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To address a critical aspect of the fast growing use of composites in aircraft and aerospace industry, the
influence of the porosity on the shear strength of composites property was investigated as a mean for determining
the critical values of porosity. Acid digestion techniques were applied to determine the void volume ratio of two
families of carbon epoxy laminates (8 and 16 plies). Ultrasonic inspections revealed the corresponding attenuation
coefficients. The void morphology was investigated by optical microscopy. Results from Interlaminar shear and
Tosipescu shear tests were correlated with the attenuation coefficient to determine critical values of porosity using
a modified Mar-Lin fracture criteria. It has been shown that the shear strength decrease with the increase of void
volume ratio and the effects are more significant in thicker laminates. This work showed that by using the Mar-
Lin criteria the singularity order, which is an indicative of the sensibility to voids in composites, is dependent of

type of loading and void distribution.
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1. Introduction

In the past few years high performance composites usage in
aeronautical and aerospace industries has increased sharply. These
materials have large application into manufacturing of primary aircraft
structures (like rudder, aileron, flaps, fuselage and others) due the high
specific strength and modulus, excellent fatigue life and the ability to
be tailored to meet specific, directional strength requirements'?.

Porosity has been a common and persistent quality problem or
defect found in the manufacturing process of composite parts. The
increase in the applications of composite materials suggests a need
to also improve the quality control in the manufacturing process of
a structural part since the final properties of the material are directly
influenced by the presence of defects such as porosity and delami-
nation’. These defects threaten composite performance. Generally,
porosity is concentrated in between composite laminae (plies) as air
pockets are entrapped preferentially in the rich resin areas that are
dispersed across the thickness of the laminate. Several factors can
contribute to the void formation such as the chemical resin composi-
tion, type and orientation of the reinforcement, the number of plies, the
number of bleeder cloth layers used in the molding process, humidity,
cure pressure variation, cure temperature variation, leakage of the
vacuum bag during the cure process, tooling leakage, bad position-
ing of vacuum points in the tooling and others*. However, among
the exposed factors, the cure pressure variation is the primary factor
that affects the integrity of composite parts in aircraft components.
Several papers have shown that the cure pressure variations influ-
ence the compaction of the plies during the cure process, resulting
in composite laminates with porosity>®7#. Bowles and Frimpong®
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studied the influence of pressure in the composite properties and void
formation while correlating their experimental results with theoreti-
cal models. Qualitative and quantitative nondestructive inspection
techniques (NDI) techniques can be used to evaluate integrity of
structural parts; however, the most common method applied on the
aerospace industry is the ultrasonic inspection (UT) method. Internal
pores in a structure scatter UT elastic waves which indicate attenu-
ation levels. So, the ultrasonic inspection is an important technique
for monitoring defects in composite aircraft parts. Several papers in
the literature have showed that the results of ultrasonic inspection
(in terms of attenuation coefficient) can be correlated with the void
volume content of composite laminate”-2. The void content can be
obtained by a destructive technique like acid digestion'® or optical
and digital analysis'.

The shape and distribution of porosity are also important issues
and they also influence mechanical properties. Stone and Clarke
showed that most of the voids in unidirectional composites tend to
be small, and have a spherical shape for void volume fraction below
1.5%. For high void volume fractions the air pockets tend to be larger,
slit-like and elongated®!>. The shape of the voids can differ according
to fiber orientation and arrangement in the composite. For example, in
bi-directional fabric composites the shape of voids can be spherical'®,
truncated elliptical cones* and planar triangle format'e.

Porosity and microcracks reduce mechanical properties of
composite laminates. In particular, the matrix dominated proper-
ties, such as shear and compression strength are prone to significant
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reductions. Many researchers have been using the criteria provided
by the Mar-Lin'” when dealing with the fracture tension for polymer
composites having a notch'®"°. The Mar-Lin criterion was then modi-
fied by Almeida et al."" in order to study the effect of void content on
composites using the ultrasonic attenuation coefficient as parameter
instead of size of notches. Based on Mar-Lin equation, the critical
volume fraction of voids for Interlaminar shear strength has been
determined by many authors”®!""1216 while no data can be found in the
literature for considering critical void content for losipescu Shear.

The aim of the present work is to determine and compare criti-
cal void content, fracture toughness and the order of singularity of
a bi-directional carbon/epoxy composite for losipescu shear and
Interlaminar shear tests both based on the Mar-Lin criteria. The
influence of composite thickness on the Mar-Lin criteria parameters
was also investigated.

2. Materials and Experiemental Procedure

2.1. Materials

The composite laminate test specimens were manufactured by
using the F584 pre-impregnated, carbon/epoxy fabric style 8HS
(eigth Harness Satin), from Hexcel Composites. The 8HS fabric style
resembles a (0°, 90°) stacking. Two groups of composites laminates
were manufactured, and named by F (0°, 90°), and G (0°, 90°),,
groups. Each composite type had four different levels of porosity.
The lowest porosity level (Level 1) represents allowable porosity
levels in composite laminate (~ 0.5%) and the highest porosity level
(Level 4) represents unacceptable levels that must be quantified
and assessed (~8%). The test specimens, for both Interlaminar and
lTosipescu shear, were obtained from the same batch of raw material
in order to avoid variability.

2.2. Experimental methodology

A schematic representation of the work methodology is presented
in Figure 1. Composite test panels were manufactured using a vacuum
bag/autoclave process. The porosity was induced in the composite
laminate by varying the autoclave pressure (34 to 207 kPa) and also
venting or not venting the vacuum bag during the curing process.
The variation of cure pressure and vacuum bag venting were adopted
as primary controls to induce porosity in the composite test panels
because this accurately represents real problems that may occur
during an autoclave fabrication of composite parts. The test panels
were cured at 177 °C by 2 hours minimum, following manufacturer
recommended cure cycle. Test specimens for Interlaminar shear and
Iosipescu shear test were obtained from a unique plate for each level
of porosity. This was done to minimize the influence of the variation
due raw material, fiber orientation, fiber volume, shape and size of
pores in the Mar-Lin parameters, mainly in the order of singularity.

2.2.1. Ultrasonic inspection

The test panels were inspected by through-transmission ultrasonic
method using a failure detector Reflectoscope S80 with S MHz trans-
mitter and receiver transducers type Automation X19625 and X19267
respectively. The ultrasound analysis generates color patterns which
are related to the voltage signal generated in the emission transducer
(V) and in the receptor transducer (V,). The color scale obtained
from the ultrasound analysis is related in turn to the voltage (V) and
the level of attenuation (dB). The plates were placed on a rail to be
inspected automatically by an Automation US640, C-scan water
squirter system. The results were recorded and analyzed using the
Robota software. Four test panels having different attenuation levels
from each group were selected. The test specimens for losipescu shear
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Figure 1. Schematic representation of the work methodology for manufactur-
ing and testing composite test panels.

test, Interlaminar shear test and acid digestion test were re-inspected to
refine the ultrasonic measurements. The results were used to calculate
the attenuation coefficient which is given in dB.mm™". The coefficient
of attenuation o was determined according to Equation (1), where ¢
is the thickness of the sample.
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2.2.2. Void content determination

The void content volume fractions were measured after ultrasonic
inspections to correlate data from attenuation coefficient with me-
chanical measurements from the acid etch digestion technique. The
void content was obtained from the average values of three samples
measuring 30 x 30 mm from each of the porosity groups according
to the procedure described in the ASTM D3171 (13).

2.2.3. Interlaminar shear strength test (ILSS)

The composite specimens were tested for Interlaminar shear
strength according to the ASTM D-234412l. Ten specimens were
tested for each group (F, G) and porosity level. Tests were performed
in a universal testing machine EMIC DL 1000. The load span cor-
responded to a 4:1 span-to-thickness relation. The Interlaminar Shear
Strength was calculated through Equation (2), where P is the failure
load, ¢ is the thickness and w is the width of the specimen. The values
for failure loads are given in Newtons, and thickness and width are
in millimeters.
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Interminar Shear (MPa)= 2)
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2.2.4. Tosipescu shear test (IST)

The losipescu Shear Strength Tests for S, direction were per-
formed according to the procedure described in ASTM D5379121.
The test specimen for losipecu, S, direction, requires lamination of
high number of plies to reach the specified thickness on test device,
that would be very difficult to obtain considering the purpose of this
study (evaluate and compare certain porosity levels). In this work, the
Iosipescu sample coupon used for the determination of shear strength
(t,;) was similar to one proposed by Zhou et al.”>. Thus dummy tabs
(woven glass fiber prepregs) were bonded on the top and bottom of the
composite laminate to make up the thickness for complete specimen.
The specimens were machined down to the required dimensions. The
V-notch (90°) was done by using a diamond-impregnated wheel until
reach the carbon epoxy composite laminate.

Figure 2 shows the test specimen dimension for the losipescu
test in the S , direction. Five specimens were tested for each group
(F and G) and porosity level.

The losipescu shear strength is calculated by using Equation (3),
where, P is the failure load, 7 is the thickness and w_ is the width
between notches. The values for failure load are given in Newtons,
and thickness and width are in millimeters.

P
(Owy,)

Micrographs of the sample were obtained using a Reichert Jung
microscope for void characterization and failure mode assessment.

losipescu Shear (MPa) =

3

2.2.5. Mar-Lin criteria

The losipescu and Interlaminar shear testing results were analyzed
following the Mar-Lin approach'’, and latter modified by Almeida''.
The failure criteria proposed by Mar-Lin is based on the linear elas-
tic fracture mechanics for homogeneous materials which takes into
account the geometric characteristics of the defect, a slit crack or a
small hole. In the case of composite laminates, the crack tip is at the
fiber/matrix interface, and the singularity order (m) is a function of
fiber/matrix adhesion, shear modulus and Poisson ratio. The effect of
voids in composites can be evaluated by Equation (4), where o is the
ultrasonic absorption coefficient of the composite (dB.mm™) which
is related to the void content in the composite and H is the fracture
toughness of the composite:

Gp=H(o)™" )

Typical values for singularity order (m) for composites having
voids are in the range of 0.10-0.35"112161 According to Costa et al.'®,
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Figure 2. Tosipescu test coupon dimensions.
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the value of m may be affected by material properties (i.e. Poisson and
shear of fiber and matrix), shape and size of voids, fiber orientation,
fiber volume content and number of layers. The Mar-Lin criteria states
that below a critical attenuation coefficient (o ;. ), that is related to
a critical void volume fraction, the properties are unaffected by void
presence (Equation 5). Thus,

Oro if o< Qeritic
o= ®)
H((X‘) lf o Qeritic
where G, corresponds to the fracture stress of the composite contain-
ing the lowest volume fraction of voids. The o ;. can be calculated
according to Equation (6).

(&)
IOg(xcritic = _IlOg(fD] (6)
m H

The singularity order (m) and the critical average attenuation
coefficient o are graphically obtained from the relation plotted in
Figure 3. The slope of the straight line is the singularity order. The
projection of the intersection between lines R and S in the ordinate
axis is the average critical attenuation coefficient. So, the fracture
toughness (H) can be calculated from Equation (6).

3. Results and Discussion

3.1. Micrograph characterization

The microstructural features of a composite are established
during the curing process. Figure 4 shows a typical micrograph of a
(0°/90°), composite laminate. The shape and size of voids are mainly
influenced by where they are located. Voids (V) tends to be located
in between fabric plies of the composite, near resin rich areas (R).
Very small pores can also be present inside fiber bundles (B). In resin
rich areas voids are bigger (macrovoids, 30-600 wm) than the ones
located at fiber bundles (microvoids, 7-30 pm). Literature reports that
composites can have a variety of shapes and sizes**!*162 and their
distribution depends on fiber pattern. For instance, pores varying from
120 to 2000 um have been found in a carbon fiber/epoxy composite
similar to the one used in this work*.

Figure 5 shows a typical micrograph of a (0°/90°), , composite
laminate. Despite the large number of pores, the features are similar
to those found in the (0°/90°), laminate. In this case, it is clear that
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Figure 3. Determination of plot parameters according to the Mar-Lin criteria.



66 Ancelotti Jr. et al.

Figure 4. Typical cross-section of a (0°/90°), composite, void volume frac-
tion of 0.31%.

Figure 5. Typical cross-section of a (0°/90°), . composite, void volume frac-
tion of 7.06%.

there is a non-homogenous void distribution throughout the whole
composite thickness.

3.2. Attenuation coefficient and void volume fraction

Figure 6 shows the attenuation coefficient as a function of cure
pressure representing all test panels manufactured for this study.
Voids are clearly caused by variation of cure pressure during mold-
ing. In this work, the cure pressure in the autoclave was intentionally
varied. In addition, the vacuum bag was sometimes vented at the
beginning of the cure cycle. When the vacuum bag was not vented,
compaction of the composite laminae was improved and porosity
levels decreased.

An increase in pressure during cure leads to an exponential reduc-
tion in the attenuation coefficient, as a result of a better compaction of
the plies. For cure pressures over 200 kPa the attenuation coefficient
tends to stabilize at 0.1 dB.mm™', and the influence of the ventila-
tion in the vacuum bag is no longer observed. The reduction in the
attenuation coefficient is related to a reduction in the void volume
fraction caused by a higher compaction of composite plies and an
increase in cure pressure®’.

Table 1 shows characteristics of the batches of the composites
selected in this work. The composite panels chosen for testing took
into account the levels of attenuation coefficient (i.e. porosity level)
span from 0.26 to 2.10 dB.mm™. Composites having lower attenua-
tion coefficient were cured at pressures higher than 103 kPa and the
vacuum bag was not vented. Conversely, composites exhibiting higher
attenuation coefficient were cured at pressures lower than 69 kPa and
the vacuum bag was vented.

Table 2 shows the characteristics of the carbon fiber/epoxy
composites used in this work. Note that for a same level of void
volume fraction, the (0°,90°), . composite have a lower density than
the (0°,90°), composite. The higher number of plies in the (0°/90°),
composite created a barrier against resin bleeding during the mold-
ing cycle, leading to a reduction in density. The variation of the resin
volume content may affect shear strength of composites, however, for
this study the variation of resin volume content among the families is

Materials Research

357 o o Vented Cure

O Not Vented Cure

3.0 1

2.5 1

Atenuation Coefficient (dB.mm™")

0.0 +——
0 50

T T T T T T T T T T T T T T T T T 1
100 150 200 250 300 350 400 450 50
Cure Pressure (kPa)

Figure 6. Medium attenuation coefficient as a function of cure pressure for
carbon fiber/epoxy composites.

Table 1. Cure conditions for carbon fiber/epoxy composites and resulted
average Attenuation Coefficient.

Composite Cure pressure ~ Vacuum  Average coefficient of
[kPa] bag attenuation [dB.mm™']
(0°,90°), 207 Not-vented 0.26
103 Not-vented 0.65
69 Vented 1.25
34 Vented 2.10
(0°,90°) 207 Not-vented 0.27
103 Not-vented 0.50
69 Vented 0.91
34 Vented 1.77

Table 2. Characteristics of the composite panels used in the work.

Density Fiber Vol. Resin Vol. Voids

Batch Composite

(g.cm™@)  (vol. (%)) (vol. (%)) (%)
1 (0°,90°), 1.54 58.71 40.98 031 0.14
2 (0°,90°), 1.50 58.43 38.61 2.96 +0.19
3 (0°,90°), 1.44 56.06 36.98 6.96 £0.10
4 (0°,90°), 1.41 55.16 36.10 8.83 +0.05
1 (0°,90°),, 1.52 56.49 43.15 0.36 0.07
2 (0°,90°),, 1.49 55.72 41.58 271 20.45
3 (0°,90°) ¢ 1.47 55.37 40.65 3.98 +0.35
4 (0°,90°),, 1.43 54.69 38.25 7.06 £0.23

considered within an acceptable range for most aeronautical compos-
ite materials (considering raw material and process variability).

Figure 7 shows a correlation between attenuation coefficient and
void volume fraction. The fiber volume fraction and resin volume
fraction were determined through acid digestion, from which the void
volume fraction is calculated. Minor variations are expected due to
the interaction between the void shape and ultrasound, as well as size
and distribution of void throughout the composite®!>16.

3.3. Interlaminar shear, iosipescu shear and Mar-Lin
criteria

Results for Interlaminar shear strength and Iosipescu shear
strength for the F (0°/90°), and G (0°/90°),, groups of composite
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Table 3. Results for interlaminar shear and iosipescu shear strength for com- H=61.3 MPa (dB.mm™")%* H =54.80 MPa (dB.mm™")1%

posites (0°/90°), and (0°/90°), .

Batch Composite  Voids (%)  Interlaminar  losipescu

Shear (MPa) Shear (MPa)
1 (0°/90°),  031+0.14 71.54£6.18 67.16£3.04
2 (0°/90°), 296+0.19 68.74+1.41 62.76+1.73
3 (0°/90°),  6.96%0.10 55.03+1.23 58.31%1.71
4 (0°/90°), 8.83+0.05 51.60£1.79 56.27+3.46
1 (0°/90°),, 0.36+0.07 69.08£3.04 65.72£1.70
2 (0°/90°),, 2.71+£0.45 60.60£1.64 6290322
3 (0°/90°),, 3.98+0.35 5895+£1.68 61.28+£3.29
4 (0°/90°),,  7.06£0.23 50.12+£1.29 53.67+1.20

laminates are shown in Table 3. Interlaminar shear strength decreases
as the void volume fraction increases for both composite thicknesses.
Interlaminar shear strength is around 70 MPa for composites hav-
ing void volume fraction lower than 0.5% and reach values as low
as 50 MPa for void volume fraction near 9%. This corresponds to a
26% reduction in shear strength when porosity levels rise 8%. Trends
in the results for both Interlaminar and losipescu shear are similar.
However, the reduction in the losipescu shear strength for a same
level of void volume fraction is lower than for the Interlaminar shear
strength. For instance, composites having around 8% void volume
fraction lowered their Interlaminar shear at about 26% in relation to
the standard composite, while the losipescu shear is lowered only
~16% for the same porosity drop. Although both test methods promote
shear loads to the specimens, the differences in the shear strength
when comparing the test methods may be attributed to the form of load
application and void distribution across the test specimen. losipescu
test method promotes pure shear and a mutual displacement of the
plies, while Interlaminar shear test flexural loads may be associated
with shear loads at central line plies.

The Figure 8 shows a plot for the Interlaminar shear strength
as a function of average attenuation coefficient. The value of the
critical attenuation coefficient (0., ) was determined by the Mar-Lin
criteria'™”, in which the degree of sensitivity to voids, represented
by singularity order m, and the toughness (H) for the composites
were found. The degree of sensitivity to voids depends on the shear
modulus of the composite, the Poisson ratio of the fiber (~0.18 for
carbon fiber) and the Poisson ratio of the matrix (0.35 for epoxy
resin)'’. If the failure occurs in the matrix, the degree of sensitivity

Figure 8. Interlaminar shear strength as a function of average attenuation
coefficient for composites (0°/90°), and (0°/90°), .
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Figure 9. losipescu shear strength as a function of average attenuation coef-
ficient for composites (0°/90°), and (0°/90°), .

has a value between 0 and 0.5, For the (0°/90°), specimens, the
toughness (H) was 61.3 MPa (dB.mm™")%¥_ and the singularity order
(m), was 0.246 and the average critical attenuation coefficient (ot . )
was 0.53 dB.mm, that represents about 1.89% of void volume frac-
tion. For the (0°/90°), ; specimens, the toughness (H) was 54.8 MPa
(dB.mm™")"1% the sensibility to voids () was 0.195 and the average
critical attenuation coefficient (o, . ) was 0.31 dB.mm™ (i.e. 0.85% of
void volume fraction). These dissimilarities are mainly attributable to
differences in distribution of pores in the composite (0°/90°),, and
differences in the fiber volume fraction in relation to the (0°/90°),
composite, since the shear modulus and Poisson ratio for both, al-
though not measured, are expected to be similar as they are the same
material. The literature reports experimental values of the singularity
order for Interlaminar shear in the range of 0.16 to 0.30'>!". Costa!®
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Table 4. Summary of results according to the Mar-Lin criteria for Interlaminar shear and Iosipescu shear loading for composites (0°,90°), and (0%/90°), .

Composite Toughness Singularity Average critical Critical void
attenuation coefficient volume fraction
MPa (dB.mm™")™ order (dB.mm™) (%)
IOSIPESCU (0°/90°), 60.30 0.080 0.29 0.74
IOSIPESCU (0°/90°),, 57.50 0.169 0.46 1.53
INTERLAMINAR (0°/90°), 61.30 0.246 0.53 1.89
INTERLAMINAR (0°/90°), 54.80 0.195 0.31 0.85

T e O et 3 800 um
Figure 10. Micrograph near the V-notch Iosipescu coupon showing the
typical failure pattern of the (0°/90°)  composite. Initial fiber void fraction

of 0.36%.

~ -

obtained a value of 0,17 for a unidirectional carbon/epoxy composite
while Gou® obtained for a similar material m = 0.364!.

The Figure 9 shows a plot for the Iosipescu shear strength as a
function of average attenuation coefficient. For the (0°/90°), speci-
mens, the fracture toughness (H) was 60.3 MPa (dB.mm™)% and
the average critical attenuation coefficient (o, ) was 0.28 dB.mm™",
which corresponds to a void volume fraction of ~0.74 %. The singu-
larity order (m) in this case was 0.080. For the (0°/90°), , specimens,
the H was 57.5 MPa (dB.mm™)'% and the o, was 0.46 dB.mm™",
which corresponds to a void volume fraction of ~1.53%. The singu-
larity order was 0.169. These results show that for similar composite
stacking sequence, the o, is higher for the thicker laminate, i.e., the
limit of critical porosity (0., ), where shear properties are unaffected.
But, once this limit is surpassed, every increase in void content leads
to a more pronounced reduction in losipescu shear strength. Table 4
summarizes the results for (0°/90°), and (0°/90°), ,composites under
Interlaminar shear and losipescu shear loading.

The differences in the singularity order (m) are attributed to
the type of shear loading for the test coupons and also by the void
distribution. During the Interlaminar shear loading the well known
main failure mode occurs at about the central line of the composites.
According to Jeong'?, this is where most of porosity is located and
where small slit-like cracks can be seen. The failure mode in the
case of losipescu shear test occurs by a mutual shear deformation in
between all plies of the composite, by the effect of shear force, which
results in a lower sensitivity to voids.

Figure 10 shows a micrograph of the failure mode for the Io-
sipescu coupon, near the 90° notch. It can be seen that failure occurs
mainly by delamination between plies at (D) and predominantly at an
angle of 45° to the loading direction. Cracks (T) are mainly through
the fiber bundles linking delaminated plies. The starting point for

crack propagation is at the notch root which is consistent with reported
failure modes for this test in literature®' 2.

4. Conclusion

Carbon fiber/epoxy composites were manufactured with different
levels of porosity. The shape and size of the voids varied through-
out the material. They are either elliptic and large, having size of
30-600 wm (macropores), or cylindrical and small, having size of
7-30 um (micropores). Large pores are located mainly in resin rich
regions, mainly weft/fill crossovers, while small pores are located
mainly inside fiber bundles.

Micropores tend to occur in higher quantities when the void
volume fraction is higher than 2% and they occur randomly. For void
volume fraction lower than 0.5%, the losipescu shear strength was
65-67 MPa, and the Interlaminar shear strength was 69-71 MPa.

Porosity lowers the shear strength of composites, although the
Iosipescu method is more conservative compared to the Interlaminar
shear test. A reduction of ~16% in the losipescu shear was found for a
carbon fiber/epoxy composite having ~8% void volume fraction. On
the other hand, a reduction of ~26% in Interlaminar shear strength was
found for composites having the same ~8% void volume fraction.

The Mar-Lin criterion helps to evaluate the limits of accept-
able porosity in composite materials. The Mar-Lin criteria showed
that singularity order, i.e., the sensibility to voids in composites are
a function of the loading and type of testing and also is influenced
by the void distribution and localization. The loading mode of shear
testing shows that void sensibility of composites is lower in the
Tosipescu shear (m = 0.08-0.16) when compared to Interlaminar shear
(0.19-0.24) for similar void volume fraction.
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