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Abstract

A vegetable biodegradable filler was incorporateda synthetic matrix to produce
composite materials, using a co-grinding processs process permits a better dispersion of
the filler in the matrix and better interactions tae materials interface. The mechanical
properties of the as-produced composite are sjidtdtter than those of blends, and are not
significantly enhanced compared to those of therimmalone, but this process permits to
reduce the consumption of synthetic polymers. Meeeoan adapted co-grinding time
permits to offer good water-resistant propertieg@®composite compared to blends.

Keywords. co-grinding, composite materials, polystyrene, atar mechanical and
degradability properties

1. Introduction

For several years, and in the future, we are andwillebe confronted with non
degradable plastic wastes. Two ways are develapedritrol this problem: the recycling of
synthetic polymers and the production of biodegoéelgproducts. Another way consists in
combining synthetic polymers and biodegradable nas$e these ones even permitting to
enhance the properties of the first ones. In aexandf biomass valorisation, one of the
currently used biodegradable fillers is starch [1Hdis a biopolymer with immense potential,
low price and abundant availability, not dependingossil sources.

Several processes are used to produce polymeripagita materials. Among them, co-
grinding is the most recently developed, and perraityood dispersion of the filler in the
matrix, and a good interactions between the twoenads [5]. Different studies were already
realised using mineral fillers [6,7]. It was showrat co-grinding improves the mechanical
properties of the composites compared to blending.

Recently, we have shown the feasibility of usingrat in polymeric composites
produced by co-grinding [8]. The matrix was polinfl acetate) which was a model material.
The mechanical properties and the resistance tervaae improved compared to those of
blends.

This paper presents results on the production lyspoene-starch co-ground composites
containing various proportions of starch. Co-gnmgdiwvas realised in a laboratory tumbling
ball mill. We present the mechanism by which thenposite is produced. Moreover, we



analyse the influence of co-grinding on the useperties of the as-produced materials
(mechanical properties and degradability).

2. Experimental procedure

Dry batch co-grinding experiments were realisechgiss 5-litre ceramic tumbling ball
mill. The chamber was filled with ceramic balls kvidifferent diameters (5.5, 9.5 and 12.5
mm) and the products to be ground. Its rotatinggedpeas fixed at 100 rpm, i.e. at 75 % of the
critical speed. The ball filling rate was 20 % bé&tchamber volume while the powder filling
rate was 10 % of the void volume between the balls.

The polystyrene used in this study was providedGopdfellow. The initial particles
have a size ranging between 20 and 630 um, withiaal mean size of 255 um. Their form
and their surface are irregular (figure 1). Theypwdr properties are gathered in table 1.

EHT =10.00 kV

Figure 1: SEM micrographs of polystyrene

Density at 25 °C 1050 kgfim
Glass transition temperature 100 °C
Fusion temperature 270 °C
Degradation temperature 350 °C

Tablel: Polystyrene properties

Waxy maize starch (Waxilys — Roquette Freres) ugsl as filler. It is mostly composed
of amylopectin and is a semicrystalline polymere Tdowder consists of individual particles,
but also of some agglomerates (figure 2). The aizbe particles varies between 4 and 32 um
and their initial mean size is approximately 13 fime density is 1330 kgfin

In a first series of experiments, the productsewground separately to study their
behaviour to fragmentation and agglomeration. Theye then co-ground. The mixtures
contained various starch rates varying betweenrtD@b %. Very small powder samples
were taken in different parts of the chamber andk&d in closed flasks to be analysed.

The size distribution was measured with a lasdiradtion granulometer Malvern
Mastersizer 2000. The mean size, d50, correspondiagcumulated volume percentage of 50



% was determined. Different powder samples weremesl by means of a scanning electron
microscope (Leo 435 VP).

Figure 2: SEM micrographs of starch particles

Films with dimensions 10 mm x 5 mm x 0.3 mm weredpced by pressing during 5
minutes the powder in a brass mould in a Carverotatbry Press at 150 °C (above the
melting temperature of the products) and at 34 Bhae films were then cooled in liquid
nitrogen. The behaviour of the films was studiedhwan Instron 4301 testing machine
working in tensile mode. The initial gap betweer fineumatic jaws was fixed at 10 mm.
Force (F) — elongation (L) curves were drawn at iamtbtemperature and with a cross-head
speed of 1 mm/min. This low speed has been choseaube polystyrene is tough at room
temperature. The nominal strafmand the nominal stress, were calculated by:

g=L"Loxigo (1)

=< )

where g is the initial length of the film andy$ts initial cross section.
The nominal Young modulus and ultimate tensile progs, i.e. the strain at break and stress
at break, were also characterised. Data were ag@rmager 5 specimens.

To study the degradability of the products, apprately 0.6 g of powders were
compacted in a Carver press at 30 kN to form cyioadl discs with a diameter of 8 mm.
Three discs per sample were realised. The dists; aéing weighted, were introduced in
hermetic flasks containing 20 g of distilled waé¢rambient temperature for several months.
They were removed from water after different imm@rdimes and their surface was dried on
a filter paper to be weighted. The water uptakehef discs, WU, was determined by the
equation:

WU = m-m., 100 (3)
m

where mis the initial weight of the disc and; its weight at time t.



3. Resaults and discussion

3.1. Sze and morphology analysis

The two products were first ground separately. &spblystyrene, the variation of its size
distributions and mean size is plotted in figure The initial distribution is mostly
monomodal, with a mode around 250 um. For the firsents, the mode of this peak does
not evolve significantly, even if the peak shifesry little towards the right, while a second
peak appears around 35 pum.
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Figure 3: Variation of the size distribution anctioé mean size of polystyrene

The second phenomenon may be due to the irregutsrthe initial particles. Thus small
excrescences can break away from mother particidsttze surface of these ones become
smoother (micrograph a of figure 4).




As for the first phenomenon, it may be attributedhe fact that polystyrene particles are
very compact. The energy transmitted by the ballsat sufficient to reach the centre of the
particles and provoke their fragmentation. Consetiyehis energy is mainly transmitted to
the particles surface and provokes their chippimiciographs b and c of figure 4). The
progressive unsticking of the chips from mothertipls leads to a small increase of their
apparent size. Since the percentages are expriesgellime, the first phenomenon has more
effect on the variation of the mean size than #msd. Consequently, d50 increases from
255 to 278 um during the first 30 minutes. Afterrbihutes, d50 decreases because the chips
are broken away (micrograph d of figure 4) from plagticles and fragmented. The mean size
levels off then between 120 and 360 minutes, wlean chips are formed. Finally it decreases
progressively to reach 50 um, resulting from corabliformation and break away of chips
and fragmentation of the chips. Thus, the sizeiligion shifts towards the small sizes and a
peak around 10 um is observed.

Concerning starch (figure 5), the treatment doaspermit to decrease the mean size
because the initial size, which is near 13 pmovgel than the limit grinding size defined by
Schonert [9] for macromolecules, which is of sevas of um as observed for polystyrene.
On the contrary, particles agglomerate as showthermmicrograph of figure 5 and the size
increases. Finally, a competition between fragniemta of the agglomerates and
agglomeration occurs.
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Figure 5: Variation of the starch mean size and S&ibtograph of an agglomerate

Mixtures of the two products containing variouarsh proportions (10 to 65 wt. %) were
then co-ground. Examples of the variation of thze glistribution are presented in figure 6 for
mixtures containing 20 and 65 % of starch. Figura i8 representative of the mixtures
containing 10 and 20 % of starch while figure &lapresentative of the mixtures containing
35 to 65 % of starch. Moreover, in figure 7, theameize is plotted versus the co-grinding
time for all the tested starch rates.
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Figure 6: Variation of the size distribution of ukes containing 20 % and 65 % of starch
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Figure 7: Influence of the starch rate on the \ameof the mean size

From the observation of the size distributionse @an notice that the initial curves
present two peaks. That of right-hand side cormedpao polystyrene while that of left
corresponds to starch, the particles of which araller than those of polystyrene (figure 8.a).

Concerning the mixtures with a low starch rate2Q wt. %), as co-grinding proceeds,
one can observe a difference in the curves befwdeatter 600 minutes. Before that time, the
mode of the polystyrene peak does not evolve saggmfly as when it is ground alone. The
proportion of the starch peak decreases progrdgsivkile a new particle population appears
between the two initial ones. As it can be seeriigure 8.b, flat particles corresponding to
polystyrene chips are produced and small starcticfger are no more observable. Moreover,
small polystyrene fragments, more irregular tharcst particles, are present. One can thus
think that starch particles stick rapidly on thdygtyrene surface as it can be seen of the
micrograph of figure 8.c taken after 60 minuteghding, while the matrix particles behave
as when they are ground alone. Thus, the presdrtbe Gller in small proportions seems not
to have a significant effect on the grinding ratéh@ matrix during the first 600 minutes, and
consequently the filler rate does not have anyerfte on the variation of the mean size as it
can be observed on figure 7. After 600 minutes, dize distributions shift more rapidly



towards the left in the presence of starch thatsiabsence. This leads to a faster decrease of
the mean size. This may be explained by the faat when the polymer is ground alone,
small fragments agglomerate on big particles fagloo-grinding times. On the contrary, the
presence of starch limits the agglomeration betwedystyrene fragments and big particles.
The filler acts as an agglomeration inhibitor awais already observed with other composite
systems [6,8]. It may be explained by the affirogtween the components at their interface,
as already shown by Seyni et al. [8] for starcledilpoly (vinyl acetate) composites. Finally,

composite particles, with a filler well dispersedie matrix, are produced (micrograph 8.d).

Figure 8: SEM micrographs of polystyrene—starchtames co-ground during different times

As for the mixtures with a high starch rate36 %), polystyrene chipping also occurs, as
well as agglomeration of starch on the matrix plesi. However, since the starch rate is high,
the agglomeration phenomenon is important. Thus,ptioportion of the starch peak in the
size distributions of figure 6.b decreases rapidgtween 0 and 360 minutes, and the
polystyrene peak is enlarged, on the left sidetdube removal of chips and on the right side
due to the agglomeration of starch particles. Tovesequence of this is a low value of the
initial mean size when the starch rate is high @lose of the low size of the filler particles)
and a significant increase of the mean size duitegfirst co-grinding times, even more so
given that the filler rate is high. After this pedi the inhibition effect of starch on the
agglomeration between polystyrene particles is ewlrksince the peak at high sizes
disappears rapidly. Starch may even act as a clgppccelerator. Indeed, if the starch
proportion in the mixture is high, the polystyremass is then low because the solid load in
the mill is constant for all the experiments. Tharch particles are not fragmented, but
contribute to the mixing of the whole, which fatalies the elimination of the chips from the
matrix surface. The core of polystyrene particlegshen more quickly subjected to a new
chipping. The reduction of the mean size is thuzlgcated, and it reaches more rapidly its



limit value when the starch rate is high. Furthemmaohis limit value is lower for high starch
rates than for low rates.

3.2. Mechanical properties of the composites

It is well known that the objective of introducirgfiller in a matrix is to enhance the
properties of this last. One of the propertiesrofteodified by the incorporation of a filler is
the mechanical properties. We have studied theentte of the starch rate and of the co-
grinding time on the Young modulus and on the stegsl strain at break. It was not possible
to test all the rates and times. Indeed, beyond@0s of co-grinding or 35 % of starch, the
films had a tendency to break during their recoadtgr moulding.

The influence of the starch rate has been studieshigtures co-ground during 10 hours
(figure 9). With regard to the Young modulus, figi®.a shows that this one tends to decrease
slightly when starch is added. Nevertheless, ohediller added, the modulus does not vary
significantly. The addition of starch, whateverrige, has no significant effect on the stress at
break, while the elongation is slightly increased 20 % of starch and reduced for 35 %.
However, the variation of these parameters is rof marked.
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Figure 9: Influence of the starch rate on the Yoorgglulus and the stress and strain at break

The influence of the grinding time has been swid@ mixtures containing 10 % of
starch (figure 10). Adding starch to polystyren¢éhwut co-grinding (t = 0) leads to a decrease
of the Young modulus because polystyrene is maie than starch. Moreover, E increases
with the co-grinding time until 20 hours and realaevalue higher than that calculated for
polystyrene alone. A better dispersion of the fiille the matrix and the modification of the
interactions between the materials have thus atipeseffect on E. However, a long co-
grinding time reduces the Young modulus, certaghlg to molecular chains degradations.
Concerning the stress at break, as for the E, tmom value is obtained for 20 hours of co-
grinding for the same reasons. Finally, the stedibreak is also reduced by the presence of
starch, but then it is not significantly affectesllang as the grinding time does not exceed 20
hours. Beyond this value, a too important rateddada slight decrease af
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Figure 10: Influence of the co-grinding time on ¥®@ung modulus
and the stress and strain at break

These different observations mean that the poesefistarch has a slight negative effect
on the mechanical properties of the composite coegpto those of the matrix. Vargha and
Truter [10] studied the mechanical properties oktores resulting from a partial trans-
esterification of poly (vinyl acetate) and staremd explained that it was not possible to
characterize these properties without plasticiZimg matrix. Moreover, they noted that the
introduction of starch in the plasticized matrixngeates a strong decrease of the Young
modulus and of the stress and strain at break.eThesults corroborate ours. However, co-
grinding permits to compensate this loss of propemvithout modifying the matrix.

3.3. Water uptake and degradability of the materials

The behaviour in water of the two products grougplsately and co-ground for different
times was characterised in order to study theiist@sce to water and degradability
properties. Figure 11 shows the influence of thedyng and immersion times on the water
uptake of the two products ground separately.
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Figure 11: Influence of the immersion time on thetev uptake
of the two materials for various grinding times

The chemical structure of a polymer influences Itgdrophilic behaviour and
consequently its water uptake [11]. This one is fowcarbonaceous or fluorinated groups,
medium for moderately polar groups (like estersethrers) and high for groups which are
hydrogen bonds donor (acid, alcohol or amide). €quently, one can concluded that
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polystyrene absorbs very little water, as obsemefigure 11.a. Indeed, WU is lower than 1
% for long immersion times. Moreover, long grinditigmes have a negative effect on the
water uptake, probably because the molecular chdditise polymer are cut under the effect
of a prolonged treatment, as noted by Molina-B@asand Le Bolay [12] when grinding
polystyrene in a vibrated bead mill. As for starob, result can be presented for grinding
times lower than 60 minutes because the discs raerdly disintegrated. The reason of this is
the good affinity between starch and water, duealtothe —OH groups of starch. The
resistance to water of the discs made up with Istgreund for 120 and 300 minutes is better,
probably because of a better cohesion of the disus WU reaches approximately 63 % after
1000 minutes of immersion in water. After this time decreases. Angellier et al. [13]
explained this decrease of WU by a release of lstarcwater. After 45 000 minutes of
immersion, the consistency of the discs is modifsatce they swell and become brown.
Finally, a grinding time higher than 600 minutes laanegative effect on the water uptake of
the discs which are progressively degraded. Anssice degradation of the molecular chains
by the balls may be at the origin of the problem.

Mixtures discs were submitted to the same treatmiemo series of results are presented
in figure 12. Figure a corresponds to a mixturetammng 10 % of starch, while figure b
corresponds to a mixture containing 35 % of stafidie same kind of results as those of
figure b was obtained for 20, 50 and 65 % of starch
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Figure 12: Influence of the immersion time on thetev uptake
of mixtures for various grinding times

An addition of 10 % of starch to the matrix leadsan increase of the water uptake
compared to polystyrene alone because of the gffofistarch with water. Furthermore, for
immersion times lower than 1000 minutes, WU incesasith this parameter. A progressive
diffusion of water in the discs occurs, and thdudibn rate is all the more low as the co-
grinding time is high because of a degradationhef iholecular chains. Between 1000 and
100 000 minutes, the water uptake levels off, semdlibrium in water absorption is reached.
Finally, after 100 000 minutes, a release of starclkiater generates a decrease of WU.

For higher starch rates, a minimum co-grindingetins needed to avoid a rapid
disintegration of the discs. As it can be seenigaré 12.b, discs of blends produced by
simple mixing of the two products (t = 0) disaggty immediately, because starch is
probably not sufficiently dispersed and protectgdthe matrix. Disaggregating is more
progressive for 30 and 60 minutes of co-grindinggisThas been observed for all the filler
rates greater than 20 % and the higher this stateh the longer the co-grinding time needed
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to avoid discs disintegration. If the co-grindinigné is sufficient, the water uptake increases
first with the immersion time and reaches then agalu when the diffusion equilibrium is

reached. The value of WU at the equilibrium deaeasith an increase of the co-grinding
time because of a progressive cutting of the mddeathains, and increases with the starch
rate because of the affinity between the filler arader. Finally, a possible release of starch in
water leads to a small decrease of WU for long rmodgng times.

One can thus conclude from these results that gpatystyrene has little affinity with
water, the phenomena observed in this study catthbleuted to starch. Furthermore, a simple
blending of polystyrene and starch particles dagspermit a good resistance of the discs to
water and a compatibilizer should be needed in ¢hse. Co-grinding processed during a
sufficient time make it possible to enhance théstasce of the composite to water without
any compatibilizer.

Conclusions

A starch filler was introduced in a polystyrene trixain order to modify its use
properties. A co-grinding process was used in ¢higctive. A study of the evolution of the
size and the morphology of the particles has péechiib explain the mechanism by which the
composite material is formed. The mechanical argtatibility properties of the composite
were characterized. It was shown that introductageh in the matrix has a negative effect on
the mechanical properties that co-grinding pernitscompensate. However, a too long
grinding time leads to a degradation of the molacwahains which affects the properties.
Furthermore, a well chosen filler rate combinedatooptimised co-grinding time permit to
propose composites having a good resistance inrwate process permits to replace
partially a synthetic polymer by a degradable paym
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