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A B S T R A C T

High thermal conductive filler (graphite flake) reinforced polymer composites have obtained a growing attention
in the microelectronic industry. In order to overcome the obstacles in surface modification, in this study, do-
pamine chemistry was used to achieve the facile modification of graphite flake via forming a polydopamine
(PDA) shell on the surface in a solvent-free aqueous condition. The strong π-π interaction between the hexagonal
structural graphite flake and aromatic dopamine molecules ensured the effective modification. The PDA coating
on graphite flake enhanced the compatibility between the filler and the flexible cycloaliphatic epoxy resin (CER)
matrix via hydrogen bond, and promoted the epoxy curing process by forming covalent bond. Under the as-
sistance of gravity, the PDA@graphite flake stacked along the horizontal direction in the polymer matrix. The
procedure of filler alignment and mechanism of thermal decomposition were investigated by XRD measurement
and thermodynamic/kinetics analysis, respectively. The dynamic mechanical analysis (DMA) was also used to
investigate the relationship between microstructure and performance. Due to the combination of surface mod-
ification and alignment of PDA@graphite flake, the prepared CER/PDA@graphite has higher in-plane thermal
conductivity. In addition, excellent adhesion property and thermal stability demonstrated that the CER/PDA@
graphite composites was a good candidate as thermal interface material (TIMs), which could be applied in the
thermal management areas. The procedure was environment friendly, easy operation, and suitable for the
practical application in large scale.

1. Introduction

Next-generation processer is running faster and faster, however,
with the higher energy consumption and accumulation. There is ne-
cessary to investigate the higher thermal conductivity materials to meet
the specification of low energy consumption devices and prevent the
heat accumulation in the microelectronic industry. Thermal interface
materials (TIMs) are applied between heat sources and heat sinks,
which were essential ingredients of thermal management [1,2]. Cur-
rently, TIMs are mainly based on polymer, greases, and adhesives filled
with thermal conductive filler such as alumina, silica, or silver, which
requires high volume fraction (∼50–70 vol%) to achieve thermal con-
ductivity in the range of 1–5W/m·K at room temperature [3]. In ad-
dition, a number of carbon-materials had been used to improve the

thermal conductivity of polymer-matrix composites as TIMs. Carbon
nanotubes (CNTs, ∼3000W/m·K along the tube axis) and graphene
sheets (∼5000W/m·K along the x-y plane) had emerged as an efficient
filler due to their high thermal conductivity and high aspect ratio,
however, not led to practical application due to the weak thermal
coupling between filler/base interface and prohibitive cost [4,5].

The graphite flake is a kind of 2D materials with high aspect ratio,
which contains monolayer or few to hundreds of stacked graphene
layers. The high in–plane thermal conductivity of graphite (2000W/
m·K) has more important application in heat dissipation [6,7]. Espe-
cially for their low thermal contact resistance of ultrathin and flexible
graphite and graphene flakes, which are the promising candidates for
TIMs [8]. They are expected to form a very efficient heat conduction
pathway in polymer matrix [9,10].
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The interface thermal resistance between filler and matrix would
also affect the thermal conductivity properties significantly. Surface
modification of filler had been demonstrated to be an efficient way to
improve the miscibility and affinity with polymers, which was benefit
to increase the thermal conductivity of the composites [11,12]. Yu et al.
modified the BN nano-platelets through noncovalent functionalization
by octadecylamine (ODA) and covalent functionalization by hyper-
branched aromatic polyamide (HBP) to obtain a strong interface be-
tween filler and polymer matrix and thermal conductivity could arrive
at 0.28W/m·K at around room temperature [13]. Peng et al. used
gamma-aminopropyl triethoxysilane (KH550) as the silane coupling
agent for the surface modification of the AlN nanoparticles which im-
proved the dispersion of the nanoparticles in epoxy resin and obtained
best value of thermal conductivity was 0.42W/m·K at 20 °C [14]. Yu
et al. intercalated and exfoliated the natural graphite in acetone to
prepare graphite nano-platelets of controlled aspect ratio [15]. They
found that the graphite nano-platelets with high aspect ratio would
enhanced the thermal conductivity of the polymer composites sig-
nificantly. However, most chemical modifications were very laborious
and involved the use of solvents, which might cause environmental
issues. Especially for the covalent bond functionalization which would
destroy the lattice structure of filler and then affect the heat transfor-
mation according to the phonon mean free path theory of thermal
conductivity [16,17]. Therefore, it was essential to find an easy and
environment-friendly method for processing and functionalization of
graphite flake without much loss of heat transfer performance.

In this work, dopamine chemistry was applied to functionalize the
commercial graphite flake, which was inspired by the adhesive protein
polydopamine, found in the anchoring mechanism of mussels.
Dopamine was widely used in surface functionalization, which was
easily oxidized to self-polymerize into polydopamine (PDA). Because of
the aromatic structure of polydopamine in alkaline aqueous solution,
the PDA molecule can coat on almost all kinds of substrates especially
for hexagonal structure (such as BN, CNT, graphene) via π-π and van
der Waals interaction [18,19]. This bioinspired method was regard as
an easy and green surface modification method because of its room
temperature reaction and no harmful solvents involved. Cycloaliphatic

Epoxy Resin (CER-170) was chosen as the matrix for their adhesion and
flexibility. Herein, the morphology, thermal conductivity, thermal sta-
bility, mechanical, and adhesive property of the composites were stu-
died respectively. The XRD measurement was used to investigate the
aligned structure and mechanism of composites by calculating the or-
ientation degree. An interesting phenomenon was found in the analysis
of thermal stability property when compared the integral procedural
decomposition temperature (IPDT) and activation energy (Et). Graphite
flake was modified by PDA, and the resulted product PDA@graphite
could be easily dispersed in polymer matrix with aligned structure. The
obtained thermal conductivity was high enough (∼9.053W/m·K) at in-
plane direction with excellent adhesive properties. The resulting in-
dicated the promising prospect in the area of thermal management.

2. Experimental section

2.1. Materials

Graphite flake was purchased from Qingdao Huatai Lubricant
Sealing S&T Co., Ltd. Dopamine hydrochloride (98%), tris(hydro-
xymethyl) aminomethane (Tris, ≥99.9%) were obtained from Aladdin.
Cycloaliphatic epoxy (CER-170) was obtained from Wuhan Sen Mao
Fine Chemical Co., Ltd. Polyetheramine (PEA, BASF EC 301) as curing
agent from BASF SE. For all experiments, deionized water was used.

2.2. Surface modification of graphite flake

The graphite flake of 5 g was dispersed in the mixed solution of
750mL of Tris-buffer solution (10mM, pH 8.5) and 2.5 g ethanol, and
then 1.5 g dopamine hydrochloride was added. After ultrasonic treat-
ment for 1 h, the mixture was stirred at room temperature for 24 h.
After that reaction, the modified graphite flake powder, coded as PDA@
graphite which was centrifuged and washed by deionized water and
ethanol for several times before being dried at 65 °C.

Fig. 1. Schematic illustration of the procedure to prepare the flexible composites CER/PDA@graphite. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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2.3. Preparation of the cycloaliphatic epoxy resin/PDA@graphite composite
film

Monoliths of cycloaliphatic epoxy resin (CER)/PDA@graphite
composites were prepared as follows: epoxy resin (cycloaliphatic epoxy
resin, CER 170) was added to the Teflon beaker and then the curing
agent (polyetheramine, PEA BASF EC 301) was added with continuous
stirring. After 10min high-shear mixing, various amount of PDA@
graphite was added with continuous stirring at high speed for 2 h. The
mixture of cycloaliphatic epoxy with the aligned PDA@graphite was
coated on the silicone oil paper at room temperature for curing few
days. A serious of composites were prepared with loading of PDA@
graphite at 10 wt%, 30 wt% and 50wt%. Fig. 1 showed schematic il-
lustration of the procedure to prepare the flexible composites CER/
PDA@graphite.

2.4. Characterizations techniques

X-ray film and powder diffraction (XRD) patterns were carried on a
Philips X’Pert Pro MPD X-ray diffractometer (40 kV, 40mA) with Cu-Ka
radiation (λ=0.154 nm). Raman spectra of samples were measured
using a Confocal Raman Microscopy (Renishaw inVia Reflex) with an
excitation wavelength of 514.5 nm. Infrared (IR) test was carried out on
a Nicolet 8700 FTIR spectrometer (Thermo Scientific Instrument Co.
USA) using KBr pellet method. The morphologies of the samples were
characterized via SEM (scanning electron microscopy) and TEM
(transmission electron microscope). Thermal properties of composites
were characterized using a TGA (Q5000 IR) from 50 to 700 °C at a
heating rate of 10 °C/min under nitrogen atmosphere. The adhesive
property tests were performed with the tensile machine (CMT, SANS)
by the C-clamp according to the ASTM [20]. Rectangular specimens
were heated from 25 to 90 °C at a rate of 1 °C/min to determine the
dynamic-mechanical properties of composites using dynamic-mechan-
ical analysis (Diamond DMA, Perkin-Elmer, USA) instrument in tension
mode with a series of frequency from 0.01 Hz to 100 Hz. Through-plane
diffusivity was measured by laser flash method on LFA457 (Netzsch).
The in-plane diffusivity was performed on LFA467 (Netzsch). All
thermal diffusivity measurements were performed at room tempera-
ture. Differential scanning calorimetry (DSC) was used to measure the
specific heat capacity of the composites at room temperature. The
thermal conductivity (k) was calculated by the following equation:
k=D × ρ × Cp, where k, D, ρ and Cp are the thermal conductivity
[W/m·K], thermal diffusivity (mm2/s), density (kg/m3), and specific
heat capacity [J/kg·K]. Constant temperature resistance (12 V 60 °C
2–8W) was mounted on the transformer (220 V to 12 V 60W) to si-
mulate the electronic devices. The operating temperature of the

samples were monitored by CEM DT-980 thermal camera and the
thermal images were captured.

3. Results and discussion

3.1. Surface modification of graphite flake

The procedure for modification of graphite flake by polydopamine
was showed in Fig. 1. Ethanol was added into Tris-buffer solution to
improve the dispersibility of graphite flake. On the other hand, ethanol
could slow down the polymerization rate of dopamine in the Tris-buffer
solution and prevent the aggregation of graphite flake with each other
[21]. It was believed that substrates with conjugate structure such as
graphene, h-BN, and graphite, which showed a strong π-π interaction
with polydopamine [22,23]. Therefore, the similar hexagonal conjugate
structure of graphite flake could be easily and efficiently modified by
dopamine chemistry modification.

The morphologies of pristine and dopamine-treated graphite flake
were observed by SEM characteristic. The pure graphite flake presented
a smooth surface and became rough after polydopamine functionali-
zation showed in Fig. 2, which indicated that the polydopamine layer
was coated onto the particle surface [24].

TEM image further confirmed the successful modification of gra-
phite flake by polydopamine. As showed in Fig. 3, a continuous, thin
layer (ca. 25 nm) was observed on the surface of dopamine-treated
graphite flake, indicating that the graphite flake was encapsulated by
the polydopamine layer.

Fig. 4 (a) showed the significant differences between pristine and
functionalized graphite flake in Raman spectra. Pristine graphite flake
exhibited two characteristic peak at 1343 cm−1 and 1578 cm−1 which
were attributed to the strong G band (E2g mode) and weak D band
scattering process [25,26]. Beside the intrinsic peak of pristine graphite
flake, dopamine functionalized graphite flake showed some broad
peaks at 1244, 1343, 1530 and 1643 cm−1, which were assigned to
catechol stretching vibration and deformation in the polydopamine
structure [27]. The FT-IR spectrum of PDA@graphite showed the
characteristic peaks in Fig. 4 (b), which could also be used to verify the
existence of polydopamine. The wide peaks at 3676–3045 cm−1 and
1126 cm−1 which were attributed to the stretching vibration of OeH
and CeO in PDA. The NeH shearing vibration of the amide group could
be found at 1504 cm−1. The vibration of phenolic CeOeH bending in
polydopamine could be observed at 1382 cm−1 [22]. The characteristic
peaks at 1504 cm−1 and 1650 cm−1 were corresponding to the C]C
resonance vibration in aromatic ring of polydopamine and graphite,
respectively [28,29].

Fig. 5 compared the thermal degradation behavior of pristine and

Fig. 2. SEM images of (a) pristine and (b) dopamine-treated graphite flake.
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dopamine-treated graphite flake. Pristine graphite flake showed high
thermal stability up to 700 °C without any decomposition. In contrast,
dopamine-treated graphite flake began to degrade at about 250 °C and
experienced major weight loss between 300 and 500 °C due to the de-
composition of polydopamine molecules. Approximately 4.09 wt%
polydopamine was attached to the graphite flake surface, which re-
vealed by the weight loss during the pyrolysis procedure. Because of the
formation of polydopamine thin layer on the graphite flake surface, the
color of powder turned from black to gold as showed in Fig. 5 after
modification.

3.2. Film formation of the composite film with aligned structure

Fig. 6 provided a visualized comparison on the dispersion of PDA@
graphite aligned in polymer matrix via SEM images. The increased
loading of filler decreased the smooth part (represented the polymer
matrix Fig. S1) in Fig. 6 SEM images significantly. As we can see the red
lines (represented the filler) in Fig. 6 (a), (b), and (c), an aligned
stacking of PDA@graphite could be observed in the composite film. It
was worth noting that the bending of fillers and some voids in the
composite film, especially when filler loading was high. The main
reason might due to the flexibility and interaction of PDA@graphite
and we would explain this phenomenon by XRD measurement. Fig. 6

(d) presented the surface SEM images of the composite film and the
illustration of the film formation process. The PDA@graphite filler
stacked more closely with increasing the loading of filler, which would
affect the properties of the composite film we would discuss follow. The
amino groups on the surface of PDA@graphite would also participated
in the curing process of the epoxy. The disappearance of the epoxy
group meant that the completion of the curing process (Fig. S2). In
order to further verify the structure of the composite film, XRD mea-
surement was used to investigate the orientation degree of the filler
PDA@graphite in the composite film.

The XRD patterns of the composite film provided additional support
for the formation of the aligned structure (Fig. 7). Two different cal-
culating methods were used to evaluate the degree of orientation. The
(1 0 1) peaks at 2θ=44.5° in the XRD patterns of the CER/PDA@gra-
phite composites were much weaker than the (0 0 2) and (0 0 4) peaks
at 2θ=26.7° and 2θ=54.6°. This phenomenon indicated the occur-
rence of orientation in the CER/PDA@graphite composites [30]. The
orientation direction was parallel to the (0 0 2) crystal plane. The de-
gree of orientation could be simply estimated by the ratio of (0 0 2) with
(1 0 1) peaks. A high intensity ratio of (0 0 2) with (1 0 1) peaks implied
a stronger orientation, suggesting that the aligned structure of the
composites we obtained [31]. However, an interesting phenomenon
was observed in Fig. 7 (a) that when we increased the content of PDA@
graphite, the ratio of (0 0 2) and (1 0 1) peak decreased, which was
contrary to prior reports [30]. In order to explain this phenomenon, we
would evaluate the orientation degree of filler PDA@graphite in the
composite film by the orientation function (f). And we could calculate

Fig. 3. TEM image of dopamine-treated graphite flake. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Raman and FI-IR spectra of pristine and dopamine-treated graphite flake. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Thermal degradation of pristine and dopamine-treated graphite flake
with real images. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the orientation function (f) by the following equations [32]:

= − +f (1 K)/(1 2K) (1)

= k I IK · /(002) (101) (2)

where k is the normalization coefficient ∼5.99 determined by the ratio
intensity of (0 0 2) and (1 0 1) peak. Complete orientation of h-BN along
in-plane direction in the composite film, which has f=−0.5.

We could find that the value of orientation function (f) increased
slightly when we increased the content of filler (Fig. 7 (b)). However,
we could find that the value of orientation function (f) was still very
closer to −0.5, which meant that the higher orientation degree of filler
PDA@graphite along the horizontal direction [32]. Therefore, the
aligned filler played the main role in the composite film.

Above all, the overloaded PDA@graphite sheet limited their own
movement during high-shear mixing preparing procedure, which in-
creased the probability of dislocation and bending of the PDA@graphite
sheets. The illustration model showed in Fig. 7 and the red line showed
in Fig. 6 SEM images presented the visualized explanation and ver-
ification. In addition, the dislocation and bending of the PDA@graphite
sheets might also introduce the voids in the composite film.

3.3. The mechanical properties of the composite film

Fig. 8 presented the storage modulus (E′), loss modulus (E″), Cole-
cole plots of storage modulus versus loss modulus, and complex visc-
osity at 43 °C for the all samples. Dynamic mechanical analysis (DMA)
measurement has been widely used to investigate the microstructure-
performance relationship of materials, and especially, it provides not
only the information about viscoelastic behavior but also the micro-
structure information on fillers in the composites. As we known that if a
plateau was observed in the storage modulus curves at low frequencies,
we could believe that a network-like structure of fillers formed in the
composites, because the composites exhibited more apparent elastic
characteristic, namely, the storage modulus exhibited relatively lower
dependence on shear frequency [33]. When we increased the loading of
PDA@graphite, an apparent plateau at low frequency range could be
observed that E′ changed slightly with increasing frequency. This
phenomenon indicated that the solid-like viscoelastic behavior induced
by the greatly restrained long-range molecular chain motion. Such a
phenomenon was generally induced by the presence of filler stacked
structure [33]. This could be further investigated from the variations of
Cole-cole plots of E′ versus E″. For the composites, the increase of E′was
higher than the increase of E″ with increasing filler loading. In addition,

Fig. 6. (a), (b), (c) Cross-section SEM images, and (d) surface SEM images and illustration of the composite films with increasing the content of PDA@graphite. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a deviation from a linear relationship between E′ and E″ was obtained,
which represented the presence of the filler stacked network structure
in the composites [34]. Especially, when we increased the loading of
filler, the density of aligned structure became higher. The frequency-
dependence of η∗ reflected the molecular rearrangement (entangle-
ment/disentanglement) on timescale in response to both small-de-
formation and large-deformation perturbation. In Fig. 8 (d), complex

viscosity decreased with increasing frequency, the polymer chain in
CER/PDA@graphite composites became disentanglement from en-
tanglement. In addition, the loading of filler also restricted the move-
ment of the polymer chain in the composites due to the bending of
fillers showed in Fig. 6 when the loading of filler was high [35].

Fig. 7. (a) the XRD patterns of pure CER matrix and CER/PDA@graphite composites; (b) the orientation function (f) of the composite film; (c) the illustration model
of fillers in the composite film. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Viscoelastic behavior of all the samples as indicated in the graphs (at 43 °C), (a) Storage modulus (E′), (b) loss modulus (E″), (c) Cole-cole plots of storage
modulus versus loss modulus, (d) complex viscosity with the model for viscosity of polymer chains with changing the frequency.
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3.4. Thermal stability of the composites

Fig. 9 (a) showed the thermo-gravimetric analyses of the composite
film under nitrogen atmosphere. The loading of PDA@graphite influ-
enced the thermal stability of the polymer matrix. At the initial de-
composition stage, the difference of the temperature is negligible.
However, the temperature at 50 wt% weight loss (Td50) increased

significantly when we increased the filler content. The platelet-liked
filler enhanced the thermal stability of the composites due to the
aligned stacking of the filler, which hindered the diffusion volatile
decomposition parts in the composite film. Except for the decomposi-
tion hindering effect of the 2D thermal conductivity filler, we also had
to consider the thermal conductivity of the filler, which might accel-
erate the decomposition (the decomposition accelerating effect) [36].

The mechanism of thermal decomposition were investigated by
thermodynamic/kinetics analysis through TGA. Firstly, we calculated
the integral procedural decomposition temperature (IPDT) as the ki-
netic parameters based on Doyle’s proposition by following equations
according to the TGA test [37,38]:

= − +
∗ ∗A K T T TIPDT · ·( )f i i (3)

= + + +
∗A A A A A A( )/( )1 2 1 2 3 (4)

= +
∗K A A A( )/1 2 1 (5)

where A∗ was the area ratio between the total experimental curve and
the total TGA curve; K∗ represented the coefficient of A∗; Ti and Tf were
the initial experimental temperature and final experimental tempera-
ture, respectively. The A1, A2, and A3 were the area of the three regions
dividing the TGA curve (Fig. S3). As we can see in Table 1. The IPDT is
usually used to characterize the volatile parts in composites, therefore,
we used it to estimate the inherent thermal stability of polymer com-
posites [39]. The IPDT of pure cycloaliphatic epoxy (pure-CER) is
423.45 °C, and the value of the composites increased with improving
the filler PDA@graphite content, which indicating the enhancement of
the thermal stability.

Another important parameter was the activation energy (Et) of de-
composition which was calculated from TGA curves by integral method
of Horowitz-Metzger, according to Eq. (8) [40–42].

− =
−α E

RT
θln[ln(1 ) ] t

max

1
2 (6)

where α was the fraction of sample decomposed; Tmax was decom-
position temperature at the maximum weight loss rate; Et represented
the activation energy for decomposition; θ was the difference between
decomposition temperature T and Tmax defined as θ=T− Tmax; R was
the real gas constant (8.314 J/(mol·K)).

Fig. 9 (b) presented the plots of ln[ln(1− α)−1] versus θ. The ac-
tivation energy (Et) of decomposition was calculated by fitting the slope
and showed in Table 1. Interestingly, the values of Et of the composites
were lower than pure cycloaliphatic epoxy (pure-CER) meant that only
less heat energy would decompose the composites. Therefore, the
loading of filler PDA@graphite accelerated the decomposition and de-
creased the thermal stability of the composites. In addition, we could
find that the values of Et increased slightly when the content of filler

Fig. 9. (a) TGA curves of composites and (b) the plots of ln[ln(1− α)−1] versus θ via Horowitz-Metzger method. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Thermal stability of the composites obtained from TGA curves.

Filler A*·K* Td50 (°C) PDT (°C) IPDT (°C) Et (kJ/mol) R2

Pure-CER 0.581 326.82 299.23 423.45 385.75 0.987
CER-PDA@

graphite-
10 wt%

0.707 333.08 304.07 510.26 292.44 0.985

CER-PDA@
graphite-
30 wt%

0.948 338.39 305.48 673.88 239.42 0.979

CER-PDA@
graphite-
50 wt%

1.272 367.15 303.14 897.37 245.76 0.986

Fig. 10. Thermal conductivity vs PDA@graphite content in CER/PDA@gra-
phite composites. (Note the error bars assimilated into the markers, due to the
small measurement errors.) (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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arrived at 50 wt%. The main reason might be that the decomposition
hindering effect of the 2D thermal conductivity filler which still played
a main role during the decomposition process. Therefore, the balance
between that two facts (IPDT and Et) resulted in the complex TGA
curves showed in Fig. 9.

3.5. Thermal conductivity of the composite film

Because of the geometric factor of graphite flake, the thermal
pathways formed along the horizontal direction. The in-plane or-
ientated CER/PDA@graphite composites demonstrated a higher
thermal conductivity than those on the through-plane direction. The
contacting of the filler could also be proved by the result we discussed
in the XRD measurement showed in Fig. 7 (c). And the flexibility and
bending of the filler PDA@graphite reduced the thermal resistance of
contact between the fillers. Fig. 10 presented the thermal conductivity
vs PDA@graphite content in CER/PDA@graphite composites. The
PDA@graphite largely improved the thermal conductivity at the value
of 9.053W/m·K with 50wt% PDA@graphite. The through-plane
thermal conductivity of the composites also had slight improvement
due to the closer stacking of the filler. In addition, the dislocation and
bending of the filler also provided some thermal pathways along the
vertical direction (Fig. 7 (c)).

The samples of composites and pure CER matrix were placed on the
same heating and cooling stage. The temperature distribution on them
was captured as a function of the elapsed time and showed by the color

in Fig. 11. On heating stage, the thermal transport speed became faster
with the filler content increasing, which meaning the thermal transport
ability of CER matrix was improved by the thermal conductive filler.
The final stable temperature also became higher owing to the closed
stacking structure on the through-plane direction and some thermal
pathways along the vertical direction when the loading of filler was
increased. Therefore, for the cooling stage, the more loading of filler,
the faster cooling speed had.

3.6. The adhesive property of the composite film

The 180°-peel strength of the CER/PDA@graphite composite film
was presented in Fig. 12 (a). The loading of filler increased the peel
strength of the composite film due to the aligned stacking structure of
filler which restricted the breaking of the polymer matrix [43]. How-
ever, a significant decrease in performance happened after the filler
content arrived at 50 wt%. The main reason might be that the bending
of the filler and the voids in the composites reduced the stability of the
aligned stacking structure of filler and then reduced the peel strength of
the composite film. Fig. 12 (b) showed the shear strength of the com-
posite film. The filler content of 30 wt% enhanced the polymer matrix.
For the same reason, overloading of filler broke the cohesive strength
and cohesive failure happened. The real images presented in Fig. 12
showed the process directly. Although, the loading of PDA@graphite
reduced the peel strength, the adhesive performance was still good
enough to achieve the practical application.

Fig. 11. Thermal transport evolution of (a) heating and (b) cooling with different PDA@graphite content in CER/PDA@graphite composites. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. The adhesive properties of (a) 180°-peel strength and (b) shear strength. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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4. Conclusion

Dopamine chemistry was used to achieve the facile modification of
graphite flake via forming a polydopamine (PDA) shell on the surface in
a solvent-free aqueous condition. The strong π-π interaction between
the hexagonal structural graphite flake and aromatic dopamine mole-
cules ensured the effective modification. The successful preparation of
PDA@graphite increased the adhesive of filler and matrix via hydrogen
bond and covalent bond from the PDA coating. The XRD measurement
and dynamic mechanical analysis (DMA) were used to study the re-
lationship between microstructure and performance successfully. The
procedure of thermal decomposition was explained by calculating the
integral procedural decomposition temperature (IPDT) and activation
energy (Et). The prepared CER/PDA@graphite exhibited excellent
performance such as in-plane thermal conductivity, adhesive properties
and thermal stability, which could be used as a promising thermal in-
terface material in thermal management for electronic and photonic
applications.
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