PM route: mixing, compacting, and hot extru-
sion. The aluminum alloy 2024 was chosen as the matrix,
and 15% volume fraction of 3.5, 10 and 20 um SiC particles
were used as the reinforcements. For dynamic compression
tests, specimens were machined to short cylindrical bars
with 5 mm in diameter and length. The extrusive direction is
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parallel to the compression axis. Before testing, samples
were solution heat-tested, heated at 530 °C for 55 min, then
water-quenched.

2.2. Dynamic compression testing

To study the effect of particle size on the formation of
adiabatic shear banding in SiCp/2024 Al matrix composites,
a series of dynamic compression tests at high strain rates
(~ 2000 s~ ') were performed with a split Hopkinson
pressure bar (SHPB). According to the incident, reflected,
and transmitted pulses which were measured by two sets of
strain gauges mounted on the input and output bars, respec-
tively, the average stress and strain in the specimen can be
calculated. Details of testing can be found elsewhere
[13,14]. After testing, the loaded specimens were sectioned
along the compression axis, polished and etched for micro-
scopic examination.

3. Experimental results
3.1. Stress—strain curves

Typical stress—strain curves of materials are shown in
Fig 1. One of the prominent features in these curves is
that, under the same loading condition, the flow stress of
the composites depends on the SiCp particle size: the
smaller the SiCp particles, the higher the flow stress of
composites. Among them, the composite containing 3.5
um SiC particles is of the highest flow stress and the
matrix material, 2024 Al alloy, does the lowest flow stress
under the same loading condition. We have demonstrated
in our previous works [15,16] that this size-dependent
strengthening behavior of MMCp can be characterized
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Fig 1. Dynamic compressive stress strain curves of SiCp/2024 Al
composites : (a) 3.5-um particle; (b) 10-um particle; ¢) 20-um particle.

Fig 2. Deformation patterns of SiCp/2024Al matrix composites: (a) particle
diameter 3.5 um, (b) particle diameter 10 pm, (c) particle diameter 20 pm.

by strain gradient strengthening effect. Furthermore, the
smaller the particle size, the higher the strain gradient is
introduced in the matrix and the better is the strengthening
effect.

3.2. Microscopic observations

To examine the formation of adiabatic shear band in
materials, microscopic observations for loaded specimens
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were carried out under NEOPHOT-21 light optical micro-
scope. The typical micrographs for both SiCp/2024 Al
composites are shown in Fig 2. From the micrographs, one
can find that the formation of adiabatic shear banding
depends strongly on the reinforcing particle size. In the
composite containing 3.5 pm SiC particles, the marked
localization of shear band is clearly visible (Fig. 2a).
However, under the same magnification, the microscopic
deformations in the other two composites containing 10
and 20 um SiC particles do not show clear localized shear
band (Fig. 2b and c). For example, in the composite
containing 10 um of SiC particles, localization seemed to
form but not evident, while in the composite containing 20
pum of SiC particles, no marked localized plastic flow
pattern can be found. These experimental observations
demonstrate that adiabatic shear banding can be more
readily observed in small-particle composite.

4. Analysis and discussions

To study this size dependency adiabatic shear banding
phenomenon, a strain gradient-dependent constitutive equa-
tion for MMCp was recently developed by the authors of the
present paper [16]. For the present adiabatic shear banding
problem, this strain gradient-dependent constitutive equa-
tion for MMCp can be written as:

T=Ay"7" 07 (1 + In)" (1)

where 7, 7, and 0 are the shear strain, the shear strain rate,
and the temperature, respectively, 4, n, m, A, and v are
positive empirical constants, 7 is the shear flow stress of
MMCp, v is the positive dimensionless constant, [ is the
material length, and 7 is the effective shear strain gradient
and its explicit expression can be found in our recent paper
[16]. According to the instability condition for the maxi-
mal shear stress dt/dy=0, the explicit expression for the
critical instability strain 7. is given by

1/n+1
npC U/ (r+1) 2)
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where p and C are the density and the specific heat,
respectively, and K is the so-called Taylor—Quinney coef-
ficient, usually, K=0.9. It is clearly seen from Eq. (2) that
the critical strain y. decreases as the strain gradient n
increases. This means that high strain gradient provides a
strong driving force for the formation of adiabatic shear
band.

From the aforementioned experimental observations, one
can find that the localized shear banding is more clearly
observed in the composite reinforced with the small par-
ticles than that in the composite with larger particles.
Actually, for a MMCp, the reinforcing particles deform
elastically, and the plastic deformation only occurs in the

metal matrix. Obviously, the spacing between particles is an
important geometrical parameter for controlling an inhomo-
geneous plastic deformation in the composite [17]. Accord-
ing to our previous study [15,16], this inhomogeneous
plastic deformation can be effectively characterized by the
strain gradient. Furthermore, the smaller the particle size is,
the smaller the particle spacing is and the higher the strain
gradient is in the composite if the volume fraction of the
particle is kept fixed. In a microscopic view, high strain
gradient will promote the development of the localized
plastic deformation. On the other hand, the composite with
the smallest particles is of the highest flow stress and its
dissipated plastic work is greater than other large particle
cases. This, in turn, causes a rapid increase in temperature
and produces thermal softening, promoting the onset of
adiabatic shear banding. The current simple instability
analysis is in good accordance with the aforementioned
experimental observations.

5. Conclusions

In this paper, the effect of the particle size on the
formation of adiabatic shear banding in MMCp was inves-
tigated by making use of split Hopkinson pressure bar
(SHPB). The experimental results demonstrate that the
formation of adiabatic shear banding depends strongly on
the reinforcing particle size, namely, adiabatic shear banding
is more readily found in the composite with the small
particles than that in the composites with larger particles.
Further analysis shows that high strain provides a strong
driving force for the formation of adiabatic shear banding in
MMCp.
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