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ABSTRACT 
 
Lightning strike protection (LSP) is one of the prime factors in aerospace and wind 
industries concerning safety, enhanced service life, and reduced downtime. To 
ensure better LSP, high electrical conductivity is required to dissipate the current, 
which is always a challenge for polymer composites due to the inherent insulating 
nature of the polymer matrix. Conventional carbon fiber-reinforced composites 
(CFRP) offer electrical conductivity in the planar direction while the vertical i.e. 
through-thickness conductivity still remains a challenge. Having been motivated by 
this fact, we have fabricated CFRP interleaved with vertically oriented CF (Z-fiber) 
for the lightning strike test (100 kA). A paint was applied to mimic the actual 
service condition of the composite laminates. We have prepared two Z-fiber 
composites: (a) Z-1 containing one Z-fiber layer on the top along with conventional 
CF layers and (b) Z-5 containing five interleaved Z-fiber layers and compared the 
properties with conventional CFRP (Z-0). Interestingly, even a single Z-fiber layer 
(Z-1) showed lower damage (visual damage diameter 22 mm) than Z-0 (visual 
damage diameter 26 mm). Z-5 displayed the lowest damage (visual damage 
diameter 16.7 mm), which was further confirmed by cross-sectional optical 
microscopy. Improved LSP was attributed to the higher through-thickness electrical 



 
 

conductivity in the case of Z-5 (9 times with respect to Z-0) reflecting a lower 
electrical anisotropy for Z-fiber composites. The residual mechanical property after 
the lightning test was analyzed through the flexural test, and the retention of 
flexural strength and modulus was 66% and 86%, respectively for Z-5 showing a 
significant improvement in comparison to Z-0 (>40% for both). 

INTRODUCTION 

Lightweight fiber reinforced polymer (FRP) composite materials are now inevitable 
in modern society replacing heavy metals which are challenging in terms of 
materials handling, processing, etc. In aerospace and wind industries, where the 
reduction of weight is the major challenge, composite materials play a significant 
role. The use of carbon fiber (CF) laminates drastically improves the specific 
strength, and unlike metals, these composites are corrosion free. However, the 
major obstacle in aerospace and wind industries are extreme weather conditions, 
and lighting strike is one of them [1, 2]. During the lightning strike, the electrical 
discharge reaches from a few hundred amps to over 200,000 Amps [2]. Therefore, 
high electrical conductivity is required to dissipate such a huge electrical discharge 
which would otherwise cause severe structural damage. CF laminates fall behind in 
this respect despite containing an ordered hexagonal carbon allotrope of CF [3]. 
The conductivity is impaired as the inter-fiber spaces are occupied by the insulating 
polymer matrix [4].  The through-thickness conductivity of the composite, i.e. 
perpendicular to the fiber direction, is significantly weakened as compared to along 
the length direction. The current strategy to improve electrical conductivity is by 
introducing metal-based protection layer on the top of the CFRP structures to 
safeguard against lightning strikes [5, 6]. The mesh can be made of copper, 
aluminum, or bronze wire [7]. These wires can either be co-woven with the carbon 
fiber in a prepreg fabric form or bonded separately to the laminate layer. However, 
attaching metal meshes or foils notably increases the weight of the structural parts 
[8]. This causes a higher consumption of fuel as well as subsequent CO2 emission 
in the case of the aerospace industry. Whereas the increase in weight enhances 
rotational hindrance for the wind blades which cuts down the energy production. 
Moreover, metallic meshes are prone to corrosion deteriorating their performance. 
Therefore, an alternative technology needs to be developed to improve the 
conductivity of the CFRP without enhancing the weight.  

During the last few decades, several attempts have been reported on alternative 
technologies to replace metal-based liners [8-10]. Improving through-thickness 
(TT) conductivity is found to be an effective way to enhance lightning strike 
protection [11]. The use of nanofillers, like carbon nanotube (CNT), graphene or 
graphene oxide (GO), silver nanoparticles, etc. are investigated by many 
researchers to improve the through-thickness conductivity [11]. Lin et al. reported 
the effect of CNT-grafted CF on the through-thickness electrical conductivity of 
CFRP [12]. The CNT was grown on the CF surface by the tedious Chemical Vapor 
Deposition method.  Senis et al. investigated the TT electrical conductivity of GO 
modified epoxy based CFRP. The TT electrical conductivity was reported as 0.18 
S.cm-1 at 6.3 vol% of GO loading [13]. Qin et al. measured the TT electrical 
conductivity of graphene nano-platelets coated CF/epoxy CFRP which was found to 
be 0.07 S.cm-1 [14].  Kandare et al. described the synergistic effect of graphene 



 
 

nano-platelets and silver nanoparticles/nanowires on the TT electrical conductivity 
of epoxy carbon fiber laminates [15].  Note that, the usage of nanofiller increases 
the overall cost and the dispersion of the nanofiller is challenging due to their high 
surface energy. On the other hand, the incorporation of vertically oriented CF (or Z 
fiber) could be a promising alternative route to reduce electrical anisotropy. 
Recently, a few research works have been published on the vertically oriented CF to 
improve the TT properties, e.g. thermal conductivity [16, 17]. Uteni et al. showed 
the vertical orientation of CF using electrostatic flocking in the fluorinated rubber 
and its effect on the TT thermal conductivity [16]. However, so far, no research 
article has been reported to the best of our knowledge on the lightning strike 
damage of vertically aligned CF-based CFRP composite. For the first time, our 
research group has shown the impact of interleaved vertically aligned short CF (Z-
fiber) on reducing the damage during the simulated lighting strike test by enhancing 
the TT electrical conductivity [18].  This is the continuation of the previous work. 
Herein, we have compared the effect of a single Z-fiber layer and five Z-fiber layers 
with conventional CFRP. An aerospace-grade paint was also applied to mimic the 
actual service condition of the composite laminates. A detailed study of the cross-
sectional morphology has been done after the lightning strike test to understand the 
depth of damage at varying CF configurations. 

 

EXPERIMENTAL 

Materials 

Vertically aligned CFs in the form of prepreg mats were donated by Boston, MA. A 
magnetic field was employed to align the carbon fibers in the Z direction (vertical), 
then consolidated them using a proprietary binder material [19]. The prepreg 
manufacturing process is proprietary, so further details are not given herein. The 
average length and volume fraction of the Vertically aligned CFs were 150 μm and 
~55%, respectively. Plain woven fabric (T300, 3K × 3K) coated with 150 μm 
milled carbon fibers aligned in the Z-direction was pre-impregnated with epoxy 
(Newport NB 301). The total CF volume fraction was maintained around ~55% in 
the overall laminate. The total ply thickness of Z-fiber layer was around 0.38 mm 
with a total areal weight of 370 g.m-2, where in-plane fiber contributed to 200 g.m-2 
and V-fiber to 170 g.m-2. 

Preparation Of Composites 
 
Three CFRP panels, one composed of conventional CFRP and two of them 
containing Z-fiber layers, were developed to investigate the simulated lightning 
strike test (figure 1). The conventional CFRP composite (Z-0) contained eight 
layers of woven prepreg while two Z-fiber composites were composed of either one 
or five Z-fiber layers, respectively. The composite panel containing one Z-fiber 
prepreg (Z-1) was developed by placing the Z-fiber prepreg on the top of the seven 
conventional woven prepreg stacks. The other Z-fiber composite (Z-5) was 
prepared by stacking five Z-fiber prepregs without using conventional woven 
prepregs. All the stacked prepregs were subjected to compression molding to 
prepare the final composite panels. The molding process was conducted in Carver 



 
 

hydraulic press (model: 3895.4NE1000, serial number: 130,181) operated at 
temperature and pressure of 135 °C and 690 kPa, respectively for 1 h.   

 

 

 

 

 

 

 

 

 

Figure 1. Schematic of the carbon fiber alignment in (a) each Z-fiber prepregs; stacking sequence of 
(b) eight layers of conventional woven prepregs (Z-0), (c) one Z-fiber prepregs on the top of the 

seven woven fiber prepregs (Z-1), and (d) five layers of Z-fiber prepregs (Z-5). 

 
Simulated Lightning Strike Test 
 
The lightning strike experiment on all the three CFRP composite panels was 
performed by a high-current impulse generator designed by Dr. Park’s team. 
Waveform-A according to the Society of Automotive Engineering (SAE) standard 
was generated by the high-current impulse generator setup to mimic the lightning 
strike situation. In this setup, at least seven 44 kV-rated 47 μF capacitors were 
connected in parallel and reached the total capacitance of 329 μF. To safely control 
the high voltage and high energy circuit, capacitors were charged and discharged 
via pneumatically actuated sphere gaps.  A 60 kV-rated high-voltage DC power 
supply was used to charge the capacitors of the generator up to 44 kV, which 
translates to each capacitor storing 45.5 kJ of energy. To vary the current amplitude 
and the waveform of the lightning strikes, either the charging voltage or the number 
of parallel connected capacitors was adjusted [20]. The current discharge magnitude 
of 100 kA was achieved. A detailed description of the simulated arc discharge is 
given in our previous article [18]. 

According to the SAE standard of waveform A, the lightning discharge current 
magnitude should be lower than 200 kA and the time required to reach 50% of the 
current peak should be shorter than 500 μs. The CFRP samples were attached to a 
copper plate which was grounded by a braided wire. During the test, the lightning 



 
 

discharge hit the center of the CFRP samples and exited through the edges of the 
grounded copper plate. 

Optical And Scanning Electron Microscopy 

A Hirox KH-8700 digital microscope was used to capture the damaged surface and 
the cross-sectional area after the lightning test.  The cross-section morphology of 
the composite panels was also analyzed by field emission scanning electron 
microscopy (FESEM) in a Zeiss Merlin FE-SEM with a Gemini column, at an 
acceleration voltage of 1.0 kV. The morphology was analyzed before as well as 
after the lightning strike test. 
 
Flexural Properties 

Three-point flexural tests were conducted at room temperature on an electro-
mechanical load frame (Model 45, MTS Systems Corporation, Eden Prairie, MN, 
USA) using a 10 kN load cell. Testing was conducted according to ASTM D7264 
using a standard crosshead speed of 1 mm/min. A standard span-to-thickness ratio 
of 32:1 was used for all tested samples, so that failure occurs at the outer surface of 
the specimen under excessive bending moment. The samples were cut from the 
composite panels after the lightning strike test by a waterjet cutter (OMAX 2626 
JetMachining Center, OMAX Corporation, Kent, WA) into a dimension of 88.9 x 
13 mm x 2.1 mm. Prior to flexural testing, all the specimens were vacuum-dried at 
100 °C for 1 hour to remove any residual moisture. The damaged surface (front 
side) was placed in compression during the flexural test. The location of the 
waterjet cut samples is shown in figure 2. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic illustration showing the locations and dimensions of specimens cut from the 
damaged CFRP sheets. 

 
Electrical Conductivity 
 
The electrical conductivity of the CFRP composites was measured by Keithley 
multi-meter (KEITHLEY 2110-120) coupled with banana clips using the 4-probe 
method. A square shape sample of length 25 mm was used for TT conductivity 



 
 

measurement.  The surface of the samples was cleaned before applying silver epoxy 
(Dotite-500) in order to reduce contact resistance. Conductive aluminum tapes were 
used as electrodes which were attached to the surface by silver epoxy. The sample 
was left for 24 h for complete curing of the silver epoxy. Resistance values were 
recorded, and the electrical conductivity was calculated using the formula,  

                                         σ=L∕(R.A)                                                                  (1) 

Where, σ is the electrical conductivity (S.cm-1), L (cm) is the thickness of the 
samples, R is the resistance (Ohm) obtained from the multimeter, and A is the 
cross-sectional area of the sample (cm2). 

 

RESULTS AND DISCUSSION 

Cross-sectional View of the Laminates as Prepared 
 
The cross-sectional morphology of the laminates clearly displayed the different 
orientations of the fiber along the thickness (figure 3). In the case of Z-0, the fibers 
were oriented horizontally along the x and y directions in a successive manner.  On 
the other hand, the vertical alignment of the fiber is visible in the case of Z-1 at the 
uppermost layer (inset in figure 3c). The thickness of the Z-fiber layer in the 
prepreg was 0.42-0.48 mm which reduced to 0.39-0.41 mm in the laminate after 
compression molding; however, the vertical orientation of CF remained. For Z-5, 
the alternative vertical (z-direction) and horizontal (x and y directions) orientations 
of the fiber were noticeable in the cross-sectional morphology. Note that the 
thickness of the Z-5 laminate was 2.1 mm, which was marginally higher than the Z-
0 and Z-1 (both cases ~1.78 mm). The higher thickness of Z-5 resulted from the 
restriction offered by the vertically aligned fibers to compress the laminates during 
the molding process.    

 

 

 

 

 

 

 

 

 

 

 



 
 

Figure 3. Cross-sectional SEM image of (a) Z-0 (showing 8 prepreg layers by white arrow), (b) Z-
fiber prepreg (stacking sequence of Z-fiber composite), (c) Z-1 (showing 8 prepreg layers by white 

arrow), and (d) Z-5 (showing 8 prepreg layers by white arrow). 

Visual Damage Analysis 

After the lightning strike test, the optical images of the top and bottom surfaces of 
the laminate are shown in figure 4. In all cases, no fiber damage was noticed on the 
bottom surface. However, a distinct difference was observed on the top surface 
where the electrical arc was applied for all three cases. For Z-0, the paint was 
completely removed from a large rectangular-shaped area and the fiber damage was 
noticed at the center. The width of the fiber damaged area was around 26 mm. In 
contrast, the paint came off from the Z-1 laminate in a dendritic manner indicating 
an improvement as compared to Z-0 where a large chunk of paint burnt off from the 
surface. The width of the fiber damaged area was around 22 mm for Z-1. The 
lowest damage was noticed in the case of Z-5. The burning of the paint was 
minimum, and the width of the fiber damaged area was only 16.7 mm.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4. (a-c) Front and (d-f) back sides of the CFRP sheets after the lightning test with the varying 
CF configurations: Z-0, Z-1, and Z-5, respectively. 

 
Damage Analysis by Optical Microscopy 

The optical images of the top surface and corresponding cross-sectional 
morphology of the damaged laminates cut from the R1 area (as shown in figure 2) 
are depicted in figure 5. In the magnified image of the top surface, the damage of 
both resin and fiber due to excessive heating was observed at the center of the arc 
discharge area. The damaged area was the minimum for Z-5. The cross-sectional 
view of the damaged laminates illustrated the depth of the damage, i.e. the number 



 
 

of plies burnt off during the lightning strike. In the case of Z-0, the damage 
penetrated up to the third layer. The first two stacks were completely delaminated 
or burnt off within the damaged area, and the third layer was partially detached 
from the rest of the five layers.  Whereas for Z-1, the first layer was burnt off and 
completely delaminated, and the second ply was partially delaminated keeping the 

rest of the six plies intact after the lightning strike test. In the case of Z-5, only the 
first ply was partially delaminated without complete burning of any layer.  

 

Figure 5. Representative optical micrographs after the lightning strike test for R1 cut specimens (as 
shown in figure 2) with varying CF configurations: (a) Z-0, (b) Z-1, and (c) Z-5 showing the top 

surface and the corresponding cross-sectional micrographs are shown in (d) and (g) for Z-0 (low and 
high magnification, respectively), (e) and (h) for Z-1 (low and high magnification, respectively) and 

(f) and (i) for Z-5 (low and high magnification, respectively). 

 

Scanning Electron Microscopy Analysis 

High magnification SEM images of the cross-sectional morphology also supported 
the optical microscopy results. The R1 cut surface of the laminates after the 
lightning strike test was displayed in figure 6. In the case of Z-0 (figure 6a), the 
total of eight ply-stacks was reduced to five after the lightning strike similar to the 
observation from the optical microscopy. At the top surface, an unwetted ply layer 
was noted (marked by yellow arrow) indicating the complete burning of the resin 
from the upper three layers. Whereas, for Z-1, the upper two layers were completely 
delaminated and the third layer (i.e. the top layer in figure 6b) was partially 



 
 

detached; however, the resin was not completely burnt off from the third layer of 
the laminates exposed to the lightning strike. For Z-5, only the top layer was 
delaminated and the other four stacks beneath the top layer remained completely 
intact including both the vertical and horizontal fibers layers.  

     

 

 

 

 

Figure 6. Cross-sectional SEM image of (a) Z-0, (b) Z-1, and (C) Z-5 after the lightning strike test. 
(White arrow shows the remaining ply-stacks) 

 

Residual Flexural Properties 

The residual mechanical strength after the lightning strike test was analyzed by 
measuring the flexural properties across the damaged area as described in figure 2. 
Five specimens were cut from the left-hand side of the damaged area and labeled as 
L1 to L5. Another five specimens were cut from the right-hand side which were 
labelled as R1 to R5. The flexural strength and modulus of these ten specimens (L1-
L5 and R1-R5) were plotted with respect to the specimen labeling (figure 7). 
Flexural properties were lowest either at L1 or R1 for all the three composites 
which were located at the center of the electrical arc discharge area followed by a 
gradual increase in the properties on both left and right directions forming a crater-
like profile. The retention in the properties after the lightning strike was estimated 
from the ratio of the average obtained from the center cavity region with respect to 
the average obtained from the peak region at both edges. Both flexural strength and 
modulus at the edge region, considered to be the initial flexural properties, were 
maximum for the conventional CF composites, i.e. Z-0. The lowest initial flexural 
properties were noted for Z-5. This is because the vertically oriented Z-fibers did 
not contribute to load bearing when the in-plane flexural load was applied. In 
addition, the total number of stacks in Z-5 was five whereas the Z-0 and Z-1 



 
 

contained eight in-plane layers which was also responsible for the lowest 
mechanical properties of Z-5. The flexural properties of Z-1 were in between Z-0 
and Z-5, as the top layer of Z-1 contained the Z-fiber. On the other hand, the 
average flexural strength and modulus at the center cavity region were maximum 
(319 MPa and 27 GPa) for Z-5. In this case, the retention of the flexural strength 
and modulus were ~67.6 and ~86%, respectively after the lightning strike. The 
retention in properties for Z-0 and Z-1 were almost similar. The flexural strength 
and modulus retained after the lightning strike were ~37% for both the cases for Z-0 
and ~37% and ~39%, respectively, for Z-1. Figure 7 also revealed that the drop in 
flexural modulus after the lightning strike was detected over a narrower region in 
the case of Z-5 (L1 to R1, i.e. 26 mm, marked by a red  dotted arrow in figure 7b) 
which was similar to the visual observation. Whereas, the drop occurred over a 
wider area (L-2 to R-3, i.e. 65 mm marked by a black dotted arrow in figure 7b) for 
Z-0. In the case of Z-1, the decrease in flexural modulus was noted from L2 to R2, 
i.e. within the range of 52 mm (marked by a blue dotted arrow in figure 7b).   

 

Figure 7. Residual mechanical properties of the CFRP composites with varying CF configurations 
after the lightning strike test: (a) flexural strength and (b) flexural modulus. 

 

TABLE I. RESIDUAL FLEXURAL STRENGTH AND MODULUS OF THE 
CFRP COMPOSITE AFTER THE LIGHTNING STRIKE TEST 

 

 

LSP 
sheet 

Flexural strength (MPa) 

L5 L4 L3 L2 L1 R1 R2 R3 R4 R5 

Z-0 635.5 674.4 541.5 444.1 274.9 244 340.2 342.3 450.6 808.7 

Z-1 586.5 614.4 531.7 258.1 231.4 199.8 264.3 486.6 598.6 564.9 

Z-5 434.3 464.8 473.4 479.1 282.1 356.1 495.5 470.1 497.3 491.4 



 
 

 
Electrical conductivity 

TT electrical conductivity of Z-0 and Z-5 was analyzed before and after the 
lightning strike test to understand the effect of vertically oriented fiber. The TT 
electrical conductivity of Z-0 was 0.13 S.cm-1 and it reached 1.15 S.cm-1 in the case 
of Z-5, showing a nine-time increment. After the lightning strike, the TT electrical 
conductivity of Z-0 and Z-5 reduced to 0.01 and 0.1 S.cm-1 respectively; however, 
the conductivity of Z-5 remained ten times higher than that of Z-0. The significant 
increase in electrical conductivity of Z-5 resulted from improved interlayer 
connectivity through the vertically oriented fiber. The electrical conduction through 
the thickness direction involved all the plies to dissipate the arc discharge during 
lightning strike instead of concentrating the current on the top layers. Thus, 
minimum damage was noticed in the case of Z-5. Still, the top layer of Z-5 was 
partially delaminated which was responsible for the reduction in the conductivity 
after being subjected to the lightning test.  

DISCUSSION 

The effect of vertically oriented CF on the lightning strike protection of CFRP is 
described here through the damage analysis after the lab scale simulated lighting 
strike test. To safeguard the composite structure, each fiber layer of the laminate 
needs to contribute to dissipating the higher electrical current descended during 
lightning strike. The interleaved vertical fiber provided an electrical conduction 
path between the layers which would otherwise be interrupted by the insulating 
polymer matrix.  Thus, a lower electrical current was accumulated on the surface 
(where the electrical arc was applied) of Z-fiber composites, as compared to the 
conventional CFRP. Consequently, Z-5 showed the lowest surface damage during 
the lightning test. While greater Joule heating occurred in the Z-0 composite since 
current dissipation was hindered exhibiting a larger surface damage area. The 
burning and removal of paint from the top layer can be used to infer the electric or 
heat conduction path. In the case of Z-0, a large chunk of paint was burnt off 
indicating the accumulation of the electrical current on the top surface causing 
resistive heating. While the dendritic burning pattern of Z-1 illustrated multiple 
entry points of the electrical current through an interconnected conduction path. The 
burning of paint was drastically lower for Z-5 describing a high TT conductivity 
which was in line with the TT electrical conductivity results. Although the 
electronic conduction was improved, the mechanical properties were reduced by the 
incorporation of interleaved Z-fiber. This is because the Z-fiber did not contribute 

LSP 
sheet 

Flexural modulus (GPa) 

L5 L4 L3 L2 L1 R1 R2 R3 R4 R5 

Z-0 39.32 49.94 40.68 23.59 19.92 17.27 23.97 25.94 38.95 51.36 

Z-1 36.02 39.18 39.43 24.77 15.50 14.05 25.63 37.19 36.03 40.22 

Z-5 31.20 31.68 30.75 30.96 28.71 26.06 31.66 32.79 31.71 32.35 



 
 

to reinforcing the structure through a load transfer mechanism.  At the same time, 
the Z-fiber and horizontal fiber interface might act as stress concentration point. 
The lower number of laminate layers in the case of Z-5 to maintain the thickness 
might also be a reason for lower mechanical properties. In order to minimize these 
effects, Z-1 composite was prepared which contained only one Z-fiber laminate at 
the top layer. The surface damage was marginally lower; however, the mechanical 
properties were also slightly lower than Z-0. Therefore, further studies are required 
in the future to investigate the method of incorporating the Z-fiber layers to enhance 
the TT electrical conductivity of CFRPs without compromising the in-plane 
mechanical properties. For example, the effect of more than one Z-fiber layer in 
combination with conventional horizontal plies and the sequence of adding these 
layers, the effect of mold pressure on reducing the gaps between the ply layers as 
well as fiber orientation, etc. needs to be exhaustively investigated.  

CONCLUSION 

A unique approach to improving the lightning strike protection of CFRP composites 
by introducing vertically oriented Z-fiber was studied herein. Two laminates 
containing five vertically oriented Z-fiber stacks (Z-5) only and one Z-fiber stack at 
the top in combination with seven conventional horizontal plies (Z-1) were 
prepared. The damage due to lightning strike was compared with conventional 
laminates containing eight horizontal plies (Z-0). The surface damage of Z-5 was 
only 16.7 mm wide, while for Z-1 and Z-0, the damages were 22 and 26 mm, 
respectively. The burning of paint occurred in a dendritic pattern in the case of Z-
fiber composite describing a better dissipation of electrical charge whereas the paint 
was completely removed from a wide area in the case of Z-0. Only the first ply was 
partially delaminated for Z-5 as observed from the cross-sectional morphology. On 
the other hand, it penetrated to the third layer for both Z-1 and Z-0. The retention of 
flexural strength and modulus after the lightning strike were found to be 67% and 
86% respectively for Z-5, whereas the retention of flexural properties was less than 
40% for both Z-1 and Z-0. The higher TT electrical conductivity was the prime 
factor for the lesser damage in the case of Z-fiber composites. It is interesting to 
note that the vertical Z-fiber, despite improving the lightning strike protection, 
impaired the flexural properties. In essence, the current study described a strategy to 
enhance the TT conductivity to protect the CFRP composites from the lightning 
strike damage, however further investigation is needed to improve mechanical 
properties.   

ACKNOWLEDGMENTS 

Research sponsored by the U.S. Department of Energy, Office of Energy Efficiency 
and Renewable Energy, Advanced Manufacturing Office, under contract DE-AC05-
00OR22725 with UT-Battelle, LLC. Part of this work was funded in part by the 
Office of Energy Efficiency and Renewable Energy (EERE), U.S. Department of 
Energy, under Award Number DE-EE0006926. 

 

 



 
 

REFERENCES 

1. Montanyà J, Fabró F, van der Velde O, March V, Williams ER, Pineda N, et al. Global 
distribution of winter lightning: a threat to wind turbines and aircraft. Nat Hazards Earth 
Syst Sci. 2016;16(6):1465-72. 

2. Kumar V, Yokozeki T, Karch C, Hassen AA, Hershey CJ, Kim S, et al. Factors affecting 
direct lightning strike damage to fiber reinforced composites: A review. Composites Part B: 
Engineering. 2020;183:107688. 

3. Duongthipthewa A, Su Y, Zhou L. Electrical conductivity and mechanical property 
improvement by low-temperature carbon nanotube growth on carbon fiber fabric with 
nanofiller incorporation. Composites Part B: Engineering. 2020;182:107581. 

4. Koirala P, van de Werken N, Lu H, Baughman RH, Ovalle-Robles R, Tehrani M. Using 
ultra-thin interlaminar carbon nanotube sheets to enhance the mechanical and electrical 
properties of carbon fiber reinforced polymer composites. Composites Part B: Engineering. 
2021;216. 

5. Karch C, Metzner C. Lightning protection of carbon fibre reinforced plastics — An 
overview.  2016 33rd International Conference on Lightning Protection (ICLP)2016. p. 1-8. 

6. Kawakami H, Feraboli P. Lightning strike damage resistance and tolerance of scarf-
repaired mesh-protected carbon fiber composites. Composites Part A: Applied Science and 
Manufacturing. 2011;42(9):1247-62. 

7. Rupke E. Lightning direct effects handbook.  WBS30 Integrated Design and 
Manufacturing2002. 

8. Ostermann M, Schodl J, Lieberzeit PA, Bilotto P, Valtiner M. Lightning Strike Protection: 
Current Challenges and Future Possibilities. Materials. 2023;16(4):1743. 

9. Kumar V, Yeole P, Majed A, Park C, Li K, Naguib M, et al. MXene Reinforced 
Thermosetting Composite for Lightning Strike Protection of Carbon Fiber Reinforced 
Polymer. Advanced Materials Interfaces. 2021;8(17):2100803. 

10. Xia Q, Mei H, Zhang Z, Liu Y, Liu Y, Leng J. Fabrication of the silver modified carbon 
nanotube film/carbon fiber reinforced polymer composite for the lightning strike protection 
application. Composites Part B: Engineering. 2020;180:107563. 

11. Brown SC, Robert C, Koutsos V, Ray D. Methods of modifying through-thickness 
electrical conductivity of CFRP for use in structural health monitoring, and its effect on 
mechanical properties – A review. Composites Part A: Applied Science and Manufacturing. 
2020;133:105885. 

12. Lin Y, Gigliotti M, Lafarie-Frenot MC, Bai J, Marchand D, Mellier D. Experimental study 
to assess the effect of carbon nanotube addition on the through-thickness electrical 
conductivity of CFRP laminates for aircraft applications. Composites Part B: Engineering. 
2015;76:31-7. 

13. Senis EC, Golosnoy IO, Dulieu-Barton JM, Thomsen OT. Enhancement of the electrical 
and thermal properties of unidirectional carbon fibre/epoxy laminates through the addition 
of graphene oxide. Journal of Materials Science. 2019;54(12):8955-70. 

14. Qin W, Vautard F, Drzal LT, Yu J. Mechanical and electrical properties of carbon fiber 
composites with incorporation of graphene nanoplatelets at the fiber–matrix interphase. 
Composites Part B: Engineering. 2015;69:335-41. 

15. Kandare E, Khatibi AA, Yoo S, Wang R, Ma J, Olivier P, et al. Improving the through-
thickness thermal and electrical conductivity of carbon fibre/epoxy laminates by exploiting 
synergy between graphene and silver nano-inclusions. Composites Part A: Applied Science 
and Manufacturing. 2015;69:72-82. 

16. Uetani K, Ata S, Tomonoh S, Yamada T, Yumura M, Hata K. Elastomeric Thermal 
Interface Materials with High Through-Plane Thermal Conductivity from Carbon Fiber 
Fillers Vertically Aligned by Electrostatic Flocking. Advanced Materials. 
2014;26(33):5857-62. 

17. Zhao Y, Zhang Z, Cai C, Zhou Z, Ling Z, Fang X. Vertically aligned carbon fibers-
penetrated phase change thermal interface materials with high thermal conductivity for chip 
heat dissipation. Applied Thermal Engineering. 2023;230:120807. 



 
 

18. Kumar V, Lin W, Wang Y, Spencer R, Saha S, Park C, et al. Enhanced through-thickness 
electrical conductivity and lightning strike damage response of interleaved vertically 
aligned short carbon fiber composites. Composites Part B: Engineering. 2023;253:110535. 

19. Gurijala A, Segal M. Fiber-reinforced composites, method therfor, and articles comprising 
the same. 2018. WO 2018/175134 A 

20. Yousefpour K, Lin W, Wang Y, Park C. Discharge and ground electrode design 
considerations for the lightning strike damage tolerance assessment of CFRP matrix 
composite laminates. Composites Part B: Engineering. 2020;198:108226. 

 
This manuscript has been authored by UT-BATTELLE, LLC under contract no. De-AC05-00OR22725 

with the U.S. Department of Energy. The United States government retains and the publisher, by accepting the 
article for publication, acknowledges that the United States government retains a non-exclusive, paid-up, 
irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others 
to do so, for United States government purposes. The department of energy will provide public access to these 
results of federally sponsored research in accordance with the DOE public access plan 
(http://energy.gov/downloads/doe-public-access-plan). 


	Main Menu
	Author Index
	How to Use this Electronic Product
	Search
	Print

	Table of Contents
	Reduction in Computational Cost of Stitched-Composite Progressive Failure Analysis
	Tailored Fiber Placements for Notch Sensitivity Study Using 3D Printing
	Experimental-Computational Characterization of Fiber-to-Fiber Interactions in Glass Macro Fiber Composites
	Weight Effect of Buckled Composite Stiffened Panels Under Pure Shear Loading
	3D Printing of Thermally Curable Resin/Continuous Fiber Carbon Composites with Interpenetrating Polymer Interlayer
	Enhanced Lightning Strike Protection Using Vertically Oriented Carbon Fiber Melded with Conventional Carbon Fiber-Reinforced Composite and its Validation Through Damage Analysis
	Predicting Deformation Response and Failure of 3D Textile Composites Using Realistic Micromechanical Models
	The Effect of Apparent Crack-Tip on Predictive Capabilities of Resin Infused Composite Elements Under Pull-off Loading
	Effect of Heat Curing Temperature for CFRP Fabricated by Electrodeposition Resin Molding Method
	Mechanical Properties of Composites Containing Exfoliated Graphite/Epoxy Sensors
	Matrix Crack Detection in Cross-ply CFRP Laminates with an FBG Sensor Based on Optical Frequency Domain Reflectometry
	Ultrasonic Welding of Glass Fiber Reinforced Vitrimer Composites
	Critical Progressive Damage Analysis Model Features for Low-Velocity Impact on Thermoset and Thermoplastic Panels
	Properties of Deconstructable Frontally Cured Fiber-Reinforced Thermoset Composites
	Experimental and Numerical Study for Hat-Stiffener Separation During Low Velocity Impact
	A Theory-Guided Machine Learning Method for Cure Cycle Optimization to Minimize Process-Induced Deformations in Composites
	Overall Properties of Polymer Matrix Composites at High Temperatures: Modeling and Application to the Lightning Strike Problem
	Stress Analysis of FGM-Matrix Medium
	Local Deformation and Fracture Mechanisms in Methacrylic Composites at the Fiber-Matrix Level: Insights from Nanoscale Digital Correlation
	Experimental Study of the Pure Bypass Structural Response of Composite Structure when Subjected to Electrically Induced Damage
	Prediction of a Failure Envelope of Short Fiber Reinforced Polymer Composites (SFRPs) Using Artificial Neural Network
	Enhancing Polylactic Acid (PLA) for 3D Printing with Cellulose Nanofibers via Twin Screw Melt Extrusion
	Processing Temperature Effect on Failure Behavior of Unidirectional UHMWPE-Polymer-Fiber-Reinforced Thermoplastic Polymers
	Progressive Failure Analysis of Fiber Steering Composite Structures with a Hole
	Two Step Chemical Treatment on Flax Fibers for Enhanced Interfacial Adhesion and Moisture Repulsion
	Incremental Element-level Model Calibration and Verification of Composite Pi Joints
	Integrated Proxy Micromechanical Models in Multiscale Analysis using Deep Learning for Laminated Composites Subject to Low-Velocity Impact
	High-Order Embedded Finite Elements for the Component-Wise Analysis of Composite Laminated Structures
	Simulating the Pyrolysis of Phenolic Resin Using Reactive Molecular Dynamics
	Process Modeling of Toray 3900 Epoxy Resin Using Molecular Dynamics
	The Effect of Fiber-Angle Fidelity on the Linear Response of Tow-steered Composite Plates
	Experimental Investigation of Helium Gas Leakage Behavior of CFRP Laminates with Partially Thin-Ply Laminates under Biaxial Stress at 20 K
	A Comparative Study of the Effect of Compounding Methodsand Processing of PLA/GNPs on the Micromorphology and Electrical Conductivity
	A Study on Thermal Characterization of Honeycomb Sandwich Panels with GFRP Facesheets
	Development of Simplified Methods to Characterize Plasticity Parameters for LS-DYNA *MAT_213
	Dynamic Crush Performance of Thermoplastic and Resin Infused Thermoset Triaxially Braided Composite Structures
	High-Energy Dynamic Impact Modeling of an AS4D/PEKK-FC Composite Using LS-DYNA *MAT_213
	Thermomechanical Property Prediction of a Bismaleimide Resin Using Molecular Dynamics
	Nano-Porous Networks Enabled Out-of-Autoclave Curing of Carbon Fiber Reinforced Plastic Aerospace Composites
	Deep Learning-based Automated Segmentation of Fiber Breaks in Advanced Composites
	Rapid Manufacture of Thin Composites via Infrared-Assisted Frontal Polymerization
	Characterization of Low-Velocity Impact Damage in Thermoplastic Laminated Composites
	Multiscale Thermal-Mechanical Analysis of Tow-Steered Composite Plate Structures Using a Mixed-Fidelity Neural Network Model
	A Performance Comparison of Low Cost NIR Nano to NIR Microphazir for Polymer Composite Characterization
	Low Velocity Impact of Woven GFRP/CFRP Composites: Numerical Analysis and Experimentation
	Progressive Damage and Failure Analysis of Thermoplastic Composites in Low Velocity Impact Using MAT299
	Simulation of Mixed-Mode I/II Debond Using VCCT and Cohesive Elements
	Accelerating Composite Cure Cycle Optimization with Combined Probabilistic Machine Learning and Finite Element Process Simulation
	FastDM4C: A Fast and Efficient Discrete Model for Composites
	Effect of Crack Length on Fracture Toughness in Epoxy Polymers using Atomistic-Continuum Coupling of MD with FEM
	Impact Damage and Failure Mechanisms of Hybrid Facesheet Sandwich Composites under Low Temperature Conditions
	Measurement, Interpretation and Application of R-curves for Translaminar Fracture Toughness of Composite Laminates
	Equi-energetic Low-Velocity Impact Effects on the Compression After Impact Strength of Carbon Fiber Composite Tube Structures
	Experimental and Computational Verification of Additively Manufactured Carbon Fiber and Nanoreinforced Filaments for Automotive Applications
	Effect of Layer Material Properties on the Radial Stress at the Interface in Hybrid Tubes Made of Many Layers
	Improvement of Damping in Carbon/Epoxy Beams with Externally Bonded, Aligned Carbon Nanotubes
	Multiscale Prediction of Yarn Pullout Failure Mode in Unreinforced Textile Fabrics
	Efficient Residual Stress Modeling for Large-Scale Polymer Composite Extrusion-Based Additive Manufacturing
	Reactive Molecular Dynamics Simulations of the Furan Pyrolysis Process in Carbon-Carbon Composite Fabrication
	Failure Analysis of Composite C-Spars under Inter-Laminar Tensile (ILT) Configurations: An Experimental & Numerical Evaluation
	Tuning Load Bearing Capacities of Flexible Honeycomb with Poisson’s Ratio Modulation
	Effect of Impact Damage on Energy Absorption Capabilities of Composite Material
	Effect of Ultrasonic Welding Process Parameters on the Crystallinity of GF/MWCNT/PP Composites
	Accelerated Pyrolysis Analysis of Thick High-Temperature Composite Parts Using Theory-Guided Probabilistic Machine Learning and Finite Element Analysis
	Modeling of the Impact Respose of Thermoplastic Composites
	Interlaminar R-Curve Effects in Thermoplastic Composites: Experiments and Model Correlations
	Hydrothermal Aging of Glass Fiber Reinforced Thermoplastic Composites
	Damage Assessment and Classification of Glass Fiber-Reinforced Composite Materials During Tensile Tests Based on Acoustic Emission and Unsupervised Learning Approaches
	Failure Prediction in Large Scale Composite Laminates Containing Bonded Repairs
	Development of Novel Carbon Fiber based Electrodes for Lithium-ion Batteries
	Mesoscale Modeling and Homogenization of Woven Carbon Fiber Composites
	Fire Performance of Short and Long Glass Fiber Polypropylene Composites for Electric Vehicle Battery Enclosures
	Molecular Dynamics modeling of PEEK Resin Properties for Processing Modeling
	Hypervelocity Impact Investigations of Composite Truss Tubes for in Orbit Assembly Risk Assessment
	Cross Scale Simulation of Fiber-reinforced Composites with Uncertainty in Machine Learning
	Fiber Orientation Prediction at Multiple Thicknesses in a PPMC Tensile Coupon
	Experimental and Computational Investigation into the Use of Discontinuous Fiber Composites to Manufacture a Bracket
	Evaluating Rate Dependent Behavior of Silane Molecules with Molecular Dynamics Simulations and Machine Learning
	Computational Modeling of Radiation Effects in Carbon Fiber-Reinforced Polyethylene Composites
	Integrating Deep Learning with Guided Wave-based Simulation to Predict Delamination Location in Composite Structures
	Investigation of Carbon Black/Ultra-High-Molecular-Weight-Polyethylene Nanocomposites Manufactured by Compression Molding and Equal Channel Angular Extrusion
	Effect of Polymer/Fiber Affinity on the Performance of Silk Composite Laminates
	Adaptation of the Microplane Constitutive Model for Brittle-Plastic Glassy Polymers
	Shape Control for Thermoplastic Composites Made by Automated Fiber Placement Using Annealing
	Optimized Core Geometry for Energy Absorption in 3D-Printed Sandwich Panels: A Comparative Study
	Analysis of the Influence of Drilling Parameters and Monitoring of the Delamination Phenomenon in Thermoplastic CFRP Machining
	A Novel Design of Elliptical S-Chiral MetaComposite: The Finite Element/Experimental Data Approach
	High Buckling Strength of Auxetic Carbon Fiber Composite Laminates
	Mechanical Characterization of Epoxy Resin Manufactured Using Frontal Polymerization
	Multiscale FE Modelling and ANN to Predict Mechanical Properties of Non-Crimp Fabric Composites with Manufacturing Induced Defects
	Effect of Fabric Stabilization Medium on the Interlaminar Shear Strength of Unidirectional Carbon/Epoxy Laminates
	Effect of Representative Volume Element Size for Creating Statistically Equivalent Composite Microstructures
	Molecular Dynamics Investigation of the Effects of Defects and Transverse Pressure on the Axial Tensile Behaviors of Polyethylene Crystals and Fibrils
	Experimental and Numerical Analysis of Crack Migration in Carbon-Epoxy Composites Subjected to Shear Loading
	Improving Uniaxial Dynamic Tension Testing of Composite Specimens
	Generating Woven Textile Models with Induced Fiber Entanglement for Controlling Composite Thickness
	Effects of Consolidation Process on the Tensile Strength of UHMWPE Filaments Extracted from Composite Panels
	Effect of Surface Preparation on the Damage and Fracture Behavior of Carbon Fiber-Reinforced Polymer and Titanium Tubular Adhesive Lap-Joints
	Effect of Fiber-Matrix Interface on Fiber-Direction Compressive Strength of Carbon Fiber Composites
	Real-Time Delamination Monitoring in DCB Specimens Using MFC Sensors
	Evolution of Viscosity Upon Crosslinking in Epoxy Resin: An Atomistic Investigation
	Extracting Damage Mode and Depth in Composite Panels Through Measured Wave Characteristics Using a Novel Mini-Impactor Excitation Source
	Integrated Optimization Framework for Composite Manufacturing: Minimizing Spring-In Effects and Improving Cure Cycles
	Mapping Process Model Results to Fracture Model Initial Conditions for Adhesive Bonding
	Silicon Oxycarbide Nanocomposite Laminates Reinforced with Carbon Nanotubes of High Degree of Alignment and Ultrahigh Packing Density
	Optimization of Variable Thickness and Stiffness Composite Plate Buckling Load Using FEM and Semi-Analytical Method
	Quantification of Low Velocity Impact (LVI) Delamination from Ultrasound (UT) Inspection Data and Machine Learning
	Modified Mode I Cohesive Traction-Separation Law for Z-Pinned Composite
	Investigation of Bending After Impact Failure Behavior in Foam-Core Hybrid Sandwich Composites at Extreme Low Temperature
	Graphite Enhanced GNP/PVA Composite Piezoresistor with a Stable Loading Response
	Origin and Significance of Non-Uniform Morphology in AFP Composites
	Comparing Characterization Methods for Investigating High-Temperature Bending Behavior of Melted Thermoplastic Prepreg Using DMA and Rheometer
	Micro-Mechanical Investigation of Process-Induced Fiber Waviness in Thermoplastic Composites
	Effect of Fibre Reinforcement on the Process Parameters of Injection Molding Manufacturing Process
	Modeling the In-Plane Compression Response of As-Manufactured Steered Fiber Laminated Plates
	Improving Joint Strength Prediction by Accounting for Defectsin Tensile Testing Specimens
	An Experimentally Validated Hyper-Viscoelastic Model for the Bending Responses of Pre-Impregnated Tapes Under Processing Conditions
	Prediction of Effective Elastic Properties of Carbon/UHMWPE Nanocomposites by Combination of Numerical and Analytical Modeling
	Using Machine Learning to Predict Mechanical Properties of Long Fiber Thermoplastics Based on Manufacturing Process Parameters
	Fabrication and Characterization of Carbon Nanotube/Poly(methyl) Methacrylate Nanocomposite Laminates
	A Framework for Design Allowables Accounting for Paucity of Data and Errors in Complex Models
	Analyzing the Progressive Damage of Composites Due to Manufacturing Induced Defects through a Semi-Discrete Damage Model
	Rapid Design and Analysis of Bonded Composite Joggle Lap Joints
	Fatigue Performance of Highly Aligned Short Fiber IM7/LM-PAEK Thermoplastic Composites
	Interfacial Characterization of S2 Glass – Epoxy Resin Using Single Fiber Pullout Tests at Varying Temperature and Moisture Level
	Supercritical Fluid Treatments of Flax Fibers for Improved Mechanical Properties
	Methodology for Characterizing the Forming Limits of Highly Aligned Discontinuous Fiber Composite Laminates
	Microwave Heating of Functionalized Graphene-Nanoplatelet Polymer Composites: Experimental and Numerical Study
	Design Optimization to Fabrication with HyperX Laminate Families for Traditional Quad 0/45/90 and Double-Double [±Φ / ±Ψ] Layups
	3D Printable Flame Retardant Graphene-Polymer Nanocomposites
	Experimental and Numerical Analysis of Welded Thermoplastic Joints
	Characterization of Ply-Waviness Manufacturing Defect in Composite Aerospace Laminates by Ultrasonic Scattering Analysis
	A Coupled Experimental-Numerical Method Dedicated to the Dynamic Characterization of Composite Braids Under Drop Weight Conditions
	Peridynamics for Microstructural Damage Modeling of 3D Carbon/Carbon (C/C) Composite Materials
	Comparison of Micromechanics Theories for Modeling Discontinuous Long Fiber Reinforced Composites
	Forming Simulation of a HiPerDiF PLA/Carbon Fibre Tape with a Micromechanical Model
	Stiffness and Fatigue Life Estimator for Polymer Matrix Composites Laminates Using Machine Learning
	Cure Shrinkage Characterization of a Thermosetting Resin with Three-Dimensional Digital Image Correlation (3D-DIC)
	Design of Broadband Radar Absorbing Corrugated Hybrid Core Sandwich Nickel-Coated Glass/PEEK Thermoplastic Composite
	Utilizing Tailored Fiber Placement Methodology to Enhance Fracture Toughness of Wavy Composite Laminates
	AI-Assisted Statistical Analysis of Fragmentation Response of Heterogeneous Layered Media
	Additive Manufacturing of Frontally-Polymerizable Continuous Carbon Fiber Tow-based Composites
	Relaxation Behaviors of Adhesive Bonded Carbon Fiber Reinforced Composites using Dielectric Relaxation Spectroscopy and Thermally Stimulated Depolarization Current
	Experimental Investigation of Bubble Mobility in Porous Media during Resin Transfer Molding
	Study of Microstructural Variability of Fiber Reinforced Composites using Multi-Scale Modeling and Machine Learning
	Assessing Damage in Composites with Acousto-Ultrasonics and Machine Learning
	Autonomous Continuous Fiber Infill Generation for Composites 3D Printing
	Scalable High Tensile Modulus Composite Laminates Using Continuous Carbon Nanotube Yarns and Gamma Ray Treatment
	Progressive Damage Analysis of Open Hole Compression Specimens Containing Complex 3D Textile Architectures Using Discrete Damage Modeling and Independent Mesh Method
	Effect of Silica and Mixing Time on Microstructures and Properties of Porous Polymer Composite by Emulsion Templating
	Simulation of Dynamic Crushing Behavior of Simulated Carbon/Epoxy Stanchions Using MAT58 and MAT213 in LS-DYNA
	Exploring Underlying Correlations in Multi-Fidelity Finite Element Simulations of Open-Hole Tension Tests: A Comparative Study Using Machine Learning
	Effect of Graphene Quantum Dots on the Mechanical Properties of Bisphenol F-based Epoxy
	Quantitative Evaluation of Fiber Distribution in Discontinuous CFRP Using Dark-Field Images Derived by X-ray Talbot-Lau Interferometer
	Investigating Stiffness Property Matching and Homogenization of the Double-Double Family of Laminates
	Damage Initiation of Continuous Fiber Laminated Thermoplastic Composites
	Rx-FEM Modeling of Fatigue Damage Growth in Composites with Local R-Ratio by Using Strength Tracking Method
	Designing a Functionally Graded S-2 Glass/Epoxy Composites for Improved Energy Absorption
	Process Modeling of the First Pyrolysis Cycle of SMP-10 Ceramic Matrix Composites
	A Progressive Fatigue Model on the Bearing Failure of Composite Bolted Joints
	Towards a Digital Twin for High Quality Curing of Multiple Composite Parts in Autoclave
	Reconstruction of a SiC-SiC CMC Microstructure Using Deep Learning and Advanced Image Processing Technique
	Examining Cellulose-Pectin Interactions in Plant Cell Wall and Implication in Composite Design
	Tuning Mechanical Response of Hierarchical Composite Structures
	Low-Velocity Repeated Impact Behaviors of Polymer Fiber-Reinforced Plastics (PFRPs)
	Comparative Study of Compaction and Voids Development During the Out-of-Autoclave Curing Followed by CT-Scan Effects upon ILSS
	Aeroelastic Analysis of Composite Plate Wings Based on a New HSDT Finite Element—MONNA
	Hygrothermal Aging of Structural Epoxy Adhesives Used in Wind Turbine Blade Composite Joints
	Effects of Bondline and Substrate Thickness on the Mode II Fracture Toughness of Composite/Adhesive Joints
	Multiscale Modeling of Failure Mechanisms in Multidirectional Double-Edge Notch Compression Specimens
	Investigating the Structure of CVD Deposited Amino Silaneon Silica Substrate via High Resolution Characterization and MD Simulation
	Characterization of Continuous Carbon Nanotube Yarns
	Analysis of Fiber Flow, Fiber Orientation, and Void Formationat Syringe-Nozzle Junction in Material Extrusion Additive Manufacturing of Short Carbon Fiber Epoxy Composites
	Frontal Polymerization of Thermoset Composites: A Prospective Route for Additive Manufacturing
	A Stress-Responsive Shape Memory Polymer via Chemical Grafting Functionalized Cinnamoyl-Based Mechanophore
	A Study of Optical Surface Analysis Methods for 3D Printed Continuous Fiber Composites
	The Low Velocity Dynamic Impact Energy Absorption of Composite-Lattice Sandwich Structures
	Prediction of Distortion and Residual Stress Evolution in the Fused Filament Fabrication Process Using Higher-Order Finite Elements
	Recyclable Cellulose Fiber Reinforced Vitrimer Composite
	Investigation of Tooling Geometry Using a Finite Element Simulation of UHMWPE Unidirectional Thermoforming
	Microstructure Correlation Method for Fiber Orientation Characterization and Ply Segmentation in X-Ray CT Scans of Composite Laminates
	Influence of Deformation of Compliant Rollers on Tape Steering During Automated Tape Placement
	Constitutive Modeling for High-Fidelity Analysis of Bondline Failure in Polymeric Matrix Composites
	Analytical Model for Transverse Tensile Strength Prediction of Thermoset Composites
	To the Mesoscale and Beyond! Capturing Complex Damage Mechanisms in Composites via Simple, Physics-Based, Discrete Mathematical Models of Fibers and Matrix
	Experimental Characterization and Numerical Modeling of +/–45 Tensile Laminates
	Impact of Buckypaper on the Mechanical Properties and Failure Modes of Composites
	Static and Fatigue Characterization of Mode I Fracture in Adhesively Bonded Composites Based on the J-Integral Approach
	Development and Validation of the Instrumented Traveling Wedge Test for Mode I Fracture of Adhesively Bonded PMCs
	Sources of Variability in Small-Scale Tensile Testing of Carbon Fiber Reinforced Resins
	Experimental and Numerical Analysis of Crack Migration in Carbon-Epoxy Composites Subjected to Shear Loading
	A New Test for Characterization of Interlaminar Tensile Strength of Tape-Laminate Composites
	Accurate Tension-Tension Fatigue Testing of Unidirectional Composites
	Three Common Mistakes in Mechanics of Composite
	OpenSG: An Open-Source Multiscale Constitutive Modeling Code for Composite Structures and Materials
	Large Scale Additive Manufacturing of Recycled Polymer Composites
	Machine Learning Based Structural and Failure Characteristics of Carbon Nanotube Junction Configurations
	Strength and Stiffness Evaluation of Aluminum-Based Openand Closed-Cell Foam Core Sandwich Panels for Comparison to AM2 Al 6061-T6 Mats: An Initial Investigation
	Effect of Particle Size on Viscoelastic and Electrical Propertiesof Reduced Graphene Oxide Films


