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Abstract

The damage resistance of woven glass reinforced vinylester matrix composites after low-velocity impact is evaluated. The composites
have a hybrid laminate structure, consisting of fabric layers treated with different silane coupling agents. It is shown that the extent of damage
and the residual mechanical properties as measured in compression-after-impact (CAI) tests are affected strongly by the combination of
hybrid layers and the position of individual layers with particular silane treatment relative to the impact front surface. There is strong
correlation between the mode II interlaminar fracture toughness and the impact damage performance of hybrid composites. © 2001

Published by Elsevier Science Ltd.
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1. Introduction

The significance of using hybrid fibre composites is to
optimize useful properties that cannot be achieved with one
type of fibre. Driving forces for employing two or more
types of fibre with a common matrix material are twofold
[1-5]: one is to reduce the cost of expensive carbon fibre
reinforced plastic (CFRP) composites by incorporating
cheaper glass fibres, and the other is to utilise the inherent
ductility of aramid, glass or ultra-high molecular weight
polyethylene (UHMPE) fibres that can counterbalance the
brittleness of typical CFRP composites. The poor impact
performance of CFRPs has been a major issue from the
design viewpoint, and the hybrid fibre concept has been
widely used to enhance the impact damage resistance [6,7].

Significant research efforts have been made to understand
the effects of type of fibre employed, method of fibre
mixture and stacking sequence on the structural and
mechanical performance of hybrid composites. Hybridizing
carbon layers with less number of layers of UHMPE fibre
resulted in a substantial improvement in impact damage
performance with negligible reductions in tensile and
flexural strengths [8]. The stacking sequence played a
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critical role in controlling the deformation and damage
processes under low velocity impact [4,5,9-11]. The
laminates with asymmetric stacking sequences tended to
outperform those with symmetric stacking sequence. The
laminates with brittle layers in the front (i.e. compressive
side) and flexible layers in the back surface (i.e. tensile side)
of impact (Fig. 1(a)) offered a better impact damage
resistance than the other combinations of layer and stacking
sequence (Fig. 1(b)). This is because the brittle layers
absorb effectively the majority of incident impact energy
by means of extensive damage processes, such as fracture
and delamination, and the rest of impact energy is dissipated
by the flexible layers mainly through inelastic deformation.
A similar conclusion was also drawn in high velocity impact
of carbon/UHMPE hybrid composites that the highest
impact energy values for penetration was obtained by
positioning the UHMPE layers in the back surface of
impact [10].

Apart from stacking sequence, the fibre—matrix interface
adhesion is another important factor that controls the impact
performance of hybrid composites. A strong adhesion is
necessary to achieve efficient stress transfer between the
fibre and matrix and thus high composite strength and
stiffness, but is not always favourable for high damage
resistance and fracture performance [12]. There is inevitable
compromise between the high strength/stiffness and the
high ductility/fracture resistance as these mechanical prop-
erties are influenced by the fibre—matrix interface adhesion
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Fig. 1. Schematic drawings of deformation modes in hybrid laminate
composites with different stacking sequences upon impact loading: (a)
asymmetric configuration; (b) symmetric configuration.

in a rather opposite way. Following our previous studies on
hybrid composites containing layers with glass fibres treated
with different silane coupling agents [13], the present paper
reports the damage resistance of hybrid composites after
low-energy impact loading. In light of the brief review
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discussed above, the combining effects of interface adhesion
and stacking sequence are specifically studied on the residual
properties after low energy impact damage.

2. Experiments
2.1. Materials and fabrication of composite

All materials used in this study, including fibres, matrix
materials and coupling agents, were essentially the same as
those reported previously [14,15]. The woven E-glass
fabrics contained 44 (warp) X 34 (weft) strands per
2.5 X 2.5 cm” unit area. Each strand consisted of 400 filaments
of 9 wm in diameter. The matrix material was an unsaturated
vinylester resin (Ripoxy R806), and was cross-linked with
0.7 wt% methyl ethyl ketone peroxide (MEKP). Two
different types of coupling agents were used: y-methacryl-
oxypropyltrimethoxysilane (y-MPS) and y-glycidoxypropyl-
trimethoxysilane (y-GPS). Five different combinations of the
two coupling agents were formulated: 0.01 wt% (MO0.01),
0.4 wt% (M0.4), 1.0 wt% (M1.0), methanol washed 0.4 wt%
(MWO0.4) y-MPS and 0.4 wt% vy-GPS (E0.4). The hand lay-up
technique was employed to produce 20-ply laminates with
all warp strands being oriented in the same direction. Four
different laminates with asymmetric lay-up sequences,
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Fig. 2. Load—time and energy—time curves of hybrid laminates under 50 J impact.
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Fig. 3. Typical damage modes in the (a) front and (b) back impact surfaces
of hybrid laminates (M0.01,¢/MWO0.4,,) impacted at 50 J.

designated as [MO0.01,/MWO0.4,0], [MO0.01,¢/M1.0,0],
[E0.4,¢/MWO0.4,9] and [MO0.4,/MWO0.4,0], were prepared,
which were subsequently cured at room temperature for
48 h, followed by post-cure at 80°C for 3 h and at 150°C
for 2 h in an oven. The nominal thickness of laminate plate
was 4 mm and the fibre volume fraction was about 0.426.
The hybrid laminates were cut into square specimens of
100 X 100 mm”.

2.2. Specimens and tests

Low-velocity impact tests were conducted on an instru-
mented impact test machine (GRC Dynatup 8250). The
specimen edges were firmly fixed between two circular
rings having a test window of 76 mm in diameter. The
impact energy level varied in the range of 20—50 J, adjusted

by the height of a hemi-spherical impactor of 12.7 mm in
radius, relative to the specimen. The load—displacement
records were obtained directly from the data acquisition
system. Impact-induced damage areas in the front and
back surfaces of specimens were measured using an image
analysis technique. The compression-after-impact (CAI)
tests were conducted to evaluate the damage tolerance of
the hybrid composites using a fixture (Boeing Specification
Standard BSS 7260). The simply supported boundary
conditions on the side edges were included in the fixture
to prevent out-of-plane buckling of the specimens. All
CAI tests were conducted on a computerized universal
testing machine in the weft direction at a crosshead speed
of 0.5 mm/min at room temperature. The compressive
strengths of undamaged specimens were also measured for
comparison.

3. Results and discussions

Typical impact load and energy curves are shown as a
function of time generated at incidental impact energy of
5017 in Fig. 2. All curves for laminates with different fibre
surface treatments looked basically similar. The characteristic
load points, P; (incipient damage load) and P,, (maximum
load), were clearly noted. The incipient damage load,
mainly due to delamination or debond initiation at the initial
stage of impact, was identified by the first sudden load drop
after the linear increase in load. The maximum or peak load
corresponds to the load that the laminate can sustain before
subjecting to major damage. Both the P; and P,, values
obtained from the four different hybrid laminates were
approximately the same in the range from 5.5 to 6 kN and
from 6.8 to 7.2 kN, respectively. This indicates that the in-
plane mechanical properties determined the characteristic
impact load—displacement records, while the laminar inter-
face properties affected by the layers of different silane
coupling agents did not play a significant role.

Damage of the impacted laminates was characterised
using a stereo microscope with the aid of high intensity
transmitted and reflected light [14]. Fig. 3 illustrates typical
damage modes of the front and back surfaces of the laminate
(M0.01,/MWO0.4,p) after impact loading at an energy of
50 J. Extensive fibre breakages were seen in the front face
of the laminates, where the impactor was directly contacted.
Meanwhile, substantial delamination, matrix cracking and
fibre fractures were observed in the back face. These
damage modes are essentially similar to those reported for
the non-hybrid laminates [14,15]. Four different regions
were identified corresponding to different damage modes
in the back face of laminates, namely (i) major delamination,
matrix cracking and transverse fibre fracture; (ii) extensive
macro interface debond cracks both in the warp and weft
directions; (iii) microscopic interface cracks in the warp direc-
tion; (iv) microscopic interface cracks in the weft direction.

The major damage area in the central area of specimens
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Fig. 4. Damage area as a function of impact energy.

was measured and plotted in Fig. 4. The laminate with
(E0.4,(/MWO0.4,y) layers exhibited the largest damage area
for all impact energy studied, the difference in damage
area increasing with increasing impact energy. While the
other three hybrid laminates showed similar damage
performance, the laminates (M0.01,/MWO0.4,y) and (M0.4,,/
MWO0.4,,) were marginally more resistant to damage than the
laminate with (M0.01,/M1.0,o) layers, especially at high
impact energy levels. The residual compressive strengths
were measured after impact damage, and the normalized
values are plotted in Fig. 5. By employing a simple model
of residual CAI strength proposed previously [16],

Oy _ UO k
0 —(7) ’ M

two damage parameters, U, and 3, were obtained [14,15].
U, is the threshold impact energy that the material can
withstand without any strength degradation, whereas 3 is
the threshold coefficient corresponding to the gradient of
strength degradation with absorbed energy. o and o, are
the original strength without damage and the residual CAI
strength after impact energy, U, respectively. The damage
parameters were determined from the least-square fitted
log—log plots of the experimental data shown in Fig. 5:

log o, = log oy + B(log Uy — log U). 2)
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Fig. 5. Normalized residual CAI strength, o /o, plotted as a function of
impact energy, U.

Similarly, the threshold damage area, C,, below which
no strength reduction takes place and the corresponding
threshold coefficient, «, were also determined using the
equation:

oy ﬁa
70_(6)' ®)

These damage parameters thereby obtained are summarized
and compared with those for non-hybrid laminates taken
from the previous study [14], in Table 1. It is noted that
the threshold impact energy was lower and the threshold
damage area was larger in the order of the laminates
(E0.4,¢/MWO0.4,p), (M0.01,¢/M1.0p), (MO.01,/MWO0.4,0)
and (M0.4,/MWO0.4,), indicating that the damage resistance
and damage tolerance are lower in the same order. Mean-
while, the difference threshold coefficients, o and 3, were
marginal between the different hybrid laminates, reflecting
similar rates of strength reduction with the increases in
impact energy and damage area. The hybrid laminates had
threshold energy values generally lower and the threshold
damage area higher than the non-hybrid laminates, indicating
the inferior impact damage resistance and damage tolerance
for the hybrid laminates.

An attempt was made to correlate the above findings

Impact damage parameters, including the threshold impact energy, U,, threshold damage area, Cy, and threshold coefficients, 8 and «, for non-hybrid and

hybrid laminate composites

Non-hybrid Impact parameters Hybrid Impact parameters

Uo () B Uo () B Cy (mm?) a
MO0.01 16.3 0.34 MO0.01,¢/MWO0.4,o 16.0 0.34 128.9 0.24
MO0.4 19.0 0.38 MO0.01,¢/M1.0;9 14.9 0.39 92.5 0.22
M1.0 22.6 0.32 E0.4,/MWO0.4,, 10.6 0.37 67.1 0.20
MWO0.4 17.5 0.30 MO0.4,¢/MW0.4, 17.6 0.38 139.8 0.27

E0.4 159 0.25
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Non-hybrid laminates

Interlaminar fracture toughness (kJ/m?)

Hybrid laminates

Interlaminar fracture toughness (kJ/m?)

Mode 1 Mode 11 Mode 1 Mode 11
MO0.01 0.74 0.98 MO0.01;,¢/MWO0.4, 0.57 2.03
MO0.4 0.4 2.10 MO0.01,¢/M1.0y 0.65 1.94
MI1.0 0.31 2.47 E0.4;¢/MWO0.4,, 0.45 1.59
MWO0.4 0.42 2.31 MO0.4,¢/MWO0.4,, 0.58 243
E0.4 0.32 1.75

with other mechanical properties of the laminates. It was
found that a high impact damage resistance and damage
tolerance corresponds approximately to high interlaminar
fracture toughness, especially in mode II shear. The inter-
laminar fracture toughness values measured in our previous
studies [17] are summarized in Table 2, and the correlation
with impact damage performance is illustrated in Fig. 6.
For all hybrid laminates studied, the normalized CAI
strength closely matched with the mode II interlaminar
fracture toughness, Gy (Fig. 6(a)). Indeed, there are linear
relationships between the threshold parameters, U, and Cy,
and Gyc of the laminates (Fig. 6(b)). The above correlation
further confirms that the mode II interlaminar fracture
toughness is a good indicator of impact damage resistance
of a laminate [18,19]. The ductility of matrix material and
the interface adhesion have been shown to be the two
predominant factors controlling the interlaminar fracture
toughness of composites, which in turn influence the impact
performance.

4. Concluding remarks
Hybrid laminate composites were fabricated with

fabric layers of different fibre surface treatments. The
low-velocity impact tests were performed and the resi-
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dual CAI strengths were measured to evaluate the
damage resistance and damage tolerance of the hybrid
laminates. The following can be highlighted from this
study:

1. The damage modes of hybrid laminates are similar to
those observed in non-hybrid laminates as damages
modes are determined mainly by the in-plane
mechanical properties of laminates.

2. The impact damage resistance and damage tolerance
are lower in the order of the laminates (E0.4,y/
MWO0.4,p), (M0.01,¢/M1.0y5), (M0.01,(/MWO0.4,) and
(MO0.4,,/MWO0.4,y). Strong correlations are established
between the threshold impact energy, the threshold
damage area and the mode II interlaminar fracture
toughness of the hybrid laminates. The implication
is that the impact performance of hybrid laminates
can be improved by selecting combinations of layers
with high mode II interlaminar fracture toughness
values.

3. The impact performance of hybrid laminates is in
general inferior to that of non-hybrid laminates,
despite the previous finding of higher tensile and
flexural strengths of hybrid laminates containing layers
treated with certain combinations of silane coupling

agent.
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Fig. 6. (a) Correlation between the residual CAI strength, o, and mode II interlaminar fracture toughness, Gyc, for different hybrid laminates. (b) Correlations
between the threshold damage area, C), threshold impact energy, U,, and mode II interlaminar fracture toughness, Grc.
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