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1 INTRODUCTION

The incorporation of nanomaterials (carbon nanotubes

Quentin Govignon'

Samuel Rivallant?

Delamination still remains one of the common concerns in continuous fibers
reinforced polymer composites. In the literature, the incorporation of nanocon-
stituents into constitutive composites plies has been suggested with the aim of
improving interface toughness. In this study, vertically aligned carbon nano-
tubes forests (VACNTSs) are transferred at composites interfaces, and mode I
(DCB tests) and mode II (ENF tests) fracture tests carried out on composite
samples. Microscopic analysis of reference and nano-engineered composites
help to understand fracture behavior and toughness. While the crack path in
ENF samples is observed at interlaminar VACNTSs-resin interfaces, the crack
path in DCB samples is intralaminar, located within the unidirectional carbon
fiber plies. These microscopic observations give explanation for unstable crack
propagation in nano-engineered ENF samples and the unchanged toughness
from the nano-engineered to the reference zone in DCB samples.

Introducing dispersed CNTs is known to enhance not
only the strength!’®!”! and stiffness of composites!®*"!
but also their fracture toughness.[**! However, the for-

(CNTs), graphene, nanoclay, nanosilica, and so forth)
into composites to form nano-engineered composites has
been investigated in the literature with the aim of
improving their strength,!"?! stiffness, ! fracture
toughness, and fatigue properties..*® Since the synthe-
sis of CNTs in the 1990s,[7] this type of nanomaterial has
been widely investigated due to its excellent mechanical
properties, as well as its high thermal'® and electrical
conductivity.[gl In the literature, a noticeable enhance-
ment in the thermal conductivity of resin-CNTs samples
has been observed.'"13! The addition of 1 wt% CNTs can
increase the matrix's electrical conductivity by up to
10 orders of magnitude.!'**%)

mation of local agglomerations of CNTs bundles during
resin impregnation process is likely to create singularities
and decrease the mechanical properties of the compos-
ites.!**?*! Functionalization and sonication steps help dis-
perse CNTs into matrix, which can enhance the interface
toughness in composite materials.>?>>%! For example,
Sun et al.'**! found that ozone-functionalization of CNTs
improved dispersion and led to stronger interfacial bond-
ing with the epoxy matrix. In the work of Gkikas
et al.,*°! optimal sonication parameters (amplitude of dis-
persion and time) led to a 95% improvement in the inter-
face toughness of nano-engineered composites with
0.5 wt% CNTs. Furthermore, the optimal mass ratio of
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CNTs in the matrix has been reported in the works of
Ayatollahi et al.,!*"3?! where the ratio of 0.5-1 wt% CNTs
was found to improve the bending behavior of nano-
engineered composites the most.

Mixing CNTs with other constituents allows for a res-
onant reinforcement effect on interface behavior. Merg-
ing spherical particles into CNTs bundles increases 409%
Gie,*! while blending silica and CNTs bundles can result
in a 37% improvement in Gy..** In addition, a 24% frac-
ture toughness enhancement is observed thanks to the
synergy of CNTs and reactive oligomer.**!

Veedu et al.l*®! directly synthetized CNTs on woven
SiC fibers, a strong CNTs-fibers bonding makes nano-
engineered composites 348% tougher in mode I fracture
and 54% tougher in mode II fracture than reference
samples.

In the study by Wicks et al.,*”! short CNTs (6 pm in
height) and long CNTs (20 pm in height) are directly
synthetized on woven fibers. Aerospace epoxy-based
composites are consolidated at vacuum pressure and
marine epoxy-based composites are consolidated by hand
molding. In the aerospace composites, the presence of
long CNTs increases the Gy, value by 32% compared with
the reference composite, but this value decreases by half
in short CNTs. In the case of marine epoxy-based com-
posites, CNTs integrated in composites increase the mode
I toughness value by at least 89% in both cases (short and
long CNTs). The toughness may depend on the impreg-
nation process and CNTs height.

Salas et all*®! perform ultrafast growth of CNTs
directly on recycled carbon fibers, which is then impreg-
nated with resin and consolidated. The results of mode I
fracture toughness show that the presence of CNTs
decreases Gy value by 35% for nano-engineered compos-
ites with polypyrrole deposition and by 29% for nano-
engineered composites with ferrocene deposition.

In this study, the initial vertically aligned carbon
nanotubes (VACNTSs) morphology is maintained verti-
cally aligned after the impregnation process, which is
inspired by these aforementioned works. In the study of
Garcia et al.,'*®! VACNTSs are transferred onto unidirec-
tional prepreg surface. The results from mode I fracture
tests show that Gy toughness increases by 36% (for
AS4/8552 composites) and 43% (for IM7/977-3 compos-
ites) with the presence of VACNTSs at interfaces.

Ni et al.*! use VACNTSs that are 20 pm in height to
transfer them onto unidirectional prepreg AS4/8552. Lit-
tle difference in toughness is observed while comparing
the reference and nano-engineered composites.

Falzon et al™! wuse unidirectional prepreg and
VACNTSs that are 80-100 pm in height to manufacture
nano-engineered composites, VACNTSs are transferred onto
the prepreg surface by resin capillarity. For T700/SE84LV

composites, with the presence of the VACNTS, the
authors observe a 61% increase in Gy.. For the T700/M21
composites, the Gp. value increases by 31% in nano-
engineered composites.

These aforementioned investigations demonstrate
that the presence of nanoconstituents is beneficial for
reinforcing both mode I and mode II toughness. How-
ever, local agglomeration of nanoconstituents and
increased thickness due to the incorporation of nanocon-
stituents are likely to reduce the fracture toughness of the
interface. The objective in this work is not only to com-
pare the fracture behavior of reference composites (with-
out VACNTs) with that of nano-engineered composites
(with VACNTs in the interface), but the work is also
completed by deducing the role of VACNTSs in fracture
toughness by observing the microstructure of postmor-
tem composite specimens.

To achieve this objective, two main steps were fol-
lowed. First, the determination of mode I and mode II
toughness in M55J/M18 composites was carried out in
both reference zones and nano-engineered zones. These
experimental results allow to compare the fracture behav-
ior of reference and nano-reinforced composites. After
obtaining these quantitative or qualitative fracture tough-
ness results, postmortem specimens were observed at the
microscale with the objective of gaining in-depth insights
of such toughness results shown at the macroscale. Con-
clusions were drawn regarding the concordance between
microstructure in the nano-engineered zones and tough-
ness behavior.

2 EXPERIMENT SECTION
2.1 Constituent materials

In this study, the first constituent used in the
manufacturing process is Hexply® M18/32%/UD116/
M55J/6K/300mm prepreg, which comprises M55J carbon
fibers and M18 thermoset epoxy resin. One cured, M18
has a glass transition temperature of 198°C, and its vis-
cosity at 60 and 80°C before curing is 300 and 80 Pa.s,
respectively. The second constituent, VACNTs forest
synthetized on aluminum-based wafer, reinforces the
interface between two prepreg plies. The main proper-
ties of VACNTSs synthetized by the industrial partner
NAWATechnologies using Continuous chemical vapor
deposition are: a density of approximately 5.10'
VACNTs/cm?, a height of 20 + 8 ym, and an average
diameter of 8 nm. To facilitate the transfer of VACNTs
onto the prepreg surface, unidirectional prepreg is pri-
vileged in this study to minimize the level of fibers'
waviness.
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zone at the 20t ply

(A) VACNTSs bonded to prepreg surface by vacuum; (B) VACNTs forests transferred onto the 20th prepreg ply;

(C) Composite plate after the consolidation in autoclave; (D) Five DCB samples with loading blocks; (E) Positions of transversal cross-

sections (n°1&2) and longitudinal cross-section (n°3) view for microscopic observations in (0°),, composite samples.

2.2 Preparation of nano-engineered
composite materials

Initially, VACNTs synthetized on an Al-based substrate
are bonded on top of a prepreg surface. The entire sample
including prepreg, VACNTSs and Al substrate is placed in
a vacuum to uniformly distribute pressure at the
VACNTSs-prepreg surface, as illustrated in Figure 1A. The
sample is heated to 60°C from the solid support plate
using an oven. The viscosity of M18 resin at 60°C allows
to control the capillary impregnation of the resin in the
VACNTs forests. Following heating, the sample is then
left to cool to 16°C, the high viscosity of M18 resin facili-
tates bonding between the VACNTSs forests and the pre-
preg surface. The Al-based substrate is subsequently
removed from the VACNTSs forests. This nano-reinforced
ply is situated between the 20th and the 21st plies in the
(0°)40 stacking sequence (see Figure 1B). A precrack is
guided by a separator film at that same ply interface.

In autoclave, the consolidation at 180°C with 8 bar of
pressure for 2 h allows to cure the M18 thermoset resin.
Figure 1C illustrates the nano-reinforced composite plate
after autoclave consolidation. This plate is then cut into
small samples for ENF tests and DCB tests, and a red sep-
arator film was already inserted between the 20th and
21st plies to create a precrack, nano-engineered zones
also lie in the middle of 20th and 21st plies within the
red dotted frames. The nano-reinforced composite sam-
ples intended for DCB tests are shown in Figure 1D, with
the edges painted to facilitate tracking of crack propaga-
tion via a camera during DCB testing.

After mechanical testing, postmortem samples are
embedded in potting resin to preserve the samples,
including the delamination-induced crack path. Follow-
ing consolidation of the potting resin at ambient temper-
ature, the postmortem samples are cut into cross-sections,
both from 5 to 30 mm from the end of the separator film,
as well as into longitudinal sections, as depicted in
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FIGURE 2 (A) Reference and nano-engineered ENF sample dimensions (mm); (B) DCB sample dimensions (mm), nano-reinforced

zone covers 35 mm.

Figure 1E. The cut surfaces are subsequently polished for
microscopic observations.

23 Testing methods
2.3.1 End notched flexure tests

Figure 2A shows the dimensions of one ENF sample
amongst five reference samples and four nano-
engineered samples. It is noted that both the reference
ENF samples and the nano-engineered ones have the
same dimensions. Their total length and width values are
150 and 25 mm, respectively, with a thickness of 4 mm
corresponds to (0),, stacking sequence. For the nano-
engineered samples, the VACNTs layer reinforces the
resin between the 20th and the 21st plies. There exists a
covering zone where separator film's end covers the
beginning of the VACNTSs layer, as shown in Figure 2A.1,
this transition zone can guide the initial cracking path in
nano-reinforced zone.

The suggested dimensions and installation followed
the ASTM D7905 standard.[*?! The tests were performed
in displacement control mode with a constant displace-
ment rate of 1 mm/min. Due to the unstable crack
propagation at the very first loading in the case of nano-
engineered samples, the mode II interlaminar fracture

toughness Gy cannot be reported. However, the initial
Gp can be computed by the simple beam theory at
(Equation 1) from the work of Davies et al.!**!

9P%q?

- 1
4b*E W3 (1)

Gre

With P the force applied to center loading roller, a
the delamination length (a = @y =20 mm because the ini-
tial delamination length can be considered as the pre-
crack length), b=25mm the specimen width, Ej; the
flexural modulus of the specimen (determined from
(Equation 3) from DCB testing), # =2mm the specimen
half-thickness.

2.3.2 Double cantilever beam tests

DCB samples preparation and testing followed the ASTM
D5528 standard.**! The samples were manufactured
from the same plate as the ENF samples. Figure 2B
shows the dimensions of one DCB sample amongst five
nano-engineered samples. DCB samples share some iden-
tical dimensions with ENF ones: each sample's total
length and width values are 150 and 25 mm, respectively,
with a thickness of 4 mm corresponding to (0)4, stacking
sequence, the VACNTSs interply was placed between the
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20th and the 21st plies. The separator film inserted into
20th-21st plies creates a precrack, and the transition zone
(where the separator film covers the beginning of the
VACNT forests) helps guide the initial crack path in the
nano-reinforced zone. Given that the nano-engineered
zone covers only the first 35 mm, the zone beyond
35 mm can be considered as a reference zone. The tests
were performed in displacement control mode with a
constant displacement rate of 1 mm/min.

The quantitative comparison of mode I toughness in
the nano-engineered zone and in the reference zone can
be assessed by determining Gy:

3P5
GIC_Zb(a+|A|)’ @)
where G, represents mode I interlaminar fracture tough-
ness, P the load, § the load point displacement, b the
sample width, a the crack length. In addition, A is the
correction value for beam root rotation and transverse
shear of the arms. According to the standard, A is deter-
mined by establishing the regression curve of the compli-
ance as a function of the cube of the delamination length
(Figure 3).
Furthermore, the flexural modulus of the specimen
can be determined using the following equation, as per
the standard:

64 (a+|A|)°P

By == ®)

With a the crack length, A the correction value, P the
load, & the load point displacement, b the sample width,
h the specimen half-thickness.

The purpose of this study is to investigate the correla-
tion between microscopic analysis and mechanical
behavior at nano-reinforced interfaces. To achieve this,
the paper begins with the results of microscopic observa-
tions to scrutinize the crack propagation path after per-
forming the fracture toughness tests. This allows us to
deduce whether these results are consistent with the
macroscopic mechanical response.

DCB sample

(A) DCB sample dimensions (mm): Nano-reinforced zone covers 35 mm; (B) DCB sample during the test.

3 RESULTS AND DISCUSSION
3.1 End notched flexure tests

3.1.1 Microscopic observations

After having embedded the samples in potting resin,
they were cut into cross-sectional and longitudinal sec-
tions, and the surface was then polished for microscopic
observations. Figure 1E illustrates the positions of the
transverse cross-sections (n°1&2) and longitudinal
cross-section (n°3), which will be further described in
the following figures.

Figure 4A shows a global optical microscopy image of
the longitudinal cross-section (n°3) after crack propaga-
tion in the nano-reinforced zone. In the same section, a
zoomed-in image in zone B, including the separator film's
end, allows to observe the crack initiation, while zones
C&D show the crack propagation path. These images
demonstrate that the crack initiation and propagation
occur exclusively at the VACNTs-resin interface through-
out the nano-engineered zone.

Figure 5 shows the transverse cross-sectional n°1 view
of the same nano-engineered ENF specimen. These
images also confirm that the crack does not propagate
within the fibers-resin intraply, but instead propagates at
the VACNTs-resin interface. Only few fibers remain on
the crack side of the VACNTS forests.

During the mode II toughness test, shearing stress
between the through-thickness inferior beam and the
superior beam deforms the resin between the 20th and
21st ply, resulting in the formation of cusps.[**! Figure 6
displays top views of fracture surfaces in reference ENF
sample and nano-engineered ENF sample, respectively,
with observations focused close to the crack initiation
zones. In both samples, resin cusps can be observed and
can be attributed to the high local strain levels of the
resin. The reference ENF sample displays a higher cusps
area density than the nano-engineered ENF sample, with
larger cusps on average. These differences can be
attributed to the difference in size of the resin volumes
in the two composite types after consolidation. In the
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FIGURE 4 (A) Global view of crack path observed by optical microscopy in an ENF sample (longitudinal cross-section); (B) Crack
initiation at the VACNTSs-resin interface guided by separator film's end; (C and D) Crack propagation path at the VACNTs-resin interface.

FIGURE 5

(A) Optical images of transverse cross-section (n°1) of the ENF sample at the nano-engineered interface: Crack propagation

at the VACNTs-resin interface; (B) and (C) depict two magnified regions of (A).

nano-engineered composites, due to the presence of
VACNTS, the volumes of deformable resin at the fracture
interface are smaller. In the case of the reference compos-
ite, the volumes of deformable resin are higher. It can be
considered that the presence of VACNTs at the interply
decreases the volume of deformable resin at the fracture
interface. The size of the cusps and their density therefore
decrease at the observed interface.

3.1.2 Mechanical behavior

Figure 7 shows the load-displacement curves during
ENF tests of four nano-engineered specimens and one

representative reference specimen. Additional load-
displacement profiles for the reference specimens in ENF
tests are presented in Figure S1.

In Figure 7, the average value of the first loading until
crack initiation in reference samples (2100 N) is
70% higher than that in nano-engineered samples
(1238 + 133 N). Figure S2 illustrates crack propagation
which instantaneously propagated over a span of 2.8 cm
in the nano-engineered sample at the very first loading,
while Figure S3 shows the crack propagation in the refer-
ence sample at the end of the third loading. Furthermore,
the average value of the first loading until crack in refer-
ence samples (2039 N) is 65% higher than the one in
nano-engineered samples (1238 N). The comparison of
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FIGURE 7 Load-displacement curves in the first loading of

four nano-engineered samples and one representative reference
sample.

these figures and values indicates that the presence of
VACNTs forests can cause crack propagation instability
at an earlier stage in mode II.

Table 1 summarizes the Gy values at crack initiation
in both reference and nano-engineered composites. The
value of Gy is calculated using (Equation 1), with P
being the wvalue of the load at crack initiation,
a = ap = 20 mm the initial precrack length, b = 25 mm
the specimen width, E;r= 330 GPa the flexural modulus
of the specimen, and & = 2 mm the specimen half-thick-
ness. The results show that the presence of VACNTS in
the interlaminar plies decreases the Gy values by 62%,
from 567 to 211 N/m’.

From a mechanical behavior standpoint, the presence
of VACNTSs at the interface does not improve mode II
toughness in the studied nano-engineered composites.

The mechanical test results are consistent with the
previous microscopic observations, which show that the
size and the density of cusps in the nano-engineered
interface decrease as a result of the reduction in deform-
able resin volume due to the presence of VACNTSs.
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Crack path

Longitudinal cross-section of a DCB sample in the nano-reinforced zone. The crack path initiates and propagates at an

intralaminar interface throughout the observed area, and not at the VACNTSs-resin interface.

These elements make the nano-engineered interface
more unstable for crack propagation.

Microscopic and macroscopic results from the mode
IT ENF tests provide insights into the role of VACNTs at
the interface of composites. Having known this tendency,
DCB tests were also investigated for better understanding
of the effect of introducing VACNTSs in mode I toughness
reinforcement.

3.2 Double cantilever beam tests

3.2.1 Microscopic observations

Sample cutting and preparation for DCB transverse and
longitudinal cross sections was performed using the same
method as for the ENF samples in Figure 1.

Figure 8A shows the global longitudinal cross-section
of the crack propagation path in the nano-engineered
zone. Stand-alone fiber located in the zoomed image B
supports the previous analysis that the crack path propa-
gates at fibers-resin interface. As demonstrated in images
C&D, the further the crack continues to propagate, the
higher the number of fibers pulled from the top ply to
remain on the VACNTs interface side. The crack propa-
gates at the fibers-resin intralaminar interface instead of
the VACNTs-resin interface. The transverse cross-section

view at 5 and 30 mm from the precrack zone in Figures 9
and 10 also asserts the intraply crack propagation path,
but it is observed that the crack has propagated alterna-
tively within the top and bottom ply around the nano-
engineered interface. It is also to note that the crack can
occur at the VACNTs-resin interface in some local zones
at 5mm from the crack initiation point, as shown in
Figure 9B,D, but these zones are not representative and
disappear at 30 mm from crack initiation point.
Furthermore, Figure 11 gives the top view of a frac-
ture surface close to the crack initiation zone, revealing
the transition between the end of the precrack zone and
the beginning of the crack initiation path. Thus, the crack
initiation occurs at adjacent fibers-resin interface instead
of VACNTSs-resin interface. Figure 11B shows the coexis-
tence of fibers zone and fiber-imprinted zones, which
provides additional information on the crack initiation
mechanism. In conjunction with the preceding figures, it
can be deduced that the fiber-resin crack path is observed
from the initial stages to the crack propagation zone.

3.2.2 Mechanical behavior

Figure 12 presents the evolution of Gy, as a function of
the crack length a. It should be noted that the nano-
engineered zone covers the first 35 mm of the crack



FIGURE 9 (A) Transverse cross-section of a DCB sample in the nano-engineered zone, at 5 mm from the crack initiation point. The
crack propagation occurs at an intralaminar interface. (B), (C) and (D) depict three magnified regions of (A).
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FIGURE 10 Transverse cross-section of a DCB sample in the nano-engineered zone, at 30 mm from the crack initiation point. The
crack propagation occurs at an intralaminar interface.
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FIGURE 11 SEM images—Top view of the fracture surface of a nano-engineered DCB specimen, with a focus on the crack initiation
zone. The crack initiation and propagation are observed in adjacent composite ply, rather than the VACNTs-resin interface. (B) depicts a
magnified region of (A).
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propagation, and the reference zone covers the remaining
length. At nano-engineered interface, from 20 to 30 mm
of crack length, Gj. values are stable, with an average
value of 133 J/m? At reference interface, from 35 to
50 mm of crack length, Gy, values remain stable with a
value of 139 J/m®. There is no significant difference
between Gp. in the nano-engineered zone and the refer-
ence zone. In the studied case, it can be considered that
the presence of VACNTs does not significantly modify
the mode I toughness. Figure S4 displays the load-
displacement curve of the fifth DCB sample, which dem-
onstrated similar behavior to the other DCB samples.

This DCB mechanical test results are in agreement
with microscopic observations. It is observed on micro-
scopic scale that the crack path initiates and continues to
propagate in intralaminar zone in the vicinity of impreg-
nated VACNTSs. The more the crack propagates, the more
the crack path moves away from nano-engineered inter-
face and always stays in upper or lower side, as shown in
Figure 8B-D. Interlaminar Gy, value shows little differ-
ence in nano-engineered zone and reference zone
because resin in intralaminar ply is more brittle than
VACNTs-resin interlaminar ply. Therefore, VACNTs-
resin contact shows high level of bonding comparing to
neighbor intralaminar ply in mode I test.

4 | CONCLUSION
The crack propagation behavior in mode I and mode II at
reference and nano-reinforced interfaces are investigated
in this study. Microscopic and macroscopic results indi-
cate that the behavior of the nano-engineered zone
depends on the applied mode.

In mode II, microscopic observations illustrate that
the crack path occurs at a VACNTs-resin interface.

Moreover, the size and the density of resin cusps
observed in the reference ENF samples in the crack path
are larger and higher than those observed in the nano-
engineered ENF samples. Explained by the presence of
VACNTs at the studied interface, these nanotubes occupy
most of the interlayer and leave little deformable resin
volume for cusps during shearing stress. Thus, the nano-
engineered ENF samples exhibit a very brittle behavior
and witnesses an unstable crack propagation during the
very first compliance loading, whereas the reference ENF
sample allows for progressive crack propagation during
the third loading.

In mode I, microscopic observations illustrate the
crack path within intralaminar interfaces from the begin-
ning of the crack initiation, which is different from mode
II observations. The mode I fracture toughness shows lit-
tle difference between the nano-engineered and reference
interfaces (G ~ 135 J/m?). This value is in agreement
with the microscopic analysis, which indicates that the
crack chooses a more fragile path (intraply in this case)
to initiate and propagate.
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Figure S1 : ENF load-displacement curves of five reference specimens. Pmay is determined when a drop in the
load is observed.
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Figure S2 : Images of nano-engineered ENF sample at the end of the first loading: instantaneous and

unstable crack propagation from precrack zone to the end of loading point.



End of the third loading

Figure S3 : Images of reference ENF sample : the first two loadings allow to calibrate the sample compliance,
crack propagation at the end of the third loading.
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Figure S4 : Load-displacement curve of specimen n°5 during DCB test, similar curves are observed for the
other specimens.



