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ABSTRACT ARTICLE HISTORY

This study develops a facile approach to fabricate adhesives con- Received 14 October 2018
sists of epoxy and cost-effective graphene platelets (GnPs). Revised 8 March 2019
Morphology, mechanical properties, electrical and thermal con-  Accepted 12 March 2019

ductivity, and adhesive toughness of epoxy/GnP nanocomposite
were investigated. Significant |mp'rovements |n.mechan|cal prop- Graphene; epoxy adhesives;
erties of epoxy/GnP nanocomposites were achieved at low GnP electrical conductivity: lap
loading of merely 0.5vol%; for example, Young’'s modulus, frac- shear strength

ture toughness (K;c) and energy release rate (G;¢) increased by

71%, 133% and 190%, respectively compared to neat epoxy.

Percolation threshold of electrical conductivity is recorded at

0.58vol% and thermal conductivity of 2.13W m~' K~' at 6vol%

showing 4 folds enhancements. The lap shear strength of epoxy/

GnP nanocomposite adhesive improved from 10.7 MPa for neat

epoxy to 13.57 MPa at 0.375vol% GnPs. The concluded results are

superior to other composites or adhesives at similar fractions of

fillers such as single-walled carbon nanotubes, multi-walled car-

bon nanotubes or graphene oxide. The study promises that GnPs

are ideal candidate to achieve multifunctional epoxy adhesives.

KEYWORDS

1. Introduction

Adhesive bonding technology attracting more interest to replace mechanical joints in
various engineering applications such as steel structures, and automotive and aerospace
assemblies. Adhesive bonding advantages good insulation, superior damping, noise
reduction and structural design flexibility which are challenging to achieve by other
techniques [1,2]. Conductive adhesives promise rapid progress in electronic packaging
in Advanced electronics where efficient heat dissipation and decent electric conductiv-
ity are essential.

Epoxy resins, as structural adhesives, are increasingly used in construction, mining,
aerospace, and automotive industries owing to its high strength, low creep, very
low cure shrinkage, excellent chemical and corrosion resistances, good processability,
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cost-effectiveness, and compatibility with wide range of substrates [3,4]. Despite of the
aforementioned advantages of epoxy resin, it is brittle in nature and hence possesses
poor crack resistance due to the tight three-dimensional crosslinked structures. Also,
epoxy resins are inherently poor in electrical and thermal conductivity. Recently, there
is an ongoing demand for advanced epoxy adhesives with improved mechanical and
multifunctional properties to meet the requirements of particular applications such as
modern electronics and particular parts in aerospace and automotive structures.

Adding fillers into the epoxy matrix is an effective method to improve its mechan-
ical performance as well as functional properties. The most commonly used nanofillers
are metal, silica [5], rubber [6], and carbon-based material [4,7,8]. Metal nanoparticles
have been widely used to reinforce epoxy adhesive due to their excellent electrical con-
ductivity and stability [9]. However, high filler loading is required to form a conductive
network providing sufficient conductivity [10]. Nanosilica attracted extensive research
and development due to the high specific surface area and cost-effective fabrication;
they have shown paramount reinforcing effect for adhesives on tensile properties.
Meanwhile, the rubber nanoparticles were particularly used to toughen epoxy adhesive
due to their soft nature. Nevertheless, silica and rubber particles are unable to achieve
multi-functional preference of epoxy adhesives such as electrically and thermally con-
ductive. Adding conductive fillers such as carbon allotropes (carbon nanotubes and
graphene) into epoxy resins were studied widely by researchers due to their excellent
mechanical properties, electrical and thermal conductivity, high aspect ratio and out-
standing specific surface area.

Of carbon-based nanomaterials, graphene, one-dimensional, plate-like structure, is
regarded as a promising reinforcing filler for the next generation of high-performance
structural and multifunctional composites adhesives, due to its outstanding mechanical,
electrical and thermal properties [11]. However, producing flawless and high structural
integrity monolayer of graphene layers is costly and challenging. Graphene platelets
(GnPs) consisting of few layers of graphene, have received considerable interest as a
promising alternative to develop high mechanically robust, electrical and thermal con-
ductive and antistatic epoxy adhesives.

Soltannia et al. [12] investigated the reinforcing effect of adding carbon nanotubes
(CNT), graphene platelets (GnPs) and carbon nanofibers (CNF) into epoxy adhesive.
They observed that epoxy/GnP adhesive joints showed high strength among the three
carbon fillers. In another work, GnPs proved its effectiveness in enhancing joint
strength by 49% at 0.5wt% compared to 53% at 1wt% of multi-walled carbon nano-
tubes (CNT) — joint strength at 0.5wt% of CNT is not recorded in this study. Those
studies and others support that graphene owns a promising potential to develop high
strength adhesives. However, both studies lack of providing information about the
physical properties of the fabricated epoxy composites such as electrical and thermal
conductivity.

Our group developed a 3nm GnPs in thickness by thermally expanding a commer-
cial graphite intercalation compound and subsequently ultrasonicating the expanded
product, which was used in this study. In comparison to graphene oxide and reduced
graphene oxide, the yielded GnP features high structural integrity leading to high elec-
trical conductivity of 1460S-cm™" [13,14]; range of thickness 3—5nm offering large
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surface area giving strong interface for stress, heat and electron transfer with epoxy
matrix; epoxide groups existing on GnPs’ surface which can chemically react with the
end-amine groups of organic molecules building strong interface for the nanocompo-
site adhesives; and most important cost-effectiveness (~$20/kg).

In the current study, a facile approach was employed to fabricate epoxy/GnP nano-
composite adhesives achieving high mechanical performance, toughened and electric-
ally and thermally conductive epoxy adhesive. Structure-property relations of epoxy/
GnP nanocomposite are comprehensively investigated. The obtained nanocomposite
adhesives of epoxy/GnP exhibited a significant enhancement in mechanical property,
toughness, electrical and thermal conductivity at low content of GnPs, 0.5 vol%.

2. Experimental
2.1. Materials

The graphite intercalation compound (GIC, Asbury 1395) was kindly supplied by
Asbury Carbons, Asbury, NJ, USA. Epoxy - diglycidyl ether of bisphenol A (WSR618,
184-200g per equivalent, denoted E-51) - was ordered from Nantong Xingchen
Synthetic Material. Jeffamine D400 (J400) hardener was supplied by Huntsman.

2.2. Fabrication of GnPs and epoxy nanocomposite adhesives

Preparation of GnPs is fully described elsewhere [15]. Fabrication of epoxy/GnP nano-
composite adhesive is detailed as follow. GnPs were suspended in acetone in a covered
metal container by stirring with a magnetic bar for 20 min, followed by ultrasonication
for two hours below 25 °C, since low temperature promoted the exfoliation [16]. Epoxy
resin was added into the mixture by magnetic stirrer for 20 min to reach dissolution,
followed by ultrasonication for 30 min. Using hot plate and magnetic stirring, acetone
was evaporated at 70 °C. Vacuum-oven at 120 °C was used to remove any trapped bub-
bles and traces of acetone. The mixture was then cooled down to 30°C, to add hard-
ener— J400 via 2-min manually mixing with a wooden stick. This would produce
epoxy/GnP nanocomposite adhesive.

2.3. Characterizations

2.3.1. Morphology

Scanning electron microscopy (SEM) was performed to examine the fracture surfaces
(crack tip and propagation zone) of the CT specimens using (Philips XL30 Feg, SEM).
First, the fractured surface was coated with a thin layer of platinum then observed
under SEM at an accelerating voltage of 10kV.

Structure of graphene platelets was examined by transmission electron microscopy
(TEM) using Philips CM200, TEM at an accelerating voltage of 200kV. The samples
were prepared by suspending graphene sheets in tetrahydrofuran at 0.0004 wt% via
30 min sonication and then dropping the solution on 200-mesh copper grids, followed
by drying. The bright-field high magnification TEM images were taken from a JEOL
2100 F microscopy operated at 120kV.
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2.3.2. Adhesive toughness and shear test

Toughness of neat epoxy and epoxy/GnP nanocomposite adhesives were measured by
DCB testing. The adherends (150 x 10 x 10 mm) were fabricated according to ASTM:
3433-99 (2012) , ISO 25217:2009 and Ref [17]. Copper shims of 0.3 mm in thickness
were used to control the adhesive thickness and a non-sticky paper (40-um thick) was
employed to form initial precrack.

The epoxy/GnP nanocomposite adhesives were carefully degassed in a vacuum oven
for 10 min to remove bubbles, followed by applying adhesives on the substrate’s surfa-
ces. These two substrates were bonded by curing at 80 °C for 2 h, then 120 °C for 10h.
The lap-shear strength of epoxy adhesive and its nanocomposite adhesive were meas-
ured by tensile testing. The adherends (100 x 25 x 1.6 mm) of lap-shear test were fabri-
cated according to ISO 4587:2003.

2.3.3. Compact tension and tensile testing

Rubber molds for compact tension (CT) and dumbbell samples were made from
silicone rubber. After blending with hardener and degassing, the epoxy/GnP nanocom-
posites were poured into the molds, cured in a fan oven at 80°C for 2h then 120°C
for 10h. Both sides of samples were polished by fine sand paper to suppress
visible marks. Then the samples were thermally treated at 100 °C for 60 min to lessen
any flaws resulted from polishing. Tensile testing was carried out at a cross-head
speed of 0.5mm/min at room temperature using an XIANGMIN machine. An
extensometer (XM-DZSC001) was employed to capture accurate displacement data
to measure Young's modulus; all Young’s moduli were calculated at strain
range 0.05-0.15%.

2.3.4. Glass transition temperature

Glass transition temperatures (T,) were obtained using a dynamic mechanical analyzer
(DMA) (DMA2980, TA Instruments, Inc, USA) at 1 Hz with a single cantilever clamp
of a span 20 mm. DMA was recorded at temperature range 25-100 °C; data was cap-
tured every 2 sec.

2.3.5. Electrical and thermal conductivity
The electrical resistivity was measured using Agilent 4339B high resistivity meter
equipped with a 16008B resistivity cell (two-point-probe) at room temperature. The
measurement was conducted on the samples of 6.8 mm in thickness and 24 mm in
diameter, in accordance to ASTM D257-99. The presented data is the average of at least
three measurements.

Thermal conductivity (k) is defined as the time rate of steady state heat flow through
a homogeneous material of unit area which is induced by a unit temperature gradient
in a direction perpendicular to that unit area, W/mK.

qxL
AT

k=axCpxp= (1)

where o, Cp and p are, respectively, thermal diffusivity, specific heat and density of
samples, L-thickness of the specimen, AT-temperature change, q - heat flow rate.
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Thermal resistance (R) is defined as the temperature difference, at steady state,
between two defined surfaces of a material that creates a unit heat flow rate through a
unit area, K-m*/W. As indicated in Eq. 2, the value of the thermal resistance can be
investigated by dividing the thickness over thermal conductivity of the specimen.

R AT L 5
==K @
Thermal diffusivity was measured using laser-flash diffusivity instrument, LFA 447,

NETZSCH. The laminated samples of size 12.7 mm diameter and ~2mm thickness

was coated with a thin layer of fine graphite powder. The coated samples were left in a

pan and lid of sapphire (®11 x 1.5mm). The density was determined by automatic

density analyser, ULTRAPYC 1200e, Quanta chrome Instruments.

3. Results and discussion
3.1. Morphology of graphene platelets (GnPs)

The TEM images of GnPs are shown in Figure 1. Image (a) shows graphene as over-
lapped thin nanosheets with sizes of several micrometers; pieces of sheets are found sit-
ting on lacey carbon support, and this clearly illustrates flake-like structure. A
randomly selected area of the nanoplatelets without lacey-carbon support is magnified
in Figure 1(b). There were some overlapped structures located at the right side of the
image (see red arrows); the most semi-transparent and featureless region likely pos-
sesses ultra-thin graphene sheets. The ordered lines (see white arrows) depicts that
GnPs have intact crystalline structure giving high electrical conductivity. This highly
crystal-lined structure is in accord with the XPS analysis (Figure 1(c)): The C/O ratio is
nearly 12.9 for GnPs. Thus, our GnPs is a promising precursor for the fabrication of
highly conductive nanocomposite adhesive. Furthermore, the wrinkled morphology of
GnPs in Figure 1(b) is due to the flexibility of the 2D nanosheets, which facilitates
mechanical interlocking between the GnPs and epoxy matrix, leading to a significant
improvement in mechanical performance.

The exfoliation and dispersion of GnPs into epoxy resin are two crucial factors
determining the mechanical and functional performances of the epoxy/GnP nanocom-
posite adhesives. Figure 2 presents TEM images of the 0.125vol% epoxy/GnP nano-
composite adhesives. In Figure 2(a), the light horizontal bands across the image could

(a) (b) ()

lpm

Figure 1. (a), (b): TEM images of GnPs and (c): XPS of GnPs.
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Figure 2. TEM images of epoxy/GnP nanocomposite adhesives.

be a defect produced during the microtoming procedures. As marked by yellow arrows,
cracks were initiated by microtoming within each cluster, indicating that clusters would
act as defects posing a negative effect on the mechanical performance. When a part of
a typical cluster was examined at higher magnification— Figure 2(b)— it was found to
consist of thin layers of graphene, a void and thick aggregates (red arrows).

Generally, when phase transition happens during curing, (i) clusters of GnPs are
formed although they may disperse uniformly prior to curing; (ii) the density and size
of clusters would increase when nanoplatelets disperses as clusters at the end of curing,
because clustering reduces the configurational entropy; this phenomenon is more or
less similar to the phase separation in liquid-rubber- toughened epoxy adhesive [5].

3.2. Mechanical properties

3.2.1. Young’s moduli and tensile strength

Young’s modulus and tensile strength of neat epoxy adhesive and its nanocomposite
adhesives are shown in Figure 3. It is obvious that the addition of GnPs into epoxy
adhesive cause a significant influence on the mechanical behavior of the nanocompo-
site adhesive. With the increase of GnPs content, the Young’s moduli of the nanocom-
posite adhesives apparently exhibit a prominent enhancing trend (see Figure 3(a)). For
example, at 0.5vol% GnP, the Young’s modulus reached a maximum value of
2.64 +0.2 GPa, demonstrating 82.07% improvement compared to the neat one proving
successful reinforcement of nanocomposite adhesives by GnPs.

On the other hand, tensile strength of epoxy/GnP nanocomposite adhesives showed
limited increase representing maximum value 52 + 2.1 MPa at 0.125vol% with an incre-
ment of 36.84%, then a slight decrease is observed. Uniform dispersion of GnPs in the
host matrix is a key factor to obtain a strong interfacial interaction with the epoxy
chains. Also, the wrinkled surface of GnPs results in strong mechanical interlocking
between GnP and epoxy promoting the load transfer between them. These two factors
take place at low volume fractions augmenting the mechanical performance of the
epoxy. Further increase in GnPs content would produce overlapped sheets and clusters
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Figure 3. (a) Young's modulus and (b) Tensile strength of the nanocomposite adhesives at various
GnP contents.

where stress concentration sites in nanocomposite [18] are formed evidencing low ten-
sile strength.

The introduction of rigid, two-dimensional nanolayers into a stiff matrix can pro-
duce toughening and stiffening effects, but it inevitably causes reduction in tensile
strength. This is due to the weak van der Waal forces exist between individual sheets of
the GnPs agglomerates [19] leading to slipping between the shells will occur and thus
lessening the strength of the nanocomposite adhesives. Also, most of the GnPs in epoxy
matrix show significant curvature; upon loading, the nanoplatelets need to extend and
rotate first along the tensile direction to maximize their improvements on the tensile
strength. Accordingly, the relative reinforcement effect is limited for the nanocompo-
site adhesives with the wrinkled GnPs.

3.2.2. Lap shear strength

Single lap shear tests were carried out to characterize the mechanical behavior of the
nanocomposite adhesives. Results obtained for lap shear strength are shown in
Figure 4, the lap shear strengths of the epoxy/GnP nanocomposite adhesives are higher
than that of the neat epoxy adhesive. It steadily increases with the GnPs content until
reaching a maximum value of 13.57+0.61 MPa at 0.375vol%, indicating ~26%
improvement compared to neat epoxy adhesive of 10.78 + 0.5 MPa, and then start grad-
ually to decline. At 0.5vol% GnPs, the lap shear strength of the nanocomposite adhe-
sives decreased, but was still above those of the neat epoxy adhesive. The high-volume
fraction of GnPs causes a dilution phenomenon, i.e. the more GnPs vol%, the less
epoxy resin vol%; this leads to a decrease in cross-linking density between epoxy mole-
cules, lowering the rigidity of the nanocomposite. Moreover, high level of concentra-
tions of GnPs tend to agglomerate in the host matrix providing a stress concentration
locations where they act as defects in the epoxy matrix and thus reducing the nano-
composite mechanical resistance [20,21].

In summary, a suitable content of GnPs significantly improved the lap shear
strength of the epoxy/GnP nanocomposite adhesives. It was assigned to the strong
interfacial adhesion between GnPs and the epoxy resin leading to an efficient load
transfer from the epoxy matrix to the nanofiller [22,23]. Additionally, the rigid, plate-
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Figure 4. Lap shear strength of nanocomposite adhesives with different GnP content.

like structure of GnPs embedded in epoxy matrix forms three-dimensional cross-linked
network structure, enhancing the load transfer efficiency of nanocomposite adhesives.
When a nanocomposite endures load, the rigid segments of GnPs produce lots of
cracks, absorb the energy and improve lap shear strength of the epoxy/GnP nanocom-
posite adhesives. However, when the nanofiller content exceeds a critical level, it
agglomerates in the nanocomposite adhesives causing stress concentration spots thus
leading to a defect area in the epoxy matrix and causing a decline in its lap
shear strength.

Failure type of epoxy/GnP nanocomposite adhesive joints were further investigated
using digital imaging and surface analysis. Figure 5 presents digital images of adhesive
joints after fracture of neat epoxy, 0.25vol% and 0.5vol% epoxy/GnP nanocomposites.
The failure type for neat epoxy adhesive joints is 100% cohesive (within the adhesive) —
Figure 5. When graphene platelet is added to epoxy adhesives, type of failure changes
with GnP fraction; at low GnP loading, the type of failure was cohesive indicating high
interface between matrix and GnP; the middle image (Figure 5) presents that the frac-
ture surface of 0.25vol% showing adhesives on both substrates contains epoxy layer
adhering to them. As the volume fraction of GnP increased, the type of failure pro-
gressed from cohesive to adhesive (at the interface between the adhesive and substrate)
type. For the 0.5vol.% GnP reinforced composite adhesive joints, a mixture of adhesive
and cohesive failure was observed. The regions corresponding to cohesive failure was
rough while the adhesively failed surfaces were smooth. In the smooth surface, the
epoxy surface was flat and shiny and the corresponding region on the other substrate
did not show any epoxy coating. Cohesively failed regions were observed in both sub-
strates at the same location.

3.3. Toughness

Fracture toughness determines the energy required to propagate a sharp crack. It is
considered as the most important property for structural materials such as epoxy
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0.5% GnPs |

Figure 5. Mode of failure of neat epoxy and GnPs reinforced epoxy adhesive joints.
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Figure 6. Toughness of the nanocomposite adhesives: (a) compact tension (CT); and (b) double
cantilever beam testing (DCB).

adhesive. The results presented in Figure 6 proves that GnPs have a significant impact
on the fracture toughness and fracture energy of the epoxy adhesive. Crack-opening
tests on compact tension (CT) samples were performed to measure mode-I critical
stress intensity factor (Kj., fracture toughness) and critical strain energy release rate
(Gro fracture energy) of the neat epoxy adhesive and its nanocomposite adhesives at
various volume fractions of GnPs (see Figure 6(a)). The values of K;. and G;. of the
neat epoxy adhesive, 0.72+ 0.1 MPa m"’? and 309.8 + 26 ].m 2, respectively, agrees with
the published results [5,16]. For epoxy/GnP nanocomposite adhesives, a sharp increase
of K;. and G, was observed at 0.05vol% of GnPs content, then a gradual enhancement
was detected with the increase of GnPs. K. and G, reach their maximum values of
1.68+0.13 MPa m"? and 896.24+40J.m 2 at 0.5vol%, representing 133% and 190%
improvements, respectively. Figure 6(b) represents the critical strain energy release rate
G;. on double cantilever beam testing of the neat epoxy adhesive and nanocomposite
adhesives following similar behavior illustrated in Figure 5(a) illustrating a maximum
value of 406.24 +21].m 2 at 0.5vol% of GnPs content as 93.65% improvement.

The failure of the adhesive is a complicated process and involves the loss of struc-
tural integrity at microscopic and macroscopic levels under deformation. Due to inher-
ent brittleness nature of the epoxy adhesives, catastrophic fractures may happen
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because of the lack of energy-absorbing during the crack propagation. Incorporating
second phase into the crosslinked structure of epoxy proved to be an effective method
to toughen epoxy resins. The existence of a second phase dissipates a significant
amount of energy leading to high toughen epoxy. From Figure 6, GnPs illustrate sig-
nificant impact on the fracture toughness and fracture energy of the epoxy adhesive.
The observed improvements in epoxy nanocomposite’s toughness would be due to: (i)
GnPs forms stress concentrations sites to absorb fracture energy, (ii) GnPs serve as
obstacles, stopping cracks propagation and thus consuming energy and (iii) the forma-
tion of crack tip blunting due to fracture of the GnPs and/or debonding of the epoxy
matrix—-GnPs interface consume more energy.

3.4. Morphology of CT-fracture surface and toughening mechanism

The fracture surface analysis of the compact tension (CT) specimen provides critical
information to identify fracture mechanism of the nanocomposite adhesives. In
Figures 7 and 8, respectively, the CT fracture surface of the 0.125 and 0.375vol%
epoxy/GnP nanocomposite adhesives were characterized by scanning electron micro-
scope (SEM). Since the neat epoxy adhesive fracture surface is well known for being
relatively smooth and mirror-like [24-26], its SEM images are not presented in this
study. By contrast, the epoxy/GnP nanocomposite adhesives shows a relatively rough
fracture surface in Figure 7(a). The crack tip magnified in Figure 7(b) shows number
of river-lines (indicated by red arrows), — produced during razor blade tapping and
usually observed on insufficient toughened fracture-surfaces — are found in front of
plastic deformation zone [27]. In Figure 7(c), a broad whitening band are presented
indicated by red arrows which proves a significant plastic deformation under loading.
Whitening bands and lines refer to a stressed matrix corresponding to reduction in
density, which are more sensitive to electrons and thus appear white; this demonstrates
the existence of stress concentration and uneven fracture energy consumptions. In

Figure 7. Fracture surface of the 0.125vol% epoxy/GnP nanocomposite adhesives.
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Figure 8. Fracture surface of the 0.375vol% epoxy/GnP nanocomposite adhesives.

Figure 7(d) some clustered structures (blue circle) are found, and Figure 7(e) confirms
the structure of a typical cluster.

Figure 8(a-e) contains the CT fracture surface of 0.375vol% epoxy/GnP nanocom-
posite adhesives. Compared to the 0.125vol% epoxy/GnP nanocomposite adhesives,
the 0.375vol% epoxy/GnP nanocomposite adhesive shows rougher fracture surface
(Figure 8(a)). This implies larger amount of energy consumed during crack propaga-
tion, resulting in higher fracture toughness (Figure 6).

Figure 8(a) shows an overview of the fractography of the epoxy/GnP nanocomposite
adhesives, notched region, crack tip, propagation region (deformation zone) and some
geometric markings on the fracture surface. The “tail” morphology specifies the mark-
ing was created by crack pinning involving rigid GnPs particles. Figure 8(b) shows a
magnified region in the instantly propagated crack zone at high magnification, made
by razor tapping rather than loading. A few clusters were observed, as indicated by red
arrows, consistent with the images in Figure 8(a). From the high magnification image
in Figure 8(c), microcracks were also observed around the particles, indicating a
debonding between GnPs and the epoxy matrix. The amount of crack pinning and
microcracks increased with higher GnPs content where illustrated in Figures 7(c) and
8c. Because of the short interparticle distances, in the 0.375 vol% epoxy/GnP nanocom-
posite adhesives, the microcracks could be pinned before they were unified into the pri-
mary crack. The crack tip can also be pinned by the particulate obstacles, and thus the
crack length increases. The crack deflection, pinning, and the coalescence of micro-
cracks leads to a very rough surface. Tails are usually made at the back of particles
before the unification of the pinned crack into the primary crack plane; this contributes
to an increase in fracture line energy. Rigid fillers perform as stress concentrations
spots; the confined stress field surrounding a GnP may form a microcrack zone and
cause debonding between the GnPs and epoxy matrix. Therefore, a micro-void was
formed around the particle in front of the crack tip opening, initiating a secondary
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crack propagation. This can be explained by a crack undergoing under a mixed mode;
a tilt and twisting when encountering a rigid obstacle of the GnPs. Since GnPs are not
chemically modified, the interface between GnPs and epoxy is relatively weak resulting
in crack propagation along the interface line causing GnPs debonding.

From Figures 6-8 and the above-mentioned discussion, it is clear that at higher
GnPs content, crack deflection and crack pinning increase accordingly, which result in
an increase in fracture toughness.

3.5. Dynamic mechanical analysis

In this study, dynamic mechanical analysis (DMA) was employed to detect the influ-
ence of adding GnP on the storage modulus of the epoxy/GnP nanocomposite adhe-
sives and determines their glass transition temperature (Tg). DMA also provides good
knowledge about the interaction between the GnPs and the epoxy matrix. Although
plethora studies reported an increase in T, of epoxy upon incorporating sheet-like
nanoclays [28-30], this effect when GnPs on the epoxy/GnP nanocomposite adhesives
remains infancy.

Figure 9 presents storage modulus and mechanical damping factor (tan J) of epoxy/
GnP nanocomposite adhesives as a function of temperature. In general, polymers have
two distinct regions over a range of temperature: (i) glassy region at which temperature
is below Ty and (ii) rubbery region where temperature is beyond T,. Glass transition
temperature (T,) is the temperature at which higher molecular weight materials (poly-
mers) transforms from glassy state to a viscous and rubbery state. It is directly related
to the mechanical properties [31] that the polymer (adhesive/plastic) exhibits at a cer-
tain temperature.

The storage modulus provides information about the elastic property (or energy
stored) of a material. It is clearly noted that the inclusion of nanomaterials within the
epoxy adhesive increases the storage modulus. The storage modulus values of epoxy
adhesive reinforced with GnPs (0.05 and 0.125 vol% loading) are approx. 46% and 52%
higher compared to neat epoxy adhesive in the glassy region (at 25 °C). This enhance-
ment can be ascribed to the stiffness of GnPs which restrict the mobility of epoxy
chains and thus eventually increase the modulus [15].
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Figure 9. Dynamic mechanical analysis of epoxy/GnP nanocomposite adhesive (a) storage modulus
and (b) Glass transition temperature at different GnP content.
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Table 1 Glass transition temperatures (T;) of the nanocomposite adhesives at different
GnP content.

GnP fraction (vol%) 0 0.05 0.125 0.25 0.375 0.5
T, (°0) 57 59.94 67 63.41 60.14 54

From Figure 9(b) and Table 1, T, of the epoxy nanocomposites keeps increasing
until reaching its maximum value at 0.125vol% then it drops. At 0.125vol% of GnPs,
Ty is increased by 10 °C recording an increase of 28% whilst at 0.5vol%, it dropped by
3°C. The increment was caused by the good interaction between the epoxy matrix and
GnPs blocking the epoxy chains mobility near the GnPs’ surface.

Upon adding more GnPs increases the T, slightly decreases; due to two reasons (i)
at high volume content, the inter-distance between GnPs fillers becomes narrow lead-
ing to filler agglomerations; and (ii) reduction of the epoxy matrix’s cross-linking dens-
ity due to the interface interactions between the matrix and GnPs.

3.6. Electrical conductivity

Most of polymeric materials are inheritably poor in electrical conductivity (>10"° S/cm).
Electrical conductivity of ~10~° S/cm is sufficient for anti-static applications [32].
Since epoxy adhesives are extensively used in aerospace and electronic industries, it is
crucial to manipulate their electrical resistance/conductivity to meet the requirements
of such applications. Conductive nanofillers, including metal-based particles and car-
bon-based materials are often used to improve the electrical conductivity of epoxy
adhesives. The formation of electrically conductive epoxy/GnP nanocomposite adhe-
sives not only depend on the electrical conductivity of GnPs, but also on the geometry,
fractions and dispersion level of GnPs. The adopted GnPs in this study have outstand-
ing electrical conductivity as well as number of surface functional groups such as epox-
ide groups which help GnPs to suspend in solvent.

Figure 10 illustrates the electrical conductivity of the nanocomposite adhesives as a
function of GnP volume fraction. The nanocomposite adhesive shows a nonconductive
nature at GnPs content < 0.25vo0l%. With more GnPs added, the inter-filler distance
becomes smaller and at a certain volume fraction (percolation threshold) a filler-filler
network is formed providing conductive paths for electron mobility, which breaks
down the insulative nature of the epoxy adhesive. Further analysis is conducted by fit-
ting the experimental data into the power law equation:

o= oy (p—¢,) (3)

where o, is the nanocomposite conductivity, oris the conductivity of the GnPs, ¢ is the
GnPs vol%, ¢, is the percolation vol% and t is the critical exponent. The fitting line for
the experimental results is shown in the insert in Figure 10, resulting in t =2.33+0.21,
which is slight lower than the experimental result (2.99+0.2) in our previous
report [13].

From Figure 10, a percolation threshold was obtained at 0.58 vol% indicating the
formation of global network of GnPs which facilitates conductive pathways for electron



14 Q. MENG ET AL.

m
A
-

¢,=0.58 vol%

&
=~
mr

Electrical conductivity (S/cm)

1E-9 F : 3 -
: 5.5 #
3 ; 3 "
1 i
1E-11 F I %"60 -
1 =
. 5 65 5
. 70 - Slope. t=2.33
1E-13 F : j sol? s
| B e T 02
4 1 Logle—)
L . 1 X i X : ) :
0.0 0.5 1.0 1.5 20

GnP fraction (vol%)

Figure 10. Electrical conductivity of nanocomposite adhesive with different GnP content.

mobility recording a sudden rise in the electrical conductivity. Graphene platelets
(GnPs) has high electrical conductivity (525 S/cm) which poses a remarkable effect on
imparting conductivity into the nanocomposite adhesives. Adding to that, the high
aspect ratio and descent dispersion quality of GnPs in epoxy matrix are crucial factors
to determine low percolation threshold. At 2vol%, the adhesive conductivity rises to
7 x 107° S/cm due to the 3D network structure of GnPs demonstrating a novel nano-
composite adhesive possessing the potential for anti-static applications.

It is worth noting that the epoxy/GnP nanocomposite adhesives threshold is lower
than those in previous studies [33], the formation of an electrically conductive network
at such a low threshold leads to the following conclusions: (i) these GnPs must uni-
formly disperse in the epoxy matrix and physically contact each other; (ii) GnPs must
be sufficiently thin to counter the side effects of their poor through-plane conductivity;
(iii) GnPs can replace single layer graphene in developing functional epoxy-based
nanocomposite adhesives due to their high performance and cost-effectiveness.

3.7. Thermal conductivity

Thermal interface materials (TIMs) are important in the manufacture of electric and
electronic devices, which requires mainly high thermal conductivity and suitable adhe-
sion with metal substrates. Polymers with high thermal conductivity are of high interest
in thermal management systems which can expand the plastics industry by partially
replacing metals and ceramics in heat transfer devices and systems leading to energy
and cost savings. Unfortunately, bulk polymers usually possess low thermal conductiv-
ity, ~0.1-0.3 Wm K™%, due to the presence of defects such as polymer chain ends,
entanglements, random orientation, voids and impurities, etc. These defects act as pho-
non scattering sites for heat transfer. Introducing a high thermal conductive phase in a
polymer matrix would enhance its thermal conductivity. GnPs consisting of few layers
graphene, have intrinsically outstanding thermal conductivity [34] and is widely used
to improve the thermal properties of epoxy composites [35]. The thermal conductivity
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Table 2. Thermal properties of neat epoxy and its GnP-based nanocomposite adhesives.

Thermal diffusivity, Thermal conductivity,
Composite (vol%) o (mm?/s) Specific heat, Cp (J/gK)  Density, p (g/cm3) k (W/mK)
0 0.071 2416 0.915 0.1569
0.5 0.083 2414 0.965 0.1933
1 0.089 2.405 1.004 0.2149
1.5 0.094 2401 1.024 0.2311
2 0.135 2392 1.03 0.3326
25 0.167 2.367 1.145 0.4526
3 0.212 2.232 1.203 0.5692
5 0.368 2.035 1.482 1.1098
5.8 0.642 2.017 1.589 2.05
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Figure 11. Thermal conductivity of nanocomposite adhesive with different GnP contents.

of the nanocomposite adhesives is largely influenced by dispersion quality, loading
amount and importantly the thermal resistance of the polymer-nanofiller interface
[36]. Since efficient heat propagation in GnPs is mainly due to diffusion of phonons,
uniform dispersion and network of nanofillers in the polymer matrix contributes to the
steady increase in thermal conductivity in the composite [37].

Table 2 records numerical values of thermal characteristics of neat epoxy and
epoxy/GnP nanocomposite adhesives to determine the thermal conductivity using
Eq. (1). As shown in Figure 11, the thermal conductivity rises slowly with the GnPs at
low vol% (less than 4 vol%); when the filling content is small, GnPs are not firmly con-
nected each other leading to high Kapitza resistance (thermal boundary resistance) and
hence overall low thermal conductivity. With increasing GnPs content, the interdis-
tance between GnPs are very short forming a rigid and rich global 3-D network of
GnPs leading to effective phonon transfer via lattice vibration. Thus, the rapid increase
in thermal conductivity can be observed at >4vol% of GnPs. In this study, the epoxy/
GnP nanocomposite adhesives thermal conductive reached 2.13W m ™' K" at 5.8 vol%
recording more than 13 folds improvement compared to neat epoxy.

From this study, GnPs is a promising filler to improve the epoxy adhesive thermal
conductivity due to their intrinsic high thermal conductivity, and thin layer structure
which can efficiently form 3-D thermal transport pathways in the epoxy matrix.
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3.8. Comparison between carbon-based fillers

Table 3 summarizes the mechanical properties, toughness, electrical and thermal con-
ductivity of various carbon-based epoxy composites and composite adhesives reported
in literature and the present research. In the current study, the epoxy/GnP nanocom-
posite adhesives have a relative high fracture toughness of 1.68 MPa.m®> and energy
release rate of 896 J/m? illustrating 77% and 201%, respectively, in contrast to ref [49]
where energy release rate was 96 J/m?* at 0.5 wt% of carbon nanofiber (CNF) — fracture
toughness was not reported. The lap shear strength of 12.34 MPa in the current study
is far more than 7.5MPa of the adhesives prepared at the same content of GnPs in
ref [52].

According to Table 2, few studies investigated adhesives featuring multifunctional
performance including electrical and thermal conductivity. High electrical conductivity
(e.g. ~6 X% 107% S/cm for 0.5wt%, ~2 x 10~* S/cm for 1wt%, and 3 x 10> S/cm for
2wt%) were reported with relatively large amounts of SWCNT in epoxy, but with a
decline in lap shear strength compared to the neat epoxy adhesive [47]. Our study
shows epoxy/GnP nanocomposite adhesives not only possess relatively high mechanical
properties and toughness, but also feature obvious enhancement in lap shear strength,
electrical and thermal conductivity at low content of GnPs.

Conclusions

Epoxy nanocomposite adhesives were fabricated with graphene platelets, GnPs (3-4
layers of graphene) as additives promoting their mechanical performance and electrical
and thermal conductivity. An impressive improvement was obtained for nanocompo-
site adhesives by adding less than 0.5vol% of GnPs; for example, at 0.125v0l% of GnPs,
36.84% and 28% enhancements in tensile strength and glass transition temperature T,
respectively; lap shear strength increased from 10.78 MPa for neat adhesive to
10.37 MPa for nanocomposite adhesive recording ~26% improvement at 0.375 vol%; at
0.5vol%, 133%, 190% and 71.7% improvements in K;c, G;c and Young’s modulus.
Percolation threshold of the epoxy nanocomposite adhesive was determined at
0.58vol% proving a continues a 3-D network of GnPs is formed; when 2vol% GnPs
were added into the epoxy adhesive, the electrical conductivity of was recorded as
10-5S/cm, nearly 1012 times compared to the neat epoxy adhesives. The thermal con-
ductivity reaches 2.13W m ™' K~ ' at merely 6 vol% of GnPs. It is believed that the fab-
ricated epoxy/GnP nanocomposite adhesives have potential applications in the modern
advanced industry due to their high mechanical performance combined with electrical
and thermal conductivity.
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