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ABSTRACT

Fiber bridging can significantly influence the interlaminar toughness of laminated composites. However, very
little is known about to what extent it depends on the processing conditions. In this paper, we performed a
back-bonded double cantilever beam (BB-DCB) test to study the curing process influence on the development
of fiber bridging for composite laminates with various thicknesses. The BB-DCB sample included a middle
core plate and two backing adherends bonded to each side of the core plate. The total thickness of the BB-
DCB samples was kept the same to guarantee the same structural effect due to beam curvature. Thus, only
the core plate thickness effect was varied and studied. The experimental results showed that the core plate
thickness significantly influences fiber bridging, as the samples with thicker core plates triggered more fiber
bridging. Differential scanning calorimetry (DSC) was used to evaluate the degree of cure (DoC) for the different
thicknesses, and a correlation was shown between the DoC and the fiber bridging extent. An embedded cell
approach was also adopted to show that more fiber bridging was triggered with a larger variance of the
fiber/matrix interface toughness and strength, which might have resulted from the change in the DoC with

the plate thickness.

1. Introduction

Delamination damage in laminated composites has been widely
studied due to the weakness of these materials under out-of-plane load-
ing. The properties at the onset and propagation of delamination are
ascribed to the contributions of both local material properties and non-
local structural effects, i.e., fiber bridging [1-4]. During the growth of a
delamination front, fibers inside the laminates are pulled out, and frac-
ture surfaces are bridged. This can be seen as a positive phenomenon,
as it has the potential of significantly toughening the interface [5—
9]. However, it should also be acknowledged that such phenomena
complexify the modeling that should account for the development of
bridging and its effects on interlaminar cohesive tractions [10-12].

The development of fiber bridging is usually easy to detect, as it
results in a rising resistance curve (R-curve). The initial toughness
depends on the material property of the fiber/matrix interface, while
the way the R-curve increases mainly depends on the fiber bridging
extent [1]. Thus, the R-curve is mainly the result of structural effects
rather than material property. Farmand et al. [13] implemented a series
of DCB tests using specimens with different thicknesses. They found
that more bridging appeared during the delamination propagation for
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thicker specimen, leading to a higher toughness at the plateau level of
the R-curve. The sample thickness influences the DCB beam curvature,
which changes the bridging traction decay rate in the fiber bridging
zone. Frossard et al. [14] conducted DCB tests on specimens with
the same total thickness but with plies of different thicknesses and
microstructures. Their results indicated that the microstructure of a
laminate influence the formation and development of fiber bridging.
Laminates made with thin-ply composites have a relatively uniform
microstructure, leading to a flat delamination surface with much less
fiber bridging compared with thick-ply composites. More generally,
the origin of fiber bridging comes from the spatial variability of the
interlaminar properties over a delamination interface, including defects
or the yield zone in a crack tip [1]. Such variabilities can for instance,
result from nesting where the fibers of adjacent plies migrate, causing a
curved mid-plane after curing [15]. This happens during manufactur-
ing processes, and it is well known as one source of triggering fiber
bridging. Tao et al. [16] implemented a simulation work to trigger
ligaments by introducing heterogeneity in the framework of secondary
bonded joints, and they found that a certain level of spatially-varying
interface properties can help in forming adhesive ligaments, leading
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to bridging zones for crack-arrest. Meanwhile, the numerical research
of Li et al. [17,18] showed that the variability in the statistically
uniform properties of an interface has a significant influence on the
adhesive ligaments in secondary bonded joints. Herrdez et al. [19]
enhanced the fracture toughness of delamination by introducing small
interlaminar defects to promote fiber bridging. More recently, Liu
et al. [20] proposed a theoretical model to determine the occurrence
of fiber bridging based on a weak fiber/matrix interface mechanism.
They compared the actual ultimate transverse tensile strength with
the predicted transverse tensile strength calculated using a perfectly
bonded fiber/matrix interface assumption. The experiments proved that
fiber bridging occurs when the predicted transverse tensile strength is
obviously higher than the actual one. Overall, these works indicated
the importance of heterogeneity in promoting fiber bridging during
delamination propagation.

Due to the low through-thickness thermal conductivity [21,22], a
source of variability in the distribution of interfacial properties is the
difference in curing when the thickness of a specimen is changed.
The gradient in the curing state is a topic that has been extensively
investigated. Li et al. [23] found that specimen thickness is an im-
portant factor that influences temperature distribution through the
thickness direction using microwave curing technologies. For a thick
laminate of 22.5 mm, there was almost a temperature difference of
10°C between the top and bottom surfaces. Meanwhile, this might
also result in strong variations in the degree of cure (DoC) of CFRP
plates. W. Stark et al. [24] studied the relationship between DoC
and the curing time at 180°C, and their results showed that curing
reactions happen in the first 60 min mainly with a DoC of 0.85
at 2 h, while 5 h are needed for a full cure. An incomplete cure
might result in less uniform interface properties. Therefore, a legitimate
question arises about the effects of the processing condition and DoC
on the interlaminar properties distribution and the resulting bridging
effect. Chris et al. [25] studied the influence of cure path on the
Mode I fracture behavior in thermoplastic particle interleaf toughened
composites. A reduction by 11%-22% of the Mode I toughness was
observed by incorporating a dwell stage before reaching the final cure
temperature. Also, recent research by Cheng et al. [26] studied the
cure path dependency of the Mode II fracture of interlayer toughened
composites. The thermoplastic particles and interlayer thickness were
varied with different cure cycles, which influenced the Mode II frac-
ture behavior. The curing rate of epoxy fiberglass composites could
also change its microstructure. Patel et al. [27] found that samples
with sufficient pre-cure cycle, which allows gel completely before
post-curing, had an homogeneous microstructure. In contrast, samples
with faster curing featured a non-homogeneous microstructure, which
significantly influenced the fatigue life of composite structures due
to the stress concentration resulting from the softer phase inclusions.
Hoffman et al. [28] also pointed that higher oven temperature led to a
shorter curing time and higher residual strain in a single fiber/polymer
composite curing system. However, to the authors’ knowledge, the
curing process’s influence on the development of fiber bridging was not
fully discussed in the literature.

In this work, we designed an experimental campaign to study the
curing process’s effect on the development of fiber bridging. To exclude
the structural effect influence on bridging traction, we operated a
series of the back-bonded double cantilever beam (BB-DCB) tests so
that all specimens always shared the same total thickness. The BB-
DCB sample included a middle core plate and two backing adherends,
which were cured in separate batches and then bonded together to
the same total thickness. Since the delamination crack propagated in
the middle interface of the core plate, the only factor that influenced
the development of fiber bridging was the curing process of core
plates with different thicknesses. Meanwhile, the curing degree of these
plates was evaluated and correlated with Mode I fracture toughness.
We also provided simulation work to illustrate the plausible reasons
for the thickness-dependent fiber bridging phenomena found in the
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experiments based on the change in the fracture properties variability
over the interface.

Section 2 describes the experimental strategy, sample preparation,
and results of the BB-DCB tests. Section 3 shows our interpretation
of the experimental results and uses an embedded cell model [29] to
analyze the influence of fiber/matrix strength and toughness variability
on the R-curve performance. Section 4 concludes this work and shows
our future research directions.

2. Experiments
2.1. Materials and specimens

Hexply T700/M21 with a nominal cured thickness of 0.25 mm was
used as the carbon/epoxy prepreg for fabricating the BB-DCB samples.
Panels of 300 mm x 300 mm square prepregs with a fiber volume
fraction of 57% were manually stacked with a specific sequence. One
bar vacuum was applied to extract air after manually stacking the
prepregs. The lay-ups were then cured using a hydraulic hot-press
machine (Pinette Emidecau Industries 15T) for 2 h at 180°C at a heating
speed of 2°C/min and were then cooled down to room temperature at
a cooling speed of —3°C/min. The curing process was under a gauge
pressure of seven bar and one bar vacuum environment.

The cured plates were cut using a Protomax water-jet cutting ma-
chine to manufacture the backing adherends and core samples. The
backing adherends were bonded to the core sample using a rapid two-
component epoxy glue Araldite 420. Uniform pressure was applied over
the BB-DCB sample using clamps at a constant temperature (60°C) dur-
ing the back bonding process. Four different stacking sequences were
chosen for the BB-DCB tests to study the curing effect: [0g],, [0, || Og];,
[04 || 0415 and [Og || 0,1, where the symbol ’||” denotes the back bonding
position. Each configuration has six samples tested. Fig. 1(a)-(d) show
the schematic and side view of the unidirectional BB-DCB samples after
manufacturing. In the end, the BB-DCB samples were 250 mm long and
20 mm wide with a 50-mm long pre-crack, where an aluminum foil
was inserted the prepregs were manually stacked. The total thickness
of [0g], was 4 mm, while the BB-DCB samples were 4.2 mm thick due
to the extra Araldite epoxy layer. The difference in the structural effect
on the bridging development for the 4-mm and 4.2-mm thick beam
samples could be neglected. The exact geometrical characteristics of
each sample were recorded before testing for data reduction. Then,
aluminum blocks were bonded to the BB-DCB sample for load transfer.
The DCB tests were operated in an Instron 5882 test frame (500 N
load cell) at a speed of 2 mm/min according to the ASTM standard
D5528 [30]. On each sample, one edge was marked with white lines
at every millimeter. A DSLR camera recorded the delamination crack
length and fiber bridging extent. The compliance calibration (CC) [30]
method was used for data reduction to calculate the interlaminar Mode
I toughness. As a note, data reduction methods given in the standard
are usually applied in cases with a smooth delamination surface. When
fiber bridging exists, it is not accurate since the cracked interface is
still linked by the bridging fibers. Frossard et al. [31], and Pappas
et al. [32] used double compliance calibration (DCC) and modified
power law (MPL) method to consider the effect of fiber bridging on
compliance fitting, which gives a proper toughness evaluation. While
the difference between different data reduction methods is not very big
for unidirectional DCB tests. In this work, for the sake of comparison
between different curing conditions, a small error is acceptable when
using the CC method.

To exclude the back bonding effect on the fiber bridging devel-
opment in the BB-DCB sample, an additional test was designed, as
illustrated in Fig. 2, for the specific case of the [0 || 0,], stacking
sequence. Instead of curing the core plate and backing adherend plates
in separate batches, we cured them altogether in one batch while
separated with aluminum foils. After the curing process, the core plate
and backing adherend plates could be easily separated. Then, we used
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Fig. 1. Schematic and side view of the BB-DCB samples after manufacturing.

Table 1
Samples of the separately-cured and co-cured plates, where ‘|||” denotes
aluminum foil.

Separately-Cured plates Back bonded samples

core [0g], without back bonding
backing adherend [0,], core [0g] [0, I 061,
backing adherend [0,], core [0,], [04 I 0414
backing adherend [04], core [0,], [06 I 0,1,

Co-Cured plates
[06 11104111061

[0 1| 0,], (co-cured)

the same back bonding process to bond the backing adherends and core
plate. This kind of sample is referred as co-cured [0 || 0,1, which is
distinguished with the separately-cured [0 || 0,],. Table 1 shows the
samples of separately-cured and co-cured plates. Therefore, the only
difference between the separately-cured [O¢ || 0,], BB-DCB sample and
co-cured [0g || 0,]; BB-DCB sample was the plate thickness during the
hot-press curing process. The toughness and image view of the bridging
result of the separately-cured [0g || 0,], and co-cured [0g || 0,]; BB-DCB
samples were then compared.

Curing degree evaluation

To check the variation in curing between the samples with various
thicknesses, a Netzsch instrument DSC 204 HP was used to perform
differential scanning calorimetry (DSC). A DSC test was performed with
a heating rate of 5°C/min from 100°C to 300°C. Four sets of samples
were prepared for the DSC tests, including the uncured prepreg, 1-mm
thick plate [0,],, 4-mm thick plate [0g]; cured for 2 h at 180 °C, and
4-mm thick plate [0g],; cured for 4 h at 180 °C. The sample mass was
in the range of 6 to 7 mg, and it was cut from different positions of
the CFRP plate through its whole thickness. The uncured prepreg was
used to obtain the total curing enthalpy H;. The DoC was defined as
a=1- %, where Hjy is the residual enthalpy of the partially cured
samples. !

Curing time is also a factor that is evaluated to further prove
the relationship between the fiber bridging extent and polymerization
quality. The 4-mm thick plate [0g], cured for 4 h was also operated
in the DCB tests and compared with DCB results of the 4-mm thick
plate [0g], cured for 2 h. Table 2 shows the samples for curing degree
evaluation.

Table 2

Samples for the curing degree evaluation.

Curing 2 h at 180 °C Usage

1 mm thick [0,], DSC

4 mm thick [0g], DSC

Curing 4 h at 180 °C

4 mm thick [0g], DSC and DCB

2.2. Separately-cured BB-DCB results

Fig. 3(a)-(d) show the side view of the four separately-cured BB-
DCB samples during DCB loading: [0g],, [0, || O]y, [04 || 0415, and [Og ||
0,],. We compared the bridging extent of these four sequences when
the delamination crack reached ~120 mm. This also corresponded to
the steady-state configuration when the fiber bridging became sta-
ble. As shown in Fig. 3(a)-(d), the fiber bridging extent at the same
delamination crack length decreased with the thinner core plate.

Fig. 4(a) shows the raw data of the original reaction force-opening
curve obtained from the 500 N load frame of Instron 5882. The reaction
force was obviously higher for the thicker core plate sample that
exhibited extensive fiber bridging. Fig. 4(b) shows the interlaminar
toughness calculated using the CC method. The plateau in the R-
curve indicates the toughness when a stable fiber bridging zone was
developed. With extensive fiber bridging triggered, the toughness of
[0g], could reach 0.7-0.8 N/mm. Meanwhile, for the thinnest core plate
[0¢ || 0,],, nearly no fiber bridging was observed, as shown in Fig. 3(d).
Therefore, the toughness was as low as ~0.25-0.3 N/mm. This value
corresponds to the classical one expected in the T700/M21 system
when classical interfacial failure was observed [33]. The relationship
between extensive fiber bridging and increasing toughness was also
observed in Moura’s et al. research [3]. They studied the effect of
bridging on the R-curve by cutting bridging fibers during the DCB
loading, which showed that the bridging phenomena were responsible
for 60% dissipated energy during delamination propagation in their
results.

To get a clearer trend of the toughness with respect to the thickness
of the core plate, we defined the propagation toughness as the average
toughness of the incremental delamination crack length of 60 mm
until the end of the tests, which was seen as a stable delamination
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Fig. 2. Schematic of the core plate and backing adherend plates cured altogether in one batch.
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Fig. 3. Fiber bridging extents of the BB-DCB samples with four different core plate thicknesses when the delamination crack increment reached ~120 mm.

propagation zone. Fig. 5 shows the propagation toughness G;’Co” of
all the samples. There was some expected dispersion in the data. For
example, sample 7 had a quite low toughness (0.35 N/mm) compared
with the other samples in the [0, || O¢], data set. This was due to the
randomness of the fiber bridging mechanism. However, the evolution
of the propagation toughness with respect to the core plate thickness
was clear. In Fig. 4, the fluctuation of the R-curve of the samples with
extensive fiber bridging was quite big. This was due to the formation of
new fiber bridging and vanished of old fiber bridging, which could be a
source of the variance in Fig. 5. Table 3 shows the mean and standard
deviation of the propagation toughness of different sets of samples.
With the decrease of core plate thickness, the average G7>” reduced
from 0.679 N/m (separately-cured [0g]) to 0.35 N/m (separately-cured

[0 Il 0,]). The standard deviation of G7*" of the separately-cured
sample also decreased with the decrease of core plate thickness, which

was due to the stochastic nature of fiber bridging.
2.3. Co-cured BB-DCB results

In the previous section, we illustrated how the extent of fiber bridg-
ing largely varied with the core plate thickness when core and backing
adherends were cured separately. We observed a reduced toughening
effect in the case of thin cores, and in particular for the [0y || 0,], sample
that has the thinnest core.

In this section, we compared the results of separately-cured [0 ||
0,], BB-DCB samples (previous section) with those of the co-cured [0y ||
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Fig. 5. Propagation toughness G}" of the four different sets of BB-DCB samples.

Table 3
Mean and standard deviation value of the propagation toughness G}’

Average G’,”C"” (N/mm)

Separately-Cured samples Standard deviation (N/mm)

[0g], 0.679 0.072
[0, 1] Og] 0.530 0.100
[04 11 0,4 0.399 0.064
[0 11 0,1, 0.350 0.024
Co-Cured samples

[0 11 0,1, 0.610 0.116
Prolong curing time (4 h)

(0] 0.415 0.023

0,1, BB-DCB samples, whose thickness during curing was much larger.
The image of the co-cured [0g || 0,], BB-DCB sample (Fig. 3(e)) shows
more fiber bridging compared with the separately-cured [0g || 0], BB-
DCB sample (Fig. 3(d)). The fiber bridging extent between the [0g];
(Fig. 3(a)) configuration and co-cured [0q4 || 0,]; sample (Fig. 3(e)) was
quite similar. The force-displacement curve and R-curve of the [0g];
sample and co-cured sample [0 || 0,]; were at the same level, as shown
by the blue and magenta curves in Fig. 4(a) and (b). These results prove
that the sample thickness during the curing process was the reason for
different fiber bridging phenomena and not the back bonding effect.

Fig. 5 shows the propagation toughness G"” of all the tested samples.

The toughness values for the stable propagation stage of the [0g4], and
co-cured [0g || 0,]; samples were very close, both in the range of
0.6-0.7 N/mm. The average and standard deviation of the propagation
toughness of the co-cured [0g || 0,] samples are shown in Table 3. The
big deviation value is due to the large scale of fiber bridging developed,
while its mean value is as big as the case of the [0g],. This result further
proves that the change in the toughening effect, which is ascribed to the
change in the variability in the material properties over the interface, is
related to the curing history of the samples of different thicknesses. As a
note, we implemented a digital image correlation test on the separately-
cured [0 || 0,]; BB-DCB samples and have shown that there was no
displacement gap in the secondary bonding area, further excluding any
role of back-bonding in these observations.

2.4. Prolong curing time

This subsection discusses the influence of prolonging the curing time
on the toughening mechanism of the sample [0g4],. Fig. 6(a) and (b)
show the force-displacement curve and R-curve of the 2-h cured and
4-h cured [0g],, respectively. The reaction force of the 2-h cured [0g];
samples was higher than the 4-h cured [0g4], samples. The propagation
toughness G7?” of the 2-h cured samples was in the range of 0.7-0.8
N/mm, while that of the 4-h cured [0g4], samples was in the range
of 0.4-0.45 N/mm. The mean value and standard deviation of the
propagation toughness of the 4-h cured [0g]; are shown in Table 3.
Due to the lack of fiber bridging, its scattering and mean value are both
small compared to the cases with extensive fiber bridging. Fig. 6(c) and
(d) more intuitively show the fiber bridging extent in the 2-h cured and
4-h cured [0g], samples. Extensive fiber bridging was observed in the
incremental crack tip from 120 mm to 140 mm of the 2-h cured [0g];
samples. However, for the 4-h cured [0g], samples, there were only a
few fibers pulled out at the same range of the incremental crack tip
from 120 mm to 140 mm.

2.5. Fiber distribution and fracture surface analysis

In this subsection, we presented the cross-section of two kinds of
samples with thicknesses of 1 mm ([0,];, which is the core for the
separately-cured [0q || 0,1,) and 4 mm ([0g],), as shown in Fig. 7. Both of
them were cured normally for 2 h at 180 °C. The middle region over the
thickness of the [0g4], plate was exhibited in Fig. 7(c). The microstruc-
ture of these two kinds of samples was compared since they have the
biggest difference in Mode I toughness and fiber bridging phenomena,
which is observed in Figs. 3 and 4. The microscope image shows the
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constitutions of the T700/M21 material system, which includes carbon
fibers with diameter ~7 pm, M21 resin, and thermoplastic particles
filled in the resin. A similar microstructure of the T700/M21 composites
system was also observed by Sassi et al. [34]. The resin-rich zone in
the interlaminar region for the [0,]; and [0g], plates was similar to the
observed microscope images in Fig. 7. Thus, it is insufficient to attribute
the reason for different fiber bridging phenomena to the microstructure
of different thicknesses plates with the same curing condition. Although
the microscope images check cannot fully guarantee that fiber migra-
tion to the neighboring plies did not take place and was one of the
reasons for different fiber bridging responses, the possible difference in
microstructure could be regarded as one additional source that leads
to a variance in the middle interface and thus is considered globally in
this study.

Meanwhile, the delamination fracture surfaces were checked with
the optical microscope. Fig. 8(a) and (b) are the fracture surfaces from
the separately-cured [0 || 0,1, sample and Fig. 8(c) and (d) are the
fracture surfaces from the 2 h cured [0g4], sample. Both samples exhib-
ited naked fibers, which indicate the fiber/matrix debonding failure
during the DCB delamination process. However, more naked fibers
were observed in the fracture surface of the 2 h cured [0g], com-
pared to the separately-cured [0 || 0,];, sample. The fracture surface
of the separately-cured [04 || 0,]; samples exhibited an intermittent
fiber/matrix debond, as shown in Fig. 8(b). While the fracture surface
for the 2 h cured [0g], exhibited a continuous fiber/matrix debond. This
could further prove the fiber bridging phenomena shown in Fig. 3(a)
and (d). A large amount of fiber bridging developed when fibers were
pulled out continuously. The intermittent fiber/matrix debond in Fig. 8
could give a reasonable speculation that there is a better fiber/matrix
interface, which indicate a more uniform interlaminar property distri-
bution in the separately-cured [04 || 0,], samples. This would lead to
very few fibers pulled out and more matrix failure during the delami-
nation propagation. The variance in the fiber/matrix interface quality
comes from the different curing histories. The following subsection
presented the general curing degree of different samples.

2.6. Curing degree results

Fig. 9 shows the heat flux of four different samples. A melting
peak was observed corresponding to the thermoplastic particles in the
M21 resin around ~200°C. An endothermic behavior took place at the
beginning of the curing process. We removed the endothermic peak to
calculate the polymerization enthalpy. Therefore, the total enthalpy of
the uncured prepreg is calculated as 260 J/g. 2 h 4 mm denotes that
the sample is cut from a 4 mm thick plate cured at 180 °C for 2 h. The
largest residual enthalpy among the partially cured samples comes from
the 2 h 4 mm sample, which is 23.14 J/g with a DoC of 91.1%. The
residual enthalpy of the 2 h 1 mm and 4 h 4 mm samples are 8.86 and
14.27 J/g, which gives a DoC of 96.4% and 94.5%, respectively. The
results here show a higher DoC for 2 h 1 mm and 4 h 4 mm samples
compared to the 2 h 4 mm sample. Note that DSC samples in this
work contain carbon fibers T700 and resin M21; thus, the constituent
might be slightly different for various sets of samples since the DSC
samples are very small, which will cause a change in thermal capacity.
Meanwhile, the 2 h 1 mm sample is thinner compared to 2 h 4 mm
and 4 h 4 mm samples, which leads to a little bit larger endothermic
peak, as shown by the red curve in Fig. 9. Since the DSC samples cover
the whole thickness of the CFRP plates, the DSC results were actually
the average degree through the thickness. The local degree of cure
might obviously features some heterogeneity due to the heterogeneity
of the heat flow as well as of the exothermic reaction. However, the
sample thickness is relatively thin, which also reduces the possible
thickness effect on the residual stress and K [35,36]. The local degree
of the middle interface of interest for the [0g], sample might be even
lower due to the low through-thickness thermal conductivity. Table 4
summarizes the DoC results and sample configurations. The 2 h 1 mm
sample is the most representative of the middle fracture surface in
contrast to the 2 h 4 mm and 4 h 4 mm samples.

The results show a correlation between the DoC and the fiber
bridging extent in mode I fracture behavior. Over cured plates, with a
DoC ~96%, have very few fiber bridging triggered during the DCB test,
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Fig. 7. Cross section of different thickness plates under same curing condition with 2 h hold at 180°C.

Table 4

DoC results and samples configurations.

Sample name Thickness (mm) Mass (mg) DoC
2 h 4 mm 4 6.6 91.1%
2h 1 mm 1 5.7 94.5%
4 h 4 mm 4 5.8 96.4%

which exhibits a lower stable toughness. The work by Chris et al. [25]
shows that samples cured with a dwell stage have a 22% reduction of
mode I fracture toughness compared to samples cured with a single-
stage cure cycle. A plausible explanation is that over curing a CFRP plat
alleviates the heterogeneity of the fiber/matrix interface toughness,
which has been proved as an important factor for triggering ligament in
secondary bonding [16,18]. The following section studies the influence
of the variability of fiber/matrix interface toughness on the extent of
fiber bridging through a simple model.

We note that the DoC is the general result of the exothermic reaction
in the curing process. While the different bridging phenomena could
be attributed to a wide range of reasons, including nesting, lay-up,
microstructure, temperature profile over the sample thickness, and
curing kinetics [1,5]. These possible reasons could be considered as
comprehensive resources of variability in the interlaminar region of
DCB samples. The difference of the fracture surface that we observed in
Fig. 8 indicates that the interlaminar variance should be large enough
to trigger fibers pulled following with a large scale of fiber bridging.

3. Material variability effect on bridging: A qualitative numerical
analysis

The previous section illustrated how sensitive is the extent of fiber
bridging and the associated toughening effect with respect to the

interface curing degree. Aligned with our other works that analyzed
the effects of material variability [17,18], our hypothesis is that a lower
degree of curing also corresponds to more variables of the interfacial
properties, which explains the different bridging responses.

In this section, we adopted an embedded cell approach to further
explain the influence of the fiber/matrix interface toughness distribu-
tion on the R-curve response. In this work, we assumed that the overall
changes made by different curing conditions, i.e., change the plate
thickness during curing or prolonging the curing time, could lead to
a different level of interlaminar variance. The interlaminar variance,
including nesting, fiber migration, microstructure, and curing kinetics,
were globally represented in the form of distribution of fiber/matrix
interface toughness and strength. This also corresponds to the frac-
ture surface inspection in Fig. 8 that the delamination in DCB tests
propagated mainly through the fiber/matrix debond failure.

3.1. Computational model

We utilized an embedded cell approach to study the large-scale
bridging explicitly [29,37]. The embedded model includes two elastic
DCB arms, fibers represented by beam elements, and connector ele-
ments that link the DCB arms and fibers. Thus, instead of using cohesive
elements, decohesion behavior was represented by the connector fail-
ure. Using strong and weak connectors, where the connector properties
follow a Weibull distribution, the fibers could be pulled out, forming a
fiber bridging zone. We adopted this approach to study the influence
of fiber/matrix interface strength and toughness distribution on the
R-curve response.
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Fig. 8. Fracture surfaces images, (a) and (b): separately-cured [0 || 0,],, (¢c) and (d): 2 h cured [0g] sample.
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Fig. 9. DSC results and curing degree of the different samples.

Model description

As shown in Fig. 10(a), the embedded model includes three parts: (i)
the DCB arms modeled with 3D linear elastic solid elements (C3D8R),
(ii) the fibers modeled with 2-noded Timoshenko beam elements (B31),
and (iii) connector elements (CONN3D2) that linked the DCB arms and
fibers. The mechanical properties of the DCB arms were: E|; = 135 GPa,
Ey = Ey3 = 9.7 GPa, vy = vi3 = 0.32, vp3 = 0487, Gjp = Gy3 = 5.3 GPa,

and G,; = 3.3 GPa. Only half of the specimen was modeled due to the
symmetry. Thus, the CAE model was 10-mm wide.

As shown in Fig. 10(b) and (c), two kinds of linkages were in-
cluded in this embedded model, either directly between the DCB arms
(Fig. 10(c)) or in between each DCB arm and the fibers (representing
the bridging fibers) (Fig. 10(b)). To connect the solid mesh of the DCB
arms with the nodes of the connector elements, auxiliary fibers with
negligible mechanical properties were embedded inside the DCB arms.
The connector elements followed a bi-linear traction-separation law. To
trigger fiber bridging, the toughness of the connectors linking the real
and auxiliary fibers in Fig. 10(b) followed a Weibull distribution with
the scale parameter as the initial toughness obtained in the experiments
and the different shape parameter k (Eq. (1)). Meanwhile, to mimic the
experimental observation, we did not put real fibers over the whole
width of the CAE model. As seen in Fig. 10(c), the connectors linking
directly the two DCB arms had a uniform toughness. These two linkage
kinds were evenly spread over the whole width of the CAE model,
as seen in Fig. 10(d). The profile of the beam elements of the fibers
was assumed as a circle. The diameter for real fiber and its associated
auxiliary fibers was 0.2 mm, while the diameter of the auxiliary fibers
that were directly linked to each other was 0.3 mm. Thus, 20 pairs of
these two kinds of linkages covered the whole width of the CAE model.
In short, the delamination crack propagation will break the uniform
connectors and one side of the Weibull distributed connectors, then the
beam elements could be pulled out.

The bi-linear traction-separation law of these two kinds of con-
nectors is shown in Fig. 10(e). The initial stiffness was assumed to
be 108 GPa/m, which is large enough to avoid spurious discontinuity
before damage initiation. The initial toughness G;,; was set as 0.36
N/mm, which is the experimental toughness, where very limited fiber
bridging was observed (Fig. 5). The strength was assumed to be 40
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Fig. 11. Variance of the interface property following the Weibull distribution. A larger k means a smaller variance.

MPa. Eq. (1) shows the probability density function of the G,,,;,;;- The
strength 7,5, followed the same distribution as the toughness G,,,;p.;-
A MATLAB function (wblrnd) was adopted here to generate a list of
toughness and strength values that follow this Weibull distribution.
Then, the toughness and strength values were assigned to each blue
connector. This was to mimic the possible distribution of the interface
property in the CFRP plate. By changing the shape parameter k, the
influence of the interface variability on the general toughness could be
studied.

k { Gueivur \ " «
= (M) e~ Gueivut /Gini) Goivus = 0
f(Gweibull; Gini’ k) = Gim' G

0 Gweibul 1 < 0

ini

@

The length of the beam element is set as 0.5 mm to ensure the proper
usage of the Timoshenko beam theory. The beam elements of the real
fibers were modeled with the same mechanical properties as the DCB
arms. To simulate the possible fiber breakage, the failure behavior of
the real fibers followed a continuum damage mechanical model with a

stress—strain degradation law controlled by the maximum strain, which
was implemented through a user-defined subroutine (USDFLD). The
maximum stress of the fiber failure initiation was set as 2000 MPa, and
the complete failure strain was set as 8.5%, which are the same values
used in the work of Canal’s et al. [29].

Fig. 11 shows the distribution of the connectors’ toughness values
following the Weibull distribution under the same scale G,,;, = 0.36
N/mm and with three different shape parameters k = 5,100, and 500.
The interface property was quite uniform when k& = 500. Most of
the connectors’ toughness values were around the initial toughness
value of 0.36. This case corresponds to the uniform distribution of
the fiber/matrix interface toughness. k = 5 corresponds to a situation
in which a large variability of interface properties exists inside the
delaminating interface. Several connectors’ toughness values were quite
as low as ~0.1 N/mm, representing the large defects in the interface
during manufacturing. We also chose a medium shape k& = 100 where
the connectors’ toughness values were in the range of 0.34-0.365
N/mm.



P. Hu et al.

sovi
el
(o

fus = 1.0000, Angle = -90.0000

Zoom in

S2ITTTILR]

ge38esesssss

(a) k=5

Composites Part A 149 (2021) 106564

sovt
Rel. raius = 1.0000, Angle = -90.0000
(o 75%;
000
0062
0003
003
8003
8001
2001
001
o001
0001
0000
0060
0060

Fig. 12. Simulation results of different interface property distributions taken at the opening of 9.75 mm. The smaller k indicates a larger fiber/matrix interface toughness variance.
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3.2. Numerical results and analysis

Fig. 12 shows the bridging phenomena of the two cases (k = 5 and
k = 500) at an opening displacement of 9.75 mm. SDV1 is the damage
state of the fibers. There was extensive fiber bridging triggered when
k = 5, while no fibers were pulled out in the case of k = 500. The
extra elastic energy stored in the pulled out fibers finally increased the
effective propagation toughness in the stable stage of the delamination
process.

Fig. 13(a) shows the reaction force with respect to the opening dis-
placement for the three cases with k varying from 5 to 500. Fig. 13(b)
shows the calculated R-curve from the P—6 curve and the delamination
crack length. The toughness was quite low ~0.36 N/mm for k£ = 500,
where no fiber bridging was triggered, which is the average value of
the Weibull distribution for the connectors. For k = 5, there was a large
variance in the fiber/matrix interface toughness. Thus, significant fiber
bridging was triggered, causing an increase in the toughness to a stable
plateau of ~0.6 N/mm. The case of k = 100 caused a medium result
with a propagation G/ of ~0.4 N/mm.

4. Conclusions

In this study, a back-bonded DCB test was designed to study the
curing process’s effect on the development of fiber bridging for plates

10

with various thicknesses. The results showed that thicker core plates
cause more fiber bridging in the stable propagation stage. By comparing
the results of the co-cured [0g || 0,1, samples and separately-cured [0 |
0,], samples, we have successfully isolated the curing process effect.
We found that the different thicknesses of the core plates experienced
different curing processes, leading to different bridging developments
and fracture toughness values.

Also, prolonging the curing time at 180°C for the [0g], samples
alleviated the fiber bridging extent. The fracture surface inspection
indicates a better fiber/matrix interface for the separately-cured [0 ||
0,], compared to the 2 h cured [0g4], sample, which is influenced by
the curing process. The DSC results showed a correlation between the
DoC and the fiber bridging development. A plausible explanation is that
over curing CFRP plates causes less heterogeneity in the strength and
toughness of fiber/matrix interface, which is one of the main sources
for fiber bridging.

An embedded cell approach was also adopted to study the influence
of the variance in the fiber/matrix interface toughness on the develop-
ment of fiber bridging. The larger variance of fiber/matrix toughness
exhibited more fiber bridging, leading to a higher effective propagation
toughness. Further experimental research on the curing process effect
on the property distribution of fiber/matrix interface is needed, as this
work highlighted the fact that it can modify damage mechanisms and
delamination properties to a large extent.
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