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ABSTRACT: The static and dynamic transverse shear strength of a unidirectional carbon
fiber reinforced cast aluminum alloy matrix composite (C;/A356.0) and aluminum alloy
were studied with Instron-1195 testing machine and a split Hopkinson pressure bar, respec-
tively. The results indicate that the transverse shear strength of the composite is about half
that of the aluminum matrix. Both the composite and the matrix show almost the same rate
effect, namely a slight increase in the shear strength with increasing strain rate. This may
be an indication that the rate effect of the unidirectional Cy/A356.0 composite is mainly
controlled by the A356.0 aluminum alloy matrix. Moreover, the shear failure mechanisms
of the composite are discussed.

KEY WORDS: metal matrix composites, shear strength, high strain rate.

1. INTRODUCTION

HE FEASIBILITY OF using fiber reinforced composites for wide applications in

engineering design in preference to conventional metallic materials has re-
ceived considerable attention during the past few years. A dominant mechanical
feature of the unidirectional fiber composites is their anisotropy, the longitudinal
tensile strength being much greater than other tensile strengths and shear strength.
An important consequence of this anisotropy is that an accurate evaluation of the
shear strength becomes significant.

* Author to whom correspondence should be addressed. Present address: Department of Mechanics, Peking Univer-
sity, Beijing 100871, China.
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In the last decade there have been several attempts to study shear response
and fracture behavior of fiber reinforced polymer matrix composites
(FRMMCs) at high strain rates by split Hopkinson bar technique with a variety
of shear loadings and specimen geometries, Parry & Harding [1], Chiem & Liu
[2] and Leber & Lifshitz [3]. A significant increase in shear strength with
strain rates was observed with split Hopkinson torsional bars (SHTB) for both
woven and cross-ply glass/epoxy composites. Moreover, there have also been
attempts to use the split Hopkinson pressure bar (SHPB) for the study of shear
strength of FRPMCs. Werner & Dharan [4] performed a test based upon short-
beam shear of SHPB to investigate the interlaminar and transverse shear
strength of a plain-wave carbon/epoxy laminates. The results showed no sig-
nificant effect of strain rate. Bouetle et al [5] studied unidirectional carbon/ep-
oxy composite with a double-notched specimen. Recently, Harding et al [6-7]
suggested a double-lap and a single-lap shear specimen consecutively, to de-
termine the shear strength of composite laminates.

Although a great progress has been made in the investigation of the dynamic
shear strength of FRPMCs at high strain rates, very little attention has been
paid to the ability of unidirectional fiber composites to resist to transverse
shear failure and its rate effects. Furthermore, almost all studies were focused
on FRPMCs. However, with increasing use of fiber reinforced metal matrix
composites (FRMMCs) in engineering, to study the transverse shear strength
of unidirectional FRMMCs and its rate effects become more and more impor-
tant.

In this paper, the transverse shear strength of unidirectional C;/A356.0 compos-
ite and A356.0 aluminum alloy under static and dynamic loadings were measured.
The ability of unidirectional C;/A356.0 composite to resist transverse shear failure
and its rate effects were examined.

2. EXPERIMENTAL DETAIL
2.1 Materials

The unidirectional C;/A356.0 composite and the A356.0 aluminum alloy
were fabricated by the method of pressure infiltration casting under the same
fabrication condition described as the following. The method and equipment
used for pressure infiltration casting allow for inexpensive development and
production of the composite materials. The set-up adopted in the present study
is shown schematically in Figure 1. In brief, a block of A356.0 aluminum alloy
was placed in a crucible and the pre-form of the unidirectionally aligned carbon
fibers was then placed on the top of the block. The crucible was loaded into a
furnace in a pressure chamber and melted under a vacuum. Aluminum liquid
flowed around the pre-form, isolating the vacuum in the pre-form. Then the
vessel was pressurized, forcing liquid into the pre-form. At last, the set-up
cooled to the designed temperature (500°C ) took the casting sample out. In our
study, the casting sample is square bar with cross section 18 mm X 18mm. The
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Figure 1. Pressure infiltration casting set-up.

fibers are aligned unidirectionally parallel to the central line of the bar, the fi-
ber volume fraction is 50%. The microstructures of the unidirectional C;
/A356.0 composite are shown in Figure 2, which demonstrate that the carbon
fibers are distributed uniformly and no obvious defects can be found in the in-
terfaces between the fibers and the matrix. The nominal properties of the fiber
and the matrix for the as-received composite are given in Table 1.

2.2 Specimen Geometry

Rectangular thin plate specimens, in which carbon fibers were uinidirectionally
aligned in the direction parallel to the longer sides, were used in the present study.
The specimens, with dimensions: L X B X H=13 X 2 X 3 mm (Figure 3), were
machined by the method of the electrical discharge cutting. In order to produce
shear zones in the specimens, a stepped cylindrical head and a tubular support
were used in the tests. The shape and dimensions of the head and the support are

Table 1. Nominal properties of fiber and matrix.

Fiber Matrix
Type T-300 A356.0 aluminum alloy
7.0 Si-0.35 Mg-0.10 Ti
Diameter (zm) 7 —
Tensile strength (MPa) 3500 182
Tensile modulus (GPa) 235 80
Density (Mg/m®) 1.76 2.72
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Figure 2. SEM micrographs of C/A356.0 composite microstructure.
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Figure 4. Schematic description of the impact head and the impact support.
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given in Figure 4. To avoid the deflection of the specimen, a notch,0.5 mm deep
was cut on the support.

2.3 Static Tests

Static transverse shear tests were performed in an Instron testing machine. The
cross head speed was of 2mm/min. The experimental arrangement is shown in
Figure 5. In order to obtain accurate results , special attention was paid to the align-
ment of the head and the support during the testing. This is to make the two side
clearances between the head and the support equal.

Because the width of the specimens is thin (~2 mm), the shear strength of the
specimen can be calculated by

T, = P )
® " 2HB

where Pn.q is the compression failure load, H and B are height and width of the
specimen respectively (shown in Figure 3).

& P

Instron Cross Head
Impact Head
| /—_—__
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| |

1 1
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Figure 5. Schematic description of static shear test system arrangement.

Downloaded from jem.sagepub.com at University Town of Library of ShenZhen on November 18, 2013


http://jcm.sagepub.com/
http://jcm.sagepub.com/

L. H. DAIAND Y. L. Bal

252

‘we)shs buipioosal pue smesedde Jeq uosudoH Jiids ey} jo weibeip onewsyss "9 ainbid

adoasoqso ade101g

doig-pug @
voddng pedwy. \

1amduio)
EISIg  ¥604-19[09IN
aguen umeng
—
smureuipadug _ tonmon ;
\\- |,
\x.ﬂ -8 I T
H o — |
Ieq JO-ySnoryy

133uy] kg IS

b

B 7"

g mdno I..|||\

uawnadg

Downloaded from jem.sagepub.com at University Town of Library of ShenZhen on November 18, 2013


http://jcm.sagepub.com/
http://jcm.sagepub.com/

Transverse Shear Strength of Unidirectional Carbon Fiber 253
2.4 Dynamic Tests

Tests at high strain rates (~10° /s) were performed with a modified split Hop-
kinson pressure bar apparatus, which is shown schematically in Figure 6. The
pressure bars are made of high strength steel, 13 mm in diameter and 1m in
length. A specimen was sandwiched between the stepped cylindrical head and
the tubular support (shown in Figure 4). Then the whole assembly was sand-
wiched between the input and the output bars. An end-stop box atthe end ofthe
bar is used to absorb the residual axial momentum of the bars. The fibers in the
specimen are unidirectionally aligned in the direction perpendicular to the
loading direction.

The pressure pulse for each test was initiated by axial impact from the striker
bar, which was accelerated to the desired impact velocity by compressed air. The
striker bar, 0.3 m in length and 13 mm in diameter, is made of the same material as
the pressure bars. This manner of loading produces a pressure pulse in the input
bar with constant amplitude proportional to the impact velocity of the striker.
Wave propagation effects in the specimen are ignored because the loading pulse is
very long compared to the specimen length. To record the loading pulse, two pairs
of strain gages were bonded at the mid span of the input and output bars respec-
tively, which were parallel to the axis. In order to eliminate the bending wave ef-
fects and amplify the pulse signal, two strain gages in each pair were mounted on
the opposite sides of the pressure bars and connected in series.

When the striker hits the input bar, a compressive pulse is produced, then propa-
gates through the stepped cylindrical head, the specimen, the tubular support, and
finally reaches the output bar. According the theory of one-dimensional elastic
wave, the instantaneous stresses in the input and output bars can be expressed re-
spectively as follows

0,=p,Cl(e;, +¢,) )

or = poCot, ®

where po and C, are the density and the longitudinal stress wave speed of the pres-
sure bars, ¢, €, and &, are incident, reflected and transmitted strain pulses respec-
tively, which are recorded by the strain gages on both input and output bars.

In the light of the theory of one-dimensional elastic stress wave traveling
through a bar with variational section, the stresses in the head and support are as
follows

o0 = 24 _ g,
T 4, + 4L

C)
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A, + A
0r = oo
T

(%)

where Ao, A,° ,and A}’ are the cross section areas of the pressure bars, the head and
the support respectively.

According to the equality of the forces acted on the two sides of the specimen,
one can derive [8]

24, A4°
0] = ——"4—o0, (6)
(4, + A4, )A;
¢ Ay + 47
of =" 4, N

24§

where o} and A} are the stress and the cross section area of the input side of the
specimen (the side contacted with the head), while 0 and A’ are the corre-
sponding values of the output side of the specimen (the side contacted with the
support).

Actually, shear takes place within the two thin layers of the thickness (d,—d)/2
(shown in Figure 6), here dand d, are the diameter of the head and the inner diame-
ter of the tubular support respectively. According to the force balance in the speci-
men, on the input side of the specimen,

T, - 2HB = 0} A} 8)

while on the output side of the specimen
T, 2HB = 0} A} 9)
Substitution of Equations (6) and (7) into (8) and (9) respectively and the equal-

ity of the shear stress in the specimen: 7, =7, =1, lead to the average shear stress in
the specimen as follows

Aoy Co(e, +¢,) (10)
rT=———————— €. &
(A0+A,°)HBP° o
or
A, + A R
T= -EB—POCO& an

In our tests, the values calculated from Equations (10) and (11) are approximately
equal, so Equation (11) was used to determine the shear strength.
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3. RESULTS AND DISCUSSIONS

The static and dynamic transverse shear strength of both A356.0 aluminum al-
loy and unidirectional C;/A356.0 composite are given in Table 2.

The most noticeable experimental result is that both the static and dynamic
transverse shear strength of the C;/A356.0 composite is much lower than that of
the unreinforced matrix-A356.0 aluminum alloy. This implies that the unidirec-
tionally aligned carbon fiber reinforced A356.0 composite is prone to transverse
shear failure in our present experimental conditions.

It is well known that the failure of fiber reinforced composites usually results
from nucleation and extension of internal microdamage. These are closely related
to the micromechanical stress state of the composite. Some theoretical results
demonstrate that the internal stress distribution of the unidirectional fiber compos-
ites subjected to a shear loading is nonuniform and very high stresses are concen-
trated on the interfaces [9-11]. Recently, more complete micromechanical stress
analysis shows that very high stress concentrations exist in both interfaces and
neighboring regions in the matrix for high density unidirectional fiber composites
under shear loading [8]. This high stress concentration may induce interface
debonding and matrix cracking before fiber fracture occurs. Microscopic observa-
tions of the fracture surfaces of the C;/A356.0 composite both at static and impact
loading with Scanning Electronic Microscope (SEM) verify the aftermentioned
statement (Figure 7). In Figure 7, a vast amount of microdamage-interface
debonding, cracks in matrix, and fiber pulled-out can be found. The nucleation,
extension and coalescence of this microdamage, no doubt, deteriorate the ability
of the fibers to bear loading and induces low transverse shear strength of the unidi-
rectional C;/A356.0 composite.

From the experimental results shown in Table 2, there is a slight strain rate
effect on the shear strength of both A356.0 aluminum alloy and unidirectional
C;/A356.0 composite. The increments in the shear strength are 15 and 23 per-
centrespectively. This is due to the difference of the plastic deformation in the
matrix between the static and dynamic shearing cases [12]. Actually, from Fig-
ure 7 one can find the density of the cracks in the matrix on the dynamic shear
failure surface of the composite is much lower than that on the static shear fail-
ure surface. In a dynamic case, the plastic flow was constrained owing to the
very short duration of loading, which finally leads to higher shear strength than
that of the static case. But the small difference ofthe strain rate effects between

Table 2. Transverse shear strength of A356.0 Al alloy and unidirectional

C,/A356.0 composite.
Static Shear Dynamic Shear (=8 —zi)r}
Materials Strength 7§ (MPa) Strength 7 (MPa) (%)
A356.0 Al alloy 107 = 2 123+ 3 15

C; /A356.0 52+3 645 23
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Figure 7. SEM micrographs of fracture surfaces of C; /A356.0 composite.
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these two materials indicates that the strain rate effect of the unidirectional C
/A356.0 composite is mainly controlled by the matrix. Theoretical results also
support this point [13].

4. CONCLUSION

In conclusion, the static and dynamic transverse shear strength of both A356.0
aluminum alloy and unidirectional C;/A356.0 composite were investigated by
making use of an Instron testing machine and a modified split Hopkinson pressure
bar. The results demonstrate that the transverse shear strength of the unidirectional
C;/A356.0 composite is much lower than that of the unreinforced matrix-A356.0
cast aluminum alloy. This is mainly due to the nucleation, extension and coales-
cence of the internal microdamage—interface debonding, cracks in the matrix
etc., induced by the high stress concentrations in the interfaces and the matrix.
This means that the unidirectionally aligned carbon fibers make no contribution to
the ability of the unidirectional C;/A356.0 composite to resist transverse shear
failure. The results also show that the strain rate effect of the composite is mainly
controlled by the matrix.
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