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Abstract

Abstract

Precipitated calcium carbonate nanoparticles (PGGjface treated with stearin in
agueous medium, were investigated in this thesigsgas fillers for polymer toughening.
The surface characterization of a series of PCQedoavith different stearin amount
indicated the presence of two different types d¢éiaen alkanoate layers on the surface. One
is the chemisorbed monolayer (CSM) bonded to theveasites of PCC surface with a
maximum coverage degree of around 72%. The otheisnonstituted by the physisorbed
calcium alkanoate multilayers linked to the CSM Wwgak intermolecular forces. The
micelle adsorption mechanism has been proposee thd dominating process due to the
limited solubility of stearin in water, comparedtte coating process in solvent where a full

monolayer can be achieved.

The calcium alkanoate molecules, present on the RGGace as physisorbed
multilayers, have been shown to have a complictitednal behavior. The drying process
for PCC patrticles resulted in molecular rearranganr®m the monohydrate phase to the
anhydroud3' phase. Molecular polymorphism and orientation aitiam alkanoate on the
PCC surface are strongly connected with the suiff@eeenergy of the coated particles. The
coated PCC particles showed a continuously decrgasirface free energy, both for the
dispersion and specific components, with an in@dasthe amount of surface coating.
Based on the investigation of the thermal transiaod the determination of surface layer
thickness, a molecular arrangement model has bemoged suggesting that the CSM is
vertical to the PCC surface linked tail-to-tail ithe physisorbed multilayers with alkyl

chains oriented outwards.

This series of coated PCC nanopatrticles were thphea to high-density polyethylene
(HDPE) and polylactic acid (PLA) as tougheningefif. The HDPE/PCC nanocomposites
achieved the expected balance between the stifimebs$oughness. In fact, the yield stress
showed a slightly decreasing trend while the imsagngth showed a increasing tendency
when the surface coating amount on the PCC surfaceeased. Those mechanical
properties were related to the micromorphology alisd to the interfacial adhesion between
PCC particles and HDPE polymer matrix, which on tteer hand connected to the

dependence of the surface free energy from thaseidoating amount of PCC fillers.



Abstract

PLA/PCC nanocomposites showed a notable improvewietite elongation-at-break
and toughness compared to that of pure PLA. Thssllrecan be attributed to both the
weaker interfacial adhesion facilitating the debdogdorocess and the plasticizing effect of
calcium alkanoate which enhance the deformabilitfPbA nanocomposites. In fact, the
thermal behavior study elucidated that PCC padieleted as nucleating agents for PLA,
decreasing the crystallization half-time and thdéd corystallization temperature of PLA
composites. Also the plasticizing effect of thecaah alkanoate coated PCC nanoparticles

was confirmed by the decreased glass transitiopéeature for PLA/PCC nanocomposites.
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Chapter 1 Introduction

Chapter 1 Introduction

Toughness is a highly desired property for both maaity and engineering polymers.
Toughness in most polymer systems depends on thehamesms promoting energy
dissipative processes that delay the fracture geogstiated by material flaws or notches.
There are several methods for developing the toesghim the brittle polymers, but the most
successful is rubber toughening [1-5]. Particufdled polymer systems with several types
of minerals have been used very early in the histwir plastics in many industrial
applications due to their low cost and easy prad@bt. In the last two decades, rigid
filled polymers have received increasing attentioe to the reported improvement in both
toughness and stiffness [6-12]. Among rigid fillecalcium carbonate is the most widely
used inorganic rigid filler because of its availapiand low cost. At the industrial level,
calcium carbonate particles are obtained by milliog quarrying mineral calcite.
Alternatively, calcium carbonate can be preparedugh the carbonation of a solution of
calcium hydroxide, obtained from the calcinatioraafalcium carbonate containing mineral.
The resulting calcium oxide is reacted with watefobe the carbonation step. In this case,
the product obtained is known as the precipita@dium carbonate. However, particulate
filled polymers show some improved properties wiitgne others deteriorate, mainly as a
consequence of aggregation causing material flaadimg to brittle fracture. More research
work is needed to focus on the optimization of #ystem in order to take advantage of the
potential of particulate fillers, and especially noparticles. The structure-property
relationship in composites is determined by parametuch as structure and properties of
each component and their interfacial adhesionschvlare all critical parameters and
interconnected with each other.

The improvement in toughness of plastics is ofipaldr interest in many applications
of polymeric materials. As mentioned, the rubbargting system is known as the most
effective method for improving the toughness ofypwérs. Meanwhile, it is also well
known that its shortcomings, particularly the desexl overall stiffness of rubber-
toughened plastics. Conversely, the use of rididré to toughen plastics started receiving
considerable interest. However, the toughnessastipk in the industrial field is one of the
most complicated and difficult characteristics tmtrol because of the complexity of the
morphological and micromechanical parameters. Stnam@ework concepts and models
have been proposed to understand and reveal thénamiems responsible for the

improvement of toughness in modified polymer systemth rubber particles or inorganic



Chapter 1 Introduction

rigid fillers. The main suggested toughening medranincludes a diffuse plastic
deformation process within the polymer matrix, sashmultiple-crazing, as well as shear
yielding, fibrillation, the stretching or tearindg mubber particles, and the debonding of the

inorganic rigid nanopatrticles.
1.1Rubber toughened plastics

The modification of polymers with thermoplastic sttamers or rubbers is a well
known common practice to counter the brittlenespaymers. Former studies on rubber-
toughened systems have shown that high fracturstaases are mainly related to various
parameters such as the morphology of the elastgghase, the rubber particle size
distribution, and rubber concentration and inteiplar distance. Wu [3] suggested that, for

the nylon-rubber system, the critical interpatridistance is defined as:

d =1, [(n/6®r)% _ 1]_1 (1.1)

where@,. is the rubber concentratiod, is the critical rubber particle diameter, ands the
critical surface-to-surface interpatricle distanides experimental results are reported in the
following Fig. 1.1. Wu even suggested that a polysiend would still be brittle in the case

that the interparticle distance was bigger tharctiiecal value.

25 T T T T T T T T T -~
dizo0 §
£
= e0 =
4 g
= =
5 5 RO G
§s 3
Ea -
g='0 5
3 - 400 %
5 2 £
= =
=
s, [T T T N B 0
2 0.5 I 2 I 4 5
Rubbe: particle digmeter & (em)

Figure 1.1 From reference [3] Notched Izod impaergyth versus PR-rubber number-average particle
diameterd,,at constant adhesiafu ~ 8100 J - m~2 and constant rubber contents curves
A: 10%; B: 15%; C: 25% by weight.
According to this theory, the critical interpatdctlistance is a material property and

independent of the rubber volume fraction and plartsize at a given deformation mode,
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strain rate and temperature. In a later work [148, Wu suggested that the surface-to-
surface interparticle distance tended to focushenrtubber particles. However, the main
mechanism of energy dissipation in polymer/rubbends is the yielding of the matrix.
Thereforeg, is renamed to be the matrix-ligament thicknessclwhvas only the ratio of
the center-to-center distandg (o the diameter of the particlé)(

Yee and co-workers [15, 16] first proposed the ingwe of the rubber particle
cavitation. Although the major energy absorptiorchanism is suggested to be the massive
plastic deformation of the polymer matrix in sorterbture work [17-19], rubber cavitation
is the initiation process for the further cavitasoof rubber particles or the shear
deformation and then the whole fracture process.

Muratoglu et al. [4, 20-22] also studied rubbergioened Nylons and postulated that in
the blending process the rubber first underwensglseparation, and subsequently nylon
crystallized preferentially with low energy and Ighastic resistance crystal planes parallel
to the rubber-nylon interface. Those lamellae weganized perpendicular to the interfaces
while the hydrogen-bonded planes of low slip resise are aligned parallel to the interfaces.
They studied the ductile-brittle transition as andtion of temperature, rubber weight
fraction and particle size. The analysis of thetinee surface revealed unique morphologies
for various regions of toughness by the SEM tealmmidn the brittle region, the fracture
surface is patchy; in the transition region, thare occasional striations present on the
fracture surface, along with the brittle fracturerphology; in the ductile region, the surface
is fully covered by the striations.

Lazzeri and Bucknall [23-27] have elucidated thegttness mechanism for the rubber-
toughened polymer based on a quantitative modeddeitation and consequent dilatational
yielding in multiphase plastics. The model indicatieat cavitation can occur by debonding
at phase boundaries or by the nucleation of voidlsinva soft polymeric phase when the
stored volumetric strain energy density within thbber phase exceeds the critical value.
This model is related to the critical volume stresquired for cavitation to the properties of
particles: its size, shear modulus, surface enanglyfailure strain in biaxial extension.

The cavitation model assumed that rubber particleder positive hydrostatic stress

will cavitate when the stored volumetric strain rgyedensityU,,:

K,A°
U,=—= 2" (1.2)

within the rubber phase exceeds a critical valnd=du. (1.2) X, is the bulk modulus of the

rubber and\y is the volume strain of the particle. The energggity stored in the particle
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after the formation of a void of diametiis then given by:

3\ 2 2 3

Uy = %(AV - ) + %F% + —3Grg(if)% (13)
whererl is the surface energy of rubbérjs the rubber particle;, is the rubber shear
modulus and?(4) is a function of the elongation at the break dftrer in a biaxial state of
stress. A necessary condition for cavitation ig tha energy/,; has to be smaller than the
initial energy before cavitatiord/,. The three parts in Equ. 1.3 present the straamggnof
the particles, the surface energy of rubber partashid the shear strain energy. Fig. 1.2
shows the relationship betwe8ifU, andr/R described by equation (1.3). It is obvious
that the cavitation happens at a critidg}, which is inversely related to the particle size.
This model predicts that with the increasing sti@sslied to a rubber-toughened polymer,

cavitation will begin in the largest fillers ancethprogressively affect the smaller ones.
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Figure 1.2 From reference[24] Relationship (a)waetn energy of rubber particle and void size, dated
from equation (1.3) for a range of initial volunteains; (b) energy of rubber particle and void daea range

of particle size. The Rubber properti€s=0.4 MPaK,=2GPa, '=0.03Jnt andF (1)=1.

Lazzeri and Bucknall proposed a modified versiontt@ Gurson yield function to
account for the effects of cavitation on the yietflbehaviors of rubber-toughened polymers:

UOy,

- 0o(¢r, 0)

3q,0m

)2 — 2fq, cosh (m

0o (b, f) = Go($x, 0) j (1 )+asf? aH

wheregy, is the rubber volume fraction, (¢, f) is the effective (von Mises) yield stress
ando,(¢g, f = 0) is the matrix yield stress when the mean nornrakst,,, and the void
contentf are both zero, whilg is the pressure coefficient of yielding. Factgrsqg, andqgs
are introduced to improve the fit between Gursqmidictions and finite element analysis

[28]. This gives a round-nosed cone in stress sscehown in Fig. 1.3. Equ. 1.4 contains

4
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two term relations to dilatant yielding, one reflag the flow behavior within the
continuous matrix polymer phase, and the otheingriffom the reduced constraints on
yielding of the shear band when voids are pres&sitthe void contenf increases, mean
stresses within the ligaments remain tensile bwole non-uniform, so that the term
containingu is then an approximation. However, the relativgpaniance of this term

diminishes with increasing void content, so that arror can be regarded as negligible.

023

] X}

Figure 1.3 From Reference [24], representatiorriimcpal stress space of the pressure modified von
Mises yield criterion according equation (1.4) éocavitated polymer containing 20 vol% voids, witk0.39.
This proposed dilatational yielding model is appli® a rubber-toughened Nylon-6,
and Fig. 1.4 is the transmission electron microlgrajpone section from a fractured Charpy
specimen of samples. It is clear that the cavitatiappear in a line of closely spaced
particles in the TEM micrograph, and they are red¢dy large compared with the rest of the
rubber. The Scheme in Fig. 1.4 (b) indicates thenlpation of normal and shear
displacements that have taken place in formindtred, and defines that band anglevith

respect to the principal stress axes.

CHARPY BAR
Notch

4 i
Whitened K
Zone =%, |

“r—— Band

(b)
Figure 1.4 From reference [24] (a) TEM micrograpl®sQ,-stained ultrathin section from a fractured Charpy

specimen of rubber toughened Nylon-6, showing @sef dilatation band; (b) Scheme showing locath
band in the broken Charpy bar and the strains mitie band.
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Those dilatation bands can alter the subsequesg:-strain behavior of the materi:
especially at thecrack tips: cavitated rubber particles respond itatational stresses t
increasing their volume substantially, whereas unaged particles do not. Dilatation bar
thus enable the toughened plastics to yield angbme cases to stri-harden by internal
cavitation, under conditions that would otherwiseise necking, where the materiare
under severe constraingd the tip of the crack, allowing faynly a very limited plastic
deformation.

In many rubbetoughened systems, the impact strength been found to be
proportional to the volume of the plastic zc[29], and cavitation in the rubber particl
causes a lowering of the macroscopic yield strBiss. is very important for the study of t
rubbertoughened plastics, Lazzeri and Buck also worked on the plastic zone size be
on the modified equation (1, and a first order approximation of the size andoshaf the
plastic zone in a rubbdoughened polymer is shown in Fig. 1.5. Tcomparison of the
shape zone near a crack tip for a ru-toughened polymer in the condition among
particle have not cavitatef = 0) with that of the same polymer at two differémtels of
microvoids contentf(= 0.1 andf = 0.2) in the plain strai It is obvious that the size of t
plastic zone increases significantly with the voéurmaction of microvoids. Moreove
during the 1zod or Charpy impact test, most enésgissipated within the plastic z¢, and
thereforeit can be predicted that polymer blended with rubber, which can cavitate
considerable extent, will show a relaly larger plastic size and subsequel a larger
impact strength.

3y

GRI "
Coo

)

—~ ]

Figure 1.5 From referen{30] Approximate shape of the plastic zone at diffekarid contents

As discussed abo, in the modified Gurson equation (1.4) the yieldingatdition
model only studies thiaitial yielding of the material under conditionsrandom cavitation

However, further deformation is no longer homogerseand becomes highly localized ¢

6
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to the initiation of shear instabilities called addtional bands as shown in Fig. 1.4. The
bands can be described as planar arrays of caligstdicles where the matrix between
voids is subject to high shear strains and becafifiee rubber particle cavitation, reduced
the constraints on plastic flow. As shown in Figl (b), the plane shear direction is parallel
to the plane, and the volume dilatation is nornoait.t Then it is possible to calculate the
dilatational bands angl¢ between these dilatational bands and the directfamaximum

stress on the basis of the modified Gurson relation

2a0,

cos(2y) = (1.5)

01— 0y
whereag; anda, are the principal stresses on the plane of thd.daor a cavitated polymer
exhibiting pressure-dependent yielding withoutistrerdeningg is given by:

U om\ , f . (3%)
=—(1-pu—)+Zsinh(=—= 1.6
* 3( u00)+251n 20, (1.6)

The angle of the dilatation banl, is thus a function of the void contghand of the
level of triaxiality. Once the deformation procdsas become localized into dilatational
bands, further particle cavitation will occur prefietially near band tips. In this case the
proposed cavitation model cannot accurately acctmrthe macroscopic yield behavior of
the cavitated polymer. The proposed dilatation bayediel by Lazzeri has been confirmed
in the work of rubber-toughened polypropylene [@ith EPR elastomers.

The propagation and the growth of the dilatatiob@ahds have been studied by the
research work of Hiltner et al. [32, 33]. Their wodnas examined the dilatation bands
present in the polycarbonate toughened with coel glarticles. They found that particle
outside the dilatation band would not cavitate, l&vithose inside the bands appeared
distorted due to the high level of matrix strainttve ligaments, which was estimated to be
close to the natural draw ratio of polycarbonabmus 100%. This cooperative cavitation in
rubber-modified polycarbonate becomes more likslyha interpatricle distance decreases.

For the rubber-toughened system, it has been pedpbg Michler [34, 35] that the
dominating mechanism is the single cavitation psecén binary blends of PA/BA
(polyamide/22 vol% butyl acrylate) systems. Undee tonditions of uniaxial tension, a
stress concentration builds up inside the rubbaselas the first stage of the whole process.
Then the modified particles can be stretched andrawdids occur inside the rubber
particles. Meanwhile, shear bands of the polymerimtorm between those microvoids. In
the third step, with further straining of the smeen, the voids will become more elongated,
and the matrix will be further deformed through ahgielding. They also reported in the

7
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case of the mineral filler CaGQhat it is not possible for cavitation to occusige the
particles, but void formation at the interfaciadji@n between rigid particle and the polymer

matrix is very effective.

Figure 1.6 From reference [34, 35] single cavitatioocess in binary blend systems: PA/BA blend

Based on the former knowledge of the rubber touglgemechanism and the proposed
models by Wu, Bucknall and Lazzeri, Muratoglu, Mahand so on, the rubber-toughened
system basically depends on the rubber particky sialume fraction and the inter-particle
distance, as well as the onset of the cavitatiacgss. However, it is also well known that
the cavitation of rubber particle during the defation process reduces the strength of the
polymer system. In other words, the increasingoofghness compromises the stiffness of
the polymeric system with rubber particles.

Similar to the requirement of microvoids cavitatiprocess in the rubber-toughening
mechanism, a debonding process has been reporsayenal filled polymer systems. If the
volume fractions and random dispersions of padiclen be made comparable, it should be
more beneficial to use stiff particles such asdleium carbonate nanoparticles rather than
soft rubber particles. This would also then imprtwve stiffness of the polymer composites
filled with rigid particles. Argon and Cohen [112,136-38] proposed that toughening
polymers with rigid filler, could be achieved onlythe rigid particles debond from the
matrix, creating voids around particles and allaythe interpatricle ligament to deform
plastically or even to fibrillate. Michler [34, 3%]so proposed that microvoid formation is a
major operating mechanism for the initiating plasteformation similar to the cavitation of
rubber particles. They suggested that the microvoithation can also be caused by the

debonding at the interface between rigid partieled matrix, based on their study of the

8
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structure-property relationship of polypropylenefainum hydroxide composites. In the
following section, the recent research activitiller toughened plastics is reviewed.

1.2 Filler toughened plastics

In former literature work, semi-crystalline polymsuch as polypropylene [39-41],
polyethylene [42], polyamide [43, 44], filled witlgid organic fillers in micro or nano-size,
for example, CaC®l[45-49], SiQ, Mg(OH), [50, 51], glass beads [52],carbon nanotubes
[53] and layered silicate [54-58], have been stidminly in order to cope with the obvious
limitations of polymers with low stiffness and stggh. In the last two decades, the concept
of “filler-toughened polymetdas received increasing attention due to improxas in the
mechanic properties of polymer composites.

In 1989, Levita and Lazzeri [6] published theiraah work on the strength and
fracture properties of a polypropylene filled wiitirafine calcium carbonate (0.Qim), in
the composition range of 0 to 40 percent by voluletreated and surface treated (with
stearic acid and a titanate coupling agent) grase compared.he untreated filler caused
a decrease of toughness whereas a maximum, abgetrdént, was observed for the treated
filler. Bartczak and coworkers [5, 11] compared thedified high-density polyethylene
with rubber or nanoparticles based on the critictdrpatricle ligament effect. They found a
similar result in two systems that the toughnesshefpolymer nanocomposites increased
dramatically when the mean interpatricle ligameéntkness of the polyethylene matrix
dropped to values below Qun. This confirmed that the stiff fillers providellet additional
benefit of substantially increasing Young’'s modudingl also the significant improvement of
their impact energy. Mai and Xie et al. [59] repeartthat the optimal properties such as
Young’'s modulus, tensile yield strength, elongattbreak and Charpy notched impact
strength were obtained in PVC by adding only 5 v@8Q nanoparticles with an average
size of 40 nm.

The presence of nanoparticles in the polymer wittrathe local stress state of the
surrounding matrix due to the specific large swefamea. This effect can be attributed to the
influence of nanoparticle-polymer interfaces on plaéymer chain dynamics in the vicinity
of particles. In the literature, detailed discuasi@an be found about the influence of the
particle size, particle/matrix interface adhesiad @article content on the stiffness, strength
and toughness of the final particulate polymer cosites. Moreover, a basic understanding
of the stiffness and toughness mechanism in thepaticles-filled polymer composites is

necessary to tailor suitable toughened plastids mainoparticles.



Chapter 1 Introduction

As it is already known, debonding is the requiredcpss for the following energy
dissipation provided by the polymer matrix deforimathat leads to enhanced toughness of
polymer nanocomposites. In the work of Michler ef35] on the PP/AI(OHy) system and
the work of Gaymans [60] on PP toughened with oatcicarbonate nanopatrticles, the
toughening process as shown in Fig. 1.7 can be suimed in three steps:

(a) Stress concentrationBecause of the different elastic properties of tigd
nanoparticles with respect to that of the polymatrim, the nanofillers act as stress
concentrators.

(b) Debonding. Under the applied uniaxial tension, the stresgestound the
nanoparticles changes and leads to the debondibgtbrpolar regions of the filler
particles. With the continuous growth of voids, gieear bands form in the matrix
between the microvoids.

(c) Shear yieldingOnce the voids form due to the debonding of narimbes (similar
to the cavitation inside the rubber particles), thaxial tension can be locally
released in the surrounding of voids, especiallenehthe poles of the particle
corresponding top and increase the shear compo@ensequently, further shear

yielding of the polymer is induced.

1
} 4 i |
o *. 7
pdd .o |
! 4 |
1
}

(a) (b)
Figure 1.7 From reference [35, 60] (a) Toughenirgnanism of polymer nanocomposites with rigid
particles and (b) the TEM micrographs of PP/AI(@pBlymer composites

During those three steps of the deformation prqdessdominating energy absorption
process is in the third stage, which is attribui@dhe plastic deformation of the polymer
matrix. With further increasing of the strain inetlspecimen, the stress will be further
released, by which the plastic deformation of tr@ymer ligaments is considerably
accelerated. However, the initial process thag#rg the extensive plastic deformation of
the polymer is the formation of microvoids duetie tiebonding of nanoparticles.

10



Chapter 1 Introduction

Therefore, a lot of literature work proposed théateling models for the particulate
polymer composites. Argon and Cohen [38] found thatgaps between the particles and
the matrix was not completely reversible basedranlbading and reloading tests. Thus,
they defined the nature of the stress in the medifiolymer is induced by the interfacial
separation of pre-pressurized particles from threosmnding matrix that clamped down on
them. They proposed a simple analytical developraéout the clamping pressyen a

spherical particle, which is a function of the butlodulusk,, and volumetric coefficient of

the particley,,

p = (Vp ~ VC)ATKP (1.7)

4pc
[1 + m]

where u,. is the shear modulus of the filled composites #mely,. is the volumetric
coefficient of expansion of the filled compositd$ey,. andu, themselves depend on the
volume fractiorc of the rigid fillers and can be determined frore #guation by Chow [61,
62].

e g (5_’2_ )¢ (1.8)

wherev,, is the Poisson’s ratio of the matrjx, andu,, are the shear modulus of rigid filler

and polymer matrix. Moreover, from Chow:

K. Ym — Yo JC
Vp_yc:_<_m (m P)

K”>1+<K—m—1>[(1—6)1+—vp)+cl

Ky 3(1 -,

(1.9)

wherey, andy, are the volumetric coefficients of thermal expansof the composite and
that of the rigid fillers. Debonding in the form afkink on the stress-strain curve will be
observable when the negative pressyranside the particle, induced by the applied tensil
stress equals that of the thermal-misfit-inducesbpure to make the interface stress free and

ready to undergo separation. This gives eventtladiytensile debonding stresg, as,

K. -1
2(1—4v +v?) (Fp — 1)

C

1 +v) [2(1 —20) + (1 -v) (%)]

Concerning the debonding process in the filled-pay composites, Lazzeri [63] has

also studied polypropylene composites with the Ca&xa filler toughened system. Tensile
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Chapter 1 Introduction

dilatometry tests of the polypropylene compositeseacarried out to study the debonding
process and the volume evolution of voids inside particulate-filled composites. This
research work found that the debonding occurredrbethe macroscopic yield, therefore
reducing the plastic resistance of the materiatee @ebonding would occur earlier as the
particle content increased. The volume stain ok@es of polypropylene with calcium
carbonate fillers with different particle sizesdscussed. This method of volume strain
change during uniaxial tensile test has been usstlitly toughening mechanisms in rubber-
toughened polymer in a former work of Lazzeri anctBhall [26]. As expected, the volume
strain of the PP/CaC{ystem shows a clear increase after the yieldowgt® as shown in
Fig. 1.8 (a) due to the formation of microvoidseatihe debonding of nanoparticles from the
polymer matrix. A model has been proposed to thkeparticle size effect into account,
based on the formation of an immobilized layer aflymer on the surface of the
nanoparticles as shown in Fig. 1.8 (b). The expenimmesults are consistent with a surface
layer of 15-25 nm. The aggregation of the nanogasihas also been considered in the
work when the particle size is about 3.5 micronsetdiheir work of the volume strain

suggests a very simple and effective method fochasacterization of the interphase layer.

- .
after dabonding '
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(a) (b)
Figure 1.8 From reference [63] (a) Volume straiorglation curves for PP/CaG@®.07um) (b) Model for

volume increase due to the debonding between fmaitl matrix and the cavity growth

P

Based on the study of debonding process, it issqulgar for the particulate-polymer
composites that the improvement of toughness canadieeved with the following
requirements:

1. Filler dispersion must be very regular to avibiel formation of crack-initiating large
agglomerates.

2. Matrix-debonding must occur to allow unhindegddstic deformation around the
particles. In other words, the interfacial adhesstwould be at a suitable level to facilitate

the debonding process of the particulate polymerpmsites.
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1.3 Mechanical properties of particulate polymer systm

In the particulate-polymer composite systems, thechmanical properties such as
stiffness, strength and toughness are stronglyetlto the particle size (large or small
aspect ratio), particle-polymer interfacial intd¢rae and the particle loading. Some
proposed theoretic models are aimed at predictiagetastic modulus, strength and fracture
toughness of the particulate-polymer compositesid&s the influence of nanofillers on the
mechanical properties, there are reports [64-6@} the particles can act as nucleating
agents for the crystallization of polymer. Meanwharound or on the particle surface, there
will be the transcrystalline layers [5, 68-70], wishow different properties from the main

polymer matrix.
a. Young’s modulus.

The addition of the filler into a polymer matrixsigts in a heterogeneous system. The
stiffness of the composites is usually comparedsigg Young’'s modulus, which is ratio of
stress and strain in the elastic region in a terte#t. This value is very important and is the
main difference between a rubber-toughened anteatibughened polymer system because
the inorganic rigid particles have a higher stiffs¢han that of the polymer matrix. Particles
having an average size in micrometers and nanometer compared in many papers
considering Young’'s modulus.

In the work of Bartczak [11], high-density polyeldlye composites with calcium
carbonate particle with three different sizes d, 3.70, 0.44um in different volume
fractions from 5 to 30 percent have been considelmling's modulus of different
composites indicated that the specimens with lapgeticle size showed a higher Young's
modulus than those with smaller particle size. Riksir work on polypropylene composites
with calcium carbonate is reported by Thio [12].eyhfound a slightly higher Young’s
modulus for specimens with larger particles (32) than that of the smaller particles (0.7
and 0.07um). The patrticle loading also affects the stiffneshe particulate polymer. The
composite modulus consistently increases by inorgdle particle contents in the polymer
matrix, which is attributed to the rigidity of theorganic fillers. The most interesting
parameter, the interfacial adhesion between rigidigge and polymer matrix, shows no
effect on Young's modulus of the composites. Thaa be explained by the fact that the
modulus is a property of a material at a relatiielyer deformation before the debonding
process occurred, which is related to the intesfaadhesion. In the work of Levita and

Lazzeri, the surface coated and uncoated calciutvonate particles (70 nm) were added
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into polypropylene and an increase of the modulas moted with increasing filler loading.

However, no changeable effect of the interfaciddesibn on the elastic modulus was found.
Some theoretical models have been proposed tocpridtd elastic modulus in the

particulate polymer composites. The basic one mstein’s [71, 72] equation for predicting

Young’'s modulus:

E.
oo =1+250, (1.11)

m

where theE, andE,, are the elastic modulus of the composites anghdhamer matrix, and
Vp is the volume fraction of the particles. Howeuvidnis model is valid only at low filler
contents and does not consider the effect of parsize. There are some other modification

of Einstein’s equation. Nielsen [73-75] proposad@lified Einstein’s equation:

E. _1+AB:Vp (1.12)
E, 1—yBVp '

wherey depends on particle packing fraction ahdandB; are constants for a given

composite.
EP/Em -1 l(l - VPmax)
Ay =kg—1, B = ——"F, =1+ |———|V, 1.13

whereky is the Einstein’s coefficient ang,, ., is the maximum volume fraction.

Cohen [76] assumed that the two components are gtage of macroscopically
homogeneous stress, and that adhesion is perféloe amterface of a cubic inclusion in a
cubic matrix. When a uniform stress is applied lo@ boundary, the elastic modulus of the

composites can be given by:

winN

E 14+ -1V,
E—C=1+ ( Ve (1.14)

" 1+(5—1)(V§—VP>

whered is the ratio betweef, andE,,.
Fu [77] proposed a simple equation based on thdafieddule of mixtures to predict

the elastic modulus of particulate composites:

E, = xpEpVp + Epn(1 = Vp) (1.15)
where0 < yp < 1 and is a particle strengthening factor.
In conclusion, the stiffness of particulate-filledmposites can be effectively increased
by the addition of inorganic nanoparticles and ititerfacial adhesion has little effect on

this property.
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b. Strength

The strength of a material is defined as the marinairess that the materials can
sustain under the uniaxial tension. This parametealso strongly connected with the
particle size, volume fraction and the interfac@ahesion in the composites. It has been
noted in some work [11, 12, 63] that the yield sérgradually decreased with the increasing
of the particle loading in different particle sizétowever, the variation of the yield stress
on the patrticle size is small, and the mechanicapgrties are mainly controlled by the
volume loading rather than the particle sizes. Jingace coating for the nanoparticles was
carried out in that work in an attempt to achiesadom dispersion of the nanoparticles.
Therefore, the effect of the coated nanopartictethe mechanical properties was compared
to that of the uncoated one. For calcium carboiratastrially coated with stearin a few
papers have discussed [6, 7, 11], the effect oirtteefacial adhesion on the strength of final
composites. Lazzeri prepared a series of HDPE ceitgsowith CaC@ nanofillers, which
were coated with different stearin amounts. Theitewtd of the pure rigid fillers can
increase the yield stress firstly, but then de@eagh the increasing of surface coating
amount. This can be related to the effect of serfacating amount on the interfacial
adhesion, which was determined to be weaker witlarger stearin coating amount.
Consequently, the extensive debonding of the partiom the matrix happened before the
yield point under the applied load. In principlestaong interfacial adhesion is critical for
effective stress transfer leading to high compasitength. Inversely, a weak particle/matrix
interface boding will only show a relatively lowetrength. In the next section, the
dependence of the toughness on the interfacialsasih&vill also be discussed.

The theoretical prediction of the strength of cosifes is difficult because this
parameter is determined by the fracture behavidrichvis associated with the extreme
values of interface interaction, stress concemtmnatdefect size or the particle distribution.
Some proposed models are briefly summarized. Nigfg8] calculated the strength of a
filled polymer by:

0. = op(1—=Vp)S (1.16)
where o, and g, are the tensile strength of the composite and gblymer matrix,
respectivelyVp is the volume fraction of filler anfl accounts for the weakness in the
structure resulting from a discontinuity in stresansfer and the generation of stress
concentrations at the filler-polymer interface. §model is proposed for poorly-bonded
particles. This equation indicated that the strermmgtthe composites decreased linearly with

the increasing of the filler loading. However, sompmctical tests showed a non-linear
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relationship with the calculated yield stress. Bfare, there is a modified model [79, 80]
such as:

o, = op(1—alp) (1.17)

wherea is related to the stress concentration or to thality of adhesion between the
polymer matrix and particles, ads related to the geometry of the fillers. Thisdabstill
predicts a decrease in strength with an increapanicle loading.

Furthermore, Pukanszky [81-83] proposed that thsile yield strength of composites
could be calculated from the following equation:

1-Vp

%= |1+ 257,

O'm] exp(BVp) (1.18)

whereB is the interfacial adhesion between particles polgmer, which depends on the
surface area of particle, particle density and riatéal bonding energy. For a poor
interfacial bonding, the particle could not handtey load and is zero. The paramet8r
presents the interfacial adhesion strength betwgsnricle and polymer matrix. The
parameteB depends on both the thickness and the strendtieofterphase:

B = (1+ Apppl) In i (1.19)

or,

whereA, andp, are the specific area and density of the filles, the thickness, ang}., is
the strength of the interface. This model is agbiie a series of works of Pukanszky to
determine the thickness of the interphase throlghatbove equations (1.18) and (1.19)
when the tensile strength of the composites isramted as a function of the volume
fraction.

In summary, the strength of the particulate polymemposite also relies on the
properties of each component in the blends, sudhegparticle size, interfacial adhesion,
and particle contents. Even many theoretical model® proposed to predict the strength
for a given composites, but so far there is no single equation that can be applied to all
types of filled polymer composites. However, basedthat prediction from the theory
background, we have the direction to tailor new posites following the requirements of
the special application.

c. Fracture toughness

As mentioned above, toughness is one of the méfatuli parameters to control, and
the design against brittle failure in compositeoficritical importance. The deformation
and fracture characteristics of toughened polynagrd the interrelationship between the
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micro-structure or micro-morphology and the mecbalnproperties are the main purposes
for the toughness studies. It is very important ttiee special region with plane stress,
between the particles, be provoked allowing theenmetto yield. Thus, it is possible for a

material to show the plastic deformation and créaenation, which are the element

processes for dissipated energy.

Some experiment results of the particulate filletymers have been recorded with the
increasing of toughness. Thio [84] studied the atffef interfacial adhesion on the
toughened polypropylene with glass beads with @iffe surface treatments to either
increase or decrease the interfacial interactidre kod impact toughness increased with
the increasing of CF-silane (heptadecafluorodeoghlbrosilane) amount used for the
surface treatment of the glass particles, whichagltba decreased interfacial interaction
with the polypropylene. This confirms the hypotketiat a weaker interaction would lead
to a higher toughness. Another study [11] of theAHDCaCQ composites work has
demonstrated a very successful toughening behaxtabiting dramatic toughness jumps in
connection with the critical ligament size criteriof Wu [3]. Lazzeri [7] worked on the
HDPE nanocomposites with the precipitated calciwarbenate filler coated with stearin.
The Charpy impact in their work indicated an almostar increasing relationship between
the surface coating amount on the PCC particlestlaadmpact strength as shown in Fig.
1.9. That is the former work of this thesis. Thelaration of this increasing of impact
toughness is possibly due to the effect of theaserfcoating amount on the interfacial
adhesion. However, the discussion about the relstip between stearin surface coating on
the PCC particle and the interfacial adhesion withyethylene was not reported in that

work.

Pure HDPE

Charpy Impact Strength (kJ/m?)

0 0.5 1 15 2 25 3 35 4 45 5
SA surface concentration {mg/m®)

Figure 1.9 From reference [7] dependence of theanhstrength of HDPE/PCC nanocomposites versus
the surface coating amount of PCC
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The toughness of particulate polymer composites depends on the filler loading.
Zuiderduin [60] studied the effect of Cagfarticles with a diameter of Quih on the
notched Izod fracture toughness of polypropylertdas Ts an almost linear increase of the
impact strength with the increasing of particlediog and the toughness is improved four-
fold with 60 wt% fillers in PP. They indicated thihie stearic acid coating on the particle
surface showed a large positive effect on the impaength. However they also reported
the failure of the smaller particle with an average of 70 nm in achieving toughness
improvement was attributed to the poor dispersiai® nanoparticles. In fact, this is one of
the most difficult problems during the preparatmifilled polymer nanocomposites. The
dispersion of the particle is critical in these qmsites, and at high filler loadings it may
become difficult to avoid aggregates, which cardléa the brittle behavior of polymer
composites. In the thermoplastic field, this problean mostly be solved through the
surface coating of the nanopatrticles to avoid agaien. Ahsan [85] carried out detailed
studies on the influence of the surface energyhenniineral-polymer interaction in the
polyolefin composites. The ground calcium carbomnetl a lower surface energy after the
surface treatment showed higher resistance to im@dgs work suggested the surface
energy might be a key to the development of thegdesf the mineral filled-polymer
composites.

Except the 1zod or Charpy impact tests for the stigation of polymer toughness,
there are two other approaches to determine thetufia toughness: the stress intensity
factorK, and the energy release rate Under certain conditions the two parameters @n b

connected to each other by:
G. = K2/E. (1.20)

A widely applied method for filler-toughened polym@anocomposites is the micro-
morphological study by SEM or TEM techniques. Tdedathe possible toughening
mechanisms have been proposed and include: cracknpgi crack-tip blunting, particle-
matrix interphase debonding, polymer matrix shaalding, micro-cracking, micro-shear
banding and fibrillation of the polymer matrix. Seraf those processes can cooperate in the
particulate polymer composites. The most accepteture mechanism is the debonding of
rigid particles from the polymer matrix during tlieformation process, and the most
controlled factor is the interfacial adhesion bedwearticle and polymer. In an early work
of Levita and Lazzeri et al, it is reported thatemhthe particle was very small size, the

crack-pinning had no contribution to ti& values. If the interfacial debonding dominated
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in the fracture process, the smaller particle {e#ld to largeG,. due to their higher surface
area.

Evans et al [86] argued that energy dissipatiorcgsses within a dissipation zone in
front of the crack were responsible for toughnedsaacement by adding rigid particles to
ductile polymer. They also found that the partideEbonding and subsequent vyielding of
local polymer regions were the dominant mechaniBohse [87] also reported a similar
work about the fracture toughness of particuldtedfiplastics.

Based on the knowledge of literature and formepgpsed models, it is clear that the
rubber toughening mainly depends on the fine dgperof the rubber particles. However
for the filler toughening system, the mechanismunesg only a modest level of adhesion
between the particles and polymer. In general, e @ahesion leads to an increase in
toughness. [7, 84, 88, 89] Following this princjpd® important part of this work will be
devoted to the surface treatment and the charaatem of the nanoparticles to achieve the
suitable interfacial adhesion. The basic theorebeakground for the surface treatment of
the nanoparticles is discussed in the following.

1.4 Surface treatment and characterization

In order to design new materials according to #guirements for the application, it is
important to make surface treatments for both rulplaeticles and inorganic rigid particle.
The microstructure of the filled-polymer will be rsequently changed to facilitate the
suitable deformation process during the application

In the rubber-toughened plastics, it is well knavat the elastomer particle size plays
a key role in achieving the super-toughness. Sammadr work also studied the strategies
for toughening to achieve an optimum rubber patisize. For example, it has been
reported [90] that the size of the elastomer pagidn the polyamide blends can be
significantly decreased because of the reactiathegrafted maleic anhydride groups with
the amine end group of the polyamide to form cop@ss that retard the coalescence of

elastomers particles.
a. Aggregation of rigid particles

In the filler-toughened plastics, the surface tresit of the rigid nanoparticles aims at
two key points: particle-particle interaction anarcle-polymer interaction. The first one
aims to decrease the aggregation degree and talemtade of the large surface area of
nanoparticles. The other purpose is to achieve i@bde interfacial adhesion for the

necessary process under external loads. The adipregd nanoparticles is connected to
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their small particle size, since the balance betwtbe separation force and the adhesion
force is strongly dependent on this parameter. draaller particles, separation forces are
smaller than adhesion forces. This can result timeeia large aggregation in the polymer
leading to brittle behavior or debonding from thatrx or a break inside with the formation
of cracks. The adhesion strength between the fegtis determined by the size and surface
energy for each component.

3
Fa = ET[WABra (121)

whereF, is the adhesive force between the particledlig; is the reversible work of
adhesion and, is the effective radius. A lower reversible wodt fadhesion was found to
result in a decreased aggregation tendency. Nantiveasurface treatment invariably leads
to a decrease in the surface tension #ng , thus to decreased aggregation and

consequently improved mechanical properties [91, 92
b. Surface treatment for rigid particles

The easiest way for the modification of the inteidhadhesion is the surface treatment
of fillers. There are a few different types of suné coating agents according to different
goals for the treatment, such as the coupling agenincrease the interfacial adhesion or
the surfactant to weaken the interaction. In tltigtrial field, the surface treatment is quite
important for solving problems of processing tedbgy and product quality. In the filled-
polymer composites, the surface treatment of natiofgs changes not only the particle-
particle interaction but also the particle-matrixeraction. Basically, there are four different
types [93] of surface treatment. (1) Non-reactiveatment-surfactants, (2) Reactive
treatment-coupling agents, (3) Polymer layers-idifusion and (4) Soft interlayer-
elastomers.

Reactive treatment assumes the chemical reactidimeofoupling agent with both the
particle and polymer matrix. The surface treatmanglass beads with silanes is one of
successful examples. Silane coupling agents aestafé in the particles, which have the
reactive OH groups on the surface [94, 95]. Thdiegon of silanes was also carried out
on calcium carbonate to study the interaction aipting agents and CaGJ96]. They
found that silanes coated Cag€howed increased strength but decreased defoityahil
study of the surface treatment of montmorillonitehwalkyammonium monolayer [97]
found that the hydrophilic surface of clay was nfiedi to be hydrophobic. In fact, the
reactive treatment with coupling agents is more mlarated because of the possible

polymerization of coupling agents and the chenticalding or physical absorbed layers.
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In industry, the widest used and also the oldeshatkfor surface treatment is the use
of nonreactive surfactants, which are usually awdd, small molecular weight organic
compounds. For the calcium carbonate particlespbst widely used surfactants [98-101]
are fatty acids such as stearin, which is mairttyead of palmitic acid and stearic acid with
a little amount of other acids, due to the low @sll easy preparation. Because of both the
polar group (carboxyl part) and non-polar groujp(atic chain) in fatty acids, it is reported
that a preferred adsorption process of the suriaaecurs on the nanoparticles’ surface.
However, the industrial method for surface coafomuses more on the coating effect of the
products and little information has been disclosedut the detailed adsorption process
during surface coating process that can be dryirgpair in a special liquid medium.
Furthermore, the study of the surface coating amisua crucial question for optimizing the
recipe for special applications. The surface chiaratics of nanoparticles, such as the
organic coating amount, the molecular arrangemerthe surface, the specific surface area
of nanoparticles and the surface energy, are &dradonnected with each other and will
affect the application of the nanopatrticles in savpolymers. For example the interfacial

adhesion between nanopatrticles and the polymenntain be expressed [102] by:

1/2 1/2
Yiz =v1+7v2 —2(rivd) " = 2(vfYY (1.22)

wherey? andy/ are the dispersion and the specific components.dh fact the surface
tension of the polymer and rigid particles areetight for both the dispersion and specific
components. The surface treatment effect on thaifree energy will be another factor
for the application to polymers. In fact, the redaships between the coating amount with
the surface energy change, and then the mechammagrties are discussed in detail in this
thesis.

In summary, filler-toughened polymer systems capitapared by compounding rigid
particles into the polymer matrix. In order to irape the toughness of polymer
nanocomposites, the surface treatment of the imargaarticles is necessary to avoid the
aggregation among particles and also to weakepdhele-matrix interfacial adhesion. The
high surface area of nanoparticles in the plastnckthe weaker interfacial interaction make
the debonding process easier, which is the intat for the energy dissipation process.

This is the basic structure of this thesis.
1.50utline of this thesis

In the former work of this thesis, some interestiegults have been published. The
application of ultra-fine calcium carbonate nantipbes can effectively increase the
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toughness of the semi-crystalline polymer such &gh-tlensity polyethylene and
polypropylene. The former study of Lazzeri on thblrer-toughened polymer system gives
theoretic models, the cavitation and dilatatioridirey bands models, in order to predict the
possibility of toughness improvement of the filteughened system. However, some
problems were found also during the former studles: example, calcium carbonate
nanoparticles tend to easily aggregate during dingpounding process with the polymer.
The former study showed that commercial PCC natiofes coated with stearin in the
water medium had a very low aggregation degreeerHDPE polymer matrix by the melt
extrusion process. The surface coating by orgamitenals is of critical importance to the
particle distribution and the particle-polymer natetion. These two parameters are the
determinant factors for the mechanical propertiethe final nanocomposites. Precipitated
calcium carbonate (PCC) has been widely used imthestrial field for many applications,
such as automotive, household, and packaging sed#twreover, the enhanced toughness
of filler-toughened plastics with PCC particles hbesen reported, especially their
mechanical performance. Therefore in this thegis, relationship between the surface
coating effect of calcium carbonate nanoparticlled the properties of the final polymer

nanocomposites is mainly discussed. The main relseaork is shown as following:

In Chapter 2, the preparation and surface treatment procedga®apitated calcium
carbonate is described in detail. The techniquesl der the surface characterization are
shown according to the different purposes, suclthassurface organic coating amount,
surface molecular arrangement, and surface coatweghanism. The lab-scale melt-
extrusion machine HAAKE minilab was used for theeparation of the polymer
nanocomposites. The tests for the mechanical piiepecrystalline behavior and the micro-
morphology of polymer nanocomposites were describedcerning the measurement

conditions.

In Chapter 3, the surface coating process of the commercial P&@particles with
stearin in the water medium is compared with thadry coating or lab-scale solvent
coating. The main surface characterizations focughe total organic amount of surfactant

and the adsorption process of the surfactantsimdueous solution.

In Chapter 4, the surface characterization of the water-coate@ R&nopatrticles is
discussed on the molecular arrangement of the darfa The temperature dependence of
the surface coating molecular crystalline is disedsaccording to the different thermal

treatment, which is helpful in understanding thalitg of the coating molecules under
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different temperatures. The influence of the sw@afaeatment on the surface free energy
change is also investigated on a series of PCCpaaticles.

In Chapter 5, the surface coated PCC nanoparticles are addedgtodbnsity
polyethylene for the application as filler-toughdngolymer system. The surface coating
characteristics such as the coating amount or thtace free energy are investigated
connected to the mechanical properties, includhe tensile and impact properties. The
impact fracture surface of HDPE/PCC nanocomposgesliscussed for the toughness

mechanism.

In Chapter 6, the stearin-coated PCC particles are also appliea biodegradable
polymer, polylactic acid (PLA), to test the capdbpilas toughness particles. PLA is an
alternative material for the fossil fuel-based itiadal polymers and can be derived from
renewable resources. Because the PLA has a poghriess and the PCC is reported as
toughness filler, the purpose of this Chapter isydo understand the effect of coated PCC
particles on the mechanical properties, thermalabieins and the micro-morphology of

PLA/PCC nanocomposites.

In Chapter 7, the main results in this thesis are summarizedthadnajor points of
this thesis are listed. Nevertheless, several guesstemained open in this work and further
research work is needed. Some on-going work wittiooie in the particulate field based on

the results of this thesis.
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Chapter 2 Materials and Experiments

2.1 Surface characterization of PCC nanoparticles

2.1.1 Materials

A series of experimental precipitated calcium cadie (PCC) particles was supplied
by Solvay Advanced Functional Minerals (Salin-dea@d, France). The surface treatment
with a commercial stearin, Pristerene 4937 fromgdma (now Croda Italiana S.p.A.,
Mortara, Italy), ranged from 0 to 13.5 % by weigthtat is 0 to 135 g acid/kg PCC) and it
was carried out in agueous solution. These pastielere coded from PCC1 to PCC9 in this
thesis. The particle size is about 62 nm and tineesponding specific surface area is around
19 nf/g, as shown in Table 2.1. PCC particles with fainolayer coating coverage (also
with the same commercial stearin) obtained by dtiag also supplied from Solvay were
used as a reference sample and coded ML2. TheBelgmhave a specific surface area of
65 nf/g and surface coating amount of 15 wt%. Concertiiregchoice of the surfactant
used in this work, it should be noted that indadliri available calcium carbonates are
coated with commercial stearin and not with pueast acid. The commercial stearin
chosen, Pristerene 4937, contains about 48.8%cstead (C18, molar mass 284.5 g/mol);
49.5% palmitic acid (C16, molar mass 256.4 g/mai)gd small amounts of oleic acid. In
stoichiometric calculations, a molar mass of 279 .d@ssumed for stearin.

For purposes of comparison, an industrially-avédaPCC, Socal Ul, also from
SOLVAY Advanced Functional Minerals, was also ug#@3]. The mean particle size
(D50%) of Socal U1 is 0.08 um, and the averageasarérea is 20 7y, as reported by the
supplier, and is not coated. This pure PCC was tmethe preparation of a fully covered
monolayer sample in solvent and coded to be ML1.

In this thesis, the term “full monolayer” is defthéo be a coating level corresponding
to the maximum theoretical monolayer coverage ithdetermined according to the specific
surface area of PCC and the theoretical crossoseetiea of stearate molecule, with the
orientation of stearate molecules assumed to becakto the PCC surface. The term
“monolayer” refers to a coating level below the maxm theoretical, which means that a
part of the surface is covered by a chemisorbeer laf/ stearin/stearic molecules, and other
part is still uncovered. Throughout this thesise tterm “stearin” is to indicate the
commercial stearin Pristerene 4937 and the termal&t acid” refers to pure acid from
Aldrich.
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In Table 2.1 all PCC particles used in this work ahown by the main properties of
particle size, specific surface free energy (deteechby the BET tests) and nominal coating

amount.
Table 2.1 Specification of PCC powders used

Particle code Specific surface arean(/q) Nominal coating \{t%)
PCC1 19.0 0
PCC2 19.9 3
PCC3 18.0 4.5
PCC4 19.2 6.0
PCC5 18.0 7.5
PCC6 18.7 9.0
PCC7 18.9 10.5
PCC8 18.9 12.0
PCC9 18.9 13.5
ML1 20.0 4.5
ML2 65.0 15.0

SOCAL U1 20.0 0

2.1.2 Preparation of precipitated calcium carbonate

Preparation of the agqueous suspension of calcium dyoxide. 1 liter of water was
first heated to 60 °C. Hydration was carried outshying in 100 g of granules of calcium
oxide, 25-50 mm in size and a max residual, @Ontent of 3.5% was added. After the
addition of calcium oxide, the temperature of thespension was measured at 10 min
intervals. Stirring was stopped when the reactias wompleted, meaning that there was no
further increase in temperature due to the exotioggnof the reaction. The suspension was
filtered through a 500 um sieve in order to remowveeacted material (excessively or
insufficiently calcinated material) and later waty5 pm sieve.

Preparation of precipitated calcium carbonate.A suspension of calcium hydroxide
in water with the concentration of 133 g/L was el in a 1 L continuously-stirred tank
reactor. The temperature was adjusted to 18 °ChdDadioxide, at a concentration of 25%,
(volume of CQ in air), under a constant flow rate of 0.1 Mm was bubbled into the tank
and reacted with the calcium hydroxide for aboutr@® to ensure completion of the
carbonation reaction [104]. The temperature intdmk reaches a peak of about 60 °C and
starts to decrease at the end of the reactionfiftlleconcentration of PCC was 180 g/L.

Preparation of the stearin soap emulsionStearin was first dissolved by adding water

at 85 °C with a concentration of 0.40 M. The migtwras stirred for 30 min before the
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addition of a30 wt% sodiurrhydroxide water solution, with a stearin/hydroxidele ratio
of 1:1.3.

Surface treatment with stearin The surface coating was carried out by mixing
suspension of precipitated calcium carbonate aadtiarin soap emion for 60 min. The
PCC suspension was brought to a temperature ot & °C, and then it was continuous
recirculatedoutside the reaction tank by means of an externapat a rate of L/h. The
stearin soap emulsion was added to the recircalaream until the desired coating le
wasreached. The addition rate was L/min.

Drying process The coated calcium carbonate was then separatedabyum
filtration and dried inan oven at 105° C and finally grinded [109]he image picture of

PCC patrticles prepared in this way was shown in Eify

Figure 2.1 SEM picture of PCC particle used

2.1.3 FTIR

Surface organic groups on the coated PCC nanop were analyzed by using a
Nicolet 380 spectrometl with diffuse reflectance accessory (DRIl from the Thermo
Electron Corporation(Thermo Scientific Instruments, Madison, WI, UL PCC
nanoparticlesvere mixed with potassium bromide (KBr) in proponti4:96 in order t
obtain the DRIFT spectra. Duringe DRIFT measurementt)e spectrum opure calcium
carbonate was chosenths background. fie DRIFT spectra of PCC particilmechanically
mixed with pure stearic acid and calcium stearageevalso testefor comparisor

This DRIFT measureme was carried out to obtain a sequalitative characterizati
of PCC particles coated with stea For the calibration curve d€OC organic groups,
different amounts of calcium stearate wimixed with pure calcium carbonate as |

reference sample.hEn the heigl of COO group in the DRIFT spectrum was recorded
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plotted against the concentration of stearate, vhias carefully controlled to be in a very
low range according to the Beer-Lambert law. Thilibecation curve was then applied to the
DRIFT spectra of all the water coated PCC partjalesking it possible to obtain the semi-
guantitative analysis on the CO&nount on the PCC surface. Since the possiblecaurfa
adsorbed molecules can be determined from the RR&ysis, the relationship between
reacted stearin and the nominal amount then cdsidee assessed.

2.1.4 BET

The specific surface area of all the PCC partickess determined by the low
temperature nitrogen adsorption method using th€é &€hnique with the Gemini V series
surface area analyzer (Micromeritics Instrumentp@aation, Norcross, GA, USA.) The
results are shown in Table 2.1. All the investidat@noparticles were degassed by the
flowing-gas devices unit at 100 °C for three haiarsemove all impurities on the surface.
Then the prepared container tube was analyzedeitiidbid nitrogen dewar to maintain a

stable measurement condition.

2.1.5 Thermo gravimetric analysis (TGA)

TGA measurement was carried out in air at a heatitgy of 5 °C/min by Rheometric
Scientific TGA 1000 (TA Instruments, New castle, ,RESA) for all the series coated PCC
particles together with PCC monolayer sample ML& @ne PCC mechanical mixtures with
stearic acid or calcium stearate. The full tempeeategion ranges from room temperature
to 1000 °C in order to ensure the full decomposital the organic group on the PCC
surface. Derivative thermo gravimetric analysis (& Wwas recorded for the comparison of

decomposition peaks.
2.1.6 Differential scanning calorimetry (DSC)

DSC measurements were carried out for the surfheeacterization of coated PCC
particles in aqueous medium with a TA Q200 instmir{@A Instruments, New castle, DE,
USA) with nitrogen as the carrier gas and indiureduor the calibration. The two main
purposes of the DSC measurements are shown asvifadjon different thermal treatment

programs.
2.1.6.1 Determination of chemisorbed monolayer amount

In order to discuss the influence of water on ti&€Regarding the thermal behavior of
organic coating layers, DSC measurements wereedaout in three different measurement

conditions. In one series, the sample was put armoaluminum hermetic-type pan and
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heated from 50 °C to 220 °C at a heating rate &Anin. In the second series, the same
hermetic-type pan was used. After loading of the@a and sealing the pan, the lid was
perforated with pinholes in order to better contiteé emission of free water vapors that
might be removed from hydrated alkanoates durirjihg@. The use of hermetic-type pans
and lids with pinholes was suggested by the pradoicthe DSC instrument as being useful
in vapor pressure studies (TA Thermal Applicatiblides #18 — “Guide for Choosing DSC
pans”; and #5 — “Boiling Point and Vapor PressiMteasurement by Pressure DSC”).
Finally, similarly perforated pans were kept at°@for 3 hours and then were heated up to
220 °C at 5 °C/min to check the effects of eithesgible evaporation of free adsorbed water

or dehydration of the monohydrate on the thermbbbmr of the surfactants.
2.1.6.2 Thermal transition behavior of calcium alkanoates

The thermal transition behavior of organic coatiagpecially physisorbed layers on
the PCC surface, was discussed by DSC tests dticakzlkanoates monohydrate to study
the influence of the dry process on the coating ecwdhr arrangement on the PCC

nanoparticles.
2.1.7 Dissolution method
2.1.7.1 Gas chromatograph (GC) internal standard method

The GC internal standard method was used for thermeation of stearic acid
concentration in solvent. Lauric acid was chosethasnternal standard solvent because of
its similar properties to stearic acid and a sepgvaak in the GC measurement.

Firstly, stearic acid solution and lauric acid $@a were prepared in acetone to be 10
and 5 mg/mL, respectively, and were kept at 4°@ refrigerator. Each time before the GC
analysis, an aliquot of both the stearic acid andit acid solutions was brought back to
room temperature and then was diluted to a suitedaeentration in acetone. The stearic
acid solution was diluted to be a series of différeoncentrations from 0.5 to 2.5 mg/mL,
while the concentration of the lauric acid solutiwas kept constant at 0.5mg/mL.

Secondly, a GC measurement was carried out withAthigent 7890A instrument
equipped with a flame ionization detector (FID) {l&gt technologies Palo Alto CA, USA).
Both the injector and detector temperatures wefe “80 The capillary column HP-FFAP
was programmed from 110 °C (4 min) to 240 °C af@0min. Helium gas was used as the
carrier gas, and at least five 1pL splitless inget were made for each solution sample.
The GC spectra of lauric acid and stearic acicshoavn in Fig. 2.2, and the peak areas were

calculated for obtaining the calibration curve.
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The calibration curve shows the ratio of peak areatearic acid to the peak area of
lauric acid as the Y-axis and the ratio of concardn of stearic acid to the concentration of
lauric acid as the X-axis. In the calibration cyriree slope of the linear line is the internal

response factor and would be used in the analgsiarf unknown concentration of stearic
acid solution.

2000
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Figure 2.2 GC spectra of stearic acid with laudidas internal standard materials

2.1.7.2 Surface coating of PCC nanoparticles in solvent

Pure precipitated calcium carbonate particles SOCALwere supplied by SOLVAY
Advanced Functional Mineral Company. This pure icafic carbonate was coated with
stearic acid in acetone, which is a good solverstedric acid. The pure nanoparticles were
firstly fully wetted in the solvent. Then a steamcid solution with a fixed coating
concentration was added to the particle suspensiaorder to allow sufficient time for the
reaction between calcium carbonate and steari¢ @dacetone suspension was kept stirred
at 80 °C for 4 hours.

Moreover, the series of PCCs nanoparticles modigth stearin in water medium
were also analyzed using the dissolution methothgw recoating process with stearic acid
solution in acetone. All PCC particles were coagdin with an excess amount of stearic
acid in acetone at 80 °C. After both the pure catcicarbonate and the already surface
coated PCCs reacted with stearic acid in solvéet,unknown concentration of the stearic
acid solution is then determined by the GC analydi® lauric acid solution was diluted to

be 0.5 mg/mL, similar to the calibration procedure.
2.1.8 Preparation of calcium alkanoate monohydrate

Calcium alkanoate monohydrates were prepared in ldberatory following the

literature method [106, 107] to discuss the therdegendence at different temperatures.
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They were prepared from three different fatty acstearic acid, palmitic acid, and the
stearin, which in our work is the Pristerene 498 Tentioned in 2.1.1.

The fatty acid was put into distilled hot water & °C. Meanwhile, the calcium
hydroxide water solution was also prepared and édae¢he water solution with fatty acid
using a magnetic stirrer for 3 hours. Afterward® precipitated calcium soap was washed
in the distilled water and then filtered beforergpiir-dried at room temperature. FTIR

spectra was used to determine the purity of caldoaps.
2.1.9 X-ray diffraction (XRD)

The crystal structure of the stearate multilayetrenPCC surface was analyzed using
a Siemens Kristalloflex 800 diffractomet&IEMENS AG, Munich, Germany) with CuK
radiation. The X-ray scans were performed in thedhge from 1.5° to 60°. The typical
patterns of calcium carboxylate were discussed thedthermal dependence of stearate
polymorphism was also discussed in view of the XRBasurements. The influence of
thermal treatment on the surface organic layersasagpared by determining the interlayer
spacing distance. Bragg d-spacing correspondingpeointerlayer distance of the crystal
lattice was calculated from the peaks appearinghan curves using the Bragg’s law:
nd = 2d sin 6, where =1.5418 A.

2.1.10 X-ray photoelectron spectroscopy (XPS)

XPS spectra were recorded using a Kratos XSAM 8p6ctsometer (Kratos
Analytical Instruments Ltd, Manchester, UK) opedaie fixed analyzer transmission mode
using MgKa > (1253.6 eV) excitation. The pressure of the anslgsamber was below 10
Pa. Wide scan spectra were recorded for all samplélse 100-1300 eV kinetic energy
range with 0.5 eV steps and 0.5 s dwell time. Heggolution spectra of photoelectron lines
of the main constituent elements as well as ther€gm®mn of the carbon-containing layers
and contaminations were recorded by 0.1 eV stepgdpa minimum of 1 s dwell time.
Spectra were referenced against the energy of the Il{be of the hydrocarbon type
adventitious carbon (present or built up at thefaser of the samples during spectra
acquisition) set at 285 eV B.E. (binding energylla@titative analysis based on peak area
intensities after the removal of the Shirley- orelr-type background was performed by the
Vision 2000 and XPS MultiQuant programs [108, 109ihg the experimentally determined
photo-ionization cross-section data of Evatsal. [110] and asymmetry parameters of
Reilmanet al[111].
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2.1.11 Inverse gas chromatograph

IGC is a very useful physical characterization teghe in the surface free energy
analysis for particles. In this work, the known gasapor is injected down the column at a
fixed carrier gas flow rate. The retention timelteé probe molecule is then recorded by the
traditional GC detectors. Several literature papeksewed the IGC technique about the
application in depth [48, 85, 112-114].

In this work, both the dispersion and specific comgnts of surface free energy were
discussed, since they can be related to the sutiatsion and acid-base properties,
respectively. The dispersion component of the sertansion of the fillers was determined
by means of infinite dilution using n-alkanes wiffferent chain lengths. The specific
component of the surface energy of the fillers wasasured with three polar solvents:
tetrahydrofuran (THF), ethylacetate (EtAc), andocblorm (CHCI3). All solvents used
were of chromatography grade.

The influence of the precondition temperature oa two components of surface
energy was discussed when PCC particles were poegmored at 140 °C and 60 °C,
respectively. In order to prepare a PCC particlekpd column, the fillers were first
aggregated in methanol and then dried at room teatyre. The ground filler was sieved
and the fraction between 800 and 1Q00 was used as packing. Then those fillers were
added into a stainless column of 50 cm in length@&mm in internal diameter, which was
connected with the inlet and detected parts in gae chromatograph instrument. The
preconditioning process under different temperatuasted for about 16 hours under the
constant flow of nitrogen to ensure a stable PQtase.

The vapor amount of both the non-polar n-alkanastae polar probes injected into
the packed column with PCC fillers changed betwgemd 20uL: methane was used as
marker and retention peaks were recorded usindlahee ionization detector (FID). High
purity nitrogen was used as a carrier gas andois rfate varied between 10 and 20 mL/min.
The temperature of both the injector and the FIR2cter was set to 200 °C. Each reported

value is the result of a minimum of three parathelasurements.

2.2 Surface characterization of Polymer/PCC compao&s

2.2.1 Materials for polymer nanocomposites

Two different polymers were chosen as the polymatrin Firstly, high-density

polyethylene (HDPE) Elté¥B4020 from Solvay Polyolefins (Rosignano, Italy)svased.
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This highdensity polyethylene is specifically intended fbe tinjectionmoulding process.
lts density is about 0.952 g/ and the melt index is about 1.9 g/10min (190 *GXd).

Another polymer polylactic acid (PLA)which is ©mmercially availabl and
specifically designed for extrusi grade, PLA Ingeo 2002Dwas purchased from
Natureworks LLG Milan, Italy. PLA 2002D has a density of 1.24 g/ and the melt index
is between 5 and 7 g/10min (210 °C/2.16 IThe Disomer content is about 4.0% in tl
PLA grade (Mw = 2.53 x P g/mol).

The fillers used in this wo are PCC particles with or without surface coatirg
mentioned in 2.1.1The otheitype of inorganic fillers used wetke halloysite natural tube
(HNT) supplied byimerysTiles Minerals Italia Reggio Emilia (REltaly. These halloysite
nanotubes have diameter typically smaller than 100 , and alength typically ranging

from about 500 nm to ove-2 um. The HNT schematic structuresisown in Fig. 2.3

External siloxane (3i-0-3) surface

O Inner-surface (AHCH © Siatom

R
0 H.0 molecule {55 Inner {AOH
0 atom ® Alatom

(a) (b)
Figure 2.3From referenc[115] Schematic diagrams of (a) the crystalline structd

halloysite-(10 A), and (b) the structure of a halloysite naibe
2.2.2Preparation of polymer composites

The polymer nanmomposites studied in this wowere prepared by meextrusion
using theMiniLab 1l Haake Rheomex CTW 5 conical twstrew extruder (Therm
Scientific Haake GmbH, Karlsruhe, Germ). After extrusion, the molten materials we
transferred through a preheated cylinder to thekelddiniJet II mini injectionmolder
(Thermo Scientific Haake GmbH, Karlsruhe, Germawoypbtain ASTM D638 V dc-bone

tensile barand impact specime used for measurements and anal
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HDPE nanocomposite$iDPE pellets and PCC fillers were dried at 803G ivacuum
oven for four hours before the extrusion procesn Ppercent PCC particles (in volume)
with different surface coating amounts were adddd HDPE for mechanical mixing and
the HDPE sample code is specified in Table 2.2. @tteusion barrel was programmed to
be at a temperature of 190 °C and a screw sped&® apm with the cycle time of 30
seconds. The injection mold program was set: bha®0 °C, mold, 60 °C, injection
pressure: 800 bar and cycle time: 40 seconds. Tdgebdne bars for the tensile
measurement were prepared with the Mould bar tyd®53-2290 tensile bar) and the
dimension mould for the impact measurement is 8 1hm from the Mould Rechtech
(557-2296).

Table 2.2 Specification of HDPE/PCC composites

) Composition PCC nominal
Composites i
code (HDPE/PCCQC) PCC code coating
Volume % (wt%)
PEOO 100/0 0
PEO1 90/10 PCC1 0
PEO2 90/10 PCC2 3.0
PEO3 90/10 PCC3 4.5
PEO4 90/10 PCC4 6.0
PEO5 90/10 PCC5 7.5
PEO6 90/10 PCC6 9.0
PEOQ7 90/10 PCC7 10.5
PEO8 90/10 PCC8 12.0
PEO9 90/10 PCC9 13.5
PES1 90/10 S2 2.75
PES2 90/10 ML1 4.5
PEML 90/10 ML2 15

PLA nanocomposite?LA/PCC binary composites (with PCC9) were pregawith
increasing filler content from 5 wt% to 25 wt%. PIEINT composites were prepared with
the nanotubes loading from 2 wt% to 10 wt%. The positions and codes of all the PLA
nanocomposites with both PCC and HNT are shownahldl 2.3. Before the extrusion
process, both the PLA pellets and nanofillers wired in a vacuum oven at 80 °C for 4
hours. The temperature of the extruder barrel ajettion chamber for PLA specimens
were set to be 180 °C. The injection mould hadnaperature of 50 °C and the injection
time cycle was set to be 30 seconds under a higéspre of 700 bar. After molding, the
specimens were placed in nylon bags with vacuurmggi@ prevent moisture absorption.
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Table 2.3 Specification of PLA binary and ternaoynposites

Composition Wwt%)
PLA composite code PLA HNT PCC9

Pure PLA 100 0 0
PLA/PCCO05 95 0 5
PLA/PCC10 90 0 10
PLA/PCC15 85 0 15
PLA/PCC20 80 0 20
PLA/PCC25 75 0 25
PLA/HNTO02 98 2 0
PLA/HNTO5 95 5 0
PLA/HNTO8 92 8 0
PLA/HNT10 90 10 0
PHC1 90 5 5
PHC2 85 5 10
PHC3 80 5 15
PHC4 75 5 20
PHC5 70 5 25

HDPE nanocomposites with PCC particles coated wiifferent fatty acidsin this
work, a series of fatty acids with different chéngths were chosen as the surface coating
agents for PCC patrticles in order to discuss tlHeence of surface coating thickness on the
mechanical properties. The surface coating prosasscarried out in acetone as a solvent at
80 °C for 4 hours to allow enough time to ensuf@laeaction, as mentioned in 2.1.7. After
drying at 80 °C in a vacuum oven for 8 hours, tli&CPparticles were mixed with HDPE
before melt extrusion following the same conditioles HDPE composites with the
HAAKE MiniLab. The tensile and impact specimens evgrepared with the HAAKE

MiniJet injection moulding machine.
2.2.3 Mechanical measurements

Tensile testsThe dog-bone tensile bars of HDPE and its compositere molded by
HAAKE MiniJet with the Mold form HAAKE Mold tensildar type 3 (557-2290). Tensile
tests were carried out with an Instron 14302 usiaietesting machine (Canton MA, USA),
equipped with a 10 kN load cell and interfaced vathomputer running the Testworks 4.0
software (MTS Systems Corporation, Eden Prairie MSA). Tensile tests were performed
at room temperature following the ASTM D638 proaedwat a crosshead speed of
10 mm/min. At least five samples of each materiatenvtested at room temperature. The

PLA nanocomposites were tested following the sarequlure.
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Charpy impact To evaluate the impact strength of the polymenocamposites,
impact tests were carried out according to ASTM ®2Gsing a CEAST (Torino, 1)
pendulum with a striking speed of 3.5 m/s. A minimof three specimens was tested, and

the average energy was calculated for each pgootted.
2.2.4 Thermal behavior

The thermal behavior of polymer nanocomposites vgasdied by the DSC
measurement with the TA Q200 instrument.

Isothermal crystallization analysighe crystallization behaviour of PLA composites
was investigated with nitrogen as a purge gas. i$otermal program was carried out
firstly from 20 °C to 190 °C at a heating rate 3riith. The sample was kept at 190 °C for 5
minutes to remove any thermal history before isotia¢ measurement at 120 °C as the
crystallization temperature in this work. The temapere was maintained at 120 °C until
crystallization was completed. The Avrami equaticas used for the kinetic crystallization
study.

Non-isothermal analysisAll the injection molded samples 6fLA composites were
investigated by DSC from room temperature to 190 TRe glass transition temperature
(Tg), cold crystallization temperature £, melting temperature () of different PLA
composites were recorded together with the entbsipi cold crystallization and fusion.

2.2.5 Dynamic mechanical thermal analysis (DMTA)

DMTA measurement was applied to pure PLA and PLAnposites prepared with
PCC or HNT fillers by means of a Gabo Eplék@O0N (Gabo Qualimeter GmbH, Ahlden,
Germany). Test bars were cut from the tensile pacismens (size: 20 x 5 x 1.5 mm) and
mounted in tensile geometry. The dynamic storagk lass modulus of the investigated
samples are recorded with a constant frequency.Gff Hz as a function of temperature
from -100 °C to 150 °C at a heating rate of 2 °@/niihe tension mode is chosen for all the

polymer nanocomposites.
2.2.6 Scanning electron microscopy (SEM)

HDPE/PCC composite§.he morphology of HDPE/PCC composites was studied b
Jeol JSM-5600LV scanning electron microscope (l¢d) Tokyo, Japan). The fracture
surface of samples after impact testing was andl§aethe deformation mechanism study.
PLA compositesThe fracture surface of the tensile specimensimasstigated by the SEM
with the Jeol ISM-5600LV instrument. Prior to SEMadysis, all surfaces were sputtered
with a thin layer of gold.

35



Chapter 3 Surface characterization of coated PCC

Chapter 3 Surface characterization of coated PCC pé#cles with stearin

in water medium

3.1 Introduction

As mentioned before, precipitated calcium carbo@R@C) particles are more widely
used as functional fillers in polymers becausehaf low cost of the nanofillers and the
improvement of both stiffness and toughness [6116, 117]. Many researchers have
discussed PCC filled toughening of polyolefin plast which strongly depends on many
factors, such as particle size [118], critical iptaticle distance [3], interfacial adhesion
between fillers and matrix [84, 119] and the criysta structure of the matrix [120T.he
most accepted filler toughening mechanism is therggnadsorption mechanism based on
the extensive plastic deformation of the polymeitrinaafter the debonding between the
polymer matrix and the filler, which is followed hige formation of polymer fibrils from
the matrix ligaments around the microvoids. Theeeta/o element factors that are strongly
affected on the debonding, which is the procedssehables the attainment of a high level of
plastic deformation. The first one is to have atahle interface adhesion between
nanoparticles and the polymer matrix, while theosélcone is to achieve a homogeneous
dispersion of nanoparticles in the polymer. As tienoparticles quite easily tend to
aggregate with each other due to the high surfaeggg, then it is necessary that some kind
of surface coating be applied to the PCC nanopestic

Fatty acids, usually stearic acid [121], are thestmmommon surfactants for PCC
particles due to their high availability and lowstondustrially, PCC particles are produced
by the carbonation reaction between calcium hydi®xnd carbon dioxide. Then, in order
to decrease the high surface energy of these higiiparticles, the surface modification
is directly carried out with stearic acid saltsagueous PCC suspensions before the final
drying step. Nevertheless, only limited informatiloas been reported about the adsorption
processes during aqueous coating with stearic &ueéss [122] used Carbon 14 labeled
stearic acid and observed a Langmuir-type isotrsdrawing monolayer adsorption. He also
found that a much lower adsorption level could émched when the coating was carried out
in water rather than in a solvent. The reason hig tesult was not clear, and it was
postulated to be due to the adsorption of a hydregéécium bicarbonate complex.

In the literature, some papers have been publisimethe characterization of stearic
acid coated PCCs, but only in either dry conditibgsneans of a high speed internal mixer

or in a solution of a good solvent for stearic géat example toluene). However, there are
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different opinions in the scientific literature alddhe structure and properties of the organic
coating layer on the surface of fatty acid coataldiam carbonate. It is generally accepted
that the chemical reaction between stearic acid aalcium carbonate results in calcium
stearate (Cagton the surface during dry or solvent coating [1234]. Other researchers
[100] suggested that only one stearic acid moleetds attached to each Caation to
result in calcium stearate bicarbonate, Ca(HO@CG/Hss. Similarly, Feketeet al. [99]
suggested, on the basis of XPS technology, that @amé molecule of stearic acid reacted
with each C&, accompanied by hydrolytic degradation during risgction of stearic acid
with calcium carbonate. Packed vertical arrangemoénihe surfactant molecules indicated
that the dry coating process produced a similaratayer compared to the solvent process.

The optimum coating amount for PCC nanoparticleansther critical factor during
the application in the polymer nanocomposites withanced toughness performance. This
depends on the type of surface modification, thengbal reaction, and the arrangement of
the surfactant molecules on the surface. Osmarcaivdbrkers[46] found that an excessive
amount of stearic acid, in dry coating, led to ssing problems and inferior mechanical
properties, of the final composites, apart fronffretss. Surface coating of PCCs with
stearic acid effectively reduces the dispersive moment of surface tension from 45.1 to 18
mJ/nf [93], which results in a better dispersion of rigirticles and decreases the adhesion
between fillers and polymer matrix.

From the current literature it seems that two typéstearate salts can be possibly
present on the surface of calcium carbonate pestich stearate monolayer (CSM) and
calcium stearate, CaStdsorbed to the surface. The reaction leadirigedormation of the

chemisorbed monolayer may be schematized as fo[lbis:
> Ca- OH + HOOC-R —> Ca-00C-R + H,0 (3.1)

where> Ca denotes a surface calcium site, and R indicateshyfdrocarbon chain of the
stearate molecule.

The main purpose of this section is to discussntidecular structure of the organic
coating of calcium carbonate particles preparedguneous medium, which is definitely the
most used industrial process as mentioned in Ch&pte2. A series of experimental PCC
nanoparticles coated with stearic acid in aqueoeslimim as shown in Table 2.1 was
characterized. The surface characterization ofiste&id coated PCCs was carried out in

order to distinguish the chemically and physicaltisorbed surface organic structure present
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on the surface of the particles and the degreend&ce coating. The coating processed in
different mediums was also discussed regardinguhfactant adsorption mechanism.

3.2 Surface organic molecular structure

3.2.1FTIR

The organic group on the PCC surface after coatang be analyzed by the FTIR
measurements. According to the literature, the moggroup of COOis present in either
the calcium stearate or carbon stearate bicarb@satepossible organic group on the coated
PCC surface, while there is a record of the C=Qugrn the free acid that appeared when
the coating amount is in excess. Therefore, theRF$pectra of pure PCC, calcium
carbonate, and free acid were characterized fopeomg characteristic peaks as shown in
Fig. 3.1, and the main peaks in the spectra faretltifferent materials is shown in Table
3.1. In the FTIR peak of pure calcium carbonaterehs one peak of a GOcombination
peak at about 1795 ¢hand a large peak from about 1700 to 1250 ¢hat is attributed to
the stretching vibrations. The second large peakovarlay the effect of the surface organic
group of COQ Subsequently, the diffused reflectance infrassthhology (DRIFT) is used
for separating the organic groups when the spectiiupure calcium carbonate is chosen as

the background.

Table 3.1 IR wave number (Ehhfor stearic acid, calcium carbonate and calcitearmste [126]

Stearic acid Calcium carbonate Calcium stearate igAsgnt
2980 CQOzasym str
2960 CO;% asym str
2954 2958 CH; asym str
2916 2918 CH, asym str
2873 CO;% asym str
2870 CHj; sym str
2849 2850 CH, sym str
1795 CO;% combination band
1697 C=0 str
1575 C=0 str for COO
~1486
1471 CHjsscissors def
1464 CH, scissors def
1431 C-O str + OH def
1150-1350 CH, wagging & twisting
876 CO;? out of plane bend
713 CO;? degenerate bend

The subscriptsstr presents stretchingympresents symmetric argympresents antisymmetric.
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The DRIFT method was also used for the semi-quaivtly calculation of the organic
group in the coated PCC particles with differentminal coating amounts. The DRIFT
spectrum of coated PCC patrticles is compared toahthe PCC mechanical mixture with
pure calcium stearate and stearic acid as showAgin3.2. The spectrum of PCC6 is also
reported as an example in Fig 3.2. It is evideainfithis qualitative analysis that only the
COQ peak appeared on the spectra of PCCB6, indicataigthere is no free stearic acid on
the surface after the coating process, only itd¢ssaflowever, this technique cannot
distinguish between calcium stearate (Ga8hd a stearate monolayer (CSM) in Formula
3.1, and their analogues calcium palmitate (CgRmd chemisorbed palmitate monolayer
(CPM), as a consequence of the reaction of steatincalcium carbonate.

Calcium stearate COO at 1575 crt
&\o Pure PCC
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Figure 3.1 IR spectra of pure calcium carbonatsgrat acid and calcium stearate

Nonetheless, the evidence of the peak correspondittte COOgroup on the coated
PCC surface means that the stearate is presehiedAGC surface in either a chemisorbed
or physisorbed form. The adsorbed amount of CQOthe PCC surface was determined in
semi-quantitative calculation using a series of PRIspectra. As mentioned in
experimental part 2.1.3, the calibration curvedaganic COOgroup is obtained from the
characteristic peak at 1575 ¢nin the DRIFT spectra of pure PCC mixture with elifint
concentration calcium stearates following the Bemmbert Law. Then, the height of the
COOQO group on the coated PCC particles was chosenltolate the amount of adsorbed
coating agents. Fig. 3.3 shows the relationshipvéen the adsorbed coating agents and the
original amount present in the agueous solutions Elemi-quantitative analysis indicates

that there is a kind of linear correlation betwée® amount of coating agents adsorbed on
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the PCC surface and its concentration in the watdution. The adsorbed amount is
determined in terms of g acid/ kg PCC following tinelustrial match, and this unit is
equivalent to the 0.1 wt% unit that is used in tthissis as the main one. This linear
relationship between the adsorbed organic amouhtranfixed coating amount in the water
medium is very interesting, which is different frgrevious reports for solvent coating [99]
that note when once the monolayer coating is obthithe adsorbed coating amount does

not change further.
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Figure 3.2 DRIFT spectra of PCCB6, 3.5 %wt calcideasate mechanically mixed with pure PCC

and stearic acid when pure calcium carbonate waserhas the background
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Figure 3.3 DRIFT semi-quantitative analysis of atled stearate amount

versus the nominal amount of stearate during tlatirp process
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In fact, the FTIR analysis can only detect C@@ups, which can be present either in
the CaSt or in the CSM forms. The molecular structure oftomy agents needs to be
discovered using other methods. Moreover, the sarf@ating amount requires a more
precise determination besides the semi-quantit®Ré&T discussion. Therefore, the TGA
analysis was carried out to clarify the chemicalcure of the surfactant, which is the
relative proportions of the two salts on the swefat PCC particles coated in water medium.

3.2.2 TGA

TGA is a useful technology used to determine thgawic surface amount on the
surface of the PCC particles. All the TGA tracepudcipitated calcium carbonate samples
show two main decomposition stages in Fig 3.4. filseweight loss is attributed to be the
decomposition of surface organic coating agentd,the second one can be associated to
the decomposition of calcium carbonate. The amotintganic coating on the PCC surface
is recorded in Table 3.2, where it is clearly entdinat almost all of the surfactant added to
the solution is adsorbed on the PCC particleserfalhm of salts with the CO@roup.

As we mentioned in the FTIR section, the maximumal@yer amount is strongly
related to the cross sectional area of surfactaoliecnles. In the literature, the exact
determination of the surface area covered by ondéecule of the fatty acid at the
equilibrium has been carefully considered [127]m8aesearchers have indicated that this
parameter depends also on the morphology of tleucalcarbonate particles. For example,
the cross sectional area of one stearate molecals @alculated as 0.21 Anfor
rhombohedral {104} calcite planes and 0.31%nior scalenohedral {211} planes in non-
stoichiometric calcites [128]. Another influencirigctor on fatty acid adsorption on the
nanoparticles surface is reported to be the arrapge of the stearate molecules. Wright
and Pratt [129] suggested the value of 0.22-0.26 foma perpendicular orientation of
stearic acid on the calcite surface and about OrBfor a parallel orientation. If the cross
sectional area of stearate is assumed to be 0r#85nhich corresponds to the surface area
for one stearate molecule in a perpendicular cateart [99], for the mean surface areas of
PCCs used in this work (19%fy), the theoretical full monolayer coverage is whé.26
wt% for SA coating and 4.17 wt% for stearin coatiRgwever, during the coating process
in aqueous medium, the amount of adsorbed steacheases even beyond the theoretical
monolayer coverage, as shown in Table 3.2. In otloeds, the stearate formed on the PCC
surface must probably exist in a multilayer fornstead of a single monolayer form, with

the number of layers increasing as the adsorbezhargmount of stearin increases.
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Figure 3.4 TGA trace of all the coated PCC parsigleaqueous medium

Recently, some researchers [100, 101, 124] used {bGH{ferentiate the chemisorbed
and physisorbed molecular structure on the coat@@sP which were prepared in solvent
medium. Fig. 3.5 shows the DTG traces of the watetted PCCs prepared with stearin,
together with mechanical mixtures of uncoated P@@h 10 wt% stearic acid or 10 wt%
CaSt, respectively. All of the coated PCCs showed tlanes wide decomposition
temperature with that of the 10 wt% Ca8tixture with pure PCC, from about 240 °C to
400 °C. However, the decomposition peak of steacid, which is shown in Fig. 3.5 at
around 220 °C, was not observed for this serieR@Cs. This observation confirms the
DRIFT results that no stearic acid exists on theCPstirface when the surface coating

amount exceeds the nominal full monolayer coverage.

Table 3.2 Surface organic amount on the coated €f@ce by TGA technique

Sample code Nominal coating content%o) TGA Coating amountw(t%o)

PCC1 0
PCC2 3 3.16
PCC3 4.5 6.58
PCC4 6 6.54
PCC5 7.5 8.09
PCC6 9 8.89
PCC7 10.5 10.33
PCC8 12 11.54
PCC9 13.5 12.92

ML 15 15.28

SOCAL U1 0
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Another interesting result from the DTG curves iig.F3.5 is that the two peaks,
ranging between 240 °C and 400 °C, separate materame clearly upon increasing the
adsorbed amount of stearin. Those two peaks ireiteatt two different types of stearate
exist together on the coated PCC surface. The higamperature peak probably
corresponds to a much stronger interaction withstiréace, while the other may be related
to layers that are only physically adsorbed. Ineottdd identify these two different types of
stearate, the ML2 sample was also analyzed by DS & r@ference. The comparison of the
decomposition peak of the chemisorbed stearateeifL. sample with those found in PCC
particles enabled us to identify the peak corredpanto the decomposition of the
chemisorbed stearate. As it may be easily antieghdhe decomposition of the chemisorbed
CSM occurs at a higher temperature with respethdb of the physisorbed CaSiecause

the chemisorbed monolayer is chemically reacted \lie free active sites of calcium

carbonate nanoparticles.
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Figure 3.5 DTG traces of the coated PCCs, ML sapgoimpared to those of
PCC mechanical mixtures with 10 wt% stearic acid @alcium stearate (Capt
Moreover, the decomposition peak at lower tempegagiattributed to the presence of
salts on the coating layer and may be explainectdnsidering that during the surface
treatment process with the stearin soap, calcigarate and palmitate precipitate from the
solution as the result of the salt exchange readi@ween dissociated Nand C4" ions in

the water suspension due to the low solubility aS€and CaPmin water [125].

Na*(aq.) + CH3-(CH,),,-COO™ (aq.) +Ca2+(aq.)—»Ca(CH3—(CHZ)n—COO)Zi (s)ytNa*(aq.) (3.2)
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wheren is 16 for stearic acid and 14 for palmitic acidlléwing the precipitation of each
molecule of salt, new Ghions are dissolved from the surface of PCC pasitterestore
the equilibrium, and the process continues untibfithe sodium soap is transformed into
the calcium stearate. In conclusion, the PCC pasticoated with stearate in water medium
resulted in two different types of layers: one cilsmbed monolayer with a strong bond
directly on the PCC surface, and a stearate phypsdomultilayer with a relative lower
decomposition peak. The organic structure on th€ RQrface after the water coating
process is compared to dry or solvent coating, eloaty a monolayer and excess free acid

molecules are reported to be present.
3.3 Surface coating composition

3.3.1 DSC measurements

The determination of the surface coating amourR©C fillers is a critical factor for
their application in the field of polymer compositeBased on the TGA measurements,
calcium alkanoate species formed on the surfackefPCC surface during coating with
stearin soap from aqueous solution when prepaced ¥ater precipitation. It is known that
calcium stearate (Ca$tforms a stoichiometric hydrate, calcium stearatenohydrate
(CaSgH,0 or CSH), which shows a complex calorimetric bébvapd 06, 130]. A sample of
calcium stearate monohydrate was prepared in dordsory for comparison according to a
procedure reported in the literature [131, 132]e DSC trace recorded during the heating
of this compound is shown in Fig. 3.6. A dehydnatmeak of monohydrate (115 °C) and
three other peaks corresponding to the transittomfthe crystalline C2 to the smectic
phase (orthorhombic C-face centered lattice) (189, from the orthorhombic to the
pseudo-lamellar liquid crystal phase (160 °C, shgmoticeable), and from the pseudo-
lamellar to the hexagonal columnar liquid phase2(1€) appear in the DSC trace of
calcium stearate monohydrate, that is very simdahose reported in the literature [133].

The DSC thermal transition behavior of the coat&@CRoarticles is discussed with
different measurement conditions as shown in 2.M6reover, it is quite important to
clarify if there is any possible sodium stearasogihysisorbed on the coated PCC surface,
because the industrial water coating method isga®ed by adding a water solution of
sodium stearate into the suspension of precipiteééclum carbonate. The DSC method is
useful to specify the different thermal behaviofsa@cium stearate and sodium stearate in
the appearance of different thermal transition pesd<shown in Fig. 3.7 together with that

of pure stearic acid and calcium palmitate. Ihiglent that the sodium stearate has different
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thermal transition characteristic peaks with thécioen stearate, more specifically, the

smectic-to-isotropic phase transition at about 280-°C [134]. This DSC curve rules out

the possibility that the physically adsorbed stwaia, at least in part, sodium stearate
instead of calcium stearate. Meanwhile, the podsilaif there being any free fatty acid also

can be confirmed by the DSC curves comparison gn Fi7, which matches well with the

FTIR and TGA results.
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Figure 3.6 DSC trace of calcium stearaonohydrate
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Figure 3.7 DSC traces of calcium stearate, sodiearate, stearic acid, calcium palmitate and

calcium salt of stearin measured in the perforptad
DSC traces were recorded for all PCC samples witbrdnt surface coatings in three
different conditions, their traces being shown ig.B.8. A sample with a full monolayer
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coating (ML2) prepared by dry-coating is also shasna reference and was tested in the
second measurement condition as shown in Fig. 3.8 As only chemically adsorbed
alkanoates are present, no specific peaks appe#s @SC trace because of the strong
interaction of the stearate ions with the PCC serfal’he only process observed during
heating for ML2 is the evaporation of free wates@tbed on the surface during storage.
The conclusion that both chemisorbed and physisbdbeanoates exist on the surface of
PCC coated in aqueous solution is further suppdotedhe fact that endothermic peaks
related to the transition of physisorbed calciueastte can be detected in the DSC traces of
all of the PCCs studied. However, the peak of tiystalline C2-to-smectic phase transition
appears at about 120 °C, that is almost 10 °C Idh@n the corresponding peak of neat
calcium stearate monohydrate in Fig. 3.6. This Iltesan be explained by the eutectic
melting of the calcium salts formed from the stearsed in our case which is a mixture of
palmitic and stearic acid [135] or by the formatmfrmixed crystals of calcium stearate and
palmitate[136]. The DSC curves of calcium stearatd¢cium palmitate and calcium salt
from stearin are also compared in Fig. 3.7 to eérplae eutectic effect. All of the calcium
soaps were prepared in the laboratory and measutee perforated hermetic pan. In fact,
the main thermal transition peak of the calciunt ehbktearin (Pristerene 4937), which was
used for the PCC surface coating agents duringstnidli water production, is about 10 °C
lower than that of the pure calcium stearate. Tknnpeak of calcium palmitate is even
lower and in Fig. 3.7 only one unsymmetrical pealavailable. This can be explained by
the fact that the closed dehydration peak of modcdtg and the main thermal transition
peak could not be separated clearly and overlap ether.
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Figure 3.8 (to be continued)
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Figure 3.8 DSC traces of water-coated PCCs inmiffemeasurement conditions:

(a) standard pan; (b) perforated pan; (c) perfdrapn with preconditioning at 60 °C for 3 hours

The influence of water adsorbed on the surface@E Particles was also studied by
DSC different testing conditions as described meRkperimental part. It is apparent in Fig.
3.8 that different conditions result in differenSD traces. The peak associated with the
evaporation of water adsorbed on the surface of R@es with the main transition of the
calcium soap of stearin (crystalline C2-to-smedicjhe crimped pan, and only one large
asymmetric peak (a peak with a big shoulder) agpearthe DSC trace in Fig. 3.8 (a).
However, the hermetic-type pan perforated with ples allows for a more controlled

volatilization of moisture from the surface, whigsults in two separate peaks in Fig. 3.8 (b)
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corresponding to the elimination of free water aodhe crystalline C2-to-smectic phase
transition, respectively. The preconditioning oé ttample at 60 °C for three hours in an
open pan, under the continuous flow of nitrogem eHiciently eliminate water from the
surface, and only one main melting peak appearBign 3.8 (c). This shows that the
evaporation process is related to physically ad=sbrvater present on the surface of PCC
particles and not crystallization water as in G&%0. It is known, for example, that
anhydrous calcium stearate adsorbs about 0.3% umeistpon exposure to air at room
temperature. Moreover, it does not recrystallizéhohydrate form even when suspended in
water for many hours [137].

The amount of chemisorbed stearin alkanoates casaloalated from the correlation
between peak enthalpy and the amount of stearith issecoating determined by the TGA
tests. The enthalpy of the two processes occudurmg heating, i.e. volatilization of free
water and crystalline-to-smectic transition, wasedained from the DSC traces and is
plotted against the adsorbed amount of stearin d@igedoating in Fig. 3.9. The two
processes appear simultaneously in the closed white volatilization of free water is
absent after preconditioning. Both transition pealgpear, and their enthalpy can be
determined in the perforated pan. The enthalpyazhepeak increases linearly with the
amount of stearin used, indicating that the amoointboth the free water and the
physisorbed stearin alkanoates are proportiondigdotal organic content of the surface, as
shown in Fig. 3.9. In other words, the amount ofrafsorbed stearate is constant on the
surface of PCC and corresponds to the intercept thigx-axis. The four lines in Fig. 3.9
have almost the same intercept with axis that ranges from 3.01 to 3.29 wt% with a
slight variation probably due to experimental ervds the surface coating layers separate
into an inner chemisorbed monolayer and outer gbylsed multilayer, we can estimate the
amount of chemisorbed monolayer from the peak asdigo the crystalline C2-to-smectic
phase transition or from the volatilization of fr@ater peak. The DSC data show that this
physically adsorbed water on PCC particles is pridgaal to their organic content, so it
seems related to the physisorbed calcium soapeafistand not to the fraction of the
surface of calcium carbonate that remains uncaiiedg the water treatment.

The analysis of the results obtained in the petéorgpan both with and without
preconditioning yielded a maximum coating levelatfout 3.0 wt% for the chemisorbed
monolayer. The degree of coverage with the chelmégbmonolayer is one of the most
important questions, since it has been reportet ttiea best mechanical performance of

polymer nanocomposites was achieved at full momolayverage [89]. The theoretical
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monolayer coverage of PCC with stearic acid has lbecussed extensively in the work of
Ukrainczyk et al [128]. As already mentionedhe theoretical maximum monolayer

coverage is about 4.17 wt% for the average sudee of PCC used in this work (19/g).

In comparing this number to the amount of chemisddayer of about 3.0 wt% determined

by DSC, the maximum fractional surface coveragesismated to be about 0.72 for this
series of water-coated products. In other word%p 02 the total calcium carbonate surface
is covered by a chemisorbed monolayer, and therotbmaining stearate/palmitate

molecules form physisorbed layers on the monoldyenn the slopes of the fitting lines in

Fig. 3.9, we can estimate the melting and dehyaiagnthalpies for the physisorbed CaSt2
layer in 55 J/g and 109 J/g, respectively. For mmgarison with literature data, a value of
75.9 J/g was reported by Vold et al. for the mgl@mthalpy of anhydrous calcium stearate,
although with a different calorimetric techniqu@&Tl.

The incomplete chemisorbed monolayer on the PCfasaiby water coating is totally
different from that of the solvent or dry coatin@tmod. The presence of free active sites on
the PCC surface are strongly related to the watdated particles, which had an important
effect on the interfacial adhesion when appliedpotymer nanocomposites. In order to
confirm the presence of free sites on the PCC seirfine possible reaction between coated

PCC and the free stearic acid is investigated mgube dissolution method.
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3.3.2 Dissolution method

3.3.2.1 GC internal standard method

In order to determine the concentration of steacga in solvent, the GC internal
standard method was carried out to first deterrthieecalibration curve of stearic acid, with
lauric acid chosen as the internal standard. Theexdration of lauric acid was fixed to 0.5
mg/ml in acetone, while the concentration of steadid varied from 0.5 to 2.5 mg/ml. The
relationship between the GC peak area ratio betwsésgric acid and lauric acid and the
concentration ratio between stearic acid and laagoid is plotted in Fig. 3.10. A straight line
with a slope of 0.9442 gives an excellent fit tlgbuthe data and is used for the

determination of stearic acid concentration in @eetduring the coating process.
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Figure 3.10 Calibration curve of stearic acid cariion in acetone by the GC internal standarchoubt

3.3.2.2 PCC Solvent coating process

The solvent coating process of pure calcium cart@oparticles was studied by using
the dissolution method, which can record the amafirstearic acid adsorbed on the PCC
surface. The initial and final quantity of steaaimid in acetone solution is determined by the
GC internal method according to the calibratioelin

The pure SOCAL Ul PCC particles were coated witt@te solutions of pure stearic
acid with concentrations ranging from 1 to 10 wfPhe adsorbed amount of stearic acid
bonded on the surface of the SOCAL U1 first incesalinearly until it reaches a constant
plateau value as shown in Fig. 3.11. This can Ipdaeed as follows: when the amount of
stearic acid is small, almost all of the steariicl awolecules have the possibility of reacting
with the active sites on the surface of the PCQiglas. Then, when the quantity of stearic
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acid further increases above the theoretical fudnatayer content as defined above, no
more free space is available on the PCC surfacead with the extra amount of stearic
acid. For the uncoated PCC SOCAL particles usetthi;mwork, the maximum amount of
chemically-bonded SA thus results in 4.22 wt%, \whioatches very close (within the
experimental limitations due to the GC techniquedyawith the theoretical full monolayer
content, estimated as 4.26 wt% for pure stearid. &r calcium carbonate, as reported in
the scientific literature [138], the surface is iptiwsly charged and will easily attract
negatively charged molecules like the anionic farirthe fatty acid. The dissolution curve
for the solvent coating process of pure calciunbeaate particles shown in Fig. 3.11 agrees
well with the consideration [99] that a densely kmt arrangement of the surfactant
molecules can be produced through ionic bondind¢chvis chemisorbed on the surface of
calcite and cannot be washed by normal solventattf acids, like heptanes, toluene and
acetone. A further chemical reaction between calctarbonate and stearic acid in the
solvent is unfeasible because of the presencefoll anonolayer on the PCC surface. In
principle, stearic acid molecules could also phaisycadsorb to the chemically bonded layer
(CSM). To test this possibility, an additional G@asurement has been carried out on the
solution obtained after washing the 10 wt% coat@€€ Rvith acetone for four hours. No
stearic acid peak appeared on the GC spectra egport Fig. 3.12. This result can be
explained by the high solubility of stearic acidacetone. However, it will be possible for
particles treated by the dry coating process tavskame free acid molecules in tail-to-tail
with the internal chemisorbed monolayer as it heentreported in the literature [99, 139].
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The solvent coating of PCC patrticles with pure iteacid follows the Langmuir type
isotherm and may be fitted with the following eqaat

r cK

6 = =
Lnax 1+cK

(3.3)

where isf the surface fractional coverage, which in this gtiscthe ratio between, that is,
the number of CA cations that have reacted with the stearate ind$ ., i.e. the total of
all the potentially available Gasites on the surface;is the concentration of absorbate in
the solution (in our case it is the concentratibstearate ions in the medium); akids the
Langmuir adsorption constant for the equilibriuntween the adsorption and desorption
processes. Similar Langmuir isotherm results ferabsorption of stearic acid on calcite in
water were reported by Suess [128]ditionally, we used the following rearrangemeht o

the Langmuir equation for the linear fitting of tissolution data:

1 c
= + (3.4)
KFmax Fmax

=l e

A plot of (c/I') versus £) yields a slope as/I'max and an intercept ay/(K@;,,qx),
which is shown in Fig. 3.11(b). It is clear fromstligure that the data cannot be fitted with
a single regression line, but there are two distiegions where the data points can be fitted
with two lines: one with a lower slope at low contration, and another one with a higher
slope at high concentration. Ontko and AngelicigiLl4lso found that there were two

different Langmuir adsorption regimes for the ch&rption of the alkyl isocyanides on Au
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powder due to the different adsorbed binding meishas in different ranges of surface

coverage.

3.3.2.3 Recoating process for PCC with incomplete monolayer

The re-coating experiment for already water co®€Cs indicates that the quantity of
stearic acid necessary for a full monolayer coath§CC1 is about 4.22 wt% as shown in
Fig. 3.13. This value is consistent with the maximtheoretic monolayer amount and also
similar to the experimental value for the pure itaft carbonate particles. However, the
adsorbed quantity of stearic acid for all of theavaoated PCC nanoparticles is almost a
constant value of about 1.18 wt%, except that P@&Pa much larger value of 2 wt%. The
difference between those two values gives the atrmaleady covered by stearin during the
water coating process, which is about 3.04 wt%.id\ghe free space on the already water
coated PCC surface is confirmed to be present arfieta constant value for all of the
coated PCC particles with the only exception of RCthe amount of the CSM layer from
the DSC technique and dissolution method is sldjfferent because of the experiment

inaccuracies.

Readsorbed stearic acid amount
on the PCCs (wt%)

0 T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
TGA result of already adsorbed stearin amount (Wt%)

Figure 3.13 Reabsorbed amount of stearic acid @cadhted PCC2 to PCC9 in acetone

During the GC measurement for the already watetecbRCC particles, as shown in
Fig. 3.12 (a), a peak corresponding to palmitic @ppears in the GC spectrum. This can be
explained by considering that, for the water cod®@iCs we used stearin, which is, a
mixture of stearic acid and palmitic acid. Afterut@lization with sodium hydroxide and
the reaction with calcium carbonate, the correspunctalcium stearate and calcium
palmitate form as a physically adsorbed layer anRICC particles. Since an equilibrium
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exists in a solution between salts and a pure aaid the solubility of the two acids (stearic
and palmitic) is similar, the occurrence of a pé&akpalmitic acid can be easily explained.
Thus, for the water coated PCCs, pure stearic acidonsumed during two separate
reactions, i.e. a part is used for the surfaceti@aaevith the Ca sites remaining unreacted
after the water coating process, and the otheripdor the salt exchange reaction between
stearic acid and the calcium palmitate that is ajly bonded to the PCC surface. In order
to evaluate the amount of stearic acid consumethenfirst reaction, we need to also
estimate the amount consumed in the second readtiothis way, the exact amount of
stearic acid needed for the reaction with the €eesites still available on the PCC surface,
in order to reach the full monolayer conditiongigen by the difference between the total
amount of stearic acid consumed in the dissolugiqreriment and the quantity used for the
salt exchange reaction. The calibration curve @mitic acid is determined in acetone with

lauric acid as an internal standard material.

3.4 Adsorption process of stearate on the PCC surda

Based on the qualitative and quantitative analgiSTIR, TGA and DSC techniques
on the calcium carbonate particles coated withristesn aqueous medium and the
dissolution results on the solvent coating proctss adsorption process of self-assembled
stearate molecules on calcium carbonate surface different solution is discussed in the
following section.

According to the data in experimental section 2.dohcerning the preparation of
sodium stearate, the sodium stearate concentriativater is 399 mM (10.8 wt%) at 80° C
as the preparation temperature. According to thaffiKisolubility boundary for sodium
stearate, the Krafft temperature for this conceioinas about 73 °Gand the critical micelle
concentration (CMC) is reported to be 85%1@nole fraction) or 4.7 mM at 95 °C[141].
Thus, in this work, the sodium stearate in watemli®ve the Krafft boundary, and a
homogeneous micelle phase exists like in Scheme(é8.1The aggregation number of
molecules is calculated to be 106 according tca@ solubility model [141].

After the addition of sodium stearate aqueous swiuinto the PCC suspension,
micelle adsorption in Scheme 3.1 (b) is supposeldetdthe dominating mechanism in the
surface coating for calcium carbonate in aqueoudiuma Amphiphilic molecules used as
surface coating agents like sodium stearate arevkrio form ordered molecular structures.
In hydrophilic polar solvents, surfactants like atain stearate adsorb on the surface of
calcium carbonate in two steps. The surfactant cutds first absorb to form a layer with
the hydrophilic head group bonded to the surfac@di up with one another with the tails
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perpendicular to the surface. Then on the top isfftrst layer, other stearate molecules can
absorb in tail-to-tail arrangement to form a henelie or bilayer structure [139]. This is
the basic framework when the sodium stearate reicgllution is added into the suspension
of the precipitated calcium carbonate. In the waieating process, a large number of
stearate micelles are present in the system angegpensible for the formation of both the
CSM layer and Cagtayers. The micelles will deform during the adsmnp process on the
high positively charged sites of the PCC surfaddaut opening up. In fact, one half of the
stearate molecules in a single micelle will be cisenbed to the surface; the rest will be
physically adsorbed with a weak interface link itag-to-tail arrangement [100], as shown
in Scheme 3.1(c). When other micelles approachPt®€ surface already covered by a first
stratum of micelles, they can only connect to theaaly deposited layer. As mentioned
above, a salt exchange reaction between sodiumaithghe calcium ions, dissolved in the
water suspension of PCCs, leads to the precipitationicelles of calcium stearate (CgSt
The process can continue until exhaustion of allthed micelles present in the water
medium. It is apparent from Scheme 3.1 (c) thas tt@sults in the formation of a
chemisorbed monolayer and one or more layers o$ipaly adsorbed Cagtcontrolled
only by the van de Waals attractiohhe deposition of Cagphysically adsorbed on the
monolayer surface resembles a sort of epitaxiawtirp nevertheless, the monolayer
provides a surface that acts as a nucleus for teigitation of calcium stearate
monohydrate. CagH,0 is reported to exist in several crystalline forimsth in the form of
disks and lamellas, so the proposed deposition amstm allows for the continued increase
of precipitated stearate molecules on the PCC seida the original concentration of stearin
increases.

Based on the proposed micelle adsorption mechafosrthe water coating process,
commercially-available, water-coated PCC partiglék a stearin content of about 3% such
as PCC2 may show a much lower degree of surfacerage. In fact, the aforementioned
maximum monolayer coating roughly corresponds V&% stearin for the particle size
considered in this work. Because of the micellecipitation mechanism, in the case of
PCC2, only one half of the stearin (correspondiagah organic content of 1.5% with
respect to the PCC particles) will be associatedth® lower, disk-shape monolayer
chemisorbed on the PCC surface, and the rest wilfdund in the upper, physically
adsorbed, disk-layer. This corresponds to a degi@everage of about 36%, much below
the achievable maximum, which can be obtained ablye stearin contents above 6 wt%

(from PCC4 outwards). This proposed micelle adsmnptonfirmed our dissolution result
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of recoating process for the already coated PC@cjem, which determined that the free
sites on the PCC2 surface are much larger thaotties nanoparticles from PCC3 to PCC9
as shown in Fig. 3.13. It should be noted that higa level of coating, i.e. higher than 6
wt%, the surface will be covered by an array ofkdibaped lamellar micelles, each of
which are formed by a chemisorbed lower disk andigper disk-layer that is physically
adsorbed in a tail-to-tail arrangement with thersiserbed monolayer.

Another important consequence is that the chemesb@SM layer on the PCC surface
is quite different from the deposited Ca$t terms of physical properties, such as, for
example, the crystalline-to-smectic transition tenagpure. The physically adsorbed GaSt
shows this transition at around 120 °C, while themisorbed CSM layer does not show
this transition at all. In fact, the DSC measuretrash shown in Fig. 3.8 also showed no
other peaks associated with the chemisorbed moagléyt only peaks similar to those
previously reported in the literature for both thehydration and melting peaks of Catbt
the form of a monohydrate (Ca%#,0) [106, 136]. One of the most relevant differenises
the decomposition peak of the chemisorbed partchvis higher than that measured for the
physisorbed one as shown in Fig. 3.5. This canxiptamed considering that the chemical
bonding for the chemisorbed CSM layer is due tacidarces, while only weak Van der
Waals forces are probably present between the G8Mhe physisorbed CaSayer.

The different adsorption processes of fatty acidstlee PCC surface by water and
solvent coating can be explained by the Langmuiraggn. A similar work by Chen and
Frank [139] used the Langmuir equation to discuss @adsorption process of stearate
molecules on amorphous silica surfaces from a heoatke solvent. For the adsorption of
the stearate molecules from aqueous medium onG@i@&drface in Scheme 3.1, the micelle
mechanism leads to a bilayer formation, so the harngequation can only be applied to
the first CSM layer. The above Equation (3.3) désas the relationship between the surface
fractional coverage and the concentration of alesdrkand the equilibrium constant of the
adsorption and desorption reaction. From the Langnadsorption equation, the
concentration of stearate ions in different medit e the dominating parameter, which
determines the coating coverage of the surfaceGff Particles bonded with the stearate
ions. It is clear that if th& - ¢ productis too small, the surface fractional coverage bl
smaller than 1, which is the situation of an incéetgp monolayer. In the aqueous coating,
since the stearate has only a partial solubilitywater [142], the concentration of the
stearate is limited to a constant value becausleeomicelle formation corresponding to the

CMC at the coating temperature. This lower valubdates that a full monolayer cannot be
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achieved, as confirmed by the TGA and DSC resuitg show that the chemisorbed
fractional coverage is kept constant at a valugboiut 72%.

However, if the adsorption of stearic acid on PQCurss in a good solvent for the acid,
for example, in acetone as in the present worksthebility of stearic acid is much larger
than in water, and can be estimated to about 30:6hole fraction), or 3.5 M at 50° C
[143], so a full monolayer can be achieved. In,fag the concentration of stearic acid
increases, the surface fractional coverage incseaisil close to 1 as shown in Fig. 3.11. It
will be interesting to investigate different adsawp mechanisms by changing the medium,
for example, the use of water and acetone as el This will be left to some future
work.

The adsorption of stearic acid on the PCC surfacacetone follows the Langmuir
isotherm, although two different regimes have beleserved as described above. In fact, at
low and high concentrations, data can be fittechvinto separated regression lines with
different slopes and, as a consequence, differegbrption constants and maximum
adsorption amounts. In particular, from the highaantration region of the Langmuir plot
shown in Fig. 3.11, the maximum adsorption amodtist@aric acid max0n the PCC surface
by the Langmuir isothermal equation is calculatete 4.46 wt%, which matches well with
the theoretical full monolayer coverage estimateava for SOCAL Ul. In the literature we
found other examples of systems showing differe@isiogotion regions in Langmuir plots,
where two fitting lines with different slopes hawmeen observed for heterogeneous
absorbents [144In analogy to that found in these papers, we sugbasthe two different
adsorption regimes can be explained with the devarsangements of the long hydrocarbon
chains of the stearate ions on the surface of P&tcjes at low and high concentrations. In
fact, at low concentrations of absorbent, the lohgins are probably arranged randomly on
the surface while at high concentration, the areament is predominantly vertical to the
surface of the PCC particles.

In fact, the degree of surface fractional coveragié also depend on the level of
deformation of the initially spherical micelles,der the action of the chemical attraction
forces between the calcium cations and the hydlioghead group of stearate ions. During
the bonding between micelles with the PCC surfdee different micelle shapes (flat-disks
or hexagonal shape) will influence the surfacetioa@al coverage. A simple geometrical
consideration in Scheme 3.2 allows us to prediat gartially covered flat surface can be
covered by disks of the same diameter, and thipgs®d micelle deformation model

explains why the calcium carbonate surface can balgartially covered with stearate from

58



Chapter 3 Surface characterization of coated PCC

agueous medium. Assuming a cubic arrangement offlthedisks on the surface, the
maximum surface fractional coverage that can behezhwith disks of the same diameter is
0.78, while for a hexagonal arrayyaxis 0.91.
A simple equation can be derived as the followfnga cubic array in Scheme 3.2 (a):
o nD? -
4.(2x+D)*~
where@ is the surface coveragB,is the diameter of micelles, ands the distance between

0.79 (3.5)

two micelles because of their deformation. For aagenal array the model shown in
Scheme 3.2 (b) gives:
o= o1
24/3-(2x + D)2~
Based on the fact the calcium soaps can crystatlizeibic arrays of flat disks [145],

(3.6)

we believe that this arrangement is more likelyotour than the hexagonal. In any case,
because of the curvature among micelles and thé’& surface (see the yellow part in
Scheme 3.1 (b)), the surface coverage will be Iaan 0.79 for the cubic array (and lower
than 0.91 for the hexagonal array). This model ragainfirms the DSC result for the
chemisorbed amount of stearate and the fact thtrizally covered PCC surface results
from the water coating process.

PCC surface! Stearate micelles

(@ (b)

Scheme 3.2 Surface fractional model for micelleogaton if the arrangement of micelle on the PC@axe

(a) in cubic array (b) in hexagonal array

After the water coating process, PCC nanopartieles covered with two types of
stearate layers. The most interesting incompletaatager and the physisorbed multilayer

outside would strongly affect the surface free gpewhich is the dominating and critical
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factor regarding the coating result. The physisontecium stearate multilayer produced by
the water coating process is totally different freime pure calcium stearate added to the
inorganic rigid fillers by mechanical mixing. Thiest case can achieve a uniform mask on

each PCC particle, while the latter results inradcan mechanical mixture.

3.5 Conclusion

The industrial process of water coating PCC nanmbes with stearin was
investigated based on different surface charactéoiz techniques. In water medium,
micelle adsorption is the dominating process feasdte molecules on the PCC surface. The
multilayer produced can be separated into two @iffetypes of stearate. One is chemically
reacted with the free sites on the PCC surfaceohlyt partially covering its surface. The
other one is the precipitated calcium stearatertaykie to the salt exchange reaction
between calcium ions and the sodium stearate intisnl Because of the different
chemical-physical properties of the two stearatgers the thermal transition and the
decomposition peaks are very different. The conspariof the water coating and solvent
coating process demonstrated that the solubilityt@drate in the medium was an important
parameter to determine the surface coating reblaét.chemisorbed monolayer in both cases
follows the Langmuir isothermal adsorption proceshe structure of the physisorbed
stearate multilayer is strongly related to the icmafrocess, which is effected by the
molecular arrangement. However, calcium carboxglgieesent a complicated, thermal
transition behavior and polymorphism strongly rethto the thermal treatment. Therefore,
the PCC samples coated with a stearate multilageerfuather investigated regarding the
molecule arrangement at different thermal condgjomolecular orientation, and surface

free energy change in the next chapter.
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Chapter 4 Surface coating molecular arrangement angurface free

energy determination

4.1 Introduction

The aim of the surface coating of precipitated icatccarbonate (PCC) nanoparticles
is to achieve good dispersion in a polymer mategassary for obtaining good composite
toughnessThe most widely used surfactants are fatty acidd,iadustrial coating is done in
water because of the low cost and simplicity of phecess. Previous studies discussed in
detail about the effect of the amount of surfacatiog on the final properties of polymer
nanocomposites. The optimum level of surface cgawas found to correspond to the
minimum of surface tension [114, 146, 14Which is reached at complete monolayer
coverage, or rather, when all active sites on tméase of calcium carbonate react with
stearic acid molecules. Surface coating of PCC widaric acid considerably reduces its
surface tension from about 210 to 40-60 nfJ@8]. Some researchers found processing
problems during the preparation of HDPE-based caigm® filled with dry coated PCC
particles with stearic acid content in excess wibpect to the stoichiometric amount
required to reach a full monolayer. Moreover, aenor tensile strength, together with a
higher Young’'s modulus, was reported for the materihat were filled with PCC particles
dry-coated with excess stearic acid, compared topecsites that were filled with similar
PCC patrticles dry-coated with the stoichiometricoant necessary to reach the condition of
a fully-chemisorbed monolayer [46].

However, those former studies on the surface ctemraation of PCCs coated with
stearic acid have been carried out almost excllysimeeither dry conditions, using a high
speed mixer (dry-blending or dry-coating), or ir tbolution of a good solvent of stearic
acid (e.g. toluene). Based on our knowledge, lichileformation is available on the
adsorption of stearic acid onto the surface of RC&queous medium, although this is the
usual method in the industry for the coating oftsiiters. The surface characterization of
PCC nanofillers by the water coating process inpB#ra3 yielded interesting results, the
micelle adsorption mechanism of which differs frahat occurring in dry or solution
coating. We can demonstrate that calcium alkanoetiecules form two types of coating
layers with different physic-chemical charactecstia chemisorbed monolayer with the
acid groups in the carboxylated form, interactinthva basic surface site (that is the coating

is in the form of a partial or half saitfCa COOR, where R represetite aliphatic tail, and
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the symbol> the surface site) and one or more physisorbeducal@alkanoate (mainly
calcium stearate, Ca$Sand calcium palmitate CaRymmultilayers. These fatty acid salts are
not associated with the filler surface and are oviyakly attached to the surface monolayer.
More interestingly, the PCC surface is covered opdytially with the chemisorbed
monolayer, while a significant part of it remained. This experimental observation was
tentatively explained by a micelle adsorption meesra that results in an incomplete
chemisorbed layer.

Even if the mechanism of surface coating has baendated as discussed in Chapter
3, the structure obtained in such a process idutigtclear. Calcium stearate and calcium
palmitate are typical soaps (salts of fatty acidayle of amphiphilic molecules consisting of
a long hydrocarbon (or paraffinic) chain attachea fpolar carboxyl group. Each molecule
thus consists of two parts with physical and cldéferential chemical properties: the
paraffinic chains are hydrophobic and tend to agmpes together by effect of molecular
interactions like Van der Waals, the carboxyl goape essentially soluble in water and
associated by dipole interactions. Both parts arparpetual competition, and the crystal
structures of these amphiphilic compounds are séveronstrained by the presence of
aliphatic chains in the crystalline state. Theséeaudes will thus able to arrange in different
ways and exist in different crystalline forms. Tsidy of the surface coating stearate
molecule on the molecular polymorphism and oriemtats quite important since it will
help us to better understand the influence of doganating on the surface free energy
change for PCC particles and will give a theorétpradiction of the interfacial adhesion
when PCC fillers are added into polymers.

In the literature, the thermal behavior and theyparphism of crystalline phases of
calcium stearate have been described in detail dig &t al [136, 137], Béraet al. [130]
and Montmitonnetet al[106], using experimental techniques such as Xddiyaction,
thermogravimetry and differential scanning calotipelt has been shown that the room
temperature structure is extremely sensitive to ghesence of impurities, like water or
glycerol, and thermal treatments. Also the manufacimethod, especially the maximum
processing temperature, and agiogn affectthe final structure obtained. From room
temperature to about 123 °C, the chains and caltlmweyps are perfectly rigid and fully
crystallized, although two distinct lamellar cryBtee phases are encountered: one that is
stable up to 104 °C, and the other between 104ntC123 °C, respectively termed C1 and
C2 [106]. The molecules of calcium stearate ararged, in the C2 phase, into a hexagonal

lattice, a less organized structure in which theaffia chains attain &ertain freedom of
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rotation about their main axj$42].

Below 104 °C, in the C1 phase range, calcium steagahibits one monohydrate
monoclinic a phase (corresponding to the stacking of four mdéeclayers), and two
anhydrous forms: orthorhombfg phase ang (undetermined structure) [106, 130]. Within
these groups, thermotropic phase transitions hagea kevealed: two in the group at about
-63 °C (froma; to a;) and -3 °C (from; to ap, one in they group at 65 °C (frony, to y1).
Moreover, dehydration af leads to a mixture @ andy, the proportion of which depends
on the dehydration temperature and probably on Eahgterogeneities. In particular, it was
reported that, at 104 °C, both the monohydatand the anhydrouB phases undergo a
transition towards to the C2 phase [106]. Thenawliog back to room temperature, the C2
is stable down to 65 °C. Then the orthorhomPiphase (a poorly crystallizéd phase)
appears, whatever was the initial state, either B. The interlayer distance of the '
phase was reported to be about 5.037 nm, whidigtgly lower than that of phase (5.048
nm) due to the poorer in-plane order. Fig. 4.1 shttive main transition of calcium stearate

at a relatively lower temperature.
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Figure 4.1 From reference [106]. Diagram of low pemature transitions of calcium stearate determineX-
ray measurement of interlayer spacthg

(1) arrows indicate heating or cooling,effect of thermal treatment.

For all these crystalline phases, at 70 °C, tentpexaorresponding to the melting of
stearic acid, the conformational disorder of thailct suddenly increases, leading to a
poorer in-plane order much before the Gl C2 transition, and above 12, three
mesomorphic phases follow. This condition corresisoto a liquid-crystal state, a state of

matter where the molecules have orientational ardetbut are in dynamic motion. The
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agitation of paraffinic chains causes the dislasatof sheets and the location of polar
groups in limited size discs [142]. In the temperatrange 120-160 °C, these discs are first
assembled as an orthorhombic C-face centereddatdowever, as the temperature rises
further, the correlation between discs diministas] the orthorhombic network collapses
giving way to a less ordered pseudo-lamellar askgmiiere the discs are arranged into
layers.

Finally, around 180 °C, the polar groups undergoalotropic transformation to a
hexagonal columnar phase where the discs rearrémgmselves into cylinders. The
cylinders are formed by the carboxylate groups amdsurrounded by alkyl chains that are
in a molten state. This cylindrical structure oé tholar groups of calcium stearate is stable
until the transition to isotropic liquid at 350 {C€37, 142].The transition temperatures and
transition heats of calcium palmitate and steasaéealmost identical [136], so the phase
behavior of the two alkanoates can be considerathakar.

The goal of the present study is to obtain morermation about the water coating
process of PCC nanoparticles with fatty acids #lticular interest paid to theolecular
structure of stearate/palmitate surface coatingschvis very significant in relation to the
state of aggregation of the particles and the lefdispersion which can be achieved during
melt blending with industrially relevant polymeBSC and XRD techniques were used for
the phase transition investigation. The thicknekshe coating was estimated by XPS
island-on-sphere model calculations. Additionalhge surface free energy of PCC particles
was also determined by IGC in this study in oraderestimate the strength of interfacial

interactions in polymer composites.
4.2 Phase transition

After the water coating process, similar to therent industrial procedure, it is known
that calcium stearate forms stoichiometric hydrafes phase) on precipitation from
agueous solutions, which can decompose to somatetdegive a partially dehydrated
structure with the same crystal latti@e’(phase), or instead transform to a different ctysta
structure ' phase) which does not return to the original alystructure upon absorbing
water from the environment. In order to specify tvisathe exact structure of stearate after
drying at 105 °C, both DSC and XRD measurementsevoarried out for the freshly
precipitated calcium stearate monohydrate, preparedr laboratory, which is surely in the
a phase. The influence of the drying process on tbéecnlar arrangement is studied in

depth in the following section.
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4.2.1 DSC measurement

Calcium soaps, which have been heated throughreiiffethermal transitions, may
undergo the following possibilities on quenchin@TL (1) pass back reversibly through all
of the intermediate forms and return to the maalstphase structure at room temperature;
(2) go through some transitions, to end with alstdbrm of one phase stable at some
intermediate temperature; (3) the high tempergthgese (reached during the heating stage)
may be undercooled to room temperature. Fig. 4@vshthe DSC traces, for different
heating-cooling-reheating thermal cycles, for aaitistearate monohydrate freshly prepared
in our laboratory. According to the literature [10fhe transition frono or 3 to C2 phase is
found at the critical temperature of 104 °C. Theref three different temperatures, 80 °C,
110 °C and 120 °C, were chosen for the isotherroatitioning for 3 hours before the
cooling-reheating thermal program. It is evidenFig. 4.2 that there is a sharp endothermic
peak during the first heating before isothermalld® °C and 120 °C for three hours,
followed by another phase transition peak duriregdboling process. This wide exothermic
peak appeared at about 86 °C during the coolingfirooing the C2 td3' phase transition.
Also the measured enthalpy of about 12 J/g mataisdiswith the results of Garniest al
[106]. However, the curve corresponding to the pneltioning at 80 °C does not show the
phase transition from the to the C2 phase and correspondingly, no phaseitimnpeak
appears during cooling. Besides, the second hegirogess also shows four thermal
transition peaks similar to those shown in Fig. Bith the exception of the first peak at
about 100 °C. In the case of preconditioning at@0the calcium stearate monohydrate still
presents the to C2 phase transition (dehydration of monohydratethe second heating
process, while thg' to C2 phase transition occurs with a much smaifehalpy in the case
of preconditioning at 110 or 120 °C. In other wortle transition from the to C2 phase is
irreversible while that from C2 §® phase is reversible.

To better clarify this finding, a further study ¢ime thermal phase transition of the
calcium stearate monohydrate sample was carriedliodact, the thermal treatment at a
temperature range below 125 °C (the main phasesitiam temperature) results in the
reversible phase transition frofi to C2 phase. However, higher temperature treasnent
seem to also affect the molecular arrangementigndi3, the calcium stearate monohydrate
undergoes five different processes with both hgatimd cooling speeds of 5 °C/min. After
the heating process from 20 °C to 220 °C with thetfansition to liquid crystal phase in
Fig. 4.3(3), two small peaks appear at 170 °C d@htduring cooling in Fig. 4.3(4). Those
two dramatic phase transitions indicated that theomld be another main molecular
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arrangement of calcium stearate after thermal nreat at a high temperature beyond
125 °C. The comparison of thermal treatments ah Hotver temperature and higher
temperatures results in the different moleculaaregement. The molecular transformations
at lower temperatures are presumed to involve kgl @hains, while that at higher

temperatures is presumed to involve the polar heads
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Figure 4.2 Calorimetric evidence of the phase tt@msof calcium stearate monohydrate
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Figure 4.3 DSC traces of calcium carbonate monatigdinder different thermal treatmentdheating from
20 °C to 110 °C (isothermal for three hoursf: @oling from 110 °C to 20 °C/%reheating from 20 °C to

220 °C; &' cooling back to room temperaturd’ fill scanning in the temperature range

Thus, it is reasonable to assume that the dryinggss at 105 °C for the PCCs coated
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with stearin in aqueous medium may cause a phassition of the physisorbed calcium

alkanoates formed on the PCCs surface from the hyalnatea phase to the anhydrous C2

phase. As a result, a transition from the C2 tofihphase should take place upon the
cooling of the PCC powders back to room temperdbafere storage. In other words, the
drying process of water-coated PCC particles is@panied by a molecular rearrangement
of the alkanoates on the PCC surface. This thestaly helps to better understand the
molecular arrangements occurring at different tenaipees, which have a strong effect on

the surface free energy of organic coating and tmethe PCC surface energy.
4.2.2 XRD measurement

X-ray diffraction is a powerful method for the detgnation of crystal structures.
Previous studies on calcium stearate have showrthtdanhydrous phaseg,(y:, B, B', C2)
have a poor crystalline quality, except in the |Hanedirection as evidenced by a series of
sharp and equidistant peaks in the region of teBoagg’s angles. On the contrary, the
monohydraten phasesdj, 01, 02) show a more complex diffraction pattern. In fabpse
structures present peaks not only in the low amgtgon (i.e., for spacingd > 10 A)
attributed to a lamellar structure, but also witkesies of diffuse bandsl & 3-5 A) due to
the short-range order of these molecules, whichcates that the carboxyl groups and
paraffinic chains are assembled in a periodic aadular manner according to a
tridimensional crystal lattice [137, 142]. In tipart, an XRD analysis has been carried out
in order to identify the crystal structure of theypisorbed calcium alkanoate present on the
as-received PCC particles, which is related toptezipitation conditions but also on the
type of drying process used during the preparaifche particles, particularly on the drying
temperature.

First, the XRD patterns of calcium stearate, cafcipalmitate and calcium salts of
stearin, at room temperature or preconditionecmiperatures above 105 °C, are analyzed
in Fig. 4.4. Those calcium soaps have typical ddfiion patterns, which show a series of
sharp peaks in the low angle region from 1.5° t flten a second group of peaks between
20° and 30°, and a number of unclear peaks in éhee@ion up to 60°The peaks at small
angles can thus be associated to the diffractiorX-0dys by planes of atoms whose
separation is proportional to the length of thecicamh alkanoate molecules. The long
spacing values of calcium soaps were calculated the low B angle in the XRD patterns
by using the Bragg equation. For example, five waé this distance appear as peaks in the
low angle diffraction pattern of Ca8®itl,O (d/1, d/2, d/3, d/4, d/5), at about 1.8°, 3.6°, 5.3°,
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7.1° and 8.8°. From these values @& the d-spacing for stearate on freshly precipitated
calcium stearate monohydrate is estimated to b& A%s indicated in Table 4.1 for all of
the calcium salts considered in this work. The mest value of the distance between
crystalline planes of calcium stearate monohydi®e5167 A, is equal to about twice the
length of the fatty acid. This long spacing valuatches very well the results from Vadd

al [137]. Similarly, the long spacing value for calcium patae is about 44.4366 A, which
is about 5 A shorter than that of stearate. Algodhicium salt prepared from stearin, which
is a mixture of the calcium stearate and calciuimjsate, show similar XRD patterns with
the calcium stearate but in differerl @ngles. In fact, the calculated value for the cauci
salt of stearin is about 46.902 A, which is peffethhe average value between 44.4366 A
(palmitate) and 49.5167 A (stearate). All of thécitan soaps of fatty acid have analogous
XRD patterns and the difference can be explainethbyarying chain length of those fatty
acids.

Opreconditioning at 1057 for the phase transition

= A\ .
c / N - <
=) A\
s T T v 5
S 20
o
5 ﬂ 1.CaP4eH,0
g | HoO-
; ‘UL/" 1 J‘\«/\_q 2.CaPE HZO
= |
g ) J‘ ) 3.Calcium salt of stearin monohydrate
(O] \JL’J LJ_/’E_A_A_,*__A/\A\__/;,‘
c M 4 .Calcium salt of stearin monohydrate
5CaSy*H,0
‘WM ”\\/\ 6.CaSpH*H,y0"
T T T T T T T T T T T T
10 20 30 40 50 60
20

Figure 4.4 XRD spectra of calcium stearate, calghaimitate and calcium salt of stearin
at room temperature and after preconditioning &t 1D

The occurrence of the molecular rearrangementitram®f calcium soaps can also be
clarified by the XRD technique by determining théerlayer spacing. The freshly prepared
stearate and palmitate calcium soaps dried at ID%arid then cooled back to room
temperature before XRD examination show a smallea®e in the long spacing distance,
for example from 49.5167 to 49.8514 A for calciuteasate monohydrate, which is
consistent with our interpretation that a transitioom the hydrate form to the anhydrous
' phase occurs in the drying-cooling stage, pagsiraugh a transient C2 phase at 104 °C,

as indicated also by the results obtained withOB€ technique. The calcium monohydrate
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salt of stearin was also freshly prepared in obotatory for comparison to the pure calcium
stearate and palmitate. Both the values of the &paging distance of thephase (freshly
prepared sample) and tH& phase (after drying and subsequent cooling cyele)

intermediate between those of the pure calciuntatieand palmitate salts.

Table 4.1 X-Ray diffraction patterns of calciumastte monohydrate,

calcium salt monohydrate of stearin, calcium padieitand physisorbed stearate on the PCC surfaces

Long d-spacing(A) Average
Orders 1 2 3 4 5 R)
CaSt,*H,0 48.2561 24.7566 16.5962 12.4805 10.0207 49.5167
CaSteH,0’ 48.9241 24.9044 16.7046 12.5429 10.0477 49.8514
CaPmyeH,0 43.5194 22.0753 14.8212 11.3592 8.9225 44.4366
CaPmpH,0’ 43.6030 22.2043 14.9354 11.2443 9.0176 44.5766
TStearin salt 45.8877 23.3786 15.7356 11.8220 9.4743 46.902
tStearin salt 46.7739 23.5736 15.8456 11.9090 9.5502 47.3690
PCC2 -—-- -—-- ---- ---- ---- ----
PCC3 46.9754 e 15.5902 mme 9.4051 46.9239
PCC4 46.1456 ---- 15.6322 -—-- ---- 46.5211
PCC5 45.3753 e 15.5316 mme 9.378 46.7423
PCC6 45,9571 ---- 15.6834 -—-- ---- 47.0503
PCC7 45.4714 23.0997 15.5621 ---- 9.4408 46.3903
PCC8 45,9571 23.3560 15.6427 e 9.4476 46.7088
PCC9 45.7830 23.3508 15.6168 11.7777 9.4299 46.7191

"Monohydrate after precondition at 105 °C for phassition
tStearin 4973 used for the preparation of the galgalt is not the same batch with that used ®P8Cs

surface coating.

Both the DSC and XRD measurements of calcium alktmsoindicated that the drying
process cause a molecular arrangement of the swtating. This transition was simulated
on the laboratory-prepared calcium monohydrate solipvas confirmed that the heating
program at 105 °C effectively causes a phase trandrom the monohydrata phase to
the C2 phase. However, this thermal transitiorrasgd to be irreversible and the C2 phase
changed td3 phase during cooling program. In fact, the coatimgthe PCC surface is
strongly dependent on the thermal treatment aneletbre also the surface energy will
change according to the amphipathic nature of sealecules containing both strong non-

polar and polar portions.
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4.3 Coating molecular arrangement

4.3.1 Interlayer distance of coating molecules onGT

Based on the XRD results of calcium alkanoate mgdadties, we concluded that the
calcium stearate present as a coating of PCC [eti€ present at room temperature in the
' crystal phase, which displays a regular Bragg isgacorresponding approximately to
double the length of a stearate chain. Furthermtire, examination of the diffraction
patterns of the coated PCC, shown in Fig. 4.5, igesvuseful information not only on the
crystal form of calcium carbonate (calcite, vaterr aragonite) (for angles in the range
20>20°) but also on the structure of its organic cgat{®<20°). The diffraction spectra for
PCCL1 as shown in Fig. 4.5, together with other PC&Cthat typical of a pure calcite crystal
[148]. No peaks can be observed for diffractionlesndd < 10° for PCC1 as well as for
ML2, which means that no peaks resulting from thengsisorbed alkanoates are present on
the PCC surface in the XRD spectra. This resudinslar to the DSC results that showed no
endothermic peak for the chemisorbed monolayeherPCC surface. On the contrary, the
other coated PCCs like PCC9 show 5 diffraction peakthe low angle region (Fig. 4.5,
inset). These peaks can thus be associated toiffrection of x-rays by planes of atoms
whose separation is proportional to the lengthhef ¢alcium alkanoate molecules. From
these B values, thal-spacing for the organic coating on PCC9 is esthad be 46.7191
A, as also reported in Table 4.1. Meanwhile, dhspacing values calculated for the other
coated PCCs are shown in Table 4.1. Some ordesrpstof the calcium alkanoates on the
surface are not clear enough for the calculatiantdithe small amount of physisorbed layer
on the PCCs, as in the case of PCC2 and PCC3. HowaV of the longl-spacing values
are similar for all powders with an average val@i@mout 46.7 A, which confirms that the
physisorbed organic coating on the PCC surfacehieasame crystal phase, and this value is
in reasonable agreement with that of calcium datearin, within experimental error.

Taking into consideration that the calcium soapstefarin is approximately a 50:50
blend of calcium palmitate and calcium stearates talue compares well with the
calculated values of the interlayer distardor both calcium palmitate, 44.6 A, and
calcium stearate, 49.8 A, which corresponds toredd chains oriented normal to the
planes containing the ionic groups [142]. The ageraf theseal-spacings is 47.3 A, which
is slightly higher than the value estimated frora thffraction pattern of PCC9 (46.7 A).
This can be explained by the presence of small atsaof calcium oleate that may cause

packing defects and that may lead to a less ordediecular arrangement, or to a slight
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tilting of the paraffinic chains. Comparing thefdifction spectra of the two powders, in the
intermediate angle range, at 20.4°, we also nqieak for PCC9 which is not present for
PCCL. This peak arises from the diffraction of p&f atoms separated by much smaller
distances of the calcium soap of stearin than thastedescribed, and thus referred to as
short spacing. A numerical value of 4.35 A can stineated from this diffraction angle and
can be interpreted as the side spacing betweenmamhecule and the next in the crystal

phase.
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Figure 4.5 X-ray diffraction patterns of PCCs antd2vi

4.3.2 Layer thickness determination of coating motailes

X-ray photoelectron spectroscopy (XPS) has beerlwidsed for the qualitative and
guantitative analysis of material surfaces up tdegth of about 10 nm. Fekete and co-
workers [99] had successfully used XPS to analfieechemical reaction between calcium
carbonate and stearic acid to calculate the thakrmd the stearate layer created by dry-
coating. They found that the thickness of the mayal matched well with the theoretical
length of the stearic acid molecules. Similarlylb@it et al [121] estimated the thickness of
a stearic acid layer on the surface of magnesiudrdxyde. The thickness increased with
the coating level with a change in slope at arodr@ wt%, which corresponded to
monolayer coverage for that particular filler. lnstwork, XPS is used for the determination
of the density of the main surface elements andhercalculation of the layer thickness of
the coating using the island-on-sphere model.
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The wide-scan XPSpectrum contains exclusively the characterisectebr-lines and
Augerdransitions of the elements ctituting the PCC samples and the coatings; the |
intense lines, Ca2p, Ca2s, CaLMM, Cls, CKLL, ( and OKLL are indicated on tf
spectrum in Fig. 4.6.
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Figure 4.6 XPS survey spectrum of PCC9

The highresolution spectra of the Ols, Ca2p and Cls re were used for the
analysesas shown in Fig. 7(a), (b) and (c) respectivelyhese lines are relatively narro
with half-widths of 1.751.95 eV, representing wellefined chemical states. The O1s |
recorded at 531.6 eV for the carbonate seeroverlap with that of the carboxyl. The mc
intense 3/2 component of the Ca2p doublas found at 350.9 eV. The major C
component at 285.0 eV was chowas areference for the hydrocarbon chains of the coa
(and also the carbonaceous contaminatn the untreated sample), while the peak at 2
eV corresponds to the carbon in the carbonate.chinleon of the carboxyl group shot
appear at about 288.5 eV, but due to its smalhsitg, it could not be evaluated separa
with confidence. This isvhy it was integrated to one peak of the carbo The peak area
of each relevant element was calculatedeconvolutiorand the results are listed in Ta
4.2. The CH/CQ ratio increase with an increase in the surface coating am, which

confirms the continuougrecipitation of calcium stearate layersthe PCC surface.
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Figure 4.7 XPS spectra for the main element (ayJH) Ca 2p and (c)C 1s
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The element density in Table 4.2 was used for tittase coating layer determination
with the MultiQuant software [108, 109, 149]. Whbee surface of the sample is covered by
one or more thin overlayers (the whole structureush be thinner than the information
depth of the XPS measurement) and the compositodnthese layers are known, the
thickness of the layers can be estimated from kimégelectron intensity. In this thesis, all of
the calculated element densities of different P@@igles from the peak area as shown in
Table 4.2 were used for the layer thickness caliculavith the MultiQuant software based
on the island-on-sphere model. This model is albkdldor the determination of coating
layer thickness even for the multilayer’s coatifipwever, there is one limitation that the
coating layers must have the same surface coatiwgrage. Considering the former results
by TGA measurements and the micelle adsorption areésim, only PCC6, with a coating
level of about 9 wt%, is believed to show a coveraf) 72 % for both the chemisorbed

monolayer and the physisorbed bilayer.

Table 4.2 XPS elements density determination ayet ldhickness calculation

Name Amount adsorbed Intensity Thickness

(mass %) o) Ca CCH CCO3 CH/CO; (A) Coverage
PCC1 0.00 11726 7191 733 1355 054 - -
PCC2 3.17 8132 5316 2003 978 205 - -
PCC3 6.60 7136 4764 2807 924 304 -— -
PCC4 6.50 6048 4290 2589 794 326 - -
PCC5 8.09 6599 4673 2969 881 337 -
PCC6 8.91 3176 2235 1705 361 472 65.41 2%
PCC7 10.35 5954 4126 3324 768 433 - -
PCC8 11.57 6202 4217 3450 817 422 - -
PCC9 12.95 2933 2159 1783 360 495 - e
ML1 15.00 4371 2917 2948 555 5.31 25.0 100%
ML2 4.22 4494 3322 2812 603 4.66 23.6 100%

The thickness of the fully chemisorbed monolayderence samples prepared with
solvent and dry coating, i.e. ML1 and ML2 respeslyy was estimated first. The
calculations yielded layer thicknesses of 25.0 A KtL1 and 23.6 A for ML2. If we
compare these values with the theoretical length@ftearate molecule that is 24 A [125],
we may conclude that the stearate molecules inmitvgolayer present on the ML1 sample
are oriented perpendicularly to the surface. MLZ \peepared by dry-coating with stearin
and not with pure stearic acid that might expldie slightly thinner coating. In fact, as

mentioned above, stearin is practically a 1:1 blehdtearic and palmitic acids, so we can

74



Chapter 4 Surface energy determination of coate@ PC

assume that the stearin is a virtual fatty acid mased of 17 Chl groups, with a theoretical
length of about 21.08 A. Adding the COOH head growpich is about 1.5 A, the
calculated monolayer thickness is about 22.6 Actvlig not far, within experimental error,
from the value of 23.6 A as estimated from XPS dita PCC6, a surface coating layer
thickness of 65.4 A is calculated which is closdthin the limits of these types of
calculations, to the sum of the length of one makeof stearin (22 A) plus an interlayer
distance corresponding to one stearate/palmitatelddayer in the orthorhomb[g phase,
which we estimated to be 46.7 A. The calculatededs slightly lower than the theoretical
one, which can be attributed to the fact that timéase coating amount of PCC6 of about
8.91 % is slightly lower than 9 wt%, which resuliedhen a lower surface element density
and then a lower layer thickness. From the laymktiess of both the monolayer and the
multilayer coating, we can assume that two diffetgpes of stearate molecules are in a

vertical arrangement on the PCC surface.
4.4 Surface free energy

It is very well known that a lower surface enerdytloe inorganic rigid fillers is
necessary in the industrial applications in ordemlathieve a homogeneous dispersion of
nanoparticles as well as to have a weaker intaffacihesion between coated fillers and the
polymer matrix. Those two factors are very importdor toughness improvement in
polymer nanocomposites. In fact, this is also theppse of this thesis. The interfacial
adhesion between nanoparticles and the polymerixmatrstrongly dependent upon the
thermodynamic naturef both components. Pure calcium carbonate nanolesrhave high
hydrophilicity and are usually modified by orgammaterials to increase the compatibility
with hydrophobic polymers and to prevent aggregatibnanoparticles. In the literature, the
surface energy characterization can be carriedbptite inverse gas chromatography (IGC)
technique. However, the surface energy determinadfocalcium carbonate is not so easy
because of free water adsorption on the surfaceutrwork, the PCC particles are coated
with stearin following the typical industrial prabge in aqueous medium, and the most
interesting result is that some free space is deftthe PCC surface due to the micelle
adsorption mechanism. Additionally, XPS and XRDults have indicated the surface
coating of PCC particles is a component of a cherbesd monolayer and physisorbed
layers, where alkanoate molecules are disposedcaiytto the surface with the alkyl
chains directed outwards.

Therefore in this thesis, the PCC nanoparticles different surface coating amounts

are investigated by using the IGC techniques ttyaadahe dependence of PCC surface free
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energy on the preconditioning and on the measuretearperatures. The influence of the
surface organic coating amount on the surfacedneegy of nanoparticles is also discussed,
which is strongly related to interfacial adhesiamidg the application of PCC nanopatrticles
in the polymer. Both the dispersion and the specéimponents of surface free energy are

discussed in the following.
4.4.1 1GC theory background

The thermodynamic work of adhesion is related t® ithtermolecular interactions,
these being the sum of the contribution of LonddsHitz-Van. der Waals (LW) dispersion
forces and of the Lewis acid-base forces (AB octebm donor-acceptor), according to
following (4.1):

W, =Wl +wgb (4.1)
whereW, is the energy of adhesion is the dispersion component or London component
andW;"is the electron donor-acceptor interaction.

Dispersion component of surface tension:

When non-polar probe molecules like alkanes ares@m@s adsorbates, the adhesion
between the probe and the solid surface only irelthe dispersion interaction. So the
second part of equation (1) will be equal to zerd &, can be simply written by equation
(4.2):

w,=we=2-(yiyd)’ (4.2)

The free energy of adsorptiaiG,, per mole of vapor probe is related to the work of
adhesiori¥, between the vapor probe and the solid stationaag@lper unit surface area, in
the following form [150]:

_AGa = N . aLV . WA (4‘3)

whereN is the Avogadro’s number arng is the molecular surface area of the absorbate.

AG, is also related witl/,, by equation 4.4:
AG, = —RT InV, + K (4.4)

In an infinite dilution whenW{? is equal to zero, the dispersion component of the
surface tension of the stationary phase can bengloktdrom the cross-sectional area of n-
alkane of different chain length.

A combination of equations (4.2), (4.3) and (4eBds to the statement:
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1 1
RT InV, = 2N(y)2ayy (v )? + C (4.5)

whereyg is the non-specific or the dispersive componengwface energy, and’, is the
surface tension of the probe.

Dorris and Gray [151] proposed a more simple apgrda the determination ofZ.
They considered the contribution of a methyleneHg-E group in the alkane series to the

free energy of adsorptiamgHz, defined by:

—RTIn

%4 1 1
7 = =2N(ydHz - Acy, (ngz)z (4.6)

n+1

Jd = (RTLn (Vni1/V))?
* 4'N2'aCH22'VCC‘iH2

(4.7)

wherel}, andV,,,, are the retention volumes of n-alkanes witland n+1 carbon atoms,
respectively, andy, is the surface area occupied by —€Hgroups, estimated to be about
0.06nn7. Fig. 4.8 gives an example for the calculationy$ffor PCC9 chosen as an
example in this figure. The ten)rg’H2 is the surface tension of a hypothetical surface

containing only methylene groups, which can bewated by the following equation:

y&,, = 35.6 4+ 0.058 x (293.13 — T) (4.8)
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Figure 4.8 Determination of the dispersion and gjgemomponent of surface free energy of particles

(PCC9 is chosen as an example under preconditiatiig0°C and measured at 140°C)

Acid-Base interaction
When polar adsorbates are used in the IGC expetandoth the LW and AB

interactions are present between the adsorbattharatisorbent.
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AG, = AGS + AG3P (4.9)

In this case, the component of acid-base intenadsioelated to the retention volume of

the polar probes in the following way:

v
AGY = —[(RTInV ) +C] — [RT InV"® + (] = —RTIn (Vref> (4.10)

whereV is the net retention volume of the polar probe BA# is the retention volume that
is determined by the n-alkanes reference line. Bdseline is the straight line &RT InV
against the dispersive potential of n-alkanes, &fg, is given by the distance of the
—RT InV value obtained from the polar solvent and the Ilbeseln our case, the
physicochemical quantity used to determine theesall\G,is ay*/? of the chosen solvent
as shown in Fig. 4.8.
The enthalpy of acid-base interactight/{?) can also be calculated from the value of

AG,, calculated at different temperatures, becauseetherthe following relationship

between those two parameters by equation 4.11:
AGSP = AHZP — TASSP (4.11)
So the curve plottingG$? /T againstl /T yields a straight line with the slope SH4P.

Acid-base interaction parameters

Quantitative evaluation of acid-base interactiorrapeeters for surfaces of the
stationary phase is based on the uséH§. Adopting the Gutmann [152] terminology in
this work, those selected probes are categorizethéy electron acceptor and electron
donor numbers,AN* andDN, respectively, as shown in Table 4.3. If the saldborbent
has the ability to accept or to donate electrdmsn tthe analogous parameter of acidity and

basicity can be determined for the solid.

Table 4.3 Acceptor AN and donor DN parameters bfesd in the referendd 52, 153]

AN DN parameters AN AN* AN** DN DN * DN**
alkane 0 0 0 0 0 0
THF 8 0.5 3.2 20 50 1.9
Cloroform 23.1 5.4 9.24 0 0 18.7
ethyl acetate 9.3 15 3.72 17.1 42.8 53

The value of the Lewis acidity constaft, and of the Lewis basicity constaty is
calculated by using the following equation [1545]t5

—AH$* =K, -DN + K, - AN* (4.12)

78



Chapter 4 Surface energy determination of coate@ PC

Although the acid-base characteristic of the piagicshould be obtained from
theAH$?, some researchers [156-158] also decided the vdtoenAG,;,. Gutmann [152]
and others [159] defined and modified the polatbpeoby their electron acceptdN and
electron donor numbersV ™.

Rearranging the above Equ. 4.12, whetG,;,/AN* is plotted versu®N/AN* of
polar probes, there will be a straight line. ThepelK,, is related to the acidity of the solid,

and the intercepk,, reflecting the electron donor ability.
4.4.2 Influence of surface coating amount on the gace free energy

The surface free energy of PCC nanoparticles syatepends on the surface coating
molecules, such as crystal phase of surface magctiie coating amount of stearate on the
PCC, the molecular arrangement and the coating-ldoyekness. Based on the DSC and
XRD studies about the water coated PCC partickebas been concluded that a phase
transition during the drying process and the ploybisd calcium stearate shows a
polymorphism that is strongly related to thermahtments. In this section, we only discuss
the influence of the surface coating amount onRG€ surface free energy when this series
of water-coated PCC particles were preconditioned4® °C, since the stable phase of
alkanoate species present on the PCC particleg isadme when these particles are added to
the polymers during melt processing.

Firstly, the dispersion component of the surfacergy of the series of water-coated
PCC particles studied in this thesis is presemeBig. 4.9 as a function of the amount of
stearin used for coating. The dispersion comporahte for the neat PCC is about 53.0
mJ/nf that agrees well with the number published by feag54 mJ/m) [113]. The Surface
tension decreases steeply with surface coverage tme minimum value of 24.3 m¥nin
spite of the fact that the micelle adsorption medctra of the water coating process results
in an inhomogeneous surface, our results are sinaléhose reported by other researchers
[114]about PCC particles surface modified by the dry soldent coating methods. Further
increases in coating amount do not lead to anyifgignt change in the dispersion
component of surface energy, and the final valuebisut 24-25 mJ/fm The surface tension
of a surface covered by —GHroups was found to be about 22-24 nfJJh60]. The good
agreement with our result indicates that the atihdins of calcium stearate/palmitate are
oriented towards the outside surface of the copteticles, and the multilayer is arranged
tail-to-tail with the inside monolayer. The surfamnsion of the ML1 sample (organic
content 4.22 wt %) coated from solution is alsottplb in Fig. 4.9 (star symbol). The

y&value of the sample perfectly fits the correlatiotained for the water-coated PCC
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particles. Physisorbed stearate multilayers hageséime effect on the dispersion component
of surface energy as the chemisorbed monolayerpleadiL1). Here we want to specify the
influence of the preconditioning temperature on ftieal surface free energy of
nanoparticles, as the stearate/palmitate on the B@face has a complicated thermal
transition behavior discussed in the DSC measuremém fact, the preconditioning at
140 °C brings organic coating molecules to one tgpdiquid crystal phase, probably
similar to what happens when the PCC particlesbéeaded with a polymer during an
extrusion process. Some IGC measurements of théacsurfree energy of PCCs
preconditioned at 60 °C, which was enough to elatenthe free adsorbed water on the

surface without any phase transition occurringl kel also discussed in the next part.

60

50+

solvent-coated water-coated PCCs
ML1 sample
40-

J\

20+

Surface tensiory (mJ/nf)

10

o 3 6 °o 12 15 18
Amount of coating (wt%o)

Figure 4.9 Effect of surface coating amount ondispersion component of the surface free energy
for the water-coated PCC nanopatrticles

Moreover, three different polar solvents (tetralwydran (THF), ethylacetate (EtAc)
and chloroform (CHG)) are chosen for the determination of specific ponents for those
coated PCC particles with different surface coaangpunts. However, some polar probes
adsorbed strongly on the pure PCC surface or dvercdated PCC surface with stearate
because of their high polarity. The determinatibspecific component is only available in
the case when the particles column is precondiigrit 140 °C, which made the surface
stearate molecules undergo the phase transitiordigqutid crystal and have enhanced active
mobility. Fig. 4.10 shows the relationship of sedafree enthalp¥é,;, versus the PCC
surface coating amount obtained by using threemifft polar solvents, measured at 140 °C.
The interaction between chloroform and the coa&@#is much weaker than that between
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the filler and the other two polar solvents. Ethgetate and tetrahydrofuran enter into much
stronger interaction with the active sites of tbated PCC surface than CHCThe specific
component of surface energy decreases with diffeskapes below and above a 9 wt%
stearin content which indicates that polar probey hmve higher access to the active sites
of the surface below this coating level. T&&,, value of the ML1 reference sample is also
plotted in Fig. 4.10 and fits the general tendentywater coated particles. The results
obtained in the IGC experiments and presented abguee well with those derived from
other methods and strongly support the tentatiy@lagration given for the multilayered
structure of the stearate coating on PCC formedater. In fact, incomplete coverage due
to the micelle adsorption mechanism results intikedly strong acid-base interactions of the
surface with two of the polar probes. Incompleteerage allows access to the surface,
while a strong interaction is the driving force iagl diffusion. With increasing surface
coverage, access to the surface becomes moreding&ding to a decrease in the specific
component of surface energy. The presence of additimolecules in the physisorbed
stearate multilayer completely closes the surfakeranders the diffusion of polar probes to
the filler surface. The changing slope at arounf.@ wt% coating level indicates the
attainment of the maximum coverage of the firstgiyrbed stearate layer, which matches
very well with our XRD and XPS results in the seos 4.2 and 4.3. The rather specific
structure of the coating forming in the water cogtiprocess may lead to interesting
properties in composites.

24

| solvent-coated . \yater-coated PCCs 0O CHC
ML1 sample 3
: O EtAc

20 g
\ 5 THF
AN

16+

124

Surface free energpG™ (kJ/mol)

18
Surface coating amount (wt%)

Figure 4.10 Effect of surface coating amount onsghecific component of the surface free energy

of water-coated PCC
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From the IGC results, both the dispersion and fipemmmponents of PCC surface free
energy calculated by non-polar alkanes and polbests show the decreasing tendency
when the surface coating amount increases, eslyeti® specific component depends
significantly on the coating amount. The compariseith surface free energy of full
monolayer covered PCC particles indicated thatpimgsisorbed multilayer had a similar
effect on the decreasing of surface free energy,tl@ specific component was even lower
than that of the ML PCC sample. In fact, the swef&ee energy amount is an important
parameter for the surface coating effect rathen tha coating amount. By using the water
coating process, it seems that the physisorbeducalstearate multilayer strongly affects
the surface free energy.

4.4.2 Dependence of surface free energy on precotioiing temperature

All of the PCC nanopatrticles coated with stearinthe aqueous medium have the
physisorbed calcium carboxylate multilayer on thaface with a fixed incomplete
chemisorbed monolayer. As mentioned earlier, therntlal properties of calcium
carboxylate are discussed in depth by the DSC &b ¥chniques. It has been concluded
that those PCC nanoparticles had already underganelecular rearrangement during the
drying process after the coating in the water mmdilihe physisorbed calcium carboxylate
molecules reorganized as a consequence of thealtiyst phase transition from the
monohydratea type to the anhydrou' phase. Additionally, several typical thermal
transitions were observed on increasing the temyreraevaporation of the free adsorbed
water (around 100 °CJ' to the C2 phase or the smectic phase (around@pSfectic-to-
nematic phase (around 165 °C), and the nematitwo liquid-crystal phase transition
(around 190 °C). The free water on the PCC surieame be easily removed by the
preconditioning process even at a lower temperatuch as 60 °C, which was confirmed by
the DSC measurement. However, if the preconditgpm@mperature is higher or similar to
the first main phase transition around 125 °C, sbdace coating molecules will be in a
different structure with an orientational order but dynamic motion. Meanwhile,
considering the prepared process for polymer nanposites with PCC patrticles by the
melt extrusion at a high temperature, two diffeqgmgconditioning temperatures are chosen:
60 °C and 140 °C. The first conditioning temperatisrenough to remove the free water on
the surface without any phase transition occurringe latter is high enough for the
physisorbed layers to undergo the main phase tramsnd is closer to the compounding
temperature for polymers during melt extrusion. Takie of 140 °C was also chosen for

comparison with literature values.
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Fig. 4.11 shows the dispersion component of surfieeenergy of this series of PCC
particles, which are measured at 100 °C after pr@itioning at two different temperatures.
The pure PCC particles have a value of 55 rdfnthe two cases and a similar decreasing
tendency was found in both cases with increasimace coating amount. However, it is to
be noted that PCC2 particles are coated with amum amount of chemisorbed stearate,
which is lower than maximum chemisorbed amount (&%) that can be achieved in water
coating as discussed in Chapter 3. The precondigotemperature clearly effected the
surface dispersion component of PCC2, which resutide 40 mJ/ffor a preconditioning
at 60 °C and 28 mJ/nwith a preconditioning at 140 °C. These results loa explained by
considering that the higher temperature precomditgp resulted in a lower accessibility of
PCC free sites due to the dynamic motion of thesjgoybed stearate molecules. Further
increase in coverage (from PCC3 to PCC9) doeseaut to a significant change in the
dispersion component of surface energy and thé fialae is about 24-25 mJfnin both
cases with different preconditioning temperaturts. other words, even the stearate
molecules are in a kind of dynamic motion at higbemperatures, but the molecular
orientation is still in order. The preconditioningmperatures show little effect on the

dispersion component of surface free energy.
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Figure 4.11 Dispersion component of surface freggnfor coated PCC particles against the surfezate

coating amount at different preconditioning tempaes

The specific component of PCC surface free enesgghown in Fig. 4.12 with two
different preconditioning temperatures, while theasurement temperature is the same

(100 °C) and the polar solvent is chosen to berofdom. In both cases, th&7,,values
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decreased continually with the increasing of sw@fatearate coating amount. However,
there are different decreasing rates. When coaf®d Ranopatrticles are preconditioned at
60 °C, no phase transition of stearate moleculesroed, and the interaction between polar
solvent (chloroform in this work) are related ority the coating layers. However, the
preconditioning at 140 °C would result in a morévecmobility of the stearate layers on
the PCC surface because of the transition to adliguystal phase (see Chapter 3) and can
effectively decrease the adsorption of chloroformtibe PCC surface. Beyond a surface
coating amount of 6 wt% (PCC3), thé,,values are close to 0 and remain almost constant,
which indicates that the stearate coated PCC femt@re now completely hydrophobic.
From this comparison, it has been concluded thatsgrecific component of surface free
energy is strongly dependent on both the surfaairng amount and the crystal phases
present at different temperatures.
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Figure 4.12 Specific component of PCC particle$ager free energy against the surface stearatengoati

amount at different preconditioning temperaturesl@¢éform)
4.4.3 Dependence of the surface free energy on maasnent temperature

The influence of the measurement temperatures enstinface free energy is also
investigated in this work and is shown in Fig. 4. TBe most interesting result is relative to
the surface tension of pure calcium carbonate. &ij3 (a) shows that the dispersion
component of pure calcium carbonate measured &C613 about 107 mJ/m Then this
value is significantly decreased to be 54 nfJmeasured at 80 °C and keeps at the same
level following a further increase in measuremeamjperature. The non-polar alkanes are

used for the calculation of surface tension by gidime IGC technique according to the
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recorded retention time from the inlet part to thetect FID signal, which is strongly
dependent on the adsorption and then desorptiotikegum process in the PCC column.
We believe that the mobility of non-polar probesinsreased when the measurement
temperature increases but below 125 °C withoutmase transition of the surface stearate
molecules. For each PCC particle, the surface dandecreases with the increasing of the
measurement temperature, and no big change octuns the measurement temperature is
higher than 100 °C. At different measurement temrijpees, the relationship between the
surface tension and the surface coating amount steogimilar trend, first decreasing to

reach a minimum value of 24 mJ/emd then staying at this plateau value.
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Figure 4.13 Dependence of the surface tension @ p&ticles on the measurement temperature:
(a) Preconditioning at 60 °C and (b) Preconditionind4® °C
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Fig. 4.13 (b) shows the results of the surfaceitenat two measurement temperatures
on a series of particles preconditioned at 14061Cl6 hours. They show exactly the same
decreasing tendency with an increase of surfacéingpamount. However, we want to
emphasise that the measurement temperature atCL4@t°only increases the mobility of
the detected probes but also leads to a main phasgtion of the stearate layers on the
PCC surface from C2 to liquid crystalline phaseisTis the explanation for the much lower
surface tension (around 17 mJjrfor the multilayer coated PCC particles. Thisiaiton is
closer to the conditions of extrusion when PCCiglag are added into polymers.

When this series of PCC particles were preconditioat 60 °C, the calculatédr,,
values progressively decreased with the increagirthe surface coating amount at all of
the measurement temperatures as shown in Fig.(4)14rhis influence of measurement
temperatures can be explained by the high adsorpina desorption equilibrium rate for
chloroform as the polar probe with increasing terapges. The calculatexty,;, measured
at 60 °C is about 5.5 kJ/mol, and this high valaafiemed that there is still some active
sites available on the PCC2 surface with the indetapmonolayer. However, the
possibility for the CHGJ to reach the free PCC sites decreases with thengoamount
increases.

Similar to surface tension, the preconditionind4® °C resulted in a relatively lower
value ofAG,;,, and this can be explained by the more dynamicamaif stearate molecules

to mask the available PCC active surface sites.
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Figure 4.14 (to be continued)
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Figure 4.14 Dependence of specific component of B@face free energy on the measurement temperature
(a) Preconditioning at 60 °C and (b) Preconditigram 140 °C

4.4.4 Acid-base interaction parameter

One important aspect of investigating different sugament temperatures is the
determination of acid-base parameters of PCC pestlmefore and after coating with stearin.
According to Equ. 4.11, the curve plotting4? /T againstl/T should yields a straight line
with the slopeAH$?. Fig. 4.15 shows regression straight fitting lifies all of the coated
PCC particles according to the free enthalgyf® of the same series of particles as shown
in Fig. 4.14 (a). From those fitting lines for P@@rticles (from PCC2 to PCC9), those
slopesAH$? seems to decreased first then almost stay as gldiaéis. In other words, the
adsorption enthalpy of Lewis acid-base interaciéif’ of the water-coated PCC particles
becomes smaller when the coating amount increabks result is similar to the
relationship found between the dispersion compooéstirface energy and surface coating
amount. The PCC surface characteristic is changdekthydrophobic due to the stearin
coating.

However, in our work, only chloroform is availall®e show some retention peaks at
different temperatures when passing through theneolpacked with PCC patrticles. This is
the experimental limitation to obtain more res@iitsn other polar probes. As mentioned in
the section on theory background, the acid-baseraation parameters of this series of
fillers can be calculated not only from the specfomponent of adsorption enthalpi/¢?,
but also can be determined directly from free dpthaG$’ using the AN* and DN
numbers listed in Table 4.3. From Euq. 4H2andK, can be calculated from the fitting
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line whenAG,,/AN™ is plotted versu®dN/AN* of polar probes. The slope of the fitting
line K, is related to the acidity of the solid and thesioeptK,, reflects the electron donor
ability.
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Figure 4.15 Determination of the enthalpy of ac@dinteraction according equation 4.11
Three polar probes THF, EtAc and CH@lere used in this work for the determination
of acid-base interaction parameters and théj; values are shown in Fig. 4.10, which
were determined after the PCC particles were pitoned and measured at 140 °C. It is
quite clear that the slopes of those fitting liagsshown in Fig. 4.16 decreased following the
increase of coating amount from PCC3 to PCC9. hermtvords, this means that the relative

acidity of the coated PCC patrticles significantyated to the stearate coating amount.
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Figure 4.16 Determination of the acid-base pararaetecoated PCC particles
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Moreover, Fig. 4.17 shows the relationship betwdnacidity parametet, and the
stearate coating amount on PCC surface. It is appdnat two straight lines can be traced
through the experimental points with a transitiaminp corresponding to PCC6, which is
consistent with the former discussion about theecwhr arrangement and presence of a
second physisorbed stearate layer present on tfaEsu

0.8

D\
0.6

0.2+

0.0

T T T T T T T T
6 8 10 12 14
Coating amount of stearate on PCC (wt%)

Figure 4.17 Relationship between the acidity patamaith the stearate coating amount

4.4.5 Filler/polymer matrix interaction

In filler toughening of plastics, the interfacialleesion between the polymer matrix
and the fillers is strongly related to the surfabemical and physical properties of the two
components. It is reported that the interactiorwbeh two surfaces in contact with each
other can be created by primary or secondary bors most important primary forces are
the ionic, covalent and metallic bonds, and thesdary bonds are created by the van der
Waals forces, such as the dipole-dipole, inducpedldiand dispersion interactions. The first
one is very strong while the others are relativelgak. Also an H-bond can also form
between the two phases. There are many availabteiés that have tried to explain the

complicated phenomenon of adhesion. Fowkers [162] duggested the following relation:

1
viz = V1 +v2 = 2(rivs)? (4.13)
wherey? is the dispersion componentygf This theory is valid only for the special case
without polar interaction. However, most polymers polar to various degrees. Thus, the
polar interaction is the main parameter that deteem the interfacial tension with the
second phase. We have already elucidated thahtluence of the surface coating amount

is more significant in the specific component af toated PCC patrticles.
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Several theoretical equations have been obtaindating the interfacial tension to the
polarity and the surface tension of individual msasrhe three most used equations are the
following [102]:

a. Harmonic-mean equation:

dyiyd  aylyt

Yiz=VY1tV2— - (4.14)
+vd vy
b. Geometric- harmonic-mean equation:
p,p
12 4v Y,
viz=vi+v2—2(rfvs)"" - (4.15)
12 1 2 ( 1 2) ylp +V2p
c. Geometric-mean equation:
1/2 1/2
viz =vi+v2 —20rivs) " = 2(1vs (4.16)

Combining with our IGC results and those theoréterpuations, it can be concluded
that when the polymer matrix is fixed, the interéhadhesion depends not only on the
dispersion component of free surface energy, bugpiscifically related to the specific
component of the PCC surface free energy. In theicptate filled polymers, the
dependence of composite strength on the interfagiataction was reported [84, 163] to
support this statement. Besides, the debondingcettiby a weak interfacial adhesion is the
main accepted dominating micromechanical procesbarpolymer composites toughened
with fillers. The IGC results predict that the PG@face coating with stearin will show a

weaker interfacial adhesion with a polymer matrix.
4.5 Discussion and conclusion

The experimental results from the DSC, XRD, XPS Kp@ experiments lead us to a

number of results that can be summarized as follows

*  The physisorbed calcium stearate/palmitate naykit in PCC particles, prepared by
the water coating process, shows a complicatedmtilebehavior, indicating a peak
corresponding to volatilization of free water, astalline-to-smectic peak, a smectic-to-
nematic peak, and finally a nematic-to-liquid pe@kis means that the physisorbed layer,
present on the coated PCC particles consideredchig work, is crystalline at room
temperature.

»  Additionally, the exact crystal phase of the stéa on the PCC surface after drying
has been determined by the DSC and XRD technidukas been concluded that there is a
thermal transition from the monohydrategphase formed from the aqueous medium to the

anhydroug3’' phase after drying at 105 °C. Thus, the physisbdiearate has lost its water
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of crystallization and only free water is presenttloe surface.

. Beyond 3.17 wt% coating, no major change in tispatsion component of surface
energy with stearin content is noted. Our integdren is that the surface is similar to that of
solvent or dry-coated samples, that is the orgaamis are oriented outwards from the
surface.

*  The specific component of the surface energy sh@whange in trend at 9%, which
should be a transition point of the molecular ageament of the surface physisorbed
stearate.

*  The first monolayer, which is chemisorbed on B@C surface, is an incomplete
monolayer with a maximum surface coverage of abtt%. All of the coated PCC
particles have a similar chemisorbed monolayer thughe water micelle adsorption
mechanism.

*  The layer thickness for the two fully covered ralayer samples calculated by the
XPS MultiQuant software, shows that the chemisorimesholayer is vertical to the PCC
surface.

All of this information enables us to depict a mlodethe structure of stearin water-
based coatings on calcium carbonate nanoparticles.

As shown in Scheme 4.1 (a), we propose the moleemfangement that in water the
micelle mechanism leads to the formation of a clserled monolayer at the surface of the
particles and to a physisorbed calcium stearaterlayhe physisorbed layers are in a
hydrateda phase with the polar head groups directed towtdrelsvater phase, and bonded
to some water molecules, while the two organicstafl each calcium di-stearate molecules
are parallel to each other forming a single layar,a tail-to-tail arrangement to the
chemisorbed molecules. This structure is in a stédyim since the carboxyl groups and the
calcium ions are surrounded by polar water molecudd this stage, the two layers (the
chemisorbed monolayer and that formed by the atkglins of the physisorbed CaSare
still reminiscent of the relative positions of tim®lecules in the original micelle from which
they are precipitated from the water phase. Thee#egf coverage for the two layers is
identical. For example, for PCC4 (6 wt%) both thenmlayer and the CaSlayer have a
surface coverage of 72% at this stage due to tf@rdation of micelles. The picture for
samples with larger stearin contents is somewlmailasi to this and the only difference is
that more CaStayers will be present since the maximum covethgecan be reached with
the micelle mechanism of coating is just 72%.

After drying at 105° C, a critical temperature jabibve the transition to the C2 phase,
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the water molecules are lost and the stearate dnifate) molecules may rearrange as
shown in Scheme 4.1 (b). In the new layer of anbyslilCaS# the organic tails of calcium
di-stearate are arranged on opposite sides wiffecego the central calcium ion, although
they are still vertical to the calcium carbonatetipke. In this way, on the outer surface of
the particle, only the terminal non polar €groups of the alkyl chains will be present, in
agreement with the observation that the dispersmmponent of surface energy of the
coated particles does not appreciably change vigaris content above 3%. In fact this
physisorbed Cagtland CaPn) layer could be better described as a double laféong
chain aliphatic carbon tails separated by a straiticalcium ions, whose electric charge is
equilibrated by the carboxyl head groups of tharstte ions. This structure is related to the
orthorhombicB phase of calcium di-stearate. In order to readd tonfiguration, it is
necessary that one half of the aliphatic chainghef calcium di-stearate rotate 180° as
shown in Scheme 4.1 (c). For temperatures beyoAd@2the stearate/palmitate layer will
undergo a phase transition from crystalline tolitpeid-crystal state, which will result in a
more disordered arrangement like that depicteddne®e 4.1 (c). This phase transition
related to the thermal treatment explains very el the preconditioning temperature at
140 °C results in a lower value of the PCC surfamergy compared to that of 60 °C.

This proposed mechanism for rearrangement aftemglryneans that the surface
coverage of the double layer formed after this ganization will be one half that of the
original physisorbed layer. With a further increasfethe surface coating amount, the
orthorhombic double layer of calcium stearate/ptdtei molecules continue to reorganize
until reaching the maximum coverage of 72 %. PC@a8 coated with about 8.91 wt%
stearate molecules, which is close to the situatioat both the chemisorbed and
physisorbed layer have the maximum surface coverdbes proposed model can be
verified by calculating the layer thickness frone tKPS data. This is possible using the
island-on-sphere model with the MultiQuant softwdreis model has the limitation that the
two layers in the island type must have the sannface coverage. This is the case of the
single sample PCCS6 in the series considered inithi&. For PCCB6, a thickness of 65.4 A
is calculated which is close, within the limitstbése type of calculations, to the sum of the
length of one molecule of stearin (22 A) plus ateiilayer distance corresponding to one
stearate/palmitate double layer in the orthorhorfibthase, which we estimated to be about
46.7 A.

This confirms the proposed scheme for the surfdgesiporbed stearate molecules.
Considering the monolayer sample with vertical cisenbed molecules on the surface, the
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Chapter4 Surface energy determination of coated PCC

stearate moleculaorientation on the wat-coated PCC is proposed Scheme 4.2 (b)
together with dry or solve-coated ML samples in Scheme 4.2 {#)is model helps us in
explaining why the dispersion component above nayesl coverage is practically const
with the oganic content of the coating, since both the momsland the double laye

show only CH groups on the outer surface of the parti

Lower surface energy

)
o0 06000 o0
seeeee e | Double layer
- monolayer
Q00O ) @ © © = v*_
Monolayer sample Water coating sample (PCC6)
Both dry or solvent coating Surface coverage 72%
@) (b)

Scheme 4.Model for the structure of the stearate multilagerthe surface of PC

The results obtained in the ICexperiments and presented above agree well witde
derived from other methods and strongly supporttérgative explanation given for tl
multilayered structure of the stearate coating @CHRormed in water. In fact, incomple
coverage due to the nelle adsorption mechanism results in relativelyrsgr aci-base
interactionsof the surface with two of the polar probes. Inctetg coverage allows acce
to the surface, whilea strong interaction is the driving force aiding dgfon. With
increasing grface coverage, access to the surface becomes lmuted leading to ¢
decrease in the specific component of surface gné&tge presence of additional molect
in the second double layer of stearate completédges the surface and hinders
diffusion of polar probes to the filler surface. The chaggslopein the dispersive
component and the aelthse interaction parameters figuasarounda 9.0 wt% coating
level indicates the attainment of the maximum cager of the firsiphysisorbed double
layer of stearate. The rather specific structure efdbating forming in the water coati

process may lead to interesting properties in cibgs
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Chapter 5 HDPE/PCC nanocomposites

5.1 Introduction

Nanocomposites with quasi-spherical particles hhageived increasing attention in the
area of “filler toughening” for their potential improve both the toughness and stiffness
when compared to traditional composites loaded witheral fillers. Precipitated calcium
carbonate particles are mostly used as nanofilfeplymeric applications mainly due to
their low cost and simple processing. Many reseascthave reported the possibility of
increasing the toughness of PCC-filled polyolefomposites [7, 12, 40, 89]. Bartczeikal
[11] found that the toughness of Cag&lller materials increased dramatically when the
mean interparticle ligament thickness of the mapakyethylene dropped to values below
0.6 um, which showed the same manner of the brittletictite transition as exhibited by
the rubber particle-modified composition of Nylo ®y Wu [3]. A former work of Lazzeri
[7] indicated that progressively adding steariclamm the coated PCCs led to a continuous
increase in toughness of HDPE/PCC nanocomposites.[I2] also reported the improved
Izod impact energy up to four times that of theeppolypropylene with the addition of
CaCQ patrticles with an average diameter of On7.

Toughness of a material in general reflects theadegf energy absorption from the
beginning of the mechanical load to the final fuaet However, toughness is one of the
most complex properties to control because it isegadly influenced by many
morphological and micromechanical parameters, sash particle size [63], critical
interpatricle distance [14], interfacial adhesiatvieen filler and polymer matrix [84, 93]
and crystalline structure of the polymer [120]. Eover, around the nanofillers in the
polymer, or in the interphase region between thgmper and the nanofillers, it was
reported that transcrystalline layers of the polymmatrix may form along with a lamella
rearrangement of the polymer [4, 70]. The typicainscrystalline regions around rigid
fillers are related to the effect of nanopartickssheterogeneous nucleating agents to initiate
crystallization along the interface. However, thea mechanism of the transcrystalline
growth and the influence of the transcrystallingetaor the ligament region on the
mechanical properties of polymer nanocompositestitaot clear.

In filler toughening studies, one of the most atedpmechanisms for improving
impact resistance is microvoid formation. Thus akes interfacial adhesion is required to
promote the debonding between fillers and the matlowing for the formation of

microvoids around the fillers that then trigger thlastic deformation of the interparticle
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ligaments [34, 35, 88]. Even if the debonding psscelays a little role in terms of
absorbing energy, the process plays an importald no initiating the toughening
mechanism, which facilitates the energy absorphigrshear yielding, plastic deformation
and fibrillation of the polymer [34]. Therefore, iorder to improve the toughness of
polymer nanocomposites, it is necessary to ach@vew particle matrix adhesion.
However, it is also well known that nanoparticles/é the tendency to aggregate during
compounding with the polymer matrix. The key pdigre is how to promote a uniform
dispersion of the very fine nanoparticles, whila, the meantime, keeping a weaker
interfacial adhesion between the polymer and namiofes. In other words, a suitable
surfactant for the surface treatment for PCCs tes®ary for solving these two problems.
As we discussed in Chapters 3 and 4, the industpiptoach to decrease the surface energy
of nanoparticles is to prepare a surface coatintp wiearic acid due to its low cost.
Moreover, the surface treatment of stearin on tl&€ RBurface results in multilayers of
stearate, which was determined by different surfab@aracterization methods. The
commercially available PCC nanopatrticles, coatedgueous medium, were also found to
show different surface properties with respect #otiples treated by the dry or solvent
coating.

The main purpose of this chapter is to apply PC@8oparticles into high-density
polyethylene (HDPE) for the preparation of nanocosii@s. HDPE is an important semi-
crystalline polymer because of its low cost, a\ality and ease of prossing [164-166].
Mainly, the mechanical properties such as the lenssts and the impact toughness are
investigated, and the micro-morphology of HDPE/P@&hocomposites is also studied
using SEM tests, which were also carried out fer fifacture process study. The study of
HDPE/PCC nanocomposites attempts to clarify thiiémice of surface coating on the PCC

nanoparticles on the mechanical properties of pelynanocomposites.

5.2 Tensile properties

As discussed in depth in Chapters 3 and 4 conagthim surface coating of industrial
PCC nanoparticles, the stearate molecular layeth@®CC surface significantly decrease
the surface free energy, which is primarily necesstor the good dispersion of
nanoparticles in the polymer and also for a deeasterfacial adhesion. The dependence
of the tensile properties on the surface organatiog amount of HDPE/ 10 vol% PCC
nanocomposites is shown in Fig. 5.1 and in Tahkle Bleanwhile, the PCC nanoparticles

with a full covered monolayer (code ML1 and ML2)r@ealso added to polyethylene by the
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melt extrusion process for comparison. During thesiton tests, the specimens of pure
HDPE and HDPE/PCC nanocomposites showed similatewinig, yielding (at maximum
stress), necking and then deformation until freeteccurred. In fact, the addition of coated

PCC nanopatrticles did not change the mechanicakpties.

Table 5.1 Mechanical properties of HDPE/PCC nangusites

Code PCC surface Yield stress Young’ modulus Charpy impact strength
coating (vt%) (MPa) (GPa) (kJ/nf)

PEOO 0 31.95 1.178 21.03 7.90
PEO1 0 45.55 1.948 10.09
PEO2 3.0 48.401 1.887 9.63
PEO3 4.5 48.04 1.75 10.60
PE04 6.0 43.86 1.864 577
PEO5 7.5 44.75 2.005 598
PEO06 9.0 41.3 1.828 7.38
PEO7 10.5 45.03 1.785 8.73 7.60
PEOS 12.0 43.53 2.013
PE09 13.5 46.14 2.035 10.21 7.88
PES1 2.75 37.3 1.608 5.64
PES2 45 45.6 1.642 9.01

PEML2 15 4452 1.67 6.85

8 Charpy impact tests were carried out for the spenswith sharp crack about 5 mm.

Fig. 5.1 presents the relationship between thedysttess of HDPE/10 vol% PCC
nanocomposites and the surface organic coating minosuthe PCC fillers. It is clear that
the addition of 10 vol% pure PCC nanopatrticles iicantly increases the yield stress from
about 32 to 46 MPa. With progressively increasugese coating amount of stearate layers
on the PCC particles, the vyield stress of polyethgl nanocomposites shows a slight
decrease. This can be interpreted as a resulteofi¢breased interfacial adhesion between
PCC and HDPE, due to the decreased surface fregyebg the increasing the quantity of
coating on PCC surface as determined in our formwek. For the pure PCC particles, it is
possible that the HDPE molecules arranged arouadPiC patrticles, leading to a rigid
interphase. Inversely, the organic coating on tl& Burface reduces the stress transfer
ability of the interphase, leading to a kind of Wwea interphase. The yield strain of
HDPE/PCC nanocomposites filled with this seriestefrin-coated PCC fillers is shown in

Fig. 5.2. Yielding occurs earlier in HDPE nanocomsifes with respect to the pure HDPE,

97



Chapter 5 HDPE/PCC nanocomposites

further increasing the coating amount produces lemygield strain. This result confirmed
the weaker interfacial adhesion between PCC pestiahd HDPE matrix, resulting in the

earlier occurrence of debonding.
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Figure 5.1 Dependency of yield stress of HDPE/PCC ramposites on the surface coating amount of PCC

During the tensile measurements, all the specin@n$iDPE/PCC nanoparticles
showed very strong whitening under the externallieppoading. This phenomenon is
attributed to the extensive debonding of the plagiérom the matrix, which is suggested to
occur near or a little before the yield point byzkari [7, 63]. It also confirms the suggested
state of low interfacial adhesion between two congmbs in the nanocomposites after the
PCC surface coating with the stearin. Some expatahavork was also carried out by
Lazzeri's group based on the volume strain deteatiun on pure HDPE and HDPE/PCC
nanocomposites [7]. Volumetric strain is a quantititical for completely understanding
polymer behavior. For example, in the semi-crystalhomopolymer, it is a sign of crystal
fragmentation, while in the particulate polymerisitalso a symptom of particle debonding
from polymer or particle cavitations. In the formework of Lazzeri, the pure HDPE
presented a decrease of volume strain with thergheftton under tensile testing, which was
due to the stretching of non-crystalline rubberyagds leading to the orientation of the
amorphous chains parallel to each other in orddonm a kind of mesomorphic structure
and then producing a decrease in volume strairofrirast to this, the presence of PCC
particles indicated an increase in volume straimdsg 5 of reference [7] attributed to the
debonding effect and then the formation and grosftimicrovoids. A similar work on the

three dimensional large-strain deformation of HDP&LQ composites was carried by the
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Parsons [167] using an optical method for simulbaisy measuring strains in all three
dimensions during a uniaxial tension test. Theyntbdhat the volume strain of HDPE
composites, which was determined by the true strass strain data, increased with
increasing the particle content in the polymer.sThesult is strong evidence of the
debonding occurring between the fillers and theympelr followed by the formation of
elongated cavities around the particles.

The debonding process occurring during the terisiés is related to the interphase
region, which consists of mainly three parts: nambgle surface, the organic coating layer
on the PCC surface and the oriented layers of palymatrix, and the polymer matrix
outside the preferred layers [5, 114. this thesis, nanoparticles are applied to HDBE t
balance its toughness and stiffness. The loweiléesisess of the investigated HDPE/PCC
composites with increasing surface coating matesaggested lower interfacial adhesion.
This factor is critical for toughness improvemendawill be discussed in the following
section on impact response.
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Figure 5.2 Dependence of Yield strain of HDPE/PCC nangposites on the surface coating amount of PCC

Young's modulus of HDPE/PCC nanocomposites is shawirig 5.3 against the
surface coating amount of PCC fillers. As it cansken, the addition of 10 vol% uncoated
PCC causes an increase of Young’'s modulus by aéd4i compared to pure HDPE.
However, the PCC surface coating amount shows fleeimce on Young’s modulus. It was
also reported by Bartczak [11] that Young's moduinsreases with an increasing

concentration of PCC fillers, while the yield sgegadually decreased with increasing PCC
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content. Therefore, we can conclude that Young'sluhe of polymer nanocomposites is
related to the amount of nanofillers, but not aedoy the PCC surface coating.
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Figure 5.3 Dependence of Young’'s modulus of HDPE/R@acomposites

on the surface coating amount of PCC
5.3 Impact response

In this thesis, Charpy impact tests were carrigda@udetermining the energy absorbed
during the fracture for HDPE/PCC nanocomposite @hsorbed energy is a measure of
the toughness of materials. Fig. 5.4 shows thetioakhip between the Charpy impact
strength of HDPE composites and the surface orgamating amount of PCC fillers. It is
clear that the impact strength of pure HDPE showalae of about 8 kJ/mThe selected
HDPE/PCC nanocomposites, for example, PE04 has ch rower value (5.7 kJ/fh of
impact strength. However, the impact strength efocamposites increases with the further
addition of surface coating agents to the PCC gdagi When PCC9 was melt blended with
HDPE, the Charpy impact strength reached almostdhee value of pure HDPE. It appears
that the impact strength increased linearly with ghrface coating amount.

As we discussed in Chapter 4 related to the PCfasienergy determination by the
IGC technique, the acid-base parameter of coated paiticles was also determined. The
coated PCC surface showed a decreasing surfacerfezgy in both dispersion and specific
components with an increase in the amount of oogaoating. Moreover, the acidity of
coated PCC was also reduced at high levels of sidaating. In Fig. 5.5 the relationship
between the acidity of coated PCC particles andCiharpy impact strength of HDPE/PCC
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nanocomposites is shown. There is a decreasingnendof the impact strength with an
increase in the PCC surface acidity. In other wpotls acid-base properties of the coated
surface play an important role in the interfacidh@sion. Pukanszky and Moczo [147]
reported that the coated calcium carbonate pastildd to a decrease in the interaction
strength due to the neutral character of the félerface, which was similar to our results.
As shown in Chapter 4, the surface energy of co®€q€ particles decreased with the

addition of coating layers, which then led to ard®in the interfacial interactions and even

in the interphase thickness.
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5.4 Morphology of the fracture surface and analysisf the deformation process

The examination of the fracture surface of pure HDRnd HDPE/PCC
nanocomposites with the SEM technique gives detariéormation on the crack initiation
and crack propagation processes occurring durimgitfpact tests. This study on the
microscopic fracture surface, which mainly investes how a crack is initiated and
accompanied by large energy consumption, is quigortant in understanding the fracture
and toughening mechanisms. Usually, there are tvoapy zones in the fracture surface
related to the crack initiation and crack propagasteps respectively as shown in Fig. 5.6,
as an example, without considering the dimensitin,rahich depends on the measurement

temperature [168].

DES))]

Figure 5.6 Schematic of the fracture surface after Ghanpact test

5.4.1 Fracture surface of pure HDPE

First, the fracture surface of pure HDPE is presgnh figures Fig.5.7, Fig. 5.8 and
Fig. 5.9 to show different parts of the fractureface starting from the notch. In this thesis,
the pure HDPE is marked with the symbol 1, while fDPE/PCC nanocomposites are
marked as 2 in order to simplify the labels in 8&M graphs and to better compare the
different morphology in the two cases. The différearts of the impact fracture surface are
named as A, B, C, D, E following the crack direntistarting from the notch. The crack
initiation zone is labeled as 1A in Fig. 5.7 (a)pdbw magnification and 1Am in Fig. 5.7 (c)
of a high magnification. This part can be namedzeiiike part. Following the crack
propagation, the different parts B, C, D, E arespnt on the surface with a noticeable
boundary as shown in Fig. 5.6. The crack propagategion in pure HDPE is obviously
separated into different parts labeled as B, CG& h Fig. 5.8 (a) and Fig. 5.9 (a). Part B, at
both low [Fig. 5.8 (a)] and high magnifications ¢Fi5.8 (c)], is a brittle-like zone. This
region is located just after the crack initiatioartpand is caused by the burst of energy
following the breakdown of the craze zone. Then dreze propagates at a progressively
higher rate because the materials do not have éntng to dissipate the excess energy,
leading to a brittle surface. This zone B showsirailar craze-like region as zone A

including some tearing of the material and the gmes of vein-type features.
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(@) (b)

(© (d)

Figure 5.7 SEM micrographs of carck iniziatregionon the fracture surfac
(1) pure HDPE, (2) HDPE/10 vol% PCC9

(@) (b)

Figure 5.8 SEM micrographs of crack propagaregionon the fracture surfa

(to be continued)
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(©) (d)

Figure 5.8 SEM micrographs of crack propagaregionon the fracture surfa
(1) pure HDPE, (2) HDPE/10 vol% PCC9

As it can be seen iRig. 5.9 (g, zone C is a relatively small part with macroscalby
visible curved markings on the fracture surfacee boundary between regions C and C
Fig 5.9 (e) shows largeaearing features, typical of zone with a transient decrease in
crack propagation rate. In other words, this serfec similar to the blunted part of
initially sharp crack. The fractuisurface corresponding to a decrease in crack pabiosx
shows darge deformation of polyethylene and also a féwilB of the polymer matrix

In our experimentsthe samples were not fully broken at the end ofithgact test
This means that the straenergy release rate has fallen below a critieéley insufficiens
for further crack growth. The fraction of the fra# surface corresponding to the transi
from zone D to zone Ehows an interesting new pattern with fee-like or parabolic
markings, visible in Fig. 5.9f), resembling those that can be observed at theof@notch
on the fracture surface of samples tested in imp@&uair interpretation is that th
corresponds to the nucleation of many secondargksraverlapping each otheThese
cracks grow larger and larger in sizmerging with one anotherfollowing the crack
direction. However, those parabolic markings appa@y in a small region, which
followed by wider zone E. In Fig. £ (a) (marked as Bhe crack propagion stops. The
final part showsevidence of the regular striations perpendiculath® crack propagatio
The detailed view of the morphology is shown in.FBg i) at larger magnification. Th
micrograph shows that these striations are assaocwaith plestically-deformed fibrils of
pure HDPE. Those slightly deformed fibrils are daling the fracture directiol

104



Chapter 5 HDPE/PCC nanocomposites

In the literature, many studies have been carrigdmdiscuss the behavior of polyn
or polymer nanocomposites under tensile loadingitimns. Chan and W(89] reported
increased toughness of annealed polypropylene pammusites with calcium carbone
fillers. Their study of the Izod impact fractureface suggested that the plastic defction
zone formed in the cra-initiation stage was responsible for the high imigaaghness ¢
the annealed nanocomposites. In our \ for HDPE/10 vol% PCC nanocompos, the
Charpy impact strength is found to increase with ithcreasing amount of PCsurface
organic coating. In order to study the toughnesshaeism of the HDPE nanocomposi
with coated PCC particles, we firstly chose the ®Epecimen as an example for

nanocomposites and the impact fracture surfaciscsisised below

(©) (d)
Figure 5.9 SEM micrographs of the impact fractureasigrfof pure HDPE and HDPE/PCC nanocompo

(to be continued)
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(i) 0
Figure 5.9SEM micrographs of the impact fracture surface of P E and HDPE/PCC nanocompos|
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5.4.2 Fracture surface of HDPE/PCC nanocomposites

The SEM micrographs of HDPE nanocomposite withed#&CC particles were shown
in figures Fig. 5.7, Fig. 5.8 and Fig. 5.9 with fhietures marked with number 2. Similar to
that of pure polyethylene, the impact fracture a&tefcan be separated into two main zones,
crack iniziation and propagation, respectively.

Firstly, the crack initiation part in Fig. 5.7 (Bpd (d) seems to be larger in size with
respect to that of pure HDPE. The micrograph of tmack initiation part of the
nanocomposites sample shows large-size dimplesghtrhagnification. This is probably
associated to a high rate of energy dissipationrelider, the area corresponding to the
following crack growth is obviously very differefitom that of pure HDPE. Especially in
the micrographs at high magnification shown in Bg (d), the combined presence of
secondary microvoids nucleated around the coatdd patticles and the fibrillation of the
HDPE matrix between those microvoids is evident.fdot, the polymer matrix shows
enhanced plastic deformation around those micrevoampared to what can be observed
on the fracture surface of samples of pure HDP&thatsame distance from the notch tip.
Microvoid formation requires both nucleation andwth to occur during the timeframe of
the fracture process. In other words, nucleatiaihescritical step, necessary for the growth
of microvoids by the plastic flow of the matrix aral them. In fact, plastic deformation of
the ligaments between microvoids is much easien tinaa bulk polymer because the
presence of free surfaces, supplied by the walth@fcavities enclosing the nanoparticles,
ensures that the mechanical stress is zero initaetidn perpendicular to the cavity walls.
Due to the limited thickness of the ligaments caring two neighboring microvoids, this
condition leads to a very low component of hydrbstatress, thus triggering plastic
deformation in the matrix material. This requireanoparticles well dispersed in the
polymer matrix acting as nucleating sites for mwoids. In fact, the micrographs of
HDPE/PCC nanocomposites show a very good homogedistribution of nanoparticles
with very slight aggregation, which is related ke tsurface coating of the particles. As a
consequence, intense microvoid formation leadsughiness enhancement.

Examining new areas of the fracture surface furtheay from the notch tip in the
direction of crack propagation, zones C, D, E dnews in Fig. 5.9 (b) at a low
magnification. Comparing the fracture surface ofOAGDPE with that of pure HDPE, it is
apparent that the boundary between Zones C and mbtisso clearly defined for the

nanocomposites, while Zone D is much larger in sizé shows visible parabolas even at
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lower magnificationA more detailed viewof each zone is shown in Fig. 5d), (h) and (j)
in order to compar¢ghe appearance of zones pure HDPE at similar distance from tt
notch. Similar to @ne B the fracture surface of nanocompositeZame C also shows the
combination of microvoids and fibrillation. Howeyehere are few big alomerates of the
nanoparticles. The fracture surface area D skan obvious difference with that of pu
HDPE. Somesecondary nucleating cracare present in this zone overleing each other.
The typical micrograph of the secondary crack im&® is shown in Fig. 5.10 at higk

magnification.

Figure 5.10 SEM micrographs of impact fracture surfaiddDPE/PCC¢thanocomposites in Zone

Moreover, Hne E in HDPE nanocomposites shows the stria-type fracture
morphologysimilar to that observed for pure HDI however,there is evidence of ¢
enhanced plastic defoation of the polymer matrixaccompanying the loc fracture
process as shown in Fig. ). The formation of thesstriations featuis of Zone E is
probably connected to the nuclea of secondary cracks in Zorig, extending outwards
along the direction of fracture propagation, asash Fig. 5.11 ahigh magnification. Th
secondary cracks are connected with llayered fibrillatior’” or “striation” perpendicular
to the crack propagation direction and consistighe significant plastically deforme

fibrils of thepolymer matrix due to the existence of nanocompse
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Figure 5.11 SEM micrographs of impact fracture surfafdd DPE/PCC9 nanocomposites in Zon-E

5.4.3 Comparison of HDPE nanocomposites with PCC pigcles coated with different

methods

As we discusse in former workon Charpy tests, the impact strength of the HLC
composites increasedth the increasing of the amount frface coating. In this thesis, 1
SEM micrographs of HDPE nanocomposites with PCI€r§ilcoatewith different method:
are alsaccompared in Fig. 5., which represents micrographs of the same zZone B) of
the fracture surface of each san. PEO1 is the code for nanocomposites with the
calcium carbonate, while PEO7 and PEQ9 represenhaimocomposites with wa-coated
PCC,but different coating amots, 10.3 wt% and 12.9 wt% respecti. Sample PES4 is
the nanocompositpreparecwith the solvent-coated PCftom the PCC1 powder to ree
full monolayer coverag:

In all cases, the pure PCC or the coated PCC fillers ctribute very well in the
HDPE polymer but withdifferent degrees of dispersion. In fact, teeel of aggregation of
four different nanoparticles diffs one from one ather. Obviously, pure PCshows
relatively large aggregat compared to the water-cedt PCC particlesLarge agglomerates
are observed also faolven-coated PCCThis might be more difficult to elucidate.
possible explanation is related to the manufaatupnocess. In fact, it is possible tl
particle agglomeration occurs during drying step, when the particles are brought toge
at very small distances from each other, and steatigesion forces can establish amonc
particles due to the high polarity of the surfatlee solvent coating process is probably

able to break den these agglomerates and thus survive even dtivengxtrusion stag
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Figure 5.12 SEM micrographs of the fracture surfadd@PE/PCC nanocomposit

with particlescoated with different methoat the same locatidnom the notch tig

It is known that the aggregates are related tcsthiace free energy of PCC fillers.
the surface energy of calcium carbonate fillellarge, aggregatesf nanofillers can surviv
during the shearing procesduring melt extrusionand then remain in the polym
nanocomposites, leading to deleterious ts on the mechanic performance. The S
microsmorphology structure perfectly matches with oumfer resulton the PCC surface
characteristics and supported IGC results, which suggested the lower surfaceggnand
then lower interfacial adhesion. In other words, ee® predict tai improvements in the
toughnes®f nanocomposites in the fil-toughenegolymers strongly depe on the better
dispersion of thenanofillers, which can be achieved by the surfacatinog process wit
suitable organic materials. Good dispersion of panicles meansthat very fine
microvoids formed during the fracture procas well as thextensivel plastic deformation
of the polymer matrixlocalized in the ligament leading to the formatumfrfibrils betweer

neighboring voids.
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5.4.4 Filler toughening mechanism

After the comparison of the crack initiation andpeigation zones in the impact
fracture surface, it is clear that both zones inREDnanocomposites undergo significant
larger plastic deformation than that of the purb/per as shown in the SEM micrographs.
The toughness of a material mainly depends on tieegg dissipating events that can be
activated in the vicinity of a sharp crack. Thectraitiation zone in the pure HDPE shows
mainly the crazing and tearing of the polymer ftselowever, when PCC particles are
added to the HDPE, the crack initiation zone shewslence of microvoids around the
nanoparticles on the surface. The formation of avaid zones will continuously release
the plastic constraint in the polymer matrix andrthwill trigger a significantly large plastic
deformation of the polymer. This is accompaniediiy consequent tearing of the matrix
ligaments bridging the microvoids, which furtheads to the formation of polymer fibrils.
The fibrils of the polymer matrix can reach verygk elongations, which are related to the
energy absorption. The formation of crazes in theeppolymer, the formation of
microcavitation around the particles, or the fiatibn of plastic deformed polymer
ligaments, the yielding are also strongly relatedhe energy absorption of the polymer.
Here, the SEM micrographs of the fracture surfdd@harpy specimens tested in impact are
consistent with the tensile mechanical propert®s. reported a decreased vyield stress and
yield strain of the HDPE/PCC nanocomposites withirammease in the amount of surface
coating on the PCC surface. As reported elsewhenha literature [23, 35, 169, 170],
debonding between nanofillers and the polymer masrithe main mechanism for further
inducing further plastic deformation of the matrfigllowed by the fibrillation of the
polymer. Debonding is not an important processefwergy absorption itself, but it is very
important to nucleate a chain of following eventsl gorocesses, which are effectively
responsible for the toughness improvement.

Considering both the tensile and impact tests is thork, the balance between
stiffness and toughness of the filler-toughenedtma is achieved by the addition of stearin-
coated PCC patrticles, which are commercially abéeldy means of water-based processes
and low cost products. In other words, the organigting on the PCC surface produces an
alkanoate multilayer and decreases the surfaceeineegy significantly. Then when the
particles are applied to the polymers during thdtdmending process, the interfacial
adhesion is also weakened and the special intezpleg#on that is formed is very important

for the mechanical performance of HDPE nanocomessiThe increase in stiffness is
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mainly attributed to the internal properties ofidignorganic particles, while the toughness
is improved by the addition of PCC particles dughe easier and also earlier debonding
and formation of microvoids, which are the key ¢astfor triggering other processes for
energy absorption. However, our study is main fesusn the microdeformation process,
governed by the structural characteristics of tl#PH/PCC nanocomposites by the SEM
technique. This will be also interesting for a fhett study on other factors, such as the
presence of preferred polymer layers around therfate zone, the polymer lamellar

thickness, and even the crystallinity of the polyme

5.5 HDPE nanocomposites with PCC coated with diffent fatty acids

In the former part of this Chapter, we discussesd d@pplication of the stearin-coated
PCC fillers in the HDPE polymer. Those nanoparsickere coated with stearin, a mixture
of palmitic acid and stearic acid, in aqueous madiaccording to the currently used
industrial process. Except stearic acid, whiclhesrmost common chosen surfactants for the
PCC surface coating, we also considered other #&itys to study the influence of the chain
length on the mechanical properties of the polynsrocomposites. In principle, the main
purpose is to try to decrease the high surfaceggnalr the hydrophilic calcium carbonate
surface to make it more compatible with the lowface energy and hydrophobic surface of
polyethylene. Our former work mainly focused on thierent amount of surface coating
on the PCC surface and different surface coatinthoas. In the literature [171-173], the
surface tension of calcium carbonate nanopartieed, consequently, the interfacial
adhesion between nanoparticles and the polymeixvaat expected to depend on the type
of fatty acids. The mechanical properties of HDRinposites are directly related to the
deformation processes, such as the crazing, defgpngelding, propagation and fibrillation
[174, 175]. Therefore, a series of fatty acids waresen with the carbon number from 10 to
20 in the alkyl chains. The surface coating of PgaCticles with those fatty acids was
carried out in acetone as shown in Chapter 2. 22tz coated PCC particles were added to
the HDPE by extrusion blending.

The mechanical properties of HDPE/PCC nanocommosite analyzed as a function
of the number of carbon atoms in fatty acid ana dle particle content in the HDPE
polymer. Fig. 5.13 shows the effect of nanofillentents on the tensile properties of
nanocomposites. Here the specimens of HDPE with P&@Gcles coated with the capric
acid were chosen as an example. The yield stressases slowly, while the elongation-at-
break shows a linear decrease with increasing tbatent.
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Figure 5.13 Tensile properties of HDPE/PCC nanocomposites
(PCC coated with capric acid marked as C10 as an expugykus the PCC nanoparticles content

Fig. 5.14, Fig. 5.15 and Fig. 5.16 show the depeoeleof yield stress, Young's
modulus and elongation-at-break on the number dforaatoms in the chain length of the
fatty acids, respectively. The number of carbormetan the fatty acids used in this thesis
vary from 10 (capric acid) to 20 (arachidic aci@ach coated PCC particle was added to the
HDPE with a range of loading from 5 wt% to 15 wt%.
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Figure 5.14 Yield stress of HDPE/PCC nanocompositeduarsciion of number of carbon atoms

The vyield stress of this series of HDPE nanocontesswith solvent-coated PCC
particles shows a higher value than for pure HD®Ehown in Fig. 5.14. At lower loadings

(5 wt%), the yield stress indicates a very slighidency to decrease with the number of
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carbon atoms present in the fatty acids, reachipigteau value of around 35 MPa. For the
nanocomposites with a higher filler loading, thelgi stress increases when the PCC
particles were coated with fatty acid comparedhtat of pure PCC. The influence of the
carbon chain length on the yield stress is lessmé@f A similar result of the elastic modulus
is shown in Fig. 5.16, which suggests no signifia@range of the stiffness with increasing
of carbon number in the fatty acid. This is simifar Young’'s modulus of HDPE

nanocomposites with PCC particles coated in wdibe stiffness appears to be mainly

related to the filler loading and practically inéeplent on the surface coating amount.
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Figure 5.15 Elongation-at-break of HDPE/PCC nanocompoag@sfunction of number of carbon atoms
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Figure 5.16 Elastic modulus of HDPE/PCC nanocompositeguaston of number of carbon atoms

The elongation-at-break of HDPE nanocompositefigsva in Fig. 5.15 as a function

of the number of carbon atoms in the fatty acidghWhcreasing the filler loading in the
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nanocomposites, the elongation-at-break value deese However, the relationship
between the elongation-at-break and the type @y fatids seems not so clear for three
different loadings. In other words, when the fattyds have a carbon number from 10 to 20,
there is no influence of the alkyl chain length e final fracture strain of polymer
nanocomposites. One interesting result is thaetbiegation-at-break of HDPE/10wt% PCC
nanocomposites increases when the fatty acids &awxenber of carbon atoms between 20
and 22. It seems that the increased length of lity ehain in the fatty acids changes the

interfacial adhesion.
5.6 Conclusion

In this Chapter, the mechanical properties and ni@phology of HDPE/PCC
nanocomposites have been studied. The effect afisteoated PCC patrticles treated in
water on the final performance of nanocompositestdegn discussed.

The stiffness and toughness of HDPE/PCC nanocongsasppear to be well balanced.
The addition of nanoparticles can increase thedyistress and Young's modulus
significantly. However, the yield stress slightlgadeased when the PCC surface coating
amount increased probably due to earlier debondiatgeen the fillers and polymer matrix.
This is attributed to lower interfacial adhesion as effect of the surface coating and
matches well with the IGC determination in ChapteiThe most interesting result is the
Charpy impact strength, which also showed a limkgrendence on the amount of surface
coating on PCC particles.

The comparison of the microdeformation processheySEM technique suggested that
the main toughening mechanism of the HDPE/PCC ranposites is not the crazing such
as in pure HDPE. In fact, the addition of nanogéet lead to the formation of microvoids
and of microfibrils in the matrix, clearly connedt® the improved toughness deserved. The
morphology of nanocomposites filled with differaarounts of surface coating confirmed
that a lower surface energy produced better digpersf nanoparticles in the polymer
matrix.

We also discussed the effect of carbon chain lengtfatty acids on the final tensile
properties. The carbon number in the fatty acidedafrom 10 to 20. The yield stress and
Young’'s modulus of HDPE/PCC nanocomposites seelaswaly constant with the varying
number of carbon atoms in the fatty acid. The ehing-at-break shows a slight increase
when PCC fillers were coated with fatty acid witirlwon atoms between 20 and 22. Future

work is needed for studying the effect of chairgknon the toughness.
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Chapter 6 PLA/PCC nanocomposites

6.1 Introduction

Polylactic acid (PLA) is a biodegradable thermofitaslerived from a renewable
resource [176-181]. PLA has received a lot of aibennot only as an alternative to
petrochemical plastic but also because of its lsigangth and stiffness, biocompatibility,
and thermal processability. PLA is considered pstantial material in many fields such as
biomedicine, packaging and films [181, 18PJowever, its toughness, heat resistance and
gas barrier properties are not satisfactory, aratetbre its application for commercial
products is limited because of those inherent wesdées. PLA has been bulk modified
mainly to improve the toughness and degradatioe. réhe toughness improvement is a
crucial necessity for many applications, while ihgroved degradation rate could be
important in biomedical applications.

The most extensively used methodology for improvmgghness of PLA is to blend it
with different plasticizers and (biodegradable @niiodegradable) polymers. Known
plasticizers are glycerol, citrate ester, polyethg@ glycol (PEG), polypropylene glycol
(PPG) which are used to lower the glass transitemperature, increase ductility and
processability [183, 184]. The addition of 5 andwit® PEG with a lower molecular weight
(400 and 600 g/mol) was reported to decrease #mes gtansition temperature from around
57 °C to about 45 °C and 34 °C, respectively [18&anwhile, many research papers have
been published on PLA blended with other biodedsidpolymers such as poly (3-hydroxy
butyrate) (PHB) and poly(e-caprolactone) (PCL) withcompromising its biodegradability
[186, 187]. Recently, PLA-based nanocomposites hale® been investigated with
nanoparticles, such as calcium carbonate, montimité clay, cellulose fibers [177, 188-
190]. In principle, rigid nanoparticles can substly improve toughness more efficiently
than rubber particles when a good dispersion igegeH, since both stiffness and toughness
can be balanced [7, 11]. The properties of biod#agsee PLA might be enhanced by the
incorporation of nanoscale reinforcements.

The crystallization behavior of PLA is stronglyatdd to the physical, mechanical and
barrier properties. PLA can be either amorphousse@mi-crystalline depending on its
stereochemistry (L-Lactide, D-Lactide and meso-id#tand thermal history, which is a
very important parameter for the PLA processinghmetogy. More particularly, the
increase of crystallinity is important for the ioj@n-molded articles with good thermal
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stability. A very important strategy for increasirige crystallinity of PLA is to add
nucleating agents to the polymer matrix during nelirusion. The nucleating agents will
lower the surface free energy barrier for nucleaamd make the crystallization start at a
higher temperature during cooling. Talc is repofdgdKolstad as a nucleating agent when
added to PLLA [191].

In this chapter, we discuss the effect of the aaldlibf precipitated calcium carbonate
(PCC) nanoparticles to PLA as filler-toughening rage Calcium carbonate is the most
widely used filler in polymers and enables to imse toughness without a loss in stiffness.
In Chapter 5, precipitated calcium carbonate nartimpes coated with fatty acids were
added into high-density polyethylene, and the imgaength of the polymeric composites
was increased as the amount of stearic acid inetledd/e believed that the interfacial
adhesion between PCC and HDPE was affected byutifiece coating amount for the PCC
nanoparticles. A weaker interfacial interactionwen fillers and the matrix can lead to
both a good dispersion of nanoparticles and eadprdbng between two components
during the fracture process, which are necessatgrafor the improvement of toughness in
polymer composites. The toughening mechanism fomper nanocomposites with calcium
carbonate has been well discussed for HDPE, PP, #NdCABS [12, 89]. However, little
research work has been reported in the literataréd®@C/PLA nanocomposites. In this
chapter, this polymeric system was studied in imtato its thermal and mechanical
properties, building upon our former experiencetlo@ application of calcium carbonate
nanoparticles into polymers, with the purpose ginowing the toughness of PLA.

Another type of nanofillers, tubular clay, HalloygsiNanoTubes (HNTs) was also
added to PLA for the purpose of comparison. HNTshwa molecular formula of
Al,Si,O5(OH)4snH,O are naturally occurring, multi-walled inorganianotubes which have
a similar geometry to carbon nanotubes (CNTs) [192, 193], but with a much lower cost.
Xu and co-workers [194] carried out some researcipalylactide-based composites with
functionalized multiwalled carbon nanotubes (F-MWIEN which exhibited remarkable
improvements in rheological properties in the mol&ate compared with pure PLA.
Moreover, F-MWCNTs acted as a nucleating agent wéygplied to PLA. With similar
structures and physical properties as CNTs, HN€&sereiving increasing attention in the
field of polymeric composites based on the theitofeing facts: HTNs possess high
mechanical strength and modulus, a high asped, ratid they can easily be dispersed by
shearing in the polymer matrix due to their relatiow hydroxyl density compared to other

layer silicates.
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The aim of this study is to test the capabilityP@C nanoparticles as toughening fillers
for PLA. We also try to compare two different typet inorganic fillers on the final
performance of PLA composites, such as the thebehbavior and mechanical properties,
especially fracture toughness. The nucleating efféénorganic rigid nanoparticles on the
crystallization behavior of PLA nanocomposites wesgaluated by the isothermal
crystallization analysis. Meanwhile, the macro-natbal properties and the micro-

deformation morphology of PLA composites were irnigaged.

6.2 Mechanical properties

Pure PLA is well known with its high strength ariiffisess. The strain-stress curves of
PLA composites with PCC, halloysite or both nantpkas are shown in Fig. 6.1. The yield
stress and Young’'s modulus of PLA binary or terr@mnposites are recorded in Table 6.1.
The pure PLA shows the highest tensile strengthwiiilit a very small elongation-at-break
of about 3.5 %. The specimens of pure PLA fractumgtiout any whitening or necking.
Both the addition of halloysite nanotubes and P@€@iges into PLA decreases the tensile
strength as shown in Fig. 6.1. The most impressffect of nanofillers on PLA is that the
addition of PCC can increase the elongation-atkofeam about 3.5 % for pure PLA to
about 10 % for the PLA composites filled with 10%wbf PCC as shown in Fig. 6.1 (a).
Meanwhile, all the specimens of composites with Pidl€rs show the extensive stress-
whitening band over the whole gauge length. Howetke elongation-at-break first
increases to reach a maximum of about 12 % wheR@t@ particles loading increase up to
15 wt%, then decreases with the further additioRGEC particles. However, the addition of
the HNT nanotubes has little effect on the elomgatt-break of nanocomposites, which is
also probably related to the dispersion of nanatubeéhe PLA matrix. From Fig. 6.1 (b), it
is evident that the increase in elastic modulu®lofA/HNT composites compared to pure
PLA. This result confirms that the HNT nanotubee affective in the improvement of
stiffness. The PLA/HNT/PCC ternary composites ig.E.1 (c) show unstable mechanical
properties as the increasing of PCC content irctimeposites except the relative increase of
elongation-at-break. Similar to the PLA/PCC systethe elongation-at-break of
PLA/HNT/PCC composites first increases and themedeses with rising levels of loading
of PCC fillers, while the yield stress keeps desig@when the fillers content increases.

From the stress-strain curves of three differenA Bbmposites and the recorded yield
stress values, the effect of PCC coated with stemnid can be explained by a decreased
interfacial adhesion between PCC fillers and thé iatrix in the presence of stearic acid
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in the interfacial region. Similar to the situation HDPE/PCC nanocomposites, the
physisorbed stearate layer on the PCC surfacetiefgcweakens the interfacial adhesion
between the PLA and the PCC surfaces, thereforendidiy between the PCC fillers and
the PLA matrix can take place at lower stresseshdénwork of Jiang [177], similar tensile
properties were reported. The elongation-at-brea& improved to about 13 % with 7 wt%
NPCC from 4.1% of pure PLA. The most widely usedhud to improve the toughness is
to add plasticizer to PLA, which produces a sulisthmeduction of the glass transition
temperature and a parallel increase in ductilitd anpact strength. Murariu [195] and
coworkers reported that the strain-at-break camdreased from 11 % of pure PLA to 75 %
with the addition of 10 wt% glyceryl triacetate anPLA/calcium sulfate composites.

However, they reported the parallel decrease df tetsile strength and Young’'s modulus.

Table 6.1 Mechanical properties of PLA binary and tegrcamposites with PCC or HNT fillers

Code Composition Young's modulus  Yield stress
PLA/HNT/PCC (GPJ) (MPa)
PLA 100/0/0 4.15 84.99
PLAPCCS 95/0/5 4.39 80.17
PLAPCC10 90/0/10 4.44 72.91
PLAPCC15 85/0/15 4.78 65.03
PLAPCC20 80/0/20 4.92 61.88
PLAPCC25 75/0/25 4.8 59.49
PLAHNT2 98/2/0 4.63 85.41
PLAHNTS 95/5/0 4.71 83.59
PLAHNTS8 92/8/0 4.94 83.53
PLAHNT10 90/10/0 4.99 84.18
PHC1 90/5/5 6.89 67.3
PHC2 85/5/10 5.12 60.97
PHC3 80/5/15 4.39 55.93
PHC4 75/5/20 6.03 62.35
PHC5 70/5/25 6.21 56.2

Young’s modulus and the tensile stress of thosettypes of PLA nanocomposites are
compared in Fig. 6.2 and Fig. 6.3 as a functiothefcontents of nanoparticles in the PLA
matrix. The tensile strength tends to decreaseugihdas the filler content increases in
PLA composites. The addition of 20 wt% of PCC daseal the tensile strength by 27%.
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Figure 6.1 Strain-stress curves for PLA composites
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Considering that the elongation-at-break of PLA/P&nposites is much larger than that
of pure PLA, the decreased tensile stress is aatedh of both a weaker interface adhesion
between the nanoparticles and the polymer matnid,the plasticizing effect of the surface
coating. In Chapter 5 for the HDPE composites tengld by PCC nanoparticles coated
with stearin, a similar weaker interface interactlmetween polymer and particles allowed
the improvement of the toughness of final nanocasiips. Here we believe that the surface
modified PCC particles with stearate multilayeroalle&ve a suitable interfacial interaction
with PLA, which is responsible for the decreasingld/ stress in Fig. 6.2. The weaker
interfacial adhesion between rigid nanoparticles dn@ polymer is also reported to achieve
easier debonding of nanoparticles from the matnd therefore improved toughness [84,
88]. The PLA/HNT nanocomposites also showed a aimgiecrease of the yield stress but to
a lesser extent. However, the PLA/HNT/PCC ternaapatomposites show much lower
yield stress than the PLA/PCC system.
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Figure 6.2 Comparison of yield stress for PLA namoposites versus the filler content

In Fig. 6.3 the addition of both PCC and HNT nantpkes to PLA shows an
increased Young’'s modulus. However, the effect dbfTHhanotubes in the PLA shows a
higher Young’s modulus with respect to the additadrPCC to PLA, which is due to the
higher aspect ratio of HNT nanofillers. Those tEnsiesults indicated that the HNT
nanotubes and PCC particles have different effentshe toughness and stiffness of the
polymer. The PLA/HNT/PCC ternary nanocompositeswslibe lowest yield stress and
unstable Young’s modulus when compared to the sifijer systems. The lower tensile

strength can be related to the lower particlesfpelyinterfacial adhesion or to the presence
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of flaws due to the possible aggregation of thierSl Further micro-morphology analysis
will be able to clarify the resulted decreasinyiedd stress.
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Figure 6.3 Comparison of Young’s modulus for PLAoeomposites versus the filler content
6.3 Dynamic thermal mechanical properties

DMTA is a useful and sensitive technique for thalgsis of the microstructure and
macromolecular conformations and motions as a fomaif temperature. Fig. 6.4 and Fig.
6.5 show the temperature dependence of dynamiageanodulus Bnd loss modulus’E
of pure PLA and PLA composites with PCC or HNT naemticles over a temperature range
from -100 °C to 150 °C. Generally, the storage nhaslof both pure PLA and PLA
composites remains stable in the temperature fi@if <C to about 55 °C, which is below
its glass transition temperature. Then the storagéulus of neat PLA drops rapidly due to
the glass transition around 55 °C. However, aftes temperature range, the storage
modulus increases rapidly with temperature, whhattributed to the well-known cold
crystallization. However, in the cases of PLA cosifes with both PCC and HNT, the
storage modulus is not stable and shows a muclr leabee with respect to that of PLA in
the cold crystallization region. There are two [duises in order to explain the low storage
modulus in PLA nanocomposites; one can be the @edamobility of the PLA chain, and
the other is the smaller number of PLA moleculaieh involved. At room temperature, the
storage modulus shows no significant differencevben the neat PLA and PLA composites

except the PLA composites with 5 wt% PCC. This ltemuconsistent with the tensile
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results of the decreased yield stress. Howevemtler research work [196, 197], the
addition of inorganic particles shows a huge inseem the storage modulus when the
temperatures are both below and above the glassitican temperature, which is attributed
to the improvement of stiffness. Therefore, ourage modulus result matches well with the
decreased tensile strength with the addition of P@gicles due to the weaker interfacial
adhesion between fillers and the matrix.

10'3 : . - . - T : |
m: - begse f’ﬁf’i";“u"fﬁ“f{gg 18, 3939330 00aas
7@ 10° 4 &
o ] .
= a'
N 4
%) . 4
=
S L,
e} S L
o 10
S N e “t
) PLA : St ]
2 s PLAIPCC 95/5 ° &
—_ a e
S .4 PLAHNT 95/5 % A
n 109 - pwrccoono G BT e
] PLA/HNT 90/10 o 7]
PLA/HNT/PCC 80/5/15 ’
10 . , . , . , . , .
-100 -50 0 50 100 150

Temperature(°C)

Figure 6.4 Temperature dependence odgtomodulus of PLA nanocomposites

10’5
peastatessestang %&m:&&@&@“ A;

’;:’jqa:;* EALT < #A:‘q 20

%0 Fy a«ﬂq;u“ﬁ% 78898500799
S i
o 105 ?
S ]
N—r
n
=)
3 . RS
Q PLA . S
E 104 ©  PLA/PCC 95/5 : S
0 ] PLA/HNT 95/5 B
3 « PLA/PCC 90/10 6

L4 0
PLA/HNT 90/10 PR
PLA/HNT/PCC 80/5/15 P
& Qa:“
10°4 o
J j T T T T T T T T T
-100 -50 0 50 100 150

Temperature (°C)

Figure 6.5 Temperature dependence sfritsdulus of PLA nanocomposites

123



Chapter 6 PLA/PCC nanocomposites

4.0
3.5+
3.0+
2.5
] PLA
o PLA/PCC 95/5
e 2.0
< PLA/HNT 95/5
— PLA/PCC 90/10 .
1.59 PLAVHNT 90/10 - e., ¥
: = PLA/HNT/PCC 80/5/15 . s
1.0- s ok
.
0.5+
1 asda ok 4 AAL”:r
0.0 ' saasg0i
T T T T T T T T T
-100 -50 0 50 100 150

Temperature (°C)

Figure 6.6 Temperature dependenceaa®iof PLA nanocomposites

In Fig. 6.6, the tam curves of pure PLA, PLA binary nanocomposites VROC or
HNT or PLA ternary nanocomposites with both arettplb against temperature. The pure
PLA show a glass transition temperatugeal about 67.1 °C according to the peak value of
the tand curve. For the PLA composites, thg Falues decreases to about 63.0 °C for
PLA/PCC composites. The slight decrease gfisTconsistent with tensile tests when the
stearin-coated PCC caused both a good dispersioGE nanoparticles and weak
interfacial adhesion with the PLA matrix. Howevttte addition of HNT nanotubes to PLA
also showed a slight decrease of thetdmperature, which contradicts other reports that
maintain that the glass transition temperature detad increase due to the addition of
inorganic fillers [196]. In other words, the additiof fillers to the PLA induced increased
polymer chain mobility in the interphase zone. As iwell known, the glass transition is a
complex phenomenon related to many factors suatham flexibility, molecular weight,
branching, crossing-linking and intermolecular ratdion. Papageorgiou [196] and
coworkers discussed the thermal properties of Pbokposites with multi-walled carbon
nanotubes, montmorillonite and silica nanoparticlégey reported impressive enhancement
in the storage modulus for all three types of cosites and a small increase f (L-2 °C),
which was attributed to the physical crossing-lca@used by the interaction between fillers
and PLA. Similar results were recorded for PLA caosifes with other nanoparticles such
as clay [188], bentonite [196], microcrystallinellgldse [197] and natural fibers [189].
However, a lower Jtransition temperature was reported for PLA medifwith plasticizer,
such as PPG [185], PEG [198] and glyceryl triaeefa95]. A similar shift in § shows for
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our PLA/PCC composites with PLA modified with plagers, which is consistent with the
conclusion of Pukanszky [199] that states thatsiearic acid on the PCC surface acts as
plasticizer. Another work by Mahboobeh [200] repdrithe improved flexibility of PLA
composites with stearate-modified layered doublérdwide, which showed seven times the
elongation-at-break with 1.0 wt% stearates®ig.DH, while keeping the same level of
tensile strength and elastic modulus. Therefore, alkanoate layers on the PCC surface
showed a similar plasticizer effect in the PLA/P@&hocomposites.

Considering the cold crystallization occurring itemperature range from about 80 °C
to 120 °C, the pure PLA showed a very small pedkleathe PLA composites give a much
higher intensity peak also due to the cold cryitailon of the polymer matrix. In other
words, this result can be explained by the fact thare are more PLA chains involved in
the crystallization around the soft interphase zoMeanwhile, there is a larger
improvement in the spherulites due to the presemndke inorganic fillers separated in the
PLA matrix. The tam curves of PLA composites indicate an effect of P&(hucleating

agents.

6.4 Thermal behavior of PLA nanocomposites

6.4.1 Isothermal crystallization of PLA nanocompogses

PLA crystallinity is a very important factor reldtéo the mechanical and durability
performance in molded applications. In this wotke tisothermal crystallization of PLA
composites was investigated at 120 °C as the diigateon temperature from the melt state.
The effect of the PCC patrticles and halloysite maipes on the PLA crystallization kinetics
was compared by measuring the crystallization tiaé determined during the isothermal
tests. Fig. 6.7 shows the DSC isothermal curvesptoe PLA and a selection of PLA
nanocomposites. It is clear that pure PLA has & skw crystallization rate from the melt
state, which is a well-known result, especially thoe injection-molded products where PLA
shows a low crystallinity or is almost amorphousieTdegree of crystallinity is largely
controlled by the ratio of D to L enantiomers usadd to a lesser extent on the type of
catalyst used [201]. The crystallization half-timne pure PLA is about 37.7 min in this
work. Our results are consistent with other worlkkscl reported a half-crystallization time
in the range of 17-45 min, depending on the criystdion temperature, stereochemistry and
molecular weight [202]. Many papers [203-205] dssmd the influence of the

stereochemistry of PLA on the crystallization bebay, since two optically active forms of
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lactic acid exist: L-lactic acid and D-lactic aci8chmidt and Hillmyer [204] showed that
the self-nucleation of PLA with stereocomplex (0% wt% PDLA into PLLA) was
extremely effective when compared to the traditiongleating agents such as talc. Self-
nucleation is considered to be an ideal case fondpmlymer crystallization due to an
optimum dispersion of crystallites and the favolgabteractions between the polymer melt
and the polymer crystal fragments. In this worklyothe effect of nanoparticles is
considered for the crystallization of PLA composit®CC nanoparticles were applied as
nucleating agents into polypropylene for the foioratof 3 phase PP [40, 65]. A similar
enhanced crystallization behaviour was also fouhdmthe HNT nanotubes were added to
PP, which was attributed to the unique morpholog wulti-walled inorganic tubes and
rolled by some aluminosilicate layers [206]. Botie PCC particles and halloysite sharply
increase the crystallization rate from the melt ahdrten the crystallization half timet
which is shown in Table 6.2. Similar results weoairfd in other research for PLA/talc
composites [202], where it was found that the aoldibf talc to the PLA can speed up the
crystallization rate 65-fold over pure PLA for asoihermal temperature of 115 °C. The
most impressive increase in the crystallizatioe tas been found for the PLA/HNT/PCC
composite with a composition of 90/05/05, whichwhd crystallization half-time of only
12.4 min. The comparison between PCC and halloysit®particles shows that PCC has a

much better nucleation effect on the PLA matrix.
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Figure 6.7 DSC isothermal traces of Rl PLA nanocomposites
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In this work, the results of obtained for PLA naomposites during the DSC
isothermal measurements were analyzed by Avranatexu6.1:

1—X(t) =exp (—Kt™") (6.1)

where constank is the crystallization rate; is the Avrami exponent, anxi(t) is the
relative crystallinity at time. Parameters( and n are related to the crystallization rate and
to the type of nucleating and the geography oftafygrowth. Fig. 6.8 shows the plots of
relative crystallinity of selected PLA compositegamst crystallization time. The
crystallization half-time is defined by the time evh a relative crystallinity of 50% is
reached. Pure PLA has the longest time to finighctlystallization from the melt state. The
Avrami plots oflog(— In(1 — X(t)) versuslog(t) are shown in Fig. 6.9, where the
intercept and slope of the best fitting lines aatculated to be the values lofgK andn,
respectively. The Avrami exponemtof both pure PLA and PLA composites is just beBw
as shown in Table 6.2. In other words, this val@ans that the crystal growth occurred in 3
dimensions. In general, the nucleation stage ama@nystal growth are more complicated for
the polymeric composites due to the fact that rBllean act as nucleating agents, by
increasing the crystallization or by limiting thermal crystal growth in some certain areas
such as the interphase between fillers and thenpaiymatrix [207], depending upon the
interfacial adhesion.
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Figure 6.8 Plots of the relative crystallinity df&#and PLA nanocomposites versus crystallizatiometivhen

the isothermal temperature is 120 °C
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6.4.2 Non-Isothermal crystallization of PLA nanocomosites

In the literature, it is generally accepted thatmy crystallizing polymers tend to form
a multilayer structure with an amorphous skin, miseystalline layer, and an amorphous
core in their injection molded specimens [177]. lewer, the crystallization of PLA from
melt usually occurs in the temperature range fr@ma120 °C [208]. The crystallization
properties of PLA-molded samples showed no strattgradient in PLA nanocomposites
[208], which was explained by the combined effdanaterial crystallization ability and the
injection molding conditions (50 °C). In our wotke neat PLA exhibited no crystallization
peak during cooling from the molten state with altw speed of 20 °C/min as shown in
Fig. 6.10, and this is consistent with the literattesults that reported no crystal formation

during cooling at this speed for pure PLA [208].
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Figure 6.10 DSC trace of pure molded PLA specima&mgd the heating-cooling-reheating program
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Table 6.2Composition and crystallization properties of PL&rposites

Isothermal crystallization

Thermal properties ofAPtomposites

Code Composition
n logK ti2 Ty (°C)  Tcc (°C) AHcc(J/9) Tm1 (°C) Tm2 (°C)  AH,(3/9)
PLA PLA HNT PCC 100/0/0 2.30 -3.79 37.7 61.8 109.9 85.5 148.2 156.0 30.69
PLAHNT5 PLA. HNT PCC 95/5/0 2.48 -3.83 31.2 62.1 103.8 25.62 146.9 155.0 27.94
PLAPCC10 PLA  HNT PCC 90/0/10 2.23 -3.20 25.5 60.3 96.9 25.03 145.9 155.8 29.31
PHC1 PLA HNT PCC  90/5/5 181 -2.18 124 57.9 98.4 27.41 146.8 156.7 30.69
PHC2 PLA  HNT PCC 85/5/10 2.66 -3.99 29.1 57.8 100.1 7.7 146.5 156.2 29.91
PHC3 PLA. HNT PCC 80/5/15 2.18 -3.36 20.3 58.9 99.0 25.65 145.7 156.2 30.83
PHC4 PLA  HNT PCC 75/5/20 2.34 -3.30 23.3 58.4 99.0 27.93 146.3 156.4 33.17
PHC5 PLA  HNT PCC 70/5/25 2.94 -4.06 21.9 58.7 97.6 19.34 1456 155.5 32.91
PLAPCC10* PLA  HNT PCC 90/0/10 60.5 119.69 26.93 152.8 28.32
PLAPCC15* PLA HNT PCC 90/0/15 59.7 118.1 22.45 154.70 124.
PLAPCC20* PLA  HNT PCC 90/0/20 59.9 118.79 24.40 152.2 855. 24.61
PLAPCC25* PLA  HNT PCC 90/0/25 59.9 110.70 22.10 150.4 556. 21.63
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Therefore, the PLA nanocomposites for the DSC tesie taken from the injected
molded specimens, which are already quenched fhemmelt state by a fast cooling speed
in 15 seconds to 50 °C as the molding temperafiite. characteristic thermal properties,
such as glass transition temperaturg),(€old crystallization temperature £), enthalpy of
cold crystallization AH.c), melting temperature (two peakgiland T,,), and enthalpy of
fusion AHy,), are marked in Fig. 6.11, and those values ave/shin Table 6.2.
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Figure 6.11 DSC thermographs of pure PLA and PLAosamposites extruded at 180 °C and molded at
50 °C first heating process at heating speed 5 ftC/m

All the data shown in Table 6.2 have been correbtedonsidering the filler content in
PLA nanocomposites. The addition of both PCC pladi@and halloysite nanotubes to PLA
decreases theyTby about 3 °C. More impressively, the cold crysation temperature
(209.9 °C) of pure PLA was decreased by the inaatpm of PCC and HNT fillers by
about 10 °C, which also indicated the improved teffigation behaviour of PLA matrix in
the presence of nanoparticles. The decrease of thathglass transition and the cold
crystallization temperatures can be attributedn® énhanced chain mobility of the PLA
matrix at lower temperatures and the decreasedatligation induction period due to the
presence of the already existed crystalline nucldiis result confirms the Avrami
isothermal study that rigid inorganic particlestsas PCC can behave as nucleating agents
for PLA. Meanwhile, the enthalpy of cold crystaditon was slightly increased by the
addition of nanoparticles compared to that of pBigA. This enhanced crystallization
behaviour can be explained by the high surface supalied by the nanoparticles and thus
by the increasing number of nucleating sites fer BLA matrix. The crystallinity of PLA

nanocomposites can be determined from the differémtween the enthalpy of fusion and
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that of cold crystallization, which is quite smabmpared to the theoretical melting

enthalpy (93 J/g) [209], which means that the itnpeemoulded PLA composites are almost
amorphous in structure. There is not too much diffarence in PCC composition on the

crystallization behavior, even if all nanocompasitan increase the crystallizing speed of
PLA in isothermal tests.

The influence of the filler amount in the PLA nanogosites on the glass transition
and cold crystallization temperatures was plottedrig. 6.12. The addition of nanofillers
can effectively decrease both thg and T, but further increasing filler amount does not
lead to additional effects. Fig. 6.13 shows tha IISC heating process for PLA/PCC
nanocomposites and the cold crystallization tentpszacontinuously decrease with
increasing filler contents. This can be explaingdh® more available surface area of PCC
nanoparticles for the nucleation of the PLA matrikowever, the cold crystallization
temperature in Fig. 6.13 is different than thafig. 6.11 due to the different heating speeds.
The label * in Table 6.2 represents a differentrrtted speed for the first heating of 10
°C/min, while the other data were calculated witltharmal speed of 5 °C/min. In the
literature, plasticizers were applied to PLA in erdo lower the glass transition for the
moulding process [184]. According to the tapeak, measuredn DMTA and the DSC
results, the glass transition temperature cleadgrehsed by about 3 °C. The enhanced
mobility of the PLA chains can be attributed to fHasticizer effect by the alkanoate layers
on the PCC surface, which decrease the interfaclhksion between polymer and PCC
particles. The improved mobility also gives a fagpowth rate for the PLA crystal leading

to an increase in crystallinity.
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Figure 6.12 Glass transition and cold crystallmatiemperature of PLA ternary composites
versus the filler contents
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Another interesting point is that two melting peakew up in the DSC curves for pure
PLA as shown in Fig. 6.11. For the PLA nanocomgssivith the PCC and HNT fillers,
there is a progressive shift of low temperaturekpeahigh temperature. The two melting
peaks are classic for PLA thermal behavior dué¢oréorganization of less perfect crystals,
which have the same structure of the more perfegttals but with a smaller lamella
thickness. Fig. 6.11 clearly shows the shift of firt melting peak to higher temperature in
PLA nanocomposites. We believe that the improvgsdtatiization favors the nucleation of
larger amounts of less perfect crystals with respecthe pure PLA [194]. Generally
speaking, the multiple melting behaviors are relate the presence of crystals with
different forms or different perfection degreesidgrthe heating process [210, 211].Here
PCC nanopatrticles have a much more impressiveeinéle on the reorganization of the PLA
crystals compared to HNT. Fig. 6.12 also indicatest the addition of 25 wt% PCC
nanoparticles gives a clear melting peak at a hitgraperature.
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Figure 6.13 DSC thermographs of PLA/PCC nanocomg®sixtruded at 180 °C and molded at 50 °C

first heating process at heating speed of 10 °C/min

6.5 Morphology of PLA nanocomposites

The fracture surface of the tensile samples wassinyated by the SEM technique and
shown in Fig. 6.14 from (a) to (d). The fractureface in the presence of crazing has a
more brittle aspect compared to that associateghiar yielding. The dispersion or
distribution of nanofillers into the polymer matris an important topic for the high
performance of polymeric hanocomposites, in padiciior the mechanical and thermal
properties. Pure PLA and PLA/HNT, PLA/PCC, PLA/HIRTLA composites are compared
in Fig. 6.14. The surface of pure PLA (Fig. 6.1 (& smooth without significant plastic

deformation and a few fibrils were formed, typia#l a fracture process dominated by
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crazing. Fig. 6.14 (b) shows the fracture surfadelaA with only halloysite natural tubes at
different magnifications. The whole fracture sudae Fig. 6.14 (b1l) shows the presence of
a large aggregation of halloysite natural nanotuaed causing an early fracture, which can
explain for the decreased yield strength in theitertests. However, a part of the PLA/HNT
surface consists of the exfoliated nanotubes awisho Fig. 6.14 (b2), some of which are
pulled out and with some holes left on the surfatkis shows the potential of the
application of HNT nanotubes taking advantage efrthigh surface area and their unique
structure, in the case that homogeneous dispersiald be reached. This will be left to
some future work to try to carry out a surface ragptor the natural nanotubes to decrease
their aggregation, while increasing their compétipbetween those hydrophilic fillers and
the relatively hydrophobic polymer. The tensile gpens of PLA/PCC nanocomposites,
which exhibited stress whitening during the tensgdst, show a homogeneous fracture
surface with the well-separated PCC particles ig. B.14 (cl) compared to the HNT
nanotubes. The PLA matrix in the PLA/PCC compositt®wed enhanced plastic
deformation (in Fig. 6.14 (c2)) compared to thapofe PLA. This better dispersion of PCC
particles is achieved by the surface coating widarsc acid, which effectively decreased
the surface free energy of the calcium carbonatepaticles as reported in our former
work as mentioned in Chapter 5. Meanwhile, therfatgal adhesion between the PCC
particles and PLA polymer is also influenced by sheface coating, since the debonding of
calcium carbonate particles from the PLA matrix weed during the tensile test, and
evidence of the cavitation is shown in the Fig46(d2). In other words, this debonding is
responsible for the decreasing tensile strengththadincreasing elongation-at-break for
PLA composites when PCC particles are added aatsésone of the most critical factors
for the toughness improvement of PLA nanocomposites

The addition of both PCC and HNT nanofillers to Plddes not change the
aggregation of HNT. The fracture surface showetkdifit zones in Fig. 6.14 (d). At high
magnification, Fig. 6.14 (d1), noting a typical aggate of HNTSs, represents a material flaw
that will induce a decrease of the mechanical ptase Another different zone is shown in
Fig. 6.14 (d2) where PCC nanoparticles are cleasiple as well as many microvoids due
to the debonding of PCC patrticles from the PLA paty. There is also the combination of
the fibrillation of the PLA around the nanopartglend the stretching of ligament between
the microvoids, which plays an important role irhancing the toughness of the polymer
material. Considering the mechanical propertiesh tensile part, we believe that PCC

nanoparticles are also potential nanofillers ferithprovement in toughness of PLA.
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Based on the SEM micrographs, we can concludethkabughening mechanisms &
failure behaviors of PLA nanocomposites under umlatension, the pure PLAields
mainly by crazing of thpolymer. However, irPLA/PCC nanocomposii microvoids form
by debonding at the PLA/PCC region, followed enhancedplastic deformation of th
polymer matrix and also by its fibrillatic
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Fig. 6.14 (to be continued)
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Figure 6.8 SEM micrographs for the fracture surface of Plpd@mens after tensile measurem
(a) pure PLA, (b) PLA/HNT (95/5) nanocomposite9,R€A/PCC (90/10) nanocomposites,
PLA/HNT/PCC (80/5/15) ternary nanocomposites

6.6 Conclusion

PLA composites with PCC (coated with stearic acid) &fdT nanotubes wer
compared in this study. An ichermal crystallization study indicated that two ofifers
actedas nucleating ageniby decreasing the half-crystallizatitime and increasing tt
crystal growth rate. Additionally, the glass trdimsi temperature was decreased by abc
°C when the BC particles were added to the PLA due to the erdthmobility of PLA
chains. A similar § decrease resulted from the DMTA tests, which ingidea shift of
Tand peak(corresponding tTg) to the lower temperature in PLA composi

The tensile tests d?LA composites with PCC, HNT or both of them showléterent

effectson the mechanical performance such as the yieddsstiYoung’'s modulus and t
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elongation-at-break. The most impressive increabeulbmate deformation of PLA
composites occurred when PCC fillers were presedtthe maximum elongation-at-break
reached about 15 %. However, the addition of HNThobabes resulted in a decreased
elongation-at-break of the PLA composites. Suclealanical difference is attributed to the
nanoparticle dispersion in the matrix as the PCG warface coated with stearate for
achieving a uniform distribution, and the HNTs ward coated, thereby achieving a much
higher surface energy leading to aggregation.

These considerations were confirmed by the SEM hwggical analysis. A weaker
interfacial adhesion is proposed for the PCC serfaoating with stearate, which is
necessary for the microvoid formation and highasft deformation of the polymer matrix
during the fracture process of PLA composites. &fuge, a good dispersion and easy
debonding of the PCC particles together with tiheilfation of PLA matrix indicated the
potential possibility of PCC for the toughness imy@ment of PLA composites.
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Chapter 7 Conclusions

The main purpose of this thesis is to better urndeds filler-toughened polymer
systems, in particular the relationship betweensiiéace coating of nanoparticles and the
final performance of polymer nanocomposites, taidate the toughening mechanisms that
can be activated in filled plastics. Precipitateglcieim carbonate nanoparticles are
commercially available and widely applied in thelustrial fields for polymer composites.
However, little information has been disclosed he topen literature about a careful
characterization of the structure of the surfacd’GIC particles coated with stearin under
typical industrial conditions. Moreover, the cont@c between surface coating and
mechanical properties, thermal behavior and mongulof the resulting polymer
nanocomposites has not been investigated in augbrmanner. This work can be separated
into four main parts.

Part 1:

The surface characterization of PCC nanoparticlestec with stearin in aqueous
medium has been studied using DRIFT, TGA and DS@Gnigues. The organic groups on
the surface by DRIFT indicate that only the CQ@@pup is present on the surface without
any free stearic acid. The determination of thaltorganic coating amount shows the
presence of calcium alkanoate multilayers on theCPslirfface. The DTG analysis
successfully showed two separate decompositionspaadt indicated two types of alkanoate
layers on the surface. One is the chemisorbed a#itariayer strongly bonded on the PCC
surface, while the other is the physisorbed muykitabonded to the internal chemisorbed
layer by weak van der Waals forces.

DSC measurements suggested that the physisorbetlagarl had a complicated
thermal behavior, showing a series of peaks dya)tevaporation of water, (b) crystalline-
to-smectic, (c) smectic-to-nematic and (d) nemtitiquid crystal transitions. The amount
of chemisorbed layer on the PCC surface was detedripy the relationship between the
enthalpies of those transitions and the total aogamount on the PCC surface. The most
interesting result is that the chemisorbed amoeepk at a constant level with a maximum
coverage of about 3.0 wt% for all of the coated BQdbwever, the physisorbed multilayer
increases linearly with the totally organic coatamgount on the surface.

Micelles adsorption is proposed as the dominatireghmanism for the water coating
process of PCC particles with stearin. In fact,ltve solubility of stearin in water results in

the formation of micelles, which, during the dryisteps, later deform into flattened
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micelles with the bottom part chemically-bondedHe active sites of the PCC surface. The
salt exchange between calcium ions and the sodmms produces the formation of
physisorbed alkanoate layers on the outer sideeotbating. However, the solvent coating
process of PCC particles with stearic acid follotne Langmuir adsorption and a full
covered monolayer can be achieved.

Part 2:

Since some free active sites and physisorbed rwystis are present on the PCC
surface, it is important to understand the depecel@i surface free energy on the PCC
surface coating. Meanwhile, the complicated therbthavior of physisorbed alkanoate
layer shows a strong connection between the mae@arrangement and the temperature.
Therefore, the thermal transition behavior and th@ecular arrangement of alkanoate
layers are discussed in Chapter 4.

DSC and XRD techniques were used for the investigadf the thermal transition
behavior of calcium carboxylate layers. It was fodhat the drying process after the water
coating is of critical importance for the moleculaarrangement, which undergoes a
transition from thex phase, formed originally in the water medium,he €2 phase at the
critical temperature of 104 °C, and then back te @ phase during cooling. This
rearrangement of alkanoate molecules strongly nexdihe structure of the coating and
causes the organic group to orient outwards. Téssahremarkable effect on the surface free
energy of the coated PCC particles.

The surface free energy of coated PCC nanoparticdsedeen determined by the IGC
technique. A decreasing tendency was found for bibi dispersion and specific
components of surface free energy with an increatiee surface coating amount. However,
there is a much stronger dependence of specifipoaent of PCC surface energy on the
organic coating amount. The dependence of PCCcmuffae energy on the preconditioning
and measurement temperatures is also discussetjabpin relation to the drying process
and the conditions of melt blending with polymdtss known from previous studies that
the interfacial adhesion between particles andmetg largely depend on the surface free
energy. Our study has revealed how this is alsdedlto the surface coating amount.

A molecular arrangement model is proposed basatle®SC, XRD and XPS results.
The chemisorbed monolayer is vertical to the PC@asa, but only partially covers the
surface. The physisorbed multilayer can be arrangedifferent forms depending on the
thermal treatment. After drying, the alkanoate mooles are perpendicular to the
chemisorbed layer and show the alkyl chains orterdetwards. This proposed model
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matches very well with the surface free energyrdateed by IGC and with the thickness of
coating layers measured by XPS.
Part 3:

HDPE/PCC nanocomposites were prepared using thrase process with a fixed
particle loading of 10% by volume. The mechanicabperties, including the tensile
properties and the impact response, were discussday in relation to the effect of the
surface coating amount on the PCC surface.

The addition of pure PCC particles significantlgreases the yield stress and Young’s
modulus of HDPE composites compared to that of plD@E. However, on progressively
increasing the amount of PCC surface coating, thkl wtress shows a decreasing trend,
while the elastic modulus keeps at a relativelystamt value. This effect of the surface
organic coating is related to the debonding prooessrring between the PCC patrticles and
the polymer matrix under the uniaxial applied lo&tigher levels of surface coating, as
determined in Chapter 4, mean a lower surface graang consequently a lower interfacial
adhesion. This results in an easier debonding ofoparticles from polymer matrix.
Therefore, the dependence of the yield strain emathount of surface coating also reflects
an earlier debonding during the tensile tests.

Impact tests showed a tendency to a linear increffiee Charpy impact strength on
increasing the amount of PCC coating. This resulpsrts our approach to filler-
toughening, which mainly consists of achieving atimum balance between toughness and
stiffness of polymer nanocomposites.

The micro-morphology of the fracture surface of@pens of HDPE nanocomposites,
after the Charpy test has been studied by SEM. Blo¢h crack initiation and crack
propagation zones of HDPE/PCC composites are cadpaith that of pure HDPE. The
nanocomposites showed an enhanced plastic deformatid cooperative fibrillation of
polymer matrix, which are related to the formatafrthe microvoids around nanopatrticles.
The degree of aggregation in HDPE/PCC composites fwand to be smaller when
compared to that of uncoated PCC particles. A beligpersion of nanoparticles in the
polymer matrix can be achieved by a lowering ofawe free energy and would produce
finer microvoids during the impact process.

Part 4:
PLA is a biodegradable polymer and received mutdnaibn in recent years due to its

high stiffness and strength. However, one of thenm@aoblems is its intrinsic poor
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toughness that constrains some further applicatibherefore, PCC particles coated with
stearin in the water medium were added to the Pd foaghening fillers.

The mechanical properties of PLA/PCC nanocompositescompared with another
PLA nanocomposite with halloysite nanotubes (HNIMe addition of PCC particles to the
PLA shows a large increase of the elongation-atbfeom about 3.5% for pure PLA to
about 12% for the nanocomposites with 15 wt% PCAigbes. The yield stress of PLA
composites shows a decreasing tendency with inogdise nanofillers loading. For PCC
particles, the decreasing of yield stress suggaskarger extent of debonding of PCC
particles from the PLA matrix, similar to that miemed for the HDPE/PCC
nanocomposites. On the contrary, the HNT fillersvedd a strong effect on the elastic
modulus of PLA nanocomposites.

The dynamic thermal mechanical behavior of PLA/P@@Bocomposites was studied
using the DMTA technique. It was found that the@g@ modulus of PLA composites keeps
at the same level with that of pure PLA and somA&/PICC composites show an even lower
elastic modulus. This can be a reflection of thedo interfacial adhesion between PCC
fillers and the PLA. The temperature dependenceamd suggests a decreased Tg of PLA
nanocomposites by about 3 °C, which indicated draeced mobility of PLA chains due to
the plasticizing effect of the stearate coatingfenPCC particles.

The crystallization behavior of PLA/PCC nanocompessiwas analyzed using both
isothermal and non-isothermal DSC analysis. Theitiadd of coated PCC particles
effectively decreases the crystallization half-tiamal the cold crystallization temperature. It
was confirmed that the glass transition temperatves decreased in the PLA/PCC
nanocomposites. We believe that the coated PCCpaaticles act as nucleating agents for
the PLA, and the surface coating multilayer of stgshow a plasticizing effect decreasing
the glass temperature.

The morphology investigation of PLA nanocompositgs SEM analysis showed a
good dispersion of PCC nanoparticles, while larggreagates have been noted for HNT
fillers. Considering the fracture surface of spesmms broken in a tensile test, PLA/PCC
nanocomposites showed the presence of debondirgGGfnanofillers from the PLA matrix
and the fibrillation of this polymer. PCC particlese considered to be the toughening

nanoparticles, while HNT particles the strengthasmding nanofillers.
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