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Abstract

Three-dimensional (3D) braided carbon/Kevlar hybrid composites were fabricated by an RTM-aided vacuum solution impregnation plus
in situ polymerization. The load–displacement behaviors, flexural properties, impact property, and shear strength of these 3D braided hybrid
composites were studied as a function of Kevlar/carbon ratio. Composites of six different relative Kevlar fiber contents (0%, 20%, 40%, 60%,
80%, and 100% by volume) were prepared and characterized. Environmental scanning electron microscopy (ESEM) was used to examine
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he fracture surfaces of the hybrid composites. Hybrid effects for strain, flexural strength and modulus, shear strength, and impa
f the 3D braided composites were assessed. It was found that hybridization provided high flexural strength and modulus for the
omposites. It is concluded that hybridization is an effective way of tailoring the properties of the 3D braided composites for o
pplications.
2005 Elsevier B.V. All rights reserved.
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. Introduction

During recent decades, there has been a tremendous
rowth in the use of composite materials in various fields of
pplication, ranging from aerospace, automotive parts, boats

o recreation equipment, office products, biomedical devices,
tc. It is important to tailor their properties by adjusting fiber

oading and architecture and fiber–matrix interface, by mod-
fying matrix, and by hybridizing to meet different require-

ents.
Hybridization is one of the most effective approaches

or adjusting the properties of composites. Hybrid com-
osites are generally referred to as the materials that com-
ine two or more fibers in a suitable binding resin. They
ffer a wide range of properties that cannot be obtained
ith a single kind of reinforcement. Unidirectional, short,
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and laminated hybrid composites have been extensive
vestigated[1–5] whereas much fewer studies have ex
ined braided or woven hybrid composites. Furthermore
tle literature is available for three-dimensional (3D) hyb
composites[6].

In our previous research[7], monomer casting (MC) ny
lon was chosen as the thermoplastic matrix. Carbon
Kevlar fibers were selected separately to prepare 3D fa
reinforced nylon composites. The mechanical propertie
the two 3D composites were characterized and comp
The high stiffness of the carbon fiber composites and the
density and high damping performance of the Kevlar fi
composites were successfully demonstrated. Based
these preliminary investigations it was concluded that
bridization of Kevlar fiber with carbon fiber would offer t
potential of stiff, light, highly crashworthy composites s
able for orthopedics. The present paper reports the ex
mental results conducted on the 3D braided carbon/K
hybrid composites.
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Table 1
Samples used in this study (total fiber volume fraction in the composites: 30%)

Sample definition C3D/MC HF3D/MC K3D/MC

A B C D

Kevlar fiber volume fraction (%) 0 6 12 18 24 30
Carbon fiber volume fraction (%) 30 24 18 12 6 0
Relative Kevlar fiber volume fraction (%) 0 20 40 60 80 100

2. Experimental

2.1. Materials

The fibers used in this work were T300 carbon fiber (ten-
sile strength 3530 MPa, tensile modulus 230 GPa, density
1760 kg m−3, strain at break 1.5%) and Kevlar 49 fiber (ten-
sile strength 3260 MPa, tensile modulus 105 GPa, density
1440 kg m−3, strain at break 2.7%). The preforms, 3D four-
directional fabrics with a braiding angle of 16◦ were provided
by the Nanjing Fiberglass R&D Institute, Nanjing, China.
Carbon fiber, Kevlar fiber, and carbon/Kevlar hybrids were
used in the preparation of the 3D braided preforms. The car-
bon fiber was 3 k fiber tow and the Kevlar fiber was 2840
denier Kevlar 49 fiber tow. For the hybrid fabrics, the Kevlar
to carbon volume ratio (seeTable 1) was adjusted by chang-
ing the yarn numbers of the carbon and Kevlar fibers. The
total fiber volume fraction (Vf ) of the composites used in the
present study was controlled at 30%. As presented inTable 1,
the absolute Kevlar and carbon fiber volume fractions in the
composites were, respectively, 0% and 30%, 6% and 24%,
12% and 18%, 18% and 12%, 24% and 6%, and 30% and
0%. The relative Kevlar fiber volume fraction was thus 0%,
20%, 40%, 60%, 80%, and 100%.
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The sample dimensions were 80 mm× 12 mm× 2 mm with
a support span of 40 mm.

All mechanical properties were tested along the braiding
direction. For each sample group, five specimens were tested,
and the average values are reported.

2.4. SEM observation

After impact tests, the fracture surfaces were examined
using an XL30 environmental scanning electron microscope
(ESEM). All fracture surfaces were coated with a thin layer
of gold to eliminate charging effects.

3. Results and discussion

3.1. Load–displacement curves

Fig. 1 compares the typical load–deflection curves from
the three-point bending tests for different samples. The initial
parts of all the load–displacement curves were linear. After-
wards (after the plateau), linearity was still observed for the
samples with high carbon fiber contents (80% and 100% by
volume), but non-linearity was observed in the composite
samples with high Kevlar fiber contents (80% and 100% by
volume) probably due to damage development, such as inter-
f ack
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w ed
w on-
c for
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c

vlar
.2. Composite manufacturing

As described previously[7], an RTM-aided vacuum sol
ion impregnation plus in situ anionic polymerization te
ique was employed to prepare the 3D braided car
evlar, and hybrid fabrics-reinforced MC nylon (denoted
3D/MC, K3D/MC, and HF3D/MC, respectively) composite
he preparation procedures were similar to those desc
lsewhere[8].

.3. Mechanical tests

Measurement of flexural properties and shear and
act strengths was carried out in this study. A three-p
ending fixture was chosen to test the flexural strength
odulus of the 3D hybrid composites. The testing

edures of the flexural properties, as well as the s
trength were identical to those described in[9]. The flex-
ral strength and modulus were calculated following AS
790. Load–displacement curves were recorded during

ral tests. The impact strength was tested using an
00 Impact Tester (pendulum type) with notched specim

carbon ke
acial failure, plastic deformation of the matrix, and cr
ropagation. The flexural strain of the hybrid compos
as higher than that of the C3D/MC composite and increas
ith the Kevlar fiber volume fraction. Consequently, we c
luded that a positive hybrid effect for the strain existed

ig. 1. Load–displacement curves of the 3D braided carbon/Kevlar h
omposites.
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the current 3D braided hybrid system as a positive hybrid ef-
fect for the strain can be identified when the strain of a hybrid
composite is greater than that of a low-elongation, non-hybrid
composite[10,11].

It was found fromFig. 1 and experiments that the all-
carbon fiber (C3D/MC) composite showed rapid load rise and
the highest maximum load. Conversely, the all-Kevlar fiber
composite showed slow load rise and the lowest maximum
load, and the failure occurred in ductile manner because of the
high elongation property of the Kevlar fiber. The hybrid com-
posite with a high carbon fiber content (Sample A) resembled
the C3D/MC composite, whereas the hybrid composite with
a high Kevlar fiber content (Sample D) followed the behavior
of the K3D/MC composite. This was likely due to the fact that
carbon fiber dominated in Sample A and Kevlar fiber domi-
nated in Sample D. Fiber breakage was the dominant failure
for the C3D/MC composite and Sample D with a high carbon
fiber content (80% by volume), while no fiber breakage was
observed on either the tensile or the compressive side for the
K3D/MC composite and Sample A with a high Kevlar content
(80% by volume). This indicated that the high Kevlar mate-
rials yielded a better ductility than the C3D/MC and carbon
fiber-dominated composites. It was noted that fiber buckling,
which caused an irreversible deformation, was a typical fail-
ure mode for the hybrid composites with high Kevlar fiber
contents. Compared to the carbon fiber-dominated samples,
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the Kevlar fiber than the carbon fiber (when fiber/matrix ad-
hesion was not taken into account). However, it was interest-
ing to note that the HF3D/MC composites of 20%, 40%, and
60% Kevlar fiber by volume showed higher flexural strength
and modulus than the C3D/MC composite. Of which, Sam-
ple A had the highest flexural strength at 442 MPa, which
was 11% higher than the C3D/MC composite and Sample
B had the highest modulus at 25 GPa, 19% higher than the
C3D/MC composite, showing positive deviations from the
Rule of Mixture. Even for Sample C, with a relative Kevlar
fiber volume content of 60%, its flexural strength was still
higher than the C3D/MC composite. Similarly, the three 3D
hybrid composites with 20%, 40% and 60% Kevlar fiber by
volume showed higher flexural modulus than the 100% car-
bon fiber composite. These results confirmed the existence
of the positive hybrid effect, which is common for various
composites. Khatri and Koczak obtained the maximum flex-
ural strength for both unidirectional and cross-plied compos-
ites containing 75% (by volume) AS4 fiber and 25% E-glass
fiber [12]. Fu et al. gained a positive hybrid effect on the
elastic modulus with their hybrid particle/short-fiber com-
posites[13]. A positive hybrid effect was also found in a
polyethylene–glass fibers/PMMA hybrid system[14].

The positive hybrid effect for flexural strength and mod-
ulus observed in this study could be attributed to the combi-
nation of the Kevlar and carbon fibers. As mentioned early,
fi om-
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he Kevlar fiber-dominated samples failed gradually at la
eflections, indicating higher energy absorption and b
amage tolerance.

.2. Flexural properties

Fig. 2 shows the flexural properties of the HF3D/MC
omposites as a function of relative Kevlar fiber cont
s expected, the K3D/MC composite showed lower flexur
trength and modulus than the C3D/MC composite. It was be

ieved that the lower flexural properties of the K3D/MC com-
osite were attributed to the lower mechanical propertie

ig. 2. Variations of the flexural properties with relative Kevlar volume c
ent for the 3D carbon/Kevlar hybrid composites (total fiber volume frac
0%).

carbon 
ber buckling on the surface of the all-Kevlar composite d
nated its failure. It was believed that the presence of stiff
on fiber could prevent the Kevlar fiber from buckling.

he other hand, the Kevlar fiber could help the carbon
esist breaking, which led to a higher maximum stress.

.3. Shear strength

The shear strength as a function of the Kevlar fiber con
f the 3D braided hybrid composites is presented inFig. 3.
he shear strength of the hybrid composites showed a d
nt trend from the flexural strength and modulus. No obv

Fig. 3. Shear strength of the 3D braided carbon/Kevlar hybrid compo
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positive hybrid effect was observed for the shear strength.
The C3D/MC composite had the lowest shear strength and
the K3D/MC composite showed the highest value among all
samples tested. The shear strength of the 3D hybrid compos-
ites enhanced with increasing Kevlar fiber content.

3.4. Impact strength

Impact resistance of a composite is the measure of to-
tal energy absorbed in the material before final failure. The
fiber kinds and their hybrids in the composites were found to
have a significant effect on the energy absorption capability
[15]. Sreekala et al. observed a positive hybrid effect in glass
and oil palm fibers–phenol–formaldehyde hybrid composites
[16]. By adding a small amount of glass fiber, they noted a
100% improvement in impact strength for their hybrid com-
posites. The positive hybrid effect on impact property was
also reported by Peijs et al.[17].

The impact strength obtained in this study is depicted in
Fig. 4as a function of relative Kevlar fiber loading. Clearly,
the Kevlar fiber-reinforced composite exhibited higher im-
pact strength than the carbon fiber composite. The impact
strength increased with the volume fraction of the Kevlar
fiber. The increase in the impact strength was at least par-
tially due to the high energy absorbing ability of the Kevlar
fi -
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deformation of fibers. It was therefore readily understood that
the observed higher impact strength of the carbon/Kevlar hy-
brid composites than the C3D/MC composite was ascribed to
the plastic deformation of the Kevlar fiber, which consumed
large amounts of energy. Accordingly, the more the Kevlar
fiber, the higher the impact strength of the HF3D/MC com-
posites (as shown inFig. 4). It should be mentioned that the
presence of the carbon fiber in the hybrid composites was
likely to restrict the extent of the plastic deformation of the
Kevlar fiber, which caused lower impact strength of the hy-
brid composites than the K3D/MC composite. Additionally,
fiber/matrix interfacial failure was evident in all the compos-
ite samples studied. This was probably due to weak interfacial
bonding because no fiber surface treatment was carried out. It
was found that the impact strength of the hybrid composites
was nearly a weighted sum of the impact strength of all the in-
dividual components. Therefore, we deduced that the hybrid
system did not show a hybrid effect on impact strength. This
agrees with results reported by Park and Jang, who investi-
gated the impact behavior of glass/aramid hybrid composites
and did not declare any hybrid effect[18].

3.5. Practical importance of hybridization in
orthopedics

An osteofixation implant should at least meet certain phys-
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ber. As can be seen fromFig. 4, the 3D braided hybrid com
osites had less significant energy absorbing capability
ompared to the K3D/MC composite, but improved impa
roperty when compared to the C3D/MC composite. This wa
nderstandable as the Kevlar fiber possessed higher e
bsorbing capability than the carbon fiber. The Kevlar fi
nderwent extensive deformation before final break; whi
eformation occurred for the carbon fiber. This was cle
hown from the impact fracture surfaces of typical sam
seeFig. 5). Generally, impact energy is primarily dissipa
hrough plastic deformation of matrix, fiber pull-out and fi
reakage. The fracture surfaces shown inFig. 5(c) revealed
nother mechanism of impact failure, which was the pla

ig. 4. Impact strength of the 3D carbon/Kevlar hybrid composites pl
gainst relative Kevlar fiber content.
cal and medical demands to be safe for clinical app
ions, including good biocompatibility, sufficient streng
nd suitable stiffness (close to human bones). Metallic

eosynthesis devices are associated with problems su
tress shielding, corrosion, and artifacts in computed to
aphy (CT) and magnetic resonance imaging (MRI)[19–21].
ioabsorbable surgical devices offer certain advantages
etallic ones—elimination of stress shielding, avoidanc

econd surgical operation, etc. However, the use of int
xation devices consisting of bioabsorbable polymers,
s polyglycolide (PGA), polylactide (PLA), and copolym
f lactide and glycolide (PLGA) has been linked to such c
lications as transient fluid accumulation or sterile sinus
ation in late stages[22,23]. Furthermore, their relative lo

trength allows bioabsorbable devices to be used only in
oad-bearing bones. The advantages of non-absorbab
rous composites have gained wide acceptance[24,25]. Com-
ared to other fibrous composites, 3D composites pr
ore advantages[9,26]. To date, various 3D composites ha
een made for osteosynthesis devices[7,27]. Their mechani
al properties are summarized inTable 2. As can be seen fro
his table, the 3D braided carbon fiber–epoxy (C3D/EP) com-
osites demonstrated the highest strength and the K3D/MC

he lowest strength among all the 3D composites listed
ombining carbon fiber and Kevlar fiber a reduction in
act strength was traded for increased strength and mo
hen compared to an all-Kevlar fiber composite. More
ortantly, the hybrid composites of both higher strength
odulus (due to a positive hybrid effect) and higher im

trength than the all-carbon fiber composite were obtain
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Fig. 5. SEM micrographs of impact fracture surfaces (a and b) C3D/MC, (c) Sample A, (d) Sample D (e–g) K3D/MC.
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Table 2
Comparisons of mechanical properties of 3D braided composites with
biomedical metals and human cortical bone

Materials Flexural strength (MPa) Flexural modulus (GPa)

Cortical bone 180 20
Ti–Al–V 380 120
Stainless steel 280 200
Co–Cr 480 240
C3D/EP 756 47
C3D/MC 395 21
K3D/MC 205 14

HF3D/MC
Sample A 442 22
Sample B 421 25
Sample C 277 24
Sample D 243 21

Comparisons of various 3D composites with biomedical
metals and human cortical bone seem to indicate that Sample
A is promising in terms of its high strength and close modu-
lus to human bones. It should be mentioned that no positive
hybrid effect for impact strength was obtained for the cur-
rent carbon–Kevlar–MC composite system. A deep insight
on hybridization may allow us to design a better hybrid sys-
tem so we can tailor the mechanical properties of the 3D
braided composites to meet the requirements of orthopedic
usage.

4. Conclusions

3D braided carbon/Kevlar hybrid composites possessing
advantages of both the carbon and Kevlar fibers were created
by hybridization. The high carbon fiber content 3D hybrid
composites exhibited load–displacement curves similar to
that of the all-carbon composite. In the same way, the high
Kevlar fiber content composites resembled the all-Kevlar
fiber composite in load–displacement behavior. The positive
hybrid effect for the strain was found for the 3D hybrid
composites. Results of flexural tests revealed the existence
of a positive hybrid effect in strength and modulus for the 3D
braided hybrid composites. However, we found no hybrid
effect for shear strength and impact property. SEM obser-
v hly
p ergy,
w bon
fi at the
3 than
t ield
t ith
a erate
i an

effective method of tailoring the mechanical properties of
the 3D braided composites to meet the needs of orthopedics.
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