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ABSTRACT The effects of fiber coating ( C/SiC/Si0;) on interfacial characteristic and fracture behavior of

carbon fiber reinforced magnesium composites have been investigated in an effort to better understand the fac-

tors contributing to the tensile strength. Varying the coating thickness was found to strongly affect axial

strength of the composites, basically consistent with the coating model. Due to the narrow range of the appro-

priate coating thickness, its optimum value was given.
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1 INTRODUCTION

In continuous fiber reinforced metal matrix
composite materials, the fiber/ matrix interfacial
zone affects many of the mechanical properties of
interest. In order to control the structure and
the properties in this zone, many ways including
fiber coating have been adopted. In our previous
workl 1, a C/SiC/8i0; coating on carbon fiber
suitable for C/ Mg composites was designed ac
cording to following principles: the inside pyro-
carbon layer near carbon fiber was used to con-
trol interfacial bonding strength, the outside silr-
ca layer acted as wetting agent, the intermediate
silicon carbide layer between pyrocarbon and silr-
ca was used to protect the fibers against attack
by magnesium. This coating demonstrated a
good efficiency and the corresponding composite
exhibited high ultimate tensile strength (UTS)
up to 1050 MPa. In order to better understand
the factors contributing to the tensile strength,
the present study deals with the effects of the
coating thickness on interfacial characteristic and
fracture behavior of composite.

2 EXPERIMENTAL

The composites used in this investigation
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were prepared by a vacuum infiltration tech-
nique. The matrix was a Mg-4Al alloy, its ultr
mate tensile strength ( UTS) and yielding
strength in cast were 170 MPa and 90 M Pa re
spectively. Continuous PAN-based fibers with a
tensile strength of 3300M Pa were used as the u-
nidirectional reinforcement and its nominal vol
ume fraction was 33% . A chemical vapor depo-
sition ( CVD) process was used to prepare C/
SiC/S10, coating by coating these three films
successively on fiber surface. The thicknesses of
each layer and finally formed coating was mea
sured by a scanning electron microscopy (SEM) .
Since silica layer will react with molten magne-
sium during infiltration, its thickness was prede
termined to be 0. 05 Pm so as not to interfere
with metallurgy of the matrix.

Cylindrical composite tensile samples with a
diameter of 6 mm and a gauge length of 30 mm
were tested on an Instron 1196 testing machine
at a crosshead speed of 0. 5 mm/min. At least
five samples were tested in each condition. Fr
nally, the broken samples were subjected to frac-
tographic examination using SEM.

3 RESULTS AND DISCUSSION

3.1 Effect of pyrocarbon layer thickness
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Fig. 1 shows the variation of the UTS of
composites as a function of the thickness of pyro-
carbon layer, h¢, while the SiC layer thickness
remains a theoretically permissible value of 0. 2
Hm. As can be seen from Fig. 1, the UTS in-
creases, reaches maximum, and then decreases
with increasing h¢. Thus, it is found that there
is an optimum value of k¢ to obtain high-strength
composite. This variation is consistent with that
of UTS as a function of interfacial bonding
strength and indicates reasonableness of follow-
ing implications. For one thing, the interfacial
bonding strength is correlated to h¢ and can be
controlled by varying h¢. Secondly, if the inter
facial bonding strength is measured experimen-
tally, its variation as a function of h¢ will be ob-
tained. This is of great value and is not yet avail
able. Thirdly, pyrocarbon with the optimum
value of h¢= 0. 05 Bm, at which the UTS of
composites investigated in this work is the high-
est, makes fiber capability fully exploit during
loading, whereas above or below this value re
duces reinforcing efficiency.

There are obvious changes in the fracto-
graph of the tensile specimens with different h¢.
On a fiber scale, the fracture surface of compos-
ite without pyrocarbon layer is flat with little
pulkout of fibers ( Fig. 2a), while that with py-
rocarbon layer thickness of 0. 05Hm shows {r

brous with a modest amount of pulkout of the
fibers (Fig. 2b), and that with pyrocarbon layer
thickness of 0. 10 Pm shows severe longitudinal
shear and extensive fiber pulkout (Fig. 2¢). All
of these fracture surfaces are typical of strong,
weak and too weak interfacial bonding!*!, which
further confirms that the changes in h¢ are dr
rectly related to changes in the interfacial bond-
ing strength, and consequently to changes in the
UTS.

In general, the fracture of the composite is
believed to be initiated by random fracture of
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Fig. 1 The effects of k¢ on the

UTS for (/ Mg composite

Fig. 2 SEM micrographs of ¢/ Mg composites
(a) —without pyrocarbon layer; (b) —h¢= 0.05Hm; (¢) —h¢= 0.15Hm
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the weakest fibers because of the statistic scatter
of the fiber strength, cracks formed by the fiber
breakage will induce a stress concentration on
adjacent fibers. Without pyrocarbon layer, the
composite features a strong interface bonding due
to the chemical interaction hetween the silica lay-
er and magnesium'’'.  Therefore, interfacial
debonding cannot occur and further fiber fracture
occurs due to the stress concentration. The critr-
cal defect sizes required to initiate brittle failure
of the composite are on the order of a few fiber
diameters, the failure of several adjacent fibers in
the same plane may be sufficient to initiate fail-
ure of the composite. The crack can easily prop-
agate across the fibers with little deflection along
the interface. As a result, the fracture surface is
relatively flat and fracture stress is low. It
should be noted, however, in the same state of
strong interface and resultant brittle failure,
composite with a single silica coating has a much
lower UTS!! of 640 M Pa than the composite in-
vestigated here. This should be due to the for-
mer composite lacking of the SiC layer, and it is
known that, without the protection of the SiC
layer, the penetration of magnesium into the
carbon fibers as well as the reaction between alu-

minum (alloying element) and the fibers further
prevent the realization of the strengthening po-
tential ¥

In the composite with pyrocarbon thickness
of 0.05Hm, there exists a weak interface due to

a small fracture energy (< 1J/m?) of pyrocar

51 The stress concentration induced by fiber

bon
breakage may be eliminated or reduced to a
rather low degree through interfacial debonding.
In such a case, small amounts of fiber breakage
do not lead to brittle fracture of the composite.
Conversely, with the increment of applied
stress, the others will break separately from
their own flaws. When only a few amounts of
fibers break, microcrack due to fiber bhreakage
exhibits no interaction because of random flaw
distribution. Upon loading to a certain stress
level, the amount of microcrack becomes larger
and some of microcrack may be connected to mr-

through

debonding and matrix shearing.

croscopic shearing crack interfacial

Subsequent

damage accumulation leads to composite failure
by rapid propagation of the macroscopic shearing
crack. Since the initiation and propagation of
these different cracks occur at different stress
levels, they can only be joined by matrix shear
ing and interfacial splitting. In other words, the
fracture occurs with a cumulative mode where
fibers break at a maximum stress as given by the
Weibull distribution function and this is reflected
in the high UTS. It is worth noting that the
idea of weakening interface to gain high UTS
can also be applied to other composite systems,
such as C/ Al and SCS/T1i (:omposites[(” s

If the stress concentration induced by fiber
breakage may be eliminated through interfacial
debonding, load transfer capability from the ma
trix to the fibers has a dominant effect on the
UTS of the composite. The pyrocarbon layer
with a thickness of 0. 10Hm seems to bhe associat-
ed with too weak interfacial bonding. During
loading, it is very easy for the microcrack origr
nated by fiber breakage to propagate and the mr
croscopic shearing crack is formed at a lower
stress. This reduces dramatically the load trans
fer efficiency due to a large length of the fibers
which can not support the full load. Upon fur
ther loading and progressive occurring of shear
ing crack, the composite has to rely a large scale
upon interfacial splitting and matrix shearing.
Finally the composite fractures at a lower stress
and its fracture surface is very fibrous in appear
ance.

3.2 'The effect of SiC layer thickness

Fig. 3 shows the variation of the UTS of the
composites as a function of SiC layer thickness,
hsic, while h¢ remains the optimum value of
0.05 Um. As can be seen, the UTS decreases
with increasing hgic when hg is above 0. 20 Hm.
This is consistent with the coating model' ' and
is considered to be the degradation of coated fiber
strength due to hgg beyond the permissible val-
ue.

However, the UTS of the composite in-
creases with increasing hsic when hgic is below
0. 20 Hm. This variation is in disagreement with
the model in which the UTS should remain conr
stant, and may be interpreted from the view-
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Fig. 3 Effect of hgc on the
UTS for (/ Mg composites

point of internal stress. Typically metal matrix
composites are fabricated at high temperatures,
as the composite cools, the matrix begins to so-
lidify and stresses are generated because of the
differences among the thermal expansions of the
fibers and the matrix. In the case of C/Mg com-
posite, the matrix contracts and the fibers ex-
pand as the material cools, thereby generating
undesirable residual stress in all phases of the
composite. For instance, if a model based on a
two-dimensional composite plate which consists
of a thin top plate (interphase) of thickness h
and a thick substrate of thickness ¢, the stress in

the interphase then can be obtained by! !

Et*
= 6(1- V) hR (1

where FE, and V, are the Young’ s modulus and

. ’ . .
the Poisson s ratio of the substrate respectively,

behavior of carbon fiber reinforced magnesium
composites are strongly influenced by the thick-
ness of the C/SiC/Si0; coating on carbon fibers.
The optimum thicknesses of pyrocarbon layer,
the silicon carbide layer and the silica layer are
0.05, 0.20 and 0. 05 Bm respectively, at which
the composite exhibits ideal interfacial bonding
and the highest ultimate tensile strength.
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