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High densities (>10 billion ﬁbers per cm2) of aligned carbon nanotubes (A-CNTs) are used to reinforce the
interlaminar resin-rich region of aerospace-grade unidirectional carbon microﬁber plies in a hierarchical carbon
ﬁber reinforced plastic (CFRP) laminate architecture. Such nano-engineered interfaces have been shown to increase interlaminar fracture toughness and substructural in-plane strengths, and here we show a 115% average
increase in fatigue life across all load levels (60–90% of static strength), with a larger increase of 249% in highcycle (at 60% of static strength) fatigue, despite no statistically signiﬁcant increase in static strength. These
ﬁndings are in agreement with a numerical damage progression model developed to simulate both interlaminar
and intralaminar damage in the laminates, which shows the relative insensitivity of short-beam shear (SBS)
strength to the enhancement of interlaminar fracture toughness, e.g., a 50% increase in interlaminar toughness
yields an SBS strength increase of less than 20%. Consistent with observations of other CNT-reinforced epoxy
architectures, larger improvements in fatigue life are noted in low-stress regimes (e.g., high-cycle fatigue) vs. in
high-stress regimes (e.g., static and low-cycle fatigue), indicating a transition in dominant mechanisms from
high-energy dissipation caused by CNT pullout to low-energy dissipation caused by CNT fracture as stress increases.

1. Introduction
A fundamental limitation in advanced composite materials is the
poor through-thickness mechanical strength due to the resin-rich region
at ply interfaces, which makes the laminate particularly susceptible to
delamination and related failure modes [1]. Diﬀerent methodologies
have emerged to provide reinforcement in the laminate throughthickness, or z-direction, including stitching, z-pinning, and 3D weaving
[2–8]. However, a common drawback of these existing approaches is
that they use pins and stitches that are large relative to the structural
ﬁbers (microﬁbers) of the composite, causing unavoidable artifacts
during manufacturing, including microﬁber movement and damage, inplane microﬁber volume loss and resin-rich areas. As a result, laminate
in-plane properties are often signiﬁcantly reduced [2]. In very recent
years, interest has grown in using nanomaterials as second-phase ﬁllers
for enhancement of strength and toughness of advanced composites
[9–15]. One of the major advantages of using nano-scale

⁎

reinforcements, particularly carbon nanotubes (CNTs), is that they
possess excellent properties comparable to, or better than carbon microﬁbers, and their small size relative to the advanced microﬁbers
could reinforce the laminates without degrading the in-plane properties
[15–17], and positive scale eﬀects in bridging toughening have been
identiﬁed [18–20]. In addition, the exceptional thermal [21–26] and
electrical [25–27] properties of CNTs enable multifunctionality in
composite structures [14,28–30].
The most common practice to incorporate CNTs in composites is by
mixing them with the matrix, followed by infusion or impregnation of
the microﬁbers with the CNT-modiﬁed matrix. This process is simple
and largely compatible with existing composite manufacturing processes, but it is limited to very low CNT loading fractions (<1%) because the resin viscosity greatly increases by the addition of CNTs, reducing the processability of the matrix through agglomeration,
ﬁltering, and other eﬀects [15]. Current methods to increase CNT
loading include high-speed mixing, surface functionalization, and

Corresponding author.
E-mail address: wardle@mit.edu (B.L. Wardle).

https://doi.org/10.1016/j.compositesa.2019.02.023
Received 20 October 2018; Received in revised form 22 February 2019; Accepted 24 February 2019
Available online 25 February 2019
1359-835X/ © 2019 Elsevier Ltd. All rights reserved.

Composites Part A 120 (2019) 106–115

X. Ni, et al.

Fig. 1. Hierarchical nano-engineered composite architecture showing the placement of A-CNTs at the interface of the microﬁber plies: (a) concept illustration of ACNTs at a nanostitched laminate interface. Representative scanning electron micrographs (SEMs) of: (b) 90/45 interface of a baseline and (c) A-CNT reinforced
sample showing the A-CNTs ﬁlling the interlaminar region with some bridging of the ﬁrst layer of microﬁbers in both plies. Note the carbon microﬁbers are seen in
cross sections in (b) and (c). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

sonication [31–33]; however, all of these approaches are known or
expected to induce damage to the CNTs, such as sonication-induced
scission [34–36], which diminishes the eﬃcacy of CNT reinforcement.
Consequently, the improvements in fracture toughness, stiﬀness, and
strength reported in the literature have been largely inconsistent and/or
nonexistent [31,37,38].
Apart from mixing CNTs into (generally epoxy) resins and performing wet layup or infusion, deposition of CNTs via electrophoresis
[39] or chemical vapor deposition (CVD) [40–44] on microﬁbers is
another route that allows hierarchical composites to be realized without
damaging the microﬁbers, for later infusion or wet layup processing.
Garcia et al. [18] introduced a hierarchical architecture (now termed
“nanostitch”) to allow a hierarchical composite to be created utilizing

aligned CNTs (A-CNTs) and prepreg-based processing, including the
industrially-relevant unidirectional (UD) ﬁber prepregs (vs. woven)
that broadly provide the highest structural performance. A-CNTs were
introduced into the interlaminar region between plies of UD composite
prepreg that act as nanoscale stitches (see Fig. 1). The A-CNTs provide
through-thickness reinforcement in the interlaminar region without the
drawbacks that are normally associated with z-pining and stitching.
This approach also allows resin to inﬁltrate between CNTs through
capillary forces due to the vertical alignment of the CNTs, and thus
provides the potential for higher CNT loading (>1%) [45–47]. As a
result of the higher volume fraction and vertical alignment of CNTs, it
has been demonstrated that these nanostitched laminates have both
improved interlaminar fracture toughness [18,48] (2.5–3×
107
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enhancement of mode I and mode II fracture toughness) and 14–40%
increase in substructural in-plane strengths, [49] thus accomplishing
increased interlaminar and intralaminar laminate-level properties.
However, fatigue behavior for this type of nano-engineered prepreg
composite architecture has not been reported, although related studies
using woven plies and wet layup processing provide some comparison
and useful results to guide this work. One notable diﬀerence with
woven vs. UD systems is the relative size (∼100 μ m vs. ∼10 μ m, respectively) of the interlaminar region thickness, allowing process-zone
toughening in the former that is not available for the UD composites. In
the limited extant work, the reported change in fatigue performance has
been inconsistent and the mechanisms for the improvement still remain
unclear. Fenner et al. [50] reported an order of magnitude increase in
shear fatigue life for a woven carbon ﬁber composite with the polymer
matrix reinforced with CNTs and attributed the improvement in fatigue
to CNTs blunting or re-directing the advancing crack. Similarly, Ladani
et al. [51] reported large increases in mode I fracture due to both CNT
reinforcement of the matrix and synergistic enhancement when combined with traditional z-pinning. Grimmer et al. [52] found that incorporating CNTs in the matrix of glass ﬁber reinforced plastics (GFRPs)
slowed the crack propagation by CNT bridging, fracture, and pullout
with a 2–3× improvement in mode I fatigue life. Borrego et al. [53],
however, reported a 10% decrease in fatigue strength at 106 cycles for
similar GFRP woven laminates, which was attributed to the formation
of CNT agglomerates. In all of the extant work, comparisons of the size
and morphology of the interlaminar region are unreported. Here, the
eﬀects of nanostitching on the static and fatigue response of nanostitched aerospace-grade CFRP UD prepreg composites via short-beam
shear (SBS) tests are explored, supplemented by static progressive damage models, to better understand the strengthening and toughening
mechanisms at the nano- and micro-scale originating from such a
hierarchical architecture, with careful attention to characterizing the
interlaminar region (see Fig. 1) both with and without CNT reinforcement.

CNT side in contact with the prepreg ply surface, and then the Si substrate/ply assembly was placed on a hot plate at 60 °C for 30 s in order
to increase the tackiness of the 8552 epoxy matrix to improve A-CNT
transfer eﬀectiveness, while gentle pressure was applied. After this step,
the A-CNTs are adhered to the ply surface so that the Si substrate can be
removed and the next ply can be laid up. This A-CNT transfer process
was repeated for each interface during the layup process until the entire
stacking sequence was complete. It is worth noting that the alignment
of the A-CNT forests is preserved after transfer as seen in Fig. S1 (in
Supplementary Materials), consistent with prior observations [61]. The
prepreg is designed to yield a 63.5% microﬁber volume fraction, and
nominal per-ply thickness of 0.130 mm. A 16-ply quasi-isotropic layup
([(0/90/±45)2]s) having all 15 interfaces reinforced with A-CNTs creates the “nanostitched laminate”, and it is noted that A-CNT transfer
was over 95% eﬀective based on surface area. Baseline laminates are
manufactured in the same way apart from the A-CNT reinforcement.
The laminates were cured in an autoclave following the manufacturer
speciﬁcations: 6 bar of total pressure at 1–3 °C/min to 110 °C, hold for
1 h, heat again at 1–3 °C/min to 180 °C, hold for 2 h, cool down at 3–5
°C/min to 60 °C and vent pressure, let cool to room temperature. Once
the laminates were cured, the edges were trimmed and specimens were
cut and polished to size following ASTM D2344 [62]. Representative
scanning electron microscopy (SEM) images in Fig. 1 show that the ACNTs interpenetrate the adjacent plies and generally ﬁll the resin-rich
regions between them. The thickness of all specimens, baseline and
nanostitched, were measured. Baseline laminates have thickness of
2.05 ± 0.02 mm and nanostitched laminates have thickness of
2.07 ± 0.01 mm, indicating that nanostitching does not measurably increase the interlaminar thickness, consistent with other work following
the same procedures [49], thereby retaining the overall laminate microﬁber volume fraction and other attributes.
2.2. Static SBS testing
Following ASTM D2344 [62] for the dimensions of the SBS coupon:
(a) the width w of the coupon should be twice its thickness t, (b) the
length l of the coupon should be 6× its thickness t, and (c) the span
length s should be 4× its thickness. Following the Standard, the specimens were ﬁrst cut with a diamond saw and then further polished in the
following order: 500 grit sandpaper, 800 grit sandpaper, and 1 μ m
Al2O3 suspension to meet the desired dimension speciﬁcations (2 mm
thick, 4 mm wide and 12 mm long). The polished specimens were then
subjected to a 3-point bending load (6 mm diameter for loading nose
and 3 mm diameter for supports) with an 8 mm span (See Fig. 2a). The
test was performed on Zwick/Roell Z010 with a 10 kN load cell in
displacement control. Following the standard, each specimen was
loaded at 1 mm/min until one of the following occurred: (a) a load
drop-oﬀ of 30%, (b) two-piece specimen failure, or (c) the head travel
exceeded the specimen nominal thickness. Load and displacement were
recorded every 250 ms, and the static SBS strength was calculated as:

2. Methods
Fabrication of the composite laminates is ﬁrst presented, including
A-CNT synthesis, A-CNT transfer to the prepreg plies, and laminate
fabrication and characterization, followed by the detailed experimental
procedure of static and fatigue SBS testing. A numerical damage progression model to simulate both interlaminar and intralaminar damage
in the laminates is also presented.
2.1. A-CNT synthesis, laminate fabrication, and characterization
The A-CNTs were grown in a 44 mm inner diameter quartz tube
furnace (Lindberg/BlueM) by chemical vapor deposition (CVD) on 3 cm
× 4 cm Si substrates, and exhibit an average outer diameter of ∼8 nm
(3–7 walls with an inner diameter of ∼5 nm and intrinsic CNT density of
∼1.6 g/cm3), inter-CNT spacing of ∼60 nm, and volume fraction of ∼1%
CNTs [54–56]. The growth time was set to be 55 s to produce ∼20 μ m
tall forests. At the end of each growth cycle, water was introduced in
the tube for 45 s to reduce the attachment between the CNTs and the Si
substrate and facilitate the transfer of the CNTs [49,54,57]. The height
of the CNTs were obtained by measuring the z-axis travel between focal
planes (Si substrate to top of the forest) on an optical microscope in
dark ﬁeld mode [58]. Three points (two near the substrate edge and one
at the center) on the centerline across the wafer width (3 cm) direction
were measured. The forest height is taken as the average of the three
measurements. This method has a resolution of ±2 μ m and the accepted
average measured height of the A-CNTs ranges from 15 μ m to 25 μ m.
The A-CNT forests were introduced to the interlaminar region between
aerospace-grade UD AS4/8552 (Hexel) prepreg by manually transferring them onto the surface of the prepreg following already-reported
procedures [45,59,60]. First, the Si substrate was positioned with the

σSBS = 0.75 ×

Fmax
wt

(1)

where σSBS is the SBS strength, and Fmax is the maximum load. This value
is a closed-form approximation of the maximum shear based on classical beam theory [63].
2.3. Fatigue SBS testing
Although not an ASTM or ISO Standard, several groups [64–68]
have utilized the SBS conﬁguration for fatigue testing, which principally adopts the ASTM D2344 Standard but for fatigue. Thus, the test
conﬁguration for fatigue is the same as shown in Fig. 2a, except that we
replaced monotonic loading with a cyclic sinusoidal stress-controlled
loading. Testing was performed using an Instron fatigue system (model
1332). The specimens were loaded at stress amplitudes that are 90%,
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Composites Part A 120 (2019) 106–115

X. Ni, et al.

Fig. 2. Results of static SBS testing: (a) SBS test conﬁguration (with A-CNT reinforced at every interface), (b) scanning electron micrographs of a broken A-CNT
reinforced interface showing multi-micron-long CNTs pulled out of the polymer matrix, (c) SBS test results compared with numerical results from damage progression
prediction model with two assumptions (25% and 50% mode I and II interlaminar fracture toughness improvement due to nanostitch). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

80%, 70%, and 60% of the static SBS strength of the baseline. The
frequency of the applied stress was 10 Hz. Tests were stopped and the
specimen considered failed under two conditions: (a) when the specimen failed catastrophically, or (b) when the maximum displacement

in a load cycle, as measured from the test machine cross-head, had
changed by more than 20%, indicating a signiﬁcant damage event [64].
The failure cycle was recorded for each load level and was used to
produce the classical stress vs. life cycles curve (S-N curve) in Fig. 4.
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signiﬁcant static SBS strength increase. Representative micrographs
across diﬀerent length scales are shown in Fig. 2b, where CNT pullout is
clearly evident. As has been noted by others, the stress distribution in a
laminated composite under SBS loading is complex [63,83]. Composite
layup, ﬁber/matrix material type, specimen geometry, manufacturing
defects, etc. have all been shown to aﬀect the ultimate SBS strength.
Previous studies [84–86] have shown large departures from the classical beam solution when utilizing higher order elastic analyses. In
particular, large compressive stresses also exist in the same region
where the shear stress concentrates, having the eﬀect of suppressing
interlaminar shear failure. It has been suggested by many [84,87] that
the SBS test best serves as a useful screening and comparative test. Valid
SBS tests are used to explore interface strength and toughening in static
testing on a comparative basis [87], and some (see discussion in next
section) have utilized the SBS test for fatigue as well. In relation to the
current work where a tougher and stronger interface due to A-CNT
reinforcement appears to exist (see fatigue data in next section), it is
possible that the strength increase will (i) be below the statistical
threshold for improvement, or (ii) be masked in the SBS test due to
more complex (and coupled) failure mechanisms. Therefore, even if a
stronger and tougher interface due to A-CNT reinforcement exists, the
ultimate failure load may still be dictated by other more complex (and
likely coupled) failure mechanisms.
In order to further understand the experimental results, particularly
the ﬁnding that SBS static strength is not enhanced by nanostitching, a
sensitivity analysis of the SBS strength as a function of interlaminar
fracture toughness Γ enhancement ratio (Γnanostitched /Γbaseline ) was performed using the ﬁnite element method, as described in Section 2.4.
The validity of the model was ﬁrst veriﬁed by comparing the simulation
results for SBS strength to our baseline experiments (see Fig. 2c). The
simulation results showed good agreement with the experiment with an
error less than 4% for the predicted SBS strength. Fig. 3a shows the
numerical results for SBS strength vs. the enhancement ratio of fracture
toughness. It was found that for AS4/8552 prepreg laminates, the SBS
strength does not increase proportionally to the increase of fracture
toughness. A plateau in SBS strength at +50% can be clearly seen after
the toughness enhancement reaches ∼3× of the baseline. Here, a 5%
increase in both mode I and mode II fracture toughness results in a ∼4%
increase in SBS strength, whereas a 15% increase in fracture toughness
results in only a ∼6% improvement in SBS strength. Increases in
strength of this magnitude are undetectable in the probabilistic SBS
strength data with standard errors on this order. This relative insensitivity of static SBS strength to the interlaminar fracture toughness
suggests that other damage mechanisms, such as intralaminar damage,
play a signiﬁcant role in determining the SBS strength, as discussed
above. The model can also predict and visualize damage progression at
various load points via scalar damage variables. Fig. 3b shows load–displacement curves for mode I and II toughness enhancement
Γnanostitched /Γbaseline = 100%, 200%, and 500%, respectively, where point
A is at the maximum load and point B is 50% of the maximum load after
the load drop, and Fig. 3c shows the damage at these two points. As can
be seen from these ﬁgures, there is no noticeable change of damage
modes even when the interlaminar fracture toughness enhancement is
twice as large as that of the baseline, i.e., both failures are dominated by
interlaminar damage. Furthermore, it would require at least 5× enhancement of fracture toughness to shift the damage modes from predominantly interlaminar damage to predominantly intralaminar damage. The simulation results are consistent with our hypothesis in the
ﬁrst paragraph of this Section that the enhancement in the fracture
toughness of the interface results in undetectable improvement in static
SBS strength due to complex (and coupled) failure mechanisms. By
contrast, the next section will show that in the fatigue tests, a damage
mode shift from interlaminar to intralaminar in fatigue is observed
(along with a signiﬁcant increase in fatigue life).

Post-mortem specimens were scanned using the Nikon Metrology (XTek) HMXST225 Micro-CT system at the Center for Nanoscale Systems
at Harvard University, and the Zeiss Xradia 520 Versa at the Institute
for Soldier Nanotechnologies at Massachusetts Institute of Technology.
2.4. Damage progression prediction model
A ﬁnite element model was developed to better understand the effects of nanostitching on the SBS strength. The model used two separate
constitutive models to simulate laminate damage: for intralaminar damage, a continuum model ﬁrst developed by Maimí et al. [69,70] was
used. This model uses a set of scalar damage variables to represent the
failure mechanisms occurring in the longitudinal and transverse directions of a ply. Damage activation functions are based on the LaRC04
failure criteria [71]. For interlaminar damage, a cohesive zone model
(CZM) [72,73] was implemented in ABAQUS [74] that relates closing
traction τ to the crack opening displacement δ , with the energy dissipated per unit area to advance the crack taken from the area under the
τ − δ curve. The eﬀect of A-CNTs on the interlaminar fracture toughness was modeled by increasing the mode I and mode II interlaminar
fracture toughness, represented simply as Γ , by the same amount. The
engineering solutions proposed by Turon et al. [75,76] were used to
calculate the cohesive stresses. Details of both constitutive models can
be found elsewhere [69,70,74,77]. In order to isolate the eﬀect of interlaminar fracture toughness enhancement on SBS strength, all of the
parameters in the model were kept constant, between the baseline and
nanostitched specimens, except for the mode I and mode II interlaminar
fracture toughness. The interlaminar fracture toughness (both mode I
and mode II) was commonly scaled from 1–5× of the baseline, and the
specimen response including SBS strength was computed as a function
of the toughness scaling. The 1–5× enhancement range used in simulation was based on previous related work [18], where the authors
experimentally measured a 2.5–3× enhancement mode I and II fracture
toughness enhancement due to the introduction of A-CNTs. However,
the authors used a slightly diﬀerent manufacturing technique, therefore
in this study we adopted a wider range of enhancement ratio simply as
a reasonable estimate about 3×. Due to the lack of existing measured
properties for the AS4/8552 material system, we followed prior work
[78] and used the known values of a very similar material system, IM7/
8552 [79–81]. Detailed inputs to the model can be found in the work by
Furtado et al. [77].
3. Results and discussion
The static and fatigue results are discussed, including ﬁnite element
analysis of progressive damage accumulation in the static SBS conﬁguration.
3.1. Experiment and modeling results for static SBS strength
All tested specimens failed in a brittle manner via the load criterion
(a load drop of 30%), rather than 2-piece specimen failure or the deﬂection criteria (see Section 2.2). Representative force–displacement
curves can be found in Fig. S2 (in Supplementary Materials). Fig. 2c
shows that there is no statistically signiﬁcant diﬀerence between
baseline and nanostitched specimens for static SBS strength. The
baseline specimens were found to have an SBS strength of
95.0 ± 1.2 MPa, whereas the nanostitched specimens were found to
have an SBS strength of 96.2 ± 0.9 MPa. The baseline SBS strength is
15% higher than the 82.3 ± 4.7 MPa reported by the National Institute
for Aviation Research (NIAR) [82]. However, a diﬀerent layup ([(45/
0/-45/90)3s]) was used in the prior work by NIAR, and composite layup
has been shown to aﬀect the stress distribution inside an SBS specimen
[72,73,83,84]. The lack of SBS strength increase is diﬀerent from previous results of Lewis et al. [60] for a very similar UD material system
(IM7/8552) and the same layup that showed a >8% statistically
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Fig. 3. Finite element damage progression simulation results: (a) representative load-deformation curve in SBS for interlaminar fracture toughness enhancement
ratio of 100% (baseline), 200%, and 500%. Points A and B are at 100% and 50% of the maximum load, respectively, (b) static SBS strength as a function of
interlaminar fracture toughness enhancement ratio, and (c) representation of damage at points A and B in (a). Damage is represented by a set of scalar variables,
which can take values from 0 (i.e., no damage) to 1 (i.e., completely damaged crack) and are colored when their associated damage variables are greater than 0.9.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

ﬁber nesting was very likely to be present, i.e., no clear interfaces existed between adjacent plies, which allowed the crack to easily propagate into the intralaminar region. As a macroscopic consequence, the
specimens did not fail in a brittle manner. Representative eﬀective
compliance curves to indicate damage [64] are plotted against the
number of cycles as shown in Fig. S3 (in Supplementary Materials).
There was almost no change in compliance during the ﬁrst 99% of the
fatigue life, and a fast and signiﬁcant increase of the compliance very
close to failure. A similar observation was also reported by Makeev
et al. [83]. The lack of compliance change over time is in agreement
with the brittle failure manner of the majority of the specimens. In
order to understand the mechanism of lifetime increase due to the ACNT reinforcement, two post-mortem specimens that were loaded at
70% of the static SBS strength (i.e., 66.5 MPa), but did not fail catastrophically, were scanned using micro-computed tomography (microCT). Micro-CT provides a non-destructive way to examine the internal
3D damage states of the samples, [88] and it was not until very recently
that micro-CT techniques have been used in fatigue studies of polymer
matrix composites (without nano-scale reinforcement) [89]. Fig. 4b
shows a slice of the cross-section of the two specimens and highlights a

3.2. Testing results for fatigue SBS strength
On average across the load levels tested (60%, 70%, 80%, and 90%
of SBS static strength), the fatigue life increased by 115%. Detailed
values for fatigue life are provided in Table S1. Fig. 4a shows the lifetime of the specimens plotted against the stress amplitude. Statistically
signiﬁcant fatigue life enhancement was observed at each load level.
The majority (80%) of fatigue specimens failed catastrophically, indicating a sudden damage event with no prior indication (audibly or via
maximum displacement increase) of pre-ultimate damage, i.e., the
specimens failed in a brittle manner, whereas the minority (20%) failed
via the maximum displacement increase criterion. The minority (20%)
of specimens that failed via the maximum displacement increase criterion were distributed across the test matrix with no trend observed
(e.g., high-cycle vs. low-cycle fatigue). The failure modes observed in
this work are diﬀerent from the results of May et al. [64] where a 20-ply
UD IM7/8552 layup was used and the majority of the fatigue specimens
failed via the displacement increase criterion at lower load levels. The
diﬀerence in the failure modes could be mainly attributed to the different layups of the two tests. May et al. [64] adopted a UD layup where
111
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Fig. 4. Fatigue test results: (a) S-N curve showing a 3× improvement at lower stress levels (high-cycle fatigue), and (b) micro-computed tomography (micro-CT)
images of post-mortem baseline and “nanostitched” specimens at 70% of the static SBS strength that failed via the displacement criteria, where the nanostitched
specimen indicates signiﬁcant intralaminar damage at multiple plies. Ply interfaces and orientations are annotated in all images. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

major diﬀerence in the damage accumulation between baseline and ACNT reinforced specimens. In the baseline failed specimen, long,
straight, and clean interlaminar cracks are clearly visible. In contrast,
the nanostitched specimen exhibits a much more diﬀusive crack pattern, with extensive intralaminar matrix cracking in addition to smaller
interlaminar cracks. The diﬀusive crack pattern suggests that the nanostitched specimen has a tougher and stronger interface so that it
delays delamination and shifts some of the damage from the interlaminar region to the intralaminar region. Similar observations have
been noted in the IM7/8552 work discussed previously where SBS static
shear strength increased [60]. It is worth noting that there is a 249%
increase in the specimen lifetime when the load is 60% of the static SBS

strength, i.e., in the high-cycle fatigue regime. This shows that for this
material system, A-CNTs are especially eﬀective in suppressing damage
in high-cycle fatigue situations, an important loading condition in
aerospace applications. To further explore the eﬀect of nanostitch on
high-cycle fatigue, four additional baseline specimens were tested
under 50% of the static SBS strength, and they failed at ∼0.60 ± 0.23
million cycles, in comparison to the nanostitched specimens that failed
at ∼0.89 ± 0.06 million cycles under 60% of the static SBS strength. In
other words, the nanostitched specimens were able to last ∼1 million
cycles under at least 20% higher load than the baseline specimens. The
detailed fatigue life is provided in Table S1 (in Supplementary
Materials). Grimmer et al. [52,90] reported the same trend of
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improvement of their CNT-reinforced hybrid woven epoxy composites,
i.e., more eﬀectiveness of CNTs at low stress levels relative to high stress
levels. They suggested that at high stress levels, the CNTs shift from
high-energy dissipating pull-out behavior to a relatively low-energy
dissipating fracture behavior, in line with observations of varying volumes of pulled-out CNTs in the diﬀerent regimes. Bortz et al. [91]
observed similar fatigue behavior of their carbon nanoﬁber (CNF)
epoxy nanocomposite. They concluded that at low applied stress levels,
the CNF/matrix bond is strong enough to transfer the localized stresses
from the weaker matrix to CNFs in the form of small-scale straining.
This redistribution of the stresses slows the rate of fatigue crack propagation. At higher stress levels, the localized stresses are high enough
to break the CNF/matrix interface. Those authors also identiﬁed large
increases in fatigue life due to the presence of CNFs, yet eﬀectively no
increase in static toughness - the same behavior as observed here in the
nanostitched hierarchical composite. Further work in high-cycle fatigue
is warranted, as is more detailed analysis of the damage states of specimens pre-ultimate failure at diﬀerent fatigue stress intensity levels.

manufactured, which could enable the realization of aerospace composite structures with extended service life.
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4. Conclusions
A hierarchical composite architecture was realized by integrating ACNTs at ply interfaces of aerospace-grade carbon microﬁber UD prepreg
advanced composites. The transfer of A-CNTs can be readily implemented in existing laminate manufacturing without damaging or
disturbing in-plane microﬁbers, and no increase in the laminate thickness is observed when integrating the ∼20 μ m A-CNTs at all ply interfaces, consistent with prior work [49]. The SBS fatigue test showed
increases in fatigue life on average and across all load levels (60–90% of
static SBS strength), with a larger (249%) improvement observed for
high-cycle fatigue (60% of static SBS strength). Micro-CT scans of postmortem fatigue specimens suggest a distinct diﬀerence in fatigue damage mechanism: A-CNTs seem to suppress delamination and shift the
damage to the intralaminar region. No static SBS strength improvement
was observed, which is attributed to the complex stress state and failure
modes in SBS, and the relative insensitivity of SBS strength to the interlaminar fracture toughness enhancement (e.g., a 50% increase in
interlaminar toughness yielding an SBS strength increase of less than
20% in progressive damage simulations). Furthermore, the model
suggests that a 5× increase in fracture toughness is needed to alter the
damage modes in static SBS tests. The extant literature has mixed
ﬁndings with regard to fatigue behavior of CNT-reinforced laminates,
likely due to diﬀerences in processing, materials, and uncharacterized
CNT and interface morphology, typical of woven systems and wet layup
processing. By contrast, the system studied herein utilizes prepreg
processing which is highly repeatable (one of its clear industrial advantages) and the interface is very well characterized: the CNTs are 20
μ m in height and at 1 vol%, span the interlaminar region with no voids
and interdigitate across microﬁbers less than one microﬁber diameter.
Such morphologically-controlled systems allow for repeatability and
greater insight as modeling can be reasonably undertaken as demonstrated here. The results presented here lead to clear next steps. First,
further work in high-cycle fatigue loading is warranted. The damage
states of specimens that have not failed, but experienced high-cycle
fatigue, should be analyzed in a broadened micro-CT campaign, employing in situ techniques if available. Second, the eﬀect of higher ACNT loading (>1%) on laminate strength and toughness, potentially
achievable via densifying as-grown A-CNT forests, e.g., mechanical [44]
or capillary densiﬁcation [92], should be studied. Third, the actual
enhancement of mode I and II fracture toughness due to the introduction of A-CNTs should be evaluated experimentally, followed by the
development of cohesive zone models (CZMs) that take into account
inelastic deformation, fracture of the A-CNT reinforced interfaces, and
the shape change of the cohesive law. Once this information becomes
available, hierarchical composites with enhanced strength, fracture
toughness, and fatigue life may be rationally designed and

Appendix A. Supplementary material
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.compositesa.2019.02.023.
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Figure S1 shows the cross-sections of aligned carbon nanotube (A-CNT) forest
transferred on an uncured prepreg ply, confirming that the alignment is maintained during
the transfer process, while preserving the original ~20µm height. This observation is
consistent with prior work[1].

Figure S1: Scanning electron micrographs at two magnifications of an aligned carbon
nanotube (A-CNT) forest after it was transferred onto an uncured prepreg showing that
the alignment is preserved.
Figure S2 shows representative load-displacement curves for both baseline and
nanostitched specimens. After settling, both specimens exhibit linear-elastic behaviour
until a sudden load drop indicating a brittle type of failure with little evidence of
accumulated damage except for a slight softening.

Figure S2: Representative load-displacement curves for static short-beam shear (SBS)
test.
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Figure S3 shows a representative compliance history plot for both baseline and
nanostitched specimens. All specimens showed a sudden increase in compliance
regardless of whether they failed catastrophically or via the displacement criteria. Table
S1 provides the fatigue life values at the different loading levels, with outliers removed per the
modifed Thompson tau criterion using [2].

Figure S3: Represensative effective compliance vs. number of cycles in SBS fatigue
test.
Table S1: Fatigue life via SBS for baseline and nanostitched specimens across all load
levels (60 to 90% of static strength), and fatigue life increase percentage due to
nanostitching.
Load
level
90%
80%
70%
60%
50%

Baseline specimen
fatigue life (cycle)
164±37
1,182±190
14,514±3,067
254,961±182,649
603,156±231,666

Nanostitched specimen
fatigue life (cycle)
253±21
2,358±199
22,844±4,672
889,099±59,157
NA

Fatigue life
increase (%)
54
100
57
249
NA
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