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Abstract: In this study, a carbon nanotube (CNT) buckypaper was interleaved in a carbon-fiber-
reinforced polymer (CFRP) composite to improve the interlaminar fracture toughness. Interleaving
the film of a laminate-type composite poses the risk of deteriorating the in-plane mechanical proper-
ties. Therefore, the in-plane shear modulus and shear strength were measured prior to estimating
the interlaminar fracture toughness. To evaluate the effect of the buckypaper on the interlaminar
fracture toughness of the CFRP, double cantilever beam (DCB) and end notch flexure (ENF) tests were
conducted for mode I and mode II delamination, respectively. No significant change was observed
for the in-plane shear modulus due to the buckypaper interleaving and the shear strength decreased
by 4%. However, the interlaminar fracture toughness of the CFRP increased significantly. Moreover,
the mode II interlaminar fracture toughness of the CFRP increased by 45.9%. Optical micrographs of
the cross-section of the CFRPs were obtained to compare the microstructures of the specimens with
and without buckypaper interleaving. The fracture surfaces obtained after the DCB and ENF tests
were examined using a scanning electron microscope to identify the toughening mechanism of the
buckypaper-interleaved CFRP.

Keywords: carbon-fiber-reinforced polymer; carbon nanotubes; buckypaper; interlaminar frac-
ture toughness

1. Introduction

Carbon-fiber-reinforced composites exhibit excellent strength and stiffness and are
gradually replacing existing metal-based materials owing to the development of modern
production methods and technologies. Carbon-fiber-reinforced polymer (CFRP) composites
exhibit superior properties compared to metal-based materials. Hence, CFRP composites
are widely used in the automobile, sporting goods, and aerospace industries. Among the
composite material fabrication methods, laminated carbon-fiber-reinforced composites are
the most important and convenient composite fabrication methods since the development
of prepregs and binders. Delamination is the primary mode of failure for laminated
polymer composites. In recent years, studies on enhancing the resistance to delamination
have been undertaken [1,2]. Delamination decreases the stiffness and strength of the
composite and is not visible in composite materials until complete failure occurs. Therefore,
it is vital to improve the interlaminar fracture toughness of composite laminates.

Interleaving, which is one of the methods to improve interlaminar mechanical proper-
ties, has been used to prevent crack propagation in fiber-reinforced composite materials
since the 1990s. Polycarbonate, polystyrene, and other thermoplastic resins were nano-
interleaved by electrospinning and placed between the ply interface to reduce microcracks
during delamination [3]. The interleaves made from Nylon-66 nanofibers increased the
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mode I interlaminar fracture toughness of the composites [4,5]. In another study, Nylon-66
nanofibers were interleaved in CFRPs using electrospinning to increase the threshold im-
pact energy and reduce the rate of impact damage growth [6]. An amorphous thermoplastic
film and a nitride-rubber-modified epoxy were applied to graphite/epoxy composites to
improve the mode II interlaminar fracture toughness [7]. The effects of interleaving poly-
imide (PI) and polypropylene (PP) nets, manufactured using a carding machine, on the
interlaminar fracture toughness and impact performance of CFRPs were studied [8]. Veils
based on polyethylene-terephthalate (PET), polyphenylene-sulfide (PPS), and polyamide-
12 (PA 12) fibers were used as interlayers in unidirectional non-crimp fabric and 5-harness
satin weave carbon fiber/epoxy laminates [9]. Non-woven carbon tissues with different
fiber lengths were interleaved to enhance both the delamination resistance and electrical
conductivity of CFRP [10].

Carbon nanotubes (CNTs) were widely used in many studies as nano-reinforcements
for composite materials. Multiple researchers studied the effect of CNTs on the fracture
toughness of polymer matrices [11-13]. The viscosity of polymer resins increases rapidly,
even if a small amount of CNTs is added directly. Thus, it is difficult to uniformly disperse
the CNTs in polymer resins using conventional composite manufacturing processes [14-16].
Several techniques were developed to overcome these limitations. Thostenson et al. pro-
posed the idea of growing CNTs on the surface of carbon fibers to improve adhesion with
polymer resins [17]. Aligned CNTs are grown at high temperatures and then transferred
to a graphite/epoxy prepreg [18]. The CNT/epoxy film cast using three-roll milling im-
proved the mode II interlaminar fracture toughness [19]. Electrospinning was used to
fabricate CNT/polymer nanofiber-based interlayers to improve the flexural performance,
mode II toughness, and impact properties [20]. Multi-wall carbon nanotube interlayers
were fabricated using a spraying technique to enhance the mixed-mode I/1I interlaminar
fracture toughness [21]. CNT veils were fabricated using chemical vapor deposition and a
direct spinning process. The CNT veils were interleaved with a woven carbon fiber/epoxy
composite to improve the interlaminar properties [22].

Our study demonstrated that the CNT buckypaper improved the mode I and mode
II interlaminar fracture toughnesses of carbon fiber composites without damaging the
in-plane mechanical properties. CNT buckypaper, which is a film-like CNT, eliminated
the rapid increase in viscosity caused by adding CNTs directly to the resin during CFRP
fabrication. The cumbersome dispersion process of CNTs could be eliminated by infusing
resin into the film material already containing CNTs using prepregs. In addition, the
mechanism of toughness improvement was explained based on the morphology analysis
of the fracture surface through scanning electron microscopy (SEM).

2. Experimental
2.1. Materials and Test Specimens

Buckypaper (NanoTechLab, Inc., Yadkinville, NC, USA) with 95% purity multi-wall
CNTs was selected for our research. Its density was 0.3-0.4 g/cm? and the average thickness
was 0.05 mm. Figure 1 depicts an SEM image of the buckypaper.
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Figure 1. SEM image of the buckypaper.

CFRP was fabricated using a woven carbon fiber prepreg (WSN3K, SK Chemical, WN)
and unidirectional carbon fiber prepreg (USN200A, SK Chemical, UD) that had interleaved
buckypaper. Carbon fibers in both prepregs were impregnated with epoxy resin in the
b-stage state. The thicknesses of the woven carbon fiber prepreg and unidirectional prepreg
ply were 0.23 mm and 0.205 mm, respectively. The epoxy resin contents of the prepreg plies
were 40% and 36%, respectively. The in-plane shear strength and modulus were measured
using woven carbon fiber prepreg specimens because the in-plane shear response of the
polymer matrix composite in ASTM D 3518 was based on £45° lamination. Four plies
of woven carbon fiber prepregs were laminated and the interleaving films were placed
between the 1st and 2nd, 2nd and 3rd, and 3rd and 4th plies. The specimen was cured
using hot pressing at 140 °C for 1.5 h. The specimen’s dimensions were 130 x 10 x 0.9 mm?3.
Interlaminar fracture toughness tests were conducted using a woven carbon fiber prepreg
and unidirectional carbon fiber prepreg. For the mode I interlaminar fracture toughness test,
both of the prepregs were fabricated with dimensions of 150 x 20 x 4 mm?>. For the middle
ply of the laminates, a 50 mm long and 25 um thick polytetrafluoroethylene (PTFE) film
was inserted to initiate crack propagation. In the specimens with buckypaper interleaving,
a 100 mm long buckypaper was placed behind the PTFE film. The lay-up was compacted
using a roller. Piano hinges with a width of 20 mm were attached using an adhesive film
(AF-163-2K, 3M, Two Harbors, MN, USA). For the mode II interlaminar fracture toughness
test specimens, a 70 mm long and 25 um thick PTFE film was placed as the middle ply of
the laminates to initiate crack propagation. The dimensions of the laminates for the mode
II tests were 200 x 20 x 4 mm?. Figures 2 and 3 illustrate the experimental setup for the
mode I and mode II interlaminar fracture toughness tests, respectively. All measurements
were performed using a universal testing machine (LR50K, Lloyd Instrument Ltd., Bognor
Regis, UK). In-plane shear properties and mode Il measurements were conducted using a
5 kN load cell; mode I measurements were conducted using a 1 kN load cell.
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Figure 3. Mode Il interlaminar fracture toughness test: (a) specimen dimension and (b) test setup.

2.2. In-Plane Shear Property Measurement

Strain data were exported from a 2-axis strain gauge (KFG-2-120-D-16-11, KYOWA,
Japan) and a data logger (SDL-350R, RADIAN, South Korea). The test was conducted in
accordance with ASTM D3518 [23]. The shear stress of the +45°-laminated specimen is
given by Equation (1):

_ P 1)
T2 = 5x (
where P denotes the applied tensile force and A denotes the cross-sectional area of the spec-
imen. The engineering shear strain (the ratio of total deformation to the initial dimension
of the specimen) is represented by Equation (2):

Y12 =& — &y ()

where ¢, denotes the longitudinal strain and ¢, denotes the transverse strain of the speci-
men. The shear modulus Gy, can be derived from the shear stress and shear strain from
Equations (1) and (2), respectively:

12

Gpp = —= 3
= 3)

According to the ASTM standard, y12 should be between 2000 and 6000 pe.

2.3. Mode I Interlaminar Fracture Toughness Measurement

Each specimen was tested until the crack in the specimen was propagated to 130 mm.
To measure the fracture toughness with respect to the delamination length, the crack was
measured using a USB microscope after drawing a scale of 1 mm intervals on the side of
the specimen. The crosshead speed was 4 mm/min. Modified beam theory method using
the double cantilever beam (DCB) specimen geometry is represented by Equation (4):

3P6
T 4)
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where P denotes the load, J denotes the load point displacement, a denotes the delamination
length, and b denotes the specimen width. Equation (4) could overestimate the value of
fracture toughness. This was because the beam used for the test was not perfectly built (i.e.,
rotation occurred during delamination). One way to eliminate this problem is to use DCB
specimens with longer delaminations with length |2 4+ A|, where A may be determined
experimentally by generating a least-squares plot of the cube root of the compliance.
Equation (5) represents the modified compliance calibration method used to measure the
mode I interlaminar fracture toughness [24]:

3p2Cc?/3

Gr = 2A,bh

©)

where A; denotes the slope of a/h with respect to C3, and h denotes the thickness of the
specimen. Compliance, C, is the ratio of the load point displacement to the applied load
5/P.

2.4. Mode II Interlaminar Fracture Toughness Measurement

End notch flexure (ENF) tests were conducted to evaluate the mode II interlaminar
fracture toughness. A compressive load was applied at the midpoint of the specimen.
The crosshead speed for the test was 1 mm/min. We calculated the mode II interlaminar
fracture toughness using the ENF compliance expression given by Russel and Street [25]:

3 3
C— d _ 2L+ 3a ©)
p 8E,Bh3

where P denotes the load, § denotes the deflection of the loading point, L denotes the
span, a denotes the crack length, E;, denotes the effective bending modulus in the axial
direction, B denotes the specimen width, and / denotes half of the thickness of the specimen.
The energy release rate can be explained based on the linear elastic fracture mechanics
as follows:

P2dcC
=B da @)
From Equations (6) and (7), Gjjc can be calculated using the following equation:
2 P 2
o ®

Clic = 15E, B8

where P, denotes the critical load at the crack growth initialization. By substituting Equa-
tion (6) into Equation (8), Gjjc can be expressed as follows:

9a2P.5,

Clie = 35005 + 33) ©)

where §. denotes the critical deflection value at the loading point.

3. Results and Discussion
3.1. In-Plane Shear Properties

According to a few studies, interleaving increases the toughness but decreases the
in-plane modulus and strength of the CFRP composites [26,27]. Therefore, the in-plane
modulus and strength of the buckypaper-interleaved CFRP specimens were examined.
Figure 4 shows the in-plane shear moduli and strengths of the specimens. We observed
a negligible difference in the in-plane shear modulus and strength between the baseline
and buckypaper-interleaved specimens. The in-plane shear strength of the buckypaper-
interleaved specimens was 4% lower than that of the baseline specimens. The in-plane
shear modulus values of both the baseline and buckypaper-interleaved specimens were
similar.
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Figure 4. In-plane shear strength (black) and shear modulus (blue).

In general, the in-plane properties of the laminate composite decreased because the
fiber volume fraction was reduced due to interleaving. This tendency became more pro-
nounced as the thickness of the interleaved film increased to a certain level [28]. Although
only one buckypaper was interleaved, the in-plane property was more sensitive to the
fiber volume fraction than the interlaminar property. The in-plane shear strength was
slightly lowered due to the increase in the resin-rich area. Therefore, a buckypaper with
appropriate thickness and areal weight should be added to reduce the trade-off caused by
the swelling of the interleaved film.

3.2. Interlaminar Fracture Toughness

To characterize the initiation and propagation of the mode I delamination, G is rep-
resented by a function of the R curve (resistance curve) with respect to the delamination
length. The test was conducted on each of the three unidirectional (UD) and woven (WN)
specimens.

Figure 5 shows the average R curve of UD and WN with and without buckypaper
interleaving. In both cases, the fracture toughness improved due to buckypaper interleav-
ing. As depicted in Figure 5, the buckypaper-interleaved specimens exhibited a higher
mode I interlaminar fracture toughness than those of the specimens without interleaving.
The difference was noticeable in the woven carbon fiber prepreg specimens. ‘Rising’ R
curve behavior was observed in both the unidirectional and woven carbon fiber prepreg
specimens. In other words, the fracture energy increased steadily with an increase in crack
length. Additionally, the difference in fracture toughness increased as the delamination
progressed.
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Figure 5. R curve of mode I delamination: (a) UD and (b) WN.
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As shown in Figure 6, the mode II delamination had only two large load drops and
significant crack propagation in contrast to the continuous delamination and load drop
of the mode I delamination for a 200 mm long specimen. Figure 6a,b shows the typical
load—displacement curves of WN and UD from the mode I and mode II tests of our research,
respectively. This non-consecutive delamination process led to an error in the average
value of the R curve. Therefore, Figure 7 shows the interlaminar fracture toughness at the
critical load point Gjj. for the mode II delamination. The Gy values of the buckypaper-
interleaved UD and WN specimens increased by 45.9% and 16.6%, respectively. A test was
conducted for each of the five UD and WN specimens. The Gyj. values of the WN laminates
were lower than the Gjj. values of the UD laminates because of their lower moduli and
strengths. Thus, the results at a 90° or 45° orientation rather than at a 0° orientation of UD

would be different.
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Figure 6. Load—displacement curves from the delamination test: (a) mode I and (b) mode II.
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3.3. Morphology

The morphology of the fractured surfaces of the specimens was analyzed to under-
stand the toughening mechanism. Figure 8 shows the optical micrographs of the baseline
and buckypaper-interleaved specimens. We observed that the buckypaper filled almost
the entire resin-rich area, which was likely because of the roller compaction. As seen from
Figure 8, the gap between the carbon fiber layers of the specimen containing buckypaper
was approximately 10 pm larger than the gap between the carbon fiber layers of the spec-
imen without buckypaper. In general, resin-rich composites exhibit a high interlaminar
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delamination toughness. The thick resin-rich interlaminar layer of composites allowed
plastic deformation to extend over a larger volume than in high-fiber composites. How-
ever, the interlaminar fracture toughness of the buckypaper-interleaved composites was
affected more by the CNT content and fiber-CNT interface than by the thickness of the
interlaminar layer.

Figure 8. Optical micrographs of cross-sections of the (a) baseline specimen and (b) buckypaper-
interleaved specimen.

The toughening mechanisms of the specimens were investigated by examining the
fracture surfaces from the mode I and mode II tests. The fracture surfaces of the tested
specimens were cut into 10 x 10 mm? samples for convenience in measurements. The
samples were sputtered with platinum to avoid electron charging. SEM images of the
fracture surface of the mode I delamination specimens are shown in Figure 9. The specimen
observed in the SEM images depicted in Figure 9a,c are without buckypaper because
the surface of the fibers was clean and did not have an attached matrix. Moreover, the
fiber and matrix were separated in the baseline specimens. In other words, the baseline
specimen had weak interfacial adhesion between the fiber and matrix, and debonding of
the weak interfacial adhesion was the primary mode of failure for the specimen without
buckypaper interleaving. In contrast, the fiber and matrix were attached after failure in the
buckypaper-interleaved specimens, demonstrating strong interfacial adhesion, as shown
in the SEM images depicted in Figure 9b,d. Moreover, the interlaminar failure for the
specimen with buckypaper interleaving occurred due to fiber peeling and fiber breaking.
Therefore, buckypaper interleaving modified the morphology of the interphase area of
CFRP, leading to significant toughening. An increase in the mode I interlaminar fracture
toughness was another application of CNT reinforcement using the same toughening
mechanism as was used for buckypaper interleaving [29]. The fracture toughness of WN
increased more than that of UD as the delamination length increased. This may have been
due to the increase in the fracture surface area caused by the deflection of crack propagation
by warp and weft, as well as the presence of CNTs in the surface area of the woven carbon
fibers, as shown in Figure 9b.
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Figure 9. SEM images of the fracture surface of the mode I test specimens: (a) WN baseline, (b) WN interleaved with
buckypaper, (c) UD baseline, and (d) UD interleaved with buckypaper.

The fracture surfaces of the baseline and buckypaper-interleaved specimens from
the ENF tests are shown in Figure 10. The SEM images in Figure 10a,d show that the
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fiber-matrix interface in the specimen with buckypaper interleaving was firmly attached
after the fracture, as opposed to the interface in the baseline specimen. This indicates that
strong interfacial adhesion and delamination occurred because of the CNT matrix in the
interlayer. A major difference between the baseline and buckypaper-interleaved specimens
was the amount of resin cover on the delaminated carbon fiber surface. The resin between
the carbon fibers became rougher due to the presence of CNTs because of higher energy
absorption during delamination [30]. Hackle marks (comb-like microcracks) due to shear
fractures appeared prominently in the resin with numerous CNTs. As shown in Figure 10b,
the baseline specimen surface without hackle marks was extremely smooth. In contrast,
there were extensive shear hackle marks for the buckypaper-interleaved specimen, as
shown in Figure 10c. The hackle marks were created due to crack deflection under a shear
load because of the presence of CNTs.

Shear hackle mark

(0

Figure 10. Cont.
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(d)

With Interleaves

Figure 10. SEM images of the fracture surface of the mode II test specimens: (a) UD baseline (left) and UD interleaved with
buckypaper (right), (b) UD baseline, (c) UD interleaved with buckypaper, (d) WN baseline (left) and WN interleaved with
buckypaper (right), (e) WN baseline resin-rich area, and (f) WN buckypaper-interleaved resin-rich area.

The critical strain energy release rates in mode II (Figures 5 and 7) were significantly
higher than those in mode I. This was because the fracturing process zone in the mode II
fracture was longer than that for the mode I fracture. Using a cohesive zone model, Xie et al.
observed that the length of the mode II fracture process zone was approximately six times
that of the mode I fracture process zone [31]. The longer process zone was accompanied
by extensive hackle marks due to shear fractures containing numerous CNTs, which led
to the toughening of CFRP composites [32]. In addition, CNTs increased the fracture
toughness of the matrix in CFRP at the shear loading condition rather than at the opening
loading condition.

In the case of WN, the warp and weft created a matrix-rich area. In the matrix-
rich region, CNTs resisted matrix cracking via crack bridging. Moreover, the initiation
and propagation of cracks required more of a load (Figure 10f). Therefore, interleaving
buckypaper into CFRP enhanced the mode II fracture toughness.
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4. Conclusions

The aim of our research was to increase the interlaminar fracture toughness and
improve the physical properties of laminated carbon fiber composites. The CNT buck-
ypaper was interleaved in CFRP laminates. The modes I and II interlaminar fracture
toughnesses were measured using DCB and ENF tests, respectively. The in-plane shear
modulus and strength were measured to investigate the effect of interleaving on the in-
plane mechanical properties. The mode I and mode II interlaminar fracture toughnesses
increased by interleaving the CNT buckypaper in both the UD and WN specimens. The
in-plane shear properties decreased marginally due to the CNT buckypaper interleaving.
The CNT-based interlaminar fracture toughening mechanism was studied by examining
the fracture surfaces of various specimens using SEM and optical microscopy.
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