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Abstract

The compressive mechanical response of an FPTM continuous fiber (35 vol.%) Mg composite has been determined in the transverse and
longitudinal directions at quasi-static and high strain rates. It was found that the composite in the transverse direction exhibited strain rate
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ensitivity of the flow stress and maximum stress within the studied strain-rate range of 1.3 × 10−4 to 1550 s−1. The failure strain in this direction,
owever, decreased with increasing strain rate. Microscopic observations on the failed samples have shown that the composite failed by shear
anding along the diagonal axis, 45◦ to the loading axis. Twinning was observed in the deformed cross-sections of the samples particularly in and
ear the shear band region. The strain rate sensitivity of the fracture stress of the composite in transverse direction is attributed to the matrix strain
ate sensitivity. In the longitudinal direction, the composite failed by kink formation at quasi-static strain rates, while kinking and splitting were
bserved at the high strain rates. The maximum stress in the longitudinal direction was, however, found to be strain rate insensitive within the strain
ate regime of 1.3 × 10−4 to 500 s−1. In this direction, similar to transverse direction, twinning was observed in the highly deformed kink region.
everal different reasons are proposed for the strain rate insensitive compressive strength in this direction.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Compared to their monolithic alloy counterparts, metal
atrix composites (MMCs) usually provide higher strength

nd modulus, enhanced high temperature strength and wear
esistance. Despite the high manufacturing costs, their outstand-
ng thermo-mechanical properties make MMCs suitable mate-
ials for aerospace, defense and automobile industries where
mproved material performance may outweigh the cost penalty.
ynamic loading response is an important design parameter,
hich is critical in severe applications where impact loading
ccurs. Under impact conditions, the strain rate in the composite
ay locally reach strain rates in excess of 1000 s−1. Therefore,

igh strain-rate mechanical response of MMCs is important in
resent and future applications in these industries.

∗ Corresponding author. Tel.: +90 232 7506595; fax: +90 232 7506505.
E-mail address: mustafaguden@iyte.edu.tr (M. Güden).

Previous studies on high strain rate deformation behavior
of MMCs mostly concentrated on particulate, short fiber and
whisker reinforced MMCs [1–7], groups of MMCs having wider
application fields. Few studies have been conducted on the high
strain-rate response of continuous fiber reinforced MMCs and
these were mainly on Al matrix composites [8–11]. Being the
lightest common structural metal, Mg can potentially provide a
high strength to weight ratio which is important in applications
where weight saving is an important design criterion. Despite the
many experimental investigations conducted to understand the
deformation behavior and mechanical properties of magnesium
metal matrix composites and unreinforced alloys at quasi-static
strain rates, the mechanical properties of Mg based MMCs and
unreinforced alloys at increasing strain rates have not been inves-
tigated as much.

Klimanek and Pötzsch [12] investigated the microstructural
evolution of pure magnesium under compression at different
strain rates between 10−3 and 500 s−1 at room temperature and
150 ◦C. Flow stress increased with decreasing temperature and
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with increasing strain rate, proving a strain rate sensitive flow
stress behavior. The mean twin size was shown to decrease only
slightly with increasing strain. The decrease in the twin vol-
ume fraction between 5 and 10% strains was explained by the
multiple twinning, which reduced the size of the twins, mak-
ing them invisible under an optical microscope. Mukai et al.
[13] investigated the effect of grain refinement on the tensile
ductility of pure Mg and a ZK60 Mg alloy under dynamic load-
ing. It was shown that the yield strength of pure magnesium
and ZK60 alloy increased with decreasing grain size at high
strain rates (1.8 × 103 s−1), similar to the quasi-static strain rate
behavior. The increase in yield strength at high strain rate as
compared with quasi-static strain rate was found to be higher
in the alloy than pure magnesium. Watanabe et al. [14] inves-
tigated the high strain rate superplasticity of ZK61 magnesium
alloys. At strain rates below 1 × 10−2 s−1 ZK61 alloy exhibited
relatively low strain hardening and the flow stress was shown
to increase with increasing strain rate. Takuda et al. [15] inves-
tigated the effect of strain rate on the deformation behavior of
an MgLiZn alloy at 0◦, 45◦, and 90◦ to the rolling direction.
It was shown that although increasing strain rate increased the
flow stress, it decreased the ductility. Mukai et al. [16] investi-
gated the effect of equal channel angular extrusion on the failure
strain of AZ31 Mg alloy at quasi-static (10−3 s−1) and high strain
(103 s−1) rates and showed that equal channel angular extrusion
more than doubled the dynamic tensile failure strain as com-
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nisms of 12%, 10 �m size SiCp reinforced Mg–5% Zn–1% Mn
magnesium alloy at quasi-static and high strain rates using a
tensional Split Hopkinson Pressure Bar (SHPB) set-up. It was
found that dynamically tested composite and unreinforced alloy
showed higher flow stresses than those of the quasi-statically
tested counterparts. In dynamic tests at room temperature, the
percentage of particles that fractured was higher than that which
underwent particle/matrix decohesion while in quasi-static test
at room temperature the percentages of broken and decohered
particles were similar.

The main objective of this experimental study is to determine
compressive mechanical properties of a long fiber reinforced
Mg MMC as function of strain rate, which has not been investi-
gated yet. The effect of strain rate on the important mechanical
properties such as flow stress and failure stress and strain was
determined. This study provides considerable new information
on the compression properties of Mg matrix long fiber MMCs
over a wide strain-rate range.

2. Experimental

The unidirectional continuous FPTM fiber 99% �-Al2O3 rein-
forced ZE41A Mg MMC plate was produced by E.I. Dupont
Co. using a molten metal vacuum infiltration technique. In this
technique, FPTM tapes were laid up with a fugitive binder in
t
p
f
w
u
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ared with direct extrusion. Ishikawa et al. [17] examined the
igh strain rate compression behavior of a solution treated AZ91
g alloy at elevated temperatures. The flow stress was shown

o increase with increasing strain rate from 10−3 to 103 s−1.
ssa et al. [18,19] investigated the damage and fracture mecha-
Fig. 1. The etched microstructure of the composite in the (a) transverse and (b)
he desired orientation and fiber volume fraction to form a fiber
reform which was then inserted into a steel casting mold. The
ugitive binder was burned away and the mold was infiltrated
ith molten metal. The composite material studied was man-
factured in the form of 12.8 mm thick plate and contained
5 vol.% fiber, determined microscopically using an image ana-
longitudinal directions and (c) EDX analysis of the grain boundary phase.
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lyzer. The matrix alloy contained 4.2% Zn, 0.7% Zr and 1.2%
Ce. Typical microstructures of the transverse and longitudinal
sections of the MMC are shown in Fig. 1(a) and (b) and exhibit
100 �m size �-Mg grains. The grains are decorated with an
Mg–Zn–Al–Ce quaternary phase determined by energy disper-
sive X-ray (EDX) analysis as depicted in Fig. 1(c). The average
fiber diameter was 20 �m.

Quasi-static and dynamic compression tests were conducted
on cylindrical core drilled specimens, 6.7 mm in diameter and
12.8 mm in length. Samples were tested in transverse and
longitudinal directions, i.e. normal and parallel to the fiber
axis. Quasi-static tests were conducted using a displacement
controlled Shimadzu AG-I universal tension-compression test
machine at cross-head speeds of 0.1, 3.2 and 100 mm min−1

corresponding to the strain rates of 1.3 × 10−4, 4.16 × 10−3

and 1.3 × 10−1 s−1, respectively. The displacement values of
the compression test specimens were further corrected by sub-
tracting the machine displacement (calculated from the mea-
sured machine compliance value) from the total displacement
(machine + specimen). High strain rate tests were conducted
using a compression SHPB, comprising three 19 mm diameter
Inconel-718 bars: a striker bar (724 mm in length), an inci-
dent bar (3660 mm in length) and a transmitter bar (1830 mm
in length). The striker bar produces a constant amplitude elas-
tic compressive wave in the incident bar. The wave propagates
down the bar to the bar/specimen interface where it is partly
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of the testing procedure is in the range of 5–10 ◦C and does not
influence the reported results.

Microscopic analyses were performed on the tested compos-
ite samples using optical microscopy and a Philips XL30-SFEG
scanning electron microscope (SEM) with an EDX analyzer.
Polished sample surfaces were etched with Kroll’s reagent
(3 cm3 of HF and 6 cm3 of HNO3 in 100 ml of H2O).

3. Results

3.1. Transverse direction

An example of SHPB strain reading of the specimen tested
in the transverse direction and the corresponding stress and
strain rate variation with strain are shown in Fig. 2(a) and (b),
respectively. Since the strain rate varies with strain, an aver-
age strain rate is calculated until the failure strain as shown in
Fig. 2(b). Typical quasi-static and high strain rate compression
engineering stress–strain curves of the composite in the trans-
verse direction are presented in Fig. 3. The initial elastic region
of each curve is followed by a region of inelastic deformation
until a maximum stress is reached, after which the sample fails
by shear at 45◦ to the loading axis. The maximum stress and

Fig. 2. Typical SHPB test results of the composite tested in the transverse direc-
tion (a) strain reading vs. time and (b) stress and strain rate vs. strain.
eflected back into the incident bar as a tensile pulse and partly
ransmitted to the transmitter bar as a compressive pulse. Strain
ages on the incident and transmitter bars record the passage
f the waves and these data are the input used for generating
tress/strain curves. The characteristic time window for passage
f the wave is ∼290 �s and repeated loading of the specimen
n between the bars is prevented by use of a transmitter bar that
s half the length of the incident bar. Further details of SHPB
esting may be found in Ref. [20]. The strain rate (ε̇), strain (ε)
nd stress (σ) in the specimen are given by [20]:

˙(t) = −2Cb

Ls
εr(t) (1)

(t) = −2Cb

Ls

∫ t

0
εr(t) (2)

(t) = EbAb

As
εt(t) (3)

here Cb is the elastic wave velocity in the bar, Ls the sample
ength and As and Ab are the sample and bar cross-sectional areas,
espectively. εr and εt are the reflected and transmitted strains
easured from strain gages on the bar, respectively. For a spe-

ific test, the instantaneous strain rate varied during deformation
rom zero to final or failure strain, and therefore an average strain
ate was calculated as

˙avg = 1

εf

∫ εf

0
ε̇ dε (4)

here εf is the maximum or failure strain. The maximum tem-
erature increase arising from the almost adiabatic conditions
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Fig. 3. Typical stress–strains curves of the composite at different strain rates
tested in transverse direction (arrows show failure).

corresponding strain are considered to be the failure stress or
compressive strength (marked by arrows in Fig. 3) and fail-
ure strain respectively. The effect of increasing strain rate is
to increase flow stress and failure stress values of the composite
as shown in Fig. 4. The flow stress at 2% strain increases from
310 to 350 MPa on the average, when the strain rate increases
from quasi-static to high strain rate. Similarly, the compressive
strength increases from 350 MPa at quasi-static strain rates to
400 MPa at high strain rates. Increasing the strain rate decreases
the failure strain (Fig. 5). The failure strain at 1 × 10−4 s−1 is
about 4%, while it decreases to about 3% when the strain rate is
higher than 1 × 10−1 s−1.

3.2. Longitudinal direction

Testing of unidirectionally reinforced composites in the lon-
gitudinal direction is problematic because the deformation and

F
r

Fig. 5. Variation of failure strain with strain rate in transverse direction.

failure modes are strongly dependent upon the precise loading
configuration. Initial tests were conducted using three differ-
ent configurations: (a) without steel end-caps, (b) with steel
end-caps (Fig. 6(a)) and (c) with steel end-caps and dog-bone
shaped specimen. The end-caps contained a 0.8 mm deep recess
into which the specimen was press fitted to prevent end broom-
ing. Specimens tested without end-caps failed prematurely by
axial splitting and brooming occurring at one of the ends of
the specimen (Fig. 6(b)). The use of dog bone shaped specimen
also resulted in premature failure of the composite (Fig. 6(c)) by
splitting near one of the end-caps. The highest maximum stresses
were consistently obtained from the cylindrical samples tested
with end caps (Fig. 7) and all further testing of the composite
was continued with end-caps.

Typical stress–strain curves of the composite in the longitudi-
nal direction at dynamic and quasi-static strain rates are shown in
Fig. 8. It can be noted that the stress–strain curve is almost linear
until maximum stress (marked with arrow in Fig. 8) with a com-
pression modulus of about 100 GPa. Fig. 9(a) and (b) shows the
variation of failure stress and strain with strain rate, respectively.
Despite the large variation in failure stress values, the compos-
ite showed almost no strain rate dependency in failure stress in
the longitudinal direction, although failure stresses are slightly
higher on average at the lowest quasi-static rate, 1 × 10−4 s−1.
The failure strain is slightly affected by the strain rate as shown
in Fig. 9(b). The failure strain is 2.5% at 10−4 s-1 and decreases
t
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ig. 4. Variation of compressive strength and flow stress at 2% strain with strain
ate in transverse direction.
o 2% on the average at 103 s−1 strain rates.

. Microscopy

.1. Transverse direction

The failure mode in this direction at quasi-static and high
train rates was through shear of the matrix, at 45◦ to the com-
ression loading and fiber axis and is shown in Fig. 10. The failed
omposite samples tested at quasi-static and dynamic strain rates
ere sectioned and polished normal to the fiber axis (Fig. 10) so
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Fig. 6. (a) Compression test specimen with end-caps, (b) failed specimen without end-caps and (c) failed dog-bone shape sample with end-caps.

that features on the fracture surface could be correlated with the
underlying microstructure. The fracture surfaces of the failed
samples (separated in two pieces) at different strain rates were
also analyzed through the mid-sections of the fracture surface
as shown by the arrow in Fig. 10.

Fig. 11(a) and (b) shows typical fracture surfaces of the
samples tested quasi-statically at low and high magnifications,
respectively. The presence of a larger number of fibers on the
fracture surface (Fig. 11(a)) and fiber debonding (Fig. 11(b))
confirm a relatively ductile failure mode of the composite
through the fiber-matrix interface. Extensive microscopic obser-
vation of the fracture surfaces of the samples tested at 750 s−1

revealed a very similar failure mode of the composite at high
strain rates except the mating surfaces were slightly smeared in
these samples. Fig. 12(a) and (b) shows the highly deformed
region comprising twins next to the fracture surface in a quasi-

statically tested sample. The twin intensity was observed to
decrease as the distance from the failure region increased and
increased in the region of fiber clusters. Twin formation between
the fibers, at an intersection with a grain boundary, and multiple
twinning and twin intersections with the fiber/matrix interface at
quasi-static and dynamic strain rates are shown in Fig. 13(a)–(c).
Similar to the quasi-statically tested samples, high strain rate
samples (750 s−1) formed a highly deformed narrow region next
to the failure surface (Fig. 14(a)). Cracking of grain bound-
ary precipitates at twin intersections was also seen in these
samples (Fig. 14(b)). Detailed microscopic observation of the
failure surface revealed wavy slip lines on the surface especially
near the debonded fibers in samples tested at quasi-static strain
rates (Fig. 15(a)). Although slip lines were also seen in high
strain rate tests, cleavage (Fig. 15(b)) was frequently observed
as well.
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Fig. 7. Typical quasi-static (1.3 × 10−4 s−1) stress–strain curves of composite
samples with end-caps, dog-bone shape with end-caps and without end-caps.

4.2. Longitudinal direction

Two types of failure mechanism were observed in this direc-
tion, namely, failures resulting from kink formation and from
axial splitting. In Fig. 16(a) and (b) typical modes of fail-
ure in composite samples tested at 1 × 10−4 and 500 s−1 are
presented. The sample of Fig. 16(b) was tested at high strain
rate and failed by kinking and axial splitting with the splitting
occurring after, or in parallel with, kinking. Small areas of the
split regions were also observed in quasi-statically tested sam-
ples.

Extensive fiber fracture by buckling was observed at kink
boundaries and within the kink region (Fig. 17(a)). It should be
noted here that a buckled fiber generates a tensile stress in the
matrix on one side and a compressive stress at the other side.
Tensile stresses tend to form highly deformed regions or voids

F
g

Fig. 9. Variations of (a) compressive strength and (b) failure strain with strain
rate in the longitudinal direction.

in the matrix at one side of the fiber while fiber fragments are
under compression at the other side This situation is shown
in Fig. 17(b) where small fractured but non-separated fiber
fragments seen on the top of the fibers correspond to the
compression side of the buckled fiber while the fiber-matrix
interface failed and opened under tension on the opposite
side. The fibers in the kink boundary and in the kink band
region fragmented due to the shear strain resulting from micro-
buckling.

Shearing of the kink band produced a highly deformed region
inside the kink band so that twinning was observed both within
the kink band and near the kink band boundaries and at places
away from the kink region (Fig. 18(a)). Twinning similar to that
in quasi-statically tested samples was also found to occur in the
dynamically tested samples. Similar to the transverse direction,
in the axial direction the fracture surface (observation made in
the samples in which the kinking separated the sample in two
pieces) contained wavy slip lines in the matrix (Fig. 18(b)), prov-
ing deformation by slip contributes to final deformation in this
direction.
ig. 8. Stress–strain curves of the composite at different strain rates in the lon-
itudinal direction.
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Fig. 10. Image of a failed composite sample tested in transverse direction at
1.3 × 10−4 s−1, showing the failure diagonal to the loading axis and the sections
for the microscopic observations.

5. Discussion

The presence of Al in the secondary phases of the composite
was most likely due to a reaction between liquid Mg metal with
the FPTM fiber during the processing stage, in which Al2O3 was
reduced by liquid Mg leading to the release of Al into the melt
and concurrent formation of MgO at the melt/oxide interface.
The presence of a thin layer of MgO uniformly surrounding the
Al2O3 fibers and the formation of Al2MgO4 spinel phase in Mg-
alloy composites have been observed in earlier studies [21,22].
Solidification behavior of an Mg–Zn–RE matrix alloy, with a
composition similar to the present matrix alloy, was further stud-
ied by Wei et al. [23] and it was shown that the �-Mg grains were
decorated with a ternary phase of Mg–Zn–RE. Coherent MgZn2-
type precipitates parallel to the c-axis of the matrix were also
observed in TEM [24].

In order to obtain valid failure stress values during SHPB
testing of brittle materials, stress homogenization must occur
after about three or four reflections [25]. Therefore, in order
to ensure that valid ultimate failure properties are obtained, the
limiting strain rate conditions for stress-homogenization must
be verified. For brittle materials that show only linear elastic
behavior before failure, the nominal strain rate is approximated
by the following equation:

ε̇ = εf (5)

w
t

wave, the limiting strain rate can be determined from the
expression:

ε̇ = εfCs

4Ls
(6)

where Cs is the elastic wave velocity of the sample. Eq. (6) gives
a limiting strain rate of ∼2000 s−1 for the following parameters:
εf ∼ 0.02, Cs ∼ 5000 m s−1 and Ls ∼ 12.8 × 10−3 m. The high-
est average strain rate attained in testing composite in the axial
direction was 500 s−1

, confirming the validity of compressive
strength values measured in this direction.

The mechanical properties of unidirectional composites in
the transverse direction are dominated by the matrix proper-
ties. However, in terms of damage formation, the presence of
fibers normal to the loading direction in compression is sig-
nificant. Typical damage observations made in MMC’s include
debonding, fiber fracture, and crushing and matrix fracture on
the maximum shear stress plane at ∼45◦ to the compressive load-
ing axis [9,26]. The observations made in this study are similar
to those listed above. Therefore, it may be assumed that the rate
sensitive flow stress behavior observed in the transverse direc-
tion of the composite is due to strain rate sensitive flow stress
behavior of the matrix alloy.

Mg has hexagonal closed-packed (hcp) crystal structure with
a limited number of slip systems and therefore its ability to
deform is limited especially at room temperature. At room tem-
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here εf and tf are the failure strain and failure time, respec-
ively. Applying the condition of four reflections of the
erature, slip occurs predominantly on the basal plane (0 0 0 1) in
he 〈1 1 2̄ 0〉 directions although 〈c + a〉 slip ({1 1 2̄ 2̄} 〈1̄ 1̄ 2 3〉),
hich can accommodate compression along the c-axis of the unit

ell, was observed in magnesium single crystal when deformed
nder c-axis compression [27]. Prismatic, {1 0 1̄ 0}, and pyra-
idal, {1 0 1̄ 1}and {1 0 1̄ 2}, slip become more important at

ncreasing temperatures [28,29]. In addition to slip on the basal
lane, twinning on the {1 0 1̄ 2} 〈1̄ 0 1 1〉 provides an additional
eans of deformation. Double twinning, involving {1 0 1̄ 1} fol-

owed by {1 0 1̄ 2} has also been shown to be important and
acilitates compression along the c-axis [29]. The extensive cold
ollability of Mg alloys containing certain rare earth elements
e.g. Ce) was further characterized by the presence of deforma-
ion bands diagonally inclined to the rolling plane [30]. These
ands were suggested to form in the regions of double twin-
ing that allowed preferential alignment of the easy glide planes
or slip and concentration of deformation within these bands
30,31].

At room temperature the plastic deformation by slip was
emonstrated in Fig. 15(a) by the uneven configuration (dif-
erent slip planes) of intersecting slip lines due to the acti-
ation of basal and non-basal slip systems. The presence of
ebonded fibers on the fracture surfaces of the tested samples
Figs. 11, 12(a) and 14(a)) further showed that fiber debond-
ng was effective in promoting the development of failure at
oth the quasi-static and high strain rates. In regions adjacent
o the final fracture surface, the strain increased locally due to
he maximum shear stresses operating at 45◦ to the loading axis.
he increased local strain was evidenced by a region of severe
eformation just next to the fracture and led to the extensive
win formation (twin bands) clearly seen in Figs. 12 and 14.
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Fig. 11. Fracture surface images of a sample tested at 1.3 × 10−4 s−1 showing (a) fibers and (b) fiber debonding on the surface.

Fig. 12. Polished and highly etched cross-section (normal to the fiber axis) of a failed sample tested at 4.3 × 10−3 s−1 (failure strain 0.032) showing (a) severe
deformation and (b) extensive twin formation next to the failure.

Fig. 13. Optical microscope images of twins in polished and highly etched cross-sections (normal to the fiber axis) of the failed samples tested at (a) 1.3 × 10−4 s−1

and (b) and (c) 750 s−1.
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Fig. 14. Polished and highly etched cross-section (normal to the fiber axis) of a failed sample tested at 750 s−1 showing (a) severely deformed region and (b) cracked
precipitate at twin intersections next to the failure.

Fig. 15. SEM images of fracture surfaces showing (a) slip lines on the fracture surface near to fiber matrix interface in a sample tested at strain rate 1.3 × 10−4 s−1

and (b) fiber debonding and brittle cracks in the matrix in a sample tested at 750 s−1.

Although the polished cross sections of the deformed sample
contained many twins, particularly near the failed section of
the specimen, the evidence of single and multiple slip on the
fracture surfaces indicates that slip is the dominant deformation
mechanism. Therefore, it may be concluded that deformation is
thermally activated for the tested composite sample in the trans-
verse direction. Similar results have been shown for �-Ti [32],
Previous studies on Mg alloys have shown that the flow stress

increased with increasing strain rate [12,15,18,33] and the mea-
sured strain rate sensitivity of the composite in the transverse
direction is due to matrix strain rate sensitivity.

The failure mode in the axial direction is predominantly due
to fiber microbuckling parallel to the loading axis, except that
axial splitting was also promoted at high strain rates. Therefore,
the compressive strengths were essentially governed by the com-
posite shear stress–strain response. For composites following the

itudi
Fig. 16. Failed composite sample tested long
 nally at: (a) 1.3 × 10−4 s−1 and (b) 500 s−1.
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Fig. 17. (a) Kink band progression in a sample deformed at 500 s−1 and (b) fiber buckling and formation of tension and compression regions in the matrix in a sample
tested at 1.3 × 10−4 s−1.

Ramberg–Osgood shear stress–strain response, the compressive
strength is predicted from the relationship [34]:

σc = G

1 + n
(

3
7

)1/n(
φ/γ
n−1

)n−1/n
(7)

where G is the shear modulus of the composite (G12), n the strain
hardening exponent for Ramberg–Osgood power law harden-
ing in shear, γy the composite yield strain in the longitudinal
shear and φ is the average fiber misorientation. The compressive
strength was predicted using the above equation. The composite
shear modulus was approximated using the relation [35]:

G =
[

f

Gf
+ 1 − f

Gm

]−1

(8)

where Gf and Gm are the fiber and matrix shear modulus and
typical values are 130 and 26 GPa, respectively. Fiber misori-
entations of 0–5◦ are common for the long fiber composites
[11]. The following parameters were used: G = 25 GPa, φ = 3◦
and γy = 0.0055. The value of n for magnesium alloys in ten-
sion varies between 3.6 and 15 [36]. The value of n for 50% FP
fiber reinforced 6061-T6 alloy composite was reported 8 [11]
and for the comparison the same n value was used in the cal-

culations. The shear yield strain was calculated by dividing the
matrix shear strength (∼138 MPa [37]) by the composite shear
modulus. Using the above parameters, the composite strength in
the axial direction was found to be 2400 MPa, higher than that
of average quasi-static fracture strength, 2100 MPa. This shows
that a significant portion of the predicted strength (∼90%) is
actually developed by the composite. The compressive strength
of a FPTM fiber reinforced Al–3% Li composite with the same
fiber volume fraction was found to be around 1800 MPa at
quasi-static strain rates [10]. The relatively higher compressive
strength of the present composite simply arises from the higher
shear strength of the matrix. It is noted that calculated values are
only approximate and as the fiber misorientation increases the
compressive strength value decreases.

The compressive strength of FPTM–Mg composite in the axial
direction essentially remains constant as the strain rate increases
to 100 s−1. A possible reason for the lack of strain rate sensi-
tivity of the composite in the axial direction is that the highest
strain rate used in the present study may not be high enough
to see strain rate sensitive compressive strength behavior. This
is because the strain rate effect often becomes significant only
above ∼1000 s−1 in many materials. Lastly, since the composite
is relatively brittle in the axial direction, the large variation of

lip lin
Fig. 18. (a) Highly deformed region in a kink band and (b) s
 es on the fracture surface (sample tested at 1.3 × 10−4 s−1).
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the compressive strength, most likely resulting from small mis-
alignments between the fiber and loading axis and tri-axial state
of stress imposed by the used end-caps in the tested samples,
may mask any rate sensitive behavior.

6. Conclusions

The mechanical response of a continuous FP fiber (35%) Mg
composite has been determined in the transverse and longitudi-
nal directions in compression. It was found that, in the transverse
direction, the composite exhibited strain rate sensitivity of the
flow stress and maximum stress within the studied strain rate
range (1.3 × 10−4 to 1500 s−1). However, increasing strain rate
decreased the failure strain. Microscopic observations on the
failed samples have shown that the composite failed predom-
inantly by shear banding. Although twinning was observed in
the deformed cross-sections of the samples at all strain rates,
particularly near the shear band region, it was proposed that the
main deformation mechanism was slip which was evidenced by
the slip lines on the fracture surface. In the longitudinal direc-
tion, the composite failed by kink formation at quasi-static strain
rates, while kinking and splitting occurred at high strain rates.
The maximum stress in the axial direction was, however, found
to be strain rate insensitive. The lack of strain rate sensitivity in
this direction was attributed to the brittle nature of the composite
l
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