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ABSTRACT: The mechanical and fracture properties of
injection molded short glass fiber)/short carbon fiber rein-
forced polyamide 6 (PA 6) hybrid composites were studied.
The short fiber composites of PA 6 glass fiber, carbon fiber,
and the hybrid blend were injection molded using a conven-
tional machine whereas the two types of sandwich skin–
core hybrids were coinjection molded. The fiber volume
fraction for all formulations was fixed at 0.07. The overall
composite density, volume, and weight fraction for each
formulation was calculated after composite pyrolysis in a
furnace at 600°C under nitrogen atmosphere. The tensile,
flexural, and single-edge notch-bending tests were per-
formed on all formulations. Microstructural characteriza-
tions involved the determination of thermal properties, sk-
in–core thickness, and fiber length distributions. The carbon

fiber/PA 6 (CF/PA 6) formulation exhibits the highest val-
ues for most tests. The sandwich skin-core hybrid compos-
ites exhibit values lower than the CF/PA 6 and hybrid
composite blends for the mechanical and fracture tests. The
behaviors of all composite formulations are explained in
terms of mechanical and fracture properties and its propor-
tion to the composite strength, fiber orientation, interfacial
bonding between fibers and matrix, nucleating ability of
carbon fibers, and the effects of the skin and core structures.
Failure mechanisms of both the matrix and the composites,
assessed by fractographic studies in a scanning electron
microscope, are discussed. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 97: 957–967, 2005
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INTRODUCTION

Polyamide 6 (PA 6) is a semicrystalline material
widely used as a matrix in the production of short
fiber reinforced thermoplastic (SFRTP) composites.
This is because of their desirable properties such as
high strength, stiffness, and resistance to nonpolar
solvents.1 However, PA 6 has some other characteris-
tics that limit its use in many applications; for exam-
ple, it has poor low-temperature toughness and is
quite notch-sensitive. The addition of glass fiber rein-
forcement is known to improve the stiffness, strength,
and high temperature performance of polymeric ma-
terials whereas the incorporation of carbon fibers
leads to enhanced thermal resistance and strength in
the material.2–4

The mechanical properties of SFRTPs are governed
by complex interactions of internal or microstructure-
related parameters such as types of matrix, types and
volume fraction of fibers, fiber aspect ratio, and fiber

orientation distributions, as well as the fiber–matrix
interface. This fiber–matrix interface is dependent
upon the nature, shape, and surface toughness of the
fibers. In addition, there are other external factors that
must be considered, namely the rate and mode of
testing and also the surrounding environment.

In injection molded short fiber composites, a three-
layer (skin–core–skin) structure is usually devel-
oped.8,9 Such structures (where the skin may amount
up to 50% of the cross-sectional area) yield very strong
composites, which combine high strength with better
toughness. There is a good characterization of the skin
and core materials with respect to their macroscopic
properties.2,8 However, most of the studies on SFRTPs
have focused on materials prepared using conven-
tional injection molding techniques and not using
coinjection molding.

The coinjection molding process was first described
and developed by ICI in 1970 to overcome surface
finish limitations inherent in the structural foam pro-
cess, which has a rough surface finish.10,11 However,
over the years, the coinjection molding process has
been used for a variety of purposes and to curb a
variety of problems, the first and foremost reason
being to reduce material cost. Carbon fibers are very
expensive compared to glass fibers. Substituting half
of the carbon fiber volume with glass fibers will make
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the composites much cheaper. Other than that, carbon
fibers and glass fibers have different engineering
property levels toward different tests, e.g., thermal,
flexural.11 By using both glass and carbon fibers, we
hope to make a composite that has unique property
combinations that are not possible using a single fiber
composite.

The coinjection molding process also brings about
esthetic values in the samples, enabling the compos-
ites to be used for decorative purposes.10 This is espe-
cially obvious when the skin is a transparent or
opaque layer and the core is a darker layer (i.e., carbon
fibers in the core and glass fibers in the skin layer).

The objective of this paper is to investigate the me-
chanical and fracture behavior of (co)injection molded
PA 6 composites with short glass fiber (SGF)/short
carbon fiber (SCF) hybrid reinforcement and to further
characterize the failure mechanisms with particular
interest in the sandwich structure composites pro-
duced using (co)injection molding. It is also our objec-
tive to further correlate the test results with the micro-
structural characterization results, to explain the
trends observed, and to see the unique effects brought
about by the (co) injection molded formulations.

EXPERIMENTAL

Materials

Short fiber composites of PA 6 glass fiber, carbon fiber,
the hybrid blend, and two types of sandwich skin–
core hybrids were used. The sandwich composites
were compounded with a twin screw extruder (Labo-
tex-300, produced by Japan Steel Works Co., Ltd.) and
fabricated with a conventional injection molding ma-
chine and an 80-ton coinjection molding machine
(FN1000, manufactured by Nissei Plastic Industrial
Co., Ltd.). The coinjection molding machine is equipped
with 80-ton clamping units and two injection units (A
and B) with two 38-cm3 injection units oriented at an
angle of 25o to each other to shorten the sprue dis-
tance. The nozzle section of this machine is schemati-

cally shown in Figure 1a. The actions of the two injec-
tion units are independently controllable. This allows
the adjustment of the time lag between the onsets of
the two injections. Dumbbell-shape and square plaque
molds were injected in the sequential mode. The ma-
terial that would form the skin part was injected 1 s
prior to the second material that would later form the
core of the part. The injection time lag is set so that the
core material reaches the gate at the time of the com-
pletion of the injection of skin material. The holding
pressure was applied only by the injection unit of the
core material after the completion of the cavity fill. The
cavity design used for all composite formulations is
shown in Figure 1b. In this design, the two runners
with 6.00-mm circular cross sections pass the melt
from the sprue to the gate. A rectangular gate (edge
gate) is located at the nonmoving part of the rectan-
gular plaque and dumbbell mold. The molding con-
ditions for coinjection molding and conventional in-
jection molding are presented in Tables I and II, re-
spectively. All samples were produced with 200°C
melt temperature and 40 s holding time. The densities
for glass fibers, carbon fibers, and PA 6 are 2.60, 1.75,
and 1.14 g/cm3, respectively. The fiber volume frac-
tion for all formulations was fixed at 0.07. A process-
ing flow chart of the five formulations used in the
experimental is presented in Figure 2.

The formulations were categorized as shown in Ta-
ble I.

Conditioning of specimens

All samples were conditioned at 80°C in a vacuum
oven for a period of 72 h, in accordance to previous

Figure 1 (a) Coinjection molding nozzle section. (b) Mold
cavity.

TABLE I
Typical Formulations and Their Description

Formulations Description

CF/PA 6 Short CF in PA 6
GF/PA 6 Short GF in PA 6
GF/CF/PA 6 hybrid Short CF and GF in PA 6
CFs/GFc/PA 6 Short CF in skin and short GF in core
GFs/CFc/PA 6 Short GF in skin and short CF in core

TABLE II
Injection Molding Conditions for Co-Injection Molding

Co-injection molding parameters Barrel A Barrel B

Barrel temperature range (°C) 175–200 175–200
Maximum injection pressure (MPa) 10 7.5

Maximum screw speed (rpm) 160 175
Shot size (mm) A1 � 30–55

A2 � 5 12–37
Nozzle temperature (°C) 200 200
Packing pressure range (MPa) 1–6 1–6
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work done on similar materials.12 This was done to
remove most of the moisture that might have been
absorbed due to the hygroscopic nature of the PA 6
matrix.

Testing and characterization

Microstructural characterizations

The DSC thermograms of slices cut from various
depths of the samples (skin and core regions) were
recorded by a Perkin–Elmer Model DSC-2. Samples
weighing 10.00 mg were used. The samples were
scanned from 30 to 300°C at a heating rate of 20°C/
min. Analysis was performed under a nitrogen purge
at a flow rate of 10 mL/min to prevent oxidative
degradation. The degree of crystallinity, Xc, was cal-
culated assuming a heat of fusion of the perfectly
crystalline PA 6 samples to be the same as that of the
pure polyamide 6,6 crystal, which is 130 J/g.37

The fiber alignment in different layers across the
thickness of the composites was visualized wth the
help of metallographically polished specimens and
high contrast imaging in an Olympus PME3 micro-
scope that was connected to a computer via a QB color

CCD TV camera. The images obtained were recorded
digitally in JPEG format.

Prior to imaging, the fracture surfaces of the single-
edge notch-bending (SEN-B) test samples were pol-
ished using a double polishing machine, using abra-
sive sandpapers. The samples were then placed in
rubber molds, embedded in epoxy resin, and left to
dry. The embedded samples in epoxy were then pol-
ished again using sandpapers and finally with alu-
mina powder. The determination of fiber length dis-
tribution followed after burning off the matrix in a
vacuum furnace at 600°C in air and nitrogen atmo-
spheres. Fibers obtained were dispersed in glycerol
and observed under an Olympus PME3 optical reflec-
tance microscope that was connected to a computer
via a QB color CCD TV. The IMAPS analysis program
was used to manually calculate the fiber lengths for
each formulation. A minimum of 500 fibers was cal-
culated for each formulation.

Mechanical tests

The tensile test was done in accordance with ASTM
Standard D638 on a Testometric tensile testing ma-
chine, using a crosshead speed of 1.00 mm/min.

The flexural test (three-point mode) was done in
accordance with ASTM D 790–98. The specimen di-
mensions were 100.00 � 13.00 � 3.00 mm. The cross-
head speed selected was 1.00 mm/min with a support
span (L) of 64 mm. The specimens were cut parallel
and transverse to the mold filling direction (MFD) and
were labeled LT and TL, respectively (see Fig. 3a).

Fracture toughness

The fracture toughness, Kc, was determined according
to ISO 13,586: 2000 using SEN-B specimens. The ap-

Figure 2 Flow chart of sample processing.

TABLE III
Injection Molding Conditions for Conventional

Injection Molding

Injection molding parameters

Barrel temperature range (°C) 175–200
Maximum injection pressure (MPa) 10
Maximum screw speed (rpm) 175
Shot size (mm) 55–92
Nozzle temperature (°C) 200
Packing pressure range (MPa) 1–6
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plication of Linear Elastic Fracture Mechanics theory
facilitates the evaluation of Kc values. The machining
and designation of the SEN-B test samples are given in
Figure 3a and b, respectively.

The SEN-B test specimens was machined from the
injection molded plaques. Specimens with an initial
notch cut transverse to the MFD were designated LT
specimens, whereas specimens with notches cut lon-
gitudinal to the MFD were designated TL specimens
according to the ASTM E616–81 standard. A natural
crack was generated by tapping on a new razor blade
placed in the notch. The SEN-B specimens were tested
at a crosshead speed of 1.00 mm/min. The test was
conducted at 20°C in ambient humidity. The values
for Kc were calculated using the equation

Kc �

Pc

S
4

B
W2

6

�1.93 � 3.07� a
W� � 14.53� a

W�2

� 25.1� a
W�3

� 25.8� a
W�4�, (1)

where Pc � load at peak, N; B � specimen thickness,
in meters; W � specimen width, in meters; a � notch
length, in meters; S � span length, in meters.

The fracture energy, Gc, was calculated using the
equation

Gc �
Kc

2

E , (2)

where Kc is the fracture toughness value and E is the
elastic modulus value.

Scanning electron microscopy

The fracture surfaces were examined using a Cam-
bridge scanning electron microscope (SEM) Model
Leica S-360. SEM micrographs were taken at 25 kV
high-acceleration voltage at various magnifications.
Prior to the SEM observations, the fractured parts of
the specimens were mounted on aluminum stubs and
were sputter coated with a thin layer of gold to avoid
electrical charging during examination.

RESULTS AND DISCUSSION

Microstructural characterization

Figure 4 illustrates DSC scans from both the skin and
the core regions of the CF/GF/PA 6 blend formula-
tion. A characteristic feature of all thermograms is
recrystallization exotherms, which takes place during
the heating process of the sample just before the main
melting peak at T � 221°C. This phenomenon can be
explained in terms of fast cooling at the mold wall
during the injection molding process. The intensity of
this peak diminishes if sliced DSC samples are taken
from the core region, as there is no contact of core
regions with the wall.38 However, the peak does not
diminish much in the core region of the composites,
indicating an inner stress state of the matrix due to the
presence of fibers. The enthalpy of crystallization,
�Hc, established in cooling regimes for the matrix and
the composites agreed with each other quite well.
From the information obtained, the degree of crystal-
linity, �c, of all formulations could be calculated using
the equation

�c �
�Hc

�Hm(fullycrystallinePA6,6)
� 100%, (3)

where �Hc is the enthalpy of crystallization derived
from the DSC scans, and �Hm(fully crystalline PA 6,6) is the
heat of fusion (130 J/g) of the 100% crystalline PA
6,6.37

Table IV shows the melt temperatures (Tm) and
degree of crystallinity of the skin and core materials.
Most Tm obtained from the DSC thermograms are
very close to the actual Tm supplied by the matrix
suppliers (220°C). The crystallinity of unfilled PA 6 is
around 31–34%, as reported by other researchers.32

Figure 3 (a) Machining of the SEN-B test specimens used.
(b) Designation of the SEN-B test specimens used.
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The reinforced PA 6 samples are observed to have
slightly higher degrees of crystallinity. This indicates
that some modification in the morphology of the PA 6
matrix has taken place as a result of the incorporation
of fibers. The inner stress state explained earlier would
account for this phenomenon. This recrystallization
(sometimes referred to as cold crystallization or crys-
tallization from the rubbery state32) is characteristic
for semicrystalline thermoplastics with high melting
temperatures processed by cold mold wall technol-
ogy, as recently shown on the example of polyphe-
nylene-sulfide.33 A similar observation was made by
Friedrich and Karger-Kocsis,8 who have discovered
that the intensity of the exothermic peak diminishes
when the DSC samples were taken from the core

region of the molded PA 6, 6. A very important point
worth noting is that the regions containing carbon
fibers in the CFs/GFc/PA 6 and GFs/CFc/PA 6 for-
mulations show a very high degree of crystallinity
compared to the regions containing glass fibers (either
skin or core regions). This phenomenon further accen-
tuates the fact that CF causes transcrystallinity in the
PA 6 matrix, which will be explained in later parts of
this paper.

Table IV also shows the composite densities, volume
fraction, and the composite layering structure for each
composite formulation. The fiber volume fraction values
are maintained at a constant 0.07, as stated earlier. The
skin layer is much thicker than the core layer. This is a
result of strong elongational flows, resulting in a high

Figure 4 Characteristic DSC scans of the CF/GF/PA 6 blend formulation with skin and core results.

TABLE IV
Characterization of the PA 6 Composite Samples Used

Formulations
Density, �c
(g cm�3)

Layer structure

Melting
temperature,

Tm (°C)
Crystallinity

(%)

2S/B C/B Skin Core Skin Core

CF/PA 6 1.2 0.6 0.4 222.3 216.1 41.0 46.5
GF/PA 6 1.2 0.7 0.3 221.5 224.2 55.3 34.1
CF/GF/PA 6 hybrid 1.2 0.6 0.4 220.6 221.9 49.7 49.3
CFs/GFc/PA 6 1.2 0.6 0.4 221.9 223.2 53.5 38.1
CFs/CFc/PA 6 1.2 0.6 0.4 222.6 215.5 30.2 41.1
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fiber orientation parallel to MFD in the skin region. This
happens as a result of there being less shear during the
flow of the skin material into the mold.

A typical cumulative fiber length distribution curve
for the glass fiber/PA 6 (GF/PA 6) formulation is
given in Figure 5. The mean fiber lengths for various
formulations are given in Table V. The mean fiber
lengths have been seriously degraded compared to
their initial lengths (�4 mm). The range of values
obtained here are in agreement with other reported
data of SFRTP composites.18 The mean fiber lengths of
glass fibers are clearly higher than that of the carbon
fibers, be it in the individual composites with single
types of fibers (GF/PA 6) or in the hybrid composites
(CF/GF/PA 6 blend, CFs/GFc/PA 6 and GFs/CFc/PA
6) formulations. It is obvious that the retention of fiber
lengths in the GF is better compared to CF in both
conventional and hybrid composites, due to CF being
more brittle compared to GF. As mentioned earlier,
the phenomenon of fiber breakage is caused by many
factors including fiber interaction with the viscous
polymer melt during processing, the effect of process-

ing equipments (extruder and injection molding ma-
chine) as well as fiber–fiber contact.

Tensile properties

Table VI shows the tensile properties of the various
formulations. Both tensile strength and tensile modu-
lus show a similar trend whereby the highest and
lowest values are for CF/PA 6 and GF/PA 6 compos-
ites, respectively. These trends are expected due to the
higher strength and stiffness of carbon fibers com-
pared to glass fibers. The tensile strength and tensile
modulus of the hybrid composites fall between these
two single fiber systems. While carbon fiber/glass
fiber/PA 6 (CF/GF/PA 6) blends and carbon fiber
skin/glass fiber core/PA 6 (CFs/GFc/PA 6) have
nearly the same values of strength and tensile modu-
lus, glass fiber skin/carbon fiber core/PA 6 (GFs/
CFc/PA 6) displayed slightly lower values. This indi-
cates that the combination of CF/GF and CFs/GFc
reinforces the PA 6 matrix much better compared to

Figure 5 GF/PA 6 cumulative % histogram for fiber length (in micrometers).

TABLE V
Mean Fiber Lengths for Each Formulation (�m)

Formulation

Mean fiber length (�m)

Carbon fiber Glass fiber

CF/PA 6 140 —
GF/PA 6 — 170
CF/GF/PA 6 hybrid 115 200
CFs/GFc/PA 6 117 197
GFs/CFc/PA 6 147 202

TABLE VI
Tensile Properties for Each Composite Formulation

Formulations

Tensile
strength
(MPa)

E-Modulus
(GPa)

Elongation at
break
(%)

CF/PA 6 124.3 11.4 3.3
GF/PA 6 97.8 6.8 2.2
CF/GF/PA 6 hybrid 116.5 9.2 2.7
CFs/GFc/PA 6 112.1 9.3 3.1
GFs/CFc/PA 6 99.0 7.7 2.2
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GFs/CFc, albeit the efficiency of reinforcement is not
as good as the single CF system. Table VI shows that
CF/PA 6 demonstrates the highest tensile properties.
This may be attributed to the better nucleating ability
of carbon fibers compared to glass fibers.16 Several
studies2–4,34–36 have indicated that carbon fibers are
capable of modifying the microstructure of the sur-
rounding matrices by providing nucleating sites for
crystalline growth.

The finer the fiber, the greater the probability of
strength improvement, meaning that the probability of
defect appearance is less. This is because, as the fibers get
finer, its area per unit volume increases, providing more
area for adhesion with the matrix. As such, carbon fibers
being smaller in diameter provide better strength com-
pared to glass fibers, which have larger diameters and
thus smaller area per unit volume.

The results obtained also enable us to speculate that
the hybrid effect (different types of fibers compliment-
ing each other in terms of providing certain mechan-
ical properties to the composite as a whole) becomes
more significant as total volume fraction of reinforce-
ment increases, as observed by others.15 Packing de-
fects may occur at higher fiber loading, which may
reduce effective stress transfer from the matrix to the
fibers. Uniformity in fiber dispersion decreases at
higher loading. However, rapid crack propagation is
hindered by the interlining fibers. The positive hybrid
effect (described earlier) becomes more obvious as the
mean fiber length decreases because there will be
more fibers packed into a composite. The various ori-
entations of the fibers in the matrix will further en-
hance the composites strength. However, care should
be taken so that the fiber length is not below the
critical fiber length needed to support loads effec-
tively. Thus, the length of fibers used determines the
degree of reinforcement in the composites. This is a
very typical characteristic of the carbon and glass fiber
reinforced composites.6 The increase in tensile prop-
erties also hints that there is very good adhesion be-
tween the rough SCF surfaces and PA 6. This will be
supported by SEM studies later in this paper. The
tensile strength of the CF/GF/PA 6 blend hybrid is
closer to that of CF/PA 6, indicating an advantage by
substituting half of the SCF with SGF.

Table VI also shows the elongation at break (EB) val-
ues for the various conventional and hybrid composites.
In all cases, the incorporation of either single fibers i.e.,
SGF or SCF, or hybrid fibers resulted in a dramatic
reduction on the EB of PA 6. This is expected, as reported
by other researchers.12,17 This phenomenon occurs due
to the reduction in free movement of the matrix when
fibers are incorporated. The PA 6 matrix, which usually
flows in a ductile manner (without reinforcement), finds
that its flow is hindered by the incorporation of fibers.
The hindrance in flow is both physical (matrix shrinking
unto the fibers) and chemical (fibers reacting with the

matrix to form bonds at the interface) in nature. These
hindrances make the composites more brittle, resulting
in lower EB values.

Flexural properties

Table VII shows the flexural properties of the various
composite formulations. The flexural data show the
same trend as that obtained from tensile tests, i.e.,
CF/PA 6 having the highest strength and modulus.
Synergism (positive hybrid effects) in the properties of
GF/CF/polymer hybrid composites has been report-
ed,16,17 where both GF and CF in the same matrix
complement each other. The effect is that the compos-
ites exhibit better properties not found in either
CF/PA 6 or GF/PA 6 composites. This can be seen by
referring to the CF/GF/PA 6 blend formulation,
which exhibits better properties than the GF/PA 6
composites. The GFs/CFc/PA 6 sandwich composite
actually shows lower flexural properties than CFs/
GFc/PA 6. It is known that when stress is applied to
the flexural sample, the core fails first, followed by the
skin layer.7 Carbon fiber, being more brittle than glass
fiber, fails easily under applied stress. This immedi-
ately brings about a catastrophic failure in the skin
layer and the whole sample. However, both sandwich
composites show better properties than GF/PA 6 but
poorer ones than CF/PA 6 and the hybrid CF/GF/PA
6 blend. This phenomenon could be because of the
area per unit volume issue pertaining to glass and
carbon fibers, as explained earlier. The higher surface
roughness and better nucleating (transcrystallinity)
abilities of carbon fibers compared to glass fibers
would also bring about better properties in compos-
ites reinforced wholly or partially with carbon fibers.
Flexural strength is a combination of the tensile or
compressive strengths, which directly vary with the
shear forces acting at the interface.19 In flexural test-
ing, various mechanisms such as tension, compres-
sion, and shearing will take place simultaneously and
failures are said to occur as a combination of all these
mechanisms.26

TABLE VII
Flexural Properties for Each Composite Formulation

Formulations

Flexural
strength (MPa)

Flexural
modulus

(GPa)

L-T T-L L-T T-L

CF/PA 6 177.6 117.0 7.9 3.5
GF/PA 6 163.8 106.0 4.7 2.8
CF/GF/PA 6 hybrid 175.4 128.1 6.0 3.5
CFs/GFc/PA 6 158.4 104.8 5.8 2.8
GFs/CFc/PA 6 125.8 98.4 4.4 2.6
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The damage of the composites in the L-T direction is
dominated by fiber pull-out in tandem with matrix
tearing and matrix microcracks caused by the fiber-
ends and the breakage of fiber. On the other end,
damage for the T-L samples are more toward fiber-
matrix debonding and tearing of the matrix.4

Kretsis and Matthews,21 in reviewing the flexural
properties of the hybrid fiber reinforced plastics, re-
ported that the flexural properties not only depend on
the hybrid composition but also on the arrangement of
the material layers. Skin–core morphologies are com-
mon among injection molded specimens, with the fi-
bers lying longitudinally in the skin layers, implying
higher load-bearing capabilities, and transversely in
the core layer. L-T specimens and T-L specimens, as
such, would also have different orientations for their
skin and core, with the L-T specimens having two
layers of longitudinally aligned fibers and the T-L
specimens having a single layer of longitudinally
aligned fibers. This results in lower flexural properties
for the T-L specimens compared to the LT specimens.
The fiber orientation of T-L and L-T specimens are
depicted in Figure 3a for better understanding.

Fracture toughness and fracture energy

The values of Kc for the SEN-B test are shown in Table
VIII. It is obvious in the skin–core hybrid composites
that the Kc values are naturally higher for the L-T
specimens compared to the T-L specimens. This, as
explained earlier, is attributed to the skin and core
structure. The L-T specimens have two layers of fibers
lying longitudinally, providing more resistance
through fiber pull-out in the composites. On the other
hand, the T-L specimens have two layers of fibers
lying transversely, providing less resistance toward
fracture as fiber debonding occurs when the fibers are
transversely aligned, contrary to fiber pull-out when
the fibers are longitudinally aligned. Obviously, the
fiber pull-out demands more energy compared to fi-
ber-matrix debonding.

CF/PA 6 shows the highest Kc values. This is fol-
lowed by the fiber blends, the sandwich composites,
and last, GF/PA 6 with the lowest values. Justifying
the high mechanical tests values of CF/PA 6 in accor-
dance to the volume per unit area of fibers, the carbon
fibers have more interaction with the PA 6 matrix.
There is more area for the PA 6 to adhere (shrink) on
CF compared to GF, because CF has a higher aspect
ratio compared to GF.38 Thus, the energy absorbing
mechanism that arises from the energy required to
pull out the carbon fibers from the matrix and fractur-
ing the matrix is much higher compared to that of the
glass fiber composites.39 In addition, carbon fibers
have a rougher surface morphology compared to glass
fibers, providing better adhesion and additional fric-
tion in the event of failure. In reviewing the micro-

structure and fracture mechanical performance of
SFRTPs, Karger-Kocsis17 has noted that both the ma-
trix- and the fiber-related mechanisms are responsible
for determining the course of the Kc versus Vf curves.

A micrograph of the fractured SEN-B samples is
presented in Figure 6. The L-T sample has a crack that
swerves during testing, contrary to the T-L samples
that have a straight fracture line. The fiber layering in
the L-T specimens force the cracks to follow this zig-
zag path associated with considerable energy dissipa-
tion, as well as fiber avoidance mechanisms, as ex-
plained by Szabo and Czigany4 and other research-
ers.16

The Kc values in Table VIII also show that the CFs/
GFc/PA 6 has higher fracture toughness compared to
the GFs/CFc/PA 6 hybrid composites. Carbon fibers,
being more brittle compared to glass fibers, are also
known to increase the strength and fracture toughness
of composites. Using a higher Vf of “strength contrib-
uting” component naturally would bring about better
mechanical and fracture properties to the composites.

Graphs obtained from the fracture test (load-dis-
placement) show a very smooth curve, indicating
gradual yielding of the sample. The samples gradually
yield under increased load and subsequently fail as
the fracture spreads throughout the sample. This was
concluded based on the well-discernible, smooth crack
propagation range after the maximum load, Fmax, was
reached. This is explained in terms of fiber fracture.
Once fibers fracture, the stress decreases accordingly.
Thereby, crack bridging and fiber pull-out are the
toughening mechanisms. The rough fracture surface
of the composites show that crack deflection should be
another toughening mechanism because the crack
swerving and twisting along the fiber/matrix inter-
face consumes more energy than cracks propagating
directly.28 The three toughening mechanisms, namely
crack bridging, fiber pull-out, and crack deflections,
operate simultaneously during crack propagation. It is
very difficult to experimentally identify the relative
contributions and the role of each toughening mecha-
nism.28

TABLE VIII
Fracture Toughness and Fracture Energy Results

for All Composite Formulations

Formulations

Fracture
toughness,
Kc (MPa �

m1⁄2)

Fracture
energy, Gc

(kJ/m2)

LT TL LT TL

CF/PA 6 8.6 5.4 9.3 8.5
GF/PA 6 5.7 4.0 6.9 5.6
CF/GF/PA 6 hybrid 8.1 5.1 11.0 7.4
CFs/GFc/PA 6 7.4 4.7 9.5 7.8
GFs/CFc/PA 6 7.2 4.8 11.6 8.9
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Table VIII also gives the critical strain energy release
rate or fracture energy values, Gc, of each individual
formulation in both LT and TL orientations. At any
given formulation, it can be observed that the LT
specimens give higher Gc values compared to the TL
specimens. As explained earlier in the case of Kc, this
arises as a result of different fiber orientation and
layering in the two types of specimens. The GFs/
CFc/PA 6 formulation has the highest Gc values, fol-
lowed by the CF/GF/PA 6 blend. The GF/PA 6 for-
mulation has the lowest values, a fact that could be
attributed to the lower aspect ratio of the glass fibers
compared to carbon fibers.39 The CF/GF/PA 6 blend
has reasonably high Gc values. From these results, it
can be inferred that glass fiber in itself provides less
resistance to fracture. However, if both glass and car-
bon fibers are combined, there is very good synergism
between both fibers, which in turn can hinder fracture
growth. However, the CFs/GFc/PA 6 has reasonably
low fracture energy values. This is attributed to the
adhesion efficiency of the GF core. GF, having weaker
adhesion with the matrix due to its smooth surface,
along with its inability to cause transcrystallinity, fails
fast and brings about less energy to fracture the whole
sample. There is also another inference that can be
made concerning the CF/PA 6 formulation. It can
safely be said that although carbon fibers are brittle
compared to glass fibers, they tend to bring about
better fracture resistance when used as the only form
of reinforcement, in contrast to glass fibers that pro-
vide little fracture resistance. This phenomenon,
again, is related to the aspect ratio and transcrystallin-
ity ability of CF and GF. Other literatures further
observe that the Gc values increase with increasing
fiber volume fraction and lower temperatures.16

Karger-Kocsis17 has also observed that the Gc values
increase with increasing fiber content. These observa-
tions give room for further research in the same area
and will be considered in subsequent papers.

Figure 6 GF/PA 6 SEN-B specimens, L-T and T-L orientations.

Figure 7 (a) SEM micrographs taken from the fracture
surface of GF/CF/PA6 blend showing the appearance of CF
and GF. (b) SEM micrographs taken from the fracture sur-
face of GF/CF/PA6 blend showing an enlarged portion of
the CF fiber.
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Morphology

Figure 7a and b shows the surface appearance of glass
and carbon fibers in GF/CF/PA6 blend. Good fiber–
matrix interaction between PA 6 and carbon or glass
fibers is seen in both Fig. 7a and b. The PA 6 matrix
can be seen to adhere or wet the carbon and glass
fibers in the GF/CF/PA 6 blend. It can also be ob-
served that carbon fibers naturally have a rougher
surface finish (cf. Fig. 7b) than glass fibers. As such,
there should be a better adhesion of the matrix with
the carbon fibers compared to the smooth glass fiber
surfaces. This observation has also been made by
Tjong et al.29 as well as by Mohd Ishak and Berry.30

There is also a great difference in the size of carbon
fibers and glass fibers, taken at the same magnifica-
tion, removing any doubt regarding which is which.
Carbon fibers are smaller in diameter compared to
glass fibers. Concluding remarks cannot be made re-
garding the nucleating ability of the carbon fibers from
the SEM micrographs.

From Figure 8 it can be deduced that the most
common failure that occurred is through fiber pull-
out. This phenomenon can be observed in both glass
and carbon fiber. Fiber pull-out is indicated by the
holes (indicated by arrows in Fig. 8). Ductile matrix
failure is also observed at the matrix.

Figure 9 shows the notch area of the CF/GF/PA 6
blend formulation from the SEN-B test. The razor
notch formed as a result of tapping a blade on the
notch, as explained in the experimental section. Fiber
pull-out and debonding are evident near the notch.

CONCLUSIONS

This paper reports on the influence of both internal
parameters (volume fraction of fibers, skin–core mor-
phology, and degree of crystallinity) and external pa-

rameters (orientation of sample, i.e., LT and TL) on the
mechanical and fracture behavior of (co)injection
molded PA 6 composites with short glass fiber/short
carbon fiber hybrid reinforcement. The conclusions
from this study can be summarized as follows.

1. CF/PA 6 exhibits the highest values for each
mechanical and fracture test due to the higher strength
and stiffness of carbon fibers compared to glass fibers.
There is better adhesion between carbon fibers and PA
6 compared to glass fibers due to surface roughness.
DSC results confirmed that carbon fibers also have
better nucleating abilities compared to glass fibers.

2. The skin–core sandwich composites exhibit only
moderate values for each mechanical and fracture test
However, the CFs/GFc/PA 6 composites exhibit
higher mechanical properties compared to GFs/
CFc/PA 6 composites. The hybrid composite blends
give the most optimum mechanical and fracture prop-
erties, indicating the advantage of substituting half of
the CF with GF, which would provide a more feasible
material costs.

3. The composite damage in L-T specimens are due
to fiber pull-out along with matrix tearing and matrix
micro cracks caused by fiber breakages and fiber ends,
giving it higher mechanical values compared to T-L
specimens, which are primarily damaged due to
debonding of fibers and matrix.

Kyoto Institute of Technology and Toray Japan are acknowl-
edged for supplying the materials used in this study.
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