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Strong, tough, and lightweight composites are increasingly needed for diverse applications, from wind turbines
to cars and aircraft. These composites typically contain sheets of strong and high-modulus fibers in a matrix that
are joined with other materials to resist fracture. Coupling these dissimilar materials together is challenging to
enhance delamination properties at their interface. We herein investigate using a trace amount of carbon
nanotube sheets to improve the coupling between composite skins and core in a composite sandwich. Ultra-thin
(~100 nm) forest-drawn multi-walled carbon nanotube (MWNT) sheets are interleaved within the skin/core
interphase, with MWNTs aligned in the longitudinal direction. The mechanical behavior is characterized by end-
notched flexural testing (ENF). With two MWNT sheets placed in the skin/core interphase, the following per-
formance enhancements are achieved: 36.8 % increase in flexural strength; 127.3 % and 125.7 % increases in
mode I & II fracture toughness values, respectively; and 152.8 % increase in interfacial shear strength (IFSS).
These are achieved with negligible weight gain of the composite sandwich (0.084 wt% increase over the baseline
sandwich without MWNT sheets). The finite element simulation results show that MWNT sheets enhance the
skin/core coupling by reducing stress concentration, enabling the transition from catastrophic brittle failure to a
stable ductile failure mode. The MWNT sheets interleaved sandwich composites are thus demonstrated to be
stronger and tougher while providing electrical conductivity (4.3 x 10* S/m) at the skin/core interface for
potential de-icing, electromagnetic interference shielding, and structural health monitoring.

1. Introduction the interphase region to strengthen composite sandwich structures.
Numerous methods have been developed to enhance the skin/core
interphase region in sandwich composites. These include using a nano-

pellet modified resin matrix [10], z-pinning [11], shear key insertion

Sandwich composites are lightweight structures with a desirably
high strength-to-weight ratio and sufficient thickness to provide bending

stiffness, the capability to carry a high bending moment, resist buckling,
and offer high fatigue and dynamic performance [1-4]. They are used as
structural elements that require low density, high strength, high stift-
ness, and long-term durability [5,6]. A composite sandwich structure
consists of two composite skins (carbon fiber reinforced composites -
CFRC, glass fiber reinforced composites - GFRC, aluminum sheets, etc.)
bonded to a lightweight core (polyvinylchloride - PVC, polyethylene
terephthalate - PET, polyurethane - PU, end-grain balsa, Nomex or
aluminum honeycomb, etc.) [7,8]. The skin/core interphase is usually
the most vulnerable region, and cracks usually initiate there [9].
Therefore, many researchers have made significant efforts to enhance
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[12], core surface texturing [13], and interleaving a hybrid film [14] or
a chopped fiber mat [15]. Using a nano-pellet-modified resin matrix is
the most used method to enhance the skin/core bonding strength.
Nano-pellet materials include carbon powders, carbon nanotubes
(CNTs), graphene, metal powders, and non-metallic powders [16]. This
nano-pellet route can enhance the fracture toughness of the skin/core
interphase and provide enhanced impact, wear, and buckling resistance
[17].

Z-pinning is another method for enhancing interphase mechanical
performance. In this method, micro/nanofiber reinforcement is intro-
duced in the liquid matrix in the skin/laminate, neighboring laminates,
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and skin/core interphase regions, then reoriented by electromagnetic or
ultrasonic field to increase the stiffness in a particular direction. This
method can increase the debonding strength in the skin/core interphase
region and the adjacent fabric layers within the skin laminates. How-
ever, the micro/nano pins can potentially damage the fibers in the skins
during the manufacturing process [18].

Shear key insertion is also a common way to enhance the properties
in the skin/core interphase region [19]. Shear keys (carbon prepreg,
metallic fibers, or bars) are inserted in the skin/core interphase region
and in the core to enhance IFSS and increase the shear strength and
stiffness of the core.

Another common method is to introduce surface texture to allow
more resin to infuse into the interphase region to form an interlocking
between core and skins, thereby increasing the fracture toughness of the
skin/core interphase [7]. However, properly designing the texture pat-
terns remains an area of exploration to further enhance the fracture
toughness of the skin/core interphase [20].

Interleaving hybrid film or chopped fiber mats have recently
received attention due to their ability to increase the skin/core inter-
phase fracture toughness and flexural stiffness with a small weight gain
compared with other approaches [21]. The mechanical properties of
sandwich composites can be enhanced by incorporating synthesized
hybrid films, which add multifunctionalities such as piezoelectricity
[22,23], and magnetism [24,25].

Among various materials for enhancing the skin/core interphases,
CNTs are often considered. CNTs have a high surface area (up to 1300
mz/g) and, therefore, low areal density, high modulus (up to 1 TPa),
high strength (up to 150 GPa), high electrical conductivity (~1 x 107 S/
m), and high thermal conductivity (~3000 W/(m e K)) [26-29]. Carbon
Nanotubes (CNT) have been utilized as an enhancement material in
composites for aircraft, automotive, sports equipment, and marine
structures [30]. It can enhance structural performance and provide
multifunctional properties to the structure. A NASA report [31] indi-
cated that the demand for multifunctional sandwich composites in
aerospace applications will exceed conventional sandwich composites in
2030-2035. Numerous results demonstrated the benefits of using CNT
as a nanofiller for composites. Jakubinek et al. found that using 1.0 wt%
single-walled carbon nanotubes (SWNTs) in the epoxy resin matrix gives
enhanced structural performance while providing electrical conductiv-
ity (reaching 107-107' §/m) in the structural adhesive for
fusion-joining aircraft components [32]. CNT-modified sandwich com-
posites can also provide electromagnetic shielding (EMI shielding) and
strain sensing for structural health monitoring and actuators, with per-
formance reaching or exceeding that of copper in aerospace applications
due to a large difference in strength-to-weight ratio between CNT and
copper [33,34].

There are typically two ways to add CNTs to a sandwich composite:
CNT dispersed in the polymer matrix and interleaving CNTs between
fabric plies. In the CNT dispersion method, CNTs are dispersed into the
resin, usually by sonication. Alak et al. found that 1.5 wt% MWNT
introduced into the resin leads to a 14.4 % improvement in peak load
under bending and a 34.34 % enhancement in mode I fracture toughness
for a PVC foam core/GFRC skins sandwich composite [35]. M. Sanchez
et al. determined that 0.1 wt% CNT in the resin leads to a 10 %
improvement in flexural strength and 5.6 % enhancement in IFSS for the
CFRC [36]. Han et al. introduced 0.1 wt% graphene oxide (GO) into the
epoxy matrix and improved the ILSS by 8 % for the CFRC [37].

The second approach is interleaving MWNT sheets between the skin
and core. Pratik et al. interleaved 2 MWNT sheets between two adjacent
unidirectional carbon fiber plies at a small weight gain (0.016 wt%). The
reported 49 % increase in flexural strength, 30 % ILSS enhancement, and
30 % improvement of mode I fracture toughness for the CFRC [38].
Zheng et al. investigated interleaving a 5 wt% CNT/polysulfide (PSF)
hybrid film in a CFRC and obtained 53 % higher mode I fracture
toughness, 34 % improvement of mode II fracture toughness, and 27 %
and 29 % enhancement of flexural strength and modulus [39]. Li et al.
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found that interleaving 30 layers of MWNT sheets in a CFRC leads to
90-110 % enhancement of the mode II fracture toughness under a low
loading speed (8 x 107® m/s) quasi-static loading and 20-30 %
enhancement of the mode II fracture toughness under high loading
speeds (8-16 m/s) [40]. Although the CNT dispersion method is
considered state-of-the-art within composite structures communities,
the potential for mechanical enhancement using CNTs merits further
investigation, given their often discontinuous form within the matrix.
Accordingly, exploring new processing methods for CNTs, such as
densifying the Multi-Walled Nanotube (MWNT) sheet, represents the
innovative focus of our research. Based on the available information,
little research has been conducted on using a densified MWNT sheet (i.
e., MWNT Xerogel) to provide performance improvements for sandwich
composites. This paper is going to fill this research gap.

In this paper, composite end-notched sandwich specimens with
MWNT sheets interleaved in the skin/core interphase region were
fabricated by vacuum-assisted resin transfer molding (VARTM). The
mode I and II fracture toughnesses, and energy absorption before cata-
strophic failure of the end-notched sandwich composites were measured
by ENF testing. Crack initiation and propagation were observed by a
high-speed camera. The surface principal strains around a crack tip were
captured by digital image correlation (DIC).

The experimental results were analyzed using bi-layered first-order
shear deformation theory and finite element method (FEM) simulations
with a cohesive zone model. The IFSS, mid-span flexural strength, and
mechanical energy absorption of the end-notched sandwich composite
with two interleaved MWNT sheets were determined by FEM. A com-
parison with previous results is provided in the discussion section.

2. Methods

This section describes the procedures for preparing end-notched
sandwich composite specimens with and without interleaved MWNT
sheets in the skin/core interphase, experimental details and associated
analyses, and the cohesive elements implemented in finite element
modeling.

2.1. Materials

PVC foam (Divinycell™ H80-polyvinylchloride; Diab Group, DeSoto,
TX), which is 25.4 mm thick, was used as the core of the lightweight
sandwich structures. It was a waterjet cut to dimensions of 203.2 x 76.2
x 25.4 mm. Unidirectional glass fiber fabrics (UD 970; Saertex, LLC,
Huntersville, NC) with an areal density of 957 g/m? and 1 mm densified
thickness were used as the face sheets (aka skins). The MWNT sheets
(1-4 plies) were laterally drawn from a chemical-vapor-deposition
(CVD) grown 300-pm-tall forest of about 10 nm outer diameter
MWNTs (Lintec NSTC, Richardson, TX), which had high purity (>99 %)
and an areal density of approximately 0.025 g/m2. These MWNT sheets
were used as the interleaving sheets in the skin/core interphase [41].

Epoxy resin (EPIKOTE™ Resin MGS® RIMR 135) and curing agent
(EPIKURE™ Curing Agent MGS® RIMH 1366) from Westlake Epoxies
Inc. (in Columbus, OH) were used in this work since they have relatively
low viscosity at room temperature and can be cured at this temperature
without developing entrapped bubbles. Two breathing films (Polyester;
FibreGlast, Brookville, OH) and two release films (fluorinated ethylene
propylene, also from FibreGlast) were used for each VARTM process.
The stacking sequence on the mold surface was breathing film, release
film, composite laminate, release film, and breathing film. A flowing
media (low-density polyethylene, again from FibreGlast) was placed
between a breathing film and a release film to improve resin flow in the
vacuum bagging film. Teflon tape and a mold release agent (FibRe-
lease®) from FibreGlast generated an interfacial crack between the skin
and core in the end-notched sandwich composite specimen. The mate-
rials were stored, fabricated, and tested under controlled conditions at
room temperature and 25 % relative humidity to eliminate external
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factors affecting the testing results.

2.2. Preparation of end-notched sandwich composite specimens

We next describe the method used to prepare the end-notched
composite sandwich specimen to measure skin/core interfacial
strength. Fig. 1 shows a schematic diagram for preparing the MWNT
sheets interleaved PVC foam core/glass fiber face sheet sandwich
composites.

Several MWNT sheets and Teflon tapes were first placed in a
sequence as shown in Fig. 1. The Teflon tapes were placed over the
MWNT sheets by 50.8 mm, then the mold release agent was sprayed on
the Teflon taped region to generate a sufficient debonding around the
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crack tip. Afterward, MWNT sheets were laid down on the smooth side of
the H80 PVC foam core. Next, ethanol was sprayed on the MWNT sheets
to densify the MWNT sheets into a densified MWNT film. The composite
skins were made of 2 layers of glass fiber fabrics on each side. Next,
breathing cloth, release film, glass fiber fabric, modified PVC foam, glass
fiber fabric, release film, and breathing cloth were laid in order. Mate-
rials used for the sandwich composites are shown in Fig. 2.

Later, the entire laminate was covered by a vacuum bagging film
(Nylon; FibreGlast) and sealed with sealant tape (Yellow tape; Fibre-
Glast). Then, the epoxy resin mixture (degassed at 20 °C for 30 min) was
transferred to the laminate. Next, the vacuum was applied for 2 h until
the epoxy mixture infiltrated the entire sandwich structure at room
temperature. Finally, the vacuum-bagged sandwich composite was
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Fig. 1. Schematic diagrams showing the sequence of the fabrication processes in which between 1 and 4 MWNT sheets are deposited in a patterned manner on top of
sacrificial Teflon tapes, these MWNT layers are liquid-evaporation densified while attached to a PVC foam, these MWNT sheets are then resin infiltrated; finally, the
outer glass fiber fabric skins are attached to the MWNT and PVC foam stacks: (a) 3D schematic of the MWNT sheets/Teflon tapes coated PVC foam, sequence: Teflon
tapes overlayed on a PVC foam sheet, following 1 layer to 4 layers of MWNT sheet interleaved on PVC foam, (b) 2D cross sectional view of the MWNT sheets/Teflon
tapes coated PVC foam, (¢) MWNT sheets interleaved PVC foam densified by ethanol, (d) a densified MWNT sheet coated PVC foam impregnated by resin droplets, (e)
2 layers of glass fabrics overlayed on the bottom side of densified MWNT sheet coated PVC foam, (f) 2 layers of glass fabrics overlayed on the top side of densified
MWNT sheet coated PVC foam, (g) a general view of VARTM setup (resin flow: right-hand side to left-hand side, composite laminate in-plane dimensions: 812.8 x

304.8 mm, VARTM setup overlaying schedule: (from top to down) breathing cloth-flow media-release film-composites-release film-flow media-breathing

cloth-mold).
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(e)
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Fig. 2. Two layers of MWNT sheets interleaved end notched GFRC skin/H80 GPC PVC foam core sandwich composite prepared by the VARTM process: (a) an MWNT
sheets modified sandwich composite; (b) an MWNT sheet laminated from an MWNT forest; (c) a unidirectional glass fabric; (d) a PVC foam panel; (e) a Teflon tape.

placed in an oven and cured at 80 °C for 4 h.
2.3. ENF testing

Following the ASTM D7905 standard [42], the delamination prop-
erties of the sandwich composites at the skin/core interface were
measured by the End-Notched Flexure (ENF) testing, as illustrated in
Fig. 3. A support span-to-depth ratio of 6:1 was used. Values of 4:1, 5:1,
and 6:1 were also used to determine the effect of aspect ratio. A 50.8 mm
pre-crack was generated by the Teflon tapes for each sandwich com-
posite. The specimen dimensions were 203.2 x 76.2 x 25.4 mm. The
H80 grooved and perforated (GPC) PVC foam core was selected due to
its lightweight and closed-cell structure. Five types of specimens were
prepared: baseline, 1 MWNT sheet, 2 MWNT sheets, 3 MWNT sheets,
and 4 MWNT sheets, and three specimens were tested for each type of
sandwich composite. Mid-point deflection and bending load on an Ins-
tron 5969 material test system were recorded, and the flexural proper-
ties were calculated. The crosshead speed was set as 0.5 mm/min to
obtain stable debonding at the skin/core interphase. All the tests were
carried out successfully, and the effect of MWNT sheets was systemati-
cally investigated. Three tests were conducted for each case to ensure
repeatability of the testing results.

P
50.8

A
\ 4

2.4. Surface strain measurement by DIC

The DIC technique, a non-contact full-filed deformation measure-
ment method [43-46], was used to measure the deformations of the side
surface of a specimen using a commercially available 2D GOM Correlate
software (GOM Inc., Charlotte, NC). During an ENF test, digital images
of the specimen surface were acquired every 5 s using a Nikon D7100
camera with 3840 x 2748 pixels resolution and a 40-mm lens. The work
distance of the lens was 1.9 m, which allowed us to capture images of the
entire support span of the specimen within the region of interest.

2.5. Image acquisition by a high-speed camera

A FASTCAM SAG6 high-speed camera system was used to acquire
surface images that enabled observation of the high-speed events for
crack initiation and propagation. The camera had a resolution of 1280 x
1024 pixels and could record motion up to 20,000 frames/s and store up
to 5000 full frames in memory. A NiLA VARSA LED light was used for
illumination. A frame rate of 2000 frames/s was used in experiments.
Image visualization was made using FASTCAM Viewer (PFV) software
(V6.4).

Aspect Ratio: 6:1
Unit of Length: mm
Crosshead Speed: 0.5 mm/min

< ) Loading Pin

Pre-crack

25.4

A

152.4

Fig. 3. A schematic diagram of ENF testing of a composite sandwich specimen.
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2.6. Measurement of electrical conductivity

The electrical conductivity of the two MWNT sheets modified sand-
wich composites (50.8 x 50.8 x 30.5 mm) along the longitudinal di-
rection was measured using a DC power supply. A BK-precision model
9202 power source at 15 V was used to measure the electrical resistance.
In conjunction with a conductive silver paste, copper sheets were
applied at the contact region of MWNT and copper sheets to reduce the
wire resistance and increase the contact area. The electrical conductivity
was calculated from the measurement with the consideration of the
specimen dimensions.

2.7. Finite element modeling implementing a CZM

A finite element model implementing a CZM in the skin/core inter-
phase region was used to simulate the skin/core debonding behavior of
the end-notched sandwich composites at 6:1 aspect ratio in Abaqus 6.14
explicit code [47]. 4-node bilinear plane stress quadrilateral elements
(type: CPS4R) were used for skin, core, and loading pins. Reduced
integration and hourglass control techniques were used to achieve faster
convergence. In the skin/core interphase region, 4-node
two-dimensional cohesive elements (type: COH2D4) were used to
simulate debonding. The total number of elements in the adaptive mesh
was 1.5 x 10° to eliminate the mesh dependence for simulations of
steady crack propagation in the skin/core interphase region. A thin
cohesive layer (baseline) with a thickness of 15 um, determined by
microscopic observation, was introduced in the end-notched skin/core
interphase region of the specimen to model the bonding between the
skin and core by epoxy. However, due to a high stiffness in the 2 MWNT
sheets enhanced skin/core interphase region, the usage of CZM elements
encountered difficulty in achieving convergence. Both CZM elements
and 4-node bilinear plane stress quadrilateral elements implementing
ductile damage criterion with exponential softening behavior were used
in the simulations of the 2 MWNT sheets interleaved skin/core inter-
phase region to resolve this issue. Hill’s yielding criterion was used in
the 2 MWNT sheets interleaved sandwich composite skins region sim-
ulations. Compared with the conventional Cohesive Zone Model (CZM)
for simulating debonding behavior in the sandwich composites’ inter-
phase, this model offers significantly faster convergence and higher
accuracy, especially for simulating a step change in the stiffness of the
skin/core interphase region. Additional details are provided in the re-
sults and discussion section.

The flexural stress, in-plane shear strain, and IFSS distributions for
the end-notched sandwich composites were visualized in the front view,
zoom-in view at the crack tip, and zoom-in view at the loading pin. The
energy absorption of the end-notched sandwich composites is reported
in the results and discussion section.

Mechanical properties and cohesive parameters of the end-notched
sandwich composite are listed in Tables 1 and 2.

The fracture parameters used in the quadrilateral and CZM elements
are listed in Table 2. The Young’s modulus of MWNT interleaved skin/
core interphase (E;; = 130 GPa) was determined by matching the load-
deflection curves to the experimental data. The Young’s modulus of the
skin/core interphase region was determined as 130 GPa, which is 36
times higher than that of the cured epoxy (E, = 3.6 GPa) [48]. We
considered that the skin/core interphase thickness is equal to that of the
baseline and 2 MWNT sample model in FEM. Although we are using the
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same type of glass fabric and core, the actual thickness of the skin/core
interphase region can be different because of the inconsistency in the
surface textures of the glass fabric skin and cellular microscale topog-
raphy of the foam core.

2.8. Extraction of the thickness and Young’s modulus in the skin/core
interphase region using an inverse method

Based on the rule of mixtures, Young’s modulus of the skin/core
interphase region is

Ei_rom = (Emwyrtuwnr +Eit,) /[ t; (@)

Here, t indicates the thickness of the material. Subscript MWNT, r and i
are denoting the MWNT layer, resin layer, and skin/core interphase. The
Young’s modulus of MWNTs is taken as 1 TPa [50].

From the curve fitting method, the Young’s modulus of skin/core
interphase region is

E; :f(E,/;“Iﬁz) /Ii:E/n 'l,}”/t? 2)

Here f(Eg,I5) is a numerical constant (flexural rigidity of skin/core
interphase region: Ep o I, = 3.1 x 10'® GPa e ym*) which follows the
Euler-Bernoulli beam theory (EBT) in the FEM. When the flexural ri-
gidity of the skin/core interphase region remains constant in the com-
posite structure, the stiffness of the sandwich composite should also stay
the same as an arbitrary skin/core interphase thickness.

The skin/core interphase thickness is

L =tywnr + 1 3)

Fig. 4 shows Young’s modulus and stiffness of the two layers of
MWNT interleaved skin/core interphase end-notched sandwich com-
posite as a function of interphase thickness.

Properly defining the thickness and Young’s modulus of the skin/
core interphase region of the MWNT sheets interleaved end-notched
sandwich composite in the FEM is challenging. Based on the rule of
mixture, Young’s modulus of the skin/core interphase region should be
close to the cured epoxy (E, = 3.6 GPa) due to a massive thickness dif-
ference between the cured epoxy layer (15-50 ym) and densified MWNT
layer (~200 nm). When we define a thin layer with the solid element as
the MMWNT-modified skin/core interphase in FEM, Young’s modulus
acquired from the curve fitting method is higher than the rule of the
mixture method. The intersecting point between the two curves (E;_g
and E;_.om) are (95 um, 5.60 GPa). Theoretically, the intersecting point
should give the realistic material behavior if Young’s modulus in the
MWNT sheets interleaved skin/core interphase region following the rule
of the mixer.

However, based on the information in Fig. 4b, the stiffness of the
MWNT sheets interleaved end-notched sandwich composite is no longer
realistic when the skin/core interphase is > 50 ym in the FEM. Because
the moment of inertia of the skin/core interphase contributes to the
flexural rigidity, no longer Young’s modulus. So, achieving a reasonable
stiffness (<50 pum) is impossible under the setting of 95 ym and 5.60 GPa
in the FEM. Furthermore, based on the information in Fig. 4, it is still
unclear whether the MWNT interleaved skin/core interphase is
following the rule of mixer or the FEM is unrealistic.

Table 1

The elastic properties of the UD970 glass fiber/epoxy composite skin and the H80 PVC foam core [35].
Material E1 E, Es3 113 Va3 G2 G13 Ga3
UD970 glass/epoxy skin 32 GPa 19 GPa 19 GPa 0.32 0.32 12.3 GPa 12.3 GPa 7.3 GPa
H80 PVC foam core 98 MPa 55 MPa 55 MPa 0.349 0.207 28 MPa 28 MPa 19 MPa

Note: Subscript 1 indicates the longitudinal direction, and subscripts 2 and 3 indicate transverse directions. The units for the properties of the UD970 glass skin and the

H80 PVC foam core are GPa and MPa, respectively.
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Table 2
Fracture parameters used in the quadrilateral and CZM elements.
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Specimen Region K (N/mm) E (GPa) of (MPa) dy (mm) n & (mm/mm) ST (MPa/MPa) & (mm/mm/min)
Baseline end-notched skin/core interphase ~ 10° - 29 0.13 10°° — - -

skin/core interphase 10° - 115 0.13 10°° - - -
2 MWNT sheets  end-notched skin/core interphase ~ 10° - 12 0.6 1075 - - -

skin/core interphase - 130 — 0.1/n=10 — 8 x107* 1 0.02

Note: K: cohesive stiffness [49], E: Young’s modulus, oy: local stress at the fracture initiation point, ds: local displacement at failure; n: exponential term, #: viscous
regulation term, &: local fracture strain at the fracture initiation point, ST: stress triaxiality, £: strain rate at the fracture initiation point.
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Fig. 4. The Young’s modulus and stiffness of the two layers of MWNT interleaved skin/core interphase end-notched sandwich composite as a function of interphase
thickness: (a) Young’s modulus of skin/core interphase region; (b) stiffness of the end-notched sandwich composite.

3. Analytical approach for mode I and II fracture toughnesses
and stress intensity factors

The first-order shear deformable bi-layer beam theory is used to
derive mode I and II fracture toughnesses of a sandwich composite under
the ENF test proposed by Wang et al. [51]. The advantage of this theory
lies in its ability to distinguish between Mode I and II fracture toughness
values from the ENF test. It has also been utilized by several researchers
in studying functionally graded beams, where mechanical properties
change across the thickness [52-55]. The intermediate derivation steps
are shown in the SI section. All the parameters were defined in Appendix
A Table A1 of the SI section.

The expressions for mode I and II fracture toughnesses are given as,

N

— 1 1 2
Gl—o.s(E+B—b) [V + kM + 3 )] @

(eM —nN)? 2

Gll

1
Thé+2n

Here, M, N, and V are the internal bending moment, axial force, and
shear force, respectively. k, & and 7 are parameters in the tangential
stiffness matrix. B; and B are the shear stiffness coefficient term of the
global stiffness matrix for the top and bottom layer of the sandwich
composite. h; is the thickness of the top layer of sandwich composite.

Hwu et al. investigated [56] the mixed-mode fracture in a bi-layer
sandwich beam using the first-order deformation shear theory under
the plane stress condition. The relationships between mode I and II
fracture toughnesses and stress intensity factors for the ENF specimen
are

! 3

4

K2
Gy = T”
4. Results and discussion

4.1. Characterization of the mode II fracture behavior of sandwich
composite under ENF test

We herein report the experimental results obtained in experiments.
The numerical results for the effect of MWNT sheets and aspect ratio are
listed in Table 3.

The densification conditions and failure modes of the MWNT inter-
leaved sandwich composites are shown in Fig. 5. The results indicate
that the MWNT was properly densified on the PVC foam core surface and
successfully enhanced the delamination toughness of the sandwich
composites.

From Fig. 5(a) and (b), the densification process can successfully
elapse the pores in the MWCNT sheets. However, the densification
process can create knots and wrinkles between the MWCNT bundles
owing to the surface tension of ethanol droplets. So, properly controlling
the amount of ethanol applied to the MWCNT sheets is critical to secure
the enhancement performance of sandwich composites. In Fig. 5(c) and
(d), the failure mode changes from skin/core interphase debonding into
core shearing failure. Inducing two layers of MWNT sheets in the skin/
core interphase successfully enhanced the debonding toughness of the
sandwich composite.

The geometries of the crack initiation are shown in Fig. 6. Based on
the four subfigures of Fig. 6, the geometry of the crack initiation path is
not straight. The effective crack length for fracture initiation for the
MWNT sheets interleaved end-notched sandwich composites (1, 2, 3,
and 4 MWNT sheets interleaved) is 2.4 mm, 2.6 mm, 1.4 mm, and 2.3
mm, respectively. Under 2000 fps used in observation, the camera could
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Table 3
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A summary of the effect of MWNT sheets and aspect ratio on debonding load capacity and debonding stiffness in the end-notched sandwich composite specimens.

Number of MWNT Initial crack length Aspect Debonding load Load enhancement Debonding stiffness (N/ Debonding stiffness variation
sheets (mm) ratio N) (%) mm) (%)

Baseline (0) 50.8 6:1 2856.47 - 1269.83 -

1 2888.60 1.12 1248.84 -

2 3908.62 36.83 1395.46 9.89

3 3265.35 14.31 1413.20 11.29

4 2952.60 3.37 1244.47 -

2 5:1 3005.86 - 1427.97 2.33

2 41 3747.01 - 2317.45 66.07

Fig. 5. Micrographs of MWCNT sheets modified end-notched sandwich composites: (a) 40 x magnitude image of MWCNT sheets which were coated on the PVC
foam, (b) 40 x magnitude image of MWCNT sheets which was coated then densified on the PVC foam, (c) 5 x magnitude fractographic image of the baseline sample,
(c) 5 x magnitude fractographic image of the 2 MWCNT sheets interleaved sample.

not capture the images showing the crack initiations in these ENF
specimens.

4.2. Analysis of the mode I and II fracture of the sandwich composite
under ENF test

The mode I and II fracture toughness (G) was directly acquired from
load versus deflection curves (Fig. 3a in SI) under ENF tests through
energy release (U) with unit incremental crack length (Aa) (expression:
G = — %‘é—f{). The mode I and II fracture toughnesses (G; and Gy) and
stress intensity factors (K and Kjj) are obtained by equations in section 3
egs (1)-(4). The effect of MWNT sheets on the fracture propagation of
the MWNT sheet interleaved sandwich composite under ENF tests is
shown in Fig. 7. MWNT enhances the fracture toughness of sandwich
composite skin/core interphase by reinforcing the local stiffness (MWNT
reinforcement location: right above the core surface), thereby improving
load transfer between the skin and core, and delaying crack initiation
and propagation in the skin/core interphase.

From Fig. 7a, mode I fracture toughness (Gjp) at the 2nd fracture
initiation stage (a = 50.8 mm) for the baseline, 1 MWNT sheet inter-
leaved, 4 MWNT sheets interleaved, 3 MWNT sheets interleaved, 2

MWNT sheets interleaved specimens are 0.11 kJ/rnz, 0.11 kJ/mZ, 0.12
kJ/m?, 0.17 kJ/m?, and 0.25 kJ/m?, respectively. Compared with the
baseline specimen, the mode I fracture toughness (Gy) at the fracture
initiation stage for the 2 MWNT sheets interleaved specimen was
enhanced by 127.3 % for the ENF test. The mode I fracture toughness
(Gp at 2nd fracture end-stage (a = 76.2 mm) for the baseline, 1 MWNT
sheet interleaved, 4 MWNT sheets interleaved, 3 MWNT sheets inter-
leaved, 2 MWNT sheets interleaved specimens are 0.71 kJ/mz, 0.74 kJ/
m?, 0.77 kJ/m?, 0.94 kJ/m?, and 1.35 kJ/m?, respectively. Compared
with the baseline specimen, the mode I fracture toughness (Gj) at the
2nd fracture end-stage for the 2 MWNT sheets interleaved specimen was
enhanced by 90.1 % under the ENF test. So, under the mode I fracture,
interleaving the MWNT sheets in the skin/core interphase region will see
greater toughness enhancement for fracture initiation than for crack
propagation. crack propagation. The primary reason for providing
higher benefit to fracture initiation than when the crack propagated to a
certain depth along the skin/core interphase region (A a = 24-25 mm) is
due to the difference in the strain rate involved in the loss of structural
stability. As the crack continues to propagate within the skin/core
interphase of a sandwich structure, its propagation speed decreases, and
so does the strain rate, whereas, at crack initiation, a high strain rate is
involved, where the enhancement in crack initiation fracture toughness
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(b)
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1 Stage Fracture Area
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2 Stage Fracture Initiation

Fig. 6. High-speed images showing the 2nd stage crack initiation on top skin/core interphase of the MWNT sheet interleaved sandwich composite (frame rate: 2000
fps): (a) ENF sandwich composite specimen with one layer of MWNT sheet interleaved, (b) ENF sandwich composite specimen with two layers of MWNT sheets
interleaved, (c) ENF sandwich composite specimen with three layers of MWNT sheets interleaved, (d) ENF sandwich composite specimen with four layers of MWNT
sheets interleaved, (e) a schematic diagram of 1st and 2nd fracture stages of ENF sandwich composite specimen.
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Fig. 7. Effect of MWNT sheets on the fracture toughness of the MWNT sheets interleaved sandwich composite under ENF test: (a) mode I fracture toughness (Gy)
versus crack extension, (b) mode II fracture toughness (Gy) versus crack extension.. (Initial crack length: 50.8 mm)
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is more pronounced. The MWNT interleaved interphase plays a less
significant role in preventing failure due to the type of catastrophic
failure observed in sandwich structures toward the end of testing (A a
>25 mm), which is not limited to debonding between the skin and core,
as the crack propagates into the foam region as well.

The mode II fracture toughness (G at the 2nd fracture initiation
stage (a = 50.8 mm) for the baseline specimen and 2 MWNT sheets
interleaved specimens are 4.17 kJ/m? and 9.41 kJ/m?, respectively. The
mode II fracture toughness (Gyp) at the 2nd fracture end-stage (a = 76.2
mm) for the baseline specimen and 2 MWNT sheets interleaved speci-
mens are 28.61 kJ/m? and 54.34 kJ/m?, respectively. Compared with
the baseline specimen, the mode II fracture toughness (Gy) at the 2nd
fracture initiate and end-stage for the 2 MWNT sheets interleaved
specimen were enhanced by 125.7 % and 89.9 % under the ENF test,
respectively. Generally speaking, under the ENF boundary condition, an
ENF sandwich composite specimen with two layers of MWNT sheets
interleaved on the skin/core interphase shows the best skin/core
debonding enhancement. The MWNT sheets show a consistent per-
centage enhancement in mode I and mode II fracture toughness (G) over
the baseline case.

The mode I stress intensity factor (K;) at 2nd fracture initiation stage
(a=50.8 mm) for the baseline specimen and 2 MWNT sheets interleaved
specimen are 0.13 MPa,/mm and 0.19 MPa./mm, respectively.
Compared with the baseline specimen, the mode I stress intensity factor
(Kp at the fracture initiate stage for the 2 MWNT sheets interleaved
specimen was enhanced by 46.2 % under the ENF test. The mode II stress
intensity factor (Kjj) at the fracture initiation stage (a = 50.8 mm) for the
baseline specimen and 2 MWNT sheets interleaved specimen are 0.80
MPa,/mm and 1.20 MPa,/mm, respectively. Compared with the baseline
specimen, the mode II stress intensity factor (Ky;) at the fracture initiate
stage for the 2 MWNT sheets interleaved specimen was enhanced by
50.0 % under the ENF test. The highest enhancement in toughness
observed in specimens with 2 MWNT sheets interleaved, compared to
those with 1, 3, and 4 MWNT sheets, is attributed to the optimal amount
of Xerogel applied in the skin/core interphase. An excessive amount of
Xerogel is prone to shear cracking in the CNT Xerogel sheets plane under
load, as the CNT sheets can easily slide against each other, and become
brittle, thus reducing the interphase’s ductility, energy absorption, and
overall toughness [57,58]. Furthermore, Alessandro et al. [59] have
noted the critical role of the distance between two MWNT sheets in
affecting sliding force, or in another term, the Interfacial Shear Strength
(IFSS). When the gap is less than 0.34 nm, the sliding force increases
exponentially as the distance decreases due to a linear increase in van
der Waals traction. During the sliding stage of the MWNT sheet, the
external force applied transitions from kinetic to potential energy,
facilitated by van der Waals traction between the sheets. This stored
potential energy enhances energy absorption, thereby delaying fracture
initiation in the skin/core interphase of the sandwich structure.

During the ENF tests, we modified the ratio of Mode I to Mode II
fracture toughness values by altering the aspect ratio and the loading
position within the supporting region. Our goal was to assess Mode II
fracture toughness and energy absorption. We utilized an aspect ratio of
6:1 under central loading. Subsequent analysis of the raw data was
conducted using the bi-layered first-order shear deformation theory,
which enables us to differentiate between Mode I and Mode II fracture
toughnesses. The mode I fracture toughness (Gj) at the 2nd initiation
stage for baseline and 1-4 MWNT sheets interleaved specimens are 0.11
kJ/m?, 0.12 kJ/m?, 0.25 kJ/m?, 0.17 kJ/m?, and 0.12 kJ/m?, respec-
tively. At the 2nd fracture initiation stage, when 2 MWNT sheets inter-
leaved in the skin/core interphase region of the sandwich composite, the
mode II fracture toughness (Gy) is enhanced by 110.32 %, as shown in
Fig. 8. Since the percentage enhancement of fracture toughness (G) is
higher than the stress intensity factors (K), the crack propagates should
slowly along the skin/core interphase. This conclusion is consistent with
the experimental investigation. Although 1 MWNT sheet interleaved
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Fig. 8. The effect of the number of MWNT sheets inserted in the skin/core
interphase region on the 2nd stage crack initiation mode II fracture toughness
(Gr) and mechanical energy absorption under the mixed mode fracture con-
dition of the MWNT sheet interleaved sandwich composite in ENF testing. Note:
The 2nd stage fracture initiation triggers at the peak flexural stress stage, and
the crack propagates to the MWNT interleaved interphase. Due to a massive
difference between the mode I and II fracture toughnesses (G; & Gyy), the mode I
fracture toughness (G;) is not shown in this figure.

end-notched sandwich composites do not significantly enhance the
mode I and II fracture toughnesses (G & Gyy), the fracture toughness (G)
increases due to the inserted MWNT sheets. Also, from Fig. 6a and b, the
crack propagation speed is reduced with increased fracture toughness
(G). At the second fracture initiation stage, introducing MWNT sheets
into the skin/core interphase enhances stiffness, including at the crack
tip. This enhancement reduces the shear stress levels at the crack tip,
thereby delaying fracture initiation and increasing both fracture
toughness and energy absorption. A detailed analysis of the crack tip
was performed using FEM, the results of which are illustrated in the
figures that follow.

In Fig. 9a, the 2 stages of fracture initiation of the MWNT sheets
interleaved, and baseline sandwich composites are successfully captured
through the IFSS on the crack tip. However, the 1st stage fracture
initiation of the baseline specimen does not affect the stress state too
much due to a weak bonding on the end-notched region. For the MWNT
sheets interleaved specimen, 1st stage fracture initiates at 32.6 MPa and
then gradually decreases to 20.3 MPa within ~2.6 mm. When the 1st
stage fracture finishes crack propagation, the interfacial shear stress
climbs back to 41.6 MPa within ~0.5 mm, and a sinusoidal stress wave
arises with initially ~2.6 MPa amplitude with a period of ~1.2 mm.
After 5 sinusoidal stress waves, the interfacial shear stress stabilizes at
42.9 MPa until the 2nd stage fracture initiation occurs. The sinusoidal
stress (Amplitude: ~17.2 MPa, period: ~0.5 mm) waves arise again after
the 2nd stage fracture is triggered. For the baseline specimen, the stress
field in front of the crack tip is also sinusoidal in form with an irregular
amplitude and period. However, a higher computational cost is needed
for a detailed sinusoidal stress state around the crack tip. Fig. 9a shows a
general interfacial shear stress trend around the crack tip during the
crack propagation in the MWNT sheets interleaved skin/core interphase
region, which balances the computational cost and numerical accuracy.
The MWNT sheet’s interleaved skin/core interphase plays a significant
role in preventing fracture initiation under the loading pin region since
the loading pin applies the compression load directly to the glass skin
without exceeding the skin loading capacity. In addition, this mecha-
nism also works on the core material under the loading pin to prevent
the local core from crushing under the compression loads.
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Fig. 9. IFSS versus deflection for the 2 MWNT sheets interleaved and baseline end-notched sandwich composites for an aspect ratio of 6:1: (a) IFSS at 3 mm in front
of the crack tip, (b) schematic diagram of the crack tip in the skin/core interphase. Note: The brown dashed line indicates the 1st stage fracture initiation on the end-
notch, and the blue dashed line indicates the 2nd stage fracture initiation on the crack tip. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

5. Discussion on the electrical and thermal conductance of the
MWNT sheets interleaved sandwich composites and comparison
with other MWNT/epoxy composites

Compared with other methods for enhancing the skin/core inter-
phase of the sandwich composites, MWNT material is highly attractive
for providing a high multi-functional performance [60]. For mechanical
performance, a detailed summary of the MWNT sheets interleaved
sandwich composites and a comparison with the commercial
MWNT/epoxy composites are shown in Table 4. All the referenced work
can represent typical cases of the MWNT modification on the skin/core
interphase of sandwich composites and the MWNT sheets interleaved
glass fiber composites.

In Table 4, there are two numerical values in row 2 column 13, and
row 2 column 14 for enhancements of IFSS and energy absorption. These
two IFSS enhancements (row 2 column 13) are the average values of the
entire sandwich and the value near the stress concentration region of
skin/core interphase at the 2nd stage fracture initiation (152.8 % and
244.2 %, respectively). The energy absorption enhancement (row 2
column 14) is the average value of the entire skin/core interphase and
the entire sandwich composite specimen at the 2nd stage fracture
initiation (132.6 % and 82.6 %, respectively).

We next compare our results with literature data. Chen et al. re-
ported, a 94.6 % enhancement in the mode I fracture toughness of
sandwich composite by electrostatic flocking 1 wt% MWNT on fabric
surfaces. However, the testing speed of DCB is 20 mm/min, which is 40
times faster than our case, and a higher testing speed can positively
affect the fracture initiation strength [65]. From the work of Patra et al.,
in which 0.3 wt% MWNT was dispersed in a resin matrix, and the
MWNT/resin was infused into the raw materials, 34.6 % loading ca-
pacity and 55.0 % mode I fracture toughness enhancements were ob-
tained. However, the aspect ratio for the debonding test is an essential
factor for fracture initiation and propagation. Based on the Patra et al.
investigation, a lower aspect ratio can increase IFSS on the skin/core
interphase, thereby positively influencing the fracture mechanism.

Compared with the MWNT sheets interleaved sandwich composite
and conventional-thin fiber-reinforced composite, interleaved MWNT
sheets can enhance mode I fracture toughness on the fiber-reinforced
composite plate and mode II fracture toughness on the sandwich com-
posites. On the other hand, the functionally graded MWNT chemical-
coated chopped carbon fiber mat cannot enhance the mechanical
properties as much as interleaved MWNT sheets. However, this
enhancing agent can significantly improve the electrical and thermal
conductivity of the skin/core interphase. Furthermore, because a
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sufficient volume fraction of carbon fiber on the skin/core interphase is
acting as a base of the electric and thermal conductivity, MWNT can
further enhance the conductivity.

An insight into the electrical and thermal conductivity of the lami-
nated MWNT densified MWNT/polymer composite sheet coated on the
PVC foam core surface of sandwich composites is discussed in this
paragraph. The paper by Tan et al. showed that the densified MWNT
sheets coated on PVC foam core achieved good thermal (~11
W/(m e K)) and electrical conductivity (~8.3 x 10* S/m), with a high
ultimate tensile strength of ~670 MPa [66]. The thickness of the
densified MWNT sheets is approximately 200 nm [38]. Compared with
the measured average thickness of the skin/core interphase (~15 um),
the intention is to provide high electrical and thermal conductivity in
the skin/core interphase region. Also, these estimations of electrical and
thermal conductivities are based on the effective Young’s modulus in the
skin/core interphase of the CZM model (130 GPa). The true Young’s
modulus of the laminated densified MWNT sheets can be higher than
these values. Also, Tan et al. give peak values for Young’s modulus,
ultimate tensile strength, thermal conductivity, and electrical conduc-
tivity of the laminated densified MWNT/polymer composite sheet that
are 450 GPa, 7 TPa, 80 W/(meK), and 9 x 10° S/m for a local fiber
volume fraction of ~90 % [66]. Therefore, the actual mechanical elec-
trical, and thermal properties of the laminated densified MWNT/pol-
ymer composite sheet should be similar. The electrical conductivity of
the skin/core interphase region was measured as 4.3 x 10* S/m. The
actual value is on the same order of magnitudes as the lower limit of the
estimated range (8.3 x 10%-9 x 10° S/m), based on the previous
investigation [66-68]. The lower value than the theoretical estimated
range is likely due to imperfections in the densified MWNT sheets. The
measured electrical conductivity value, however, is still high, which is
comparable to the higher values of electrical conductivity of conductive
polymers used in composites (10—104 S/m) [69-71]. According to the
investigation by Chu et al. [72], a meso/macroporous CNT paper
developed for composite structures exhibits an electrical conductivity of
7.8 x 10® S/m, capable of de-icing within 220 s at —22 °C. Zeng et al.
[73] reported that a PVDF/CNTs/Ni composite film, suitable for engi-
neering structures, demonstrates an EMI shielding property of 102.8 dB
mm-!, with electrical conductivity ranging from 1.1 to 2.3 x 102 S/m.
Furthermore, Wang et al. [74] showed that dispersing CNTs in epoxy at
concentrations of 0.2-1.8 wt% results in an electrical conductivity range
of 1073 to 10~° S/m, applicable for structural health monitoring. These
results indicate that laminated MWNT sheets interleaved within sand-
wich composites provide both electrical and thermal conductivities
higher than those of conductive polymers. This enhancement paves the
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Table 4

A summary of the improvement and comparison of the mechanical properties of 2 MWNT sheets interleaved sandwich composite.

AGse/Gsec

AGy/Gue  AGi/Gre  Aky/kne  AKyp/Kye  AKi/Kie  ATiss/Tirsse

Aoy /0p

W% TY/AR/TS

Process method

Interphase
Material

Composite

Material

Reference

Entire interphase: 132.6/
Entire sandwich: 82.6

Entire sandwich: 244.2/
Stress concentration:

110.3 86.0
152.8

50.0

125.7 127.3

36.8

ENF/6:1/0.5

mm/min

GF/PVC-SC MWNT sheets Interleaved ~0.084

This work

94.6

DCB/ — /20
mm/min

MWNT forest Electrostatic 1.5
flocking

CF/H-SC

Chen et al.

[61]

Chen et al.

44.9

19.1

MWNT-C/ Chemical & 1.5 DCB/ — /2

CCFM

GF/PVC-SC

mm/min

interleaved
Dispersion

[62]
Patra et al.

34.3

DCB/ — /0.5
mm/min

1.5

MWNT

GF/PVC-SC

/epoxy

[35]
Patra et al.

Kpmix > 55.0

MWNT Dispersion 0.3 MMB/4:1/0.5 >34.6
mm/min

GF/PVC-SC

/epoxy

[63]
Cheng et al.

34.0

126.2

28.46

28.5

ENE/5:1/1

mm/min

Interleaved

MWNT/epoxy

sheets

GP

[64]

DCB/ - /1

mm/min

30

57.0

DCB/ - /1

MWNT sheets Interleaved 0.048

CFRC

Koirala et al.

mm/min

[38]

Note: 1. wt%: weight fraction of the MWNT, AR: aspect ratio of the experimental testing, TY: testing type, TS: testing speed, ENF: end-notched flexural test, DCB: double cantilever beam test, MMB: mix mode bending test,
os: flexural strength, Gy;: mode II fracture toughness, ky: stress intensity factor, Kj;: fracture toughness at 2nd fracture initiation stage, 7jrss: interfacial shear stress, Gs.: energy absorption (Unit for mechanical properties is

the percentage (%)); 2. CFRC: carbon fiber reinforced composite, SC: sandwich composite, GP: GFRC prepreg, GF/PVC: GFRC skin/PVC foam core, CF/H: GFRC skin/honeycomb foam core, MWNT-C/CCFM: MWNT-

COOH/chopped glass fiber mat.
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way for exploring applications such as lightning protection, structural
health monitoring, and de-icing in strong, lightweight sandwich com-
posite structures across various fields, including aerospace and wind
energy.

The primary challenge in this research is achieving consistent
densification of MWNT sheets into a Xerogel layer on PVC foam, espe-
cially for large sandwich panels. Developing a proper densification
process is crucial to enhance uniformity and efficiency across larger
panels, thereby fulfilling the requirements for scaled-up production in
the composites industry.

6. Conclusion

In this work, we prepared end-notched sandwich composites by
VARTM process, then measured the mode I and mode II fracture criteria
by ENF tests, following analysis of mechanical properties of the crack tip
and skin/core interphase by CZM. To strengthen the fracture toughness
and IFSS, ultra-thin MWNT sheets (1-4 plys) from an MWNT forest were
interleaved and then densified in the skin/core interphase region of the
sandwich composites. After the resin was impregnated in the composite
laminates and cured in an autoclave, the continuous and highly dense
MWNT sheets were connected to PVC foam and glass fabric surfaces by
crosslinking with polymer chains. Two MWNT sheets (~0.084 wt%)
interleaved sandwich composites possess the best performance (36.8 %
increase in flexural strength; 127.3 % and 125.7 % increases in mode I &
II fracture toughness values, respectively; and 152.8 % increase in IFSS)
among all types of sandwich composites. When interleaving more than
two layers of MWNT sheets (>0.084 wt%) in the skin/core interphase
region, shearing between MWNT sheets can lead to early fracture
initiation, hence reducing the mechanical properties of the sandwich
composite. The advantages of the interleaving process for laminated
MWNT sheets are cost-effectiveness, easy scalability, and reduction in
composite weight, along with better mechanical performance than for
materials produced by MWNT dispersion processes.

The CZM fracture model uses a cohesive solid element layer on the
notched and unnotched skin/core interphase to achieve more realistic
conditions, considering the skin/core jam for the end-notched region.
The FEM model reveals the local mechanical behavior of the skin, core,
crack tip, and skin/core interphase. Interleaving the MWNT sheets on
the skin/core interphase can reduce the stress level on the skin and core,
hence delaying fracture initiation and propagation for the core. Also, a
lower IFSS on the crack tip and a sufficiently high IFSS on the skin/core
interphase under the loading pin is captured. This indicates that the
MWNT sheets can delay fracture initiation on the crack tip and enhance
the load capacity of the entire sandwich structure. In addition, a sinu-
soidal form of IFSS is captured for the skin/core interphase, and the
MWNT sheets can provide significantly enhanced stability concerning
crack propagation.

MWNT also enhanced the electrical conductivity of the cured resin in
the skin/core interphase region. The measured electrical conductivity of
the skin/core interphase region is 4.3 x 10* S/m, which is on the same
order of magnitude as the electrical conductivity (10-10* §/m) of a
highly conductive polymer [69-71]. Replacing conventional conductive
materials with MWNT-filled polymers reported herein can increase
flexibility and reduce the structure’s weight. Furthermore, the densified
MWNT layer in the skin/core interface provides additional functions,
such as EMI shielding, de-icing, and structural health monitoring.

Herein, the MWNT sheets interleaved sandwich composite has been
shown to have significantly increased the IFSS (an increase of 152.8 %
over the baseline); it is suitable for structural applications that require
high interfacial strength at the interface. The insertion of MWNT sheets
also effectively prevents or delays the damage formation at the core/skin
interface in sandwich composites. Furthermore, the laminated MWNT
sheets process is easily scalable and cost-effective, paving the way for
such diverse applications as aerospace, wind energy, sports gear, and
ships.
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