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Abstract

In this study, composite polymer-based materialsyhich a significant proportion of polyester rekas been substituted by low cost
and environmentally friendly clay-based raw materihave been elaborated. The main objective isypmove mechanical properties
keeping a reasonable electrical insulating behavidnomogenized distribution of fillers within thmatrix compatible with the pro-
cessing parameters has been obtained up to a nmvaihdied fraction of 20vol%. Mechanical charactéona performed with uniaxial
traction tests and Charpy impact pendulum machave shown that stress to rupture can be enhancabat 25% and that fracture
energy value has double for the best formulatibredectric constant decreases and loss factortlligiitreases while electrical resistivi-
ty remains almost invariable. From a general pafiview, composite materials with metakaolin filexxhibit higher mechanical proper-
ties and a greater electrical insulating behaWticrostructural observations revealed the preseficecohesive agglomerates of parti-
cles at the interface with the matrix. Finally, imaaical properties are more sensitive to the homeityeof fillers dispersion in the ma-
trix than electrical properties.

Keywords Clay-based fillers; Electrical properties; Medeahproperties; Polyester resin.

. resin matrix. Mechanical properties of the comgssihave
1. Introduction been measured through tensile and fracture enestg: Elec-
trical properties (electrical resistance, dielectonstant and
loss factor) have been determined using an impedanalyz-
er. In order to make the link with the microstruetof com-

Incorporation of environmentally friendly fillera polymer
materials is increasingly of interest because oéme Europe-

an rules (Registration, Evaluation and Authorizatiof posite materials, the results have been explaindiht of

CHemlca|§) imposed to- mdustn.al companies wprkmg observations with a Scanning Electron MicroscopeMpat
chemical industry. That is for this reason that erah raw microscopic scale.

materials belonging to phyllosilicates group artenesting This paper is structured as follows: section 2<ledth the
candidates in the objective (i) to decrease theativ@mount  giariing characterization of constituents and dtessr the
of synthetic polymer production and (ii) to improvechani-  g|aporation process of the composites materialenusiidy.
cal properties of such polymer composites andtdignsure @ - gection 3 presents experimental techniques of cleaization
good electrical insulation. In recent years, polyrbased  ong procedures related to mechanical and elegriogerties.

nanocomposites reinforced with clay particles havawn  ginglly section 4 reports the main results andsaugsion is
significant attentiorf1-2]. This is due to the fact that this type proposed in the last section.

of composites shows substantial improvements irharécal

[3] and electrica[4-5] properties over the unmodified poly- 2. Composite materials: constituents and elaboratio

mer, and therefore, it can exhibit a large potéritia high- process
performance applications. 2.1 Constituents
The aim of this study is to determine both mectarand
electrical performances of composite materials i¢abed Polyester resin
from a polyester resin reinforced with kaolin-basgdme- Theresinis an unsaturated polyester resin (2S, supplied by

takaolin-based particles. We propose here to iigastthe PRESI France). The accurate chemical structur@kaawn
effect of added volume proportions from 0 to 20%oln the
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but a typical polyester resin exhibits ester gra@® - O - C)
and carbon-based reactive sites (C* = C*) withia tholecu-
lar chain. Thanks to good starting electrical ianb proper-
ties and lightness, this thermosetting resin is leyeg in
many applications such as electrical devices, ingjldr navy
boat panels. Due to a remarkably low viscosityhia éarly
stage of preparation, a good wettability can baiobt with
added particles of mineral raw materials. As a equence,
the concentration of enclosed air bubbles durirg pino-
cessing step decreases significantly. In additiorexhibits
many other qualities such as an excellent adhesidra low
shrinkage. Methyl-ethyl-ketone peroxide and ethanave
also additionally been employed to (i) activategblymeriza-
tion and (ii) decrease even more viscosity.

Mineral raw materials

The clay-based material used as second dispersae jh
the resin matrix is a natural raw material (ka®iR, Imerys,
France [6]). The weight proportions of oxides aherical
compositions have been determined using ICP (leduCbu-
pled Plasma) technique as shown in Table 1. Thigosition
indicates the presence of iron oxide in reducedniiya
(0.26%) giving a moderate pink color to the powdes.the
average dimension of the particles in the stagiogder is
relatively coarse (about &), attrition in water (rotational
speed of 60rpm during 5h) has been carried ouér Aftsiev-
ing of the mixture (40 um), the particle size disttion has
been determined with a laser beam granulometert@ie=er
2000, Malvern) as shown in Fig. 1. A dissymmetiimdxdal
repartition (mean equivalent diametef,92um) is observed.
The suspension is finally (i) dried at 100°C durBglays in
order to remove humidity and (ii) desagglomerated plane-
tary grinder. A part of the dried powder is thebrsitted to a
thermal treatment at 900°C during 2h in order twvpke the
dehydroxylation of kaolinite and to obtain metakagihase
[7]. Indeed, such thermal treatment correspondke@hemi-
cal reaction AlSLOs(OH), - Al,SiL,O; + 2 HO, which oc-
curs between 500 and 700°C. This process leadsdaddred

metakaolin AJSi,O; [8]. The temperature of the exothermic

transformation of metakaolin into Al-Si spinel (pAl,O,) is
970°C. Thus the temperature of thermal treatmed@°@) is
low enough to keep the powders in metakaolin form.

The patrticle size distribution of metakaolin pow¢igg. 2)
exhibits a bimodal form with an increase of smalfticles
whose size is around 200nm. This indicates thatréresfor-
mation of BIP kaolin in metakaolin has induced sodjaniza-
tion of kaolinite platelets highlighted by a sligragmentation
of initial particles agglomerates.

Table 1. Chemical composition of starting kaolimper in wt.% (H.L.:

heat loss)
Oxide SiQ | AlOs K0 FeO; | MgO
Oxide proportion 48.1 36.9 1.9 0.26 0.17
Oxide NaO CaOo TiQ Li-.O H.L.
Oxide proportion | <0.20| <0.20 <0.05 0.013 11.8
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Fig. 1. Particle size distribution of kaolin.
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Fig. 2. Particle size distribution of metakaolin

2.2 Elaboration process

The first step of the process consists in mixinguadly the
starting polyester resin powder with methyl-ethgtdne per-
oxide (4wt%) and ethanol (8wt%, 22°C, 1mn). Coirobl
proportions of mineral powders (0, 5, 10, 15 ow80%) have
been then introduced and slowly mixed during 15ma ul-
trasonic water bath device (BRANSON 2510). Thip sib
lows the removal of air bubbles and ensures a d@Emtrsion
of particles. After pouring in an aluminum mold set a vi-
brating table (70Hz — 0.8mm in amplitude -10 mnglimi-
nate residual air, the polymerization occurs atrgstant room
temperature of 22°C. Indeed, previous experimersse h
shown that three days are necessary to reach astatom-
plete polymerization state. As shown in Fig. 31a,Itibricated
mold contains five slots (170x20x4rfnin agreement with
the normative rule EN I1SO 3167 Type A. The weiglupor-
tions of kaolin and metakaolin have been calculétaah in-
dividual starting powder density values (2.85 ar&92y.cnt
respectively) and from bulk density of the resiteathree
days of polymerization (1.16 g.6n assuming that the
amount of mineral particles doesn't affect the payization.
All samples have been carefully prepared in theeserperi-
mental conditions.

*———— Neat resin

_,—-—_"‘_-

Composite

/

Fig. 3. a) Aluminium mold in agreement with the maative rule EN
ISO 3167 Type A, b) Demolded specimens after palizaton.
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Table 2. Viscosity values (Pa.s)

Volume proportion of fillers Kaolin Metakaolin
0% 0.85+0.08
10% 1.7+0.10 1.3+0.12
20% 6.5+0.13 3.7+0.12

2.3 Viscosity measurements

Viscosity measurements have been performed at 88°C
ing a stress controlled rheometer (AR-G2 type —a%ek-
strument©) operating with a parallel plate fixtucemfigura-
tion (velocity of 30 RPM). Dynamic viscosity)( has been
determined by calculating the slope of the cungeasenting
the shear stress(Pa) as a function of the shear rgtél/s).
Experiments have been carried out just before pguitfe
mixtures in the molds respecting rigorously the esd@ime of
preparation. Results are reported in Table 2.

Note that for a given proportion of fillers, visdysof the
mixture is systematically greater with the additiinkaolin
compared to metakaolin. This is probably due toreatgr
reactivity with the polyester resin. It can be oced that the
viscosity of mixtures increases significantly wiha volume
fraction of fillers goes from 10 to 20vol%. Thesalues ex-
plain why higher proportions of filler incorporatgdpolyester
resin don’'t guaranty the integrity of samples whising the
previous experimental procedure (difficulty to remoair
bubbles and to suitably disperse mineral partitiethe ma-
trix).

3. Characterization techniques

3.1 Mechanical characterization

Uniaxial traction tests

Tensile tests were performed at room temperatudetier-
mine the maximum strength and Young's modulus @f th
composite materials in agreement with ASTM D3038h(\&
typical speed of the crosshead of 2mm/min) usingigersal
testing machine (Lloyd instruments, Bogner Regis). Plot-
ted stress-strain diagrams have been used to &stfoang’s
modulus (E) values from the elastic response at dtw@in
values (slope of the curve). Five specimens bothkémlin
and metakaolin-based composites were tested fonedeme
fraction.

Charpy impact tests
Charpy impact resistance through fracture eneyjyés
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Fig. 5. Tensile stress-strain diagrams for metakfpulyester resin
materials

3.2 Electrical characterization

Measurements of relative permittivitsg, loss factor (tad)
and electrical resistancg)(were carried out at room tempera-
ture with an impedancemeter apparatus (Agilent A29A
disk-shaped sample (13mm in diameter and about 2mm
thickness) is coated with a conductive layer ineottd obtain
a capacitor. The sample is then submitted to atriglel AC
voltage with an imposed frequency (100Hz — 1IMHZ)e T
generated AC current is then measured againstebjadncy.
The device determines for each frequency (i) thie @ur-
rent/voltage corresponding to the impedance ajpthéiphase
angle between current and voltage. Thentard andp are
deduced from the complex admittance using an @&lakttr
equivalent model. A parallel RC circuit is the centional
model used for dielectric materials: Y = 1/R +jC(2)

4. Results

4.1 Stress-strain diagrams and Young's modulus

In the case of kaolin incorporation, Fig. 4 showkasto-

determined with a pendulum machine Type 6545 (CEASPIaStiC behavior of the single matrix without fikehighlight-

S.p.A, ITALY). The difference between the initiil)(and the
final height (R of the hammer (mass m) is directly propor-
tional to the amount of energy consumed by theisgec
during the fracturing: y=m.g.(h-hs) (@)

The average total energy of fracture is calculaisidg 5
specimens (90mmx10mmx4mm).

ing a high yield strair<9%).
Table 3. Young's modulus values (GPa)
Volume proportion of fillers Kaolin Metakaolin

0% 3.5+0.3
5% 3+0.2 3.1+0.2
10% 3.4+0.4 3.5+0.3
15% 2.610.2 3.810.4
20% 2.3+0.2 3.3+0.3
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When kaolin particles are gradually incorporatédw, yield
stress to rupture increases up to 15vol% and deeseafter

(20vol%) showing lower performances. Concerning the

strain values, after a high value observed fomiet matrix,
a significant decrease is observed for the othempss
containing different values of filler volume propgion. Val-
ues are situated between 3% and 3.5%. For speciwiins
metakaolin fillers, stress to rupture is systenadlichigher
than this of the neat polyester resin matrix (Blg.Note that,
the maximum value is observed in the case of 15viol%
lowed by a decrease in the case of 20vol%. Thigbehis
similar to that observed in the case of kaolin.

Concerning the strain values, for 5vol%, the betwais
almost the same as that of single matrix. A sigaiit de-
crease is observed for the other samples (betw8eand
20vol%). Values are situated between 2.5% and 34&5tér
exploring the elastic domain appearing in Figuresd 5, the
Young's modulus values are reported in Table Zah be
observed that the addition of a slight proportibuo(%) of
fillers (kaolin or metakaolin) provokes a decreagk
Young's modulus. When the added proportion is highe
values of elastic properties remain almost cond@mnine-
takaolin addition, while they slightly decrease kaolin.

4.2 Fracture energy

Fracture energy has been determined for differiietsf
volume fractions (see Fig. 6). Note that valuesehbeen
normalized with respect to the value obtained Far pure
polyester matrix J = 6.5kJ.rif).

In Fig. 6, fracture energy reaches the highestesalhen
the amount of added mineral particles is 15vol%is Iin-
deed multiplied by a factor two with metakaolin.r Bopro-
portion of fillers equal to 20vol.%, a decrease ta&nob-
served.

4.3 Electrical resistance, dielectric constant alags factor

Electrical resistivity (Fig. 7) does not signifitgrevolve

when the filler proportion increases highlightindpigh in-
sulating character of each specimen. However, fgivan
volume fraction, metakaolin leads to less condectralues
compared to kaolin. Fig. 8 displays the evolutibthe dielec-
tric constant as a function of the filler content.
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Logically, the relative permittivity of the compoeside-
creases as the clay-based mineral amount incrdasesd,
the relative permittivity of the filler is lower &m the one of
the polymer. Thus the measured values decreasethgth
increasing volume fraction of this second phasezeltbe-
less, this decline is greater for metakaolin whibf inter-
est for insulating applications.

Loss factor increases with the volume fraction ablin
and metakaolin (Fig.9). Logically, the increasdiltér vol-
ume fraction also implies an increase of the nundfen-
terfaces between particles and polymer. With thisdase,
the space-charge polarization phenomena increab¢has
also the dielectric losses. However, the increadess pro-
nounced with metakaolin addition. From a generéhipof
view, the measured values remain reasonable aacegtt
ing for insulating applications.
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Fig. 9. Electrical loss factarsthe volume fraction of fillers.
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5. Discussion

Addition of low cost clay-based mineral materiats in

agreement with the expected economic and envirotahen

objectives due to legislation evolutions. In fatie simple
fabrication process allows to elaborate compositaterial
exhibiting interesting properties. Moreover, medbahand
electrical characteristics are sometimes more pedat
than those of the neat polyester resin matrix.
In this discussion, we analyze both mechanical eladtri-
cal characteristics variations in function of the&nmostruc-
tural state. Concerning the mechanical propertrehani-
cal strength slightly increases and strain to mgtystem-
atically decreases whatever the chemical natutieeofillers
(kaolin or metakaolin) and up to 15vol%. Nevertks|ethis
is not the case for 20vol%. This trend is probahkg to a
perfectible control of the processing (less homeggnof
the fillers dispersion in the matrix). In fact,afbreaking of
specimens, it is possible to observe the fillestrithution in
the fractured section. Scanning electron microsd&eM)
observations (Fig. 10.c) show an agglomeratiorhefftll-
ers, probably more pronounced in the case of Keendidi-
tion.

In the case of samples containing 20vol% of filleeme

areas of coarse agglomerates whose size is profiably

creased in function of the fillers added fractiam ©e easily
observed. The presence of decohesions at the @néedf

1265

lin and metakaolin particles respectively. Indestidy of
the electrical behavior of kaolin during thermaaiment
revealed that after dehydroxylation and above 70QR€
only charge carriers remaining are alkali-ions [18lich
ions can only induce ionic-conduction observed ailgve
500°C. Thus, metakaolin presents higher insulalielav-
ior at room temperature than raw kaolin.

Concerning the relative permittivity, the evolutias

more pronounced for metakaolin. This phenomenon als

corresponds to lower dielectric losses for metakatiian
for raw kaolin. This observation confirms the lovebelec-
tric constant of metakaolin compared to raw kadlileed,
kaolin clays thermally treated at different temperas (600
- 900°C) showed a decrease of the relative pewitytti
around two-fold order [10]: the dehydroxylationkafolinite
removed a part of hydroxyl polar groups, thus dasirey
the global polarizability of the clay.

6. Conclusions

In this study, a polyester-resin and a clay-baaedmateri-
al were combined in order to fabricate a compasitterial
presenting the following advantages: (i) a reduciio resin
consummation balanced by the use of a low-costralimaw
material, (i) a simple process of fabrication) @ remarkable
improvement of the mechanical and electrical chiaratics.

For the two chemical nature of filler (kaolin or taleaolin)

nounced that the size of agglomerates is elev&fed/ore-
over, macroscopic mechanical properties (both dract
energy and stress to rupture) of specimens contaimie-
takaolin are systematically greater. This diffeebetween
materials containing kaolin or metakaolin can bstified
by hydroxyl groups departure after the previousrrtted
treatment at 900°C. Firstly, a better distributioh me-
takaolin particles in the matrix can be observe#im 10.d
corresponding to an appropriate viscosity of thetune
during the preparation. The viscosity is signifitdann-
creased with the addition of kaolin compared toakaslin.
This result shows a greater chemical reactivitykablin
fillers probably due to the presence of Qjtoups in the
structure of kaolin exhibiting a better affinity twicarbon-
based groups (ester groups CO - O — C) of the ptye
resin chains. Secondly, a better adhesion at ttexface
between fillers and matrix is probably obtainedhwihe-
takaolin.

Concerning the electrical properties, we can oleséne
following trend: (i) the resistivity values are higgnough
for insulating applications and doesn't change iagmtly
with fillers volume fraction, (ii) an increase dfe volume
fraction of fillers implies a decrease of relatpermittivity
and an increase of dielectric losses. Concerniagédhistiv-
ity, for a given volume fraction of filler, the aitidn of
metakaolin leads to less conductive values compaoed
kaolin. This result can be explained by the stnectf kao-

al presents the following trend of characteristigs:an in-

crease of the strength to rupture until 15vol%ofoktd by a
slight decrease more pronounced for material aoingikao-

lin, (i) a reduction of the strain to rupture,)(ian increase of
fracture energy up to 15vol% followed by a systé&ragcrease,
(iv) a stability of the electrical insulation whed¢e the added
proportion of fillers. Nevertheless, metakaolin iddd gives

systematically better insulating performances.

This study highlights that metakaolin addition leaib
higher mechanical and electrical performances thaoka
better dispersion of fillers in the matrix at th@gessing step
(rather low viscosity when preparing the mixtuidgchanical
properties are more sensitive than electrical ptogseto the
homogeneity of fillers dispersion. The variationneéchan-
ical behavior between 15 and 20vol%, can be ateibhio a
lack of processing parameters control. This comaiuss
evidenced by the presence of coarser agglomenatései
final microstructure due to the increase of visgosior
further investigations, it would be interestingriorease fillers
proportion (up to 45vol %) provided that the elation pro-
cessing is improved by avoiding agglomerates:ddi@on of
a fluidizing agent ensuring a low viscosity, (ijcorpora-
tion of mineral powders with thinner particle sidistribu-
tions (iii) use of vacuum casting to remove residiabub-
bles.
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Nomenclature

n : Viscosity

E : Young’s modulus

y . Fracture energy

P : Electrical conductivity
& : Dielectric constant
tan(d : Loss factor
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