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ABSTRACT 

Aerospace-grade, quasi-isotropic carbon fiber laminates are reinforced at the through-thickness 

interlaminar interfaces with high densities of aligned carbon nanotubes to realize a nano-engineered 
hierarchical carbon fiber reinforced polymer (CFRP) laminated architecture. Such materials have 

improved interlaminar and intralaminar properties with increased interlaminar fracture toughness, 

substructural in-plane strengths, and high cycle fatigue life. The interlaminar shear strength of the 

reinforced laminates is examined using short beam shear testing compared to the baseline system. The 
short beam shear testing demonstrated no statistically significant increase in static SBS strength, which 

is linked to the complex stress state and potential coupling of various failure mechanisms that have been 

found to mask the structural improvement of the nano-reinforcement. These findings agree with previous 
literature that used similar quasi-isotropic, unidirectional CFRP material systems and the same laminate 

layup manufacturing processes. 

 

1 INTRODUCTION 

Fiber-reinforced polymer composite materials, such as carbon fiber-reinforced plastics (CFRP) and 

glass fiber-reinforced plastics (GFRP), have emerged as high-performance materials that provide sundry 

advantages such as their high strength-to-weight ratio, fatigue resistance, and stiffness [1]. These 
material properties have catalyzed their widespread adoption in various industries - such as aerospace, 

biomedical, and automotive – where these materials have supplemented and eclipsed their metal 

counterparts in producing advanced, load-bearing structures. However, despite their many advantageous 
properties, a fundamental constraint to these composite materials is their relatively weak mechanical 

strength at the resin-rich region between the fiber-reinforced ply layers [2]. This limitation causes these 
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materials to be particularly susceptible to delamination and related failure modes when subjected to 

specific loading conditions, which pose severe consequences for the structural performance reliability 
of composite structures. 

To mitigate such effects, various methodologies have emerged to mechanically reinforce the 

interlaminar regions, including stitching, z-pinning, and 3D weaving [3–9]. However, these 

reinforcement materials are large in relation to the composite’s microfibers which can pose issues in 
manufacturing that significantly decrease the in-plane mechanical properties of the laminate [3]. With 

growing interest in nanomaterials in recent years, other methodologies have emerged that explore 

implementing such materials as reinforcement mechanisms [10].  
 

 
 

Figure 1. Conceptual illustration of hierarchical nano-engineered composite architecture with the 

placement of aligned carbon nanotubes at the nanostitched laminate interface [11]. 
 

One of the primary benefits of these reinforcements, in particular carbon nanotubes (CNTs), is that 
they are comparably smaller than microfibers and possess excellent material properties that are 

comparable to or exceed those of carbon-derived microfibers, which effectively reinforces the laminate 

without deteriorating the in-plane properties [1,12,13]. In addition, CNTs also possess outstanding 
electrical [14–16] and thermal properties [14,15,17–19] which can enable composite structures to have 

multifunctional qualities [20–22]. Introduced by Garcia et al., aligned carbon nanotubes (A-CNTS) that 

are transferred onto the through-thickness interlaminar regions of the composite exhibit a nanoscale 
stitching effect that introduces energy dissipating mechanisms that delay the initiation and propagation 

of delamination (see Figure 1) [23]. This nano-reinforcement method, termed “nanostitch”, has been 

shown to improve both intralaminar and interlaminar properties with 2.5-3X enhancement in mode I 

and mode II fracture toughness [23,24], 14-40% increase in substructural in-plane strengths [25], and 
249% improvement for high-cycle fatigue (with 60% of static SBS strength load level) [11]. 

This study explored the structural improvements of A-CNT nanostitched quasi-isotropic symmetric 

CFRP laminates using short beam shear (SBS) testing. Nanostitched CFRP specimens are compared to 
a baseline CFRP laminate without CNT reinforcement. The effect of CNT reinforcement in the laminate 

is visualized using optical microscopy, micro-computed tomography (μCT), and scanning electron 

microscopy (SEM). This study aims to observe the structural improvement and elucidate the 

mechanisms of nanostitching in fiber-reinforced laminated structures.  
 

2 METHODS 

Methodologies for synthesizing the A-CNTs are first presented. Then, fabrication of the baseline and 
nanostitched composite laminates, including transfer of the A-CNTs to the microfiber plies, and 

characterization are followed. Finally, guidelines for short beam shear testing are outlined.    
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2.1 A-CNT Synthesis 

The A-CNTs were grown on 3 cm x 8 cm SiO2/Si substrates in a 44 mm inner diameter quartz tube 
furnace (Lindbergh/BlueM) via chemical vapor deposition (CVD). This synthesis process utilizes 

thermal catalytic CVD, set at atmospheric pressure and 680 °C, using ethylene as the carbon source and 

600 ppm of water vapor added to inert helium gas [26]. The water aids in reducing the bond at the CNT-

substrate interface to facilitate the transfer of the CNTs onto the plies. A 1nm Fe and 10nm Al2O3 
catalytic layer were deposited onto the SiO2/Si substrates via an electron beam physical vapor deposition 

instrument (Temascal FC-2800). The growth time was 35 seconds to produce 20±4 μm  CNT forests. 

The CNTs exhibit an average outer diameter of ~8 nm (3-7 walls with an inner diameter of ~5 nm and 
intrinsic CNT density of ~1.6 g/cm3) [27], inter-CNT spacing of ~60 nm [28], and volume fraction of 

~1% CNTs [27]. The height of the CNTs on the substrates was obtained by measuring the difference in 

z-axis travel between the substrate’s focal planes and the top of the CNT forest in a light optical 

microscope at 20X magnification. The heights were measured at the four corners near the substrate 
edges along the substrate length (8 cm) direction. The forest height was taken as the average of the four 

measurements. This method has a resolution of ±2 μm.  

 

 
 

Figure 2. Representative SEM images of the interlaminar region at the (a) -45/-45 interface for 

baseline specimen and at the (b) 90/45 interface A-CNT reinforced specimen. Representative ply-wise 

μ-CT images at the spanwise midline for (c) baseline and (b) nanostitched specimens. 
 

2.2 Laminate Fabrication And Characterization 

The laminate utilizes a 16-ply quasi-isotopic layup ([(0/90/±45)2]s) using Hexel AS4/8552 UD 
prepreg with a ply thickness of 0.182 mm. Both the nanostitched specimens and baseline specimens 

were generated from a single laminate. The nanostitched specimens feature 15 through-thickness 

interfaces with A-CNT reinforcement. The A-CNT transfer is over 95% effective based on the surface 
area. The CNT-grown substrates are manually transferred onto the prepreg surface using procedures 

outlined in previous work [29–31]. A guaranteed non-porous Teflon (GNPT) stencil of the same 

dimension as the laminate plies was created with a 3 cm x 8 cm cut-out specifying the location of the 

nanostitched specimens. The CNT-grown substrate was positioned about the cut-out on the GNPT 
stencil and applied to the ply with the CNT side in contact with the ply face. While maintaining contact 

on the substrate, gentle pressure was applied for several seconds for all the A-CNTs to effectively adhere 

to the ply surface from which the substrate can be easily removed and the proceeding ply is laid. This 
transfer process was repeated for each interlaminar interface until the entire stack-up was complete.  
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The laminate was cured in an autoclave (ARC Technologies LLC, Amesbury, MA) following the 

manufacturer specifications: apply full vacuum and 15 psig pressure, heat at 3-5 °F/min to 225 °F, hold 
at 225 °F for 30-60 minutes, raise pressure to 85-100 psig, vent vacuum when pressure reaches 30 psig, 

hold at 350 °F for 120±10 min, and cool at 2-5 °F/min to 150 °F and vent pressure. Specimens were cut 

and polished to SBS coupon size following ASTM D2344  [32]. Representative scanning electron 

microscopy (SEM) in Figure 2 shows that A-CNTs permeate the ply-to-ply interfaces in nanostitched 
specimens in contrast to the resin-rich ply-to-ply interfaces in the baseline specimens. Furthermore, 

introducing A-CNTs does not exhibit a notable increase in interlaminar thickness. The μ-CT images in 

Figure 2 show that the specimens have 0.00% void content. The baseline and nanostitched specimens 
have a thickness of 2.91±0.04 mm and 2.93±0.03 mm, respectively, indicating that nanostitch does not 

notably increase the interlaminar thickness, consistent with previous studies that followed the same 

procedures [25]. The interlaminar thickness was measured at 27 equally spaced locations and averaged 

for in representative optical micrographs (see Figure 3.b, c). The averaged interlaminar thickness of the 
baseline and nanostitched specimens is 9.37±0.62 μm and 10.185±0.66 μm, respectively, which shows 

that there is no statistically significant difference in the interlaminar thickness. Consequently, the overall 

laminate microfiber volume fraction and other attributes were maintained.   
 

 
 

Figure 3. Short beam shear (SBS) load rig and laminate cross sections: (a) SBS test optical image. 

Representative optical darkfield micrographs about the midplane in the ply-wise direction for (b) 

baseline and (c) nanostitched specimens.  
 

2.3 Short Beam Shear Testing 

ASTM D2344 [32] outlines the dimensions for an SBS coupon: (a) the minimum length-to-thickness 
ratio of the coupon is 4, (b) the minimum thickness of the coupon is 2 mm, (c) the length of the coupon 

should be 6X the thickness, (d) the width of the coupon should be 2X the thickness, (e) the coupon 

should be balanced and symmetric, (f) at least 10% of the coupon’s plies are 0° plies to the spanwise 

direction. With a thickness of ~3 mm, specimens were manufactured to have a width of 6 mm and a 
length of 18 mm. A 3-point bending load, as shown in Figure 3.a, was used to test the specimens. This 

test was conducted on a Zwick/Rowell Z010 mechanical tester with a 10 kN load cell in displacement 

control. Each specimen was continuously loaded at 1 mm/min until one of the following stop criteria 
occurred: (a) a 30% load drop off, (b) the head travel exceeds the specimen thickness, (c) the specimen 

failed and split into two pieces. The displacement and load were recorded every 250 ms, and the static 

SBS strength was determined using the following: 
 

 

𝜎𝑆𝐵𝑆 = 0.75 ×
𝑃𝑚𝑎𝑥

𝑤 × 𝑡
 (1) 

 

Pmax is the maximum measured load, and w and t are the specimen’s width and thickness. All the samples 

are inspected under an optical microscope to assess crack propagation behaviors and their locations. 
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Figure 4. Short beam shear testing results: (a) representative load vs. displacement curves for baseline 
and nanostitched specimens. For comparison, the curves were shifted along the x-axis by 0.3 mm. (b) 

SBS strength comparison between the baseline and nanostitched specimen with standard error bars. 

Representative panoramic postmortem optical micrographs for (c) baseline and (d) nanostitched 

specimens detailing crack propagation behavior with a coupling of delamination, intralaminar crack 
deflections, and microfiber breakage. The panoramic effect is achieved by stitching a series of smaller 

optical micrographs using Adobe Lightroom. 

 

3 RESULTS AND DISCUSSION 

The test specimens failed in a brittle fashion with the load criterion of a load drop of 30% rather 

than the other stop criterion of two-piece specimen split failure or head travel deflection limit. As 
identified in ASTM D2344 [32], typical failure modes include delamination at the midline about the 

specimen’s cross-section, delamination at the free edges along or near the midline, microfiber breaks, 

and compressive damage at the regions of applied load about the surface of the specimen. Representative 

load-displacement curves for the baseline and nanostitched specimens are shown in Figure 4.a. As 
shown in Figure 4.b, the baseline specimens and nanostitched specimens are shown to exhibit an SBS 

strength of 91.7±1.85 MPa and 94.1±1.25 MPa, respectively.  

The results from the testing type show that there is no statistically significant difference between 
baseline and nanostitched specimens for static SBS strength. This agrees with prior work [11] that used 

the also used Hexcel AS4/8552 UD prepreg, although thinner at ~130 m ply thickness, with a quasi-

isotopic layup ([(0/90/±45)2]s), and another study [33] that used a different UD material system (Toho 

Tenax HTS40/Q-1112) with a quasi-isotropic layup ([(03/903/±453)2]s). An SBS strength sensitivity 

analysis using a finite element model [11] also agrees with the experimental conclusion of no statistically 
significant difference. This contrasts with other work that has shown an >8% statistically significant 

increase in SBS strength of a different UD material system (IM7/8552) of the same layup procedure 

[31]. Small, negligible increases in static SBS strength are shown in the SBS testing across the different 
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material systems. However, nanostitch has largely increased fatigue life and other strength tests such as 

open-hole compression and filled-hole tension (tension-bearing) [11, 25].  
The stress distribution has been noted to have a complex profile in the laminated composite under 

SBS loading [11]. In addition, significant compressive stresses are also locally present in zones with 

high shear stress concentrations, affecting interlaminar shear failure mechanisms. Thus, even if a 

stronger and more robust interface from A-CNT reinforcement is produced, the strength increases of 
such structures may be masked in the SBS test, with the ultimate failure load being dictated by complex 

and likely coupled failure mechanisms [11]. Representative panoramic, postmortem optical micrographs 

(see Figure 4.c,d) for both the baseline and nanostitched specimens demonstrate no notably significant 
difference in damage modes.  

 

4 CONCLUSION 

A nano-engineered hierarchical composite architecture was developed by implementing through-
thickness aligned carbon nanotube reinforcements at the ply-to-ply interfaces of aerospace-grade UD 

CFRP materials. The A-CNTs can easily be transferred to the ply-to-ply interfaces using existing layup 

manufacturing procedures without affecting the overall laminate thickness and damaging the ply 
microfibers. The reinforced laminate’s mechanical performance compared to a baseline laminate for 

short beam shear strength testing was examined. No static SBS strength improvement of the reinforced 

laminate was observed, consistent with prior work for the same material system at smaller ply 
thicknesses (gsm of prepreg).  
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