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ABSTRACT
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JULY 2022

Thesis Supervisor: Assoc. Prof. Dr. Burcu SANER OKAN
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Thermal conductive materials are widely utilized to efficiently dissipate energy especially
in the heat-generated electronic systems in aerospace systems. Polymeric materials are
selected as structural materials due to their high chemical resistance, mechanical strength,
and lightweight; on the other hand, their usage is restricted by their low thermal
conductive nature. The particulate filler reinforcements are a promising way to enhance
the thermal conductivity of the polymers since these fillers also improve the mechanical
properties and preserve the structural consistency of polymers. In this thesis, epoxy is one
of the most common thermoset polymers, and the incorporation of micron- and nano-
sized hexagonal boron nitride (h-BN) particles in comprehensive weight percentages
were performed to evaluate the effect of particle size and loading ratio on thermal
conductivity enhancement of epoxy. Firstly, the micron-sized h-BN particles were
integrated homogeneously into epoxy to evaluate the effect of the concentration of the h-
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BN particles on the thermal and mechanical performance of the epoxy by sonication. The
thermal performance of the epoxy showed significant enhancement by increasing the
concentration of the h-BN particles up to 20 wt%, and the in-plane and through-thickness
thermal conductivities of h-BN integrated reinforced epoxy composites improved by
107% and 112%, respectively. On the other hand, the mechanical properties exhibited an
upward trend until they reached optimum concentration level, whereby tensile and
flexural modulus were improved by 46.9% and 40.6% with the loading h-BN ratios of 20
wit% and 10 wt%, respectively. As a second parameter, the particle size was investigated
to determine its effect on the thermal and mechanical properties by incorporation of the
nano-sized h-BN in epoxy with the same loading levels. The thermal conductivity
performance of the epoxy reached the highest value for 20 wt% h-BN particles with
40.5% and 35.1% enhancement levels in in-plane and through-thickness directions less
than the micron-sized h-BN particles reinforced epoxy. In addition, the highest tensile
and flexural modulus enhancements were achieved by 16% and 15% by incorporating 20
wt% nano-sized h-BN particles. In the second part of the study, the 10 wt% h-BN particles
were integrated into neat and SWCNT coated glass fiber reinforced epoxy composites to
enhance the thermal performance of the composites by vacuum infusion method, and a
32% improvement was obtained for the hybrid fabric design having neat and nano-coated
fabrics together. In conclusion, the incorporation of h-BN particles with large particle
sizes is an efficient way to improve the thermal performance of composite materials due
to the construction of thick and stable thermal conductive pathways and the limitation of
interfacial phonon scattering areas. The investigation of the particle size-concentration
relationship of particulate reinforcements allows new insight in polymer matrix
composites to control the thermal management in the structural application and will be a
guideway for the development of new designs and multifunctional and multi-scale

composites with tailored functionalities.



OZET

Cam Elyaf Takviyeli Epoksi Kompozitlerin Regine ve Arayiizeylere
Hegzagonal Bor Nitriir Dahil Edilmesi ile Cok Olgeklenebilir

Tasarimi1 ve Prformans Karakterizasyonu

Samet OZYIGIT

MALZEME BIiLIMI VE NANOMUHENDISLIGI, YUKSEK LISANS TEZI,
TEMMUZ 2022

Tez Danismani: Doc. Dr. Burcu SANER OKAN

Anahtar kelimeler: hegzagonal bor nitriir, epoksi kompozit, cam fiber, 1s1l iletkenlik,

mekanik ozellikler

Isil iletkenlik katsayis1 6zellikle havacilik alaninda 1s1 ag1ga ¢ikaran elektronik sistemlerin
cevrelerinde etkin 1s1 dagitimi saglanmasi agisindan oldukca 6nem tagimaktadir. Polimer
malzemeler yiiksek kimyasal direng, mekanik dayanim ve hafifilik gibi 6zelliklerinde
otlirii havacilik sistemlerinde oldukga genis bir yer bulurken; 1s1l iletim katsayilarinin
disiikligt kullanim alanini kisitlamaktadir. Termal iletken partikiillerin kullanim1 ayni
zamanda yiliksek mekanik performans ve yapisal siireklilik saglamalarindan dolay:
polimerlerin 1s1l iletkenliklerini artirmak i¢in etkin bir yontemdir. Bu ¢alismada havacilik
alanindaki en yaygin kullanima sahip termoset polimerlerden olan epoksinin 1s1l iletim
katsayisinin hegzagonal bor nitriir kullanilarak artirilmas1 amaglanmistir. Oncelikle
hegzagonal bor niitriiriin konsantrasyon seviyesinin epoksinin 1s1l iletkenlik ve mekanik
ozelliklerine etkisini incelemek amaciyla mikron boyutta h-BN partikiilleri epoksi

icerisine sonikasyon vasitasityla homojen bir sekilde dagitilmistir. Isil 6zellikler h-BN
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miktar1 ile dogru orantili olarak gelisme gosterirken; mekanik 6zelliklerde optimum
konsantrasyon seviyesinden sonra diisiis gozlenmektedir. En yliksek diizlem i¢i ve
kalinlik boyunca 1si1l iletkenlik degeri sirasiyla %107 ve %112 oranlarinda artig
gostermistir. Bunun yanisira, epoksi icerisine %20 h-BN eklenmesiyle ¢ekme modiilii
degerinde %46.9’luk artis elde edilirken, %10 h-BN egme modiiliinii %46.9 oraninda
gelistirmistir. Ayrica, partikiil boyutunun 1s1l ve mekanik 6zelliklere etkisini kiyaslamak
amaciyla mikron boyutta h-BN partikiilleri ile ayn1 oranlarda nano boyutta h-BN
partikiilleri epoksi igerisine entegre edilmistir. Isil iletkenlik degeri partikiil miktariyla
artis gostermektedir ve diizlem i¢i ve kalinlik boyunca maksimum artis sirastyla %40.5
ve %35.1 olarak elde edilmistir ki bu oranlar mikron boyutta h-BN’nin yarisindan daha
diisiik degerlerdedir. Ayrica, ¢cekme ve egme modiillerinde de %16 ve %15 oranlarinda
artis mevcuttur. Calismanin ikinci boliimiinde agirlik¢a %10 oraninda mikron boyutlu h-
BN partikiilleri tek duvarli karbon nanotiip kapli cam fiber takviyeli kompozitlere vakum
inflizyon metodu yardimiyla entegre edilmistir. Karbon nanotiipler epoksi ile cam fiberler
arasindaki termal uyumsuzlugu giderirken; %10 h-BN eklenmesiyle de termal
iletkenlikte %32 artis gbzlemlenmistir. Sonug olarak, yiiksek partikiil boyutuna sahip h-
BN partikiilleri kompozit malzemelerin termal performanslarin1 gelistirmede genis ve
kararli 1s1 iletim yolunun olusumu ve 1s1l sagilmaya neden olan arayilizey miktarinin
azalmasi nedeniyle etkin bir yaklasimdir. Ayrica bu calismada, partikiil takviyelerin
partikiil boyu- konsantrasyon iligkisi arastirilarak polimer matris kompozitlerin 1sil
yonetim amaciyla yapisal alanlarda {iretimlerine yeni bir bakis agis1 kazandirilmis olup
bu calisma kompozit malzemelerin fonksiyonel yeni tasarimlari ig¢in bir rehber

olusturacaktir.
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CHAPTER 1. STATE-OF-THE-ART

Epoxy is one of the most common thermoset polymers used for structural composites,
electronic packaging, adhesive, and coatings in electronics due to its high chemical
resistance, stability, mechanical properties, and processability [1]. However, epoxy
exhibits a thermal insulator property in which thermal conductivity is in the range of 0.1-
0.5 W/m.K like other types of polymer, and this inherent property limits the usage of the

epoxy in the heat-generated areas [2].

The incorporation of the thermal conductive fillers is an effective and economical way to
enhance the thermal performance of the epoxy [3]. Furthermore, there are two types of
inorganic fillers which is commonly utilized to improve the thermal conductivity of the
polymers. The first group consists of fillers with electrical conductivity such as carbon
nanotubes (CNT), gold, copper, and silver [4]. These fillers improve the thermal
conductivity of the composites; on the other hand, the electrical insulation property
deteriorated, which limits the usage of the final composites in specific areas that need
electrical insulation properties. In the second group, the usage of ceramic-based fillers is
the alternative way to increase the thermal conductivity of polymers, whereas the

electrical insulation property is preserved [5].

h-BN particles are promising candidates with high in-plane conductivity values of
550W/m.K and electrical insulator properties with a band gap between 5.5 to 6.4 eV.
Additionally, the outstanding mechanical strength and excellent chemical inertness
provide a wide variety of application areas such as thermally conductivity

nanocomposites, electrocatalysts, field emitters, and so on [6][7].

In the current study, h-BN particles as resin and interface modifiers were utilized to
fabricate multi-scale composites with excellent thermal performance supported by high
mechanical and thermomechanical properties. In the first part of the study, the micron-
and nano-sized h-BN particles with a comprehensive loading ratio are incorporated into
resin to evaluate the effect of particle size and concentration on the thermal and
mechanical properties of epoxy. In the second part, h-BN particles in the optimum loading
level and single walled carbon nanotubes (SWCNT) are utilized to observe the synergistic

effects of micron- and nano-sized filler on the glass fiber reinforced epoxy composites.



CHAPTER 2. THE EFFECT OF PARTICLE SIZE AND LOADING
RATIOS OF HEXAGONAL BORON NITRIDE (h-BN) PARTICLES ON
THE THERMAL MANAGEMENT AND MECHANICAL
PERFORMANCE OF EPOXY COMPOSITES

Micron- and nano-sized h-BN particles are incorporated in epoxy for manufacturing high
thermal conductive composites in a comprehensive weight ratio to determine the effects
of particle size and loading ratio on thermal and mechanical performance. In the
investigation of the loading ratio effects as a first parameter, the pre-dispersion method is
employed for the selective dispersion of micron-sized h-BN particles with a weight ratio
from 0.5 wt% to 20 wt% in epoxy. The homogeneous and stable dispersion of h-BN
particles enhances the thermal and mechanical performance through efficient heat
dissipation and load transfer. In the second approach, the nano-sized h-BN particles in
the same loading ratios are dispersed in epoxy to evaluate the particle size effects on the
properties of epoxy. The synergetic effects of particle size and loading ratios of h-BN
particles are determined in detail by utilizing thermal characterization techniques
supported by mechanical and thermomechanical methods. The h-BN reinforced epoxy
composites show improved thermal and mechanical performance with increasing particle
size and loading ratio. In the micron-sized h-BN reinforced epoxy, promising
enhancements are observed in thermal conductivity in in-plane and through-thickness
directions by 107% and 112% for 20 wt% loading level, respectively, and remarkable
improvements in tensile modulus by 41% as well as flexural modulus by 42% for 10 wt%

h-BN concentration.

2.1. Introduction

Polymer composites are being extensively used in the aerospace industry since they offer
significant weight reduction, higher fatigue, and corrosion resistance over the traditional
metallic counterparts. However, polymers have a poor thermal conductivity in the range
of 0.1-0.5 W/m.K due to the random orientation of molecular chains or the defects like a
loop, voids, impurities, and chain dangling ends. These defects give rise to phonon
scattering and considerable reduction in phonon's mean free path, thereby decreasing the
thermal conductivity, which causes the failure of polymer composites when the
temperature increases [8][9]. At this point, complex and high-powered electronics

components and systems used on modern aircraft generate large amounts of waste heat.



For instance, the peak thermal load of the equipment cabin in the F-22 can reach up to 50
kW, and the total thermal load of the entire F-22 can exceed 100 kW [10]. The waste heat
coming from the onboard electronics, oil and hydraulic systems, avionics bay cooling,
and weapons modules must be dissipated efficiently to ensure thermal stability and
prevent material failure, in other words, to maintain safe and reliable operation.
Therefore, thermal conductivity should be tailored gradually, and the development of
thermally conductive high-performance polymer composites that can control heat

dissipation is of paramount importance in aerospace applications [11][12].

There are two ways to enhance the thermal conductivity of polymers: (i) molecular
engineering of polymer chains and (ii) blending polymers with high thermal conductive
metallic or ceramic micron- and nano-sized particles. Considering long-term costs,
process complexity, and structural performance, the latter is much more efficient in
enhancing the thermal conductivity of a polymer. As the amount of filler is adequate, 3D
thermally conductive networks are formed inside the polymer, which facilitates thermal
conductivity improvement. Therefore, most of the studies have been reported employing
different kinds of fillers like metallic [13], ceramic [14][15], natural[16][17], and carbon
[18][19] fillers in thermoset and thermoplastic composites. Metallic and carbon fillers
increase the electric conductivity among these fillers, which is not appropriate for specific
applications like wearable electronic gadgets, food industries, and electrical contacts.
However, ceramic-based fillers have an advantage that only improves the thermal
conductivity and keeps the electrical insulation of polymers [5][20]. At this point,
hexagonal boron nitride (h-BN) is a promising thermally conductive dielectric material
for thermal management systems since its theoretical in-plane thermal conductivity is
reported as 550 W/m.K at room temperature [7]. In the literature, there are several
attempts to investigate the thermal, mechanical, and thermomechanical properties of
epoxy composites by incorporating h-BN particles at different loadings. The important
point which should be considered in the addition of fillers is the effect of the loading ratio
of fillers to epoxy. For instance, Gu et al. [21] investigated the effects of the loading ratio
of neat and modified micron-sized BN particles on thermal and mechanical properties,
and the maximum thermal conductivity and flexural strength exhibited 58% and 13%
improvement at 10 wt% neat BN concentration, respectively. In addition, Tang et al. [22]
works on the concentration of h-BN on epoxy, and the thermal conductivity value of
epoxy is enhanced by 58% for a 7 wt% h-BN loading level. On the other hand, Hou et al.



[2] pointed out that the thermal conductivity value reaches maximum improvement by
235% with an addition of 30 wt% h-BN, as well as 0.5 wt% of h-BN particles improve
the mechanical properties by 5.7%. Up to now, there are numerous works for the
enhancement of thermal conductivity of epoxy composites; however, there is no
systematics for the selection of an ideal h-BN filler to enhance through-thickness and in-
plane thermal conductivity. At high loading ratios, it is possible to get high thermal
conductivity, but there is a drastic decrease in mechanical properties. Herein, it is
significant to tailor the particle size of h-BN and investigate the particle size effect by
decreasing the filler amount and addressing interfacial areas. To the best of our
knowledge, there is no work that addresses the selection of h-BN particles with an ideal
particle size and optimum concentration level to tailor through-thickness and in-plane

thermal conductivity.

In the present work, the ethanol-assisted pre-dispersion method was utilized to
incorporate micron- and nano-sized h-BN particles in epoxy to modify thermal and
mechanical properties without the deterioration of the inherent properties of the resin.
This technique is fast, up-scalable, and cost-effective because the solvent-based method
decreases the viscosity of the epoxy and provides efficient dispersion media for h-BN
particles. In the first step of the work, micron- and nano-sized h-BN with a comprehensive
weight range were selectively dispersed in epoxy to evaluate the effect of the particle size
on the thermal and mechanical properties of the epoxy; subsequently, final mixtures were
utilized to produce the epoxy composites by applying a classical molding method. With
this study, it becomes possible to understand the effect of the particle size distribution of
h-BN particles on through-thickness and in-plane thermal conductivity of glass fiber
reinforced epoxy composites with a comprehensive mechanical and thermomechanical

characterization.

2.2 Experimental

2.2.1 Materials

Hexagonal boron nitride (h-BN) with the particle size of 120 nm was purchased from
Bortek Company from Turkey. h-BN with the particle size changing 4-10 um was
obtained from Civelek Porselen Company from Turkey. A high T4 thermosetting resin
system, Sika Biresin® CR131 (based on 50%-100% bisphenol A diglycidyl ether
(DGEBA), 10%— 20% bisphenol F diglycidyl ether (DGEBF), and 5%-10% 1,4-bis (2,3
epoxypropoxy) butane) with CH132-5 hardener (based on triethylenetetramine [TETA]),

4



were supplied by Tekno Chemicals Inc., Turkey. This resin system is suitable for infusion
applications due to its low viscosity and is generally used to manufacture high-
performance fiber-reinforced composites parts. Also, the ethanol (99%) was purchased
from Sigma Aldrich. All agents were used in their analytical grades without any

treatment.

2.2.2 Fabrication of micron- and nano-sized h-BN reinforced epoxy composites

To produce the reference epoxy plates, the CR131 epoxy was mixed with the CH132-5
hardener in the proper mix ratio (100:28 by weight- in accordance with manufacturer's
data) using a high-speed shear mixer (Thinky-mixer) for 1 min at 1000 rpm. After mixing,
the resin was degassed in a vacuum chamber for 25 min to eliminate all voids in the
prepared solution. Then, it was poured into a preheated aluminum mold and cured at 100
°C for 5 h in an oven. The pre-dispersion method was used to produce the well-dispersed
h-BN reinforced epoxy composite plates with a wide weight percentage range from 0.5
wit% to 20 wt% by means of probe sonicator (Hielscher UP400S) at room temperature.
The micron- and nano-sized h-BN particles were probe-sonicated in ethanol for 1 h, and
then the h-BN/ethanol mixture was added to the epoxy and sonicated for an additional 2
h. All sonication processes were carried out in an ice bath to inhibit the heating of the
solution. The homogenous h-BN/ethanol/epoxy solution was stirred using a magnetic
stirrer for 2 days to remove all ethanol in the mixture. After the addition of the CH132-5
hardener and the degassing step having the same procedure as preparing a reference epoxy
plate, the mixture was poured into again a preheated aluminum mold and cured at 100 °C
for 5 h in an oven. Fig. 1 exhibits the schematic of the preparation process of the h-BN
epoxy mixture. As a last step of production, the manufactured reference and h-BN
reinforced epoxy composites were cut to the determined dimensions by ASTM and 1SO
standards using a CNC machine.
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Figure 1. The schematic representation of the micron- and nano-sized h-BN reinforced

epoxy composites fabrication process

2.2.3 Characterization

Various microscopic and spectroscopic characterization techniques were conducted to
identify the properties of reinforcing agents and composite materials. The morphologies
of neat micron- and nano-sized h-BN and fracture surface of samples after tensile test
were examined by Leo Supra 35VP Field Emission Scanning Electron Microscope (SEM,
Carl Zeiss AG, Jena, Germany). Raman spectroscopy was carried out to analyze the
molecular structure and vibrational properties of both micron- and nano-sized h-BN
particles by using a Renishaw inVia Reflex Raman Microscope with 532 nm edge laser
at room temperature in the range of 100-3500 cm—1. X-ray photoelectron spectroscopy
(XPS, Thermo Scientific, Waltham, Massachusetts, USA) technique was utilized to
obtain a chemical and elemental analysis of filler materials. X-Ray Diffraction (XRD)
analysis was performed to determine the characteristic h-BN peaks, thereby crystal
structure of micron- and nano-sized h-BN reinforcements by utilizing a Bruker D2 Phaser
diffractometer with a CuKa radiation source. Thermogravimetric analysis (TGA) was
conducted to investigate the thermal stability and weight loss percentage of filler
materials by using Mettler Toledo Thermal Analyzer (TGA/DSC 3+) with a 3 °C/min
heating rate from room temperature to 1000 °C. Besides the analyzing of reinforcement
particles, the mechanical tests were performed by Instron 5982 Static Universal Test
Machine (UTM) with 10 kN load cells as well as a cross head speed of 2 mm/min. ASTM
D 638 and ASTM D 790 test standards were utilized for tensile and 3-point bending tests,



respectively. Furthermore, a knife-edge extensometer (Epsilon, Tech. Corp.) was used to
record the axial and transverse extension data during the tests. Dynamic mechanical
analyzer (DMA) tests were carried out on the specimens with a dimension of 65 mm in
length and 10 mm in width using a DMA Q800 (TA Instruments, New Castle, DE) in a
dual cantilever mode for thermomechanical analysis with the heating rate of 3 °C/min by
starting from room temperature to 150 °C and 1 Hz. Also, in-plane and through-thickness
thermal conductivity values (k) of the reference and h-BN reinforced epoxy composite

samples were measured by the hot disc method with the TPS 2500 S device.

2.3. Results & Discussion

2.3.1. The characteristic properties of micron- and nano-sized h-BN reinforcements
Surface chemistry and morphology have a significant role on the dispersion capability of
fillers in polymer matrix, thus mechanical and thermal properties of final composite
materials are affected by the surface properties of reinforcements and their interfacial
interactions with the selected matrix. The atomic content and surface shape of h-BN can
directly affect the dispersion behavior in the epoxy matrix. Within this work, two types
of h-BN with different sizes were characterized by morphological and spectroscopic
characterization. Fig. 2a and 2b shows SEM images of micron- and nano-sized h-BN
particles. Flat-like h-BN particles are clearly detected in SEM images. From the particle
size analysis results, the particle sizes of micron- and nano-sized h-BN are 4-10 um and
120 nm, respectively. SEM images also confirmed the differences in the sizes of h-BN

particles and the sheet size of micron-sized h-BN is comparably larger than nano-sized h-
BN.

(@) (b)
Figure 2. SEM images of (a) micron- and (b) nano-sized h-BN particles
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The elemental compositions of the micron- and nano-sized h-BN particles were analyzed
by XPS to understand the relation of h-BN surface chemistry with the epoxy matrix. Table
1 summarizes XPS results of neat nano- and micron-sized h-BN particles, and Fig. 3
shows XPS survey scan spectra of h-BN particles. The results indicated that nano-sized
h-BN has higher oxygen and carbon contents than micron-sized h-BN. The intensity of
N1s of micron-sized h-BN is higher than that of nano-sized h-BN; in addition, O1s, N1s,
Cls, and B1s signals were observed at approximately 532 eV, 398 eV, 285 eV, and 190

eV, respectively, for both micron- and nano-sized h-BN, as seen in Fig. 3.

Nano h-BN| N1s
297000
198000
O1s B1s
__(,e 9
1]
< 0F
3
O Micron h-BN N1s
360000 -
240000
B1s
120000 O1s
L L._-«\ Cis
P
0Fr
1 1 1 1 1 1
1200 1000 800 600 400 200 0

Binding Energy(eV)
Figure 3. XPS survey scan spectra of micron- and nano-sized h-BN particles

Table 1. The elemental compositions of micron- and nano-sized h-BN particles

Sample N B 0] C
(at %) (at %) (at %0) (at %0)
Micron h-BN 70.94 16.44 4.08 8.55
Nano h-BN 50.84 27.93 8.70 12.53

XRD is a non-destructive analysis method that is very useful to investigate the
crystallinity and phase of the materials. Fig. 4 shows XRD patterns of micron- and nano-
sized h-BN particles, and peaks found at 9°, 18°, 28°, 37° and 48° refer to the
characteristic hexagonal basal planes, (101), (102), (004), and (110), respectively.
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Figure 4. XRD patterns of micron- and nano-sized h-BN particles

TGA is a versatile method to investigate the thermal stability and weight loss percentage

of materials. Fig. 5 exhibits the TGA curves of the neat micron- and nano-sized h-BN

particles; both micron- and nano-sized h-BN particles absorb a lesser amount of moisture

which is evaporated until 100 °C in their volume. Furthermore, neat and micron-sized h-

BN, used for manufacturing the composite materials, were dried overnight before the

utilization due to moisture absorption.
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Figure 5. TGA curves of micron- and nano-sized h-BN particles

Fig. 6 exhibits the Raman spectra of micron- and nano-sized h-BN particles. The strong

peak is observed at 1365 cm™ in both micron- and nano-sized h-BN, and this peak is

about a high-frequency interlayer Raman active E2g mode. The differences in intensity

of the peak can be explained by the variation of chemical bonds.
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Figure 6. Raman spectra of micron- and nano-sized h-BN particles

2.3.2. The effect of particle size and loading ratios of h-BN particles on the
mechanical and thermomechanical performance of epoxy composites

The flat-like particles provide high surface area, and the particle size and aspect ratio can
directly affect the mechanical performance of the epoxy since particles with large particle
size and aspect ratio facilitate the effective stress transfer between epoxy and h-BN
particles and polymer chain movement prevention [23]. The loading ratio is another factor
that enhances the mechanical properties of epoxy through inhibition of the crack
propagation and providing the effective stress transfer; on the other hand, the mechanical
properties when the concentration exceeds a certain level show decrement because of the
bubble and stress concentration regions formation caused by aggregation of the particles
[21]. In contrast, the high dispersion quality of h-BN particles and strong adhesion
between h-BN and epoxy enhance the mechanical performance of the composites by
inhibiting the stress concentration areas in the material [24]. Fig. 7a and 7b represent the
tensile stress-strain curves for micron- and nano-sized h-BN particles reinforced epoxy
as a function of loading levels, respectively. The steep elastic deformation zone, which is
an indicator of brittle behavior, is observed with increasing micron-sized h-BN
concentration; however, the composites, including nano-sized h-BN particles, preserve
their ductile nature. In addition, Fig. 7c and 7d exhibit the comparison of the tensile
strength and elastic modulus improvement in terms of micron- and nano-sized h-BN
particles, respectively. The elastic modulus values show an incremental trend after 1 wt%
concentration level for both micron- and nano-sized h-BN particles, and the maximum
enhancement of 46.9% is obtained in the epoxy with 20 wt% micron-sized h-BN particles,

which is approximately 3 times higher than 20 wt% nano-sized particles. The

10



enhancement is attributed to the high aspect ratio of the micron-sized h-BN particles,
which allow effective constraints of crack propagation, immobilization of epoxy chains,
and stress transfer between micron-sized h-BN and epoxy through a wider surface contact
area of the micron-sized h-BN [25]. In addition, Table 2 and Table 3 summarize the
tensile strength variation for micron- and nano-sized h-BN particles as a function of
loading level. The micron-sized h-BN significantly deteriorates the tensile strength of
epoxy with the increase of the loading level, which can be caused by the non-uniform
distribution of h-BN and inefficient stress transfer between h-BN and epoxy, thereby the
maximum reduction is observed by 20.6% for 10 wt% h-BN levels. Furthermore, nano-
sized h-BN slightly changes the mechanical performance of the epoxy because local stress
areas arising from the stiffening effect of the brittle crosslinked polymers and poor

connections between fillers and matrix can cause a reduction in tensile strength [3] [26].
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Figure 7. Tensile stress-strain curves of (a) micron- and (b) nano-sized h-BN reinforced

10 20

epoxy composites as a function of different loadings, and comparison of (c) tensile

strength improvement and (d) tensile modulus improvement in terms of micron- and

nano-sized h-BN particles

Table 2. Tensile strength and modulus values and their improvement percentages of

micron-sized h-BN reinforced epoxy composites as a function of loading ratio

Sample Elastic Modulus Improvement Tensile Strength Improvement
(MPa) (%) (MPa) (%)
Neat epoxy 2985+87 - 81+2.4 -
0.5 wt% m/h-BN+Epoxy 331777 111 83+6.1 2.5
1.0 wt% m/h-BN+Epoxy 3006+49 0.7 80+0.8 -1.2
2.0 Wt% m/h-BN+Epoxy 3122429 46 78+2.5 -3.7
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5.0 wt% m/h-BN+Epoxy 3330433 11.6 75+2.5 -1.4
10.0 wt% m/h-BN+Epoxy 4211490 41.1 65+5.0 -19.8
20.0 wt% m/h-BN+Epoxy 4387+83 46.9 66+0.9 -18.5

Table 3. Tensile strength and modulus values and their improvement percentages of

nano-sized h-BN reinforced epoxy composites as a function of loading ratio

Sample Elastic Modulus Improvement Tensile Strength Improvement

(MPa) (%) (MPa) (%)

0.5 wt% n/h-BN+Epoxy 3043+61 1.9 84+0.5 3.7

1.0 wt% n/h-BN+Epoxy 2913+23 -2.4 81+0.4 -

2.0 wt% n/h-BN+Epoxy 3039+41 1.8 82+0.2 1.2

5.0 wt% n/h-BN+Epoxy 3111+82 4.2 82+0.2 1.2

10.0 wt% n/h-BN+Epoxy 3175453 6.4 74+7.3 -8.6

20.0 wt% n/h-BN+Epoxy 3468+30 16.2 78+6.5 -3.7

The 3-point bending test was conducted to determine the optimum particle size and
loading ratio of h-BN particles to attain high performance mechanical properties of the
micron- and nano-sized h-BN reinforced epoxy with high thermal conductivity values.
Fig. 8a and 8b exhibit the flexural stress-strain curves for epoxy including micron- and
nano-sized h-BN particles with a comprehensive weight concentration from 0.5 wt% to
20 wt%, respectively. In addition, Fig. 8c and 8d show flexural strength and modulus
improvements of epoxy composites as a function of the h-BN type and its concentration.
The gradual enhancement is observed in flexural modulus values for both micron- and
nano-sized h-BN/epoxy composites after 1 wt% h-BN loading level; nevertheless, the
flexural modulus show decrement which is owing to agglomeration of the h-BN particles
when the concentration of micron-sized h-BN particles exceed the 10 wt%. The
homogeneous dispersion is provided even in high concentration levels for nano-sized h-
BN particles, while the 10 wt% is the upper limit for homogeneous dispersion of micron-
sized h-BN particles in epoxy. Table 4 and Table 5 summarize the flexural modulus,
strength, and their improvement percentages. The 10 wt% micron-sized h-BN particles
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reinforced epoxy shows 40.62% improvement with respect to the neat epoxy; on the other
hand, nano-sized h-BN particles enhance the flexural modulus without any aggregation
in high concentrations, and the higher flexural modulus improvement percentage is
15.13% for 20 wt% loading level. The micron-sized h-BN particles enable a wider surface
interaction area with epoxy, and efficient load transfer takes place between micron-sized
h-BN particles and epoxy with respect to nano-sized h-BN particles; thus, the flexural
modulus reaches higher values for micron-sized h-BN reinforced epoxy [27]. Otherwise,
the deterioration of the flexural modulus of the micron-sized h-BN reinforced epoxy is
attributed to the formation of the agglomeration of h-BN particles because agglomeration
causes the formation of the stress transfer areas and reducing of the interaction areas
between h-BN particles and efficient load transfer between h-BN particles and epoxy.
There are slight variations in flexural strength of the nano-sized h-BN reinforced epoxy
composites; however, the increasing loading level of the micron-sized h-BN particles
significantly degrades the flexural strength of the epoxy. The degradation of flexural
strengths could be attributed to three different reasons. The first reason is the nonuniform
distribution or agglomeration of the h-BN in the epoxy matrix, which was previously
confirmed by Han et al. [3] using BN-nanosheets in the epoxy matrix. The second reason
can be considered a poor interfacial adhesion between h-BN particles and epoxy matrices,
making it hard to transfer and distribute the applied load in the matrix uniformly, and this
problem was solved previously by surface treatment of BN particles by Wattanakul et al.
[28]. The last reason could be specified for only the bending test, where the activation of
simultaneous compression and tension stresses in the bending test causes a decrease in

bending strength.
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Figure 8. Flexural stress-strain curves of (a) micron- and (b) nano-sized h-BN epoxy

composites as a function of different loadings, and comparison of (c) flexural strength

improvement and (d) flexural modulus improvement in terms of micron- and nano-sized

h-BN particles

Table 4. Flexural modulus and strength values and their improvements of micron-sized

h-BN particles reinforced epoxy composites as a function of loading ratio

Sample Flexural modulus | Improvement | Flexural strength | Improvement
(MPa) (%) (MPa) (%)
Neat epoxy 2934+93.8 - 127+£2.1 -
0.5 wt% m/h-BN+Epoxy 324149.5 10.46 133+0.7 4.72
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1.0 wt% m/h-BN+Epoxy 3109+42.4 5.96 128+1.77 0.79

2.0 wt% m/h-BN+Epoxy 3119+19.7 6.31 126+1.03 -0.79
5.0 wt% m/h-BN+Epoxy 3227+11.1 9.98 122+2.49 -3.94
10.0 wt% m/h-BN+Epoxy 4126+47.7 40.63 121£3.01 -4.72
20.0 wt% m/h-BN+Epoxy 3872+83.7 31.97 106+2.30 -16.54

Table 5. Flexural modulus and strength values and their improvements of nano-sized h-
BN particles reinforced epoxy composites as a function of loading ratio

Sample Flexural modulus | Improvement | Flexural strength | Improvement

(MPa) (%) (MPa) (%)

0.5 wt% n/h-BN+Epoxy 3124+39.0 6.48 130£1.15 2.36

1.0 wt% n/h-BN+Epoxy 2959+22.2 0.85 123+0.83 -3.15

2.0 wt% n/h-BN+Epoxy 3065+41.8 4.46 128+1.47 0.79

5.0 wt% n/h-BN+Epoxy 3138+12.8 6.95 127+0.78 0.0

10.0 wt% n/h-BN+Epoxy 3159+39.9 7.67 122+1.25 -3.94

20.0 wt% n/h-BN+Epoxy 3378+52.0 15.13 126+1.08 -0.79

Dynamical mechanical analysis (DMA) is an effective, versatile, and sensitive technique
utilized for the determination of the thermomechanical properties, and molecular
relaxation processes of polymeric materials. The oscillatory stress is applied to the
samples, and storage modulus (E’) and loss modulus (E”) are defined through strain
measurement as a response to applied periodic stress. The ratio of the loss modulus to
storage modulus gives the loss factor (tand or damping ratio) and the peak point of loss
factor vs temperature graphs corresponds to glass transition temperature (Tg), which

specifies the maximum service temperature of the polymeric materials [29].

Fig. 9a and 9b demonstrate the variation of the storage modulus of epoxy as a function of
temperature, particle size, and concentration of h-BN particles. The storage modulus,
which can be assumed from the elastic modulus, is directly proportional to the amount of

micron- and nano-sized h-BN particles. The enhancement in the storage modulus is
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attributed to improvement in the load-bearing capacity and stiffness of the epoxy by the
addition of the high stiff h-BN particles, and the increment in the concentration level of
h-BN particles enables a high number of particles connected to epoxy [30]. Furthermore,
the homogeneous dispersion of rigid h-BN particles establishes efficient load transfer
pathways, thereby load transfer is facilitated through the h-BN/epoxy interfaces. In
addition, the chemical bonds between h-BN particles and epoxy restrict the molecular
chain mobility of epoxy in nearby places to h-BN particles whereby storage modulus is
enhanced [31][32]. The storage modulus starts to decline with increasing temperature due
to relaxation in the molecular mobility of epoxy chains, and then a sharp decrease takes
place in a high-temperature range, which is designated as the glass transition region [33].
The glass transition temperature is a temperature range where polymer chains go from a

glassy state to a rubbery state [3].

The variation of loss factor with temperature is presented in Fig. 9c and 9d, and the Ty
values of samples can be compared as a function of particle size and concentration of h-
BN particles according to peak points of the graphs. The Tg is a property associated with
the molecular mobility of polymers which is affected by chain rigidity, linearity, and
packing. Fig. 9c and 5d show the mild variations in T4 of the epoxy composites with the
addition of the micron- and nano-sized h-BN particles. The slight improvements refer to
the restriction of segmental motion of polymer chains at locations near the filler-matrix
interface [34]. In contrast, the moderate decrease is explained by the reduction of the
cross-linked density in the composite and low interfacial interaction between h-BN

particles and epoxy matrix [35].

Furthermore, the highness of the tand is a sign of the energy dissipation characteristics of
the materials. Fig. 9c and 9d show that the highness of the tand increases with the addition
of micron- and nano-sized h-BN particles, and the maximum highness value was obtained
in the epoxy with 10 wt% of micron-sized h-BN. This increment can be attributed to the
interaction between h-BN and epoxy molecules, whereby low highness indicates a strong
interaction [36]. As a result of the strong interaction, the chain entanglement is observed

nearby places to fillers; thereby, chain mobility of the epoxy is prevented.
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Figure 9. Temperature sweep of the storage modulus of (a) micron-sized and (b) nano-

sized h-BN reinforced epoxy composites, and damping ratio curves of (¢) micron-sized

and (d) nano-sized h-BN reinforced epoxy composites

2.3.3. Tailored thermal conductivity of epoxy composites as a function of particle

size and loading ratio of h-BN particles

Since composite materials contain different types of materials in their structures, the

intrinsic thermal conductivity values of filler and matrix, concentration, particle size, and

shape of filler play critical roles in the thermal conductivity values of final composites

[37]. The thermal conductivity properties of composite materials are enhanced by

establishing highly thermal conductive pathways, minimization of interfacial resistance

between filler and matrix, and thermal resistance arising from lattice defect, impurity,

boundary, and phonon-phonon scattering through conductive pathways [35][38]. Fig. 10a




and 10b show the thermal conductivity values of epoxy in in-plane and through-thickness
directions as a function of particles size and concentration of h-BN particles. In both
directions and at all concentration levels, the micron-sized h-BN reinforced epoxy
exhibits higher thermal conductivity values than those of nano-sized. The heat transport
phenomenon is associated with phonon flow in non-metals, and the higher particle size
of the micron-sized h-BN limits the number of interfacial areas between h-BN and epoxy;
hence, the phonon scattering is diminished through the conductive pathways, and the
thermal conductivity shows significant enhancement for particles with wider interfacial
surface areas [39]. Furthermore, the large particles also construct thick and highly stable
conductive pathways, and other particles cannot disrupt this at the boundary of the

conductive pathways [40].

As another factor, the thermal conductivity values are improved by increasing the loading
levels of both micron- and nano-sized h-BN particles; however, these values follow a
non-linear way whereby the improvement percentage is higher for high loading levels
than those at lower loading levels, as seen in Fig. 10a and 10b. This circumstance is
explained by initiation to establish thermally conductive pathways thanks to filler
connections at high filler concentration levels [41]. The thermal conductivity values of
the neat epoxy are 0.222 W/m.K in in-plane and 0.231 W/m.K in the through-thickness
direction, and the differences between these two directions are attributed to molecular
chain alignments of the epoxy. Besides, the thermal conductivity values show
enhancement by utilizing micron- and nano-sized h-BN particles, and the maximum
values of in-plane and through-thickness are 0.46 W/m.K and 0.49 W/m.K, respectively,
with an increase of 107.2% and 112.1% for 20 wt% of micron-sized h-BN which are

approximately two times higher than those of nano-sized.
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Figure 10. The comparison of the thermal conductivity values of the epoxy composites

in (a) in-plane (b) through-thickness directions as a function of particle size and

concentration of h-BN particles

Table 6. The thermal conductivity of micron-sized h-BN reinforced epoxy composites

in in-plane and through-thickness directions as a function of loading ratio

In-Plane Thermal Through-Thickness
L Improvement L Improvement
Samples Conductivity Thermal Conductivity
(%) (%)
(W/m.K) (W/m.K)
Neat Epoxy 0.222 0.231
0.5 wt% m/h-
0.231 4.1 0.235 1.7
BN+Epoxy
1.0 wt% m/h-
0.238 7.2 0.239 35
BN+Epoxy
2.0 wt% m/h-
0.251 131 0.249 7.8
BN+Epoxy
5.0 wt% m/h-
0.289 30.2 0.287 24.2
BN+Epoxy
10.0 wt% m/h-
0.330 48.6 0.350 51.5
BN+Epoxy
20.0 wt% m/h-
0.460 107.2 0.490 1121
BN+Epoxy
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Table 7. The thermal conductivity of nano-sized h-BN reinforced epoxy composites in

in-plane and through-thickness directions as a function of loading ratio

In-Plane Thermal Through-Thickness
o Improvement o Improvement
Samples Conductivity Thermal Conductivity
(%) (%)
(Wim.K) (W/m.K)
0.5 wt% n/h-
0.224 0.9 0.230 -0.4
BN+Epoxy
1.0 wt% n/h-
0.223 0.5 0.227 -1.7
BN+Epoxy
2.0 wt% n/h-
0.224 0.9 0.232 0.4
BN+Epoxy
5.0 wt% n/h-
0.252 135 0.248 7.4
BN+Epoxy
10.0 wt% n/h-
0.257 15.8 0.267 15.6
BN+Epoxy
20.0 wt% n/h-
0.312 40.5 0.312 35.1
BN+Epoxy

2.3.4. Fracture surface analysis of neat and h-BN reinforced epoxy composites in
terms of micron- and nano-sized h-BN particles

Fracture surface analysis establishes a deep understanding of the dispersion states of
micron- and nano-sized h-BN in epoxy and the failure behaviors of final composites. Fig.
11 demonstrates SEM images of the neat epoxy fracture surfaces, 10 wt% micron-sized
h-BN reinforced epoxy, and 10 wt% nano-sized h-BN reinforced epoxy after the tensile
test. Fig. 11a and 11b exhibit the fracture surface morphology of the neat epoxy specimen
at different magnifications, and the rough surface, which is characteristic of ductile
breakage, indicates the high fracture toughness. Fig. 11c and 11d show fracture surfaces
of 10 wt% micron-sized h-BN reinforced epoxy composite, and the smooth surface
implying the brittle breakage nature of the sample is observed. As mentioned previously,
the composite material, including 10 wt% micron-sized h-BN, is more brittle than neat
epoxy according to elastic modulus, which is confirmed by SEM images. On the other

hand, the fracture surface of the nano-sized h-BN reinforced epoxy has significantly
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rougher than the other specimens, as shown in Fig. 11e and 11f, and the roughness is
correlated with toughening and additional surface formation during the crack
mechanisms. In addition, the crack deflection, twisting, and tilting lead to the formation
of the rough surface area, and this surface morphology points out the efficient energy
dissipation characteristic. Moreover, uniform roughness implies the homogeneous
dispersion of h-BN in epoxy without any observable agglomerations and tight interfacial

bonding between nano-sized h-BN and epoxy [42].
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Figure 11. SEM images of the fracture surfaces after tensile test (a,b) neat epoxy (c,d)
10 wt% micron-sized h-BN reinforced epoxy composite, and (e,f) 10 wt% nano-sized h-
BN reinforced epoxy composite
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2.4. Conclusion

The fast, up-scalable, and cost-effective pre-dispersion method is employed to
incorporate micron- and nano-sized h-BN in epoxy to obtain a highly dispersed and stable
h-BN/epoxy mixture. The dispersion of h-BN particles in epoxy facilitates the heat and
load transfer through the composite, whereby thermal and mechanical properties of the
composites are remarkably enhanced thanks to the formation of highly stable thermal
conductive and load transfer pathways. Furthermore, DMA test results confirm that the
dispersion of micron- and nano-sized h-BN in a wide weight range does not affect the
thermomechanical characteristics of epoxy; thereby, the thermal consistency of epoxy is

preserved even in high temperatures.

The effect of particle size and concentration level of h-BN particles on epoxy were
investigated to attain high thermal performance with optimum mechanical properties. The
incorporation of the micron- and nano-sized h-BN is carried out by pre-dispersion method
using probe sonication to avoid aggregation of particles in epoxy; subsequently, the epoxy
composites were manufactured for thermal characterizations and mechanical tests by the
classical molding method. Micron- and nano-sized h-BN integration in epoxy lead to
significant improvement via increasing concentration in the thermal conductivity; on the
other hand, the thermal performances of the epoxy reinforced with micron-sized h-BN
show more noticeable performance. For instance, the thermal conductivity of epoxy is
enhanced by 107% and 112% in in-plane through-thickness directions for the 20 wt%
micron-sized h-BN, respectively, while the nano-sized h-BN reinforced epoxy shows
41% improvement in both directions when compared to neat epoxy. Besides the thermal
conductivity analysis, tensile and 3-point bending tests are carried out to determine
optimum h-BN particle size distribution and concentration for mechanical behaviors with
high thermal conductivity. Epoxy modified with 20 wt% micron-sized h-BN shows 47%
improvement in tensile modulus, and epoxy including 10 wt% micron-sized h-BN has
41% enhancement in flexural modulus. In contrast, 20 wt% nano-sized h-BN
concentration improves the tensile and flexural modulus values of epoxy by 16% and
15%, respectively. The fractography analyses were detailly carried out to investigate the
effect of particle size, interfacial interaction between filler and matrix, dispersion quality,
as well as the concentration level of h-BN particles on the fracture mechanism of
composites under tensile load. This novel research provides a deep understanding of the
synergistic effect of particle size and concentration of h-BN particles on the most common
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thermoset polymeric materials like epoxy. It is considered that these results will be a
guideway, especially in to be produced multi-scale composites consisting of fibers and h-
BN particles, as well as the surface treatment works. Furthermore, it is strongly believed
that this state-of-the-art study fills in the gap in the literature on the particle size-
concentration relationship investigation of inorganic thermally conductive fillers such as
h-BN particle used as primary reinforcement agent for thermoset composites with notable

mechanical properties.
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CHAPTER 3. THE SYNERGISTIC EFFECT OF CARBON
NANOMATERIAL COATED GLASS FIBERS ON THE PERFORMANCE
OF EPOXY COMPOSITES HAVING h-BN PARTICLES

Four different arrangements are determined to fabricate multi-scale epoxy composites in
which micron-sized h-BN particles and nano-sized SWCNT are utilized in resin and
interfaces of glass fibers as primary modifiers, respectively. In the first design, the pre-
dispersion method is used to incorporate the micron-sized h-BN particles in epoxy resin.
Homogeneous and highly stable dispersion of h-BN particles in epoxy improves the
thermal and mechanical properties through efficient heat and load transfer between glass
fibers and epoxy. In the second design, the SWCNT is coated onto glass fibers by dip
coating to prevent a thermal mismatch between glass fibers and epoxy. In the third design,
the neat and SWCNT coated glass fibers are utilized together as a hybrid system to
evaluate the gradual increment in the thermal and mechanical properties of the
composites. In the last design, the combination of the hybrid system and h-BN reinforced
epoxy is studied to obtain promising thermal conductivity as a multi-scale composite. The
synergistic effects of the h-BN particles and SWCNT as resin and interface coating
modifiers are examined by carrying out several physical and chemical characterization
methods. The usage of h-BN particles for all designs improves the thermal performance
in in-plane and through-thickness directions. The hybrid systems with h-BN particles
show remarkable enhancement in thermal conductivity in through-thickness direction by
32%.

3.1. Experimental

3.1.1. Materials

Micron-sized h-BN particles in the average particle size of 4-10 pm and commercial
SWCNT suspensions with a concentration of 0.2 wt% were purchased from Civelek
Porselen Company from Turkey, and OcSiAl Company-Pinhas Company, from Turkey,
respectively. Ethanol (99%) to utilize for dispersion of micron-sized h-BN was purchased
from Sigma Aldrich. Sika Biresin® CR131 and CH132-5 hardener two-part system were
supplied by Tekno Chemicals Inc. This resin system was selected for the vacuum infusion
process owing to its high Tq and low viscosity. Bidirectional E glass plain woven were

supplied by Metyx.

26



3.1.2. The selective dispersion of micron-sized h-BN and SWCNT in resin and fiber
interfaces

Two different incorporation procedures were performed to fabricate the multi-scale
composites containing h-BN and SWCNT particles. In the incorporation of h-BN
particles, 10 wt% loading level was selected since epoxy composites, including micron-
sized h-BN particles in this concentration, have promising thermal conductivity values in
in-plane and in through-thickness directions supported by high mechanical properties as
explained in the previous section. Firstly, micron-sized h-BN was dispersed in ethanol,
and a homogeneous mixture was prepared using an ultrasonicator (Hielscher UP400S)
for 1 h at room temperature. Subsequently, this solution was mixed with epoxy and
sonicated for an additional 2 h. The pre-dispersion method is utilized to attain a stable

and highly dispersed epoxy mixture.

In the second approach, the dip-coating method is employed to graft homogeneously
SWCNT onto glass fibers to fabricate a multi-scale composite system. The supplied
commercial SWCNT solution with a concentration of 0.2 wt% was firstly diluted with
distilled water in the ratio of 1:1, then dilute solution was sonicated to improve the
dispersion quality of the solution for 15 min at room temperature. After the coating
process, the SWCNT coated glass fibers were kept in the oven at 120 °C for the drying

process.

3.1.3. Preparation of Composites having different designs by Vacuum Infusion and
Hand Lay-up combined with Hot Press Methods

Vacuume-assisted resin transfer method (VARTM) and hand lay-up combined with a hot
press were employed for composite manufacturing as two different methods. In the first
production technique, the glass fibers are stacked onto a stainless-steel infusion table,
then impregnated with degassed epoxy resin while glass fibers are under a vacuum
environment. Multi-scale composites in 5 different designs were produced by VARTM,
and the reference neat fabric/neat resin was manufactured in the first design. In the second
design, neat fabric/10 wt% m/h-BN epoxy resin was produced to observe the effect of the
micron-sized h-BN on mechanical, thermal, and thermomechanical properties of
composites as a matrix modifier. In addition, the other composite designs such as hybrid
fabric/neat resin, hybrid fabric/10 wt% m/h-BN epoxy resin, and full coated glass fiber/
neat resin are produced utilizing a combination of the neat and SWCNT coated glass

fabrics with a concentration of 0.1 wt% SWCNT. In the production of reference

27



composite, 17 layers of glass fibers and neat epoxy resin are used for manufacturing; on
the other hand, 17 layers of substitutional symmetrical design as 1 layer neat and 1 layer
coated fabric are utilized in the hybrid system. The combined usage of the neat and
SWCNT glass fibers is to evaluate the effect of the gradual increment of the SWCNT on

thermal and mechanical properties in the system.

Flow Mesh

Peel Ply

Spiral Tube

Sealing Tape

T-Shape

- =~

~— -

Figure 12. The schematic representation of the glass fiber reinforced composites

production procedure by the vacuum infusion method

In the second production method, the hand lay-up combined with the hot press technique
is conducted to fabricate composites using the same glass fiber and resin combinations.
The degassed resin was applied to fibers ply by ply, and then the impregnated fibers were
taken in a vacuum environment and consolidated by the hot press for 5 h at 100 °C and
2.5 tones. This method is selected to prevent filtration of h-BN particles and produce
homogeneous and thick composite materials which allow optimum heat dissipation

during the thermal conductivity tests.
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Figure 13. The schematic representation of the glass fiber reinforced composites

production procedure by the hand lay-up combined with the hot press method

The produced composites are cut in 35x10x1.5 mm, 25x25x1.5 mm, and 25x25x4 mm
for DMA, optical microscopy, and thermal conductivity tests, respectively, as well as
tensile, flexural, and Charpy impact test specimens, are cut in 185x25x1.5 mm with a
gauge length 135 mm, 70x12.7x1.5 mm, and 80x10x1.5 mm, respectively. After the
cutting of tensile test specimens, the grip locations of the specimens are polished with
800-grit sandpaper to enhance the adhesion capability of samples to tab materials.
Composite tab materials are selected in the dimension of 25x25x1.75 mm and adhered
onto polished areas of test samples with two-component room temperature curing epoxy

systems (3M Scotch-Weld Epoxy DP 490) to prevent the damage in these areas.

3.1.4. Characterization

Several microscopic and spectroscopic characterization techniques were performed to
identify the properties of reinforcement materials and composite materials. The optical
microscopy analysis is carried out to analyze the cross-sectional structures such as fibers
orientation, voids, and resin distribution of the composite, as well as the orientation and
coating quality of the glass fibers by using Nikon Eclipse LV100ND optical microscopy.
After tensile test and SWCNT distribution onto glass fibers, the fracture surfaces of
samples were investigated by Leo Supra 35VP Field Emission Scanning Electron
Microscope (SEM, Carl Zeiss AG, Jena, Germany). FTIR spectra were conducted to

determine functional groups onto neat and SWCNT coated glass fibers by using a Thermo
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Scientific Nicolet iS50 FTIR spectrometer. Raman spectroscopy was performed to
analyze the molecular structure, and vibrational properties of both neat and SWCNT
coated glass fibers by utilizing a Renishaw inVia Reflex Raman Microscope with 532 nm
edge laser at room temperature in the range of 100—-3500 cm ™. The density of composite
parts is measured in accordance with Archimedes Principle. Thermogravimetric analysis
(TGA) was carried out to examine the thermal stability and weight loss percentage of
glass fibers and composites by utilizing Mettler Toledo Thermal Analyzer (TGA/DSC
3+) with a 10 °C/min heating rate from room temperature to 1000 °C. Dynamic
mechanical analyzer (DMA) tests were performed on the samples with a dimension of 35
mm in length and 10 mm in width using a DMA Q800 (TA Instruments, New Castle, DE)
in a dual cantilever mode for viscoelastic investigation with the heating rate of 3 °C/min

by initiation from room temperature to 250 °C and 1 Hz.

Moreover, in-plane and through-thickness thermal conductivity measurements of the
composites having different designs are operated by the hot disc method with the TPS
2500 S device. Besides the materials characterization tests, the mechanical tests were
conducted by Instron 5982 Static Universal Test Machine (UTM) with 10 kN load cells.
ASTM D 5083-02, ASTM D 790, and 1SO 179 test standards were utilized for tensile, 3-
point bending tests, and Charpy Impact Tests, respectively. Whereas the constant cross-
head speeds were 5 mm/min for tensile tests and bending tests operated with a 2 mm/min
bending rate, the axial and transverse extension data were recorded using a knife-edge
extensometer (Epsilon, Tech. Corp.) during the tests. Ceast 9050 impactor with a 5 Joule
hammer potential energy is utilized to determine the impact strength of the manufactured

composites.

3.2. Results & Discussion

3.2.1. The characteristic properties of neat and SWCNT coated glass fabrics

The optical microscopy is carried out to investigate the interfacial and morphological
properties of neat and SWCNT coated glass fibers in different magnification levels
because these properties of the fibers directly affect interfacial interaction with epoxy, the
mechanical properties of the final composites. Fig. 15 shows the morphological situation
of the neat and SWCNT coated glass fibers in low magnification. The space between
adjacent fibers is very crucial because the space filled with SWCNT reduces the

interfacial interaction with epoxy and leads to wettability and delamination problems.
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Figure 14. Optical microscopy images of glass fibers (a,b) as-received (c,d) after the
SWCNT coating

SEM analysis was conducted to observe the distribution of SWCNT on fibers, interspace
areas among fibers, and the effectiveness of the coating process. Fig. 16 shows SEM
images of the neat and SWCNT coated glass fibers. The parallel and smooth surface
alignments of the glass fibers at different magnifications are shown in Fig. 16a and 16b,
and Fig. 16¢ and 16d exhibit the homogeneous and thin SWCNT dispersion after the dip-
coating method. The coating of the SWCNT does not negatively affect the morphological
properties of the glass fibers, and the glass fabrics retain their consistent structure after
dip coating processes, and the chemical and physical interaction between SWCNT and
glass fibers gives rise to strong attachments of the nanofillers on fibers. In addition, the
van der Waals interaction among SWCNT bundles causes aggregate SWCNTSs; however,
the effective dispersion inhibits the formation of the agglomerations. The SWCNT
increases the surface energy and roughness of the glass fibers, which provides a high
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interfacial interaction between fibers and epoxy. The dip-coating method, which is
utilized for the deposition of SWCNT onto glass fiber surfaces, is a solvent-based method
and gives an environmentally friendly solution for producing SWCNT coated fiber by
using distilled water as a dispersion medium. The dispersion quality of the solution is the
critical parameter for the dip-coating method; thus, the sonication must be performed
smoothly. Moreover, the drying process is also significant in terms of the structural
consistency of the fibers. The evaporation of the moisture absorbed during the dip-coating
process in the structure of the glass fibers takes place when the fibers are put in the oven,
and tension that occurs in the drying of the fibers can damage the sensitive structure of
the glass fibers. The smooth and parallel structure confirms that the process has no

negative influence on the glass fibers, as seen in Fig. 16¢ and 16d.
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Figure 15. SEM images of the glass fibers (a,b) as-received and (c,d) after the dip-
coating of SWCNT

The Raman spectra analysis was conducted to evaluate structural variations on glass
fibers after coating of the SWCNT by monitoring specific CNT peaks. Fig. 18 shows the
Raman spectra of SWCNT, neat, and SWCNT coated glass fibers. The glass fibers do not
exhibit any specific peak in the Raman analysis; however, SWCNT has three
characteristic peak points, which are radial breathing mode (RBM) at ~100-200 cm™, G
which is due to in-plane stretching vibrations of C-C bond in peak at 1588 cm™ and 2D
peak at 2699 cm™ attributed to again sp? bonded carbon atoms. RBM, which corresponds
to out-of-plane bond stretching, cannot be seen in other graphene types because it is
related to the cylindrical shape of the carbon nanotubes; in addition, the characteristic
peaks of SWCNT behave as dominant by dip-coating of the glass fibers [43] .
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Figure 16. Raman spectra of SWCNT, neat and SWCNT coated glass fibers

TGA was performed to evaluate the thermal stability of materials, and micron-sized h-
BN, neat, and SWCNT coated glass fibers were heated from room temperature to 1000
°C. Fig. 19 demonstrates the weight loss as a function of temperature. Micron-sized h-BN
loss approximately 0.5% small amounts of weight until the temperature reaches 100 °C,
and this behavior can be attributed to the evaporation of whole moisture in the volume of
the h-BN. In addition, the TGA graph of neat glass fabric contains 2 steps. Approximately
moisture, which is corresponded to 0.15% of all volume, is removed like h-BN until 100
°C in the first step, and there is a weight loss in a percentage of 0.68% in the temperature
range between 200 °C-400 °C in the second step of neat glass fiber. This weight reduction
refers to removing the polymer sizing agent or coupling agent in the structure of the as-
received glass fibers. Furthermore, the SWCNT coated glass fabric shows weight
reduction in the three steps. The first two steps have the same behavior with neat glass
fabric; however, the difference is that the removed weight is in a percentage of 0.23% and
a little bit higher than the neat one. In the second step, the SWCNT-coated glass fiber
loses 0.7% of its weight, and 0.99% of the total amount is lost in the temperature range
400 °C-550 °C as a third step.

The amount of the nanomaterials onto glass fiber can also be calculated by TGA. The
difference in the TGA curves of the neat and SWCNT coated glass fibers is in the third
step of the line belonging to coated fiber. This weight reduction can be attributed to the
burning of the SWCNT in the structure, and the loss percentage is 0.99%, as mentioned
above. The initial weight of the utilized SWCNT coated glass fabric is 26.33 mg, and
according to the initial weight of the fiber, the SWCNT amount is calculated as 0.26 mg.

Besides, the 4x4 mm glass fibers are used for TGA analysis, and 20x20 mm composites
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are produced during the VARTM process; consequently, it can be said that one ply of the
composites contains 6.51 mg SWCNT.
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Figure 17. The percentages of weight loss of micron-sized h-BN, neat glass fabric and
SWCNT coated glass fabric

3.2.2. The characteristic properties of composites having different designs

Optical microscopy analysis is conducted to observe the orientation of fibers, surface
defects, and voids in the structure of the composites. Fig. 20 exhibits the optical
microscopy images of the composites having different designs, and the voids and surface
damages can be seen easily. In addition, the parallel alignments of the fibers are observed,

and the average fiber diameter is calculated in the range of approximately 8.5-11 um.

(a) (b)
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Figure 18. The optical microscopy images of the (a,b) neat fabric/neat resin (c,d) neat
fabric/10 wt% m/h-BN epoxy resin (e,f) hybrid fabric/neat resin (g,h) hybrid fabric/10
wt% m/h-BN epoxy resin (i,j) full SWCNT coated fabric/neat resin

Archimedes’ Principle test calculates the experimental density values of the composites
with different designs. According to the Archimedes Principle test result, the highest
density value is obtained for neat fabric/neat resin. There is no significant influence of h-
BN on density; in contrast, the density is lowered with the increasing number of coated
fabrics in the system. The lowest density value is 1.76 g/cm® and observed for full
SWCNT coated fabric/neat resin, while the highest density value is 1.82 g/cm? attained
for the neat fabric/neat resin system. It can be understood that as the amount of the
nanomaterials increased in the composites, the density of the composites decreased. This

situation can be attributed to composites with SWCNT coated glass fibers losing their

rigidity which leads to a decrease in the density of the composites.

Table 8. The density values of the composite materials having different designs

Sample Neat Neat Hybrid Hybrid Full SWCNT
Fabric/Neat Fabric/10.0 Fabric/Neat Fabric/10.0 Coated
Epoxy Resin wt% m/h-BN Epoxy Resin wt% m/h-BN Fabric/Neat
Epoxy Resin Epoxy Resin Epoxy Resin
Density 1.82 181 1.79 1.79 1.76
(g/cm?)
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TGA was employed to investigate the thermal stability of the composites with different
designs starting from room temperature to 800 °C. Fig. 21 shows the weight loss
percentage variations of the composites having different designs with increasing
temperature, and all composites have one stepped decomposition curve. The composites
start to decompose at 150 °C, and degradation finalizes at approximately 400 °C.
Furthermore, the remaining weight of the composites including h-BN particles is the
highest; on the other hand, the SWCNT coated glass fiber reinforced composite exhibits
the higher weight reduction. This behavior is attributed to h-BN particles are not affected
by temperature like glass fibers; however, the SWCNT coating is burnt with epoxy at
decomposition temperature range. In addition, the weight reduction differences between
composites are low, which explains that the high amount of h-BN particles in the resin

are infiltrated during the vacuum infusion processes.
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Figure 19. The weight loss percentage variations of the composites having different

designs with temperature

3.2.3. The effect of the h-BN and SWCNT on the mechanical and thermomechanical
properties of composites having different designs in resin and interface

A high number of interfacial areas are situated in the composite materials since
composites include fiber, matrix, and filler materials in their structures. The final
mechanical and thermomechanical properties of the composites are influenced by the
inherent properties of the constituents and interfacial properties; hence, the covalent and

noncovalent interfacial interactions between fibers and matrix have a crucial role in
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composites. The adhesive interaction energy must be higher than the cohesive interaction
energy of the matrix to attain rigid composite structures, and secondary bondings such as
Van der Waals and hydrogen increase the strength of adhesive interaction [44].
Furthermore, the interfacial interaction and homogeneous dispersion of the nanomaterials
in resin and interface are very significant parameters to affect the mechanical
performances of the composites [45].

The tensile strength, modulus, and strain values are given in Table 9. The strength values
are improved by the addition of h-BN into epoxy resin and deposition of the SWCNT
onto glass fibers. The highest enhancement with a percentage of 13.01% is obtained for
neat fabric/10 wt% m/h-BN epoxy resin composite, whereas the hybrid fabric/10 wt%
m/h-BN epoxy resin shows 9.00% improvement. The enhancement of the tensile strength
can be attributed to the high interaction between h-BN particles and epoxy matrix, and
the homogeneous dispersion of the h-BN limits the stress concentration area formation
and improves the interfacial adhesion among filler and matrix [46][47]. Furthermore, h-
BN particles, which are an obstacle to inhibit the crack propagation, absorb fracture
energy in the matrix and behave as a stress transfer media between matrix and fibers;
thereby, the mechanical performance of the composites shows enhancement [2][48]. The
particles in the matrix have binding joint properties and increase the needed energy for
the propagation of cracks through the matrix, and the mechanical properties exhibits
improvement; however, the tensile behaviors of the composites are fiber-dominated
properties, and the variation in the matrix properties can moderately affect the tensile

behavior of the final composites [48].

The fiber/matrix interfacial areas behave as crack initiation sites due to the important
brittleness differences among fibers and matrix [48]. The surface of the glass fibers is
coated with SWCNT to inhibit the mechanical properties mismatch in the composites;
nevertheless, Table 9 shows that tensile modulus values decrease with increasing amounts
of the nanomaterials in the composites. The weak physical and chemical interactions
inhibit the efficient load transfer at fiber-matrix interfaces, and delamination is observed
in interfacial areas of the composites, including SWCNT coated glass fibers [49]. In
addition, the deterioration in the tensile modulus is observed by the addition of h-BN
particles in the matrix of the composites, and this deterioration in the modulus can be
explained by the agglomeration of the nanofillers and void formation in the matrix. The

agglomeration and void in the composite structure disrupt the matrix continuity and
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diminish the wettability of the matrix to fibers, and this causes low interfacial interaction
[50][51]. Moreover, the addition of a high percentage of h-BN particles increases the
viscosity, which reduces the wettability of the resin, and removing the entrapped air
becomes more difficult than neat epoxy resin, whereby high viscosity restricts the
efficient load transfer [52]. The vacuum-assisted production techniques also improve the
adhesion between fibers and epoxy since the void in the resin is removed by vacuum and

provides smooth interfacial interaction areas [53].

Fig. 22a shows the tensile stress-strain curves of composites with different designs, and
the neat fabric/neat resin and neat fabric/10 wt% m/h-BN epoxy resin have cracking in
one step, while the composites containing SWCNT coated exhibit stepped failure. The
variations in the failure behavior are signs that composites, including neat fabric, show
failures with fiber breakage; on the other hand, the composites with SWCNT coated glass
fiber are exposed to delamination with external stress. The strain value shows increment
with the incorporation of the micron- and nano-sized reinforcement, which increase the

toughness of the composites.

Table 9. Tensile strength, modulus, and strain values and their improvement
percentages of the glass fiber reinforced composites as a function of usage of the h-BN

and SWCNT in resin and interfaces

Sample Tensile Improvement Elastic Improvement | Tensile | Improvement Poisson
Strength (%) Modulus (%) Strain (%) Ratio
(MPa)
(GPa) (%) (mm/mm)
Neat 4427557 - 22.61+0.6 - 3.04 - 0.14
Fabric/Neat
Epoxy Resin
Neat 500.36+16 13.01 21.56+0.2 -4.64 3.72 22.37 0.13
Fabric/10.0
wt% m/h-BN
Epoxy Resin
Hybrid 469.94 £29 6.14 20.42+0.1 -9.68 3.65 20.07 0.11
Fabric/Neat
Epoxy Resin
Hybrid 482.59+22 9.00 20.26+0.2 -10.39 3.99 31.25 0.12
Fabric/10.0
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Figure 20. (a) Tensile stress-strain curves, and (b) tensile strength and modulus

improvements of the composites having different designs

The 3-point bending test is utilized to evaluate the effects of the h-BN incorporation in

resin and SWCNT coating on fiber surface on composite properties under flexural load.

The flexural properties of the composites are matrix dominated properties, and the

flexural strength, and modulus, improvements of the composites with different designs

are given in Figure 23.

As a first parameter, the effect of the h-BN dispersion on flexural properties is

investigated. Whereas the flexural strength shows a slight 1.79% increment, the strain

values show a significant improvement of 19.71% with the addition of the h-BN in the

neat fabric/neat resin. Also, hybrid fabric/10 wt% m/h-BN epoxy resin exhibits higher

flexural properties with respect to hybrid fabric/neat resin. The dispersion quality directly

affects the flexural strength and modulus of the composites, and the high dispersion

quality increases the flexural properties [54]. Furthermore, the flexural strength can be

reduced due to the agglomeration of the particles, and the agglomerations cause stress

concentration areas as well as the voids in the structure. Also, the high amount of filler
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materials increases the viscosity of the resin, and this situation negatively affects the
wetting process of the fibers, and creates voids in the structure [55]. The higher viscosity
that resin has, the degasification of the resin and impregnation of the fibers by resin is
more difficult [56]. The deterioration of the interfacial adhesion capability due to the
wetting properties of the resin directly influences the stress transfer efficiency of the
composite [57]. In addition, the fiber pullouts and breakage are limited by the strong
interfacial interaction between the fibers and epoxy, thus flexural properties show

increment thanks to effective stress transfer [50].

In the second parameter, SWCNT coating on the fiber surface by the dip-coating method
deteriorates the flexural properties. The strong interaction between carbon nanotubes and
matrix as well as fibers is the key to obtaining maximum strength. The incorporation of
the nanomaterials on the surface of the fibers establishes a bridge between matrix and
fiber materials to reduce the properties mismatch and allow the efficient load transfer
between constituents [58]. Normally, the continuous SWCNT coating of the glass fibers
without agglomeration is expected to improve the adhesion between epoxy and glass
fibers through the covalent bonding between SWCNT and fibers [59]. However, Fig. 23b
shows that the flexural properties are degraded by the coating of SWCNT on glass fibers.
The degradation in the flexural properties can be attributed to decreasing interfacial
interaction between fibers and matrix after the coating processes, which leads to poor

interaction and delamination during the flexural test.
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Figure 21. (a) Flexural stress-strain curves (b) flexural strength and modulus

improvements of the composites having different designs
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The Charpy impact test is carried out to evaluate the impact strength and energy
absorption capabilities of the composites with different designs using a pendulum
hammer, thanks to its cost-effectiveness and simplicity. The impact strength and energy
absorption characteristics give information about the toughness or brittleness of the

composites [60].

The effects of sizing of glass fibers and matrix reinforcements on composite are
determined by the impact test, as seen in Fig. 24 Charpy impact strength is 17.68%
enhanced via incorporation of h-BN particles in neat glass/neat resin and is 140.37 kJ/m?
for the full SWCNT coated fabric/neat resin with an approximately 86% improvement.
When the number of the SWCNT coated fibers increases in the structure, the impact
strength shows enhancement, which can be attributed to the stress distribution of the
composites developed; thus, the toughness properties of the composites are enhanced by
the usage of the coated fabric. The composites with many interfacial defects are cracked
even if small loads are applied to samples due to weak interfacial interaction between
fibers and resin. The carbon nanotube deposited at the interfaces deviates the crack
propagation direction and inhibits the contact of the crack tip with fibers. Moreover,
interfacial adhesion and rigidity, as well as the stress field of the crack tip, influence the
crack propagation direction; on the other hand, the improvement in the adhesion
capability between fibers and resin cannot always enhance the impact strength [61][62].
As another, the usage of the h-BN improves the impact strength of composites through
enhancement of the interfacial adhesion of the fibers with epoxy, inhibition of crack
propagation, and bridging effect on the defects; nevertheless, the high amount of h-BN
particles form the agglomeration, which causes stress concentration areas and inhibition
of the effective stress transfer [63][64].
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Figure 22. The impact strength variations of the composites in terms of the h-BN and

SWCNT utilization in resin and interfaces

Dynamical mechanical analysis (DMA) is an effective technique utilized to determine the
thermomechanical properties of polymeric materials. The oscillatory stress is applied to
polymeric materials to calculate the storage modulus (E") and loss modulus (E") of the
materials by means of strain measurement. The ratio of the loss modulus to storage
modulus gives the damping ratio, and the peak point of this phenomenon corresponds to
the glass transition temperature (Tg) of the materials [65]. The composite materials are
composed of different materials, and properties like fiber-matrix interface, fiber
orientation, and filler loading influence the thermomechanical properties of fiber-
reinforced composites. In addition, relaxation and transition processes, as well as the
microstructure of the composites, have effects on the viscoelastic properties of the

composites [66].

Fig. 25a shows the storage modulus variations in terms of h-BN particles, SWCNT
coatings, and temperature. The neat fabric/10 wt% h-BN exhibits the highest storage
modulus value at room temperature, and the storage modulus, which refers to the load-
bearing properties of the composites, is improved by efficient stress transfer between
filler and matrix and the stiffening effect of rigid fillers on the matrix [67]. Furthermore,
the high surface areas and energy of h-BN particles restrict the molecular movement of
the epoxy chains, which improves the storage modulus [68]. The composites, including
h-BN particles, have high storage modulus values at room temperature; nonetheless, these

values show significant decrement and have lower values at high temperatures, which is
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attributed to debonding mechanisms between h-BN and epoxy taking place owing to
differential thermal expansion coefficient at high temperatures [57]. On the other hand,
the storage modulus values of the composites are degraded by insertion of the SWCNT
coated glass fibers in the composite system, and the lowest storage modulus value was
obtained at full coated fabric/neat resin design because the rigidity of the composites is
reduced by usage of the SWCNT coated fibers. The storage modulus values show sharp
decreases in the area, which is named the glass transition region, as seen in Fig. 25a. This
decrease takes place due to increasing the molecular mobility and the relaxation reaction

in the epoxy chains at high temperatures [66].

The loss factor is the ratio of the storage and loss modulus, as well as named as damping
factor. The peak point of the tan delta points out the glass transition temperature of
composites, thereby transitioning from a glassy state to a rubbery state. Fig. 25b exhibits
the Tg variation and energy dissipation properties of the composites with several designs
from variations in positioning on the x-axis and the highness of the curves, respectively.
The addition of h-BN particles into epoxy slightly decreases the T4 value compared with
neat resin, and the small amount of degradation in the T4 values is attributed to decreasing
in the cross-linked density of the epoxy by the addition of the nanomaterials in the system.
In addition, the h-BN particles with high surface area interact with the epoxy chains and
give an immobilized structure; therefore, this structure does not participate in the curing
reaction and reduces the cross-linked density and Tg of the final structure [57]. On the
other hand, Tg of hybrid fiber composite systems shows 10 °C enhancement, and hybrid
fabric/10 wt% m/h-BN epoxy resin has the highest T4 value of 104.88 °C as seen in Fig.
25b. This enhancement in the T4 confirms the synergistic effect of the h-BN particles and
SWCNT coatings on the composites, and this behavior refers to the restriction of the
polymer chains mobility due to strong interfacial interaction, between fibers and matrix,

and reinforcement effect of the h-BN particles on the resin [68].

The highness of the loss factor gives information about the energy dissipation
characteristics of the composites, and neat fabric/10 wt% m/h-BN composite has the
highest loss factor. The incorporation of the h-BN particles increases the highness of the
loss factor curve, which is due to the low interfacial interaction between h-BN particles
and epoxy. In contrast, the usage of the h-BN particles and SWCNT in the composites
systems creates consistent structure and decreases the highness of the loss factor, and the

lowest loss factor value is attained for hybrid fabric/neat resin. The lowering of the
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highness of the loss factor is related to restriction of the epoxy chain mobility and less

energy dissipation characteristics of the composites [69][70].
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Figure 23. (a) Temperature sweeps of the storage modulus and (b) damping ratio curves

of the composite with different designs

3.2.4. Tailored thermal conductivity of composites as a function of h-BN
incorporation in resin and SWCNT coating in interface

The composite materials, which consist of components such as fibers, fillers, and matrix,
have a lot of interfacial areas, which leads to asymmetrical thermal properties due to
phonon scattering in these areas; thus, the thermal conductivity of the composites must
be investigated to establish a deep understanding of this anisotropic behavior [71]. Lattice
vibration, named phonon, is the primary thermal energy transportation phenomenon in

materials [72].

Fig. 26 shows the in-plane and through-thickness thermal conductivity variations of the
composites as a function of h-BN and SWCNT concentration. In all designs, in-plain
thermal conductivity values are higher than the through-thickness values because the
glass fibers have higher thermal conductivity values than epoxy and exhibit anisotropic
thermal conductivity properties [73]. In addition, the continuous and stable thermal
conductivity pathway is established in the in-plane direction; however, the thermal
conductivity pathway is scattered, which reduces the thermal conductivity due to the high
number of interfacial areas between fibers and matrix in the through-thickness direction.
Furthermore, the moderate thermal conductivity enhancement, which corresponds to
9.23% for hybrid fabric/10 wt% m/h-BN epoxy resin composite, is observed in in-plane

directions by the addition of the h-BN particles in epoxy. The thermal conductivity in the
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in-plane direction is dependent on the orientation of the fibers, and the addition of micron-
sized h-BN in resin does not significantly affect the thermal conductivity. In contrast, h-
BN particles significantly improve the thermal conductivity values of composites which
is 32% for hybrid fabric/10 wt% m/h-BN in through-thickness directions because the
epoxy directly affects the thermal conductivity, and lattice movement decreases the
phonon scattering in the through-thickness direction [66][72]. Furthermore, the
continuous thermal conductive pathway is established with the incorporation of the high
thermal conductive h-BN particles in epoxy, and the h-BN particles start to touch each
other at high loading levels, which facilitates heat diffusion [74]. However, thermal
resistance can take place when the h-BN particles are agglomerated in a high
concentration because the excessive epoxy fills out the spaces among h-BN particles,

which increases the thermal resistance in case of formation of agglomerations [75].

There is no physical bonding between the glass fibers in the through-thickness direction;
hence, the interfacial regions between epoxy and glass fibers reduce the thermal
conductivity by the increment of the phonon scattering [71]. There is no effect of the
small amount of SWCNT coating on the thermal conductivity of the composites in the in-
plane direction; however, SWCNT coating slightly improves the thermal conductivity,
which is 10% for full SWCNT coated fabric/neat epoxy resin in through-thickness
direction, as seen in Fig. 26. The SWCNT coating provides an effective bridging effect,
which enhances the phonon diffusion for thermal conduction between the matrix and
glass fibers and increases the surface roughness and surface area of the fibers, thereby the
specific surface energy of the fibers and carrying of the energy is enhanced between
matrix and glass fibers [72]. Besides, the thermal conductivity of the composites is
enhanced through the formation of several conductive branches, and the surface energy
gap between glass fiber and the epoxy matrix is reduced via surface coating of the fibers
created by SWCNT [76].

Table 10. The thermal conductivity values and their improvements of the glass fiber
reinforced composites with different designs in in-plane and through-thickness

directions as a function of h-BN and SWCNT in resin and interfaces

Density of
Samples Composites In-Plane Improvement Through-Thickness Improvement
(g/cm?3) Thermal (%) Thermal (%)
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Conductivity
(W/m.K)

Conductivity
(W/m.K)

Neat
Fabric/Neat
Epoxy Resin

2.05

0.65

0.50

Neat
Fabric/10.0
wt% m/h-BN
Epoxy Resin

2.06

0.71

9.23

0.61

22.00

Hybrid
Fabric/Neat
Epoxy Resin

2.03

0.61

-6.15

0.54

8.00

Hybrid
Fabric/10.0
wt% m/h-BN
Epoxy Resin

2.06

0.71

9.23

0.66

32.00

Full SWCNT
Coated
Fabric/Neat
Epoxy Resin

2.03

0.65

0.55

10.00
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Figure 24. Comparison of the in-plane and through-thickness thermal conductivity
values of the composites with different designs as a function of h-BN and SWCNT

particles in resin and interfaces

3.3 Conclusion

The pre-dispersion method is utilized for the dispersion of h-BN particles in epoxy to
attain a homogeneous and highly stable h-BN/epoxy mixture. The heat and load transfers
are facilitated by the incorporation of the h-BN; thereby, the thermal and mechanical
properties of composites exhibit enhancement. Furthermore, dip coating, which is a
quick, up-scalable, and efficient method, is employed for SWCNT deposition onto glass
fibers to restrain mismatch between epoxy and glass fibers. The DMA analysis shows no
deterioration of the thermomechanical properties of h-BN reinforced epoxy composites,
and the thermal consistency is maintained even at high temperatures. In addition, the
Raman spectroscopy analysis verifies that there is no adverse effect of the deposition of
the h-BN particles on the chemical and structural properties of glass fibers by the dip-

coating method.

10 wt% h-BN particles were selected due to their obtaining high thermal properties with
promising mechanical performance as investigated in the previous section, and the effect
of h-BN particles as primary resin modifiers on glass fiber composites is investigated. A
highly stable and homogeneous h-BN/epoxy mixture was prepared by pre-dispersion
method to inhibit aggregation of particles by using probe sonication; subsequently, the

degassed h-BN/epoxy mixture was infused into glass fiber combinations to fabricate glass

49



fiber reinforced epoxy composites by VARTM. The incorporation of h-BN particles in
composite designs as a resin modifier gives notable enhancement in thermal and
mechanical properties. Moreover, h-BN particles and SWCNT as resin and interfacial
modifiers exhibit a synergistic effect; thereby, the thermal conductivity and impact

strength improve by 32% and 42% with respect to neat reference composite, respectively.
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CHAPTER 4. CONCLUSION

This study was carried out in two major sections, and the findings for each section can be

summarized as follow:

i. The effect of particle size and loading ratio of hexagonal boron nitride (h-BN) particles

on the thermal management and mechanical performance of epoxy composites

Micron- and nano-sized h-BN particles are incorporated in epoxy to fabricate high
thermal conductive composites in a wide loading ratio to evaluate the effects of particle
size and weight ratio on thermal and mechanical performance of glass fiber reinforced
composites. Firstly, the loading ratio was investigated as the primary parameter, and the
micron-sized h-BN particles with a weight ratio from 0.5 wt% to 20 wt% were
incorporated in epoxy by the pre-dispersion method. The thermal and mechanical
performances of the epoxy were improved by homogeneous and stable dispersion of the
micron-sized h-BN particles resulting in effective heat diffusion and load transfer. In the
second approach, the effect of the particle size on the properties of the epoxy was
investigated by dispersion of the nano-sized h-BN particles in the same loading ratios in
epoxy. The physical and chemical characterization techniques were employed to reveal
the synergetic effects of size and loading ratio of h-BN particles. The increment of the
particle size and loading ratio positively affected the thermal and mechanical properties
of epoxy. In the micron-sized h-BN reinforced epoxy, noticeable enhancements were
observed in thermal conductivity in in-plane and through-thickness directions by 107%
and 112%, respectively, with the 20 wt% loading level of h-BN, and outstanding
improvement in tensile modulus by 41% as well as flexural modulus by 42% by the
addition of 10 wt% h-BN. To conclude, the incorporation of different-sized particles in
resin establishes a deep understanding of the mechanism behind thermal and mechanical
performance enhancements of thermoset polymers to attain a place in the aerospace
industry.

ii. The synergistic effect of carbon nanomaterial coated glass fibers on the performance
of epoxy composites having h-BN particles

Four different designs are evaluated to fabricate multi-scale epoxy composites in which
micron-sized h-BN particles were dispersed into resin and nano-sized SWCNT were
coated on the surface of glass fibers used as primary reinforcement. In the first design,
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the micron-sized h-BN particles were incorporated into the resin by the pre-dispersion
method, which provides a homogeneous and highly stable mixture. The efficient heat and
load transfer pathway has improved thermal and mechanical properties of glass fiber
reinforced composites due to the homogeneous dispersion of h-BN particles in resin. In
the second design, the glass fibers were coated by SWCNT by dip coating to inhibit a
thermal mismatch between glass fibers and epoxy. In the third design, the hybrid system
was developed utilizing the neat and SWCNT coated glass fibers to observe the gradual
enhancement in the thermal and mechanical properties of the composites. In the last
design, h-BN reinforced epoxy was infused into the hybrid fiber combination to produce
the multi-scale composite system. Several physical and chemical characterization
methods were employed to evaluate the effects of resin and interface modifiers, and the
remarkable thermal and thermomechanical performance was observed due to the
synergistic effects of the h-BN and SWCNT particles. The utilizing of h-BN particles for
all developed composites enhances the thermal performance in in-plane and through-
thickness directions, and the hybrid systems with h-BN particles exhibit outstanding
thermal performance in the through-thickness direction by 32%. To conclude, these kinds
of composite structures reinforced by different sized structures together with main
reinforcement like glass fibers open up a way to design lightweight structures with high

toughness and controlling the heat and load transfer in structural applications.
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