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Abstract

Graphite was dispersed in immiscible polyvinylidéineride/maleated polypropylene
(PVDF/PPgMA) blends to improve the electrical anertmal conductive properties by
building double percolation structure. The morplgglof PVDF/PPgMA blends was
first investigated for several compositions by sl solvent extraction, scanning
electron microscopy (SEM) and dynamic mechanicairttal analysis (DMTA). Blends
of PVDF and PPgMA were prepare in different relatiractions and PVDF/PPgMA

" Corresponding author. Email: alberto.fina@politdlel: +39 0131 229316. Fax: +39 0131 229399
" Visiting professor from School of Materials Scierand Engineering, Harbin University of Science and
Technology. Linyuan Road 4, Dongli District, 15004arbin, China. Permanent email address:

harbinzhidonghan@yahoo.com.cn



ratio of 7/3 showed well co-continuous structuras&d on this blend, the morphology
and properties of composites with different coniaian of graphite were investigated
to prepare double percolated structures. Graphakeabserved to selectively localize in
PPgMA phase. The electrical and thermal condugireperties of graphite containing
blends were measured, showing enhanced condudtivitiie double percolation
structures compared with single polymer compositegaining the same graphite

loadings.
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cocontinuous blends.

1. Introduction

Heterogeneous morphologies, such as dispersed nlogyhand co-continuous
morphology, are usually observed when melt blendirgimmiscible polymers'[?.
Of all possible morphologies, co-continuous bleimidslving the co-existence of at
least two continuous structures are of great ingpae since they combine the
properties of continuous phase for both componiéhtSeveral important factors
including compositions (such as volume fractiotycural parameters of the
constituent polymers (such as interfacial tensiwh\dscoelastic properties), processing
conditions (such as frequency, shear rate and gixime) play a critical role in the
development of co-continuous morpholody][ Co-continuous morphology is usually
observed in a certain concentration range arouademversion which is defined as a
the condition where both blend phases reach thémmam continuity f°1. Several
semi-empirical models to predict the phase inversiere proposed on the basis of
viscosity, elasticity, and torquéd. Recently, attentions have been paid to building
co-continuous structure by controlling the peradolanetwork of conductive fillers in

conductive polymer composites (CP&§{Y]. Percolation is generally considered as a



critical filler loading where the first three-dim&onal continuous conductive network
is built throughout the polymer matri[?]. For co-continuous CPC, the selective
location of conductive fillers in one phase orha interface gives the opportunity to
decrease the percolation threshold to a very loel [£*°. Double percolation is
adopted to describe the heterogeneous distribtriectisre of conductive fillers in the
co-continuous composites, where both the percaolateawork in filler-rich phase and
the continuity of this phase in the compositestea®c requirements for a conductive
network through the composite$,{7].

From a practical point of view, a low percolatitmetishold offers the possibility to
obtain conductive composites with excellent meaterand processing properties.
Much effort has been devoted to design and preparaf double percolated structures
by controlling the location of conductive fillersgferably in the minor phase or at the
interface of immiscible polymer blend?][ A significant reduction in the percolation
concentration has been realized by selective toatdin of carbon black (CB) in
co-continuous composite¥ f°,2Y. Similarly, the electrical conductivity of
co-continuous high density polyethylene/ethyleng/vacetate copolymer (HDPE/EVA)
composites was greatly improved by graphite nargighreferentially distributed in
HDPE [ and the percolation threshold of silver nanopées was decreased by one
half taking advantage of co-continuous structurel@PE/polybutylene terephtalate
(PBT) composites’f]. The same approach was applied to carbon narepdigmer
nanocomposites. Bulk electrical conductivity of
polypropylene/acrylonitrile-butadiene-styrene (PBHA blends with multiwall carbon
nanotubes (MWNT) showed lower percolation threshwolidhe co-continuous blends
[*Y. Similar results were reported on PC/ABS blerstigwing lower electrical
resistivity as compared to PC or SAN compositef wie same MWNT content, i.e.
reaching electrical percolation at a lower CNT eonf?). Blends prepared by melt
mixing polycarbonate (PC) /IMWNT masterbatch withyethylene (PE) showed a drop
of several orders of magnitude in electrical régigtas soon as the cocontinuous
structure is obtained}2°], the CNT being mainly located in the PC phasetHaur

improved electrical conductivity was reported fégrimls between PC containing



MWNT and PP containing montmorillonite, explaingdabhigher confinement of CNT
in the PC phase induced by the presence of claglela at the blend interfac&][

The double percolation concept can in principl@pplied to the enhancement of
thermal conductivity in immiscible polymer blendglwow loading level of thermally
conductive fillers; however, the only attempts l@sent to obtain co-continuous blends
with a thermally conductive phase were reporte®hyval et al. using a syndiotactic
polystyrene filled with boron nitride or aluminurtide, in combination with an
electrically conductive phase, for electrothernmlations f22°%. Due to the fact
that polymers typically exhibit very low thermalrmhuctivity, it is of interest to obtain
thermally conductive composites for some applicetjoncluding circuit boards, heat
exchangers, electronics appliances and machifet$;f ).

Poly(vinylidene fluoride) (PVDF) is an importantgneering plastic and has been
widely investigated thanks to its good mechanicapprties, high dielectric permittivity
and unique pyroelectric and piezoelectric propsffd. PVDF was reported to form
co-continuous composites with many polymers, siscBMMA [*4], HDPE ] and PP
[*"]. Attentions have been paid to the electrical emtigity of the composites rather
than the thermal conductivity. Electrical percalatthreshold as low as 0.037 volume
fraction of CB was observed in the PVDF/HDPE coniesswith double percolation
structure 1% and 0.02 in PVDF/PP composité4 [ which was much lower than that for
conventional CB-filled polymer composites. In thegent work, the preparation of
co-continuous blends of PVDF with maleated polygtepe (PPgMA) is addressed.
Hence, a series of compositions are adopted tapedpVDF/PPgMA blends under
certain processing conditions, and their influerme®lend morphologies are discussed
in terms of continuity index and morphological sture. Graphite is used to enhance
the electrical and thermal conductivity of PVDF/REAgblends, taking advantage of
the high electrical and thermal conductivity of gnie F2,*°*°*]. Double percolation
structure in co-continuous composites is investigdity using different graphite
concentration and PVDF/PPgMA ratio. The electranad thermal conductivity of the

composites are evaluated in terms of electricastiggy and thermal diffusivity.



2. Experimental

2.1. Materials

Polyvinylidene fluoride (PVDF, Solef® 1010) with NMBf 2 g/10min (230°C, 2.16kg)
was purchased from Solvay Solexis (l). Maleic amtuggrafted polypropylene
(PPgMA, Polybond® 3200) with 1.0 wt. % MA and a M#1115 g/10 min (190°C,
2.16kg) was purchased from Crompton (US). Gragfinarex® KS4) with D90 less
than 5um was kindly supplied by Timcal (CH). Thicknesslodé platelets was evaluated

by SEM in the range of 100nm. All materials weredias received.
2.2. Sample preparation

The morphology of immiscible polymer blends depeowsheir compositions as well
as the nature of polymers and the processing dondif*]. This paper mainly focuses
on the influences of compositions. Thus, sample®\weepared under the same
conditions by using a twin-screw micro-compound2$i, Netherlands) with a mixing
chamber of 15 crhand two co-rotating conical screws. Sample prejmravas carried
out at a screw rotation speed of 100 rpm undeogn flow to prevent thermal
oxidation during compounding. For PVDF/PPgMA blenusxing were performed at
210°C for 10 min. For the composites with grap(it84), PVDF and PPgMA were
first fed into the micro-compounder and blende@1°C for 3 min, then graphite was
fed and the mixing was continued for another 5 riilve materials were then
compression moulded using a laboratory press &t@&f 1 min into desired thick

sheets and then cooled under pressure to room tatupe

2.3. Solvent extraction

Selective solvent extraction is a classical metiooguantify the phase continuity on a
3D scale 13%4. Indeed, a polymer in a blend can be completedgmessively extracted
by its solvent only when it is distributed in a taoous phase, whereas droplets of the

same polymer embedded in a second insoluble polgarerot be extracted. The PVDF



phase was selectively extracted by N,N-dimethylfamide (DMF) at 50°C for 4 h. If
the sample disintegrates completely, then PPgMuinsidered as fully dispersed in the
PVDF matrix and PVDF is considered as 100% contisutn the case where the
sample is not disintegrated, the continuity indeX ©f PVDF can be estimated by the
ratio of the mass of PVDF dissolved over the totaks of PVDF added to the blend.

= Mi-pvor 100

Clovor
-PVDF

Where my_, ¢ is the dissolved mass of PVDHN_, - is the initial mass of PVDF in

the blend.

2.4. Morphological characterization

The morphology of the materials was observed bicabinicroscopy (OM), using a
Nikon Eclipse LV100D instrument in reflection modiescanning electron microscopy
(SEM) using a LEO 1450 VP instrument, equipped withack scattered electron
detector and EDS elemental analysis INCA Energy8{8bbe. The extruded samples
were cut at low temperature (-50°C) to obtain aataection parallel to the extrusion
direction or fractured in liquid nitrogen. SEM sdegpwere then gold coated to ensure
surface conductivity during observation.

To observe phase morphology, some fractured sam@esetched in DMF (1 h, 50°C)
to dissolve the PVDF phase selectively. Partighiags (20 min, 50°C) was performed
on PVDF/PPgMA (9/1) to partially extract PVDF angklp the integrity of the sample.

2.5. Dynamic mechanical thermal analysis

Dynamic-mechanical thermal analysis (DMTA) was parfed on compression molded
films (30 mm x 6 mm % 0.5 mm) in tension film clamging a TA Q800 instrument.
The sample was heated from -50 °C to +160 °C &iadirg rate of 2 °C/min and an
oscillation frequency of 1 Hz. Strain controlled adeovas adopted with a strain of

0.05% (within the range of linear viscoelaticity)dsa preload force of 1.0 N.

2.6. Thermal diffusivity measurements



Thermal diffusivity was measured by LFA 427 (LaBtsh Apparatus, Netzsch
Geratebau GmbH, Selb/Germany). Samples with 12.6mudrameter and 1 mm in
thickness were used, and they were flash heatddeblyaser from below. Thermal
diffusivity is evaluated from the temperature higtof the upper front surface as

measured by an infra-red sensor.
2.7. Electrical resistivity measurements

Electrical resistance was tested on either thehiksit2400 ohmmeter (for VVRIOMQ)
or on the Keithley 2700 ohmmeter (for VR>>QY] on disks sizing 12.6 mm in
diameter and 1 mm in thickness. Flat surfaces weated with electrically conductive

paint to ensure electrical contact with the probe.

3. Results and discussion

3.1. PVDF/PPgMA blends
3.1.1. Morphology of PVDF/PPgMA blends

PVDF is well known to be immiscible with PP and RF2gwas proposed as a
compatibilizer between PVDF and P#][However, when blending PVDF and PPgMA
obvious phase separation was observed by SEM, sgaear immiscibility of these
two polymers. To investigate the degree of co-cwity, PVDF/PPgMA blends with
different compositions were immersed in DMF to selely extract PVDF. The mass
of the bulk solid left after extraction as welltag continuity index of PVDF (defined in
the experimental section) is shown in Figure 1 Amation of PPgMA content. After
PVDF extraction, PPgMA dispersed in droplets inBDF matrix makes no
contribution to the mass of bulk solid left, butyooontinuous PPgMA does. The left
mass after extraction from PVDF(90)/PPgMA(10) sse to zero, i.e. PPgMA is
removed from the bulk solid residue in the fornfioé particles suspended in the
solvent. The mass of the bulk residue increasetugily to 37% as the concentration of

PPgMA increases to 40 wt.%, suggesting nearlyRgNPA remains in the solid bulk



residue. At 50 wt.% PPgMA, the left mass after @tion amounts to 76%, which is
more than the PPgMA content in the blend, indigative presence of embedded
droplets of PVDF in PPgMA matrix, which cannot bagracted. Conversely, the
continuity index of PVDF is 100%, i.e. PVDF in thkend is completely extracted, until
the concentration of PPgMA is 40 wt.%, then it phadecreases to about 48% at 50
wt.% PPgMA. Given that a cocontinuous blend isrtidias a blend in which both
phases are continuous, the results in Figure lesi@g-continuous structure in the
composition range between 30-40 wt.% PPgMA anckttodution to dispersed domains

of PVDF in PPgMA continuous matrix above 40 wt.%gRA.

Phase morphology was also studied by SEM on resioesned after PVDF
extraction (Figure 2). As the concentration of PRghkicreases from 10 wt.% to 50
wt.%, the structure of PPgMA phase undergoes afwamation from droplets or fibrils
into continuous network. At 10 wt.% PPgMA, dispersieoplets and short fibrils are
observable after partial extraction of PVDF (Fig@eg. The blend containing 20 wt.%
PPgMA exhibit the big holes left after extractidnRYDF and a continuous structure of
PPgMA (Figure 2b), together with some elongatedl§lvandomly deposited on the
PPgMA skeleton. This suggests the presence of soteged PPgMA particles in the
PVDF matrix, which are freed during PVDF extractiand confirms the limited
PPgMA continuity. Well continuous tridimensionalwtture of both PPgMA skeleton
and holes left by PVDF extraction is observed aaB0 40 wt.% PPgMA content
(Figure 2c and Figure 2d). Further increase of PRgbhcentration leads to dispersed
droplets of PVDF in the PPgMA continuous matrixgiifie 2e). As a result, SEM
demonstrates the change from cocontinuous to disganorphology around 40 wt.%

PPgMA, in consistence with the continuity index.

3.1.2. Dynamic mechanical properties of PVDF/PPgMA blends

Dynamic mechanical properties are widely used vestigate phase evolution in

immiscible blends thanks to their sensitivity te frhase changéal. Figure 3 shows the



temperature dependence of storage modulus adebtaVDF/PPgMA blends with
different compositions. The storage modulus ofRM®F/PPgMA blend is lower than
single PVDF and PPgMA, which might be due to a geancrystallization behaviors of
the individual phases in the blend9 [as well as to defects introduced at the
PVDF/PPgMA interface. The storage modulus of tienbs is always lower than for
PVDF in the whole temperature range explored amnde@dses with the increase of
PPgMA concentration in the blend. In particulasjgnificant modulus drop is found
when the concentration of PPgMA increases fromo3@twt.%. Two transitions are
observed in the tanvs. temperature curves of PPgMA and PVDFu (idansition
derived from the motions within the crystalline icgand (ii)p transition attributed to
the glass transition of the amorphous phaS&][ Two distinct peaks of tan(in Figure
3) each exactly corresponding to the glass tramstemperatures of PVDF and PPgMA
can be observed in all the blends indicating thmiscibility between the two phases.
The glass transition of PVDF (-40°C) and PPgMA (7€@n be observed in the blends
and its intensity is proportional to the relativadtions in the blend. Considering the
dependence of the storage modulus on the blendasitigm, the storage modulus at
different temperature as functions of the concéiomeof PPgMA is shown in Figure 4,
aiming to correlate the dynamic mechanical propsnith the morphological structure
of blends. The storage modulus of the blend caumskd to study the phase inversion
region in cocontinuous blends, as it typically uigdes a remarkable change in its value
across the phase inversidf|[ Considering the glass transition temperaturg} for
PVDF (-40°C) and PPgMA (7°C), the temperature ddpeane of storage modulus at
-50°C (below T, pvpR), -10°C (between Jpyvprand Ty ppgus) and 25°C (room
temperature, abovey ppgua) VS. the concentration of PPgMA were selectedard
compared in Figure 4. Storage modulus at differemiperature all drastically change
between 30 wt.% and 40 wt.% PPgMA, revealing trmioence of co-continuous

structures, as previously reported in literatdte [

3.2. PVDF/PPgMA/graphite composites



3.2.1. Morphology of PVDF/PPgMA/graphite composites

To achieve desired final properties, the contrahofphology is crucial. As
evidenced above, co-continuous structure can ksrsat when the concentration of
PPgMA is between 30 and 40 wt.%. To build a networlelectrical or thermal transfer
at low filler loading, PVDF/PPgMA 7/3 was selecfed further research. As a first
approach, the ratio between PVDF and PPgMA was¢apdtant and graphite was
added at different concentration (10, 20, 30 wt.Phe micrographs obtained by optical
microscopy on cryo-cut surfaces are shown in Figure

In all blends, a clear phase separation is obsknaatd graphite, observable as
shiny particle when observed in reflected lighpyegrs to be selectively located in the
minoritary phase (i.e. PPgMA). The selective dmttion of fillers in immiscible blends
depends both on thermodynamics and kinetics ofngikf]. In PVDF/PP blends, CB
was previously found to locate in the PP phaseerattan the PVDF phas#]|
revealing the stronger affinity of CB particlesth@ PP phase. The similarity in
composition between graphite and carbon black mggest an obvious interpretation
of graphite selective location based on elementalaction parameters. However,
kinetic effects are also expected to play a rolgaarticular, the significantly lower
viscosity of PPgMA compared to PVDF is likely tsu#t in an easier adsorption of
PPgMA on graphite platelets rather than of PVDF.

At 10wt.% graphite loading (Figure 5a), the mit¢rosture of graphite containing
phase is very coarse, with coexistence of vereldgmains (hundreds pfm) with
limited continuity and isolated droplets (tensuaf). When increasing graphite to
20wt.%, a completely different microstructure isetved (Figure 5b), with finer phase
separation and high degree of continuity for bdtages to determine an effective
co-continuous network. With further increase ofpinige loading to 30wt.%, a much
finer structure (fewum) is obtained and the phase separation is natglebservable
(Figure 5c¢). Similar blend structure refinementhwiricreasing of inorganic filler
concentration has been previously reported foedfit nanoparticles in blends*>3.

In the present case, due to the micronic sizeayplyte platelets, excessive refinement



of the blend structure is to be avoided, as pagichn cause defects of continuity when
phase separation becomes comparable to the sigapiiite platelets. From these
results, the ratio between PPgMA and graphite aggeacontrol phase morphology. To
further investigate this issue, a composite hagiggaphite loading of 10 wt.% and
reduced relative amount of PPgMA (13.5%) was aftepgred for comparison and
microstructure is reported in Figure 5d. It is cig@abservable that graphite containing
domains present very elongated shape and someedgfgeentinuity into the

continuous matrix. Such a bidimensional structarexipected to correspond to a certain
degree of co-continuity in the three dimension,chitannot be fully appreciated from
2D micrographs. These results confirm that theilgadf fillers into the host polymer
controls the microstructure, likely owing to theadlge in viscosity, in agreement with

the classical theory for co-continuous blerts [

SEM analysis was performed on fragile-fractureaee$ to gain some more
insight about the 3D structure of co-continuoustige Figure 6 show the
microstructure of PVDF(56)/PPgMA(24)/Graph(20): gnde platelets are clearly
observable in PPgMA phase only, as confirmed by BB&ysis and continuity of both
phases can be appreciated thanks to the high défigidd of SEM images. Debonding
at the interfaces can also be observed, owingrtibdd compatibility between the two

polymers.

3.2.2. Electrical and Thermal conductivity of PVDF/PPgMA/graphite composites

The electrical conductivity of PVDF/PPgMA/graph@emposites was calculated
from measured resistance. The results are colléct€able 2 and reported in Figure 7.
Compared with PVDF or PPgMA (conductivity in thege of 10" S/cm), the
conductivity of the composites dramatically incles6l0'~10% S/cm), revealing the
obvious improvement of electrical conductivity bétcomposites.

Within co-continuous blends containing graphiteceical conductivity is strongly

increased by the increase in graphite contentaitiqular, an increase by four orders of



magnitude was obtained increasing graphite coifitemt 10% to 20%, which is
attributed to a higher co-continuity degree, iniidd to the obvious effect of the

higher conductive particle content. Interestinglhith 30% graphite in the blend, the
value of electrical conductivity is comparable witie simple composite
PPgMA(55)/Graph(45), despite the lower graphiteteon This is explainable with the
higher local concentration of graphite in PPgMAgdhavhich determines a high
number of contacts between particles effectivdenteon transport. Similar results were
also reported for electrical conductivity in a PVBIPPE blend filled with carbon

black by Feng and Chaf[. As a result of Figure 7, the percolation thredhaf about

20 wt.% graphite was observed in the co-continlmesd composites, lower than about
30 wt.% graphite in single polymer composites. Ksato the confinement of graphite
in PPgMA phase (Figure 6), the local concentratibgraphite in
PVDF(56)/PPgMA(24)/Graph(20) can be calculated®$ #t.%, which closely
compares to the blend PPgMA(55)/Graph(45). Eleaitconductivity for these two
composites are 3.9*10and 2.1*1F S/cm, respectively. However, in the
single-polymer composites, the full volume of tlenple is conductive, whereas only a
fraction of the volume contributes to electron &f@n in the polymer blend. Excluding
the volume of insulating polymer (PVDF, about 46.94) and taking into account that
the structure of PPgMA/graphite is not perfectiptmauous (some isolated domains in
PVDF are possible) the two difference betweenweerheasured conductivity values
further decreases. These findings suggest thaezflig of thermal contact in the
conductive phase of PVDF(56)/PPgMA(24)/Graph(2Mdovery similar to the one in
PPgMA(55)/Graph(45).

When comparing blends PVDF(63)/PPgMA(27)/Graph (4idh
PVDF(77)/PPgMA(13)/Graph(10), one can further obsd¢he effect of the local
concentration of graphite while keeping the sameraivconcentration of conductive
particles. Indeed, when increasing the local cotragan of graphite from 27% to
43.5%, an increase of electrical conductivity bpwitwo orders of magnitude was
obtained. This may be explained by the higher nurobeontacts between conductive

particles, which are selectively segregated irRRgMA phase. However, the



conductivity performance depends also on the degfree-continuity in the blend,
which can also contribute to the difference in agitbity for the two blends, as
previously reported for PVDF/PP/CB composites |

Comparison between co-continuous blend composite
PVDF(49)/PPgMA(21)/Graph(30) with simple compos$téDF(70)/Graph(30)
containing the same overall graphite content shmetter conductivities for the
cocontinuous blend, further confirming the advaataftained when segregating
conductive particles in a confined volume.

Thermal conductivity of composites was also evadan terms of thermal
diffusivity, reported in Table 2. As the graphitencentration increases from 10% to
30% in the composites with PVDF/PPgMA ratio of #fgermal diffusivity increases
nearly linearly, to a value of 0.362 mnfasith 30% graphite. Unlike electrical
resistivity, thermal diffusivity of the compositdses not go through a sharp change
even though these composites have been provedadrdmuous structure, in
agreement with previously reported resuffsy. This is explained by the fact that the
ratio between filler and matrix conductivities ypically in the range of 16 for
electrical transport and in the range of fd thermal transport. Furthermore, the
efficiency of contact between patrticles is relatethe mechanisms of conduction.
Electrical conductivity is based on electron trarssion, which is possible by tunnel
effect when two particles are close enough, whesigasonon (responsible for thermal
transfer) requires strong vibrational coupling betw the particles for effective heat
transmission through the contact. The problem eifrttal contact between particles
resulting in very low efficiency of particle-parcheat transfer, is discussed extensively
elsewhere¥].

Comparing thermal diffusivity for PVDF(70)/Graph{(30ith
PVDF(49)/PPgMA(21)/Graph(30) and PVDF(56)/PPgMA(#taph(20), it clearly
turns out that segregation of the conductive pagit the minor phase is beneficial for
thermal conductivity. Indeed, a significantly higlikffusivity is obtained for the blend
composite compared the simple PVDF-based compwesgitehe same graphite loading,

while similar performance is obtained with lowe0%2) loading. Differences in the



increase in thermal diffusivity vs. graphite coritbatween single polymer composites
and cocontinuous blend composites are clearly showigure 8.

Similarly to electrical conductivity, this is atbhated to the higher number of
contacts between conductive particles. MoreoverthHfermal transfer, the segregation
of conductive particles in a restricted volume ntiglso play a role in the efficiency of
thermal contact’f]. Comparing PVDF(63)/PPgMA(27)/Graph(10) with
PVDF(77)/PPgMA(13)/Graph(10)similar thermal diffui$y results are observed in
spite of it higher local graphite concentration jethdoes not follow the same trend
obtained for electrical conductivity of two compesi. As observed in Figure 5d,
PVDF(77)/PPgMA(13)/Graph(10) showed very elongatechains and only some
degree of co-continuity. This morphology might aaabfor the different trends in its
electrical and thermal conductivity. Since the sfen of phonons depends much on the
interface structure and thermal contact of theigdartthe degree of co-continuity will

exert more significant influence on thermal conduigt than electrical conductivity.

Conclusions

The morphology of PVDF/PPgMA blends prepared bytrmeking was studied for
PPgMA content ranging from 10wt.% to 50wt.% by stle solvent extraction coupled
with SEM and DMTA, showing the formation of well-continuous structure in blend
containing 30 wt.% PPgMA.

When adding graphite particles to the blends, tsetectively locate in the
PPgMA phase. On the other hand, the co-continditieblend having PVDF/PPgMA
ratio 7/3 is retained in the presence of graphatéougraphite loading of 30%,
evidencing the formation of a double percolateddtire. Furthermore, a progressive
refinement of the phase separation was observéudimdteasing graphite content, down
to a few micron range for 30wt.% graphite loading.

Electrical and thermal conductivities for the blewdere evaluated, clearly
showing better performance of the double percaladiouctures compared with single

polymer composites containing the same graphitéitggs, for both electrical and



thermal conductivities.
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Table 1: Composition of formulations prepared

Formulation PVDF/PPgMA| PVDF PPgMA | Graphite
PVDF/PPgMA/graphite ratio [%] [%] [%0]
PVDF(90)/PPgMA(10) 9/1 90 10 -
PVDF(80)/PPgMA(20) 8/2 80 20 -
PVDF(70)/PPgMA(30) 7/3 70 30
PVDF(60)/PPgMA(40) 6/4 60 40
PVDF(50)/PPgMA(50) 5/5 50 50
PVDF(70)/Graph(30) - 70 : 30
PPgMA(73)/Graph(27) - - 73 27
PPgMA(55)/Graph(45) - 0 55 45
PVDF(63)/PPgMA(27)/Graph(1Q) 713 63 27 10
PVDF(56)/PPgMA(24)/Graph(2Q) 7/3 56 24 20
PVDF(49)/PPgMA(21)/Graph(3Q 713 49 21 30
PVDF(77)/PPgMA(13)/Graph(1Q)  17/3 76.5 135 10




Table 2: Electrical and thermal transport propertEPVDF/PPgMA/Graphite

composites
Content of
Graphite graphite Electrical Thermal
Formulation content in host | conductivity | diffusivity
[wt.%] phase [S/cm] [mm?s!]
[wt.%]
PVDF(100) - - ~10" 0.082
PPgMA(100) - - ~10 0.118
PVDF(70)/PPgMA(30) - - ~10 0.105
PPgMA(73)/Graph(27) 27 27 1.2¢1¢ | 0.280
PPgMA(55)/Graph(45) 45 45 2.1*1¢ | 0.497
PVDF(70)/Graph(30) 30 30 3.5*10 | 0.223
PVDF(63)/PPgMA(27)/Graph(10) 10 27 2.4%10 0.167
PVDF(56)/PPgMA(24)/Graph(20) 20 45,5 3.9*10 0.252
PVDF(49)/PPgMA(21)/Graph(30) 30 58.8 3.4*10 | 0.362
PVDF(77)/PPgMA(13)/Graph(10) 10 435 6.910 | 0.140
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Figure 1: Continuity index of PVDF and left masteakxtraction as a function of

PPgMA content in the blends
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Figure 2: SEM micrographs of selectively extradéshds of PVDF/PPgMA 9/1 (a),
PVDF/PPgMA 8/2 (b), PVDF/PPgMA 7/3 (c), PVDF/PPgN8Al (d) and
PVDF/PPgMA5/5 (e).
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Figure 3: Temperature dependence of storage moduallisad of PVDF/PPgMA

blends at different compositions
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Figure 5: Optical micrographs of PVDF/PPgMA/Graphsbmposites:
PVDF(63)/PPgMA(27)/Graph(10) (a), PVDF(56)/PPgMAYBraph(20) (b),
PVDF(49)/PPgMA(21)/Graph(30) (c) and PVDF(77)/PPgii3)/Graph(10) (d).
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Figure 6: SEM micrograph for PVDF(56)/PPgMA(24)/Gng20). PVDF and
PPgMA/graphite domains are highlighted by the asrawthe picture.



xl(_)'
3.5

3.0 4
B cocontinuous blend composites

2.0 A

15 91 O single polymer composites

0.5 4

Electrical conductivity [S/cm]

o
1

@

T T T T T T T T T T T T T

0 5 10 15 20 25 30
Graphite content [wt. %]

Figure 7: Electrical conductivity vs. graphite cemit for single polymer composites and
cocontinuous blend composites. Data are reportddexperimental deviations

between repeated tests.
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