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Flexural properties of a hybrid polymer matrix composite
containing carbon and silicon carbide fibres
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Received 23 August 2000; accepted 28 September 2000

Abstract—The flexural properties of hybrid unidirectional fibre reinforced polymer (FRP) composites
containing a mixture of carbon (C) and silicon carbide (SiC) fibres were evaluated at span-to-depth
(S/d) ratios of 16, 32, and 64. The flexural strength generally increased with increasing S/d ratio
with a maximum value of 2316 MPa being achieved for the specimen with nominally equal volume
fractions of C and SiC fibre. However, even replacing 12.5 vol% of the C fibres by SiC fibres
increased the flexural strength by 22%. The mechanical property most strongly influenced by the
incorporationof SiC fibres was the work of fracture with a maximum value of 206.5 kJ m~2 (compared
to 78.8 kIm™2 for the specimen containing only C fibres). First estimate values for the SiC fibre
compressive strength, elastic modulus, and strain to failure were 3.46 GPa, 157 GPa, and 0.018,
respectively.

Keywords: Hybrid polymer matrix composite; flexural properties; silicon carbide fibres; carbon fibres.

1. INTRODUCTION

The superior tensile properties of carbon fibre reinforced polymer (CFRP) compos-
ites, combined with their relatively low density, have led to numerous applications,
such as those of sports equipment, aerospace structures, and reinforcement of civil
engineering structures [1]. However, it is also known that the crystalline microstruc-
ture of carbon fibres [2, 3] results in a compressive strength that is significantly less
compared to their tensile strength [4—7]. Figure 1 illustrates the compressive and
tensile strength for typical carbon fibres [8] with the compressive strength in all
cases being approximately 30-50% that of the respective tensile strength. The rel-
atively poor compressive strength of carbon fibres translates itself into a reduced
compressive performance of CFRP composites [9, 10] and thus may hinder the ac-
ceptance of these materials in certain applications. For example, it has been reported
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Figure 1. Relationship between tensile and compressive strength for different carbon fibres [8].

that the tensile strength of unidirectional T700S/epoxy CFRP composite is 2.3 GPa
whereas the compressive strength is only 1.1 GPa [9].

One approach to improving the compressive properties of CFRP composites may
be the partial substitution of carbon fibres by other fibres possessing superior com-
pressive strength. Although there is a lack of quantitative data, it has been suggested
that the compressive strength of fibres based on the silicon carbide (SiC) system
may exceed that of carbon fibres due to the amorphous or nano-crystalline struc-
ture of the former [11, 12]. For example, the compressive strength of unidirectional
SiC/epoxy FRP composite is reported to be in excess of 2 GPa [13]. Preliminary
work [13—15] to investigate the mechanical properties of fibre reinforced polymer
(FRP) composites containing a mixture of C and SiC fibres showed an increase in
compressive strength when a proportion of the C fibres was replaced by SiC fibres.
However, the C fibres utilised in those investigations (HTA-6000) possessed rela-
tively poor tensile strength (3.6 GPa) and thus would also be expected to exhibit low
compressive strength. Therefore, a more valid comparison would be for the case of
FRP composites containing high compressive strength C fibres.

The present authors have undertaken a preliminary investigation in order to
determine the mechanical properties of high compressive strength CFRP composites
in which a proportion of the C fibres were replaced by SiC fibres. The present work
focuses on the flexural properties of such materials whilst a companion paper will
consider properties measured in compression [16].

2. EXPERIMENTAL

The present investigation was conducted for unidirectional FRP composites con-
taining a mixture of C fibres (Type T700S, Toray, Tokyo, Japan), SiC-based fibres
(Tyranno Si-Ti-C-O fibre, Grade S, Ube Industries Ltd., Ube City, Japan), and epoxy
matrix (Epikote 828, Yuka Shell Epoxy Co. Ltd., Tokyo, Japan). The composites
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Figure 2. Schematic representation of the layer configuration in the composite specimens.

were produced by first winding either SiC or C fibres through an acetone solution of
resin and hardener onto a cylindrical mandrel and then heating for 20 min at 120°C
in order to produce a prepreg sheet. The prepreg sheets were then cut to approx-
imately 80 x 150 mm and stacked into an eight layer sequence with a total of six
different layer configurations being tested in the present work (Fig. 2). The result-
ing unidirectional reinforced plates were heated in vacuum and held for 30 min at
120°C under a pressure of ~2.5 MPa in order to produce a composite plate with
~2 mm thickness. The fibre volume fraction, Vi, was calculated from areal image
analysis of scanning electron micrographs and found to be approximately 0.67 for
all specimens. In contrast to this, the specimen density increased from 1.60 g cm ™3
(Cg) to 2.09 gecm™ (Sg) and this was accounted for using manufacturer supplied
data for the density of the SiC, C, and epoxy components (2.35 gcm ™, 1.8 gem ™,
and 1.16 gcm ™, respectively).

Specimens for flexural testing were cut into beams of width 6.5 mm and tested
in the three point bend configuration using spans of 32 mm, 64 mm, and 128 mm,
i.e. nominal span-to-depth, S/d, ratios of 16, 32, and 64, respectively, using a
standard mechanical testing machine (Model 4206, Instron Ltd., Japan) and 10 mm
diameter rollers. All of the specimens containing SiC fibre were positioned with the
SiC fibres nearest to the compressive surface. Crosshead speeds of 0.5 mmmin~',
1 mmmin~!, and 2 mmmin~! were used for S/d values of 16, 32, and 64,
respectively. The maximum compressive strain, &7, and maximum tensile strain,
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&}, at the specimen surface were measured by placing strain gauges (5 mm gauge
length) adjacent to the middle roller and also on the opposite tensile surface directly
below the middle roller.

The flexural strength, o, was calculated using the maximum load whilst the
elastic modulus, E, was determined at a strain, €, of 2.5 x 1073, In addition, the
specific flexural strength and elastic modulus (i.e. mechanical property divided by
density) were calculated and presented as ¢’ and E’, respectively. All averaged
data presented in this work possessed a typical error less than 5% and usually on
the order of 2-3%. Following failure, the side edges of specimens (i.e. showing a
cross-section between the tensile and compressive faces) parallel to the specimen
main axis were examined using low magnification optical microscopy after being
embedded in mounting resin and polished to a 5 um surface finish.

3. RESULTS AND DISCUSSION
3.1. Span to depth ratio of 16

The effect of SiC fibre content and span to depth ratio on o and o’ has been
presented in Fig. 3. Considering first the data for the case of S/d = 16, the
Cs specimen (containing no SiC fibre) exhibited a flexural strength (Fig. 3a) of
1361 MPa which increased to 1527 MPa for the case of the S/C; specimen
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Figure 3. Effect of span-to-depthratio (S/d) and SiC fibre volume fraction on: (a) flexural strength,
and (b) specific flexural strength.
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containing 0.125 V; SiC fibre (as a fraction of the total fibre volume), then decreased
slightly for the S2/Cs and S3/Cs specimens and reached a peak of 1564 MPa for
the S4/C4 specimen with 0.5 V¢ SiC fibre. However, the Sg specimen containing
only SiC fibre showed a slight decrease to 1470 MPa. From these data, it would
appear that the partial substitution of C fibre by SiC fibre may produce a significant
increase (up to 15%) in flexural strength for S/d = 16, whereas total substitution
provides only an 8% increase. In many applications, such as those of aerospace and
space, specific properties are a key parameter when comparing the performance of
different materials. Thus, although the S4/C4 specimen possessed the maximum o,
Fig. 3b illustrates that o’ was maximum for the S/C; specimen (899 MPa/gcm ™)
and 6% larger compared to that of the Cg specimen. The difference in trends for o
and o’ may be directly attributed to the larger density of the SiC fibre (2.35 gcm™)
compared to the C fibre (1.8 gcm ™). Indeed, the value of o’ for the Sg specimen
was 17% less than that of the Cg specimen. The above data thus indicates that, for
S/d = 16, o is maximum for the S;/C4 specimen whilst ¢’ is maximum for the
S/C7 specimen.

Considering the effect of SiC fibre content on E and E’ (Fig. 4) for S/d = 16, no
significant trend in E was noted with increasing SiC content; all specimens being
within the range 83-95 GPa. In contrast to this, the Cg specimen possessed the
highest E’ (55.9 GPa/gcm™2) which decreased with increasing SiC content to a
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Figure 4. Effect of span-to-depthratio (S/d) and SiC fibre volume fraction on: (a) flexural modulus,
and (b) specific flexural modulus.
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Figure 5. Effect of span-to-depth ratio (S/d) and SiC fibre volume fraction on: (a) maximum
compressive strain, and (b) maximum tensile strain.

minimum of 39.9 GPa/gcm™? for the Sg specimen; this trend again being directly
attributed to the higher SiC fibre density.

Data for ¢/ and &7 (Fig. 5) taken from representative specimens appeared difficult
to interpret for S/d = 16 due to the lack of any significant trend. It can be noted
that e} (Fig. 5b) was generally larger than ¢/, (Fig. 5a) and this can be seen more
closely in the load vs. strain curves shown in Fig. 6a. However, whereas the strain
gauge at the tensile face could be placed at the expected point of &} (i.e. at the
position opposite the middle roller), this was not possible for the strain gauge at the
compressive face (i.e. at the position of the middle roller). Thus, for this reason, &
in Fig. 5a would be less than the actual ef. experienced within the specimen. This
phenomenon may explain to some extent the difference in magnitude between &
and e for the case of §/d = 16 in Fig. 5.

Regarding the type of failure experienced by the specimens for S/d = 16,
specimens containing up to 0.375 V¢ SiC fibre (i.e. Cs, S/C7, S2/Cs, and S3/Cs)
failed beneath the middle roller at the compressive face (i.e. at the point of
maximum compressive stress and strain) with an example of this being presented
in Fig. 7. Magnification of the failure region (Fig. 7b) showed clear evidence
of out-of-plane fibre microbuckling or kinking [17] with it being observed that
the specimen side edges possessed ridges just beneath the middle roller due
to the fibres kinking out-of-plane. Fibre microbuckling and kinking are widely
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Figure 6. Relationship between load and strain at the compressive and tensile faces for different
span-to-depthratios: (a) 16, (b) 32, and (c) 64. Note that the legends in (a) also apply to (b) and (c).

known to occur in unidirectional CFRP composites and has been the subject of
significant research [17—27]; it is thus not surprising that these phenomena occur
within the region of compressive stress in flexural specimens. The initiation of
fibre microbuckling has been linked to misalignment of fibres in the direction of
compressive loading [27]. Regarding three-point bend flexural testing, the load
introduced into the specimen by the middle roller will also result in misalignment
of the fibres (due to curvature of the specimen) with respect to the direction of
maximum compressive force and this is believed to be the reason behind the
microbuckling failure. In contrast to this, the specimens with 0.5 and 1.0 V; SiC fibre
(i.e. S4/C4 and Sg, respectively) exhibited shear failure at the specimen mid-point,
resulting in specimen delamination as shown in Fig. 8. Shear and delamination
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Figure 7. Optical micrographs illustrating failure of the S/C7 specimen at S/d
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Figure 8. Optical micrograph illustrating failure of the S4/Cy4 specimen at S/d = 16.

failure of unidirectional FRP specimens subject to flexural loading is known to be
a problem, particularly for small S/d ratios. The explanation for this is that the
flexural strength for the three point bend configuration can be given by:

_3.F.S
C2.b.d¥

o

(D

where F is the maximum load (units: N) and b is the specimen width (units: m).
Compared to this, the maximum shear stress, 7, at the neutral axis can be given by:

_ 3.F )
"Tibd
The ratio between o and T can then be given by:
o 2-§ 3)
t d’

Thus, at small values of S/d, a specimen of low shear strength is expected to
fail by shear at the neutral axis. Alternatively, if we assume that 7 is similar for
the specimens under investigation (a reasonable hypothesis [14]), then shear failure
will be most likely to occur in those specimens with highest compressive or tensile
strength. The fact that the specimens with high SiC V; exhibited shear failure may
allow us to deduce that these specimens should possess the highest flexural strengths
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(when pure compressive or tensile strength is the limiting factor) provided that S/d
is sufficiently large.

3.2. Span to depth ratio of 32

Although the basic trend was similar, compared to the case of S/d = 16, it can
be seen from Fig. 3a that o was significantly (up to 34%) higher for S/d = 32.
The flexural strength was 1745 MPa for the Cg specimen and increased by 11%
to 1942 MPa for the S/C; specimen to reach a maximum value of 2090 MPa
for the S4/C4 specimen. This general increase in o with increasing SiC V¢ was
broadly similar to that noted by previous researchers [13—15]. On the other hand,
Fig. 3b shows that o’ was 1089 MPa/g cm ™~ for the Cg specimen and increased to
a maximum of 1144 MPa/gcm™° for the S/C7 specimen.

Whereas the trend in o was essentially similar for S/d values of 16 and 32, the
data for E (Fig. 4a) showed a more pronounced decrease with increasing SiC V; for
S/d = 32 than had been the case for §/d = 16. It is noted that £ was maximum
for the Cg specimen (141.0 GPa) and then decreased to a minimum of 115.1 GPa
for the Sg specimen whilst £’ was a maximum of 88.1 GPa/gcm™ for the Cg
specimen and decreased to 55.1 GPa/gcm™ for the Sg specimen. Using E for the
Ss specimen (115.1 GPa) together with data for the compressive modulus of the
epoxy matrix (&30 GPa [29]), a first approximation for the SiC fibre compressive
modulus was determined to be 157 GPa — somewhat below the SiC fibre tensile
modulus (175 GPa [13]). The significant overall increase in E for S/d = 32,
compared to S/d = 16, was attributed to the reduced effect of shear deformation
when calculating E for the S/d = 32 case [28]. Namely, the derivation of the
flexural modulus equation assumes there to be negligible specimen deformation
due to shear stresses; this assumption is most likely not true for low S/d ratios with
the result that £ is underestimated [28]. Such a phenomenon has previously been
reported [28] in E-glass/polyester composites with E increasing with increasing
S/d ratio and S/d > 40 being recommended for the accurate determination of E.

The increase in o for the S/d = 32 specimens was mirrored in the higher
values of ¢ (Fig. 5a) (although the values of &1 overall appeared similar for both
the S/d = 16 and S/d = 32 cases) indicating that the compressive face of
the specimens sustained a higher stress prior to failure. The increase in &, and
hence o, was attributed to two different factors: (i) for the Cg, S/C7, S»/Cg, and
S3/Cs specimens, the larger S/d ratio meant that specimen curvature (i.e. fibre
misalignment parallel to the applied compressive force) was reduced upon loading
to any given compressive stress, meaning that a higher compressive stress was
required to induce microbuckling, and (ii) for the S4/C4 and Sg specimens, the
larger S/d ratio meant that shear failure was less likely to occur compared to other
means of failure (from equation (3) and thus the flexural strength should increase.
Similar to the case of S/d = 16, the load vs. strain curves were essentially linear to
failure for all specimens tested at S/d = 32 (Fig. 6b).
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Optical microscopy indicated that all specimens tested at S/d = 32 failed due
to out-of-plane fibre microbuckling or kinking in the region of highest compressive
stress beneath the middle roller. Most of the specimens exhibited a wedge-shaped
failure mode (Fig. 9b), also referred to as a pair of conjugate kinks [21], comprising
regions of kinked fibres surrounding a core of unbuckled fibres; this type of feature
has been observed in carbon fibre-epoxy composites that failed in compression [19].
Another failure mode observed (Fig. 10) appeared to be characterized by a partially
formed pair of conjugate kinks. The V-shaped feature to the right of centre in
Fig. 10a appeared at first sight to comprise only of kinked fibres but on closer
examination (Fig. 10b) was noted to contain a small wedge of intact fibres at the
specimen surface. On the other hand, the feature to the left of centre in Fig. 10a
comprised of a narrow kink band running approximately two thirds of the specimen
depth. Such a phenomenon (i.e. a pair of conjugate kinks together with a single
kink) has also been occasionally noted in CFRP composites [19]. In most specimens
(such as Figs 9 and 10) there appeared to be little, if anything, in the way of shear
failure and delamination. In fact, the only specimen that exhibited any significant
delamination was the Sg specimen (Fig. 11) which showed evidence of delamination
cracks in addition to a wedge structure. Note that the pair of conjugate kinks in this
case was not fully formed, as the left kink did not extend fully between the wedge
root and specimen surface (Fig. 11b).

3.3. Span-to-depth ratio of 64

Increasing the S/d ratio from 32 to 64 resulted in a further slight increase in o
for most specimens on the order of 5-10% (Fig. 3a), indicating an S/d ratio of 32
to be insufficient when testing this composite system. The value of o increased
from 1722 MPa for the Cg specimen to 2104 MPa for the S/C7 specimen; a 22%
increase from the substitution of 0.125 V; of C fibres by SiC fibres. The strength
leveled off for the S,/Cq and S3/Cs specimens but then reached a maximum of
2316 MPa for the S4/C4 specimen before decreasing to 1985 MPa for the Sg
specimen. The maximum increase in strength through partial substitution of C fibres
by SiC was thus approximately 35%. The flexural strength of the C8 specimen
was considerably greater compared to the compressive strength of T700S/epoxy
composites (1058 MPa [9]) whereas that of the Sg specimen was similar to the
compressive strength of SiC/epoxy composites (2010 MPa [13]). Considering the
maximum o obtained in this study (2316 MPa) and the known V; (*0.67), a first
estimate for the compressive strength of the SiC fibres might be 3.46 GPa and
similar to their tensile strength (3.3 GPa [13]).

One interesting point of note is that o for the Cg and Sg specimens was similar for
S/d ratios of 32 and 64, suggesting FRP composites containing only C or SiC fibre
to not be as strong in compression when compared to the hybrid configurations;
the reasoning behind this being that equation (3) provides that o should increase
with increasing S/d ratio and then level off when the ‘true’ flexural strength value
is reached. The fact that the Cg and Sg specimens leveled off whereas the other
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Figure 11. Optical micrographs illustrating failure of the Sg specimen at S/d = 32: (a) general view,
and (b) detailed view.
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Figure 12. Effect of span-to-depthratio (S/d) and SiC fibre volume fraction on: (a) work of fracture,
and (b) specific work of fracture.

specimens did not suggests that the Cg and Sg specimens have lower intrinsic o
values compared to the other specimens. Put another way, if the shear strength
is assumed to be similar for all specimens, then higher strength composites will
require a higher S/d ratio before their o values level off. There is thus the chance
that even higher values of ¢ than those shown in Fig. 3a may be achieved at S/d
ratios greater than 64.

Comparing the ¢’ data in Fig. 3b, an increase of 15% was noted between the
Cs specimen (1076.3 MPa/gcm ™) and the S/C; specimen (1237.6 MPa/gcm™).
Further increase in the SiC fibre V; resulted in a slight decrease for the S,/Csg
and S3/Cs specimens before reaching a maximum of 1238.5 MPa/gcm ™ for the
S4/C4 specimen. Thus, maximum o was achieved for the S4/C4 specimen whereas
maximum o’ was found to be almost identical for the S/C7 and S4/C4 specimens.

The ¢ and &} data (Fig. 5) exhibited similar trends with significant increases
being noted for increasing SiC V;. Maximum values of (. (0.0181) and &7 (0.0194)
were both achieved for the Sg specimen, which is somewhat surprising considering
that the Sg specimen did not possess the largest o; it may be interesting to test the
Sg specimen with an S/d ratio larger than 64 in order to determine whether further
increases in o0 may be obtained. The maximum value of &} (0.0194) is similar
to that of 1 for the SiC fibres [13] whereas we may consider that ¢ for the SiC
fibres should, as a first approximation, be equal to or greater than the maximum &
determined in this work, 1.e. 0.0181.
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Figure 13. Optical micrographs illustrating failure at S/d = 64: (a) Cg specimen, and (b) S/C7
specimen.
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Although o was similar for the case of S/d ratios of 32 and 64, the load vs. strain
data was considerably different (Fig. 6¢) with a strong non-linear appearance to
most of the specimens at S/d = 64; Fig. 6¢ also showed there to be large differences
in load vs. strain behaviour for the different specimens. In order to investigate this
further, the area under the force vs. displacement curve divided by the nominal
surface area created during fracture (i.e. work of fracture, y) was calculated with
results being presented in Fig. 12. It can be seen for the S/d = 64 case that y
was minimum for the Cg specimen (78.8 kJ m~2) and increased by a factor of 2.4
for the Sg specimen (185.3 kJ m~?) with a maximum increase of 2.6 for the S4/Ca
specimen (206.5 kI m~2). Even taking into account the higher density of the SiC
fibre, the specific work of fracture, y’, was still a factor of 1.8 higher for the Sg
specimen (88.6 kI m~2/g cm™>) compared to the Cs specimen (49.3kJm~2/gcm™2)
whilst " was maximum for the S3/Cs specimen (112.8 kim=2/g cm™?). The large
increase in ¥ due to the partial substitution of C fibres by SiC fibres indicates that
further investigation is warranted for the utilisation of such hybrid FRP composites
in energy absorption applications such as crash impact structures.

The failure mode was also considerably different for the S/d = 64 specimens in
that several of the specimens (Cg, S»/Cs, and S3/Cs) broke into two pieces exhibit-
ing an almost flat fracture surface (Fig. 13a) in addition to a single delamination
within the region under compression and the suggestion of fibre pullout close to the
tensile surface. On the other hand, the S/C; specimen exhibited an unusual failure
mode (Fig. 13b) with the appearance of shear failure in the middle half of the spec-
imen together with delamination close to the compressive surface and fibre pullout
close to the tensile surface. Perhaps surprisingly, there was no evidence of fibre
microbuckling or kinks at the shear failure edges. The S4/C4 specimen fracture sur-
face (Fig. 14) was dominated by multiple delamination in the compressive region
together with a diagonal fracture surface in the middle portion and a small amount
of fibre pullout at the tensile surface. The only specimen that did not break into two
pieces was the Sg specimen, which exhibited multiple delaminations throughout its
width. The presence of multiple delaminations in the S4/Cy4 and Sg specimens sug-
gests that the shear strength may still be relatively too low in these specimens and
that larger values of S/d may lead to further increases in o.

4. CONCLUSIONS

Unidirectional FRP composites containing a mixture of C and SiC fibres were tested
under flexural loading with the following conclusions:

(i) Flexural strength, maximum strain, and work of fracture generally increased
with increasing S/d whilst flexural modulus increased significantly from
S/d =16to S/d = 32.

(i) The hybrid composite flexural strength was generally higher than either the
pure CFRP or SiC fibre composites. The maximum flexural strength achieved
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(iii)

(iv)

v)

(vi)
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was 2316 MPa whilst the maximum specific flexural strength was 1239
MPa/gcm™3,

The work of fracture was a factor of 2.6 larger for the S4/C4 specimen
compared to the Sg specimen and suggests that these hybrid FRP composites
may have a role as energy absorption materials.

The compressive stress, modulus, and strain to failure of the SiC fibre were
estimated to be 3.46 GPa, 157 GPa, and 0.018, respectively.

Most of the specimens exhibited out-of-plane pairs of conjugate kinks although
specimens with larger SiC fibre V; were more inclined to show evidence of
shear failure.

It was suspected that further increasing S/d above 64 may result in higher
flexural strength values for several of the specimens.
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