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Hybrid composites of polypropylene reinforced with short glass fibers and short carbon
fibers were prepared using extrusion compounding and injection molding techniques. The
tensile properties of these composites were investigated taking into account the effect of
the hybridization by these two types of short fibers. It was noted that the tensile strength
and modulus of the hybrid composites increase while the failure strain of the hybrid
composites decreases with increasing the relative carbon fiber volume fraction in the
mixture. The hybrid effects for the tensile strength and modulus were studied by the rule of
hybrid mixtures (RoHM) using the tensile strength and modulus of single-fiber composites,
respectively. It was observed that the strength shows a positive deviation from that
predicted by the RoHM and hence exhibits a positive hybrid effect. However, the values of
the tensile modulus are close to those predicted by the RoHM and thus the modulus shows
no existence of a hybrid effect. Moreover, the failure strains of the hybrid composites were
found to be higher than the failure strain of the single carbon fiber-reinforced composite,
indicating that a positive hybrid effect exists. Explanations for the hybrid effects on the
tensile strength and failure strain were finally presented.
C© 2001 Kluwer Academic Publishers

1. Introduction

Hybridization with more than one type of fibers used in
a single matrix leads to the development of hybrid fiber
composites. In principle several different types of fiber
can be incorporated into a hybrid system but in practice
it is likely that a combination of only two types of fibers
would be most useful [1]. Carbon and glass fibers are
often used in the same polymeric resin matrix to form
hybrids. Carbon fiber provides a strong, stiff and low
density reinforcement but is relatively expensive and
brittle, while glass fiber is relatively cheap and has bet-
ter fracture property but its strength and stiffness are
relatively low. By hybridization, it is possible to de-
sign the material to better suit various requirements. At
the same time, material costs can be substantially re-
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duced by a careful selection of reinforcing fibers. By
combining the two fibers with the same matrix, it is
possible to achieve a balance between the properties of
all-carbon fiber reinforced plastics and all-glass fiber
reinforced plastics. For example, by combining carbon
fibers and glass fibers a reduction in modulus might be
acceptably traded for increased fracture resistance and
failure strain, and reduced cost for the hybrid composite
when compared with the single-carbon fiber reinforced
composite. On the contrary, a reduction in fracture re-
sistance would be traded for increased modulus and
strength when compared with the single-glass fiber re-
inforced composite.

A certain mechanical property, such as strength or
modulus of a hybrid system consisting of two single
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systems, can be predicted by the rule of hybrid mixtures
(RoHM)

PH = PGVG+ PCVC (1)

where PH is the property to be investigated,PG
the corresponding property of the first system such
as glass fiber/polypropylene andPC the correspond-
ing property of the second system such as carbon
fiber/polypropylene.VG and VC are, respectively, the
relative hybrid volume fraction of the first system and
the second system, andVG+VC= 1. A positive or neg-
ative hybrid effect is defined as a positive or negative de-
viation of a certain mechanical property from the rule of
hybrid mixtures behavior. The results on the mechanical
properties of hybrid laminates reinforced with glass and
carbon fibers have been discussed extensively [1–10].
The principal properties such as tensile [2], flexural [4],
compression [6] strength, tensile elastic modulus [1, 2,
4, 7], stress intensity [2] and fracture toughness [2] were
observed to show no signs of a hybrid effect. Namely,
these properties of the hybrid composite laminates are
simply a weighted sum of the corresponding properties
of the individual components. Nonetheless, the prop-
erties of hybrid composites might not always follow a
direct consideration of the independent properties of the
individual components and would show possible posi-
tive or negative hybrid effects. For example, the fracture
energy of hybrid glass/carbon/epoxy composites was
observed to show a negative hybrid effect [2, 7]. The
compression modulus of hybrid glass and carbon rein-
forced composites was reported to exhibit a negative hy-
brid effect [6]. A review of the literature on carbon fiber
and glass fiber hybrid reinforced plastics indicated that
incorporation of both fibers into a single matrix some-
times leads to better properties than would be expected
from consideration of the rule of mixtures [3]. The ten-
sile modulus of glass-rich hybrids [7, 8] and the flexural
modulus of sandwich hybrid beam [4] were found to
show a positive hybrid effect. Also, in glass/carbon-
reinforced polymer systems, a positive hybrid effect
for the strain was calculated and presented in Table I of
the reference [7]. And a positive hybrid effect (i.e. fail-
ure strain enhancement) in flexural tests on sandwich
coupons with a high glass mat to carbon fiber content
ratio was observed as well [4]. Here the so-called hy-
brid effect on strains is the enhancement of the (initial
or ultimate) failure strain of the low elongation-fiber-
reinforced, non-hybrid composite [5, 7, 9]. Zweben [10]
reported on hybrid composites containing low (carbon)
and high (glass) elongation fibers to interpret this pos-
itive hybrid effect. He concluded that on failure of the
hybrid composites, high elongation fibers in the com-
posite enhance the strain level required to propagate

TABLE I Mechanical and physical properties of materials at 23◦C

Tensile strength Young’s modulus Density Diameter
Materials (MPa) (GPa) (kg/m3) (µm)

Glass fiber 1956* 78.51* 2550 13.8
Carbon fiber 3950* 238* 1770 7.5
Polypropylene 31.6 1.30 903

*Test length= 50 mm.

cracks through the composites and hence high elon-
gation fibers behave like crack arrestors on a microme-
chanical level. However, all these previous studies have
been concentrated on systems in which reinforcements
are oriented continuous fibers. Very limited work has
been carried out on hybrid short-glass-fiber and short-
carbon-fiber reinforced composites [11–13]. Miwa and
Horiba [11, 12] investigated the effects of fiber length
and strain rate on tensile strength of epoxy resin re-
inforced with random-planar orientation of short car-
bon and glass fibers. They showed that (1) the ten-
sile strength of the hybrid composites increased as the
length of the reinforcing fibers increased and remained
almost unchanged after the fiber length reached a cer-
tain level, this is consistent with the theoretical result
[14]; and (2) the tensile strength increased as the strain
rate increased. Moreover, it was shown that the tensile
strength of the hybrid composites could be estimated by
the rule of hybrid mixtures using the tensile strength of
both single composites, indicating that no hybrid effect
on the tensile strength was observed. Creep behavior of
a hybrid glass/carbon-reinforced composite has been
studied [13]. Short glass fiber and short carbon fiber
were mechanically mixed in accordance with the de-
signed volume fraction ratio 1 : 1. Hybrid effects were
not involved.

Short-fiber-reinforced polymer (SFRP) composites
are often made with conventional techniques, namely
extrusion compounding and injection molding, for pro-
cessing polymers [15–24]. During processing of SFRP
compounds, fiber breakage takes place. One of the ma-
jor factors influencing fiber breakage is fiber-fiber inter-
action [25]. When the volume fraction ratio of the two
types of fibers in the hybrid is varied, the interaction be-
tween these fibers leads to changes in their fiber lengths
[22]. It is generally accepted that the properties of hy-
brid composites are controlled not only by properties of
components and fiber-matrix interface but also by fiber
length and hybrid design etc. Moreover, a requisite for
the occurrence of a hybrid effect is that the two types
of fibers will differ by both their mechanical properties
and by the interfaces they form with the matrix [2].

In the present study, the question of hybrid effects
will be examined with short glass fiber (SGF)/short
carbon fiber (SCF) hybrids on tensile properties of
injection molded hybrid polypropylene (PP) compos-
ites. Hybrid polypropylene composites reinforced with
short glass fibers and short carbon fibers were pre-
pared with extrusion compounding and injection mold-
ing techniques. We studied the effect of the hybridiza-
tion by SGF and SCF on tensile properties of the hybrid
SGF/SCF/PP composites. The hybrid effects were stud-
ied on the tensile strength, tensile modulus and failure
strain of the hybrid composites. Since the mechani-
cal properties of glass and carbon fibers and the in-
terfacial properties of GF/PP and CF/PP systems dif-
fer greatly, the hybrid effects would very likely exist
for their hybrid reinforced composites. The hybrid ef-
fects have been calculated using the rule of hybrid mix-
tures for the tensile strength and modulus. The tensile
strength shows the existence of a positive hybrid effect
but the tensile modulus exhibits no sign of a hybrid
effect. Moreover, fracture strain results show that the
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failure strain of the hybrid composites is higher than
that of the short-carbon-fiber-reinforced polypropylene
composite, hence the failure strain exhibits a positive
hybrid effect.

2. Experimental details
2.1. Materials
The materials employed in this investigation were
polypropylene (HOSTALEN PPN 1060+ 2 wt.-%
POLYBOND 3150), E-glass fiber roving (EC 14-300-
E 37 300 tex) and carbon fiber roving (TENAX HTA
5331, 800 tex). The mechanical and physical proper-
ties of these materials are listed in Table I. The total
fiber volume fraction is fixed at 25% for the hybrid
SGF/SCF/PP system. The hybrid three-component sys-
tem can be considered to consist of the SGF/PP system
and the SCF/PP system and both the single-fiber sys-
tems have a fiber volume fraction of 25%. The glass
fiber volume fractionVf (GF) and the carbon fiber
volume fractionVf (CF) are respectively (25%, 0%),
(18.75%, 6.25%), (12.5%, 12.5%), (6.25%, 18.75%)
and (0%, 25%). The relative carbon fiber volume frac-
tion is then 0%, 25%, 50%, 75% and 100%. In other
words, the volume ratio of the SCF/PP system to the
whole hybrid system is 0%, 25%, 50%, 75% and 100%.

(a)

(c)

(b)

(d)

Figure 1 Orientation of fibers in specimens taken from: (a) the side and (b) the central area of the SCF/PP composite withVf (carbon)= 25%, (c) the
side and (d) the central area of the hybrid SGF/SCF/PP composite withVf (carbon)= 18.75% andVf (glass)= 6.25%.

2.2. Specimen preparation
The composites were prepared by feeding the glass and
carbon fiber roving into the polymer melt using a twin-
screw extruder. The six heating zones were set to 230,
230, 220, 220, 220 and 220◦C and the mass temper-
atures were 214, 231, 239, 236, 233 and 231◦C. The
compounded extrudates were immediately quenched in
water and cooled in air to ambient temperature. Then
the extruded strands were chopped into granules and
dried. All the specimens were injection molded into
dumbbell-shaped tensile bars under identical condi-
tions using a twin-screw injection molding machine
with a barrel temperature of 210 to 230◦C. An end-
gated mold was used according to DIN 53455. The
fibers in the tensile bars were preferentially oriented in
the flow direction [20, 23, 26, 27]. This is shown in
Fig. 1.

2.3. Tensile tests
The tensile properties of specimens were determined
using 10 samples for each composition with a Zwick
1456 testing machine at a constant cross-speed of
5 mm/min.
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2.4. Measurement of fiber length
and orientation

Short glass and carbon fibers were first isolated from the
composite materials by pyrolysis in a microwave oven
for about ten minutes at 550◦C. An ash of fibrous ma-
terial was left and some fibers were extracted from the
sample ash and dispersed in water in a rectangular glass
dish. The dish was then placed on the observation stage
of a microscope. Magnified fiber images were trans-
mitted to a large screen, and fiber images were then
semi-automatically digitized by software with a com-
puter and fiber length distributions (FLD) were thus
determined. Fiber orientation was measured with an
optical reflected-light microscopy from polished sec-
tions of the materials perpendicular to the specimen
axis.

2.5. SEM observations
Prior to scanning electron microscopy (SEM) obser-
vations, all fracture surfaces of the tensile specimens
were sputter-coated with gold. Fractographic studies
with SEM were carried out in detail on the fracture
surfaces of the hybrid SGF/SCF/PP composites.

2.6. Measurement of mean interfacial shear
stress at the maximum fiber pull-out
force of glass fiber/polypropylene and
carbon fiber/polypropylene samples

Single-glass-fiber/polypropylene and single-carbon-
fiber/polypropylene model composites were prepared
for single-fiber pull-out tests. A self-made pull-out ap-
paratus [28] has been used to measure fiber displace-
ment and force. The fibers were embedded in the matrix
at 230◦C under argon atmosphere. The embedded fiber
lengths were from 150 to 300µm. The pull-out tests
were carried out under the same velocity (0.2µm/s) of
pulling out the fibers at ambient temperature. The fiber
diameterdf was measured microscopically. From each

TABLE I I Distributional data on the fiber length profile (1001 to 1005 fibers)

Relative frequency for fiber concentrations spanned

Vf (GF)= 25% Vf (GF)= 18.75% Vf (GF)= 12.5% Vf (GF)= 6.25% Vf (GF)= 0%
Vf (CF)= 0% Vf (CF)= 6.25% Vf (CF)= 12.5% Vf (CF)= 18.75% Vf (CF)= 25%

Length classes
(µm) GF GF CF GF CF GF CF CF

0–44 0 0 0 0 0 0 0 0
44–62 0 0 0 0 0 0 0.002 0.002
62–88 0 0 0.008 0 0.003 0 0.006 0.009
88–125 0 0 0.0259 0 0.016 0 0.0677 0.0726
125–176 0 0 0.1127 0.0060 0.1176 0.0109 0.1821 0.2100
176–250 0.0179 0.045 0.2373 0.0398 0.3041 0.0507 0.3473 0.3144
250–353 0.0906 0.1548 0.3210 0.1841 0.3539 0.2199 0.2388 0.2617
353–500 0.2998 0.3736 0.2173 0.4010 0.1755 0.4259 0.1333 0.0915
500–707 0.3665 0.3536 0.0668 0.3184 0.0299 0.2577 0.0169 0.0348
707–999 0.1922 0.0729 0.011 0.0478 0 0.0328 0.006 0.004
999–1414 0.0289 0 0 0.003 0 0.002 0 0
1414–1999 0.003 0 0 0 0 0 0 0
1999–2828 0.001 0 0 0 0 0 0 0

Mean fiber
length (µm) 586.54 491.25 310.02 472.40 284.00 446.33 253.30 249.44

force-displacement curve the maximum forceFmaxwas
determined. The maximum force is determined by the
interfacial debonding and friction between fiber and
matrix and the geometry of the sample. The shear stress
distribution along the interface is not homogeneous
[29, 30]. Hence, an interpretation of the maximum force
(Fmax) normalized by the surface area (πdfle, wherele is
the embedded fiber length) as interfacial shear strength
characterizing adhesion is inappropriate [31]. However,
in this study, we define the mean interfacial shear stress
τ̂ at the maximum fiber pull-out load as:

τ̂ = Fmax

πdfle
(2)

The mean values of ˆτ for the two single-fiber poly-
mer systems were estimated from 15 to 20 pull-out
tests. ˆτ provides only a mean value (at the point of
maximum applied load) of the strongly inhomogeneous
shear stress distribution and cannot be expected to be a
physical measure for interfacial adhesion in the sense
of a material property. But it can be taken as a measure
for load transmission ability from a fiber to matrix for
comparison of different material combinations or can
be used as an approximation in evaluation of critical
fiber length.

3. Results and discussion
3.1. Fiber length and orientation
The effect of the relative carbon fiber volume fraction
on the mean glass and carbon fiber lengths is presented
in Table II and Fig. 2, where the total glass and car-
bon volume fraction is fixed at 25%. It is of interest to
note that the mean glass and carbon fiber lengths de-
crease with the increase of relative carbon fiber volume
fraction and the decrease of relative glass fiber volume
fraction. This indicates that the glass to carbon fiber in-
teraction brings about more damage to the glass fibers
than the glass-glass interaction while the same fiber
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Figure 2 Number-average glass and carbon fiber lengths for hybrid
SGF/SCF/PP composites.

interaction leads to less damage to the carbon fibers than
the carbon-carbon interaction [22].

The critical fiber length (lc) can be evaluated with the
following formula:

lc = r fσfu

τ̂
(3)

whereσfu is the fiber strength andr f is the fiber radius.
This relation is valid if it is assumed that the interface
shear stress is constant along the axis of a fiber em-
bedded in a representative volume element. Then, we
can use, as an approximation, the values of ˆτ deter-
mined by the pull-out experiments to evaluatelc. The
measured mean values of ˆτ for glass/PP and carbon/PP
systems from 15–20 single fiber pull-out tests are, re-
spectively, 15.2 MPa and 18.2 MPa. Thus, the critical
lengths of glass fibers and carbon fibers can be obtained
as 887.92µm and 813.87µm, respectively. The glass
and carbon fiber length distributions presented in Fig. 3
show that the fiber length distributions for both glass
and carbon fibers shift towards the left side [except it
is not very clear betweenVf (carbon)= 18.25% and
Vf (carbon)= 25%] as the relative carbon fiber volume
fraction increases. This indicates that more damage to
both fibers is brought out as the relative carbon fiber vol-
ume fraction increases. Moreover, Fig. 3 and Table II
show that most glass fibers have a length less than their
critical length and nearly all carbon fibers are much
shorter than their critical length. So, most fibers would
be pulled out instead of fracture during loading of the
composite, this will be shown in Fig. 5b.

The orientation of fibers is optically observed on pol-
ished sections of specimens and is shown in Fig. 1,
where the optical micrographs are selected arbitrarily
but are typical ones. For both single and hybrid com-
posites, the fibers are preferentially aligned along the
flow direction (i.e. the normal direction of the polished
sections of the specimens). For short single-fiber com-
posites, this has also been observed previously [20, 23,
26, 27].

3.2. Tensile stress-strain curves
Tensile stress-strain curves of hybrid SGF/SCF/PP
composites are shown in Fig. 4. The hybrid com-

Figure 3 (a) Glass and (b) carbon fiber length distributions for hybrid
SGF/SCF/PP composites.

Figure 4 Typical tensile stress-strain curves for hybrid SGF/SCF/PP
composites. Curve 1: 25 vol % carbon fibers; curve 2: 6.25 vol % glass
fibers and 18.75 vol % carbon fibers; curve 3: 12.5 vol % glass fibers and
12.5 vol % carbon fibers; curve 4: 18.75 vol % glass fibers and 6.25 vol
% carbon fibers; curve 5: 25 vol % glass fibers.

posites exhibit brittle fracture and show linear defor-
mation at low stress and non-linear deformation at
high stress. This non-linear deformation behavior in-
dicates that (1) interfacial micro-failure at the fiber
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ends occurs in the composites, (2) the micro-failure
propagates along the fiber lengths, (3) plastic deforma-
tion bands of the matrix take place, (4) crack opening
occurs in the band and the crack grows slowly through
the band [32]. Finally, a catastrophic crack propaga-
tion takes place through the matrix pulling out fibers
from the matrix [32]. The curves shift from the right
side to the left side as the relative carbon fiber volume
fraction increases. This is due to the fact that the modu-
lus of carbon fiber is higher than that of glass fiber and
thus the composite modulus increases with the increase
of relative carbon fiber volume fraction. Moreover, the
failure strain for the hybrid composites decreases with
increasing relative carbon fiber volume fraction. This
may be partially attributed to the more brittle nature of
the carbon fiber compared to glass fiber. Furthermore,
as the relative carbon fiber volume fraction increases,
the composite strength increases. The increase in the
ultimate strength of composites is at least partially due
to the high strength of the carbon fiber.

3.3. Fractography
Fig. 5 represents the SEM micrographs of the fracture
surfaces of a hybrid SGF/SCF/PP composite. The brittle

Figure 5 SEM micrographs of tensile fracture surfaces of a hybrid
SGF/SCF/PP composite with a carbon fiber volume fraction of 12.5%
or a relative carbon fiber volume fraction of 50%: (a)×2000, (b)×500.

fracture of the matrix can be clearly seen in the hybrid
composite (Fig. 5a). Short glass fibers and short carbon
fibers are intimately mixed in the matrix (Fig. 5b), glass
and carbon fibers can be easily distinguished by their
different diameter. Moreover, Fig. 5b shows that most
of glass fibers and carbon fibers are pulled out (see
the pulled out fibers and the pull-out holes). This is
because most of the fibers (see Fig. 3) are shorter than
the measured critical fiber lengths (lc= 887.92µm for
glass fibers and 813.87µm for carbon fibers).

3.4. Tensile properties
Fig. 6 shows the results about the strength of the hy-
brid SGF/SCF/PP composites. The ultimate strength
is significantly improved by the incorporation of glass
and carbon fibers. This strength improvement is found
to increase with increasing relative carbon fiber vol-
ume fraction. Since the fibers are preferentially aligned
along the flow direction (i.e. the applied loading di-
rection) for injection molded tensile specimens (see
Fig. 1), the fiber orientation can be roughly assumed un-
changed with the relative fiber volume fraction. When
the relative carbon fiber volume fraction is increased,
the mean glass and carbon fiber lengths decrease (see
Table II and Fig. 2). When the changes in fiber lengths
are considered, the strength of the hybrid composites
can be predicted using the RoHM (Equation 1) and
the existing theory (Equations 4 and 5 to be presented
later) for the strength of short fiber-reinforced compos-
ites [14]. As an approximation, the values of the mean
interfacial shear stress obtained from single fiber pull-
out tests are used. The predicted values of the strength
of the hybrid composites are presented in Fig. 6. It
can be seen that the experimental values of the ulti-
mate strength of the hybrid fiber composites lie above
the “mixtures rule” prediction. This indicates that the
strength exhibits a positive deviation from the mixture
rule (i.e. the RoHM prediction) and hence shows a posi-
tive hybrid effect. It has been shown that the interfacial
shear stress at short fiber ends would have the maxi-
mum value [33]. Since the carbon fiber has a higher
stiffness than the glass fiber and the mean aspect ra-
tios of carbon fibers are much smaller than those of

Figure 6 Ultimate strength versus relative carbon fiber volume fraction
for hybrid SGF/SCF/PP composites.
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glass fibers, according to the stress transfer theory [33]
the shear stress at the carbon fiber ends would have
the higher maximum value. Sinceτs for the glass-PP
and carbon-PP system are of the same magnitude, in-
terfacial debonding would hence take place first at the
carbon fiber ends. Thus, micro-cracks would also start
there. Namely, carbon fibers represent sources of de-
fects that would cause cracks. As the applied tensile
strain or load is increased, the cracks propagate along
the carbon fiber length and also across the neighboring
matrix. In the presence of glass fibers, the cracks would
be “bridged” by these fibers, allowing the carbon fibers
to have a larger contribution to the tensile strength of
the hybrid composites than to the single carbon fiber
reinforced composite. Consequently, a positive hybrid
effect on the strength of hybrid composites has been ob-
served. Schematic illustrations of the failure processes
of composites (Figs 9 and 10) and quantitative esti-
mation (Fig. 11) of the hybrid effect will be presented
later.

Fig. 7 shows the results for the modulus of the hybrid
SGF/SCF/PP composites. It can be seen that the mod-
ulus of the hybrid composites is greatly enhanced by
the addition of both short glass and carbon fibers (the
matrix modulus is 1.3 GPa). Moreover, the composite
modulus increases with increasing relative carbon fiber
volume faction. The modulus of the hybrid composites
is predicted using the rule of hybrid mixtures and exist-
ing theories for the modulus of short fiber composites
[34, 35]. The predicted values are presented in Fig. 7,
which shows that the experimental values of the modu-
lus of the hybrid composites are close to the predicted
values, indicating that the modulus exhibits no hybrid
effect.

Fig. 8 shows the effect of the relative carbon fiber
volume fraction on the failure strain of the hybrid
SGF/SCF/PP composites. The failure strain decreases
with increasing relative carbon fiber volume fraction
but is higher than that of the single-carbon-fiber-
reinforced composite. This is due to the fact that the
propagation of the cracks at the carbon fiber ends would
be arrested when they reach the glass fibers. This would
result in a higher failure strain of the hybrid composites
than that of the single carbon fiber composite. It is also
noted that the failure strain of the hybrid composites

Figure 7 Tensile modulus versus relative carbon fiber volume fraction
for hybrid SGF/SCF/PP composites.

Figure 8 Failure strain versus relative carbon fiber volume fraction for
hybrid SGF/SCF/PP composites.

is lower than that of the single-glass-fiber-reinforced
composite. This is because as the cracks propagate
across the matrix and approach the glass fibers, the glass
fibers adjacent to the cracks are subjected to a strain
concentration [10], this would lead to a lower failure
strain of the hybrid composites than that of the single
glass fiber composite. In addition, the positive hybrid
effect for the strain has been defined as an increase in
the maximum strain at failure, when compared to the
strain of the two-phase composite containing the stiffer
fiber [7, 9]. So, Fig. 8 shows a positive hybrid effect
on the failure strain of the hybrid composites. Existing
studies [27, 32, 36] on failure mechanisms show that
under tensile stress, the cracks start at the fiber ends and
propagate along the fiber-matrix interface or across the
matrix and finally failure takes place. Thus, this positive
hybrid effect implies that the cracks started at carbon
fiber ends do not lead to failure of the hybrid com-
posites because the glass fibers act as crack arrestors.
Schematic illustration of the hybrid effect is shown in
Fig. 10.

The failure processes of short fiber reinforced poly-
mer composites have been studied previously [27, 32].
Schematic illustration of the fracture of short carbon
fiber composites is presented in Fig. 9. As the applied
strain is increased toε1, the microcracks take place at
the carbon fiber ends (Step 1). Then, the cracks propa-
gate along fiber length (Step 2). And the cracks spread
across the matrix (Step 3). When the cracks grow to a
critical size, catastrophic crack propagation occurs and
final fracture of the composite takes place (Step 4).
However, when part of carbon fibers is replaced by
glass fibers, the failure processes would be different
as shown in Fig. 10. As the applied strain is increased
to ε1, cracks would start at carbon fiber ends (see Step
1 of Fig. 10). When the applied strain is increased to
ε2, the cracks would propagate along the carbon fiber
length, and microcracks would also occur at glass fiber
ends (see Step 2). As the applied strain is further in-
creased toε4, the cracks initiated at carbon fiber ends
would run through the matrix and reach the glass fibers.
These cracks would be “bridged” by the glass fibers;
and in the meantime, the cracks caused by the glass
fibers would propagate along glass fiber lengths (see
Step 3). The cracks caused by the carbon fibers do not
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Figure 9 Schematic drawing of microfailure processes of single short (carbon) fiber-reinforced polymer composites.

Figure 10 Schematic drawing of microfailure processes of hybrid short (glass/carbon) fiber-reinforced polymer composites.

lead to the final failure of the hybrid composite. As
the applied strain is increased continuously, the av-
erage stress that carbon fibers bear increases. This
would allow the carbon fibers to make a bigger con-
tribution to the composite strength. Meanwhile, the
glass fibers adjacent to the cracks are subjected to
strain concentrations. As the applied strain is increased
to ε5, the meeting of the cracks caused by the car-
bon fibers and by the glass fibers would lead to
the final failure of the hybrid composite. Therefore,
the failure strain of the hybrid composite would be
higher than that of the single short carbon fiber com-
posite but would be lower than that of the single
short glass fiber composite, which has been shown in
Fig. 8.

It was reported that the interfacial shear stress be-

tween the fiber and matrix in a short fiber reinforced
composite increases as the applied strain is increased
and the mean shear stress is proportional to the applied
strain [37]. From the data of the failure strain of the
composites given in Fig. 8, the values of the mean in-
terfacial shear stress between (glass and carbon) fibers
and matrix at the failure of the composites are then
obtained and used in the prediction of the composite
strength. Firstly, the strength of the single short fiber
composites can be estimated by [14]

σcu = χ1χ2Vfσfu + Vmσm (4)

whereχ1 andχ2 are the fiber orientation and length fac-
tors taking into account the effects of the fiber length
and orientation distributions, respectively;σcu andσfu
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Figure 11 Quantitative explanation of the positive hybrid effect on the
ultimate strength of hybrid SGF/SCF/PP composites.

are the ultimate strength of the composite and fiber, re-
spectively;Vf andVm denote the volume fraction of the
fiber and matrix; andσm is the matrix stress at the fail-
ure of the composite.χ2 can be assumed approximately
unchanged with the relative fiber volume fraction since
the fiber orientation distribution maintains roughly un-
changed with relative fiber volume fraction.Vf = 25%
for both single glass and carbon fiber composites and
Vm= 75%.σm can be obtained from the stress-strain
curve of the pure PP matrix [23] and the failure strain
of the hybrid composites.χ2 can be approximately es-
timated by forlmean≤ lc

χ2 = lmean/(2lc) (5)

wherelmeandenotes the mean fiber length. The strength
of single fiber composites is evaluated using Equa-
tions 4 and 5 by taking into consideration the variance
in the interfacial shear stress (Note: this variance was
not considered in the predicted results shown in Fig. 6).
Then, Equation 1 can be used to estimate the strength
of the hybrid composites and the predicted values of the
composite strength are presented in Fig. 11. It shows
that the predicted values are close to the experimental
values. Since the failure strain of the hybrid composites
is higher than that of the single carbon fiber composite,
the mean interfacial shear stress between carbon fiber
and polypropylene in the hybrid composites is higher
than that in the single carbon fiber reinforced composite
at failure. Thus, the carbon fibers in the hybrid compos-
ites would make a larger contribution to the composite
strength than the carbon fibers do in the single carbon
fiber reinforced composite. Consequently, the positive
hybrid effect on the composite strength has been inter-
preted in a quantitative manner (Fig. 11).

4. Conclusions
The tensile properties of injection molded hybrid
polypropylene composites reinforced with short glass
fibers and short carbon fibers have been investigated.
The results have shown that the tensile strength and
modulus of the hybrid composites increase with in-
creasing relative carbon fiber volume fraction while the
failure strain of the hybrid composites increases with

decreasing relative carbon fiber volume fraction. The
hybrid effects have been studied on the tensile proper-
ties of the hybrid composites. A positive hybrid effect
has been observed for the ultimate strength while no
hybrid effect is noted for the tensile modulus. More-
over, a positive hybrid effect has been shown for the
failure strain of the hybrid composites. Finally, expla-
nations for the hybrid effects on the tensile strength and
the failure strain have been presented.
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