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Abstract: The effects of voids (void content, void shape and size) on the interlaminar shear strength of [(+45),/(0,90)/(+45),]s and
[(+45)/04/(0,90)/0,]s composite laminates were investigated. Specimens with void contents in the range of 0.2%—8.0% for
[(£45)4/(0,90)/(£45),]s and 0.2%—6.1% for [(£45)/04/(0,90)/0,]s were fabricated from carbon/epoxy fabric through varying autoclave
pressures. The characteristics of the voids were studied by using optical image analysis to explain the interlaminar shear strength
results. The influences of voids on the interlaminar shear strength of the two stacking sequences were compared in terms of the void
content and size and shape of the void. The effect of voids on the initiation and propagation of interlaminar failure of both stacking

sequence composites was found.
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1 Introduction

The effect of voids on the mechanical properties of
carbon fiber reinforced composite structures has been
widely researched[1—-6]. There is general agreement that
voids have a detrimental effect on the matrix dominated
properties, such as interlaminar shear strength[7—10],
compressive strength and modulus[11—12], and bending
properties[13—16]. Although all these studies indicate
that mechanical properties decrease with increasing void
content, the magnitude of the void effect is different. The
interlaminar shear strength(ILSS) of fabric CFRP
specimens with different void contents can be taken as an
instance. ILSS has been widely researched because of its
high void sensitivity. For examples, COSTA et al[17]
reported that the ILSS values decrease by about 34% for
carbon/epoxy fabric laminates when the void content
increases from 0.55% up to 5.60%, whereas JEONG[ 18]
reported a reduction of 30% for graphite/epoxy laminates
made from woven fabric prepreg when the void content
increases from 0 to 12%.

The effect of voids on the mechanical properties of
composite laminates is influenced by a large number of
factors, such as voids shape, size and location. The

mechanical properties as a function of void content of the
same composite structure manufactured with the same
manufacturing process can be different. This is because
that the void content is a volume characteristic. Most
published work researched the effect of voids on the
mechanical behavior of composite laminates through
quantifying voids by content (%). Recently, it was
realized that this method is too simplistic. The void
shape, size and location play an important role.
WISNOM et al[19] studied the effect of void shape, size
and distribution. They manufactured the samples with
discrete and distributed voids in unidirectional CFRP by
positioning the PTFE inserts. The result shows that the
ILSS decreases by 20% as the void aspect ratio goes
from 1 to 4. The void shape, size and location are
important because they can influence whether or not a
crack emanates from a void. COSTA et al[17] found that
triangular voids and the cracks emanate from the
triangular voids. So, to deeply understand the effect of
voids on the mechanical properties of composite
laminates, void shapes, sizes and locations must be taken
into account.

The stacking sequences affect the void shape and
size and in turn influence the effect of voids on the
mechanical behavior of the composite laminates. Little
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work on the effect of voids on the ILSS property in the
literature dealt with different stacking sequences. The
purpose of this research is to compare the effects of voids
on [(£45)4/(0,90)/(+45),]s and [(£45)/04/(0,90)/0,]s
laminates, and to study the effect of void sizes and
shapes on the ILSS. The same carbon/epoxy fabric is
used in both laminates with the difference only in the
stacking sequences. Samples with void content in the
range of 0.2%—8.0% for [(£45)4/(0,90)/(x45),]s and
0.2%—6.1% for [(£45)/04/(0,90)/0,]s were produced. The
void content was inspected and
microscopic inspection was used to investigate the size

ultrasonically

and shape of voids. The interlaminar shear strength was
studied.

2 Experimental

2.1 Fabrication of specimens

Two different stacking sequences were studied in
this  work:  [(£45)4/(0,90)/(45),]s (sp4-01) and
[(£45)/04/(0,90)/0,]s (sp4-02) lay-ups. The composite
laminates were fabricated using carbon fabric reinforced
epoxy. T300 fibers were used for the laminates. The fiber
content of the composite laminates was 58%—62%.

The laminates were produced using a vacuum bag
and autoclave cure technique. The composite laminates
with high porosity were manufactured using autoclave
pressures of 0, 0.1 and 0.4 MPa. The vacuum was held
during the curing process. All specimens were cured in
an autoclave using the standard cure cycle recommended
by manufactures.

Three rectangular plates of 300 mm><200 mm were
fabricated as described above for each type of stacking
sequence considered. All plates were inspected using an
ultrasonic detector to evaluate the distribution of void
content. Areas of uniform void content within each plate
were identified, and mechanical test and image analysis
specimens were cut from each of those areas.

Three different void content levels ranging from
0.2%—8.0% were obtained for [(+45)4/(0,90)/(£45),]s.
Also, three different void content levels ranging from
0.2%—6.1% were produced for [(£45)/04/(0,90)/0,]s.

2.2 Microstructure analysis

The void contents, shapes and sizes of voids in the
carbon/epoxy samples were measured by optical
assessment according to a Chinese standard. For each
stacking sequence, one specimen corresponds to an ILSS
sample before testing. Five tested samples of each
porosity level were analyzed, and image analysis was
performed using a magnification. The sections of the
specimens for image analysis were cut parallelly and

perpendicularly, respectively, to the ply direction. The
samples for image analysis were embedded in an epoxy
resin and carefully polished using a polishing machine
with 400, 600, 800 and 1 500 grit size silicon carbide
abrasive paper. Then, the samples were finished with
1 pm diamond paste. The samples were observed with an
optical microscope (VNT-100). The images were
analyzed through the image analysis software. A
quantification of void content, void size and shape
(aspect ratio) was acquired through this analysis.

2.3 Interlaminar shear strength tests(ILSS)

Interlaminar shear strength tests were conducted
following the GB/T 3357—1982 (short beam shear test).

Ten specimens at each void content level were used
to determine the interlaminar shear strength. The
specimens with dimensions of 30 mm><6 mm><4 mm
for [(£45)4/(0,90)/(£45);]s and 25 mm><6 mm><3 mm
for [(£45)/04/(0,90)/0,]s (length><width><thickness)
were tested to assess the effect of porosity on the
interlaminar shear strength.

3 Results and discussion

3.1 Effect of cure pressures on void content and
interlaminar shear strength
Table 1 lists the measurement of the void content
and ILSS for different cure pressures. As can be seen, the
ILSS decreases by 5.8% for the sp4-01 and 8.9% for the
sp4-02 as the cure pressure goes from 0.4 MPa to 0.1
MPa.

Table 1 Measurement of void contents and strength for

different cure pressures

Cure sp4-01 sp4-02
pressure/ Void ILSS/ Void ILSS/
MPa  content/% MPa content/% MPa
04 0.6 48.2 04 30.1
0.1 49 46.4 3.5 27.8
0 6.3 45.4 45 27.4

3.2 Microstructure analysis

To assess the relationship between voids and
interlaminar shear strength, a detailed study was
undertaken to investigate the characteristic of voids in
the laminates. Reference samples with void contents in
the range of 0.2%—8.0% for [(+45)4/(0,90)/ (£45),]s and
0.2%—6.1% for [(£45)/04/(0,90)/0,]s were used for this
purpose.
3.2.1 Location of voids

Fig.1 shows a typical photomicrograph of samples
with different void contents before testing. In these
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(d) sp4-02(1.7%); (e) sp4-01(6.5%); (f) sp4-02(4.7%)

figures, the voids in the sp4-01 laminates are
preferentially located between the plies of the laminates
and run along the direction parallelly to the plies. Most
voids in the sp4-02 laminates are situated between the
plies of the laminates. Some voids appear in the plies of
the laminates, and the voids exhibit a spherical pattern.

No voids grow in a direction perpendicular to the plies.

Most large voids are observed to be in contact with fibers.

Fig.1 indicates that voids grow to larger ones gradually
with increasing void contents.
3.2.2 Void size and shape

To comprehensively evaluate the effect of voids on
the ILSS, detailed analysis of the sizes, shapes of voids is
necessary. Image analysis software was used to analyze
the void shape, size, and the surface area of each
captured void. Reference specimens with void contents
in the range 0.2%—8.0% for the sp4-01 laminates and

0.2%—6.1% for the sp4-02 laminates were used for this
purpose. An equivalent diameter, D, is defined as:

D=\/4—7‘ (1)
T

where A is the measured area of the void.

Fig.2 shows the size distributions based on D. For
sp4-01, D mainly distributes in the range of 3.3—248.7
pm when the void content goes from 0.2% to 1.2%
(Fig.2(a)) and 3.6—264.4 um in the range of 3.9%—5.0%
(Fig.2(b)) and 3.5—277.1 pm in the range of 6.5%—8.0%
(Fig.2(c)). The average D values are 11.7, 34.1 and 37.6
um, respectively. The largest D is 248.7 um with the void
content of 1.2% when the void content goes from 0.2%
to 1.2%. For sp4-02, the void size mainly distributes in
the range of 3.6—168.9 um when the void content goes
from 0.2% to 0.8% (Fig.2(a)) and 3.6— 204.0 um in the
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range of 1.7%—2.7% (Fig.2 (b)) and 3.6— 297.6 um in the
range of 4.7%—6.1% (Fig.2 (c)). The average D values
are 11.0, 17.3 and 28.1 pm, respectively. The largest D is
168.9 um with the void content of 0.8% when the void
content goes from 0.2% to 0.8%.

As can be seen in Fig.2(a), the frequency of voids
with D in the range of 3.6—50.0 um is dominant. As the
void content increases, the proportion of larger voids
becomes greater.

Fig.3 shows the aspect ratio variations as a function
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Fig.2 Void size distributions based on equivalent diameter with
different void contents: (a) sp4-01(0.2%—1.2%), sp4-02
(0.2%—-0.8%); (b) sp4-01(3.9%—5.0%), sp4-02(1.7%—2.7%);
(c) sp4-01(6.5%—8.0%), sp4-02(4.7%—6.1%)
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of equivalent diameter. The aspect ratio increases with
increasing D. However, the aspect ratio is not the
maximum when D is the maximum.

These findings are very important with regard to the

use of microstructure analysis as a tool for assessing the
effect of voids.

3.3 Effect of void contents on interlaminar shear
strength(ILSS)

Fig.4 presents the interlaminar shear strength results
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Fig.3 Aspect ratio variations as function of equivalent diameter:
(a) sp4-01(0.2%—1.2%), sp4-02(0.2%—0.8%); (b) sp4-01
(3.9%-5.0%), sp4-02(1.7%—2.7%); (c) sp4-01(6.5%—8.0%),
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Fig.4 Interlaminar shear strength as function of void content
for sp4-01 and sp4-02 laminates. As expected, the
interlaminar shear strength values of sp4-01 and sp4-02
are both very sensitive to void contents. However, the
dropoff rate is different. As reported in Fig.4, there is a
decrease of 11% in ILSS when the void content goes
from 0.2% to 8.0% for sp4-01, and each 1% increase in
void content decreases ILSS by 5.3% when the void
content goes from 0.2% to 1.2% and by 1.3% in the
range of 3.9%—8.0%. It increases to 15% for sp4-02
when the void content goes from 0.2% to 2.4%, and each

1% increase in void content decreases ILSS by 8.7%.
The ILSS of sp4-02 does not reduce when the void
content goes from 2.4% to 6.1%.

There is significant scatter in the strength data for
the two laminates with the similar void content. This
may be attributed to the shape and size of voids in the
composite. The optical assessment of voids shows that
the void sizes and shapes are different (Figs.2 and 3). So,
void sizes and shapes play an important role to
comprehensively evaluate the influence of voids on
mechanical properties.

As can be seen in Fig.4, sp4-02 laminates have a
higher void sensitivity. This may be due to the void
shape. The aspect ratio of voids in sp4-02 laminates is
always larger than that encountered in sp4-01 laminates
at the similar equivalent diameter.

To study the effect of voids on the interlaminar
shear failure, the tested specimens were sectioned to
perform image analysis. Fig.5 shows the cracks
emanating from the voids in both stacking sequence
specimens with large void content after ILSS test. The
initiation and propagation of the cracks are associated

with voids. Crack propagation involves coalescence of
the voids. Voids can also alter the direction of the crack

(Fig.5(d)).

Fig.5 Micrographs of tested specimen with different void contents showing cracks emanating from voids: (a) sp4-01(3.9%);

(b) sp4-01(6.5%); (c) sp4-02(1.7%); (d) sp4-02(4.7%)
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4 Conclusions

1) The composite laminates with high porosity were
manufactured using autoclave pressures of 0, 0.1 and 0.4
MPa. Because of the different stacking sequences, the
shape and size distributions of voids in the two laminates
are different from each other.

2) The ILSS decreases with increasing void content
for the two laminates. But, the void sensitivity is
different. The decreasing rate of ILSS is greater for the
[(£45)/04/(0,90)/0,]s
scatter in both laminates. The scatter increases with
increasing void content. This suggests that the shapes
and sizes of voids play an important role to the higher
void content.

3) Voids clearly influence the
propagation of cracks in both stacking sequence
laminates as the micrographs of tested specimen clearly
show.

laminates. There 1is significant

initiation and
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