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Use of graphene oxide in achieving high overall thermal properties of polymer for
printed electronics
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School of Materials Science and Engineering, Nanjing University of Science and
Technology, Nanjing 210094, China
®The Institute of Scientific and Industrial Research, Osaka University, Mihogaoka 8-1,
Ibaraki, Osaka 567-0047, Japan
Abstract- Heat removal and “simultaneous” thermal stability are vitally important for
the high performance and the long-term reliability of printed electronics. However, such
demand is challenging because heat-conductive reinforcements also “simultaneously”
encourage the thermal expansion/degradation of polymeric materials. To restrict the
motion of polymer chains (the key to achieving increased glass transition temperature
(Tg) and thus thermal stability enhancement), chemical modifications are often used to
intensify the reinforcement/polymer interfacial interactions but they deteriorate the
intrinsic conductivity of reinforcements. Here this deadlock is broken. No chemicals are
needed. We reveal an inherent superiority of ‘thick’ graphene oxide nanoplatelet
(GONP) in enhancing both the thermal conductivity and also the Ty and its associated
dimensional and structural thermal-stability of epoxy, with a particular emphasis on
enabling the thermal conductivity-reinforcing capability of GONP to make a “positive”
contribution to the thermal stability enhancement of epoxy. The formed strong
GONP/epoxy interfacial interaction was verified by “local” mechanical properties
investigated using nanoindentation. Such superiority of ‘thick® GONP is based on the

specialty of layered-structure and thus can be extended to various GONP-like
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reinforcements for endowing polymeric materials with high overall thermal properties
for printed electronics.
1. Introduction

The surging field of printed electronics offers a promising technology for the
fabrication of novel electronic devices, spanning wide applications in lighting, displays,
photovoltaics, integrated smart systems, and other electronics and components [1-3]. It
imposes high requirement on the heat removal (as better as possible [1]) for preventing
organic semiconductor devices (OSDs, slathered for their thin, lightweight and flexible
features suitable for printed electronics [1,4]) as well as thermally-sensitive substrates [2]
from heating up. Many of OSDs are highly susceptible to heat (for example, thermal
vibration/rotation of molecules retards the charge hopping of organic field effect
transistors [1, 4]) and thermal cycling is one of their major failure modes, therefore, for
the benefit of the high performance and the long-term reliability of plastic electronics,
heat-conductive reinforcements are essential [1-3]. In addition, warpage/cracking
(caused by thermal expansion stress) and thermal degradation also damage the printed
electronic devices. Heat removal and “simultaneous” dimensional and structural thermal
-stability are thus vitally important [1]. However, such demand puts those researchers
devoted to the material design for printed electronics into a dilemma, because
heat-conductive reinforcements also encourage the thermal expansion/degradation of
polymeric materials.

Carbon nanomaterials are highly attractive for their exceptional thermal properties.
Conventional carbon nanomaterials, such as amorphous carbon and carbon nanotubes
(CNTSs) [5], have been used to reinforce polymeric materials [6]. Currently, Graphene

oxide (GO), definition of which covers from 100nm-thick carbon platelet down to mono
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-layer carbon sheet [7], is particularly intriguing for its two-dimensional (2D) structure
(more effective in facilitating the formation of heat-conductive pathways than 1D CNTS)
and oxygen-containing groups (facilitating GO dispersion and improving GO/polymer
interface). To date, GO, derived from graphite oxide, can be manufactured on the ton
scale at low cost [8], making it a promising replacement to CNTs [6]. Lots of methods
have been developed to synthesize polymer composites with GO for harnessing its
useful properties [6]. For example, GO improved the thermal conductivity [9-18] as
well as the dimensional [11, 13, 16] and structural [9, 12, 16, 19-21] thermal-stability of
epoxy (the most commonly used adhesive matrix in printed electronics [1]). However,
“simultaneously” improving overall thermal properties of polymers for printed
electronics with the use of GO still necessitates a deep understanding.

Change in glass transition temperature (Tg) is important because it yields an insight
into the variation in polymer dynamics and its associated gain in the thermal stability of
polymers. Recently, chemical blending process involving chemical reactions, such as
using chemically modified GO or in-situ polymerization of monomers in the presence
of GO, was reviewed to yield T increase (the intensified interfacial interactions exert an
enhanced restriction on the motion of polymer chains) [22]. Chemical modifications
(such as using 4,4’-diaminodiphenyl sulphone [9], diglycidyl ether of bisphenol-A
(DGEBA\) [20], or thermotropic liquid crystalline epoxy [21]) upon GO did improve the
Ty and the structural thermal-stability of epoxy, but chemical modifications are known
to deteriorate the intrinsic conductivity of reinforcements [23]. As far as the in-situ
thermal cure of epoxy is concerned, GO not only “attends” the cure reaction (-OH
groups of GO react with epoxy, establishing interfacial H-bonds) but also “affects” the

“thermal” cure process owing to its excellent thermal conductivity (cure reaction
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preferentially occurs around GO chains, the preferred heat-flow pathways) [16],
however, hardly any published papers are available to provide an insight into the use of
such “thermal conductivity-based effect” of GO in improving Ty and its associated
thermal stability of epoxy.

To improve the thermal conductivity of polymers, utilizing GO with large average
lateral size (L) has been a consensus reached for continuous heat-conductive pathways
with less GO-GO and GO-matrix interfacial thermal resistances. But large-L GO not
necessarily gives the optimal reinforcement, the average thickness (1) of GO is also vital,
for example, the thermal conductivity of GO (1<2nm)/epoxy composites climbed to
6.44 W/mK with 25vol% GO (L= 0.35um) [10] but only to 0.493 W/mK at a very low
maximum loading, 0.5vol%, of GO (L= 10-15um) [9], so favorable combinations of L
and / necessitate studies. Analysis of the data published calls into a simple classification
according to the 1 level of GO for the reinforcement of the thermal conductivity of
epoxy: (1) ultra-thin (<2 nm) [9-11], (lI) 2-10nm [12-16], and (I1I) 10-100nm [17, 18].
Ultra-thin/-large GO induces the problem of dispersion, GO nanoplatelets (GONPSs)
with 4 gy and intermediate L are thus more desirable [24]. With comparable L, GONP
(An) owns a higher aspect ratio but is flexible (due to its smaller thickness as well as the
accompanied more functional groups and structure defects [25]), presenting higher
tendency to wrinkle/scroll (2D crystal is thermodynamically unstable, as pointed out by
Mermin-Wagner theorem [26]) with both dimensionality and “effective” aspect ratio
reduced [27]. By contrast, GONP (4y) is more rigid (for its higher stiffness with more
graphene layers contained [25]) but has a lower intrinsic aspect ratio. So far, for GONPs
with comparable intermediate L, hardly any studies are available with more favorable A

level, A, or Ay, not clear yet.
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To address these problems, here, un-chemically modified GONPs with comparable
L but two different 1 level i.e. -GONP (4;;,=34nm, L=17um) and f-GONP (1;,=7nm,
L=19um) are utilized to reinforce epoxy via in-situ thermal cure. We reveal an inherent
superiority of ‘thick” GONP in enhancing the overall thermal properties (both the
thermal conductivity and also the T4 and its associated thermal stability) of epoxy, with
an emphasis on a thermal conductivity-based “promotion” to the interfacial crosslinking
and thus the thermal stability enhancement. This study proposes a chemical-free way for
fully exploiting GO in achieving high overall thermal properties of epoxy.
2. Experimental
2.1 Materials

r-GONPs were prepared by the method reported in [23]. -GONPs were offered by
NiSiNa materials Co., Japan. DGEBA with epoxy value of 0.48-0.52mol/100g and the
curing agent 2-ethyl-4-methylimidazole (EMI-2,4) were supplied by Shanghai Resin
Co., China and Wako Pure Chemical Industries, Ltd., Japan, respectively. The DGEBA/
EMI-2,4 ratio utilized was 100:6, thus etherification reaction during which epoxy
molecules crosslink into network dominates the cure reaction [23].
2.2 Preparation of GONP/epoxy composite mixtures and cured composites

GONP/epoxy composite mixtures were fabricated by stirring r-/f-GONP ethanol
solution (sonicated for 1.5h in advance), DGEBA and EMI-2,4 together using Mixer
ARV310 (Thinky Co., Japan, 1000rpm rotation speed and a simultaneous 2000rpm
revolution speed) for 6 times (each time for 5 min). Ice bath was used at intervals to
keep the mixture temperature around 283K. GONP loading was 0.5, 1, 2 or 3wt%.

GONP/epoxy composites were fabricated via in-situ thermal cure: (a) casting

composite mixture in mould, (b) repeatedly degassing in vacuum drying oven at 313K
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until no air bubble appears on the mixture surface, (c) curing (313Kx1h, 378Kx1.5h,
and 458Kx1.5h), and (d) cooling, then demoulding.
2.3 Characterization

Morphological studies were done using transmission electron microscopy (TEM,
JEM-3000F and FEI Tecnai G2 20) and field emission scanning electron microscopy
(FESEM, JSM-6700F). FTIR spectra were measured by Perkin-Elmer Frontier. Crystal
structure was tested by wide angle X-ray diffractometry (WXRD, Rigaku RINT RAPID
I, 40kV, 30mA). DSC tests on pure epoxy or composite mixtures were done using
NETZSCH 204 F1 system (total heat of reaction (AQ) was determined by the area under
exothermic peak), after cooling, a second run was performed at 10K/min to determine
DSC Ty (the midpoint of heat flow step of the second diagram). Thermal conductivity x
= 0xCxp, where thermal diffusivity ¢, specific heat C and bulk density p were measured
by NETZSCH LFA 447 system, 204 F1 system and water displacement, respectively.

Nanoindentation tests were done on a Hysitron T1950 system (load resolution<1nN,
displacement resolution<0.04nm, a Berkowich nanoindenter with tip radium<20nm) in
a force-control mode with a loading function (a 5-s linear loading and a 5-s unloading
segment together with a 5-s holding time of peak load for reducing creep effect). Array
of 6x6 tests was performed in 10 random locations (space between arrays>2mm, space
between indentations>100um, great enough to eliminate mutual influences [28]). H and
Er were got by analyzing the load-displacement curves with Oliver and Pharr’s method
[28]. Plasticity index (w)= (A1-A2)/A; where A; and A, are the areas under loading
curve and unloading curve, respectively, presenting the ratio of plastic work to total
work including plastic work and viscoelastic recovery. In addition, recent study on the

rationale of indentation size effect (ISE) in epoxy showed that for sharp Berkovich tip
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(radius<20nm), ISE is negligible as indentation displacement>250nm [29]. To evaluate
ISE in this work, indentation tests were done on the epoxy containing the minimum
number of nanoplatelets (i.e. 0.5wt% r-GONPs). The loading force was reduced from 5
to 0.5mN on a 1x50 array with the indentation displacement>320nm, such tests were
repeated in random 10 locations. As seen in Fig.1, H and Er are almost stabilized at
constants (not significantly decrease with increasing displacement), suggesting that (i)
ISE is negligible and (ii) enough r-GONPs were affected and the mechanical behavior
could represent an average of microstructure [29], therefore, in this work, peak loads
were set to be 5 and 1mN. Furthermore, coefficient of thermal expansion (CTE) tests
and thermogravimetric analysis (TGA) were conducted using Hitachi SII TMA/SS7100

(tensile mode, 5mN, 303-443K) and NETZSCH TG-DTA200se/h/24/1, respectively.
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Fig.1 H and Er of 0.5wt% r-GONP/epoxy composite as a function of indentation

displacement.

3. Results and discussion
3.1 Morphology and characterization of r- and f-GONPs

A fluffy opaque r-GONP and a transparent f-GONP are seen in Fig. 2a. Typical
TEM image of the core section of r-GONP exhibits ~33.5nm in thickness (see the upper

-right inset of Fig. 2a), implying that many r-GONPs used are composed of 33-69
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stacked layers (the average thickness of individually exfoliated GO sheet is ~0.486nm
[20]), selected-area electron diffraction (SED) of those stacks shows strong and tense
rings (see the bottom-right inset in Fig. 2a), implying a retention of long-range ordering.
Meanwhile, the f-GONP presents ~8.2 nm in thickness, associated with 8-17 stacked
layers, and SED of the stacks displays only weak and diffuse rings, suggesting a loss of
long-range ordering. Statistics survey on 100 platelets based on FESEM images shows
that: A=34nm (5-52nm) and L=17um (3-30um) for r-GONPs; A=7nm (3-13nm) and
L=19um (10-34um) for f-GONPs.

Furthermore, comparatively rigid r-GONPs while flexible f-GONPs are also
observed by FESEM (Fig. 2b). A further study (Fig. 2c) shows that with the decreasing
/, the morphology of GO changes from “flat” platelet (1=0.5um) to “valley- and
mountain- folded” platelet (A=32nm), and then to “flexible” platelet (1=11nm) wrinkled
even by 180° fold with edge tending to scroll.

FTIR spectra (Fig. 2d) show that more -OH groups exist on f-GONPs than

r-GONPs, evidenced by the more intense band of -OH against -CH band.
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Fig.2 (a) TEM images (insets: cross-section and SED pattern), (b) FESEM images x10k
(insets: x0.5k), and (d) FTIR spectra of r- and f-GONPs; (c) morphology observation of

the waviness as the average thickness A of GO from 0.5um down to 11nm.
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3.2 Exfoliation level and dispersion state of r- and f-GONPs in epoxy matrix

WXRD and FESEM are important tools for evaluating the exfoliation level and the
dispersion state of GO in matrix, respectively [27].

Fig. 3a presents WXRD patterns of GONPs, epoxy and GONP/epoxy composites.
WXRD pattern of r-GONPs exhibits a sharp peak centered at 26=26.6° and a small peak
at 20=43.3°, assigned to the diffraction of (002) and (100) planes of well-ordered
graphenes, respectively (the peak at 26=26.6° usually shifts to 14.1°-14.9° after
oxidization, no shift implies a partial oxidation of r-GONPs (unable to diffraction) [30]).
By contrast, WXRD pattern of f-GONPs only shows the small peak and the peak at
20=26.6° disappears, indicating a highly exfoliated level of f-GONPs [30]. After
r-/f-GONPs were mixed into epoxy, apart from a broad diffraction peak originated from
the amorphous epoxy (centered at 26=18.5°), r-GONP/epoxy composites only keep a
diminished peak at 20=26.6°, suggesting a further exfoliation of r-GONPs in matrix;
f-GONP/epoxy composites lose the small peak at 26=43.3° until 3wt% loading where a
tiny peak re-appears (marked by a red circle), suggesting that f-GONPs were fully
exfoliated in matrix until f-GONPs restack at 3wt% loading [30].

FESEM images of the fracture surface of 3wt%GONP/epoxy composites (Fig. 3b)
shows that the comparatively rigid r-GONPs as well as the tortuous river-like structures
by f-GONPs evenly distribute throughout the matrix, no r-/f~-GONP agglomerates or
holes caused by air bubbles are observed.

Furthermore, TEM images of GONP/epoxy composites (see Fig.3c) confirm that:
(i) -GONPs maintain their layered-structure (though not perfectly parallel-orientated
due to partial exfoliation) after they were uniformly dispersed into epoxy matrix, and (ii)

f-GONPs were fully exfoliated and evenly dispersed in epoxy matrix until agglomerate

10
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emerges at 3wt% loading.
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Fig.3 (a) WXRD patterns of GONPs, epoxy and GONP/epoxy composites, circle shows
a small peak; (b) FESEM images of the fracture surface of 3wt%GONP/epoxy
composites and (c) TEM images of GONP/epoxy composites, arrows show f-GONPs,

ellipse shows f-GONP agglomerate.

3.3 The superiority of r-GONP in enhancing the thermal conductivity of epoxy
As seen in Fig. 4a, r-GONP endowed epoxy with higher thermal conductivities
than f-GONP. Since the effect of different dispersion state can be ignored (both r- and

f-GONPs were well-dispersed in matrix, except 3wt%f-GONP loading), the superiority

11
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of r-GONP in promoting heat-conduction can be ascribed to the fact: “more” inside-
layers acting as the heat-conductive channels, while “less” outside-layers (due to less
number of -GONPs at equivalent wt.% loading) transferring phonons from r-GONPs to
epoxy via interfacial H-bonds (in fact, bonded interfaces cause the damping of phonons
as matrix is a poor conductor and thus deteriorate the efficiency of conductors [23]).

In addition, some factors further weaken the reinforcing capability of f-GONP: (i)
wrinkle/scroll structures of flexible 2D morphology reduce both the dimensionality and
the “effective” aspect ratio of f-GONP, as mentioned in Introduction section, (ii)
small-wrinkles scatter the phonons with short-wavelength while large-scrolls scatter the
long-wavelength phonons [31], and (iii) waviness adds the interfacial thermal resistance

(phonon acoustic mismatch rises with the decreasing radius of fillers [10]).
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Fig. 4 (a) Thermal conductivities and (b) T4s of epoxy and GONP/epoxy composites.

It can also be seen in Fig. 4a that the thermal conductivity of f-GONP/epoxy
composite rise slowly at low f-GONP contents (flexible morphology makes f-GONPs
difficult to form heat-conductive pathways), then it sharply rises to a maximum (2.03
times that of epoxy) at 2wt%f-GONPs (a loading surpassing percolation threshold
which falls within 1-2wt% as reported in our previous work [16]), followed by a final

decrease at 3wt%f-GONPs (agglomerates emerge and act as phonon scattering sites).

12
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Meanwhile, the thermal conductivity nearly increases linearly with increasing r-GONP
loading, climbing to the maximum (3.5 times that of epoxy) at 3wt% r-GONPs.

More f-GONP loadings e.g. 2.2 and 2.5wt% were also studied in our previous work
[16] which proved that further improving the thermal conductivity by increasing the
f-GONP loading(>2wt%) is impossible to realize because of the dramatically increased
viscosity with big agglomerates and trapped air bubbles impossible to be cleared. In
addition, at comparable loading levels, our results with f-GONP are higher than those
reported in [14] using GONP (L= ~5um) with similar 4, such fact can be due to the
larger L and thus higher aspect ratio of f-GONP used in this work.
3.4 The superiority of r-GONP in enhancing the T, of epoxy and an insight offered
by DSC and nanoindentation studies

As seen in Fig.4b, r-GONP produced epoxy composites with higher Tgs than
f-GONP. 3wt% r-GONPs finally induced a ATy, max 0f 17°C whereas 3wt% f-GONPs led
to a “negative” ATy max Of -38°C. Similar result was reported by the work of Ribeiro et
al. [32] where expanded graphite oxide (EGO, tenths to hundreds of GO layers) as well
as ultra-thin GO (4<2nm) functionalized with triethylenetetramine (TETA) enhanced
the Ty of epoxy, but no insight into the reinforcing mechanism of EGO was offered.
Here, to look insight into the superiority of r-GONP (i.e. ‘thick” GONP) in enhancing Ty
of epoxy, the in-situ thermal cure process of GONP/epoxy systems were monitored with

obtained DSC curves shown in Fig.5.
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Fig.5 DSC curves at 10K/min heating rate of (a) epoxy and r-GONP/epoxy systems and

(b) epoxy and f-GONP/epoxy systems.

3.4.1 DSC study, revealing a “thermal conductivity-based promotion” of r-GONPs
to the vitrification transition and thus the Ty increase

The extent of cure reaction (a) vs. temperature (T), calculated from DSC curves, is
given in Fig. 6a, a=AQ+/AQ=S+/S (0<a<1) (total area S of the exothermal peak is in
direct proportion to AQ). For each formulation all the curves have the same functional
form and should be superposable by simply shifting each curve along the T axis relative
to a curve at an arbitrary reference heating rate by a shift factor, ¢(v)= Tref -T,, Where v
is the heating rate [33]. The superposed curves of a vs. T taking the curve of 25K/min

heating rate as the master curve are illustrated in Fig. 6b.

14
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Fig.6 (a) a vs. T and (b) superposed curves of a vs. T of epoxy and GONP/epoxy

systems.

The phenomenological reaction rate, do/dt, has a general expression [33]:
da/dt = Ae BR™(q)
where A is the frequency factor, B is the activation energy, f(«) is a function of reaction
extent a, R is the gas constant and T is the absolute temperature at time t.

let T =ot, then da/dT can be expressed as:

16
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da/dT = Ae TRMf(a)/o
In(do/dT)-In[Af(a))] = -B/RT-Ino

As far as some arbitrary « is concerned, the values of In[Af(«)] at different heating
rates are equal while the values of da/dT,, the tangent slope of the point corresponding
to « in the curves at different heating rates, are not always equal to that of the reference
curve (i.e. da/dTrs). It has been proved that if the cure reaction is kinetically-controlled,
do/dT,>da/dT s as taking the curve of maximum heating rate as the master curve, that is
to say, the curves of o vs. T should branch off from the master curve, and the shift factor
o()=Tye -T, Will increase as a increases[33].

During cure, as Tg increases over curing temperature T, system vitrifies (undergoes
rubber-to-glass transition), the cure reaction changes from being kinetically-controlled
to diffusion-controlled, the values of da/dTg decrease, i.e. curves of a vs. T do not shift
enough from the master curve, although we do not know the exact degree to which the
curves should shift from the master curve, a qualitative comparison can be made [33].
As far as the curves in Fig. 6b are concerned, the vitrification degree of r-GONP/epoxy
composites follows a sequence 0.5Wt%<1wt%<2wt%<3wt%<neat epoxy while that of
f-GONP/epoxy composites follows 3wt%<1wt%<0.5wt%<2wt%< neat epoxy, that is to
say, at the “later” curing stage, the vitrification transition is promoted with increasing
r-GONP loading but is hindered by increasing f-GONP loading (leaving out 2wt%
loading), which leads to the higher Tgs by r-GONP.

It is worth noting that (i) the hindrance effect on vitrification transition by f-GONP
is baffled at 2wt% loading, (ii) the hindrance by f-GONP on the “initial” curing stage
(reflected by the increased exothermic peak temperatures (T,s) shown in Fig. 7a) is also

baffled at 2wt% loading, the critical loading giving a sharp rise in thermal conductivity,
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and (iii) more “promotion” effect on the “initial” curing stage is offered by r-GONP. All
these facts highlight a “thermal conductivity-based promotion” of r-GONP to “thermal”

cure process (especially the vitrification transition) and thus the final T increases.

@ 150 S
I -GONP - £GONP
430 -GONP & 640+
I
:ﬂ. 400 1 d - - 6 580 7
390 g 960
380 540
370 520
360 500+
350+ 480

00 05 10 15 20 25 30
GONP loading (wt%)

0 05 10 20 30
GONP loading (wt%)

Fig.7 (a) Tps and (b) AQs of DSC curves at 10K/min heating rate of epoxy and

GONP/epoxy systems.

The superiority of r-GONP in enhancing the T4 of epoxy can be explained from the
perspective of “polymer dynamics” as mentioned in Introduction section. Adding GO
has a negative effect on Ty due to a decreased restriction on epoxy motion (epoxy matrix
crosslinking is disrupted), and the final Ty can be increased only if strong GO/epoxy
interface forms [22]. Compared to f-GONPs, less matrix disruption (due to less number
of r-GONPs at equivalent wt.% loading) but more effective interfacial crosslinking
“thermally-stimulated” by r-GONPs makes it easier to form enough interfacial H-bonds
covering the matrix disruption and enhance local Ty over T [22] (supported by the fact
that less H-bonds were formed across the r-GONP/epoxy interface as indicated by
AQ(epoxy)<AQ(r-GONP/epoxy systems)<AQ(f-GONP/epoxy systems) seen in Fig.7b),
then the higher temperature-gradient derived from r-GONPs more efficiently drives the
cure reaction into r-GONP-poor zone, resulting in the promoted vitrification transition

and higher global Tgs of r-GONP/epoxy composites [16, 22].
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To examine whether stronger r-GONP/epoxy interface forms, nanoindentation, the
most sensitive tool in evaluating the reinforcing effect of GO on the “local” mechanical
properties of matrix [28] was utilized.

3.4.2 Nanoindentation analysis, verifying a stronger r-GONP/epoxy interface

Typical load-displacement curves and the derived values of H, Er and y are
presented in Fig. 8. The values of H, Er and w of epoxy and 0.5wt% f-GONP/epoxy
composite are comparable with those reported in [34] where GONPs has 1 of 6-8nm,

similar to f-GONPs used in this work.
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Fig.8 (a) Typical load-displacement curves of epoxy and GONP/epoxy composites
(insets: atomic force microscopy (AFM) images of the indentation locations), (b) H, E;

and y as a function of GONP loading.

Theoretical [35] and experimental [36] works have shown that: (i) H=0.95TPa and
Er= 0.89TPa for mono-layer graphene, (ii) H and Er drop as the graphene layer number
increases, and (iii) Er approaches the constant of bulk graphite (~27 GPa) as 1>six

layers. Accordingly, H(r-GONP)<H(f-GONP) and Er(r-GONP)=Er(f-GONP). For the
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materials with viscoelastic-plastic behavior, 0<y<1 and w(r-GONP)= y(f-GONP) (due
to an absence of cellular structure of exfoliated r-GONPs in epoxy) [37]. Based on these
facts, interesting results are noticed in Fig. 8:

(1) H(r-GONP/epoxy composites)>H(epoxy)>H(f-GONP/epoxy composites), with
indentation curves in Fig. 8a shifting to the left as increasing the r-GONP loading but to
the right when adding f-GONPs.

It is known that (i) poor GONP/epoxy interface weakens the load transfer, and (ii)
partial exfoliation or poor dispersion of GONPs enables graphene to slip between layers
or platelets, respectively (due to the weak van der Waals bonding between layers or
platelets), causing a softening effect by slip mechanism [27, 36]. Since full exfoliation
as well as good dispersion of f-GONPs in epoxy matrix (except 3wt% loading) has been
proved above, H(f-GONP/epoxy composites)<H(epoxy) can only be ascribed to a poor
f-GONP/epoxy interface. By contrast, r-GONPs were well dispersed but partially
exfoliated in matrix which brings a negative effect on H, however, the final result of
H(r-GONP/epoxy composites)>H(epoxy) can only be attributed to a good r-GONP/
epoxy interface which transfers load effectively.

Ribeiro et al. [32] reported that adding graphene materials into epoxy hardly affects
H, in fact, analysis on their data comes to a similar trend: H(3Wt%EGO/epoxy
composite)>H(epoxy)>H(TETA-3wt%f-GONP/epoxy composite). Compared with our
results, their less increase in H can be ascribed to the ultra-thickness of EGO, and their
less decrease in H by f-GONP can be due to the enhanced interface by TETA treatment.

(2) Er(r-GONP/epoxy composites)>Er(epoxy)>Er(f-GONP/epoxy composites),
regardless of 2wt% loading of f-GONPs.

This result shows that r-GONP/epoxy composites also exhibit the best elastic
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recovery after deformation, thus confirming a stronger r-GONP/epoxy interface which
effectively restricts the motion of epoxy chains.

(3) w(r-GONP/epoxy composites)<wy(epoxy)<wy(f-GONP/epoxy composites),
regardless of 2wt% loading of f-GONPs.

It can be seen in Fig. 8b that both the r-GONP/epoxy composites and the f-GONP/
epoxy composites exhibit a reduction in y as increasing the load force from 1 to 5mN.
Such result is associated with “the higher force, the deeper indentation”. Bulk
macromolecules are harder to respond to the external load and are also more effectively
pulled back to their original configuration upon unloading due to a stronger interaction
in bulk than near surface, consequently, less plastic deformation remains with  reduced
[27]. For a similar reason, w(r-GONP/epoxy composites)<y(f-GONP/epoxy composites)
as well as the smallest residual hole in AFM image (see Fig. 8a) reconfirms a stronger
r-GONP/ epoxy interfacial interaction.

Besides, the “abnormal” increase in H and Er, as well as the “abnormal” decrease in
w, at 2wt%f-GONPs loading reconfirms the “thermal conductivity-based promotion” of
GONPs to interfacial crosslinking and thus the resulting strengthened interface.

3.5 Verifying the superiority of r-GONP in enhancing the thermal stability of
epoxy

Ty-associated gains in dimensional and structural thermal-stability of epoxy upon
the incorporation of r-/f-GONPs are compared by testing CTE and TGA, respectively,
with the results presented in Fig.9. It is common to consider the half-weight-loss
temperature (Thqf) as the indicator for the beginning of the structural decomposition;

therefore, Thairs obtained from TGA curves are also illustrated in Fig.9.
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Fig. 9 (a) CTE values and (b) TGA curves (inset: plot of TS determined from TGA

curves) of epoxy and GONP/epoxy composites.

As shown in Fig. 9a, r-GONP endowed epoxy with lower CTE than f-GONP,
verifying the superiority of r-GONP in enhancing the dimensional thermal stability of
epoxy. CTE of GONP/epoxy composites originates in three parts: epoxy, GONPs and
GONP/epoxy interface. It is well-known that CTE (monolayer graphene)<0, and CTE
(graphite)>0 (due to the weak van der Waals bonding between graphene layers) but is
less than CTE(epoxy) [11]. Accordingly, CTE(f-GONP)<CTE(r-GONP)<CTE(epoxy).
It is reasonable to see that CTE of epoxy composites decreases with increasing r-/f-
GONP loading (unless losing control over epoxy motion e.g. at 1wt% f-GONP loading).
More importantly, CTE(r-GONP)>CTE(f-GONP) but CTE(r-GONP/epoxy composites)
<CTE (f-GONP/epoxy composites) also verifies the stronger r-GONP/epoxy interface.

The superiority of r-GONP in enhancing the structural thermal stability is verified
as well, based on the fact that higher Tpas were achieved by r-GONP (see the inset in
Fig. 9b). The incorporated r-/f-GONPs offer barrier to the thermal degradation of epoxy,
reflected by the increased Thass (“tortuous” path effect of GONPs limits the entry of
oxygen and delays the escape of volatile degradation products [21, 33]). Comparatively,

r-GONP offers more thermal-conductive promotion and less tortuous-path hindrance to
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the thermal degradation, but finally it produces higher TpaS, this result can only be
ascribed to a stronger r-GONP/epoxy interface.
4. Conclusions

Our findings in this study reveal a superiority of ‘thick” GONP in endowing epoxy
with high overall thermal properties (both the thermal conductivity and also the Ty and
its associated dimensional and structural thermal-stability). Taking the advantage of the
specialty of thick layered-structure, i.e. less matrix disruption (due to less number of
‘thick” GONPs at equivalent wt.% loading) but more effective interfacial crosslinking
(thermally stimulated by ‘thick” GONP with its higher heat-conductive capability), we
first open up a avenue to enable the thermal conductivity-reinforcing capability of
GONP to make a “positive” contribution to the thermal stability enhancement of epoxy.
Chemicals usually used to strengthen the interfacial interactions for enhanced Ty and
thermal stability is unneeded, thus the harm to the intrinsic conductivity of GONP by
chemical modifications was successfully avoided. Therefore, this chemical-free avenue
by using ‘thick” GONP is the way fully exploiting GO in achieving high overall thermal
properties of epoxy, and can be applied to various GO-like reinforcements for achieving

high overall thermal properties of polymeric materials for printed electronics.
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Use of graphene oxide in achieving high overall thermal properties of polymer for

printed electronics
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