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Abstract

Composites of graphite nanoplatelets (GNPs) and rubbery @R&X resins as adhesives and pads
are evaluated as thermal interface materials (TIM). -GBEBnd GNP-5 (1fm and 5 um across,
respectively) were loaded in RE by 3-roll milling taoguce GNP/RE composites. The role of
composite processing techniques on the texture, thermal anttical conductivities and
compression properties of composites was studied and cam@aanning electron microscopy
revealed uniform dispersion of GNPs in RE, regardledsanfing and x-ray diffraction texture
measurement showed less platelet alignment in the compasitésv loadings. Thermal
conductivities of 20 wt. % GNP-15/RE (3.29 W/mK) ardv@. % GNP-5/RE composite (2.36
W/m.K) were both significantly higher than pure RE (0\M/7m.K). GNP/RE retained good
compliance, compressive moduli at 20 wt. % loading beingpacable to commercial BN/silicone
TIM. Although thermal contact resistance of GNP/RE wasehni¢iiran for commercial paste, its
interfacial thermal transport outperformed GNP/silicone (due to RE’s strongly adhesive nature) and,
across thick bond lines, outperformed reported GNP-paste20rwt. % GNP-15/RE thermal pad
had significantly lower thermal contact resistance thaer (BNPRE pads. This decreased with
increasing applied pressure, being comparable to eoomh BN/silicone pad. GNP/RE

composites are thus promising candidates for thermal iréeatiitesives and pads.



1. Introduction

The ever-decreasing size of microelectronic devicesdsadted in higher power densities in much
smaller spaces, leading to high heat evolution from ¢le&els, which if not effectively removed
would result in reductions in performance (e.g. switchielgys) and reliability (e.g. thermally
stressed, and then cracked, solder joints). Thermaagement strategies are thus essential for
electronics cooling and key to this are thermal interfacemats (TIMs)[1-3]. Commercially,
TIMs are employed in the form of heat dissipation compswidch primarily consists of polymer
matrix/carrier in which thermally conducting fillersch as silver, aluminum nitride, boron nitride
or SIC are dispersed at loadings of 50-70 wt.%. Sugimaslmatrix compounds can be used as the
thermal grease/paste or adhesives [4, 5]. These HMge interfacial thermal contact resistance
between mating surfaces and thus facilitate heat dissip8th thermal grease/paste or adhesive
are mainly employed for thin gap filling applications ¢4, However, when gap between mating
surfaces is significantly large TIMs in the form of thet pads are used [7]. Thermal pads are
similar to thermal adhesives but the polymer matrixiig @empliant in nature such as silicone.
The thermal transport ability of TIMs strongly depends ortlieemal conductivity of filler [8]
Carbon nanomaterials such as graphene, graphite nanoplatedetsarbon nanofibres have
significantly higher thermal conductivity (>1000 W/m.|Q, 10] than other inorganic fillers (BN,
AIN or SIiC) and therefore these have been extensivelyarehed for development of next-
generation polymer-based TIMs [14]. A graphite nanoplatelet (GNP) is a 2-dimensional
nanomaterial which can have thickness of 10-100 nmdté]lateral width of several microns.
Since it comprises of multilayer graphene sheets, it aiffdd comparable thermal conductivities
in TIMs to that of graphene. However, unlike grapheneP&Bre cheap fillers which can be
produced easily in high quantities.

GNP-based epoxy and silicone composites have been refmrtedrmal interface applications on

the basis of their high thermal conductivities [11, 16he thermal contact resistance between a



semiconductor die and a heat sink or spreader is a hmagivance in the dissipation of heat from
the die to heat sink [8] but this has not been evaluateti foucGNP-based TIMs. The present
study reports GNP/rubbery epoxy composites produced kartbitamilling (RM) and quantifies
their heat dissipating ability as thermal interface agéssind thermal pads by measurement of
thermal contact resistance according to ASTM D5470, whishrize extent replicates conditions
in which electronic devices operate [10]. The propertigheitomposites produced BW are
compared with the similar composites produced by mechanigalg (MM) and speed mixing

(SM) previously reported by us [17].
2. Experimental

GNPs (EX XG Sciences) of sizes 5 um (GNP-5) and 15um (GNP-15) [17] were dispersed at a
loading of 8-35 wt. % in a rubbery epoxy (RE) [18]mesing thre®M (model 80E from EXAKT
GmbH). The same protocol was followed for the productiaroofposites as was reported in [19]
The composites were also fabricated as thermal pads/bli@etsng the dispersions (120 °C for 3
h) in a custom-made mould under a pressure of 0.3 Wiafreezdractured and Pd/Pt alloy
sputter coated-samples were examined by scanning elegtmscopy (FEG-SEM,EO/Zeiss,
Gemini 1530 field) to determine dispersion quality ofRBNNRE resin. The thermal conductivity
and compression properties of composites were meastuingdausot disk thermal analyser (Hot
Disk AB) and a universal testing machine (Instron Model 8882 with a 100 kN load cell),
respectively. The diffraction patterns were acquirea Bhilips PW3040/60 diffractometer (Cu-
Ko 40 KV, 40 mA, 10-90° @ 0.02° step, 20 s stépof as-received GNPs and the GNP/RE
composites according to the method described in [20]. Titay ¥exture scans were obtained in a
Philips texture goniometer (PW2030) using Guidiation with a Schulz reflection-specimen
holder following the method described in [19]. The eleatrconductivity was measured on the
cuboidal-shaped samples using two-probe method. Elécticductivity was measured through

the sample in the direction parallel to the direction ofigrauring curing 6) and perpendicular



to it, i.e., along the roll milling directions{). For thermal contact resistance measurement,
composite dispersions were sandwiched (in uncured fortmuebr copper cylinders and tested in
a thermal contact resistance measurement rig in uncomedoir cured in-situ according to the
procedure described in [21, 2Zhe thermal contact resistance of thermal pads was measured

the same rig by sandwiching pads between copper aginde
3. Results and discussion
31 Loadings of GNPs intadRE

GNP-15 and GNP-5 can be loaded into Rtematrix at maximum loadings (to retain workability)
of 25 and 35 wt. %, respectively IRM technique. Similar level of loadings were produced
previously byMM andSM techniques [17]. It was noted tl@&NP-15s can be loaded at higher than
25wt. % by the thre®M process but the resulting composite had highly crummdtiyre because
there was not enough resin to wet the surface of the @P® their high surface area and aspect

ratio. GNP-5 particles can be loaded up to 35 wt. ®Mywithout losing workability.
3.2  Viscosity of GNPRE dispersions

Plots of viscosity versus shear rate for grREeand GNP/epoxy dispersions producedridy are
presented in Fig. 1. For comparison viscosities of digpepsoduced byvIM are also presented

in Fig. 1.
Fig. 1

At the start of the test, shear rate was low and viscosityhighqFig. 1). However, with a small
increase of shear rate of about 10-15tise viscosities dropped rapidly and then leveled & T
viscosity of pureRE resin is about 600 cP at a shear rate of-15i%e GNPs dispersed in either RE
or glassy epoxy byyM increased the viscosity of the dispersions at 20 wio&ding. The

viscosities of the 20 wt. % GNBIRE dispersion and 20 wt. %



GNP-15RE dispersion at a shear rate of I5ase about 1,400 and 16,300 cP, respectively. The
higher viscosity of the 20 wt. % GNE5RE dispersion is presumably due to the large particle size
of theGNP-15s compared to that of teiNR-5s. Large particles can reduce the free volume in the
epoxy matrix and also undergo strong interaction with eael @tbulting in an increased viscosity
of the epoxy dispersion. Unlike the composite dispersiomdueed byMM, the dispersions of
GNP-15RE produced byrRM at 15 and20 wt. % loading of GNP-15s had significantly hagh
viscosity. For instance, the viscosity of the GNSARRE composite dispersion produced Ryl at
20wt. % GNP-15 loadings is ~432, 500 cP at a sheaofat#5 s'. This is ~100x higher than the
equivalent dispersion produced MM. The significantly higher viscosity of the GNIBRE
composite dispersion indicates that Rl has produced greater dispersion of GNPs than that of
theMM. Greater dispersion means that fewer GNPs agglomerateaadGNPs are available to
adsorb the polymer on their surface and to interact witlaooier. Ganguli et al. [23] reported the
viscosity of a 20 wt. % exfoliated graphite/glassy epogpetision; this is about ten times higher
than 20 wt. % GNHAbLRE dispersion produced ByM. This shows thaRE dispersion is more

workable compared to glassy epoxy dispersions.
3.3 SEM of GNP/RE composites produced biRM

SEM images of composites producedRiy at 8-25 wt. % loading of GNP-15 are presented
in Fig. 2. SEM image of 25 wt. % GNPRI composite produced M is also presented in
Fig. 2. A summary of dispersion quality and morphology oP&poxy composites produced
by RM and their comparison with previously deveolped similar coitggproduced biiM

andSM are presented in Table 1.
Fig. 2

RM produced GNHRE composites with greater dispersion of GNPs. SEM imafg&NPRE

composites (Fig. 2) at a loading of 8-20 wt. % GNPs arg sinilar and are completely



dominated by GNPs. It is very difficult to identify matiixthese images which demonstrates
a much better dispersion of GNPs. Most of the GNPs arehiog each other and form
interconnects with each other to develop conducting netwixen the composites produced
at 8 wt. % and 15 wt. % loading (Fig(&d)) have interconnected GNPs and this shows that
theRM is capable of producing greater dispersion even at lowrigadi

The composite produced with GNP-5 patrticles at 25 wt. % Igdéfig. 2 (i & )) also has well
dispersed and interconnected GNPs. Although, it was obsémae®0 wt. % GNP-1RE
dispersion produced B¥M has 10x higher viscosity than 20 wt. % GNP-15/glassy epoxy [17]
no voids were observed in the roll milled sample (Fig.&f()).

The interesting feature of thBM is that it enables production of a composite with
homogeneous distribution of GNPs at low loadings. Irresty bothMM andSM previously
reported in [17] were unable to produce composites with unifostnilalition of GNPs at low
loadings. Fig. 2 (a) clearly shows that composites producedMbyhave no concentration
gradient of GNPs at 8 wt. % loading unlike the composépsented before in [17]t appears
that both MM and SM could not break agglomerates of the GNPs at lavesitges of the
dispersions. Agglomerated-GNPs easily settled in theviseosityRE resin during the 5 h of
curing leading to a high concentration gradient in 10 mokths-cast samples of composites
produced at low loadings. The SEM analysis clearly shibatstheRM is superior over other
processing techniques in developing composites with greateersisp at low and high

loadings.

3.4  Effect of processing on the thickness of GNPs

XRD patterns of the as-received GNPs (both GNP-15 and GNPeb)hen composites
produced by the various processing techniques are presentigd 31 Fhe mean thicknesses
of the as-received and processed GNPs can be measuredédmoadening of the (0002)

peaks and these are presented in Table 2.



Fig. 3

All GNP-15RE composites produced by any technique have average thickne<GH® df5
ca. 35 nm (Table 2 and Fig).3t can also be observed that the GNP-5 thickness aksmieto
a similar value in the case of 25 wt. % GNP-5/RE compositetuped by either MM or RM.
This result shows that dispersion of GNPs in RE reduceknéss to some extent but further
processing, e.g., increasing number of passes throughmotisasing speed of mixing or time,

could not produce thinning of GNPs.
3.5 Texture of GNPRE composites produced by th&kM

XRD pole figures of GNP-1RE composites produced by tRéV are presented in Fig. The
composites produced at 8 and 15 wt. % of GNP-15 loadings argamnglg textured because
a significant fraction of 0002 plane normals aredr@nted about the settling plane normal (y

= 15-60°) (Fig. 4 (a & b)). On the other hand, compositesistmg of 20 and 25 wt. %GNP-
15 platelets are strongly textured with a preferred [000&habto the settling plane (Fig.(¢

& d)) with a bigger fraction of 0002 planes oriented at (y = 15°) about the settling plane normal
and in the direction of rolling. The composites produced atr@b60 wt. % GNP-15 platelets
have the same preferred texture but witl0@dR2 planes oriented at (y = 0°) the settling plane
normal (Fig. 4e & f)). The texture analysis shows that il propensity to produce highly
oriented GNP-composites increases with increasing GNP-@iingga Composites produced
with GNP-5s are less textured compared to equivalent corepgmibduced with GNP-15s
(Fig. 4(g)). This suggests that the smaller GNP-5s produced mmmfeance to the settling
process. It was also observed that the 20 wt. % GNRELBbmposite produced bRM

developed strong texture when it was cured under pressuréd (.

Fig. 4.



The effect of number of passes (i.e., dispersion paksedgh RM) on the texture in th&M
processing is also investigated and is presented in Figne520 wt. % GNP-1RE dispersion
was passed through thM 5, 10 and 15 times to produced composites. It can be seen from

Fig. 5 that composites become more textured after 15passe

Fig. 5.

3.6  Effect of processing techniques on the texture of GNRE composites

A comparison of pole figures of 20 wt. % GNPRB/composites produced by t&&, MM
andRM is presented in Fig (a-c). The 20 wt. % GNP-1BE composites produced RM
andMM have similar texture i.e., GNP-15s are orientgg = 0-30°) about the settling plane
normal. On the other hand, equivalent composite produc&ivbg less textured (Fig. 6 (b)).
The 25 wt. % GNP-BHE composite produced QyIM has a bigger fraction of 0002 planes
oriented at y = 30-60° resulting in a less oriented composite compared tegaivalent
composite produced bRM (Fig. 6 (e)). This again suggests that smaller particleduge
more hindrance to the alignment of GNPs in the compaisitgler loadings. The samples of
20 wt. % GNP-13RE and 25 wt. % GNP-RE composite produced M also achieved high
texture when cured under pressure as shown in Fig. 6 (dr&sfectively.

Fig. 6

The texture measurements highlight that Rkl produced increasingly highly textured
composites at loadings of GNIB-> 20 wt.%. The GNP-5s form less oriented composites at
25 wt. % loadings presumably because smaller particles foremmudrance to the alignment.
It was found that both GNP-5s and GNP-15s reach a high degregrturietin a composite
when the composite is cured under compression. Thus itiffisull to avoid GNP
alignment/texture in these composites when they are peddoc example as thermal pads by

compression moulding.
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3.7  Thermal conductivity of GNP/RE composites

Plots of the thermal conductivity of GNPRE and GNP-13RE composites (measured in a
direction parallel to that in which gravity acted duringimgrin the mould) produced dyM

are presented in Fig 7. For comparison thermal conduct¥isymilar composites produced
previously byMM andSM processes as a function of wt. % of GNPs are also pessgY].
The values of thermal conductivity of the developed coitg®and pure epoxy are presented

in Table 3

Fig. 7

It can be observed from Fig. 7 and Table 3 that thentdezonductivity of the GNIRE composites
increases with the increase of both the wt. % of GNPs anuhttiele size of GNPs. The thermal
conductivity of pureRE is 0.176 W/m.K and the thermal conductivity of the contpess higher
than this at all wt. % loadings of the GNPs but there existxy large data range in the thermal
conductivity of the composites produced\btyl andSM at GNPs loading < 15 wt. % as shown in
Fig. 7. In contrast, the data ranges in the case of caegppsoduced biRM are negligible. The
large data ranges in the case of composites produddi/lbgndSM resulted due to the presence
of concentration gradients of GNPs as observed by SEM sandly7]. Lower thermal
conductivities were therefore measured when the sensosamdsviched between upper cross-
sections of the as-cast sample compared to when the sesssandwiched between lower cross-
sections (high concentration region) of the as-cast sampleabSbace of a concentration gradient
in the composites produced BM at 8 wt. % loadings clearly suggests that Ré produced
composite (Fig. 2(a)) with greater dispersion thivi andSM. The greater dispersion of GNPs in
the RM resulted in higher viscosities of dispersion as mentioa@mdand also more GNPs per
unit volume (fewer agglomerates) which provided muturaliaince to the settling in the resin. The
thermal conductivity data show that the GRE/composites with a homogeneous thermal

conductivity (without concentration gradient) can only be predwzgithMM andSM (under the
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conditions studied in the previous work [17] at wt. % highan 15 in the case of GNP-15 and at
wt. % higher than 20 in the case of GNP-5 particlesgs these, and higher, loadings the content
of GNPs is enough to overcome the settling, presumabgube the filler particles hinder each
other’s movement under gravity.

The composites with greatest thermal conductivities at dliiga and in the case of both GNP-5s
and GNP-15s were producedm®W. This result clearly demonstrates tR& produces composite
with superior dispersion quality which resulted in mangroconnects between GNPs in the matrix
leading to the formation of highly effective conductive neksof he thermal conductivity of GNP-
15RE composites produced M at 20 wt. % loading increases ~19-fold to 3.29 W/m.K
compared to the puRE (0.176 W/m.K). This is ~2 times higher than the equitademposites
produced byMM andSM [17].

The thermal conductivity of GNBARE composites produced BM at 25 wt. % loading increases
8-fold to 1.47 W/m.K compared to the plR& The equivalent composite produced with large
platelets (GNP-15) at 25 wt. % loading B has ~2 times higher thermal conductivity. The
composite produced with large platelets (GNP-15s) at 2&wdading has still ~1.5 times higher
thermal conductivity than a composite produced with snalieelets (GNP-5s) even at 35 wt. %
loading byRM (2.36 W/m.K). These results show that the particleciZeNPs plays a vital role
in the thermal transport behavior of the resulting compotitesclear that at equivalent vio
loadings, the thermal transport in composites with large learicc more effective than with small
particles. In the case of large patrticles, fewer pestiare involved in the formation of the
conducting networks and hence there is reduced therntalctoesistance between the particles
due to fewer interfaces.

The composites produced B at 8 and 15 wt. % loadings have thermal conductivitiels 13
and 1.75 Wh.K, respectively (Table 3). On the other hand, the thiecorductivity of 20 wt%

GNP-15RE composite is 1.4x higher than the equivalent silicone catape®duced byRM



12

reported in [19]. This significantly high thermal contlity of the RE composite, in this case,
might be due to much thinner GNIBs On the other hand, the thermal conductivity of GNIRRE
composite produced M at 25 wt. % loading is almost similar to that of the compgsbduced
at 20 wt. % loading. The observed no increase in thengdeonductivity of 25 wt. % GNB5RE
composite is perhaps an effect of much higher orientatiofN&¥-Cbs in this composite than that
in 20 wt. % GNPLYRE composite (Fig. 4 (¢ & d)) and this is also observecelegtrical

conductivity measurements as discussed in Secon 3
3.8  Comparison of thermal conductivities of GNHRE composites with literature

Ganguli et al. [23] reported a thermal conductivity oMm.K for 20 wt. % exfoliated
graphite/epoxy composite produced 3\ which represents a 19-fold increase compared to the
pure resin. The exfoliated graphite used had laterarsions of 4 um and thickness of 100 nm
while the minimum particle size of the GNPs used in thegmtestudy was 5 pm and thicknesses
in the composites in the range of 30 nm. The thermal ctwtijudor 20 wt. % GNP5/RE
composite produced b$M was 5 times lower than that of Ganguli’s 20 wt. % exfoliated
graphite/epoxy composite [23]. The composite preparation méhalchost identical to that of
Ganguli et al. [23] but despite this the GRE/composites with slightly larger particle size (GNP-
5), even at 30 wt.%, were unable to give the 19-foldavgment. Debalak et al. [24] reported the
thermal conductivity of exfoliated graphite/epoxy compadibe various particle sizes of exfoliated
graphite. The highest value of thermal conductivity @rtivork (4.3 W/m.K) was achieved at 20
wt. % loading for all different sizes (50-150 mesh) dbkated graphite in the epoxy. Debelak et
al.’s finding [24] that the thermal conductivity of exfoliated graphjpeéey composites increased
with the increase of the filler content corresponds wellgdirmal conductivity data reported for
the various particle sizes of GNPs in the present stddwever, they found that the thermal

conductivity values for all sizes of exfoliated graphre almost the same at 20 wt. % loading. In
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contrast, in the present work clear difference betwesthérmal conductivities of the composites
produced with small and large particles even at higtiriga was observed.

The nature and process of exfoliation of graphite usqaaduce GNPs can also influence the
thermal conductivity of the GNP/epoxy composite. One iiffierence between this work and that
of Ganguli et al. [23] and Debalak et al. [24] is thertia conductivity measurement technique. In
the present work, the thermal conductivities were medsisiag the hot disk method on as-cast
samples having thickness of 8-10 mm or more, while thessarchers measured the thermal
conductivity of the composites by the laser flash methotl mm thick samples. Moreover, they
have not described the exfoliated graphite settling irepizxy resin at low loadings. Therefore,
differences in local GNP concentrations might account foferdiices in conductivities.
Furthermore, laser flash thermal conductivity data isxégnt on correct measurements of specific
heats and densities of the samples.

Another important difference between the present workretaf Ganguli et al. [23] and Debalak
et al. [24] is the nature of the GNPs. They used esdaligraphite as a starting material and they
assumed that GNPs are formed during the process ofgn@enversely, in present work GNPs
are used to produce composites.

Nevertheless, a 20 wt. % GNIB/RE composite produced IRM gave ~19-fold increase in thermal
conductivity similar to that reported by Ganguli et aB][fdr 20 wt. % exfoliated graphite/epoxy
composite. Yu et al. [11] reported a very high thermal goindty of 1.45 W/m.K for a GNP/epoxy
composite produced at ~10 wt. %loading but with platelets hawdtfy of 350 nm and thickness
of 1.7 nm. In the present work, approximately similarrtiarconductivity could be obtained for
composites produced BM at ~10 wt. % loading but with GNP-15s which have sigaifily large

platelet width than GNPs used by Yu et al. [11]
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The thermal conductivities of GNREE composites produced IRM are significantly higher than

most of the commercial epoxy based TIMsviv.EPOTEK.comdated 2017) but are achieved at

40-60wt. % lower loadings of filler [11] and this makes themmrpising candidates for TIMs.
3.9  Electrical conductivity

The electrical conductivity of GNRE composites as a function of wt. % of GNP producddMy
MM andSM measured in directions parallefand perpendiculas() to that gravity acted during
curing in the mould is presented in Fig. 8 and the datalso reported in Table 3

The electrical resistivity of purBE in the cured state is very high and its exact value neas
determined due to a limitation of the instrument, which has detectable range up to 100 MCQ.

Fig. 8

Similar to thermal conductivitieBRM also produced GNRE composites with the highest electrical
conductivities than the other techniques. The composite geddwyRM at 8 wt. % GNP-15 was
insulating (as electrical resistance was not detectgtileelmeter which implies that the electrical
conductivity was below percolation threshold of I.m?) while all the composites produced at
higher loadings were electrically conducting.

The electrical conductivities of composites produceddyat 15 and 20 wt. % GNP-15 are slightly
higher in the direction perpendicular than parallel to thathich gravity acted during curing (Fig.
8). This confirms higher orientation of GNPs in these coitg®as observed by XRD texture
measurements (Fig. 4 (b & ¢)). The composite produc2d at. % GNP-15 loading (HgM) has
~4x highelo) than the composite produced at 20 wt. % loading (Fig.H#) former also has ~3.5x
higheraLthane). This result confirms that the 25 wt. % GNBRE composite had higher texture
than 20 wt. % GNHE5RE composites (Fig. 4(d)). These results are contrary tonsher
conductivities of roll milled composite where it was obserifeat thermal conductivity did not
increase with loadings above 20 wt. % of GNP-15. It grdi®m the electrical conductivity data

that the thermal conductivity of 25 wt. % GNPRBE/is much influenced by GNP-15 orientation,
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but not the electrical conductivity which mainly depemaglectron tunneling above the percolation
threshold [10]

The GNP15RE composites at 20 wt. % producedMiyl andSM reported previously [17] are
effectively electrically insulating as can be seemftbe very low electrical conductivities of these
composites (Table 3 and Fig. 8). This comparison sugytesRM can produce composites with
greater dispersion of GNPs tHsivl andSM techniques.

The effect of platelet width on the electrical conductisité composites is also presented in Fig. 8
and Table 3. The GNBRE composites produced M were completely insulating even at
loadings up to 30 wt. % of GNP-5 [17]. Contrary to tthe composite produced BM at 25 wi.

% of GNP-5 was slightly electrically conducting. Thim suggests th&M produces composites
with greater dispersion th&iM andSM.

Ganguli et al. [23] reported electrical conductivity ofS4m' for a 20 wt. % exfoliated
graphite/epoxy composite produced by speed mixer. [@bigieal conductivity of a 20 wt. % GNP-
15RE composite produced here B is 8< lower than Ganguli et al.’s corresponding composite.
The large differences might be attributed to the typ@akg matrix (based on curing agent).

The electrical conductivity measurements highlight theifgignce of processing technique in
making electrically and thermal conducting composites.diear that th&M can produce highly
electrically and thermally conducting composites. On therchand, bottViIM andSM increases
the thermal conductivity of composites up to 20 wt. % laabut leaves them electrically insulating
(Table 3). Therefore, the study of processing technifaisates that the best technique for
producing GNHRE composites is theRM, it also shows that different processing

techniques/conditions can be used to vary or control warnsperties of composites.
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3.10 Compression testing of GNIRE composites

The compression properties of GIRE/composites as a function of wt. % GNPs produceRMy
are presented in Fig. 9 and Table 4. For comparisonressipn properties of similar composites
produced previously byIM andSM are also presented.

Fig. 9

The compressive modulus of puiRE at 20 % strain is 7.8 MPa indicating its good complialimce.
the case of composites producedRiy, the addition of GNP-15s increases the compressive
modulus and strength up to a loading of 20 wt. % but fudtiditions at 25 wt. % loading reduces
the compressive modulus and strength slightly. On the othely bampressive strain to failure
increases up to 15 wt. % GNP-15 loadings and thereamsss with further additions. The
compressive modulus and strength of 20 wt. % GBIRE composites produced BM increased

by ~2.6x over that of purBE. The compressive strength of 20 wt. % GNIRE composite
produced byRM is ~25 % and 52 % higher than the corresponding comppsitésced byMM

and SM [17], respectively. This again suggests thaRiMeproduced composites with better
dispersion and distribution than other techniques. Oyéhalldecrease in compressive strain at
loadings > 15 wt. % GNP-15s can be attributed to the rhigtter orientation of GNPs in the
composites at these loadings which allows easy sliding of/#r&apped sheets causing early crack
initiation in the composite.

On the other hand, for otherwise equivalent composites,ist@méncrease in compressive strength
for GNP5S/RE composite compared with GNP-Bi composite at 25 wt. % loading. This
behaviour can be explained by the fact that a smalldiclpasize can produce a stronger
reinforcement effect than that from larger particles becthese are more particles present in the
former case. The GNP-5 particles can thus form mordaoter with each other and with the resin.
These interfaces can interact with one another duringdleegs of deformation and hence lead to

an increase in the strength and reduction in compressaia sf the composite. The higher
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compressive strength of 25 wt. % GRIRE composites may also be due to the less GNP texture
in these composites compared to equivalent GBIRE composites (Fig. 4 (d & g)).

Although addition of GNPs increases the moduluREKfdespite this GNIRE composites at their
maximum workable loading are compliant materials. For insfahe modulus of 20 wt. % GNP-
15RE composite produced B¥M is comparable to the commercial BN/silicone TIM haviag

wt. % BN (Table &
3.11 Hardness testing

The Shore hardnesses of GRB/composites as a function of wt. % of GNPs are also presente
Fig. 9 and Table 4. The Shore hardness of ®ERbmposite produced previously MM and
SM significantly increases with addition of GNPs at 20 émd/2 % loadings [17] attributed toeth
presence of agglomerated GNPs. However, in the casemgfostie produced biRM Shore
hardness almost remained the same or decreased slightgMP-15 loadings up to 25 wt.%. The
possible reasons for no increase in the hardness oRENBMposites could be a good dispersion

of GNPs and well coated GNPs with the resin during ritlihgn
3.12 Thermal contact resistance of GNRE composites as thermal interface adhesive

To qualify any material for TIMs applications, measugatof thermal contact resistance is very
important. In this section a thermal contact resistance sfu@NPRE composites (produced by

RM) as adhesives is presented.
3.12.1 Effect of GNPs loadings

The thermal contact resistances of pgEeand GNPRE composite coatings measured as an
adhesive layer between copper cylinders having smooth surf&@es=(0.03 um) at

compressive stress of 0.032 MPa and temperature of ~25 °Ceasnad in Table.5
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It can be observed from Table 5 that the thermal corgtsistance of pu@E is 9.4x 16 m?.K/W

at 15 pym bond line thickness. On the other hand, GMRE composites have ~1.74x lower
thermal contact resistance than pleEeat ~4x thicker bond line. This suggests that the iadaf
GNPs improves the interfacial thermal transport performaflRE. The thermal contact resistance
of 20 wt. % GNP15RE composite coating is ~1.14x higher than the 15 wt. % GMRE coating

at approximately equivalent bond line thickness. This mightu® to the slightly lower viscosity
(Fig. 1) of the latter coating which resulted in a bettiriacial contact with the substrate. On the
other hand, the thermal contact resistance of 25 wt. %% RIPcomposite is ~1.44x and 1.26x
higher than 15 and 20 wt. % GNP-R& composite coating, respectively, at approximately
equivalent bond line thickness. It was observed that3ivet. 26 GNP5/RE composite dispersion
had significantly lower viscosity than 15 wt. % GNBRE composite and this should result in a
better interfacial contact with the substrate and thus moreromble coating. However, the
inferior performance of 25 wt. % GNB/RE coating compared to 15 wt. % GNBRE coating

might be due to its lower thermal conductivity (Table 3).
3.12.2 Effect of particle size of GNPs and surfaceughness of substrate

To study the patrticle size effect on thermal contact resestéme total thermal contact resistances
of 25 wt. % GNP5/RE and 15 wt. % GNR5/RE composites versus coating thicknesses applied
between the smooth surfaces (cured in-situ under pe¢sseasured at 0.032 MPa compressive
stress and ~25 °C are presented in E®.The thermal contact resistances of these coatings
measured between rough surfaces are also presentigd 10.F he summary of results obtained
from linear fitting of the data is presented in Table 6

Fig. 10

It can be seen from Fi@0 that a minimum thickness of ~20 um was achieved for 2iotht. %
GNP-5/RE and 15 wt. % GNRBRE. This was obtained by applying the pressure of ~0.1dWPa

the copper cylinders before curing. The lowest thermahcoresistance of ~2.4 x 1@72.K/W is
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obtained for both 25 wt. % GNBRE and 15 wt. % GNRS/RE coatings at equivalent bond line
thickness of 20 um. However, at thick bond lines, e5gur8, the thermal contact resistance of the
25wt. % GNP5/RE coating is ~1.21x higher than the 15 wt. % GMNIRE coating. The better
interfacial thermal transport performance of the latter mgas attributed to its ~33% higher
thermal conductivity (according to steady state methodeT@bIThis result also suggests that at
thick bond lines thermal conductivity is more influenti@n at thin bond lines.

The total thermal contact resistance of both the 25 wt. %-8RIPand the 15 wt. % GNBS5RE
composite coatings is almost the same on rough and smootteswatfapproximately equivalent
coating thicknesses. However, it can be observed frome Tatihat total geometric thermal
interfacial resistance of coating with smaller particle gzsignificantly lower than a coating with
large particle size. This result suggests that the 250WENP5/RE composite coating is more
conformable than 15 wt. % GNIS/RE coating and forms better contact with the mating surfaces
might be due to its lower viscosity.

The thermal conductivities of 25 wt. % GNFRE and 15 wt. % GNR5/RE composites measured
by hot disk method on bulk composites were 46 and 63 §eategely, higher than their coatings
measured according to steady state method. This might éfeitieof higher orientation of GNPs
parallel to the interfacial plane due to their curingerpressure.

It is also shown in FiglOthat thermal contact resistance of uncured 25 wt. % &8RP-composite

is approximately same as for the cured coating measured sindlar conditions. This shows that
cured coatings can perform similar to the uncured caafirigs is because in the uncured state they
can flow and fill up the cavities of the surface salkeethe pastes and after curing they stick to the

surface more strongly.
3.12.3 Effect of pressure and temperature

The total thermal contact resistance of a 25 wt. % GIRE-coating as a function of applied

pressure for the bond line thickness of 123 £ 5 pym med&@tween smooth surfaces at ~25 °C is
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presented in FidlL The effect of temperature on the thermal contact resisats®ipresented in
Fig. 11 The thermal contact resistance of 25 wt. % @ME coating has not changed with
application of pressure in the range of 0.032-0.16 NIRia.is a typical behaviour for an adhesive
asafter curing it bonds the mating surface. Howeverthiaiamal contact resistance increased by ~8
% with increase of temperature from 25 to 40 °C as thengheonductivity increases with increase
of temperature due to increased scattering of phonons.

Fig. 11

3.12.4 Comparison of GNPRE composite TIMs with other TIMs

The comparison of GNRE composite with the commercial TIMs and literature dat@ibfs

is presented in Table 7. The thermal contact resistahcemmercial paste (Matrix 1) was
measured on the rig under the similar conditions as fl@N&/RE composites [21]. This paste
has very low thermal contact resistance (4.6 X @K/W) under a pressure of 0.032 MPa (it
was not easy to measure bond line thickness of the pasteleameasurement suggests that it
may be 10-20 um). The thermal contact resistance of 13oWGNP-15RE composite as
adhesive is ~4.8x higher than the Matrix Il paste at appra&lyn@quivalent bond line
thickness. This shows that the GIRIE/adhesive cannot outperform Matrix Il paste. On the
other hand, it can also be observed from Table 7 tleaméd contact resistances of GNP and
CB-pastes reported by Lin et al. [6] are 3x and 7.4x, respdgtivigher than 15 wt. % GNP-
15RE composite at a thick bond line of ~50 um. These resultslglshow that GNARE
adhesives perform much better at thick bond lines.

Comparison of the interfacial thermal transport perfotoe of 15 wt. % GNP-1BE
composites with equivalent 15 wt. %BNP-15/silicone composites (Table 7) reported
previously in [21] shows that the thermal contact resistariche latter is 2x higher than the
former at a bond line thickness of ~18 um. This result sugglestRE based coatings form

better contacts with the substrate perhaps due to thegetr@adhesive nature &E than
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silicone and this contributes to the improved performanfidd wt. % GNP-192E composite
over corresponding GNP/silicone composite.

The thermal contact resistance of commercial BN/gikc®IM (EPM 2490) is 1.17% higher
than 15 wt. % GNP-1BRE composite at a bond line thickness of 95 um. This shosighb
interfacial thermal transport performance of GRBtomposites as TIM adhesives is not only
better than commercial adhesive but is also obtained-6036 less loading of the filler.

The comparison of GNRE composite adhesives with commercial TIM adhesive andDB-
GNP-thermal pastes reported in [6, 8] shows that thes@aosites can certainly perform much
better at thick bond lines due to their high thermal conductiitwever, they are unable to

outperform commercial thermal paste at thin bond lines.
3.125 Thermal contact resistance of thermal pads

Thermal pads of selected G¥R¥ composites were produced by compression moulding (shown in
the inset of Fig.12). These pads had a very high GNBréeas discussed in texture Section 3.5
(Fig. 6(d & f)). The average thicknesses of these wads in the range of 0.6-0.7 mm. The thermal
contact performance of these pads was measured accarding steady state method on the
thermal contact resistance measurement rig by sandwittemng between smooth surfaces of
copper cylinders (Ra = 0.06 um). The thermal contaistaeses of these pads were measured as a
function of applied pressure (0.032-0.16 MPa) and a&septed in Fig. 12. The thermal contact
resistance of a commercial thermal pad, a product of Dowir@o€ompany, was also measured
on the rig. A thermal pad of commercial TIM, EPM 2498s\wlso fabricated in the lab by the same
method that was used to fabricate GRIPpads and tested on the rig.

Fig. 12

It can be observed from Fi@2 that the application of pressure in the range of 0.0B2Pa
slightly decreases the thermal contact resistance of théseTpee applied pressure improves the

interfacial contact of the pad with the substrate and thidtgsaes an overall decrease in thermal
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contact resistance. The best interfacial thermal transport performance is given by the Dow Corning’s
silicone based pad and this might be attributed todsystiature which forms much better contact
with the substrate. The thermal contact resistance of a caah®s wt. % BN/silicone (EPM
2490) pad is 4.3 x XOr?.K/W at a pressure of 0.032 MPa and this decreasetysligth increase

of pressure. The 20 wt. % GNB/RE composite pad produced BM has significantly lower
thermal contact resistance than all other GMjads. However, the thermal contact resistance of
this pad is ~1.11x higher than the EPM pad at 0.032dPwith increase of pressure its thermal
contact resistance became almost the same as that of theadPThis shows that conformability
of GNPRE pad improves with an increase of applied pressurethBnal contact resistance of
20 wt. % GNP15RE composite pad produced MM is 1.14x higher than the equivalent pad
produced byRM. The better interfacial thermal transport performance dd produced HgM
again suggests superior dispersion quality olRNecompared to th&#IM. The thermal contact
resistance of 25 wt. % GNB/RE composite (produced with smaller particles GNP-5) is also
~1.15x higher than GNP5RE pads produced dyM.

The performance of GNP-pads is also affected by the teijhre of GNPs because the heat
conduction direction is preferentially through-plane of tidP& present in the composite pads
Perhaps, the performance of GNP-pads could be imphyvetking the pads from the composite
which was cured without the application of pressurevgadehigh texture) and also by applying a
sticky coating on their surface like commercial Dow Corpiads. The thermal contact resistance
of 20 wt. % GNPL5RE pad produced bRM is although 35 % higher than the commercial Dow
Corning pad but it is still comparable to the BN/silicpad. This suggests that GNP-pads could be
potential candidates for thermal pad TIMs applications ag tiwt only give comparable
performance to commercial TIMs but can also save costfénynof this performance at relatively

less loading of the filler.
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4. Conclusions

Composites produced B¥M have significantly increased transport and mechanicgiepties
compared to the those produced Withl andSM which is attributed to the greater dispersion of
GNPs obtained due to the high shearing and crushing a¢tibeRM. Composites produced by
RM have uniform dispersion of GNPs at low and high loadingsomtrast, botMM andSM were
unable to produce composites with good dispersion at lodintgs which resulted in high
concentration gradient in ~10 mm as-cast samiidsproduces the composites with lower texture
at low loadings but this propensity®M decreases with increasing GNP loadings.
The thermal conductivity of GNRE composites increases with an increase of wt. % of GNPs an
with the increase of particle size, as both of these faetawsr establishment of improved thermal
pathways. The thermal conductivity of GNBRE composite (3.29 W/mK) produced BRM
increased by 19-fold compared to the gREe(0.17 W/m.K) at @ wt. % GNP-15s. The thermal
conductivity of GNP5/RE composite (2.36 W/m.K) increased by ~14-fold compareuliteRE at
35wt. % of GNP5s Compression testing showed that the GREPComposites retained good
compliance, as their modulus at 20 wt. % loadings is cotpleaimcommercial BN/silicone TIM.
The thermal contact resistance of GRBAMas significantly higher than the commercial
paste but their interfacial thermal transport performavabetter at thick bond lines than that of
GNP-pastes reported in the literature. The interfacial thetraasport performance of GNEE
composite was also better than GNP/silicone composite vghattributed to the strong adhesive
nature oRE. The GNPRE composites produced with small and large particles peefbalmost
similar at thin bond lines but at thick bond lines compgsibeluced with large particle size had
much better interfacial thermal transport performancealite higher thermal conductivity.
The GNP15RE composite thermal pad produced by roll mil at 20 wt. %itggldas significantly

lower thermal contact resistance than other GEp/ads. Its thermal contact resistance decreased
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with increase of applied pressure and is comparabtentonercial BN/silicone, EPM 2490 pad, but
it was unable to outperform commercial Dow Corning thepaell

GNPRE composites with their high thermal conductivity, low eleatriconductivity, high
compliance and lower thermal contact resistance at thiak Ibes as thermal interface adhesive
or thermal pads meet the basic requirements of thermalacgenaterials and are promising
candidates for thermal interface applications.
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Table. 1 Summary of the dispersion quality and morphalgy of GNP/epoxy composites produced by

various techniques observed by SEM.

Composite Fabrication | Dispersion | Comments
method quality

8wt. % GNP15RE | MM [17] Poor MM unable to break agglomerates at low
loading. High concentration gradient (fror
top to bottom) in as-cast sample due to
particle settling in low viscosity resin.

20wt. % GNP- MM [17] Good GNPs are uniformly distributed, few

15RE agglomerates observed, particles form
interconnects.

20wt. % GNP- SM [17] Fair Thicker GNPs agglomerates than those

15RE observed in equivalent composite produg
by MM. GNPs form interconnects.

20wt. % GNP- MM [17] Good Few agglomerates, plenty of voids

15/glassy epoxy observed.

8wt. % GNP15RE | RM Excellent No concentration gradient, some
interconnects observed.

15wt. % GNP- RM Excellent Many interconnects observed.

15RE

20wt. % GNP- RM Excellent Plenty of interconnects, very small

15REand 25 wt% segments of matrix between the GNPs

GNP-15RE observed.
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Table 2. Average thicknesses of GNPs determined from XRMD@02) peak-broadening analysis.

Samples (0002) Average Range of
d spacing thickness data *
(°A) GNPs (nm)
(nm)

GNP-15 ( as received) 3.37 59 2
GNP-5 (as received) 3.38 29 3
8 wt. % GNP-15/RE bRM 3.35 30 5
20 wt. % GNP-15/RE bRM 3.36 33 4
25 wt. % GNP-13RE by RM 3.37 36 1
25 wt. % GNP5/RE by RM 3.37 23 2
20 wt. % GNP-13RE by SM 3.35 31 4
20 wt. % GNP-15RE by MM 3.35 30 2
25 wt. % GNP-19RE by MM 3.38 33 1
25 wt. % GNP5/RE by MM 3.38 22 2

* Data range is obtained by testing at least 2-3 specimenstofaample



Table 3 Thermal and electrical conductivities of pre epoxy and GNP/epoxy composites.

Material Fabrication method *Thermal fElectrical
Conductivity conductivity
W/m.K (o) S.n
PureRE (RE) MM 0.176 £0.001 Insulating
8wt. % GNP-5/RE MM 0.494 £ 0.302 Insulating
15wt. % GNP-5/RE MM 0.513+0.272 Insulating
20wt. % GNP-5/RE MM 0.772+0.157 Insulating
25wt. % GNP-5/RE MM 1.12 +0.008 Insulating
30wt. % GNP-5/RE MM 1.63+0.02 Insulating
15wt. % GNP-5/RE SM 0.593 + 0.309 Insulating
20wt. % GNP-5/RE SM 0.765 +0.234 Insulating
25wt. % GNP-5/RE RM 1.47 £0.001 (4.42 +3) x 16
35wt. % GNP-5/RE RM 2.36 £ 0.003 0.55+0.2
8wt. % GNP-15/RE MM 0.634 £0.443 Insulating
15wt. % GNP-15/RE MM 0.862 £ 0.488 Insulating
20wt. % GNP-15/RE MM 1.65 +0.06 (8.75+£9) x 16
25wt. % GNP-15/RE MM 2.35+0.001 0.42 +0.03
20wt. % GNP-15/RE SM 1.53 +0.05 (1.561+2) x 10*
25wt. % GNP-15/RE SM 2.15+£0.007 (4.51+£3) x 10*
8 wt. % GNP15RE RM 1.13+0.@4 Insulating
15wt. % GNP15RE RM 1.75+0.04 0.01+£0.01
20wt. % GNP15RE RM 3.29+0.38 0.5+0.2
25wt. % GNP15RE RM 3.17+0.11 19+04

*Each value is an average oB2neasurements and is followed by data rahferor is obtained

by measurements on 4-5 specimens of each sample.
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Table 4. Compression and hardness properties of pulRE and GNPRE composites.

Material Fabrication Compressive | Compressive | Compressive Shore

method modulus (at strength at strain at hardness
20 % strain) failure failure (%) (Scale A)
MPa MPa

Pure RE MM 7.8+0.52 2.48+0.68 2751494 59+ 2

8 wt. % GNP- RM 12.84+ 0.56 5.18+0.2 37.2+0.14 582

15RE

15 wt. % GNP- RM 15.23+£0.09 6.29+ 0.64 38.83+1.13 57+1

15RE

20 wt. % GNP- RM 21.23+1.23 6.61+0.8 33.64+5.23 56+ 2

15RE

25 wt. % GNP- RM 20.16 £1.81 53+£0.88 29.06+ 1.61 55+ 2

15/RE

25 wt. % GNP- RM 23.42 +1.57 8.93+0.89 34.01 £1.53 56.6% 2

5/RE

35 wt. % GNP- RM 32.3£5.54 9.01+3.1 27.45+ 3.2 59+ 3

5/RE

20 wt. % GNP- MM 17.73+0.37 5.27 £0.08 33.73+0.77 78+ 3

15/RE

25 wt. % GNP- MM 20.53 £1.56 5.14+0.72 27.5+£3.67 81t4

15/RE

25wt. % GNP- MM 21.18+1.08 6.08 £ 0.02 30.22+ 1.3 762

5/RE

30 wt. % GNP- MM 27.37 £1.09 7.56 £0.03 29.76+ 0.82 81+3

5/RE

20 wt. % GNP- SM 18.68+ 2.76 4.33+0.2 28.17+1.1 76+ 3

15/RE

25 wt. % GNP- SM 20.4+2.43 5.46 £ 0.94 30.16+ 3.66 83+1

15/RE

EPM 2490 - 18.72 +3.92 75+14 51.61 +2.86 81.2+x21

(Commercial TIM,

a product of Nusil

Ltd.)

Errors for all compressive properties were obtainetbsiyng 3-4 samples of each material. Shore

hardnesses were averaged from at least 5 measuremesgistocomposite sample.
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Table 5. The thermal contact resistances of purBE and GNPRE composites measured at ~25
°C and 0.032 MPa compressive stress.

Composite coating Bond line Total thermal contact resistance
thickness m>.K/W
+5um
PureRE 15 9.4 x 10
15 wt. % GNP-13RE 55 4.7 x 10
20 wt. % GNP-13RE 54 5.4 x 10
25 wt. % GNP-IRE 60 6.8 x 10°

Table 6. Thermal conductivity and geometric thermal intefacial resistance of GNPRE composite
coatings produced by RM measured between smooth surfaces @nd0.032MPa compressive

stress at ~ 25 °C.

Material Equation of linear fit of Total Thermal Thermal
total thermal resistance| Geometric conductivity conductivity
vs. thickness data thermal (steady state (Hot disk

interfacial method) method) of
resistance W/m.K composite
Wim.K
m2.K/W
15 wt. % GNP- y =0.83x + 844 x 8.44x 1076 1.2 1.75
15RE 107, R=0.93
25 wt. % GNP- y=111x+ 136X 1.36x 107° 0.9 1.47
5/RE 107%, R=0.99
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Table 7. Comparison of thermal contact resistance of GNRE composites with other
TIMs.

TIM Reference Pressure | Bond line | Thermal
(MPa) thickness | contact
(um) resistance
(M2.K/W)
Matrix Il paste| Measured in the lab under san  0.032 10-20 4.6 x 10°
(commercial TIM) conditions at which GNIRE
WWW. tim- | studied (see Appendix 7.3)
consultants.cmln
15 wt. % GNP-13RE | Present study (predicted on t|  0.032 18 2.2 x10°
adhesive produced b basis of linear fit equation)
RM
1.2 vol.% GNP-pasts [6] 0.46 50 1.67x10*
15 vol.% carbon [6] 0.46 50 4x10%
black(Tokai) paste
15 wt. GNP-15RE | Present study (predicted on t|  0.032 50 5.4 x10°
adhesive produced b basis of linear fit equation an
RM increased by 10 % to be at
consistent temperature with [6]
15 wt. % GNP-13RE | Present study (estimated on tf  0.032 95 8.6 x 10°
adhesive produced b basis of linear fit equation)
RM
65 wt. %BN/silicone| Measured in our lab under th¢  0.032 95 1.01x 10*
(EPM 2490) adhesivg same conditions at which
(EX. Nusil) GNP/RE studied
15 wt. % GNP- [21] 0.032 18 4.3x10°
15/silicone



http://www.tim-consultants.com/
http://www.tim-consultants.com/
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Fig. Captions

Fig. 1. Viscosity profiles of pur&®E and GNP-epoxy dispersions before curing produced byavitiRM
(it was not possible to continue the flow test ef2B wt. % GNP-15/RE dispersion produced by RNedus
rates >15$due to equipment limitations which depend on thepgisg of the sample)

Fig. 2. SEM images of GNP-15/RE composite produced by RM at loadifg &b) 8 wt. % (c & d)
15 wt. % (e & f) 20 wt. % (g & h') 25 wt. % and (i &2b wt. %GNP-5/RE composite, arrows point
towards GNPs in the matrix.

Fig. 3. XRD plots of the (0002) peaks of the as-received GNPs arRIRE\Ncomposites produced by
various processing techniques.

Fig. 4. Pole figures of composites producedRiyl (a) 8 wt. % GNP-18E (b) 15 wt. % GNP-15%E
(c) 20 wt. %GNP-15RE (d) 25 wt. %GNP-15RE (e) 35 wt. % GNP-1HE (f) 60 wt. %GNP-15RE
(9) 25 wt. %GNP-5/RE (h) 20 wt. % GNP-1%E composite cured under compression.

Fig. 5. Effect of passing the 20 wt. ¥NP-15RE dispersion through roll mil on texture of the
composites (a) 5 passes (b) 10 passes (c) 15 passes.

Fig. 6. Pole figures of 20 wt. %GNP-15/RE composites produced by Ry (b) SM (c) MM (d) 20
wt. % GNP-15KRE composite produced byIM is cured under pressure (e) 25 wt. GbIP-5/RE
composite produced BYM (f) 25 wt. %GNP-5/RE composite produced M cured under pressure.

Fig. 7.Room temperature thermal conductivity of @@P-15RE and (bJNP-5/RE composites produced

by RM, MM andSM as a function of wt. % of GNPs with correspondiatador glassy epoxy composite
for comparison. Each line is passing through theagxevalues for given wt. % obtained by an averége o

3 measurements. The additional points indicatedte rdnges for given wt. % of GNPs, which in mdst o
the cases were obtained by measuring the thermeulctivities on the bottom (data points above average
values) and top sections (data points below avetages) of the as-cast samples.

Fig. 8.Electrical conductivities dBNP-15RE as a function of wt. %GNP-15s produced brM, MM, and
SM. Effects of platelet size is also presented. Erapesdetermined by measurements on 4-5 different
specimens of each material

Fig. 9. Compressive properties and Shore hardnesses oRENBMposites as a function of wt. % of GNPs
produced byRM, MM andSM. Data is averaged by testing 3-4 specimens of mabérial.

Fig. 10 Total thermal contact resistance vs. coating thickness) @5(avt. %GNP-5/RE (RE) (b) 15
wt. % GNP-15/RE composite produced by RM measured on smootloagid surfaces at 0.032 MPa
compressive stress. The thermal contact resistance of 25 @NB4&/RE coating in an uncured state
measured on smooth is also presented (a). The thermattcedestance of 20 wt. % GNP-15/RE on
smooth surface and 25 wt. @NP-15/RE coating on rough surface is also presented (b). Lineandf
the equation of linear fit are also shown. Errors are obtéinadat least 20 data points recorded under
steady state conditions of 20-40 min.
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Fig. 11 Total thermal contact resistance of 25 wtGMP-5/RE between smooth surface afinction of
applied pressure and temperatéireors are obtained from at least 20 data poiotzrded under steady state
conditions of 2040 min.

Fig. 12 Thermal contact resistance vs. applied pressUBNSTRE and commercial pads measured at ~42
°C between smooth copper cylindestandard deviations are obtained from at least 20 ditts jpbtained under
steady state conditions of 20-40 min. Inset shows2batt. % GNP-15/RE pad is easily foldable like commercial
silicone (EPM 2490) thermal pad.
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Fig. 1. Viscosity profiles of pur&®E and GNP-epoxy dispersions before curing produced byavitiRM
(it was not possible to continue the flow test ef2B wt. % GNP-15/RE dispersion produced by RNedis
rates >15%$due to equipment limitations which depend on theosisg of the sample)
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Fig. 2 SEM images of GNP-15/RE composite produced by RM at loadi(g &b) 8 wt. % (c & d)
15 wt. % (e & f) 20 wt. % (g & h') 25 wt. %and (i & j) 25.WW GNP-5/RE composite, arrows point
towards GNPs in the matrix.
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Fig. 3. XRD plots of the (0002) peaks of the as-received GNPs arRIRENcomposites produced by
various processing techniques.
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Fig. 4. Pole figures of composites producedRiyl (a) 8 wt. % GNP-18E (b) 15 wt. % GNP-15%E

(C) 20 wt. %GNP-15RE (d) 25 wt. %GNP-15RE (€) 35 wt. % GNP-1HE (f) 60 wt. %GNP-15RE

(9) 25 wt. %GNP-5/RE (h) 20 wt. % GNP-1%E composite cured under compression.
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(a) (b) (c)

Fig. 5. Effect of passing the 20 wt. ¥NP-15RE dispersion through roll mil on texture of the
composites (a) 5 passes (b) 10 passes (c) 15 passes.
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Y = 90°

Fig. 6. Pole figures of 20 wt. %NP-15/RE composites produced by Ry (b) SM (c) MM (d) 20
wt. % GNP-15KRE composite produced byIM is cured under pressure (e) 25 wt. GbIP-5/RE
composite produced BYM (f) 25 wt. %GNP-5/RE composite produced ByM cured under pressure.
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Fig. 7.Room temperature thermal conductivity of @P-15RE and (bJGNP-5/RE composites produced

by RM, MM andSM as a function of wt. % of GNPs with correspondiatador glassy epoxy composite
for comparison. Each line is passing through theagevalues for given wt. % obtained by an averége o

3 measurements. The additional points indicatedte rdnges for given wt. % of GNPs, which in mdst o
the cases were obtained by measuring the thermdulctivities on the bottom (data points above average
values) and top sections (data points below avesges) of the as-cast samples.
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Fig. 8.Electrical conductivities of GNB5RE as a function of wt. %GNP-15s produced bRM, MM, and
SM. Effects of platelet size is also presented. Erapesdetermined by measurements on 4-5 different
specimens of each material
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Fig. 9. Compressive properties and Shore hardnesses oRENBMposites as a function of wt. % of GNPs

—— GNP-15/RE composite by RM
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produced byRM, MM andSM. Data is averaged by testing 3-4 specimens of madérial.
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Fig. 10 Total thermal contact resistance vs. coating thickness) @5(at. %GNP-5/RE (RE) (b) 15
wt. % GNP-15/RE composite produced by RM measured on smootloagid surfaces at 0.032 MPa
compressive stress. The thermal contact resistance of 25 @P%/RE coating in an uncured state
measured on smooth is also presented (a). The thermattcargstance of 20 wt. % GNP-15/RE on
smooth surface and 25 wt. @NP-15/RE coating on rough surface is also presented (b). Limeandf
the equation of linear fit are also shown. Errors are obtdinadat least 20 data points recorded under
steady state conditions of 20-40 min.
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Fig. 11 Total thermal contact resistance of 25 WtGMP-5/RE between smooth surface afunction of
applied pressure and temperattireors are obtained from at least 20 data poiotsrded under steady state
conditions of 20-40 min.
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Fig. 12 Thermal contact resistance vs. applied pressuUBNSTRE and commercial pads measured at ~42
°C between smooth copper cylindestandard deviations are obtained from at least 20 ditts jpbtained under
steady state conditions of 20-40 min. Inset shows2Datt. % GNP-15/RE pad is easily foldable like commercial
silicone (EPM 2490) thermal pad.



