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Influence of manufacturing-induced defects on the fatigue performances
of autoclave moulded laminates

L. Maragoni, P. A. Carraro and M. Quaresimin

Department of Management and Engineering, University of Padova, Vicenza, Italy

ABSTRACT
In the present work, cross-ply and multidirectional laminates were produced by autoclave
moulding. Changes in the process parameters led to different microstructural features in
terms of fibre volume fraction, global void content, and void size. Fatigue tests revealed a
strong influence of the microstructure on the long-term performances of the laminates, in
terms of life to crack initiation, crack propagation, crack density evolution and associated
stiffness drop. A criterion recently proposed by the authors to predict the formation of the
first fatigue cracks accounting for the actual material microstructure, including voids, was
then validated on the new experimental data. The results show the need to properly
account for the manufacturing induced defects for a more efficient and safer design of com-
posite parts, and remark the necessity of developing models that link manufacturing process
parameters, micro-scale morphology, and mechanical performances to enable a cost-effect-
ive production that maximizes the performance/cost ratio.

GRAPHICAL ABSTRACT
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1. Introduction

The manufacturing process for composite parts
inevitably leads to microstructural defects, such as
irregular fibre distribution, non-homogeneous fibre
volume fraction, and the presence of porosity.
Manufacturing-induced defects, and in particular
voids, have been shown to deeply affect the mechan-
ical response of composite laminates, both under
static and cyclic loadings (see, among others,
[1–19]). In particular, voids were found to signifi-
cantly affect the fatigue behaviour by reducing the
life to crack initiation, increasing the crack growth
rate, and promoting the final separation of the lami-
nates. In the last years, the authors devoted large
efforts in characterising and modelling the effect of
voids on the mechanical response of composites
and, in particular, on their fatigue behaviour

[14,17,18,20]. The reader is referred to those works,
as well as to Mehdikhani et al. [21] for more exten-
sive literature reviews on the subject.

In [18] an extensive experimental campaign was
carried out on glass/epoxy laminates with different
stacking sequences made with vacuum resin infusion
cured at room temperature (i.e.: without thermal
stresses), highlighting a large effect of voids on the
fatigue damage initiation and evolution. Those
experimental data were then used to validate a cri-
terion to predict the life to crack initiation in the
presence of uniformly distributed micro-voids [20].

Within this framework, the objective of the pre-
sent work is twofold. First, to observe quantitatively
if the effect on the mechanical response of micro-
structural defects produced by a different manufac-
turing process is comparable to that found in [18],
contributing to a more comprehensive overall
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characterisation of the effect of voids on the long-
term behaviour of composites and providing a refer-
ence for the choice of the optimal manufacturing
process for a given part.

The second purpose of this work is to further
validate the predictive model proposed in [20], in
order to assess its general validity. Indeed, the
model was validated only for uniformly distributed
voids in laminates having approximately the same
fibre volume fraction. In practice, the fibre volume
fraction, the void shape distribution and the void
spatial configuration can vary as a function of the
manufacturing process, so that a predictive model
must be capable of taking such changes
into account.

Autoclave moulding was chosen as the manufac-
turing process for the present experimental cam-
paign. Indeed, despite the interest towards less
expensive out-of-autoclave solutions (such as RTM
and vacuum infusion), and the introduction of new
technologies (like additive manufacturing), the auto-
clave process is still widely used as it allows to
obtain the best material performances and, being it
a well-known process, prevents the issues related to
the introduction of new technologies in fields where
strict certifications are needed. Despite it being a
well-established process, an in-depth quantitative
analysis of the effect of the microstructure on the
fatigue performance is currently missing in the open
literature. As previously mentioned, with respect to
the laminates produced by vacuum infusion of
Maragoni et al. [18], the autoclave process could
lead to different microstructural features. In add-
ition, it also induces thermal stresses in the moulded
laminate, which must properly be accounted for.

Both cross-ply (CP) and multidirectional (MD)
laminates were produced varying the process param-
eters, so that different combinations of fibre volume
fraction and void content were obtained. The micro-
structure was characterised and quantified in detail
by micrographic observations. The influence of
microstructure on the fatigue performances was
investigated in terms of life to first cracks initiation,
crack growth rate, crack density evolution and stiff-
ness decrease during the fatigue life. Finally, a cri-
terion recently developed by the authors to predict
the first cracks initiation taking the actual micro-
structure into account [20] is applied to the new
experimental data.

2. Materials and testing

In this section, a thorough description is given of
the laminates manufacturing, the morphological
characterisation, and the testing techniques.

2.1. Laminates manufacturing

According to Carraro and Quaresimin [22] and
Quaresimin et al. [23], the crack initiation process
under cyclic loadings is driven by different parameters
depending on the shear to transverse stress ratio k12
¼ r6/r2 acting in an off-axis ply. Such driving forces
were identified as the Local Hydrostatic Stress (LHS,
for k12 < k12� �0.5) and the Local Maximum
Principal Stress (LMPS, for k12 > k12� �0.5). Thus, in
the present work two sets of laminates were produced
by autoclave moulding, to analyse their fatigue behav-
iour under both LHS- and LMPS-dominated condi-
tions. The first set was characterised by a [0/902]S
stacking sequence (LHS-dominated), whereas the
second by a [0/502/0/-502]S lay-up (LMPS-dominated).

A glass/epoxy pre-preg UE400-REM (CIT, Italy)
was used to produce all the laminates. The glass/
epoxy system was chosen as its transparency allows
an easy and precise quantification of the damage
evolution with the aid of a back-light illumination
system [18, 24].

Three [0/902]S and two [0/502/0/-502]S laminates
were produced. Laminates with the former and lat-
ter lay-ups will be from now on referred to as CP
(Cross-ply) and MD (Multidirectional), respectively.
The process parameters used in all cases are
reported in Table 1, and the temperature and pres-
sure profiles are shown in Figure 1 along with a
schematization of the manufacturing lay-up. For
panel CP1, a non-perforated release ply was used,
thus keeping the fibre volume fraction Vf of the raw
pre-preg. Given the low value of such a volume
fraction compared to most of the structural compos-
ite applications (see Section 2.2), it was decided to
produce the laminate CP2 with a perforated release
ply that allowed the breather layers placed above it
to absorb part of the resin, while keeping a cure
pressure of 5 bar. To proceed further in the same
direction, panel CP3 was produced with a perforated
release ply and increasing the curing pressure from
5 to 7 bars. As shown in the next section, the
increase in pressure combined with the use of a

Table 1. Process parameters of the produced laminates.

Laminate Lay-up
Curing

temperature (�C)
Curing pressure

(bar)
Vacuum
(bar)

Curing time
(hours)

Layers of
breather (300g/m2)

Perforated
release film

CP1 [0/902]S 125 5 �1 1 2 No
CP2 [0/902]S 125 5 �1 1 2 Yes
CP3 [0/902]S 125 7 �1 1 2 Yes
MD1 [0/502/0/-502]S 100 7 �1 3 2 Yes
MD2 [0/502/0/-502]S 100 1 0 3 2 Yes
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perforated release ply led to a larger Vf but also
caused an increase in void content due to an exces-
sive resin loss. The curing temperature for all the
CP laminates was 125 �C, as recommended by the
pre-preg supplier. As discussed in Section 2.2, dif-
ferent process parameters led to different fibre vol-
ume fractions and void contents in the
CP laminates.

The parameters used to produce the MD lami-
nates were chosen to have a fibre volume fraction as
similar as possible (around 0.5) with, respectively, a
low and a high void content. For those laminates,
the combination of a perforated release ply and a
curing temperature of 125 �C was found to lead to
an excessive resin loss, not allowing to obtain a
laminate with a low void-content. Therefore, a cur-
ing temperature of 100 �C was used, increasing the
curing time to three hours to guarantee a complete
cure of the resin. The curing time and pressures for
MD laminates reported in Table 1 are those that

lead to the desired microstructural results (see sec-
tion 2.2).

All the produced panels had a size of 300mm x
200mm, and the final total thicknesses were
2.158mm (CP1), 1.469mm (CP2), 1.432mm (CP3),
3.275mm (MD1), and 3.553mm (MD2). After the
cure was complete, specimens with a width of about
22mm were cut with a circular saw, and their edges
polished down to a 0.5 lm SiO2 suspension to pre-
vent premature crack initiation at the edges and to
allow precise micrographic observations.

2.2. Microstructural characterisation

The microstructure of the produced laminates was
characterised by the fibre volume fraction Vf and
the void content, both calculated in the off-
axis plies.

The fibre volume fraction was estimated from
micrographic images taken on five dedicated
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Figure 1. Temperature and pressure profiles for laminates a) CP1 and CP2, b) CP3, c) MD1, d) MD2, and e) schematization of
manufacturing lay-up.
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samples cut from the produced panels. The observa-
tion plane was perpendicular to the fibre direction,
implying additional cuts for the off-axis angles at
±50�. To increase the contrast between glass fibre
and resin, the specimen edges were etched with con-
centrated H2SO4 (96%), 20 s for three times. Fibres
were detected with an in-house developed tool that
uses a MatlabVR built-in algorithm based on the
Hough transform. The average fibre diameter
resulted to be 15.51 lm. Ten images at 200x for
each sample were analysed, and the resulting Vf val-
ues are reported in Table 2.

The void content was estimated from micro-
graphs taken on all the tested samples, scanning the
full length of the observation area (see section 2.3)

on both the specimen edges, for a total of 60 micro-
graphs per sample with a magnification of 100x.
Representative pictures of all the CP and MD lami-
nates are shown in Figure 2. Voids were found to
be uniformly distributed along the specimen length
for all the laminates. For laminate CP1, in addition
to voids of size a few times that of the fibres, also
few very large, flattened voids were present (Figure
2(b)). The void content was quantified by both the
void area fraction (Av) and the average void equiva-
lent diameter (Dv,av), defined as the diameter of a
circle having the same area of the actual transverse
void section. This is a 2D quantification of the void
content and size which the authors believe to be
representative of the material microstructure due to
the cigar-like shape of the voids, which were elon-
gated along the fibre direction. This configuration is
typical for UD plies [21] and was observed also for
infused laminates [18]. In addition, the majority of
voids were found to have a roughly round section,
and only in few cases, namely in laminates CP1 and
MD2, some of them were flattened. Void detection
from the micrographs was carried out using an in-
house built MatlabVR code based on greyscale image

Table 2. Microstructural features of the produced laminates.

Laminate Vf (%)
Av
(%) Dv,av (lm)

CP1 38.8 0.62 98.46
CP2 58.8 0.73 54.48
CP3 61.3 1.48 38.07
MD1 53.0 0.37 65.64
MD2 47.2 4.20 108.63

Figure 2. Representative micrographs of laminates (a,b) CP1, (c) CP2, (d) CP3, (e) MD1, and (f) MD2.
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binarization, exploiting the darker colour of the
voids compared to resin and fibre.

The resulting Av and Dv,av are reported in Table
2. In Figure 3, the Cumulative Distribution
Function (CDF) of the void equivalent diameter Dv

is shown for all the laminates. It is possible to
observe the presence of the few very large, flattened
voids in laminate CP1 that characterise the highest
part of the curve. For MD laminates, the void con-
tent and features were found to be very similar in
the þ50� and �50� ply, hence a single value of Av

and Dv,av is reported in Table 2.

2.3. Testing methods

Before testing, glass/epoxy tabs were bonded to the
specimens. Fatigue tests were carried out with a
MTS858-Minibionix servo hydraulic testing
machine, equipped with a 25 kN load cell.

The tests were conducted in load control, with a
load ratio (minimum to maximum applied load
ratio) R¼ 0.05. The maximum cyclic stresses applied
to CP and MD laminates were, respectively, rx ¼
50, 60, 70, 80MPa and rx ¼ 105, 115, 125,
135MPa. At least two specimens were tested for
each load level. The test frequency was 10Hz for CP
laminates and 4Hz for MD laminates to avoid
over-heating.

All the specimens had a gage length of 120mm.
An observation region with a length of 60mm
across the specimen mid-section was considered for
characterising the damage initiation and evolution.
An axial extensometer MTS 632.29 F-30 with a cali-
brated length of 25mm was mounted below the
observation region to monitor the laminate stiffness
throughout its fatigue life. The damage evolution,
consisting of the initiation and propagation of mul-
tiple cracks in the off-axis plies, was monitored with
a linear camera (Basler raL4096-24gm) mounted on
a rail in front of the specimen and connected to the
testing machine. To help the crack detection, a ser-
ies of white LED was mounted behind the specimen,

exploiting the transparency of the glass/epoxy sys-
tem. Cracks were automatically detected using an
in-house developed tool based on Gabor filter (see
also [18, 24]).

3. Experimental results

3.1. Elastic properties and ply stresses

In composite laminates, the crack density evolution
during cyclic loadings depends on the stresses acting
on the off-axis plies (r1, r2, r6) rather than the
remote ones (rx, ry, sxy). Given the remote loads, the
ply stresses can be easily estimated with the Classical
Lamination Theory (CLT), once the elastic and ther-
mal properties of the individual plies are provided.
Such properties were calculated from those of the
fibre and matrix by means of classic micromechanics
formulas accounting for the relevant fibre volume
fraction Vf, and. The fibre and matrix properties, and
the single ply properties are included as the supple-
mentary material, along with the estimated laminate
elastic moduli, which resulted to be in good agree-
ment with the measured values.

It is important to highlight that while the mech-
anical stresses depend on the entity of the remote
mechanical loads, the thermal contribution to the
ply stresses is constant, and it is in general different
among the three in-plane stress components (r1, r2,
r6). Therefore, if we define the local load ratios in a
ply as Rr1 ¼ r1,min/r1,max, Rr2 ¼ r2,min/r2,max, Rr6

¼ r6,min/r6,max, and the biaxiality ratio as k12 ¼ r6/
r2, we have that, in general:

1. the local load ratios vary in the same ply for
different mechanical load levels;

2. the local load ratios vary in the same ply also
for the three stress components;

3. the biaxiality ratio varies among the mechanical
load levels and also between the maximum and
minimum cyclic loads within the same load
level (k12,max 6¼ k12,min).

Figure 3. Cumulative Distribution Function (CDF) of the void equivalent diameter (Dv) of the produced (a) cross ply (CP), and
(b) multidirectional (MD) laminates.
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However, for the produced laminates, considering
a room temperature of 25 �C, CLT calculations
showed that such variations were found to be negli-
gible (Rr1,CP ¼ 0.65� 0.80, Rr2,CP ¼ 0.26� 0.35,
Rr1,MD ¼ �0.31��0.48, Rr2,MD ¼ 0.29� 0.34,
Rr6,MD ¼ 0.09� 0.10, k12,max,MD ¼ 0.82� 0.88,
k12,min,MD ¼ 0.24� 0.26). Accordingly, the local
multiaxial stress state and load ratios the be consid-
ered very similar for laminates with the same stack-
ing sequence, allowing a comparison of their
fatigue behaviour.

3.2. Fatigue test results

In this section, the fatigue test results are reported,
separately for cross-ply ([0/902]S, CP) and multidirec-
tional ([0/502/0/-502]S, MD) laminates. For both
stacking sequences, the influence of the microstruc-
ture is discussed on the life to crack initiation, crack
propagation rate, crack density evolution, and stiffness
degradation. Before presenting the experimental
results, some considerations, calculations, and defini-
tions valid for both the stacking sequences are made.

i. For the life to crack initiation, S-N curves were
drawn considering the first six visible cracks in
each specimen, as they were sufficiently far
from each other to be regarded as independent
events (see also [18,25,26]). All the S-N curves
were fitted by a power-law, rmax ¼ K�Na. For
all the S-N curves, also the lines referring to the
10% and 90% Probabilities of Survival (PS) are
reported. The experimental scatter is then quan-
tified by the scatter index Tr, defined as the
ratio between the stress corresponding to a PS
of 10% and that corresponding to a PS of 90%,
Tr¼rPS10/rPS90.

ii. The crack propagation is analysed by correlat-
ing the Crack Growth Rate (CGR) the Energy
Release Rate (ERR, or G). The CGR can be
measured by tracking the length of a crack suf-
ficiently far from the others as a function of the
number of cycles. When the crack is longer
than about twice the ply thickness, it is in a
steady state condition and its length increases
almost linearly with the number of cycles, as
supported by the approximately constant ERR
of off-axis cracks propagating in the fibre direc-
tion [25,27] The CGR is then the slope of the
crack length-versus-number of cycles curve,
which can be measured experimentally. The
ERR was calculated with the method proposed
in [28], carrying out Finite Element (FE) analy-
ses on Representative Volume Elements (RVEs)
of a cracked laminate. A room temperature of
25 �C was considered to calculate the crack

opening and sliding due to thermal loads. Due
to the presence of thermal stresses, the Mode
Mixity MM ¼ GII/(GIþGII) in MD laminates
varies with remote mechanical load levels, as
for the biaxiality ratio k12. Nonetheless, such a
variation is small (MM ¼ 0.48� 0.57), allowing
a comparison between the two MD laminates to
be made. The CGR is here reported as a func-
tion of the total ERR Gtot ¼ GI þ GII. For the
cracks in the 90� ply of CP laminates, clearly,
Gtot ¼ GI as cracks propagate under pure Mode
I condition (MM ¼ 0).

All the Crack Growth Rate (CGR) versus Energy
Release Rate (ERR, or G) curves are fitted by a
power law, CGR ¼ C�Gtot,max

d.

i. The progressive fatigue damage evolution, con-
sisting of the initiation and propagation of mul-
tiple cracks in the off-axis plies, was described
by the weighted crack density, defined as [25]:

qw ¼
Pnc

i¼1 ci
w � L (1 )

where ci is the length of the ith crack, nc the total
number of cracks, and w and L the width and
length of the observation region, respectively. Such
a definition of crack density is indeed recommended
to relate the damage scenario to the stiffness
loss [25].

i. For comparison purposes the stiffness degrad-
ation is reported in all the plots as normalized
to the initial value (see supplementary material).
The elastic modulus was measured during the
cyclic loads as the secant slope of the hyster-
esis cycles.

3.2.1. Cross ply (CP) laminates
Figure 4 shows the fatigue curves for first crack ini-
tiation of the CP laminates, in terms of the remote
mechanical stress, rx, and the transverse stress act-
ing on the 90� ply, r2. In general, different scatter
bands in terms of rx are associated to different CP
laminates, even if those for CP1 and CP2 are quite
overlapped (Figure 4(a)). When plotted in terms of
r2, a parameter that is better related to the crack
formation process, thus allowing a more meaningful
comparison, the relative positions between the three
curves change. In this case, those for laminates CP1
and CP3 appear to fall within the same scatter
band, while slightly longer lives characterise
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laminate CP2 (Figure 4(b)). The shift of the curve
towards shorter number of cycles of CP3 compared
to CP2 is expected given the higher void content in
the former. Even laminate CP1 is characterised by
shorter lives to first crack initiation compared to
laminate CP2 despite the smaller global void content
and average void size (Table 1). This could be
explained by the presence of large, flattened voids in
laminate CP1, that considerably reduce the net sec-
tion of the 90� ply. The majority of the first cracks
in laminate CP1 were indeed observed to initiate in
correspondence of such voids, for all the load levels
(Figure 5).

The slope of the S-N curve does not seem to be
significantly affected by the different microstructure,
as also reported in [18]. The fatigue curve parame-
ters are provided as supplementary material.

The Crack Growth Rate (CGR) versus the max-
imum total Energy Release Rate (Gtot,max) curves for
CP laminates are shown in Figure 6, and the curve
parameters are provided as supplementary material.
A strong influence of the microstructure, intended
as the combination of Vf and void content, can be
observed. Compared to laminate CP2, laminate CP3
is characterised by a faster crack propagation, which

is in line with the larger void content. On the other
hand, cracks tend to propagate slower for laminate
CP1, which is consistent with the significantly
higher amount of resin, that could lead to a larger
energy-dissipating process zone ahead of crack tips,
and with the discontinuous void size distribution,
that causes cracks to propagate in regions with less
voids as the large ones are few and have already
given their contribution to damage by promoting
crack initiation. As for the S-N curves for first crack
initiation, and as highlighted in [18], the slope of
the curves does not appear to significantly change
with different microstructural features.

Figure 7 shows the weighted crack density evolu-
tion and the stiffness degradation of the three CP
laminates under a remote mechanical stress rx,max

¼ 80MPa. The trends for other load levels are
qualitatively similar and are provided as supplemen-
tary material. Damage (Figure 7(a)) evolves faster
for laminate CP3 compared to CP2, as expected due
to the similar Vf but higher void content for lamin-
ate CP3, and also suggested by the relevant S-N and
CGR-ERR curves. The trends for laminate CP1 are
similar to that of laminate CP2 at the beginning, in
line with the relevant S-N curves for first crack initi-
ation in terms of rx. Then, for laminate CP1 the

Figure 4. Life to crack initiation in the 90� ply of CP lami-
nates ([0/902]S) in terms of (a) remote mechanical stress,
rx,max and (b) transverse stress in the 90� ply, r2,max. Lines
indicate the 90% and 10% Probabilities of Survival (PS);
Tr¼rPS10/rPS90.

Figure 5. Effect of large, flattened voids of laminate CP1 on
the initiation of the first cracks (rx,max ¼ 70MPa).

Figure 6. CGR versus ERR in the 90� ply of CP laminates
([0/902]S) and 90–10% scatter bands.
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damage evolves slower and approaches a smaller
saturation level. Such a behaviour can be explained
by the following considerations. First, as discussed
above, although laminate CP1 has a lower Av than
laminate CP2, it is characterised by the presence of
few very large voids, that were clearly involved in
the initiation of the first cracks. As the total number
of such large voids in laminate CP1 is small, they
only affect the crack density evolution in the first
stages. Then, the crack density progression is
affected by voids of smaller size (Figure 3(a)), hence
its evolution rate quickly decreases. In addition,
laminate CP1 is also characterised by a much larger
thickness, which reduces the crack density satur-
ation level [29].

The stiffness drop (Figure 7(b)) clearly follows
the opposite trend of the crack density evolution.
Interestingly, the laminates with larger Vf are char-
acterised by a premature stiffness drop due to the
larger void contents compared to laminate CP1. It
must be reminded, however, that in Figure 7b the
stiffness is normalized to that of the pristine
(undamaged) specimens, and that the initial elastic
modulus was significantly higher for laminates CP3
and CP2 compared to CP1 (see supplementary
material). So, for instance, after 1�105 cycles under
rx ¼ 80MPa, Ex,CP1 � 14400MPa, Ex,CP2 �
20500MPa, Ex,CP3 � 20100MPa.

3.2.2. Multidirectional (MD) laminates
The fatigue curves for first crack initiation of MD
laminates are shown in Figure 8, in terms of remote
mechanical stress rx and transverse stress acting on
the ±50� plies r2. The clearer separation of the two
curves of MD laminates in comparison to those of
CP laminates can be attributed to the large differ-
ence in void content for the former stacking
sequence. The S-N curves for the þ50� and �50�

plies are found to be reasonably overlapped, as
expected given the same stresses and microstruc-
tures in those plies. The parameters of the S-N
curves are provided as supplementary material.

Figure 9 shows the Crack Growth Rate (CGR)
versus maximum total Energy Release Rate
(Gtot,max) curves for MD laminates, whose parame-
ters are provided as the supplementary material.
The data for cracks in the þ50� and �50� plies fall
within the same scatter band for the individual lam-
inates, as expected. Only a slight increase in the
Crack Growth Rate can be observed in the presence
of a much larger void content (laminate MD2), indi-
cating a smaller effect of the microstructure on the
crack propagation in the presence of relatively high
shear stresses compared to the pure transverse stress

Figure 7. (a) Weighted crack density evolution, and (b)
Stiffness degradation in CP laminates subjected to rx,max

¼ 80MPa.

Figure 8. Life to crack initiation in the ±50� plies of MD
laminates ([0/502/0/-502]S) in terms of a) remote mechanical
stress, rx,max, and b) transverse stress in the ±50� plies,
r2,max. Lines indicate the 90% and 10% Probabilities of
Survival (PS); Tr¼rPS10/rPS90.
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condition of the cross-plies, in line with the findings
of Maragoni et al. [18].

Figure 10 shows the trend of the weighted crack
density and the stiffness decrease of MD laminates
for a remote mechanical stresses rx,max ¼ 135MPa.
The trends for the other load levels are qualitatively
similar and are provided as supplementary material.
As expected from the S-N and CGR-ERR curves,
laminate MD2, characterised by a larger void con-
tent, exhibits an earlier crack density increase
(Figure 10(a)), although tending to a similar satur-
ation level for high number of cycles. For both lami-
nates, the larger thickness of the �50� ply causes a
faster damage evolution compared to the þ50� ply
due to a higher ERR, and at the same time a smaller
saturation level, as expected [25]. As for CP lami-
nates, the stiffness trends (Figure 10(b)) reflect those
of the weighted crack densities, with an initially
larger drop for the laminate with higher void con-
tent (MD2) and a comparable final stiffness decrease
given the similar crack density saturation levels.

As reported in [18], also the present experimental
data show a larger sensitivity to voids in LHS-rather
than LMPS-dominated plies. Indeed, for laminates
having similar Vf, the increase in damage evolution
rate for MD laminates going from Av ¼ 0.37%
(MD1) to Av ¼ 4.2% (MD2) is comparable to that
obtained in CP laminates when going from Av ¼
0.73% (CP2) to just Av ¼ 1.48% (CP3).

4. Prediction of first cracks initiation

In a recent work [20], the authors extended a previ-
ous criterion to predict the life to crack initiation
[22] to account for the actual composite microstruc-
ture. The criterion proposes, as the driving force to
fatigue crack initiation, the average value of the LHS
or LMPS in a control volume Vc of the matrix,
calculated by Finite Element (FE) analyses on
micro-scale Representative Volume Elements (RVEs)
capable of including voids. Such values of LHS and
LMPS are referred to as LHS� and LMPS�. The

control volume corresponds to a certain percentage
of the matrix subjected to the highest LHS or LMPS
values. As discussed in [20], this should be taken
within the range 1%�10%, as this corresponds to
the matrix regions confined between closely packed
fibres, where the micro-scale damage takes place,
thus leading to the formation of an off-axis crack.
The use of LHS� or LMPS� depend on the biaxiality
ratio within the ply, k12, as mentioned in section
2.1. The reader is referred to Maragoni et al. [20]
for a more comprehensive description.

To apply the criterion to the present experimen-
tal data, micro-scale material RVEs were first built.
Using the experimental fibre diameter distribution
and fibre volume fraction, fibres were initially
placed in a regular pattern within a 2D square and
then “shaken” following the algorithm illustrated in
[30]. A circular void of size equal to the experimen-
tal average equivalent void diameter was placed at
the centre of the RVEs, the external dimensions of
which were calculated to match the measured global
void content [20]. Then, FE analyses were carried
out on the RVEs applying individually the in-plane
stress components acting on the ply (r1, r2, r6), cal-
culated by means of Classical Lamination Theory
(CLT). Then, the actual stress state in the off-axis
plies was obtained by applying the superposition
principle. In the FE analyses, periodic boundary

Figure 9. CGR versus ERR in the ±50� plies of MD laminates
([0/502/0/-502]S) and 90–10% scatter bands.

Figure 10. (a) Weighted crack density evolution, and (b)
Stiffness degradation in MD laminates subjected to rx,max

¼ 135MPa.
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conditions were applied [30], thus reproducing a
uniform void distribution, as that found in lami-
nates CP2, CP3, MD1 and MD2.

A slightly different approach was used for lamin-
ate CP1, characterised by the presence of large, flat-
tened voids clearly involved in the formation of the
first fatigue cracks. To account for this kind of
microstructure, periodic void-free RVEs were built,
and the ply stresses relevant to the net section of
the ply in correspondence of those large voids
(about 4/5 of the 90� ply thickness) were applied in
the FE analyses. This choice is believed to be rea-
sonable as, given the flattened void shape and the
load direction, the stress concentration factor due to
the void itself is expected to be negligible, so that
the effect of voids can be ascribed to a restriction of
the net section of the transverse layer. Examples of
RVEs for all the laminates are shown in Figure 11.

Once the FE analyses were carried out, LHS� and
LMPS� were calculated for each laminate as indi-
cated in [20], by averaging the LHS and LMPS val-
ues in the most critical matrix regions, referred to
as the control volume Vc. In the RVEs containing
voids, only the matrix volume belonging to the sec-
tion containing the void was considered for the cal-
culation of LHS� and LMPS�. This implicitly
assumes that the crack forms in that section, due to
the presence of the void itself, as confirmed by
experimental observations.

Given the irregular fibre distribution, multiple
RVEs were generated to represent each laminate,
until a convergence on the LHS� and LMPS� was
reached. In particular, 5, 9, and 13 RVEs were ana-
lysed for laminates CP1, CP2, and CP3, respectively,
while 5 and 11 RVEs for laminates MD1 and MD2.
The ply stresses, applied to the RVEs, were calcu-
lated with the Classical Lamination Theory (CLT),
considering a room temperature of 25 �C.

As for the local load ratios for the ply stresses dis-
cussed in Section 3.1, also those for LHS� and LMPS�
were found not to significantly vary with the remote
mechanical load level for laminates with the same lay-
up (RLHS� ¼ LHS�min/LHS�max ¼ 0.28� 0.51 for CP
laminates, RLMPS� ¼ LMPS�min/LMPS�max ¼
0.16� 0.27 for MD laminates), thus allowing the cri-
terion proposed in [20] to be applied.

Figure 12 shows the S-N curves for first crack
initiation in CP and MD laminates in terms of the
proposed driving forces (LHSmax

� and LMPSmax
�

for CP and MD laminates, respectively), calculated
in a control volume Vc ¼ 5%. Similar results are
found for other Vc values and are provided as sup-
plementary material, highlighting once again the
robustness of the proposed model with respect to
the control volume choice. In the same figure, the
90%-10% scatter bands are reported, together with
the scatter index Tr, calculated considering all the
data within a plot as a single series.

Figure 11. Representative Volume Elements (RVEs) of the produced laminates: (a) CP1, (b) CP2, (c) CP3, (d) MD1, and
(e) MD2.
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It is possible to notice that for both stacking
sequences the data fall well within the same scatter
band. This is particularly evident for the MD lami-
nates, whose curves were clearly apart from each
other in terms of r2,max, and can be appreciated also
for the cross-plies, whose curves in terms of r2,max

were already reasonably close. This further validates
the capability of the predictive model proposed in
[20] to account for variations in fibre volume frac-
tions and void content, once proper micro-scale
RVEs are built. Also, the model predictions appear
to hold valid for microstructures obtained in both
infused [20] and autoclave moulded composites, and
even in the presence of thermal stresses, always pre-
sent in the latter manufacturing process.

5. Conclusions

Three cross-ply ([0/902]S), and two multidirectional
([0/502/0/-502]S) laminates were manufactured by
autoclave moulding, using different process parame-
ters. The manufacturing settings were found to deeply
affect the laminate microstructure in terms of fibre
volume fraction, global void content, and average void
size. For both stacking sequences, in the presence of a
similar fibre volume fractions, larger void contents

were found to promote the crack initiation and propa-
gation, leading to an earlier rise in the crack density
evolution and associated stiffness decrease. In cross-
ply laminates, also, the combination of low fibre vol-
ume fraction with the presence of few large, flattened
voids led to a reduced life to first crack initiation but
also to a slower crack propagation. In addition, once
cracks are formed in correspondence of the largest and
most critical voids, the increase in crack density and
the correlated stiffness drop evolved at a slower rate, as
further cracking occurs in regions characterised by a
significantly smaller void content and size. This high-
lights the need to account not only for global void con-
tent and average void size, but also to void size
distribution and void spatial distribution.

From a qualitative point of view, the experimental
results are in line with those found for vacuum infused
laminates. It is remarked, however, that the present
results could not be simply foreseen a priori from pre-
vious results, and that the present experimental cam-
paign was needed to assess quantitatively the effect of
the microstructure on autoclave-moulded laminates.

The combined effect of the fibre volume fraction,
void content and void size on the fatigue damage ini-
tiation and evolution highlights the need to properly
account for the local microstructure for an advanced
and cost-effective design of composite parts. In this
direction, a criterion recently proposed by the authors
to predict the fatigue crack initiation in the presence
of manufacturing-induced voids was applied to the
experimental data, proving its capability to account
for the simultaneous influence of both fibre volume
fraction and void content, including the presence of
large flattened voids and thermal stresses due to the
manufacturing process (all conditions under which
the model was not previously verified), thus improv-
ing the confidence in its general validity.
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