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Abstract

In this paper, the dynamic shear strength of a unidirec-

tional C/A356.0 composite and A356.0 alloy, respec-

tively, are measured with a split Hopkinson torsional bar

(SHTB) technique. The results indicate that the carbon

®bers make very little contribution to the enhancement of

the shear strength of the matrix material. The micro-

scopic inspections on the fracture surface of the composite

show a multi-scale zigzag feature. This implies that there

is a complicated shear failure mechanism in the unidirec-

tional carbon/aluminum composite. # 1998 Elsevier Sci-

ence Ltd. All rights reserved
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1 INTRODUCTION

Shear strength and failure mechanism are two of the

most signi®cant problems for ®ber-reinforced compo-

sites. With increasing applications and development of

®ber-reinforced metal-matrix composites (MMCs) in

aerospace, high-speed trains, and automotive industries,

the understanding of shear behaviours of MMCs

becomes more and more important.

In the past decade, there have been several attempts

to study the dynamic shear response and fracture beha-

viour of ®ber-reinforced polymer-matrix composites

(FRPs) by split Hopkinson bar technique with a variety

of shear loadings and specimen geometries. Among

them, the use of the split Hopkinson torsional bar

(SHTB) for the study of the dynamic shear behaviours

of FRPs seems to be the most e�ective approach. The

®rst two attempts to use SHTB were made by Parry and

Harding1 and Chiem and Liu,2 in which the short thin-

walled and cuboid specimens were adopted, respec-

tively. A very signi®cant increase in shear strength with

respect to strain rates was observed for both woven and

cross-ply glass/epoxy composite specimens. More

recently, the SHTB was also used by Leber and Lifshitz3

to investigate the shear response of plain-weave ®ber-

reinforced laminates, in which thin-walled tubular spe-

cimens with a large aspect ratio were used. Their results

showed that the material exhibits high sensitivity to

loading rates.

There were other e�orts to use the split Hopkinson

pressure bar (SHPB) for the study of the shear strength

of FRPs. In 1986, Werner and Dharan4 performed a

test based upon the short-beam shear of SHPB to

investigate the interlaminar and the transverse shear

strength of plain-weave carbon/epoxy laminates. Their

results showed no signi®cant e�ect from strain rate.

Bouette et al.5 used a double-notched specimen of uni-

directional carbon/epoxy composite. They also con-

ducted a ®nite-element stress analysis and found large

shear stress concentrations at the notch area. In addi-

tion, Harding et al.6,7 suggested a double-lap and a sin-

gle-lap shear specimen consecutively to determine the

interlaminar shear strength of composite laminates.

Although great progress has been made in the inves-

tigation of the dynamic shear strength of FRPs at high

strain rates, very little attention has been paid to that of

MMCs. The present work is an attempt to characterize

the dynamic shear strength of unidirectional carbon/

aluminum composite. The experiments were conducted

for both a unidirectional carbon-®ber reinforced A356.0

aluminum-matrix composite (C/A356.0) and A356.0

aluminum alloy with a modi®ed split Hopkinson tor-

sional bar. The dynamic shear strengths of the two

materials were obtained and compared. The fracture

surfaces of the C/A356.0 composite specimens were

inspected with a scanning electronic microscope

(SEM) and an interesting multi-scale zigzag feature was

identi®ed.
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2 EXPERIMENTAL INVESTIGATION

2.1 Specimen preparation

The unidirectional C/A356.0 composite and A356.0

aluminum alloy were fabricated by pressure-in®ltration

casting (PIC) under the same conditions. This method

allows inexpensive development and production of

composite materials, and has found wide applications.

In the literature, there are three di�erent con®gurations

for the PIC process, namely, top-®lled, top-poured, and

bottom-®lled casting. In the present study, the last con-

®guration was adopted. The schematic diagram for this

fabrication process is shown in Fig. 1. In brief, a block

of A356.0 aluminum was placed in a crucible which

resides in a melting furnace inside a pressure chamber.

A bundle of unidirectional carbon ®ber pre-form was

inserted into a quartz tube which is above the crucible.

The crucible was heated in vacuum to prevent the metal

from oxidation. Once the aluminum block was melted,

the crucible was lifted up to immerse the carbon-®ber

pre-form. Then the chamber was pressurized to enhance

the in®ltration of liquid metal into the carbon ®bers. At

last, the furnace was cooled down to a designated tem-

perature and an MMC rod by PIC was formed. In this

study, the cast specimen was a cylindrical bar with dia-

meter of 22mm. The carbon ®bers were aligned along

the longitudinal direction of the bar. The ®ber volume

fraction was 50%. For the fabrication of A356.0 alumi-

num alloy specimens, all procedures remained the same

as above except that there was no ®ber pre-form. The

microstructure of the unidirectional C/A356.0 compo-

site is shown in Fig. 2. The nominal properties of the

®ber and matrix alloy are listed in Table 1.

Both C/A356.0 composite and A356.0 aluminum

alloy in the present investigation were short thin-walled

tubular specimens. The gauge length and thickness of

specimen ranged within 1.9±2.1mm and 0.5±0.7mm,

respectively. The ®bers were aligned with the direction

of the torsional axis. The characteristic dimensions of

specimen are given in Fig. 3.

2.2 Testing procedures

A schematic diagram of the split Hopkinson torsional

bar (SHTB) used in the present study is shown in Fig. 4.

Since the SHTB has many advantages over other appa-

ratus, it is widely used to characterize the shear beha-

viour of materials subjected to high strain rates.8

Fig. 1. Schematic diagram for pressure-in®ltration casting.

Fig. 2. SEM Micrographs of C/A356.0 composite: (a) cross-
section view from the ®ber direction; (b) cross-section view

from the transverse direction.

Table 1. Nominal properties of ®ber and matrix of the C/
A356.0 composite

Fiber Matrix

Type T-300 A356.0 Al
(7.0Si±0.35 Mg±0.1Ti)

Diameter 7�m
Tensile strength 3500MPa 182MPa
Tensile modulus 235GPa 80GPa
Density 1.76 g cmÿ3 2.72 g cmÿ2
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In the experiment, the short thin-walled tubular spe-

cimen was sandwiched between the input and output

bars which have a diameter of 25 mm. At ®rst, a

hydraulic pump was actuated to twist the front portion

of the input bar in order to store torsional energy

between the rotating head and the clamp. The twisting

torque was monitored by a static shear strain gauge as

shown in Fig. 4. As the clamp was abruptly released, a

torsional impulse propagated through the input bar and

loaded the specimen. At the interface, part of the tor-

sional wave re¯ected back to the input bar and the

remaining energy was transmitted into the output bar

via the specimen. According to the elastic properties of

the bars and the recorded wave forms, the dynamic

shear stress-strain in the specimen can be determined.

The incident, re¯ected, and transmitted pulses were

measured by two sets of 90� rosette strain gauges

mounted on the input and output bars, respectively. The

signals from the input and output bars were conditioned

by dynamic strain ampli®ers and a Nicolet-4094 digital

oscilloscope was used for data acquisition. Therefore,

the shear stress, shear strain rate, and shear strain can

be calculated according to the wave forms of the inci-

dent torque, Mi, and the re¯ected torque, Mr measured

by the gauges on the input bar and the transmitted tor-

que, Mt measured by the gauges on the output bar as

follows:8
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Where ls, rs, � are the gauge length, mean radius, and

thickness of the specimen, respectively. In addition, C0,

Jb, Gb are the elastic wave speed, the polar moment of

inertia, and shear modulus of the bars, respectively.

3 RESULTS AND DISCUSSION

A series of torsional impact tests ( _ � 102 � 103 l=s)

were conducted with the SHTB for both unidirectional

C/A356.0 composite and A356.0 aluminum alloy.

Figures 5 and 6 present typical oscilloscope signals from

the tests on the composite and the matrix alloy, respec-

tively. In each ®gure, the top trace gives the incident and

re¯ected strain pulses while the bottom trace gives the

transmitted strain pulse. The dynamic shear strength

is de®ned as the shear stress corresponding to the

peak point in the transmitted wave. This value can

be obtained from eqn (1) with maximum Mt from

Fig. 4. Schematic diagram for the split hopkinson torsional bar testing system.

Fig. 3. Dimensions of the thin-walled tubular specimen
(ls � 2mm, ro � 5�6mm, ri � 5mm, R � 10mm).
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measurement. The average dynamic shear strength for

the composite and the matrix, respectively, are given in

Table 2. The typical shear stress/strain relation for both

kinds of specimens are shown in Figs 7 and 8. The

results show that the dynamic shear strength of the

unidirectional C/A356.0 composite is almost the same

as that of the matrix alloy. This indicates that the cur-

rent carbon-®ber orientation which aligns with the tor-

sional loading axis does not improve the shear strength

of the matrix material e�ectively.

From the shear stress/strain relationship shown in

Figs 7 and 8, one can ®nd that the shear response of the

matrix is quite di�erent from that of the composite. The

composite shows a rather more brittle failure than the

Table 2. Dynamic shear strength

Material Shear strength (MPa) Quantity of specimen

A356.0 321�3 5
C/A356.0 329�7 5

Fig. 5. Typical digital oscilloscope signal of A356.0 aluminum
alloy under dynamic torsional loading (1ms/div for time

scale).

Fig. 6. Typical digital oscilloscope signal of C/A356.0 com-
posite under dynamic torsional loading (1ms/div for time

scale).

Fig. 8. Dynamic shear stress/strain relationship for C/A356.0
composite.

Fig. 9. Typical failure mode of C/A356.0 composite under
dynamic torsional loading.

Fig. 7. Dynamic shear stress/strain relationship for A356.0
aluminum alloy.
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pure matrix alloy. Furthermore, it is observed that the

shear failure in the composite consists of various stages

(see Fig. 8). When the shear strain reaches about 0.1, the

load-bearing capacity of the composite falls from the

maximum (�330MPa) to about 260MPa. Subsequently

the composite maintains this stress until the cata-

strophic failure occurs. It is obvious that this compli-

cated failure process is due to the interaction between

the ®bers and the matrix in the composite. A typical

failure mode of the C/A356.0 composite specimen under

dynamic torsional loading is shown in Fig. 9. Moreover,

the micrographs by scanning electronic microscopy

(SEM) are given in Figs 10 and 11 to present a multi-

scale zigzag feature at the fracture surface. This may be

due to the tensile failure at 45� to the torsional axis

direction. But the failure surface of the matrix does not

show such pattern. Therefore, this is a unique feature of

shear failure in the unidirectional C/A356.0 composite.

The multi-stage failure process and the multi-scale

zigzag fracture surface of the unidirectional C/A356.0

composite imply a complicated shear failure mechan-

ism. It is well known that the macroscopic failure of the

materials usually results from the evolution of the

nucleation, extension, and coalescence of micro-

damage. Each of these micro-mechanical processes is

determined by its corresponding stress state. Therefore,

in order to understand the shear failure mechanism of

the MMCs, a micro-mechanical approach must be

adopted to analyze the stress ®eld and the damage evo-

lution at various scales.

Fig. 10. Micrographs showing the multi-scale zigzag feature at the fracture surface (side view).
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4 CONCLUSIONS

In the present study, the dynamic shear strength of both

unidirectional C/A356.0 composite and A356.0 alumi-

num alloy were measured with a split Hopkinson tor-

sional bar apparatus. The results showed that the shear

strength of the composite is almost the same as that of

the matrix material. This implies that the current carbon

®ber orientation which aligns with the torsional loading

axis does not improve the shear strength of the matrix

e�ectively. A multi-stage shear failure process and a

multi-scale zigzag feature at the fracture surface were

identi®ed for the C/A356.0 specimens. This reveals that

there is a complicated shear failure mechanism in the

unidirectional carbon/aluminum composite under

dynamic torsional loading.
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