Trade Science Ine.

ISSN : 0974 - 7478 Volume 7 Issue 3

Macromolecules

A Jndian Joaraal

> M fororeview

MMAIJ, 7(3), 2011 [126-138]

Recent developments in clay-containing polymeric nanocomposites:

Clay characterization & high pressure dilatometry

L.A.Utracki

National Resear ch Council Canada, I ndustrial M aterialsIngtitute, 75 deM ortagne, Boucherville, QC, J4B 6Y 4, (CANADA)

E-mail: leszek.utracki@cnrc-nrc.gc.ca
Received: 24" August, 2011 ; Accepted: 24" September, 2011

ABSTRACT

In structural clay-containing polymeric nanocomposites (CPNC) ca. 2 — 5 wt% clay is dispersed in polymer matrix:
thermoplastic, thermoset or elastomeric. Since most clay/polymer systems are antagonistically immiscible, in analogy
to immiscible polymer blends atwo-step compatibilization isrequired: (1) intercal ation transforming clay into organoclay
and (2) addition of functional compatibilizer(s). The volume of these compatibilizing speciesusually islarger than that
of clay itself. These additives affect the thermodynamic, rheology and other performance characteristics of CPNC.
Since the system is immiscible, i.e., sensitive to stresses during compounding and forming, the reproducibility of
behavior may be aproblem. Furthermore, from the chemical and physical pointsof view the natural and synthetic clays
are complex. The purified natural clay may contain 2-5 wt% contaminants (humic derivatives, quartz, gypsum, dolo-
mite, and other minerals), whereas the synthetic ones may be mixtures of different crystallographic forms(e.g., lamellar
and needle-like). Crystalline clays, natural or not, have polydispersed platel ets shapes and sizes. Accordingly, charac-
terization of CPNC should start with that of aclay, itsplatelet size, their inherent dispersibility (absence of interlamellar
crystalline welding) and presence of contaminants. CPNC are being characterized by the rheological methods in the
solid and molten state. Their mechanical, barrier, dielectric and other properties are determined following the standard
methods. However, the use of the high pressure dilatometry (HPD) is rare, even when this is the simplest way for
determining the free volume and the thermodynamic interaction parameters as well as the key thermodynamic and
engineering quantities, e.g., the thermal expansion and compressibility coefficients. The HPD measurements are
important, especially in view of the kinetic nature of thetransitions (vitrification, crystallization) that stretchesinto the
non-equilibrium melt. An overview of the method and results obtained for CPNC with amorphous or semi-crystalline
polymeric matrices are described. © 2011 Trade ScienceInc. - INDIA

CHARACTERIZATION OF CLAY

The clay-containing polymeric nanocomposites
(CPNC) aredispersionsof clay inapolymer. For good
performancethe exfoliationisdesired. Inindustrial
manufacture of the structural CPNC the crystalline
clays, naturd or synthetic, areused. Theclay platel ets
are0.7— 1.7 nm thick with the aspect ratio: p=diam-
eter/thickness = 20— 60001, The natural claysare

contaminated with (1) organic (e.g., humic substances,
HS), (2) parasitic clays (e.g., amorphous or non-ex-
pandable) and (3) particulate minerals (quartz, sand,
silt, feldspar, gypsum, orthoclase, apatite, calcite, do-
lomite, biotite, etc.).

CPNC manufactureinvolves melt compounding
inasingleor twin-screw extruder (SSE or TSE, re-
spectively) inthe shear or extensiona flow field. Dis-
persing in extensional flow ismore energy-efficient,
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generates better dispersive and distributive mixing,
isperformed inamore uniform stressfield at lower
temperaturesand it does not re-aggregate solid par-
ticles as the shear field does. Some years back an
extensional flow mixer (EFM) and itsdynamic ver-
sion, DEFM were devel oped. These devices may
be attached to a SSE or TSE, or used asthe stand-
alone mixers?. The key requirement for aCPNC
clay isitsability for exfoliating, related to theionic
imbal ance of the crystalline layers, which must be
compensated by hydrated ionsin theinterlayer gal-
leries. Themost important (natural or synthetic) ex-
foliating claysare: montmorillonite(MMT), hectorite
(HT), and saponite (SP). These minerals have an
octahedral layer (Oc) sandwiched between two tet-
rahedral (Tc) ones. These sandwiches are separated
by agueous counter-ion layers. The synthetic clays
areclassified ad?¥:
e Semi-synthetic, prepared by reacting natural min-
erd withsdts.
e Synthetic, formed in ahigh temperature reaction
between meta saltsor oxides.
e Templated, starting with organic templates, which
after synthesismay be pyrolyzed.

Intherecent VAMASTWA-33 project threetypes
of sodium-clayswere studied”: (1) thenatural MMT,
Cloisite®™-Na' (C-Na'), (2) the semi-synthetic fluoro-
hectorite, Somasif ME-100, and (3) thesynthetic fluoro-
tetrasilicic mica, Topy-Na'. Their propertiesarelisted
inTABLE 1.

R =1.573 nm

R=1.352 nm
= -

R=1256 nm
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TABLE 1: Propertiesof thesodium-clays.

Property C-Na+ ME-100 Topy-Nat
Specific density, g/mL 2.86 2.6 2.6
Interlayer spacing, dgo; (Nm) 1.17 0.95 123
Platel ets thickness, nm 0.96 0.91
CEC (meg/qg) 0.92 12 0.80
Nominal aspect ratio, p (-) 280 < 6000 < 5000

The clays were characterized for the platelet
shape, size, chemical composition and presence of
impurities. Thetest proceduresand resultswere pub-
lished. Examplesof ME-100 imagesare shownin
Figure 1. The number and weight average val ues of
theplatelet length and the orthogonal width (subscripts
nand w, respectively) arelisted in TABLE 2. The
average clay platelet dimensionsin three orthogonal
directions are: thicknesst ~ 1 nm, width W~ 20 —
4000 nm, length L ~ 30— 6000 nm, with the nearly
universal ratio L/W~ 1.5+ 0.1. The distribution of
clay platelet sizeisnearly Gaussian.

Chemical andysisof clayswasobtaned by theen-
ergy-dispersive X-ray (EDX) andysisin SEM. Since

TABLE 2: Satistical analysisof threeclays.
LengthL Width, W

Clay (m) () R
Lo Lu W, W, (LW), (L/W),
Natural, C-Na" 290 350 183 219 158  1.60
Semi-synthetic, ME-100 872 1097 572 743 152 1.8
Synthetic, Topy-Na® 1204 1704 761 1186 158 144
Error +02 0.2

08 1 12 14 18 pm

Figurel: Scanning eectron microscopy (SEM) and atomic forcemicroscopy (AFM) imagesof Somasif M E-100 platelets. As
an example, theplatelet length isindicated asL ; thewidth, W, istaken asthelargest per pendicular to L.
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clay particlesmay havelocally different composition,
ca. 30 particleswere sampled at least at fivelocations,
each. Resultsarelistedin TABLE 3.

TABLE 3: Elemental composition of C-Na* and M E-100
clays?.

Source C-Na’ ME-100

Nominal [A|3.34M Go.6sN@0.66] (NaF),2(M ng)o.l
(SigO20)(OH)4 (MgO)s4(SO2)s

Found [Alz.gEeo.eM GozsNao72]  (NaF)oeu(M QF2)2.3
(SigO20)(OH),4 (Mg0)27(SiO2)s

@) 21.10 (+ 15% error) 22.80 (+ 9% error)

Na 0.72 (£ 13% error) 0.94 (£ 19% error)

Mg 0.35 (£ 21% error) 5.00 (+ 10% error)

Al 2.90 (+ 13% error) --

Si 8.00 (+ 13% error) 8.00 (+ 22% error)

Fe 0.63 (£ 52% error) -~

F -- 5.50 (* 31% error)

Therearethree principal sourcesfor variability of
compositioninnatural C-Na"and semi-synthetic ME-
100 clays: (&) non-uniform atomic substitutionin the
crystdlinecdls, (b) atendency of natura claystovary
composition within each particle, and (c) presence of
impurities. Owingtothelatter, in natural claysthe scat-
ter of £15% has been reported. Variability in ME-100
islarger thantheerror of measurementswhat also re-
flectsonthelocd variation of composition. Thechemi-
cal heterogeneity may cause batch-to-batch variability
of themechano-chemica sengtivity during CPNC com-
pounding, degradability, weatherability, sengitivity or
lack of it toward antioxidantsand stabilizers, etc.

Purification of naturd claysinto polymer-grade ma-
terialsisacomplex processwith about 300 steps. The
patents specify that the product should contain> 5wit%
of impurities, > 300 nmlarge®. Thefollowing minerds
wereidentifiedin C-Na': vermiculite, quartz, cristobdite,
rutile, albite, microcline, aragonite, vaterite, dolomite,
gypsum, anhydrite, uniteand sylvite. Asexpected, the
semi-synthetic ME-100 contai ned traces of contami-
nantsbrought inwithtalc: vermiculiteand gypsum. Itis
noteworthy that the presence of particulates, incom-
patiblewith thematrix polymer, reducesthefilm me-
chanical performanceaswell asitsbarrier properties.

CPNC

Clay dispersionin SSE or TSE resemblesthat of
Macromolecules « —

two-phase polymer blend, thusthermodynamicinterac-
tionsand complex flow field (shear, chaotic and exten-
siona mixing) areof key importance®”. In CPNC, the
i nteractions between phases aremodified by the pres-
enceof intercalant and compatibilizer, aswell asby the
clay high surface energy, which leadsto adsorption-&-
solidification of organic molecules. Such adsorption has
been observed directly using the surfaceforceandyzer
(SFA) and the small angle neutron scattering (SANS)
methods®*!. Also molecular dynamics computations
predict formation of asolidified layerg'>4,i.e,, inthez
direction perpendicular to clay surfacetherearetwo lay-
erswith reduced molecular dynamics: z ~2-9 nmthick
solid layer followed by z,—z = 100-120 nmthick layer
wheremol ecular mobility progressvely increasesfrom
z toz, Luengoet al. determined that on afreshly deaved
micaflakepolybutadiene(PBD) formlayers5-6 and 100
nm thick, respectively. Thus, the bulk behavior of PBD
was observed at z,> 106 nm.

The CPNC tensile and flexural properties (i.e.,
modulusand strength) are proportiona to each other™,
Atlow clay loadingstherelative modulusfollowsthe
linear dependence:

E.=E./E =1+a w(Wwt%) (1)
(subscripts c and mstand for composite and matrix,
respectively). For CPNC with PA or PPmatrix a =
0.2, thusat 5wt% clay themodulusdoubles. Inelas-
tomerstheclay effectislarger: @, ~0.7. Factorid analy-
sisat constant clay loading showsthat E_linearly in-
creasesinterlayer spacing, d ..

Thetensile strength theory predictsthat relative
Srength:
0,=6/0 <1+¢ (0/6 —1) @)
where ¢, isclay volumefraction. Because of polymer
solidification on clay, the experimental o vauesfor
CPNC with PA-6 or PPare9 and 5 timeslarger than
predicted by eq. 2. At low clay content, therigidity and
srengthlinearly increaseswith thedegree of exfoliation.

HIGH PRESSURE DILATOMETRY (HPD)

Transtions

Within therangefrom 0 (K) to polymers decom-
position temperaturethere are several transitions. Of
these, themelting, T_, and theglasstrangtion, T, tem-

Au Tudian Yourual



MMAIJ, 7(3) 2011

L.A.Utracki

129

peraturesare best known. In additiontherearesmdler
ones detectable on the derivative properties, such as
compresshility or thethermal expansion coefficients(x
and o, respectively):

KE(aan/aP)TPOq; aE(aan/aT)Topq ©)

where P° and T° are solidification pressure and tem-
perature, respectively, and qistherate of heating or
compressing.

Thelowest, quantumtransitionat T<80K, was
predicted by Simhaet al.[*9. Aboveit, but still below
T, thereareother glass-glasstransitions, identified by
the letters of Greek a phabet!*”. Of theseT,~ 0.8 T is
themost important asit limitstheregion of physi caI
aging of vitreous material§*¢. Next, above T, thereis
theliquid/liquid or cross-over transition, T /T ~1.15—
1.35. Themagnitude of thisratio seemsto depend on
thefragility index, thusonrigidity of the macromol ecu-
lar chain and itsmolecular weight!*?:

_| 1| dlogn
" _{Tg Idum]mg @

TheT _transitionisreadily observed by SANSand

= Y feroreview

other vibrational spectra, aswell asindieectricor rheo-
logical measurements, but not directly in PVT. Themode-
coupling theory (MCT) considersliquid asan assembly
of particlesenclosedin cagesformed by their neighbors
with a-relaxation controlling the behavior. Only at T>
T_themolecular vibrationsdominate. Gotze and Sjogren
wrote: “T_seems to be an equilibrium parameter of
the system, which separates the supercooled liquid
stateintwo regions’?, AboveT thesemi-crystalline
polymershaveadud nature, beingin part moltenandin
part crystalling; inmost T_~1.5 Tg[211.

Deter mination of PVT

TheHPD isused for determining the PVT surface
inV = V(T, P) coordinates with accuracy of 0.0002
ml/g. The specimensaretested within therange of tem-
peratures, T = 300-590 K, and pressures, P =0.1to
190 MPa. The measurementsare automatic, either in-
creasing or decreasing T and P in steps. Depending on
the sel ected rate the measurement of 350 to 750 data
points the test lasts 16 to 36 h. The four procedures
used for PVT testsarelistedin TABLE 4.

The*“‘standard” and the isobaric cooling tests show

TABLE 4: Proceduresof PVT measurements

Procedures

Constant variable

Adjusted variable

#1 | sothermal heating
(“standard”)

#2 | sothermal cooling
#3 | sobaric heating

#4 | sobaric cooling

T is kept constant until P-sweep is completed, then increased to
another level between the ambient and the maximum level, Tyax.
Initially T ~ Ty + 30 °C is constant until P-sweep is completed,
then decreased to another level toward the ambient T

P is kept constant until T-sweep is completed, then increased to
another level between 10 and 200 MPa

P is kept constant until T-sweep is completed, then increased to
another level between 10 and 200 MPa

P increases from 10 to
200 MPa.

P increases from 10 to
200 MPa.

T increases from ambient
10 Trax.

T decreasesfrom T ~ Ty
+ 30 °C to ambient

Note: AsPincreasestheadiabatic heatingincreasestheset T by up to 5°C. Theexperimentsmay also beconducted reducing P.

largetrangtory regi onsbelong. Only theisobaric hest-
ing (Figures 2 and 3) shows aregular behavior with
nearly constant slopes (ameasure of thethermal ex-
pansion coefficient, «) inthevitreousand molten phase.
Different proceduresare used for different purposes.
Thus, the“standard” procedure is used for easily de-
gradable polymers, asherethe specimens seethehigh-
est temperature only at theend. Theisobaric cooling
fromT~ T+ 30 °C has been used for studying the
thermodynamicsof glasstransition.

Effectsof clay, intercalantsand compatibilizers
Since the expandable clay is hygroscopic (ca. 7

wt% moisture), CPNC samples must be vacuum
driedd, Commercia organoclay contain upto 40 wit%
excess of intercalant with relatively highfreevolume
content that affects PVT behavior. Highly polar PA-6
strongly interactswith crystalline clayshaving high sur-
face energy®. Theinteractionsareso strong that PA-6
expelsintercalant from clay surfaceforming4—6 nm
thick solid layer of polymer, followed by about 100 nm
thick layer of organic moleculeswithincreasing mobil-
ity asthedistancefrom clay surfaceincreases®!. The
adsorption and solidification reducethefreevolumeby
ca. 15%. In CPNC, polymer and organoclay arether-
modynamicaly immiscibleand must be compatibilized.

—r—,  \lBCromolecules
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Thedatistica thermodynamic considersclay platelets
and polymer ssgmentsas statistica dementsof thenet-
work, thusfor exfoliation miscibility isrequired. Since
macromolecular diffusoninto clay galeriesreducesthe
system entropy, 4S< 0, the miscibility might be ex-
pected only if theenthal py isnegative, AH <0, i.e,, if
the specific (thermodynamic) interactionsare strong@.

Derivatives, compressibility and thermal expan-
sion coefficient

Theraw datathat come from HPD usually have
well defined, constant P-values, but dueto theadia-
batic heating, Tisdifferent at each Plevel. Thus, if the
derivatives o and x are required, one needs to have
evenly spaced datapointsat constant T and P. Three
methodshavebeen used to accomplishthis, viz,, fitting
thedatato apolynomial, to the Tait equation!"?¥, or
datainterpolation tothesame T-valueat P = constant.
When thederivativesareused for detecting small tran-
sitions, only thelatter method is acceptabl €29,

A numericd differentiation of dependenciesdis-
playedin Figure 2 leadsto the temperature-dependent
thermd expang on and compressibility coefficientspre-
sented in Figures 3 and 4, respectively. The simplest
a-dependencies were obtained by isobaric heating at
arate of 2°C/h. Figures 3 and 4 show that while the
thermal expansion coefficient, = o(T) isnearly T-
independent within the vitreous and molten phase, the
compressibility coefficient, k= x(T) increasesin both
phases. Owingto slow T changeduring thesetests, in
Figures2—4 there is a weak evidence for the presence
of T_transition at 475 + 5 K. As the new research

] : ’ i
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Figure2: PVT dependenceof polystyrene (PS) measured by
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Figure3: Volumetric thermal expansion coefficient vs. T,
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Fig. 4: compressibility
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Figure4: Compressibility vs. T deter mined by thestandar d
method (circles), isobaric heating & cooling (squares &
diamonds).

shows, inthevicinity of T, theheating or coolingrateis
responsi blefor the polymer behavior on both sides of
that trangition; the effect related to the non-equilibrium
fractal structuresbelow T 034,

CPNC was melt compounded from PS-with 0 —
17.1wt% of Cloisite®10A organoclay inaTSER?34,
The HPD datawere obtained using the“standard” PVT
procedure; Figures5 and 6 display aasfunction of P,
T and w. In the vitreous state a, shows two types of
behavior. For clay loadingsw < 2wt% it haslow vaue,
decreasing with P to about zero, whereasfor w> 3.6
wt%itsvauesarenegdive, i.e., hested pecimen shrinks
withincreasing T, instead of expanding. Themagnitude
of aaT<T strongly depends on the cooling pro-
cessfromthemet. Inthe molten statetheisobaric val-
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uesof o arenearly constant, independent of T. Addi-
tion of clay reduces a, inthefull rangeof P. Inthevicin-

8

T T T |
Fig. 5 Thermal expansicrlll of CPNC
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ity of w, = 3.6 wtd%thefunctiontakesadip. A similar,
but stronger locd decreaseisobservedinthemelt; Fig-
ure6displays o = o (w) a ambient pressureandits
pressuregradient. Figure 7 shows xasfunctionsof P,
T and w. By contrast with ¢, the compressibility tends
toincreasewith T, whileitstemperature dependence
decreaseswith P virtually to zero at the highest P and
w. The k= x(w) dependence al so goesthrough alocal
minimum near w, = 3.6 wt%.
Effect of clay on a@and xin PA-6 based PNC

Dry PA-6 has T (PA-6) ~ 323 and T _(PA-6) =
500K, both dependent on P aswell ason the method
of material preparation. The HPD measurements of
PA-6, itsPNC-2 and PNC-5 containing 2.29+ 0.13
and 4.91 + 0.24 wt% of clay, respectively (inorganic
content), werecarriedout at T=300-580 K and P=
0.1- 190 MPa®. Thederivatives «and x were com-
puted by numerica differentiation of the PVT isobaric
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Figure8: Thethermal expansion and compr essibility coef-
ficientsvs. T at P=0.1-190 M Pafor PA-6 nanocomposite
with 2wt% clay, PNC-2.
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or isothermal data. Asshownin Figure 8, theattention
focusedonT_regionanditsvariationwith P, Tandw.
Thethermal expansion coefficient for thecrystalline
phase of PA-6 and itsPNCsis separated from themelt
by a“‘chimney-like”” melting zone. The addition of clay
reduces o of thesolid phase, and increasesitsvaluein
themet. Thisbehavior might berelated to the presence
of high crystdlinity regionsinthevicinity of theMMT
high energy surface. By contrast with athe k= «(T)
functionfor PA-6 and itsPNCsfollowsthe same de-
pendence on both sides of T_ (theoreticaly pre-
dicted)i®31, Thelow-P compressibility dightly increases
with organoclay content, what may berelated to the
intercalant presence.

THERMODYNAMICTHEORIES

The presented « and x valueswere numerically
ca culated fromthe HPD data, on purpose not involv-
ing any theoretical model or assumption. However,
since an adequate theory may lead to determination
of theinteraction parameters, cohesive energy den-
Sity, internal pressure, and thefreevolume content, a
short discussionisinstructive. Furthermore, thetheo-
retical analysisof CPNC behavior offersaninsight
intothe non-equilibrium phenomena, such asdiffusivity,
rheol ogy, positron annihilation lifetime spectroscopy
(PALS), etc.1®8,

Simha-Somcynsky cell-holetheory

The Simhaand Somcynsky (S-S) cell-holetheory
isbased on thelattice-hole model *%4%, The molecu-
lar segments of s-mer occupy y-fraction of thelattice
sites, whiletheremaining randomly distributed sites,
h= 1-y, areleft empty accounting for thefreevol-
ume. Thetheory was derived assuming thermodynamic
equilibrium. Furthermore, postulating that at T < T,a
part of thefree volumeisfrozen, thetheory waslater
extended to thevitreousand semi-crystal line non-equi-
librium stateg™.

Thederivation startswith the configurationa parti-
tionfunction, whichincorporatesthe Lennard-Jones(L-
J) potential with two interaction parameters: the maxi-
mum attractiveenergy, &, and thesegmenta repulson
volume, v*. Next, assuming validity of the correspond-
ing statesprinciple (CSP), thevariablesaredivided by

Macromolecules « —

the characteristic reducing parameters.

V=V/V* ooy P* = zg* / (Sv*)
T=T/T* } = MSW=§<= T*=qu*/(RC) (5)
P=P/P* V*=v*/Mg

where zq = S(z - 2) + 2 is the number of interchain
contactsbetween ssegments (each of molecular weight:
M_=M /s) inalattice of the coordination number z,
and 3cisthe number of the external degreesof free-
dom. Thereduced freevolumefunctionisavolume-
averageof thesolid-likeand gas-likecontributions. From
theconfigurationa Helmholtz freeenergy S-Sderived
the equation of State (eos), the cohesiveenergy density,
CED, solubility parameter, 6 = XT, P), and theinter-
nal pressure, p 124

Next, the S-Stheory for asingle component lig-
uid was applied to the homogeneous, binary mixtures,
postul ating that thereis only onetype of vacancies
and onecell sizefor the components“47, The aver-
ageinteraction parameters(s*) and (v*) arerelated to
binary onesvia

(ENVF) =D X X, & (vi*,k )m; m e (2,4) ©)
ik

wherethetwo vauesof mreflect theassumed Lennard-
Jones 6-12 potential. The S-Stheory for multicompo-
nent sysemswel| describesthe phaseequilibria, CED,
solubility aswell asPVT behavior of polymer mixtures
with gases, liquidd*d, solidg**5Y and nanocompo-
Siteg®253l,

Figures 9A and 9B respectively illustratethe effect
of clay content on thefree volume parameter handthe
L-Jinteraction parametersin molten PNC with PSma-
trix. At constant clay loading of 2 wt% adsorption-&-
solidification of polymer linearly reducesthefreevol-
ume content withtheinterlayer spacing, d,,

Ah=251+0.833d,,; r =1.000 (7

Because of thefavorable thermodynamicinter-
actions between clay and PA-6 these CPNCs are
exfoliated, at 2 wt% clay hisreduced by 15%. The
functions: h, (¢*y and (v*) vs. w go through alocal
extremaat w, = 3.6 wt% clay — further addition of
organoclay reducestheinterlayer spacing and dilutes
theintercalated stacks. The effect parallelsthe be-
havior of derivative propertieson clay content shown
inFigures6and 7.
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Theold notion of the structure presencein molten
polymersisnow accepted on the theoretical and ex-
perimentd basis. Thetwinkling fractal theory (TFT) of
theglasstransition and recent atomic force microscopy
(AFM) inthetapping-mode>*> are convincing proofs
of the dynamic, solid aggregate presence below and
above Tg— only above the crossover temperature, T,
thetrueliquid-like behavior wasfound. The detailed
analysisof datafrom HPD, aswell as dynamic shear
testsof PSindicatethe presenceof atrangent structure
on both sidesof T hence, molten polymer not dways
isa thermodynamic equilibrium. For example, thediffer-
ence of rigidity in quenched and anneal ed specimens
wasdetectableat T=T +20°C,i.e, half waytoT =
419+2K, or T/T =1.16+0.01. However, withtime
thestructuretendstoward an “equilibrium” value spe-
cificfor given set of conditions— an effect semblable to
physical aging below T [*4.
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Figure9: Freevolumeand theL-J interaction parameters

(Figure9B) vs. clay content for PS-based CPNC at P=0.1
MPaand T =360and 560 (K).

31.5

Anaysisof the PVT surface by meansof the S-S
eosleadsto the hole content, h, which should corre ate

> M fcroreview
with liquidsviscosity following the dependence® 9
In "lci,- —const = aO + ale; Ys =1/ (h + az) (8)

Therelation wasfound valid for low molecular
welght n-paraffinsor silicon oilswithintherangesof T
= 20 to 204°C and P = 0.1 to 500 MPa, with con-
stants: @, = 0.79 = 0.01 and a, = 0.07. However, it
failed when applied to dataof eight molten polymers,
whose PVT and 1 = n(P, T) were measured®. The
discrepancy isrelated to the presence of structuresin
the latter systems at T,sT<T=~T,, postulated by
Boyer and hiscolleagues 40 years ago; only above T |
the processing would yiel ds articleswith smooth sur-
face and good, reproduci bl e performance®62,

Thevitreousregion

Properties of thevitreous phase depend ontheway
it was achieved®l. Theanalysisfollowed the proce-
dure devel oped by Simhaand his colleagued®4l. Ac-
cordingly, thefreevolumefrozen fraction, FF, wascom-
puted fromtherel ation:

FF=1-(8h/8T"), ../ BN /8T"), 9

Figure 10 displaysthe FF = FF(w) dependence of
CPNC=PS+ C10A at several pressures. Only at w<
w, = 3.6 wt%, FF < 1isfound, while at higher clay
concentration FF > 1. Thisbehavior stemsfrom the
adsorption-&-solidification of PSon clay during melt
quenchingfrom T > T, +50°C.

MNSJ equation of statefor semi-crystalline CPNC

Thethermodynamic theory for semi-crystalline
polymers borrows from several sources: the quan-
tum theory of polymeric glassesat T = 80 K[, the
cell model for crystalline polymerd®™, and several
later refinementg%59. The cell lattice assumes ab-
sence of holes, thus the reducing parameters (P*,
T*, V*) aredifferent than those computed using S-S
eoscell-holetheory for equilibriumliquids. Thetheory
isvalid for the crystalline phase at T,<T (K)<T..
The applicability for describing the PVT dependen-
cies has been examined first for neat PE and PA-6
and then for CPNC. In the PA-6 systemsthe addi-
tivity of crystallineand non-crystallinedomainswas
assumed. The sequence of the computation stepsand
the assumed modelsare detailed inthe origina pub-
licationd®>%7, Figure 11 displaysthefinal fit of the
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theMidha-Nanda-Simha-Jain (M NSJ) theory.

theory to HPD data.
I nter action coefficients

TheL-Jpotential with adjustable exponents: m=
10— 13, n=6—7 was cast into the present form of the
“6-12 potential” after the quantum mechanics showed
that the attractive forces between hydrogen atomsfol-
low the separating distance with n =6, and the repul -
siveinteractionswith m=2nl". The 6-12 potential
wasincorporatedinto the S-Sand MNSJtheories. For
asinglecomponent, theintersegmental L-Jinteraction
parameters are €* and v*, whereas those for multi-
component systems are averages, (=*) and (v*). For
extractingtheindividual binary interactionsfrom these
|atter ones EQ. 6 should be solved.

Thedgtuationisrdatively smpleforimmisciblebi-
nary polymer blends, where properties of each com-
ponent directly can be measured, and only the hetero-
geneousones, g; and v; (i.e., polymer-i with polymer-
}), must be determined from the blend behavior. How-
ever, itisnoteworthy that such atreatment ignoresthe
presenceof theinterphasewhoseimportanceincreases
with theenhanced dispersion™.

CPNCsaremore complex systemsthan blendsas
they comprise matrix, nano-s zed particles, intercalant,
compatibilizer(s) and variousindustria additives. Fur-
thermore, theclay usually existsin awide spectrum of
dispersonsranging fromfull exfoliationtomicron-size
aggregates. Clay also adsorbsthe organic phase creat-
ing agradient of molecular mobility stretchingupto 120
nm from the clay surface. During the last 20 years
CPNCswithimmiscible polymer blendsbecameof in-
terest’?. Thus, itisachallengeto convert these sys-
temsinto amodel binary mixture of matrix and solid
particlesthat redigticaly will representsthephysicad be-
havior. In other words, the CPNC modd should specify
thecompoasition of thematrix and dispersed solid phase.
For computation,

e Thesolid particles are assumed comprising clay
plateletswith z ~ 4-6 nm thick, solidified organic
layer with theinteraction parameters g, and v,

e Thematrix consists of the organic layer at z>z,,
with 3;1 and V*11'

In consequence, the model implicitly assumesthat the

L-J parametersdepend on the clay content, limited to

thelow clay content, w < w, = 3.6 wt%6/>,

Becauseof differencesin clay-polymer interactions,
oneshould not presumethat asinglemode will beap-
plicabletoall CPNC. For example, owingto polarity
of PA-6 and strong interaction with the negatively
charged clay platelets, the PA-6 based CPNC arerda
tively easly exfoliated by the synthetic or compounding
method. However, sincetheintercal ant | ocation and
molecular structure are different than that observedin
PS or polyolefin (PO) matrix, themode for extracting
the L-Jparameter should account for thedifference®®.
Flow andysisof the PA-6 based CPNC led tothe“hairy
clay particles” (HCP) model™. By contrast, the
nanocompositeswith polyolefin or PS matrix, which
doesnot bondto clay surface, areimmisciblewith most
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intercalants and need acompatibilizer or two. There-
fore, before devising aredlistic model for the tested
PNC, information about composition, thermodynamic
interactionsand degree of dispersionisneeded®™?.

For CPNCsout of thesix parametersof Eq. 6 only
two (¢}, and v;,) may be measured directly. Thetwo
cross-interaction parameters, g, and v;,, arecalcul ated
following the Berthelot’s rule and the algebraic aver-
age, respectively:

e =) and vi=[vievicfre (10
The remaining two parameters, ¢, and v,,, are then
cd culablefrom theaverageinteraction expressions.

Figure 12 displaysthe concentration dependence
of ¢, for PS-based CPNC. The broken linerepresents
the dependencewith the expected maximumet thecriti-
cal concentration, w, = 3.6 wt%*2. Figure 13 shows
thebinary interaction parametersinthefull rangeof the
(linear not volumetric) clay concentration (w=0—100
wit%) for PP-based CPNC with C20A. The computa-
tionsleadto ¢, and v}, for al points, excepting thetwo
last ones at w= 100 wt% clay correspondingto g, and
v,,. Fromthesetwo sets of numbersthe cross-interac-
tions, ¢, and v;,, may be calculated. Thetheory also
suggeststhat the L-J parameters may not beindepen-
dent, viz. * oc v*P*, Theempirical relationfor PS
anditsCPNCis. e* = 13.4 + 0.445v*; r = 0.95.

Thebinary interaction parametersfor themétrix (g,
v,,) andfor thesolid phase (e, v;,) aelistedin TABLE
5. It may seem odd that the difference between the
interaction parametersof thematrix and solid partisso
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TABLE5: Thebinary interaction parameter sfor PNC with
PA-6, PPand PSmatrix.

Matrix Solid
Polymer - N - Refs.
€11 Vi € Vo
PA-6 341+03 320+01 31.2+03 259+03 [35
PP 289+01 506+04 30.7+04 59.9+03 [53]
PS 320+06 430+17 330+01 442+01 [52]

smdl. However, thedefinition of solidsisaclay platelet
enrobed with an organic phase, thusthereareno clay-
clay interactions, but rather those between polymeric
solid layersadsorbed onthe day platel etsand the poly-
mericmatrix.

THEORETICAL PREDICTIONS

Theoriesarebuilt assuming that amodel systemon
theonehand smulatesthe phenomenon and ontheother
it permits comparison with experimental results. The
notorious assumption of most polymer theoriesisan
omission of polydispersity, the presence of additives
and the non-random distribution of properties, eg.,in-
troduced by mixing, forming or temperature gradients.
Furthermore, thethermodynamicstheoriesusudly as-
sumeequilibrium.

The S-Sand MNSJ equationsof state predict the
PVT variability of, respectively, amorphousand semi-
crystalline molten polymer and their o and xderiva
tives. Thetheoriesare cast in reduced form, thusthey
areuniversaly applicableto any system with known set
of thereducing parameters, P*, T* and VV* (viz. Eq.
5). Figures 14A and 14B show, respectively, the «and
x dependenciesfor PA-6at, e.qg., T=5-284°C,P=
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25— 314 MPa, 10*a = 3.35-8.02 (1/K) and « =
0.13-1.01 (1/kPa). Thus, indeed these values are well
within theexperimental magnitudesmeasured for these
coefficients. Similarly good representation of the ex-
perimenta datawasobtainedfor PSat T=20-313°C,
P =11- 189 MPa, where 10*a = 3.52 — 8.44 (1/K)
and k= 0.07-0.60 (1/kPa).

The S-S eoswell describesthe PVT behavior of
amorphous polymersup to the second volumederiva
tives. Theexperimenta PA-6 datawerecompared with
atheoretical model assuming dispersion of PA-6 crys-
talsinitsmelt. Accordingly, theapplied MNSJand S-S
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Figurel14: Theoretical predictionsof thethermal expansion
and compr essibility coefficientsin reduced variablesfor a
semi-crystalline/molten polymeric system computed from a
combination of S-Sand M NSJ eog®=7,

theories, respectively, showed excellent agreement with

theexperimentd data.
SUMMARY AND CONCLUSIONS

Thisreview discussed three aspectsof CPNC:

e Characterization of clays: Propertiesof the natu-
ral clayssignificantly vary with thegeographical lo-
cationand minesrata. Thedifferencesarein: plate-
let shape, Sizeand sizedistribution, chemica com-
position and the presence of contaminants.

¢ HPD measurements, thermodynamictheories
and binary interactions: Of thefour HPD test pro-
cedurestheisobaric heating method ismost useful,
whilethe“standard” is recommended for the ther-
mally unstable systems. The « and « coefficients
should bedirectly computed by numerica differen-
tiation of the PV T data. Asthe comparison of the
theoretica predictionswiththeexperimenta dataof
a=ofT, P) and k = k(T, P) shows, theamorphous
and semi-crystallinePVT datawell follow the S-S
and MNSJ theories, respectively. For CPNC, the
anaysisof theHPD databy meansof thesetheories
leadsto the determination of thebinary matrix-clay
L-Jinteraction parameters.

e Thenon-equilibrium structureson both sides
of Tg: Thedemonstrated non-equilibrium nature of
polymeric systemson both sdesof T, demandscau-
tionwhilegenerdizing theresult. For example, asg-
nificant differencein melt behavior wasobserved by
varying thetimescaeof theexperiment.
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