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Study of Intercalation and Exfoliation Processes in results. Additionally, contradictory conclusions were given by
Polymer Nanocomposites Fornes et al’,who used organoclay nanocomposites based on
clay and three different molecular weights of polyamide 6. The
authors concluded that the degree of exfoliation increases with
molecular weight of the polyamide matrix and therefore with
Department of Chemical Engineering, CREPEC, Canada the shear stress that plays a dominant role. Opposite results were
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Research Chair on Polymer Physics and Nanomaterials, reported by Woo Kim et &.on a quite similar system. In fact,
Steacie Fellowship, Lal University, Ste-Foy, the authors found that a high degree of platelets delamination
Quebec G1C 7P4, Canada is obtained with a rather low viscous polyamide matrix (low

shear stress). The authors explained their results by a diffusion-
controlled process that requires low viscosity of the matrix. Such
a conclusion sounds convincing and involves a balance between
diffusion process and mechanical shearing. Nassar %etiadl
. . . also Tanoue et &l.used different grades of polystyrene with
The incorporation of a small amount of clay particles® gitferent molecular weights in the presence of clay and found
wt %) into a thermoplastic polymeric matrix can generate that |ow molecular weight or lower viscosity polystyrene resins
enhanced properties such as thermal and UV resistance, loweyhipit higher degrees of intercalation.
permeability toward gazes, and to some extent improved The main objective of this work is to discuss the physics of
mechanical propertie’s. o , _ both intercalation and exfoliation processes and to examine the
The enhancement of properties is obtained through exfoliation ¢ongitions that lead to a higher level of clay exfoliation in
and dispersion/distribution of clay lamellae inside the polymeric fiexihle polymer matrixes. The question to be answered is
matrix. Such exfoliation is obtained through at least three \yhether low or high shear stresses are required for exfoliation.
routes: (i) in-situ intercalativeexfoliative polymerization, (ii) Our analysis will be supported by providing theoretical and

common solvent, (iii) and melt intercalatierxfoliation. The experimental arguments using the state-of-the art experimental
third route is privileged due to its industrial advantages without gegjgn,

use of solvents.
The first step of the process involves modification of clay |ntercalation
surface through for instance cation exchange that renders the

surface organophlllc. Such mod|f|cat|on expandsdf&pacmg clay in polymer nanocomposites is montmorillonite (MMT)
of the clay galleries from a distance of approximately 1 &3 having the following chemical composition (ALMg,)-
nm. Such initial intercalated structure is believed to be necessary(Si4 Al)Or(OH),,M, *. M * is the cation (sodium or calci{Jm)

: H : —xM\x ) . ,
to allow polymeric chains to pene_trate the galleries and to exert andy is the degreeyof substitution. Let us now estimate the
local stresses that would exfoliate the structure when the energy of adhesion between the MMEmellae assuming flat
nanocomposite is submitted to mechanical shearing. Generally,pla,[es having both a length= 100 nm and a thicknegs= 1
modified clays are mixed in a molten state with a given polymer nm separated by a distande The perfect superimposed flat

that is compatible with the surfactant used for the modification o5 are supposed to interact via the most general potential
of clay surface. The mixing process is usually carried out in a energy’

batch mixer or alternatively in a continuous process such as
extrusion. The shear is believed to be the main flow that =
generates high level of exfoliation. However, Utrdgtatented E = 64ks TnyA” exp(—«d) +
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Introduction

Clay belongs to the family of phyllosilicates. The most used

a new device based rather on elongational flow that has been AH|_2|' 1 1 2
shown to give high exfoliation level of clay nanoparticles within 127 2 > >
thermoplastic polymers hosts. |.d (2t+d)” (t+d)
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Irrespective of the nature of the flow, high stresses and some
times high strains were pointed out as the key parameters for
destroying the clay galleries and dispersing the individual clay
lamellae within the polymer matrix. Such a high level of
individual clay lamellae dispersion and distribution is presumed wherem; andm; are the total permanent dipole moments of
to impart the final nanocomposite with enhanced mechanical the plates 1 and 2, respectively; their polarizabilitiesy; their
properties. Dennis et &lcarried out a series of experiments on ionization frequencied) = 6.626 x 10734 J (Planck contant),
processing of polymer nanocomposites and concluded that theandep = 8.8 x 10712 C2 J"t m~%. Ay is the Hamaker constant,
main important factor for exfoliation is the time and therefore which is related to the surface enerdy,by Ay (in J)= 2 x
the strain rather than shear stress. However, the authors used 4021 I (mJ/n¥). For clay this is equal téy = 2 x 10720J.1
rather rough expression for the residence time and comparedis given byl = tanhgys/4ksT), whereys s the potential at the
different situations with different flow conditions. In fact, in  surface, which can be calculated from the density charges bound
their experiments all the parameters vary at the same timeto the surface an@ = 1.6 x 107'° C. The results of such
(nature of flow, the dominant shear rate, shear strain, and sheacalculations are summarized in Table 1.
stress) and not only the residence time. Therefore, it is Clearly at short distances van der Waals forces are predomi-
impossible to draw rigorous conclusions from the obtained nant, and the energy of adhesion is larger than the energy of

covalent carborrcarbon bondE. . = 84 kcal/mol). The energy
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Table 1. Energy of Interactions between Two Clay Lamellae as a
Function of the Interlamellar Spacing d

d (nm) energy of adhesion (kcal)
1 416> E;- = 84 kcal/mol
2 372> B¢
3 212> Ec¢
4 32< Ec¢

critical distanced; ~ 3.4 nm. Therefore, to separate the clay Figure 1. Sketch for the diffusion of polymeric chains inside the clay
lamellae without any modification of their surfaces in a interlamellar galleries.

noninteracting polymer matrix will require a high energy that . }

will result in polymer degradation (breakup of-© covalent N the absence of clay. In the case of reptative chainss

bond) rather than in delamination of the lamellae. Such energy 9/Ven by?~12

becomes smaller tha.—. only in cases where the clay surface )

has specific interactions with the polymer matrix and/or when D — Ree Me PRT 3

the distance of separation becomes larger than the critical re 135l\/|27 (3)

distanced.. The expansion of the lamellae to a distance larger

thand. is habitually obtained by cation exchange which replaces R,.is the end-to-end distance of the polymer with a molecular

the sodium cations by quaternary ammonium salts having aweightM. M is the molecular weight between entanglements,

critical length of aliphatic chains. Therefore, the main reason p is the density; is the viscosityR is the gas constant, artd

for intercalation is not only to facilitate the polymeric chains s the temperaturd.is a constraint parameter that depends on

diffusion inside the clay galleries but most importantly to lower the interlamellar spacing], and the gyration radiug?g_ The

the energy of adhesion at a level which is belBw.c. simplest form of the functiofican be derived from the scaling

arguments of de Genrfg$ for the stretching and self-diffusion

of a chain in a thin slit of heighd. In such confined channel,
To control the state of dispersion/distribution of clay lamellae a chain of gyration radiusy ~ bN (N is the number of

within the molten polymer during the processing step, the monomers of sizé andv = 3/5 in a good solvent) is conceived

engineer has to identify the important processing factors suchas a string ofN, blobs containing each monomers. The

as shear rate (rpm), shear strain (time for a given rpm), and diameter of the blob is taken here equal to the hetjhthe

shear stress. In many cases, high mechanical energy anchumber of monomers per blob is then relateditby j ~ (d/

therefore high shear stresses are presumed to be important fob)!”. The number of blobs is then equal & = N/j ~ (Ry/

destroying the compact clay structure and dispersing the d). The elongation of the chain within the slit in a good solvent

individual lamellae within the polymer macromolecular network. is given by|@] ~ dNy¥4 This gives the following ratio:

By virtue of the generalized Newtonian relationship between

Exfoliation

shear stressy, and viscosityy (o = n(y)y), this means that Irilui dn," R,\ ¥4
for a given shear ratey, high viscosity levels would be more E ~ ? ~\a (4)
efficient for exfoliation. However, several experiments reported

in the literature show that high viscosity levels are not always
suited for exfoliation, and rather matrixes with low viscosity
were found to be more efficient for exfoliatidn® There is in
fact a given interval of viscosity that ensures the best level of 1w
exfoliation. NGy ~ (Ryd)™d ©)
The reason is that the process of exfoliation involves not only
mechanical stresses but also diffusion phenomena, with a
d|ffusLIon _coeff!C|ent_ that varies as the inverse of v_|scosI[Dy, one finds the expression of the coefiicigiin the strongly
~ 1/m2. High viscosity of the matrix has two opposite effects. confined regime:
It generates high shear stresses that tend to destroy the clay gime-
galleries into individual lamellae, but at the same time it slows N ST 213
down the diffusion process and then makes such delamination f (Rgld) (Rgld) 6)

difficult. There are two kinds of diffusion to be accounted for. Equation 6 sh that the diffusi fficient of th | .
The first one is the diffusion of the polymeric chains inside the quation © shows that tne diffusion coetficient of the polymeric
chain in the highly confined regime inside the interlamellar

confined space between the intercalated clay layers, and the o . N .
second one concerns the diffusion of the lamellae within the gallenes_ IS S".‘a”ef_ than the reptation d|f_fu5|on _coefhment.
polymeric matrix Polymeric chains with small molecular weights diffuse more
As pictured in Figure 1, the first diffusion process concerns gﬁzlrlgct?r?:t'ccvggiax;h t'rr1rl19eh (r)r;o:;curlaer \;\;]eéggtmar;d sg?r?
the thermally activated motion of the polymeric chains inside ISt : ime. urse, v Ing

the confined space between the lamellae. The movement of theexpression (eq 6) does not include specific interactions of the

chain is restricted by additional constraints due to (i) the dlfffulsmgschalz:n W|tht.the| surf?ct?nt useolldtobmodlfy thte j'“]'crfa(k:)e
confinement that exerts local stresses on the chain and (ii)0 cray. sueh a particuar situation coulid be accounted for by

eventual interactions with the intercalant agent (surfactant). The modifying the expression of the factbby the simple form of
high confinement regime can be crudely characterized by a ype
diffusion coefficient,D, given by

D =Df @)

By construction, the interactions on a scale larger ttare
screened. This gives a net drag on the cléainat scales 82

Cpis the drag on the blob. Then from the scaling relation of the
diffusion coefficient,D, with the gyration radiu® ~ (7Rg) 2,

f~ (1+ &SRATdY) ™ 7)

wherev is a coefficient that depends on the polymer structure,
whereD; is the self-diffusion coefficient of the polymer bulk T is the interfacial tension, ariflis the overall friction parameteéDV
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Table 2. Time of Diffusion of the Polymeric Chains between Two
Platelets Separated by a Distance

d (nm) viscosity (Pes) time
1 10 151 h
2 10 17h
3 10 67 min
7 1 22s

of the diffusing chains with both surfactant and the surface of
the lamellae. Here both and ¢ have mean-field values.

Table 2 gives an order of magnitude of diffusion time for
polymer melts with a typical values @f of 10-10—1016 cn¥/
s. Clearly, when thel is very small and the viscosity is very - =
high, the polymeric chains would require hundreds of hours to Lo T — i
diffuse inside the confined space between two layers. For Figure 2. Coupling between wide-angle X-ray scattering (WAXS) and
instance, fod = 1 nm andy = 10° Pas, the diffusion time is rhemoetry. Specifications of the coupling are explained in the text.
of about 150 h. Such a time drops to a few minutes and even
to few seconds when the viscosity becomes very small and when
the d increases and becomes larger than a certain critical
distance, typically of 67 nm. Ford = 7 nm andy = 1(? Pas,
the chains take about 20 s to diffuse inside the space between
to lamellae along the distande Such increase il spacing
can be ensured by simple thermal activated diffusion of the
lamellae. The diffusion of intercalated clay lamellae (increase
of the distance from approximately 4 to 7 nm) can occur by
translation and by rotation. For a cylindrical geometry, the two
modes of diffusion are characterized by the following two
diffusion coefficients given respectively by

_ keTIn(L)

and

Figure 3. Shearing device consists of two rings designed on the two
_ 3kBTb2 cos@)[In(L/t) — 0.5] 9 plates. The upper rotating ring is conical, while the lower stationary
- 9) one is flat. The sample in a ring form of 1 mm in width, 0.7 mm in
thickness, and 24 mm in internal hollow radius is sheared when the
) ) ) upper plate rotates at a given rotation speed, the lower plate being
The subscripts T and R stand for translation and rotation, stationary. During its trajectory, the X-ray beam touches the sample
respectively. The parametarappearing irDt takes the value  only at the exit on the right side.

2 for a diffusion occurring parallel to the cylinder axis and 4 in o

the perpendicular direction. For flat plates, the expression of connected to a new detector that allows acquisition of the output
the diffusion coefficient is more complex than the above signal each 10 ms. The picture of Figure 2 illustrates the new
equations. For classical clay loading-(® wt %) the rotation instrument, where the rheometer was put inside the X-ray chamber.

- . ... Here the rheometer is mounted on a moving support inclined at a
can be ignored. For classical case of polymer melts, diffusion g supp

. given angle@ (typically 3°—5°). Such configuration ensures a
of lamellae from lowd (let us say 4 nm) to higher values 6f  yacyjiar trajectory for the X-ray beam. In fact, as shown in Figure

(let us say 7 nm) would require several hours for a matrix 3 the sample in the form of a ring of 1 mm in width, 24 in diameter
viscosity of 10 Pas, while it will require only few seconds for  (inner diameter), and 0.7 mm in thickness is put between two
a matrix viscosity of 10 Pas. metallic rings of 1 mm in width and 24 mm of inner diameter. The
Clearly, the mechanism of exfoliation is thought of here as a upper ring is conic with a cone angle of 0.1 rad, and the lower one
combination of diffusion of both polymeric chains and lamellae iS flat and maintained stationary. As in cone-and-plate geometry,
and mechanical delamination rather than the simplistic picture the rotation of the upper conic ring with a given rotation speed
of peeling. There should be a balance between shear stresse@duces homogeneous shear flow at constant shear rate within the

f . . . . : ring sample. The X-ray beam enters from a hole at the left side of
tnheacterses?tl;ltr:s Tgue\:llsgv?ls\llti);cfggslea\l/ré?sdlﬂusmn process that the lower plate and touches the sheared sample only at the right

side. The experiments were conducted in the melt attC50vhere
no degradation of the components was noticed.
Various flow histories were imposed on the polymer nanocom-
To examine the mechanism of exfoliation, mixtures of 80 wt % posite. Here we show only a typical experiment where the sample
of poly(ethyleneeo-1-octene), 15 wt % of ethylereoctene maleic was first sheared at 0.02%sfor 15 min, and then the shear rate
anhydride grafted with 0:20.5 wt % maleic anhydride, and 5wt ~ was increased at 0.6's The variation ofdy; was monitored on-
% of Cloisite 30B were prepared by mixing them in solid state. line during shearing. X-ray diffractograms were acquired each
The obtained solid mixture was then compression molded at 150 second. The typical obtained results are shown in Figure 4.
°C for 1 min in a suited form that was used for shearing. The shear As can be seen from the figure, tkg); increases in time and
flow was applied using a state-of-the-art new experimental design. then reaches a steady-state value after 10 min of mild shearing (0.02
This consists of coupling an X-ray instrument from Brukner AXS s™%). Such an increase is mainly due to the diffusion step. Thereafter,

Inc. directly with a Paar Physica rheometer. The X-ray device was shear rate was increased to a higher value (0)6 which promotedCDV

R an L3

Experiments
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Figure 4. XRD pattern for modified of 80 wt % of poly(ethyleres-1-octene), 15 wt % of ethylereoctene maleic anhydride grafted with 6.2

0.5 wt % maleic anhydride, and 5 wt % of Cloisite 30B during shear flow. Under quiescent conditions or under very mild shearing atth&2 s

peak position of the plane (001) shifts to lower angles and then reaches a stable value. Upon increase of shear rate, the peaks shifts further to lower
angles before disappearing completely after 15 min of shearing (exfoliation).

significantly the increase oflpo;. A relatively high level of
exfoliation is obtained after 12 min of shearing.

Clearly, based on both the above discussion and on the
experimental results, a relatively high level of exfoliation is obtained
when the sample was first subjected to static and isothermal
conditions or at least under mild shearing conditions. This diffusion-
controlled step results in a relative expansion of the clay lamellae.
This expansion helps the polymeric chains to diffuse inside the
confined space between the galleries. Thereafter, when sheai
intensity is increased, a higher degree of delamination of the various
overlapped clay layers was obtained as revealed by the gradual
shift in the 2 peak to lower angles before it disappears completely.
To the best of our knowledge, this is the first time that such kind gigure 5. Three states of clay exfoliation within of poly(ethyleoe-

of measurements is shown in the literature. 1-octene)/ethylene-octememaleic anhydride matrix are presented: (a)
was obtained by rapid mixing of the components in a batch mixer under
Effect of Degree of Exfoliation on Mechanical Properties 60 rpm rotation speed in molten state, (b) was achieved by mixing the

. . . . components in the same conditions but after 3 min of shearing at 10

Exfoliated structure is presumed to be required to impart the rpm before increasing the rotation speed at 60 rpm, and (c) was obtained
nanocomposites with enhanced mechanical properties, and inafter 12 min of mild mixing at 10 rpm before increasing the rotation
many occasions intercalated or less exfoliated structures werespeed at 60 rpm.
discarded. To examine the effect of clay exfoliation level on
the modulus of the nanocomposites, various samples were(10 rpm) and the intensive shear conditions (60 rpm). The typical
prepared with different levels of exfoliation. Such operation is Obtained structures are shown in Figure 5, and their correspond-
based on the mechanism of exfoliation described in the previousing modulus is reported in Figure 6.
section. This consists of mixing poly(ethylene-1-octene), 15 The tensile modulus corresponding to the samples described
wt % of ethylene-octene maleic anhydride grafted with 6.2 in Figure 5 was measured with Instron testing machine in tensile
0.5 wt % maleic anhydride, and 5 wt % of Cloisite 30B within mode. The experiments were conducted at 5 m/s of cross-head
a batch mixer at 150C. The different levels of exfoliation were  speed at room temperature. The presented results are average
obtained by varying the waiting time between the mild mixing values obtained on 10 samples. The obtained average VBIB%S
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Figure 6. Young modulus (MPa) for the three samples shown in Figure
5.

are 10 MPa for sample a, 16 MPa for sample b, and 12 MPa

for sample c. Normally, one expects sample c to exhibit the

best mechanical properties in terms of tensile modulus. The
results reveal in contrary that the best enhancement in modulus

is exhibited by sample b that has intermediate level of
exfoliation. The same results were obtained by Okarib@ur

interpretation is that clay particles are flexible and can bend
under mechanical stresses, as can be seen in Figure 5. Mixin

flexible lamellae with flexible polymeric chains does not change
the overall flexibility of the mixture. To play their role as rigid
fillers, it is then better to have some stacks of-PD clay layers

dispersed within the polymeric matrix. Such stacks bend less

than the individual flexible lamellae. Such a situation is
equivalent to relatively rigid nanoparticles but with a thickness
of 10—20 nm dispersed within the flexible thermoplastic
polymer.

However, if one can maintain the clay lamellae well oriented

in the direction by means of special processing (special die) of

freezing such orientation in a cross-linked polymeric network

such as in thermosets, then better mechanical properties can be

expected. Another favorable case is that of a polymeric rigid
matrix that has high specific interactions with the clay surface.

Concluding Remarks

The main findings of this works can be summarized by the
followings:

It was found that the energy of interactions between clay
lamellae is higher than the carboeoarbon bond energy when
the interlamellar spacing is smaller than a critical distance.

Shearing the nanocomposite at such high mechanical energy

will degradate the polymeric matrix by breaking the-C bonds
rather than delaminate the clay lamellae.

Notes 4263

The best level of exfoliation requires medium matrix viscos-
ity. This is dictated by a balance between mechanical stresses
that necessitate a high level of viscosity and a diffusion process
that requires rather low medium viscosity. To reach high level
of exfoliation, it is then recommended to mix the intercalated
clay and the polymeric matrix in a molten state under mild
shearing conditions. This allows expansion of the interspacing
distance which facilitates polymer chains to diffuse into the
confined space between the galleries. A high level of shearing
applied after this period of diffusion leads to a high level of
exfoliation.

It was also found that well-exfoliated structure in flexible
matrixes such as the ones used in this work imparts the final
nanocomposites with a tensile modulus that is smaller than that
of medium exfoliated structure. Such a result was inferred to
the flexibility of clay lamellae that bend under mechanical
solicitations. Stacks of 1620 lamellae bend less and reinforce
better the flexible polymeric matrix.

Acknowledgment. This work was financially supported by
the NSERC (Natural Sciences and Engineering Research
Council of Canada) and Canada Research Chair on Polymer

dDhysics and Nanomaterials and the Steacie Award grants.

References and Notes

(1) Utracki, L. A.Clay-Containing Polymeric NanocompositBAPRA
Technology Ltd.: Shawbury, England, 2004; Vols. 1 and 2.

(2) Dennis, H. R.; Hunter, D. L.; Chang, D.; Kim, S.; White, J. L.; Cho,
J. W.; Paul, D.Polymer2001, 42, 9513-9522.

(3) Fornes, T. D.; Yoon, P. J.; Keskkula, H.; Paul, D.F®lymer2001,
42, 9929-9940.

(4) Woo Kim S.; Ho Jo, W.; Sung Lee, M.; Bae Ko, M.; Young Jho, J.
Polym. J.2002 34, 103-111.

(5) Nassar, N.; Utracki, L. A.; Kamal, M. Rnt. Polym. Proc 2005 4,
423-431.

(6) Tanoue, S.; Utracki, L. A.; Garcia-Rejon, A.; Tatibouet, J.; Cole, K.
C.; Kamal, M. R.Polym. Eng. Sci2004 44, 1046-1060.

(7) Russel, W. B.; Saville, D. A.; Schowalter, W. Rolloidal Disper-
sions Cambridge University Press: New York, 1989.

(8) de Gennes. P. GScaling Concepts in Polymer PhysiagSprnell
University Press: Ithaca, NY, 1999.

(9) Doi, M.; Edwards, S. FThe Theory of Polymer Dynamic&xford
University Press: New York, 1986.

(10) Graessley, W. WJ. Polym. Sci., Polym. Phys. EH98Q 18, 27—

34.

(11) Qiu, H.; Bousmina, MJ. Rheol.200Q 43, 551—-568.

(12) Qiu, H.; Bousmina, MMacromolecule200Q 33, 6588-6594.

(13) Chen, Y. L.; Graham, M. D.; de Paolo, JPhys. Re. E 2004 70,
060901 (R).

(14) Okamoto, M.Rapra Re. Rep.2003 14 (No. 7), Report 163.

MA052647F

CbhV



