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A major shortcoming of carbon fiber reinforced polymer composites (CFRP) is their interlaminar performance.
This study provides an inexpensive and readily scalable solution to this problem by incorporating ultra-thin
sheets of carbon nanotubes (CNT) between the plies (laminates) of CFRPs. To this end, dry carbon fiber fab-
rics are first sandwiched between CNT sheets. The fabrics are then stacked and infused with epoxy to form a
CFRP with interlaminar CNT sheets. Contrary to the typical approach where microns-long CNTs are distributed
randomly within a CFRP for reinforcement, this study uses ~100 nm thick CNT sheets consisting of aligned and
ultra-long (0.3 mm) nanotubes. Despite their negligible weight fraction of only 0.016%, the interlaminar CNT
sheets enhanced the CFRP’s flexural strength by 49%, interlaminar shear strength by 30%, and mode I fracture
toughness by 30%. X-ray micro-tomography revealed that samples with interlaminar CNTs are significantly
resistant to delamination and crack propagation. Moreover, the in-plane electrical conductivity of these com-
posites increased commensurate with the weight fraction of CNTs, providing a maximum enhancement of 278%
over the reference sample for 0.048 wt% of CNT sheets. This study reveals that for almost no change in weight
and thickness, interlaminar CNT sheets can enhance the electrical conductivity and interlaminar performance of
CFRPs.

1. Introduction regions [15,16], coating fibers with a tough resin or nanoparticles [2,17,

18], and interleaving laminates with thin sheets that have favorable

Carbon fiber reinforced polymer composites (CFRP) are widely used
in weight-critical structural applications due to their superior specific
strength and stiffness. While CFRPs exhibit excellent in-plane perfor-
mance, their interlaminar properties are relatively low. These properties
are primarily dominated by the matrix and fiber-matrix interfacial
characteristics. Therefore, a third material is usually added to the resin
or between the laminates to alleviate CFRP’s interlaminar performance
[1-4]. These approaches usually result in enhanced resistance to
delamination initiation and growth [5-10].

The most common methods for improving interlaminar performance
of CFRPs are adding toughening particles to the resin before infusion [1,
3,5,9,11-14], incorporating reinforcing particles in the interlaminar
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chemical or physical properties [4,10,19,20]. While both micro- and
nano-particles can be used to enhance the CFRP’s interlaminar proper-
ties [21], using nanoparticles has proved to be more effective.
Micro-scale particles or interleaving layers are usually less efficient and
add undesired weight and thickness, leading to reduced in-plane prop-
erties [22,23]. Reinforcing the interlaminar interfaces using nano-
materials has, therefore, attracted great interest as it has a small effect
on weight/thickness and doesn’t impede the flow of resin during infu-
sion [1,2,5-7,19,24-27]. Nanomaterials can be incorporated into poly-
mer composites using three well-known techniques, as discussed over
the following three paragraphs.

The first approach involves the direct mixing of nanomaterials in the
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Fig. 1. a) The process of placing an aligned CNT sheet on top of a unidirectional carbon fiber fabric. The white horizontal arrows show the directions of CNT and
carbon fiber alignments, respectively. b) and ¢) Schematics of interlaminar CNT sheets and the composite fabrication process: b) unidirectional (UD) carbon fiber
fabrics are sandwiched with CNT sheets and then stacked; half of the fabrics were not CNT reinforced and used as the reference. c) fabricated composite sample
showing CNT reinforced and reference portions. SEM micrographs of CNT sheets d) parallel and e) perpendicular to carbon fibers. Carbon fibers are ~7 pm in
diameter, and CNTs are ~10 nm in diameter. CNT bundles seen in the figures consist of hundreds of nanotubes.

polymer matrix before infusion. Han et al. improved the interlaminar
shear strength (ILSS) of a CFRP by 8% via incorporation of 0.1 wt%
graphene oxide into the epoxy matrix [12]. Incorporating nanomaterials
into composites requires dispersing them in the polymer matrix. Major
drawbacks of this approach are the difficulty and cost associated with
dispersing nanomaterials, limitations in the amount and aspect ratio of
nanomaterials that can be used, and the extra processing steps required
to include these nanomaterials [13].

The second approach involves fiber-matrix interface modification
through the direct attachment of nanomaterials to the fiber surfaces.
Zhao et al. found fiber-matrix interface modification to be more effective
than matrix modification. They showed that the addition of 0.15 wt%
CNTs to the fiber surfaces led to an improvement of 45% and 19% in the
fiber-matrix interfacial shear strength (IFSS) and ILSS of a CFRP,

respectively [28]. Mixing an identical amount of CNTs (0.15 wt%) in the
matrix improved IFSS and ILSS of the same CFRP by only 10% and 15%,
respectively. Cheng et al. reported that coating the carbon fibers with 1
wt% graphene nanoparticles increases the ILSS of the resulting CFRP by
37% [2]. Storck et al. adopted a chemical vapor deposition (CVD)
method to grow 0.2 wt% CNTs onto carbon fibers resulting in a 37%
increase of the ILSS over the reference samples [27]. Yao et al. found
that the addition of 0.4 wt% vapor-grown carbon nanofibers on carbon
fiber fabrics improves the ILSS of the examined CFRPs by 73% and their
flexural strength by 21% [17]. It has also been shown that CNTs grown
directly on carbon fiber fabrics improve the impact damage resistance
and energy dissipation in CFRPs [29,30]. Direct deposition of carbon
nanostructures, via some form of CVD, requires energy-intensive and
high-temperature processing that often degrades the in-plane properties
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at the cost of interlaminar enhancement [14]. Despite the challenges
with their incorporation into composites, carbon nanomaterials offer a
substantial surface area and tailorable chemical compatibility with both
the polymer and fiber.

The third approach involves interlaminar modification of composites
through interleaving (adding thin sheets of a different material between
the laminates) with nanomaterials. Recent studies have demonstrated
major improvements in mechanical performance of composites by
interleaving laminates with nanofiber veils [5,6,16,26,31-33]. Inter-
leaving with nanofiber veils improves their CFRP’s delamination and
crack propagation resistance, thereby enhancing their fracture tough-
ness [1-10]. Beckerman et al. found a 173% improvement in Mode I and
69% in Mode II interlaminar fracture toughness, and 12% in ILSS of a
polymer composite interleaved with nylon nanofiber veils of 4.5 gsm
(g/m?) [5]. Beylergil et al. reported that the incorporation of 1 gsm
(corresponding to 0.3 wt% of the composite) nylon nanofibers at
interlaminar interfaces in a CFRP increased its flexural strength by 16%
and mode I fracture toughness by 50% [6]. Garcia et al. reported that
incorporating 1 wt% vertically aligned CNTs at the interlaminar in-
terfaces improved mode I and mode II interlaminar fracture toughnesses
of the polymer composite system by 100% and 200%, respectively [34].
Interlaminar nano-veils can improve the impact damage resistance [35],
delamination [7], and fatigue life [36,37] of composites via nanofiber
bridging of micro-cracks [25,26]. In a recent study, interleaving a CFRP
with 30 pm thick CNT sheets resulted in a 60% improvement in its mode
I fracture toughness [38]. Interleaving laminated composites with
nanomaterials sheets is simple, scalable, and highly effective in
improving their interlaminar properties [1-4]. The existing interleaving
methods, however, have a weight penalty of 1-10% (Supplementary
Material Table S1), and their effects on the in-plane mechanical prop-
erties are generally not studied.

The present work investigates a cost-effective and scalable approach
for integrating CNT sheets (~100 nm in thickness and potentially
costing a few cents per m?) between composite laminates, resulting in
virtually no weight and thickness changes. The CNT sheets are dry-
processed and do not require any dispersion [39]. The aligned CNT
sheets are drawn from pre-grown CNT forests and introduced at inter-
laminar interfaces prior to composite fabrication. The effects of inter-
laminar CNT sheets on flexural, interfacial shear, Mode I interlaminar
fracture toughness, and electrical conductivity of a CFRP are investi-
gated in this paper. The failure mechanisms in composites interleaved
with (reinforced with interlaminar) CNT sheets are elucidated.

2. Experimental
2.1. Materials

Commercial polyacrylonitrile (PAN)-derived, non-crimped unidi-
rectional (UD) fabrics (Carbon Fiber Fabric 12k 5.70z/193gsm UNI-
Directional Hexcel IM2) were used. Aeropoxy PR2032 resin and
PH3670 hardener (PTM&W Industries, Inc) were used as the matrix.
Ultra-high purity (>99%) multi-walled CNT sheets were drawn from
vertically aligned, 0.3 mm-tall CNT forests (acquired from Lintec NSTC)
grown on a silicon substrate. The sheet has an aerial density of ~0.025
gsm, and the constituent CNTs are 10 nm in diameter [40].

2.2. Fabrication

Highly aligned CNT sheets, drawn from vertically aligned CNT for-
ests, were placed on top and bottom of the carbon fiber fabrics, as shown
in Fig. 1. Five layers of carbon fiber-CNT fabrics were stacked together
([0°]5) to fabricate a 1 mm thick coupon for flexural testing. Fifteen
carbon fiber-CNT fabrics were stacked ([0°]15) to make a 3 mm thick
coupon for short beam shear (SBS) testing. To prepare the double-
cantilever beam (DCB) specimens, for Mode I interlaminar fracture
toughness characterization, fourteen CNT-carbon fiber fabrics were
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stacked ([0°]14). A non-porous release film was inserted along the mid-
plane of this laminate to create an initial delamination length of 63 mm.
For all configurations, CNT sheets were only placed over half of the
fabrics to fabricate CNT-reinforced and reference samples in one step;
under identical processing conditions. After stacking, the preform dry
fabrics were infused using resin transfer molding (RTM). The infusion
was carried out at a volumetric flow rate of 5 cc/min while maintaining
the infusion pressure at 2 bar. The mold and resin temperatures were
held at 50 °C and 40 °C, respectively, during the RTM to ensure uniform
infusion throughout the thickness. Composite specimens were cured at
room temperature for 24 h, followed by a 2-h post-cure at 80 °C. Piano
hinges were attached to the DCB samples using the epoxy-hardener
mixture used as the matrix.

2.3. Testing

Fiber volume fraction was calculated following the ASTM D3171
Type II. This method assumes a zero void content, which is a reason-
able assumption given that the void content in all examined samples was
very low (see Supplementary materials Fig. S1 and S2 for cross-sectional
images). The ASTM D792 was followed for density measurements.

An AmScope light microscope and an FEI Quanta 3D FEG scanning
electron microscopy (SEM) were used to observe the specimens’ frac-
tured surfaces and internal structure. Cross-sectional samples (for failure
type assessment) were cut in the middle perpendicular to the fiber di-
rection and ground consecutively with 400, 600, 1000, and 1200 grit
papers. This was followed by polishing using 1 pm diamond and 50 nm
colloidal silica. Specimens were gold-coated for SEM to avoid charging.

X-ray micro-computed tomography (uCT) of fractured specimens
was conducted on an Xradia microXCT at UTCT at the Univeristy of
Texas at Austin. High resolution (8 pm/piexel) volumetric images
covering a length and width of 10 mm and the entire thickness of the
flexural samples were acquired for analysis. Dragonfly 4.0 was used to
visualize the microstructure of each specimen [41].

The flexural properties of specimens were measured using the three-
point bending test following the ASTM standard D790-17. For each
configuration, seven specimens of 1.0 x 13.0 x 51.0 mm were tested on
a span of 25.4 mm. The span to thickness ratio was chosen to prevent
interlaminar shear failure in samples [42]. A constant crosshead
displacement rate of 1.0 mm/min was applied, and each specimen was
loaded until the crack propagated entirely through the specimen.
Ten-millimeter diameter loading and support rollers were used to avoid
crushing of the specimens under flexural loading.

SBS specimens were cut to 35.0 x 13.0 x 3.0 mm. SBS testing was
performed following the ASTM D2344 with a slight increase in span to
thickness ratio, taken as 6 instead of 4, to prevent local crushing and
induce a large zone of uniform shear stress. Additionally, to avoid local
stress concentration due to loading, a 10 mm loading cylinder and 3 mm
support cylinders were used. For each configuration, seven samples were
tested on a span of 18 mm under a constant crosshead displacement rate
of 1 mm/min. Load and displacement were recorded until cracks
propagated from the center to the edge of each sample.

Mode I interlaminar fracture toughness was evaluated using the
double cantilever beam (DCB) test. Five specimens were tested for each
configuration following the ASTM D 5528. The specimens were cut to
150.0 x 25.0 x 3.0 mm and loaded via clamped hinges in tension at a
rate of 1 mm/min. A 24-megapixel camera (Canon EOS 80D) with a
magnifying lens (Canon EF-S 18-200 mm lens) was used to record the
crack propagation. Each specimen was initially loaded until the crack
initiated and propagated 5 mm and was unloaded at a rate of 10 mm/
min. The specimen was again loaded at a 1 mm/min rate until the final
delamination reached 50 mm. Modified beam theory was applied to
calculate the crack propagation’s energy release rate for the crack’s
corrected length.

The electrical conductivity of the specimens in the fiber direction
was measured using a DC two-probe method. A sample size of 50.0 x
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Fig. 2. a) Flexural and interlaminar properties of reference and CNT interleaved samples. b) Representative stress-strain plots of b) flexural stress-strain and c) load-

displacement SBS testing.

13.0 x 1.0 mm was used. A Keithley 6221 DC and AC current source
with a 2182A nano-voltmeter were used to measure electrical resistance.
A conductive silver paste was applied at the point of contact between the
specimen and electrical leads to reduce contact resistance. The voltage
and current were recorded, and resistivity was calculated using the
specimen dimensions.

3. Results and discussion

Cross-sectional graphs showed no structural difference between the
reference and CNT-interleaved samples in the inter- or intra-laminar
regions (Supplementary Material Figure S2). Moreover, there was no
difference in the fiber volume fractions, ranging from 48 to 51%, be-
tween the reference and interleaved samples. It is reasonable to
conclude that the interlaminar CNT sheets did not affect the RTM pro-
cess. This was expected as the CNT sheets are <100 nm thick. The
interlaminar CNTs in specimens were not detected under SEM due to
their low contrast compared with the epoxy matrix.

Flexural strength and ILSS for the reference and interleaved samples
are plotted in Fig. 2. The introduction of two interlaminar CNT sheets
(0.016 wt%), at all interlaminar interfaces, increased the flexural
strength by 49%, from 1009 to 1505 MPa. Specimens with four (0.032
wt%) and six (0.048 wt%) interlaminar CNT sheets, at all interlaminar
interfaces, were stronger in flexure by 22% and 12% than the reference
sample, respectively. The improvements were, however, lower than that
realized by the addition of only two interlaminar CNT sheets. A similar

trend for the ILSS was observed. Specimens with two interlaminar CNT
sheets, at all interlaminar interfaces, achieved an ILSS that was 30%
better than the reference. Howerver, a higher number of interlaminar
CNT sheets did not further improve the ILSS. Notably, six interlaminar
sheets degraded the overall ILSS compared with the reference speci-
mens. As expected, higher number of CNT sheets, stacked on top of each
other, results in CNT agglomeration and prevents the resin to reach all
CNTs during composite fabrication. ILSS trend in Fig. 2(a) suggests that
CNT sheets enhance adhesion between fibers and matrix at the inter-
laminar interfaces; note that the two interlaminar CNT sheets are
attached individually to the two laminates that form the sides of the
interlaminar interface.

The representative stress-strain curves for the flexural tests and load-
displacement curves for the SBS tests are depicted in Fig. 2(b) and (c).
The flexural stress increases linearly up to the failure stress for all
specimens. These plots indicate that the CNT-reinforced specimens fail
at higher stresses/strains and can carry loads after the initial flexural
failure. This observation is later explained in light of failure mecha-
nisms. The initial stress drop after the peak stress is due to the fracture of
the first laminate (top laminate), as confirmed by cross-sectional imag-
ing of specimens (Supplementary Material Fig. S5). The SBS load-
deflection curve in Fig. 2(b) indicates interlaminar shear failure fol-
lowed by laminate crushing under the loading cylinder. The interfacial
shear failure usually initiates in the midplane (where shear stress is
maximum) or its adjacent interfaces and propagates through that same
interface. For the specimens with 0.048 wt% CNTs (six interlaminar CNT
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Fig. 3. pCT images of flexural specimens: a) Reference, reinforced with b) two (0.016 wt%), c) four (0.032 wt%), and d) six (0.048 wt%) CNT sheets, respectively.

sheets), failure occurs in several interfaces and propagates towards the
edges at these interfaces (confirmed through pCT results as discussed
later). Failure of multiple interlaminar interfaces suggests CNT
agglomeration at the interlaminar interfaces. CNT agglomeration is not
typical for low CNT loadings, however, in this study CNT sheets are
concentrated at the CFRP’s interlaminar regions, achieving high local
loadings at those interfaces.

ILSS depends on the combined shear properties of the matrix and the
interfacial bonding between fibers and the matrix. The changes in ILSS
can, therefore, can be explained in terms of improvement or degradation
of the matrix and the fiber-matrix interface properties due to interlam-
inar CNT sheets. As noted earlier, no apparent difference between the
microstructures of the reference and CNT-reinforced specimens was
found. The two CNT sheets (0.016 wt%, one adjacent to each carbon
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interlaminar CNT sheets improve (i) the strength of the matrix at the
interlaminar regions and (ii) enhance the fiber-matrix adhesion at the
interlaminar interfaces. These two mechanisms result in an improved
ILSS.

To study the effect of CNT alignment, specimens with interlaminar
CNT sheets perpendicular to the fiber directions were also fabricated
and tested (Supplementary Material Fig. S3). As expected, a similar
degree of improvement was found when the aligned CNT sheets were
perpendicular to the fibers in the unidirectional coupons. This confirms
that CNTs do not affect the fiber-dominated properties but rather the
matrix-dominated and fiber-matrix properties.

Failure mechanisms in flexural tests were studied using optical mi-
croscopy and pCT imaging, as shown in Supplementary Material Fig. 54,
S5, and Fig. 3. Cracks in all specimens started on the compression side,
as the compressive strength of CFRPs is typically lower than their tensile
strength (Supplementary Material Fig. S5). Kink bands were observed in
all tested specimens, an example of which is shown in Supplementary
Material Fig. S4. Fig. 3 (a) displays cracks in the reference specimen that
are initiated on the top surface (compressive side), propagating verti-
cally through one laminate, and continue progressing in the interlam-
inar region, resulting in a mixed failure mode. For the specimens
containing two (0.016 wt%) or four (0.032 wt%) interlaminar CNT
sheets, cracks were found to continue to propagate through the entire
thickness towards the last laminate as shown in Fig. 3 (b) and Fig. 3 (c).
Partial interlaminar cracks are observed in these sample sets. For the
specimens with six (0.048 wt%) interlaminar CNT sheets, the inter-
laminar cracks initiated in addition to compressive failure at the top.
This failure mode is supported by the low ILSS of the samples with six
interlaminar CNT samples at all their interlaminar interfaces. Based on
the discussed failure mechanisms, the interleaved samples’ enhanced
flexural strength is due to both a higher ILSS and ability to resist crack
initiation and growth.

Fracture toughness measurements were conducted to quantitatively
assess the ability of CNT interleaved specimens to resist the initiation
and progression of cracks in mode I. The maximum load carried by the
reference specimen in the DCB test was 43+8 N, whereas the CNT
interleaved specimens carried a maximum load of 57+3 N. Fig. 4 shows
a typical resistance curve (R-curve) for the reference and two inter-
laminar CNT sheets samples. The far-left data points in Fig. 4 (a) show
that the Gy is higher during crack initiation for the specimen interleaved
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with CNT sheets, indicating that interlaminar CNT sheets improve crack
initiation resistance. The rising R-curve values signify unstable crack
growth in both specimen types. Fig. 4(b) summarizes the initiation and
propagation of interlaminar fracture toughness values for the reference
and CNT-reinforced samples. The GI value for crack lengths in the
65-75 mm range is taken as the propagation fracture toughness. The
mode I fracture toughness of interlaminar CNT sample for crack initia-
tion and propagation was improved by 57% and 30%, respectively, over
the reference sample.

The electrical conductivity of the reference and interleaved speci-
mens measured in the carbon fiber direction is shown in Fig. 5. The
electrical conductivity increases with the number of interlaminar CNT
sheets. Although the volume fraction of CNT sheets is minuscule, their
high conductivity compared with the carbon fibers results in an overall
improvement of the electrical conductivity. The improved conductivity
has implications for electromagnetic interference (EMI) shielding,
lightning strike protection, and de-icing [47].

4. Conclusions

Interlaminar CNT sheets (with <0.05 wt% loadings) were investi-
gated for increasing the flexural and interlaminar mechanical properties
of CFRPs. The addition of CNT sheets improved the electrical conduc-
tivity of the tested samples. Significant improvements in flexural, ILSS,
and fracture toughness of specimens were achieved for almost no pen-
alty in weight, cost, thickness, or manufacturing. Two interlaminar CNT
sheets placed at each interlaminar interface (0.016 wt% CNT loading)
resulted in the most considerable improvements in CFRP’s mechanical
properties. Higher loadings were not effective in further enhancing the
studied mechanical properties due to agglomeration, preventing proper
infusion of the CNTs. The results show that the aligned CNT sheets
prevent crack propagation along the interlaminar region. These sheets
also improved interlaminar load transfer and fiber-matrix interaction in
the interlaminar region. In conclusion, dry spun CNT sheets can be
simply integrated with the composite manufacturing processes to
improve CFRPs’ interlaminar properties without changing their weight,
thickness, or microstructure.
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