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Reducing delamination is essential in increasing the impact resistance of laminated composites. In this study, two

methodswere used to improve energy-absorption capabilities of laminated glass/epoxy composites; onewas based on

small fiber angle changes between adjacent laminae, and the other was based on through-thickness stitching

reinforcement. Penetration thresholds were determined for small-angle laminated composites �0=��6 for which

�� 0, 5, 10, and 15 deg. The small-angle laminated composites, especially �0=15�6, were found to have higher

penetration thresholds than the conventional large-angle laminated composites, such as �0=90�6, due to damage

progression (most notably,fiber bridging). Stitched small-angle laminated compositeswere also found to have higher

impact resistance than unstitched specimenswith the same stacking sequence. The use of small-angle composites was

extended to multi-axis laminated composites, such as biaxis, triaxis, and sexiaxis laminated composites. Penetration

thresholds of themulti-axis laminates were found to be very comparable with the uniaxis laminated composites, that

is, �0=��6.

I. Introduction

F IBER-REINFORCED polymer matrix composite materials
have been used extensively in the aerospace industry, due to

their high specific stiffness and high specific strength. Although
laminated plates made of composite materials have excellent in-
plane properties, they are very susceptible to impact loading.
Transverse impact loading can cause delamination at the interfaces
between adjacent lamina with dissimilar fiber orientation. Although
delamination does not provide significant amounts of energy
absorption during the impact of laminated glass/epoxy composites
[1], it does cause significant structural disintegration to the composite
laminates and makes them vulnerable to subsequent loadings [1].

Several methods have been pursued to reduce delamination in
composite laminates, including stitching [2–4], z pinning [4–6], and
three-dimensional weaving [7–12]. These techniques are all based on
enhancing through-thickness strength by adding additional fibers or
pins. They show promising results in applications that require high
impact resistance; however, uses in structural applications have been
limited, due to the possible reduction of in-plane properties caused by
stitching-induced stress concentrations.

A novel three-dimensional woven composite has been developed
byCoppens [13]. It has been found to be an effective way to suppress
delamination and to improve energy-absorption capabilities of
composite materials. This method focuses on designing fiber
geometry rather than introducing additional reinforcement in the
thickness direction. This technique is based on the manufacturing
process of conventional woven fabrics; however, the weaving
strands are not restricted to one layer. The fibers interlock with
adjacent layers to produce a three-dimensional woven structure in
which each layer is integrated with both layers adjacent to it. This is
much different from the traditional three-weave composites that are
currently available. The commercially available three-weave
products are made by stacking several layers of unidirectional

fibers, either with the same fiber orientation or with different fiber
orientations. The stacked layers are then stitched in the through-
thickness direction with additional fibers. There is no undulation in
the three-weave fibers as there is with conventional woven fabric
and, therefore, the high stiffness and high strength of straight fibers
can be retained. It has been reported that stitching fibers with 2% of
weight volume is sufficient for resisting delamination in the three-
weave composites [8,12].

The damage process of composite laminates subjected to low-
velocity impact is very complex. In addition to delamination, other
damage modes (such as matrix cracking, fiber breakage, and fiber-
matrix debonding) may take place. The role of individual damage
modes changes as the stacking sequence of the laminate changes. Liu
[14] has suggested that differences in bending stiffness between
laminae having different fiber orientation can affect the size of the
delamination area. Similarly, Tao and Sun [15] have reported that
delamination occurs at interfaces for which there were differences in
fiber orientation.

Delamination plays a critical role in impact-induced damage of
composite laminates. Delamination is dependent on the stacking
sequence and, more importantly, the angle difference between
adjacent plies. To improve impact resistance and energy-absorption
capabilities of laminated composites, the present study investigates
the effect of small-angle changes between adjacent laminae [1,13] as
a means of suppressing delamination. The damage mechanisms of
small-angle laminated composites are of primary interest. The effect
of stitching on impact resistance of small-angle laminated
composites is also presented. The use of small-angle composites in
general laminated composite designs is explored by investigating
biaxis, triaxis, and sexiaxis composites.

II. Manufacture and Testing

Unidirectional glass/epoxy prepreg (3M type 1003A) was used to
construct laminated 300 � 300 mm specimens with stacking
sequences �0�12, �0=5�6, �0=10�6, and �0=15�6. A second set with
stacking sequence �0�12, �0=5�6, and �0=10�6 was stitched with 1.5-
mm-wide strips of prepreg cut parallel to the fiber direction. The
specimens with stitching will use the prefix S to differentiate them
from the unstitched specimens, which will use the prefix L to
describe that they are only laminated, with no additional through-
thickness strengthening. The stitching density and pattern was
consistent for all stitched specimens (Fig. 1). Each stitching nodewas
12.7 mm from the adjacent ones and each row was offset 6.35 mm
from the one above or below it. The specimens were layered with
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fabrication-related materials, such as release film, resin absorber,
mold plates, and vacuum bags. These specimens were cured in an
autoclave at 175�C with a heating and cooling rate of 5:5�C=min.
The isothermal hold time was 45 min and the pressure was held at
0.56 MPa during heating, dwelling, and cooling. No vacuum was
imposed in the fabrication.

The cured composites were then cut into 100 � 100 mm square
specimens with a diamond blade circular saw. The specimens were
testedwith an instrumented drop-weight tower, shown schematically
in Fig. 2. The loading unit consisted of a 22.24 kN load cell, a 50.8-
mm-long impactor with a 12.7-mm-diam hemispheric tip, and a
crosshead. The impactor had amass of 92.4 g, whereas the total mass
of the loading unit m was 5.03 kg. The impact energy (IE) was
controlled by varying the heighth between the tip of the impactor and
the top surface of the sample, using the height adjustment clamp. The
impact energy was determined by IE�mgh, where g is the
acceleration due to gravity. The initial impact energies for a given
sample were chosen based on the data from previous studies [1,2].
Based on the results of the first test, whether the impactor rebounded
or perforated the specimen, the height of the impactor was either
raised or lowered. The change in height was estimated by observing
the specimen damage and also evaluating the load-displacement
curve recorded during the impact event. The specimens were held in
place by a system of four toggle clamps to ensure that a fixed

clamping pressure was used for each experiment. The specimens
were sandwiched between two 2.54-cm-thick steel plates that left
76 � 76 mm of the specimen exposed. The bottom plate was fixed to
the base of the testing equipment and the top platewas removable and
held in place only by the clamping system. When the crosshead was
dropped, it would press a roller switch with its leading edge and
maintain contact until just before the impactor contacted the surface.
At this time, a toggle switch would be activated by the crosshead,
which would turn the circuit on. If the impactor rebounded from the
surface of the specimen, the top surface of the crossheadwould strike
the roller switch, which would activate a solenoid via a relay and
extend an air cylinder to push the crosshead upwards. This held the
impactor above the surface of the specimen to ensure that all damage
was due to only one impact event.

III. Discussion

A. Small-Angle Effect

The impact response of composite materials can be broadly
divided into three categories: rebounding, penetration, and
perforation. When the impactor rebounds, the energy absorbed by
the sample is less than the impact energy. As impact energy is
increased, the impactor will penetrate into the specimen and not
rebound, thus absorbing all of the impact energy. The critical value at
which all the impact energy is absorbed by the sample is the so-called
penetration threshold. There is a range of impact energies associated
with penetration in which the absorbed energy and the impact
energies are theoretically equal. However, some of the impact energy
can be lost due to vibration of the testing fixture, and so the absorbed
energy measured by the load cell is not always exactly equal to the
impact energy. The range of equal energy is more easily determined
in thicker specimens. After the equal energy interval, the impactor
completely penetrates (or perforates) the specimen, and the absorbed
energy again becomes less than the impact energy. The perforation
threshold is the energy at which the impactor exits the back of the
specimen. Coppens [13] and Liu [1] reported an increase in
penetration threshold as the fiber orientation mismatch between
adjacent laminae decreased, particularly when the mismatch was
15 deg. The triangles (�) in Fig. 3 represent the penetration
thresholds for laminated glass/epoxy composites from Coppens’s
study [13]. The results in Fig. 3 indicate a mild increase in impact
resistance in unstitched laminated glass/epoxy specimens �0=��6 for
small values of �. The highest impact resistance seems to exist
between �� 7:5 and �� 15. Stitchingwas performed on a specimen
based on the stacking sequence �0=90�6, resulting in S�0=90�6 The
filled triangle (▲) in Fig. 3 indicates that the impact resistance of the
stitched specimen over the unstitched counterpart is around 4 J. The
present study was focused on small angles between adjacent plies of

Fig. 1 Stitching pattern for S�0=��6 specimens.

Fig. 2 Schematic of drop-weight impact testing facility.

Fig. 3 Penetration thresholds for �0=��6 glass/epoxy composites.
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laminated and stitched composites with �� 0, 5, 10, and 15 for
stacking sequence of �0=��6.

Figure 3 also reports the penetration thresholds of the specimens in
the present study. The circles (○) are the laminated specimens and
the filled circles (●) are the stitched specimens. It should be noted
that the specimens used inCoppens’s studyweremanufactured using
an autoclave and by applying pressure and vacuum. The specimens
from the present study were cured in the same autoclave with the
same pressure butwithout vacuum, and so theywere thicker (average
thickness was 3.28 mm and fiber volume fraction was 0.50) than
Coppens’s specimens (average thickness was 2.6 mm and fiber
volume fraction was 0.67). This could account for the dramatic
increase in impact resistance for the specimens used in the present
study, although they were made from the same material and had the
same number of plies.

In the small-angle regime (� � 15), the effect offiber orientation is
very significant. In Fig. 3, the unstitched (i.e., laminated) specimens
L�0=15�6 have the highest penetration threshold, followed by
L�0=10�6 and then by L�0=5�6. The unidirectional specimens L�0�12
have the lowest penetration threshold. This implies that there is an
angle near 15 deg that provides the highest impact resistance.

When stitched specimens were investigated, a similar trend in
increasing impact resistance with increasing angle was noticed for
S�0=�6� specimens in which �was between 0 and 10. As � increased,
the difference in penetration thresholds between laminated and
stitched composites of the same stacking sequence also increased.
When �� 0, the stitched specimens had a lower penetration
threshold than the laminated counterparts, around 5 J less. The
stitched specimens S�0=5�6 exhibited a 2.3-J increase in penetration
threshold over the laminated specimens L�0=5�6, whereas S�0=10�6
had a 3.3-J increase over L�0=10�6. No data were available for
S�0=15�6 and so a comparison could not be made. The penetration
thresholds presented in Fig. 3 are based on performing nine
instrumented drop-weight experiments for each type of sample. The
penetration thresholds of at least five independent tests were
averaged to obtain the penetration threshold for a particular type of
sample. The technique to determine the penetration threshold is
discussed in the following sections.

B. Load-Deflection Curves

An investigation of the damage mechanisms is necessary to
explain the increase in impact resistance due to the small-angle effect
and stitching. This discussionwill be based on load-deflection curves
and corresponding damaged specimens to identify the dominant
damage modes at different stages during an impact event. The load-
deflection curves for all nineL�0=10�6 specimens are shown in Fig. 4.
They seem to match well on both loading and unloading sections,
implying the materials and experiments were very consistent and
repeatable. Curves 1, 2, 4, 5, and 6 are closed, meaning the impactor

rebounded and did not penetrate the specimens. Curves 3, 7, 8, and 9
are open curves, indicating the specimens were perforated. The
impact energy values corresponding to the load-deflection curves in
Fig. 4 are presented in Table 1.

A representative load-deflection relationship was constructed for
L�0=10�6 specimens by averaging the data points for all nine tests.
The data points after maximum deflections for those specimens that
caused the impactor to rebound were neglected in this average. The
averaged curve is shown in Fig. 5, along with the load-deflection
curve for specimen 8 that seems to match well with the averaged
curve. The discussion of the damage process of L�0=10�6 will be
based on specimen 8.

Figure 5 also illustrates some important features of the load-
deflection relationship of specimen 8 that were commonly observed
during all impact events. When the impactor first contacted the
specimen surface (Fig. 6a), it caused indentation and associated
matrix damage on the specimen, resulting in the first apparent
bump 1, the so-called inertial peak, in the load-deflection curve. As
the impactor continued to deflect the specimen, delaminationwas the
next type of damage to occur. This took place at the critical point 2
[16], which corresponds with a critical load and a critical deflection
represented by dashed lines. The critical point can be determined by
finding the intersection point between two linear regression lines that
are fit to the two regions in the load-deflection curve with different
slope, as also shown in Fig. 5. Note that the inertial peakwas not used
in the fit of the first region. The critical load occurred at nearly
1.40 kN, with the corresponding critical deflection around 3.55 mm
for specimen 8. The slope of the line before the critical point 3 is
m1 � 396 N=mm, whereas that after the critical point m2 is
597 N=mm. They represent the stiffness of the composite before and
after the critical point, respectively. The higher stiffness after the
critical point was likely due to the in-plane force (i.e., membrane
force) caused by the fixed boundaries of the specimens. The onset of

Fig. 4 Load-deflection curves for all nine L�0=10�6 specimens.

Table 1 Impact energies corresponding with the load-deflection

relationship in Fig. 4

Sample ID Impact energy, J Result

1 40.1 Rebound
2 41.4 Rebound
3 50.5 Penetrate
4 43.0 Rebound
5 46.4 Rebound
6 51.3 Rebound
7 56.2 Penetrate
8 54.8 Penetrate
9 53.2 Penetrate

Fig. 5 Load-deflection curves for averaged L�0=10�6 and specimen 8.
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delamination was identified to be around the critical point of
(3.55 mm, 1.40 kN).

As the impact load increased, a central matrix crack formed in the
postcritical stage 4. The central crack nucleated on the back face of
the composite, due to tensile stresses applied during impact (Fig. 6b).
The central crackwas always aligned parallel to the fiber direction on
the back face of the specimen, the 10-deg direction in this case. The
central crack did not cause immediate disintegration of the
composite. Instead, there was a plateau around the peak force 5 of
5.01 kN. Deviation from the tangential line 4 suggested that the
composite was gradually weakened before the plateau around peak
forcewas reached. The reduction in stiffnesswas primarily caused by
the extension of the central crack to the boundary of the specimens,
side cracks, also along the 10-deg direction, and matrix cracks in the
indentation area (Fig. 7a). The plateau around peak force in the
L�0=10�6 specimens was not observed in laminated composites with
large angles between adjacent plies and was attributed to more
complexmicrostructural damage processes, includingfiber bridging.
Fiber bridging is shown schematically in Fig. 7b. The fibers in the 0-
deg orientation span the gap created by thematrix crack along the 10-
deg direction.

In the unloading section 6 of the load-deflection curve, there is a
significant reduction in load after the plateau of peak force. There
seems to be a step on this portion of the curve. The central matrix
crack has widened and causes some fiber fracture at the center of the
composite. Once enough fibers are fractured, the impactor pushes the
remaining fibers out of the way, resulting in low energy absorption
for this region.

The nonzero load after perforation 7 is due to friction, because the
circumference of the impactor continued to contact the specimen
during penetration and after perforation until it used its total impact
energy (Fig. 6c). To identify the absorbed energy for penetration, it is
necessary to remove the frictional effects after penetration. The
method used in the present study involves making a linear regression
fit of region 6 in Fig. 5 and extending it to the deflection axis 8. The
absorbed energy for penetration is the area bounded by the loading
section, the unloading section, the extended section and the
deflection axis. In cases of rebounding, a linear regression fit to the
data points in region 6 before the deflection began to decrease would

estimate the impact energy increase required for penetration rather
than remove frictional effects. This method is thus appropriate for
specimens that had load-deflection curves very close to the
perforated ones. For example, thismethodwas applied to specimen 6
in Fig. 3. The actual energy absorbed was about 47.5 J, whereas the
estimated absorbed energy for penetrationwas estimated to be 49.0 J.
Averaging the corrected absorbed energies for penetration yielded
the penetration threshold for a particular specimen type. For
L��0=10�6, composite specimens samples 3, 6, 7, 8, and 9 were used
and had a penetration threshold of 47:5	 2:0 J. Specimens that only
caused rebounding and had considerably lower impact energy
(samples 1, 2, 4, and 5) were used to evaluate damage progression
due to impact; however, they were not used in calculating the
penetration threshold, because the error in estimating the penetration
threshold would have been too great.

C. Fiber Bridging

When L��0=10�6 specimens were impacted on the 0-deg ply front
face, the 10-deg plies suffered central matrix cracks. The 0-deg plies
had central fiber-matrix debonding, resulting in the fibers from the 0-
deg plies bridging the matrix crack in the 10-deg plies, as shown by
the stereo microscope image in Fig. 8. The small-angle specimens
had continuous matrix cracks extending from the contact zone to the
boundary clamps on both sides of the specimen, as well as visible
side cracks. Suppression of delamination due to central matrix
cracking would result in fiber bridging. When delamination
outperformed central matrix cracking, fiber bridging would not take
place.

As mentioned earlier, the plateau around the peak force in
L��0=10�6 specimens was due in part to fiber bridging. This fiber
bridging mechanism was only observed in L�0=��6 specimens in
which �� 5, 10, and 15. Fiber bridging was not observed in L�0=��6
specimens for � 
 30 in Coppens’s study [13]. These specimens did
not have a central matrix crack extending from the impact zone, nor
did they have side cracks, but significant delaminationwas observed.
On the contrary, the small-angle composites had an insignificant
amount of delamination. Fiber bridging was responsible for the high
penetration thresholds in the small-angle composites.

Delamination was most likely caused by high interlaminar stress
levels that arose from a mismatch in bending stiffness between
adjacent lamina, although low matrix strength was also responsible
for the damage. Larger fiber angle mismatch implied larger bending
stiffness mismatches, which led to high interlaminar stress levels
[14]. Reduction in impact resistance for large fiber angle differences
can be related to increasing delamination area. The impactor would
have little difficulty penetrating the specimen after they were
delaminated to individual plies. On the other hand, if a composite had
no difference of fiber angle between adjacent plies, such as the
unidirectional composite, it would have no delamination. When
subjected to impact loading, it would suffer central matrix cracking.
Composites with a small difference of fiber angle between adjacent
plies would tend to behave like the unidirectional ones. However, the

Fig. 6 Schematic representation of the interaction between the

composite specimen with fixed boundary conditions and the impactor:
a) in the initial stages of impact, b) during impact, and c) near the end of

impact.

Fig. 7 Location and damage type in L�0=10�6 specimens; insets show

a) matrix cracks in the indentation area of the impactor and b) 0-deg

fibers bridging the 10-deg central matrix crack. Fig. 8 Fiber bridging in 0-deg plies in L�0=10�6 specimens.
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small-angle difference at the interfaces would prohibit the central
cracks from running through the thickness and result in significant
fiber bridging, which was responsible for high energy absorption in
the impact process.

D. Comparison with L�0�12, L�0=5�6, and L�0=15�6
The progression of damage for L�0=10�6 could be applied to other

laminated specimens with small angles; however, there were some
differences. The unidirectional specimens L�0�12 had the lowest
penetration threshold, due to severe matrix cracking without fiber
bridging. The stiffness of unidirectional specimens was 382 N=mm,
which was smaller than those of L�0=5�6, L�0=10�6, and L�0=15�6, as
shown in Table 2. No significant delamination occurred in these
specimens and, consequently, no critical point could be determined.
Also, the load-deflection curves did not exhibit a large plateau
around peak force and the slope of the unloading section was quite
steep, indicating very little resistance in penetration. Figure 9
compares the typical load-deflection curves for each group of
laminated specimens; the characteristic values are listed in Table 2
for all specimens in this study.

L�0=5�6 specimens were the first specimens observed to have the
fiber bridging strengthening mechanism. The fiber bridges were
aligned in the 0-deg direction over the central matrix cracks in the 5-
deg direction. The critical point was difficult to locate, due to the
similar slopes between m1 and m2; however, examination of these
specimens revealed small delamination areas extending along the 5-
deg direction. These specimens had a higher stiffness than the
unidirectional specimens, which also contributed to the increase in
penetration threshold.

L�0=15�6 specimens had an identifiable critical point, 1.99 kN at
3.52 mm (based on L�0=15�6 specimen 2). The slope of the
postdelamination regionm2 was 656 N=mm, which was the highest
of all laminated specimens. These specimens had the highest
penetration threshold. This was due to the combined effect of high

bending stiffness and fiber bridging. There was, however, a lack of
continuousmatrix cracking in all of the specimens and no side cracks
were developed (Fig. 10). The central matrix cracks in this group of
specimens did not cause the specimen to split apart into two separate
pieces as was observed in L�0�12. These specimens did not almost
split apart as in L�0=5�6 and L�0=10�6, in which the central matrix
crack spanned the entire composite and the two pieceswere only held
together by the 0-deg fiber bridges. The catastrophic cracking forced
all the fibers in the 0-deg direction to bridge the central matrix crack
inL�0=5�6 andL�0=10�6. Thiswas not seen inL�0=15�6; rather, matrix
cracks were observed when the specimens were put on a light table.
Upon destructive evaluation, the matrix cracks that were oriented in
the 15-deg fiber direction were observed to be bridged by the 0-deg
fibers. There was also fiber breakage concentrated on the back face
beneath the contact-impact zone, which added to the energy
absorption.

To obtain the highest penetration threshold, the balance between
high bending stiffness and continuous central matrix cracking must
be achieved. Both mechanisms seem to contribute during different
stages of impact. High bending stiffness causes the load-deflection
curve to rise to a high peak force rapidly, whereas continuous matrix
cracking promotes a plateau around the peak force, due to fiber
bridging. In this study,L�0=15�6 has the highest penetration threshold
of all laminated specimens, but it is highly probable that a slightly
smaller value for � would increase the penetration threshold.

E. Stitching Effects

Stitching decreased the penetration threshold of �012� specimens.
During the manufacture of stitched specimens, there was localized
fiber breakage caused by the stitching needle. These areas became
resin-rich during curing and thus became areas of high stress
concentration. Matrix cracks tend to nucleate from resin-rich
regions.S�0�12 specimens hadmanyof these resin-rich inclusions that
were introduced by the stitching process and, consequently, failed at
lower impact energies, due to the increased amount of the preexisting
flaws. Figure 11 shows a comparison of the typical load-deflection
relationships for the stitched specimens. The increase in penetration
threshold for S�0=5�6 and S�0=10�6 is due to the higher peak force and
higher maximum deflection of the stitched specimens, resulting in
larger area under the load-deflection curve. This increase can be
attributed to bidirectional damage (along both the 0 deg and �
directions, as shown in Fig. 12) rather than the unidirectional damage

Table 2 Characteristics of small-angle composites

Specimen Impact
energy, J

Absorbed
energy, J

Critical
force, kN

Critical
deflection, mm

m1, N=mm m2, N=mm Maximum
deflection, mm

Peak
force, kN

L��0�12�–9 26.0 20.8 - - 382 m1 �m2 12.45 2.88
L��0=5�6�–4 36.1 34.2 0.730 2.43 386 443 13.97 4.18
L��0=10�6�–8 54.7 46.0 1.40 3.55 396 597 16.22 5.00
L��0=15�6�–2 53.5 48.6 1.99 3.52 574 656 14.25 6.40
S��0�12�–3 25.5 19.3 - - 358 m1 �m2 12.95 2.55
S��0=5�6�–6 44.0 39.8 2.483 6.16 353 596 17.54 4.43
S��0=10�6�–7 56.4 52.8 1.629 3.90 401 617 16.95 5.45

Fig. 9 Comparison of load-deflection curves for typical laminated

specimens. Fig. 10 Damage progression in L�0=15�6 specimens.
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(along the � direction only, as shown in Fig. 8) that was observed in
the unstitched specimens.

The stitching thread was perpendicular to the 0-deg direction for
all specimens, which apparently increased the bending stiffness of
the composite laminates. The local fiber breakage around each stitch
node assisted the formation of matrix cracks that advanced along the
0-deg direction, which can be seen in Fig. 12. This is not the same as
the unstitched specimens that hadmatrix cracks in the direction of the
bottom face, which was the � direction. A central matrix crack still
existed along the � direction with 0-deg fiber bridges; however, a
second central matrix crack was observed in the 0-deg direction with
10-deg fiber bridges. The inlays in Fig. 12 show the relative
orientation of the types of fiber bridges that formed in L�0=10�6
specimen 6. The unstitched specimens had a plateau around the peak
force; this was extended for stitched specimens, due to the
bidirectional damage resulting from matrix cracking and fiber
bridging in both 0- and 10-deg plies. Furthermore, small cracks
advanced from nearly all of the stitching nodes along the 0-deg
direction toward the boundaries. The lengths of these cracks ranged
from millimeters up to the entire length of the specimen. The
stitching nodes nearest the impact point had cracks extending the
furthest and the nodes near the boundary clamps had cracks only
several millimeters long.

Consistent with observations from the unstitched specimens,
samples with higher bending stiffness had higher peak forces. The
high peak force combinedwith largermaximumdeflection as a result
of bidirectional damage increased the area under the load-deflection
curve, although it does not appear to be optimized by these angles. A
comparison of the bending stiffness values in Table 2 shows that the

bending stiffness was actually increased in some cases. This result is
not expected, because stitching typically degrades the in-plane
properties of composites. A possible explanation besides stitching
could be the difference in impact energies during testing. Variation in
impact energy could cause a strain rate effect that resulted in an
increase in the bending stiffness of the stitched specimens.

IV. Multi-Axis Composites for Structural Applications

The inherent anisotropy of the small-angle composites, due to
highly oriented fiber direction, limits their use in structural
components to applications that experience unidirectional loading.
The previous tests were based on small-angle composites: for
example, only 0- and 15-deg plies were used and only damage in the
15-deg plies was apparent; hence, they were called uniaxis
composite laminates, due to the unidirectional damage. To have
more versatile in-plane properties while maintaining high impact
resistance, multi-axis laminates were investigated based on the 0=15
unit, which had the highest penetration threshold of the small-angle
composites. The use of multiple axes would promote more uniform
in-plane damage, rather than concentrated damage along the 15-deg
direction, which was observed in the unstitched specimens. Three
types of multi-axis composites were fabricated by hot-pressing:
1) biaxis, 2) triaxis, and 3) sexiaxis. A symmetric small-angle
composite was also fabricated with a stacking sequence of ��0=15�3s�
for comparison. They were all made of the same material as the
stitched and unstitched specimens; however, they were cured by a
hot press under a pressure of 0.56MPa at a temperature of 160�C for
45 min. Three biaxis laminates were tested, which had stacking
sequences of ��0=15�3=�90= � 75�3�, ��0=15�2=�90= � 75�2=
�0=15�2�, and ��0=15�=�90= � 75��3. Meanwhile, the triaxis and
sexiaxis laminates had stacking sequences of ��0=15�=
�60=75�=��60= � 45��2 and ��0=15�=�30=45�=�60=75�=
�90= � 75�=��60=� 45�=��30= � 15��, respectively. Figure 13
shows the fiber directions for the multi-axis composite laminates.

The multi-axis composite laminates were subjected to low-
velocity impact. The three biaxis laminates had a wide range of
penetration thresholds, from 44.9 to 54.2 J. Triaxis and sexiaxis
composites had penetration thresholds of 49.4 and 50.6 J,
respectively. The penetration thresholds are reasonable considering
that the symmetric uniaxis laminate ��0=15�3s� absorbed 54.2 J. The
characteristics of the multi-axis laminates and the symmetric
laminate are shown in Table 3. These results are based on nine tests
for each type of specimen. The standard deviation is also reported.

A. Biaxis Laminates

The biaxis laminates had a damage process similar to the uniaxis
composites. At low impact energy, a matrix crack formed along the
bottom of the �75-deg ply, followed by a large delamination at the
interface between the middle 15- and 90-deg ply in the
��0=15�3=�90= � 75�3� laminate. The matrix cracks on the top ply
were not as well defined as in the ��0=15�3s� laminates. With
increasing impact energy, fiber fracture and fiber-matrix debonding
occurred at the center of the composite. Fiber fracture occurred on all
plies and no continuous matrix cracking along the length of the
specimen to the boundary clamps was observed, and so no fiber
bridges were formed. The damage on the top ply was slightly larger
than for ��0=15�3s�, whereas the degree of damage on the bottom ply
was significantly larger than in ��0=15�3s� specimens. The fiber-
matrix debonding and fiber fracture became so extensive that the
composite could no longer support the load of the impactor when
perforation occurred.

A more balanced biaxis laminate with a stacking sequence of
��0=15�2=�90= � 75�2=�0=15�2� had a slightly different damage
process than the ��0=15�3=�90= � 75�3� laminate. Two extensive
delamination zones were observed at the 15=90 interface, as well as
at the �75=0 interface. These delamination zones were located one-
third of the thickness from the top and bottom surfaces of the
composite laminate, whereas a single dominant delamination took
place on the midplane of the ��0=15�3=�90= � 75�3� laminate. The
��0=15�=�90= � 75��3 laminate had more major delaminations at the

Fig. 11 Load-deflection curves for typical stitched specimens.

Fig. 12 Multidirectional damage in S�0=10�6 specimen 6 with

schematic cracks and fiber bridges.
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interfaces with a 75-deg difference between adjacent laminae (i.e.,
15=90 and�75=0 interfaces). However, the fiber breakage and fiber-
matrix debonding in the middle laminae of this composite laminate
was not as significant as those in ��0=15�3=�90=� 75�3� and
��0=15�2=�90= � 75�2=�0=15�2�.

The variation in impact resistance in biaxis laminates is due to the
size and frequency of the delamination zones. The greatest
delamination areas occurred at interfaces with the highest fiber
orientation mismatch, which was at 15=90 and �75=0 interfaces.
There were five of these interfaces in ��0=15�=�90=� 75��3, which
had the lowest penetration threshold. The ��0=15�3=�90= � 75�3�
composite had one 75-deg-difference interface on the midplane of
the laminate, whereas ��0=15�2=�90= � 75�2=�0=15�2� had one
15=90 interface and one 75=0 interface, located at one-third and two-
thirds of the thickness. The higher penetration threshold of
��0=15�2=�90= � 75�2=�0=15�2�, despite having more 75-deg-
difference interfaces than ��0=15�3=�90= � 75�3�, was due to the
slightly larger damage area, insinuating that more of the specimen
contributed to energy absorption.

B. Triaxis and Sexiaxis Laminates

When loading conditions require more than two-dimensional
support, multi-axis laminates (such as triaxis and sexiaxis laminates)
can be used. The damage process of ��0=15�=�60=75�=��60= �
45�2� and ��0=15�=�30=45�=�60=75�=��60= � 45�=��30=� 15��
was very similar to the biaxis laminate ��0=15�=�90= � 75��3, except
the direction of the damage changed with the fiber orientation. The

degrees of fiber breakage and fiber-matrix debonding were higher
than the biaxis laminates in both instances.

The triaxis and sexiaxis laminates absorbed 49.4 and 50.6 J,
respectively. This value, although lower than that of the symmetric
specimen ��0=15�3�s by 4.8 and 3.6 J, respectively, was still a
relatively high penetration threshold for laminated glass/epoxy. The
high energy absorption was due to the small number of interfaces
with large-angle differences. The sexiaxis laminate had 11 15-deg
interfaces, whereas the triaxis, which had a lower penetration
threshold, had 5 45-deg interfaces and 6 15-deg interfaces.

V. Conclusions

Small-angle composites with stacking sequences of �0=��6 were
shown to have a high penetration threshold compared with a
commonly used cross-ply stacking sequence (�0=90�6, for example).
The increase was due to a combination of high delamination
resistance rising from the small degree of fiber orientation mismatch
between adjacent plies and the accompanied fiber bridging
mechanism. A central matrix crack formed along the fiber direction
on the bottom face of the composite, the � direction in this study,with
bridges formed by the 0-deg fibers. L�0=15�6 had the highest
penetration threshold; however, fiber bridges were not readily
observed in all specimens, due to the lack of central matrix cracking.
The results seem to suggest that the highest penetration threshold is
between 10 and 15 deg. Stitching increased the impact resistance of
the laminated glass/epoxy composites. The damage in these
composites extended along the 0 deg and � directions, which formed
matrix cracks and, thus, fiber bridges in both the 0 deg and �

[(0/15)]6 [(0/15)/(90/-75)]3

[(0/15)/(60/75)/(-60/-45)]2 [(0/15)/(30/45)/(60/75)/(90/-75)/(-60/-45)/(-30/-15)] 

triaxis 

biaxis

sexiaxis

uniaxis

Fig. 13 Schematic representation of the fiber directions for multi-axis specimens.

Table 3 Average characteristics of multiple-axis laminates

Stacking sequence Absorbed
energy, J

Bending stiffness,
N=mm

Peak load,
kN

No. of interfaces;
angle between adjacent plies

��0=15�3�s 54:2	 0:9 1185 6.70 �10�–15 deg
��0=15�3=�90= � 75�3� 52:3	 1:0 739 5.95 �1�–75 deg, �10�–15 deg
��0=15�2=�90= � 75�2=�0=15�2� 54:2	 1:2 722 6.43 �2�–75 deg, �9�–15 deg
��0=15�=�90= � 75��3 44:9	 0:8 865 6.63 �5�–75 deg, �6�–15 deg
Triaxis 49:4	 0:9 1046 8.13 �5�–45 deg, �6�–15 deg
Sexiaxis 50:6	 1:3 964 7.81 �11�–15 deg
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directions. The use of small-angle composites for structures that
require high impact resistance as well as multi-axis loading was
discussed. Biaxis, triaxis, and sexiaxis composites were found to
have penetration thresholds that were comparable with that of a
symmetric uniaxis composite laminate. The multi-axis composites
do not have highly oriented fibers, which make them suitable for
structures that experience loading in more than one primary
direction.
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