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Similarly to unfilled polymers, the dynamic mechanical properties of polymer/organoclay
nanocomposites are sensitive to frequency and temperature, as well as to clay concentra-
tion. Richeton et al. (2005, “A Unified Model for Stiffness Modulus of Amorphous Poly-
mers Across Transition Temperatures and Strain Rates,” Polymer, 46, pp. 8194-8201)
has recently proposed a statistical model to describe the storage modulus variation of
glassy polymers over a wide range of temperature and frequency. In the present work, we
propose to extend this approach for the prediction of the stiffness of polymer composites
by using two-phase composite homogenization methods. The phenomenological law
developed by Takayanagi et al., 1966, J. Polym. Sci., 15, pp. 263-281 and the classical
bounds proposed by Voigt, 1928, Wied. Ann., 33, pp. 573-587 and Reuss and Angew,
1929, Math. Mech., 29, pp. 949 models are used to compute the effective instantaneous
moduli, which is then implemented in the Richeton model (Richeton et al., 2005, “A Uni-
fied Model for Stiffness Modulus of Amorphous Polymers Across Transition Temperatures
and Strain Rates,” Polymer, 46, pp. 8194-8201). This adapted formulation has been suc-
cessfully validated for PMMA/cloisites 20A and 30B nanocomposites. Indeed, good
agreement has been obtained between the dynamic mechanical analysis data and the
model predictions of poly(methyl-methacrylate)lorganoclay nanocomposites.
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1 Introduction

Montmorillonite organoclay is one of the most useful fillers for
the preparation of polymer/clay nanocomposites. This filler exhib-
its a large stiffness and large specific area that can lead to the
enhancement of the mechanical properties [1]. Many experimental
works reported in the literature have shown an enhancement of
the stiffness and hardness compared to the polymer matrix [2-7].
For example, in our previous work [8], we have shown that the
storage modulus of both PMMA/C20A and PMMA/C30B
increases with the organoclay concentration. This enhancement in
properties has led Toyota research group to develop an industrial
process for manufacture of polymer/clay nanocomposites [7,9].
However, synthesis and characterization of polymer based nano-
composites demand the use of sophisticated processing methods
and testing equipments, which could result in valuable costs. For
this reason, the development of constitutive model for the deter-
mination of mechanical properties, such as storage modulus, has
proven to be very effective [10—17]. The introduction of these
constitutive laws in computational modeling can facilitate the
design and development of nanocomposite structures for engi-
neering applications.

Many models have been developed to predict the stiffness of
polymers. A review of these models was reported by Keller et al.
[18,19]. Drozdov [20] proposed the following temperature de-
pendence for the Young’s modulus:
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where Ej and E; are material parameters and T, is the glass transi-
tion temperature. However, this equation can only be used to
describe the very beginning of the glass transition but not the rub-
bery plateau.

Among the existing models, only Mahieux and Reifsnider
[21,22] works are valid from glassy to rubbery state of the poly-
mers. These authors have developed a statistical model for tem-
perature dependence of the storage modulus. Their idea was to
use Weibull statistical to represent the failure of secondary bonds
during the relaxation processes that leads to the stiffness change.
Starting from the Mahieux and Reifsnider [21] equation, Richeton
et al. [23] suggest the following temperature and frequency de-
pendence for the storage modulus E:

E(T) = Ey — (1
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+E(f) - exp (_ (%) ,,,) @

where T is the f transition temperature, T, is the glass transition
temperature, and 7 is the temperature marking the beginning of
the flow region. The moduli E; are the instantaneous storage mod-
uli of the material at the beginning of each region. The parameters
m; are the Weibull moduli, corresponding to the statistics of the
bond breakage. The expressions of Ty, T,, and T; are given in
Egs. (3)—(5), respectively
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The parameter f™' represents the reference frequency. The param-
eters crff and crzef are the Williams-Landel-Ferry (WLF) parame-
ters relative to T,. The parameters T}ef and Tz,ef are [ transition
and glass transition temperatures at the reference frequency ™.
AHy is the f activation energy. In our study, we took the effective
activation energy to calculate secondary transition temperature
Tp(f) of the nanocomposites. The values of f§ effective activation
energy are given in a previous work [24]. The moduli, E;, are the
instantaneous storage moduli of the material at the beginning of
each region and are given by

E =E* - (1+5-log(f/f~")) ©

where E™' represent the instantaneous storage moduli at the refer-
ence frequency and s is the sensitivity of the storage modulus to
frequency. Richeton et al. [23] assumed that s is a constant param-
eter for a given polymer.

This model has given good results for the prediction of the stor-
age modulus of three amorphous polymers poly(methyl methacry-
late) (PMMA, Polycarbonate (PC), and Polyamide-imide (PAI)).
In this work, we suggest to extend this model for the prediction of
the storage modulus of polymer organoclay nanocomposites, by
using homogenization methods. Both Takayanagi et al. [25] and
the classical bounds theories of Voigt [26] (upper bound) and
Reuss et al. [27] (lower bound) are used to compute the effective’s
instantaneous modulus, which is then implemented in the Riche-
ton model [23].

2 Dynamic Mechanical Analysis

2.1 Experiments. The two nanocomposites studied in this
work, are obtained by the melt intercalation of PMMA and two
organoclay supplied by Southern clay products, USA): Cloisite
20A (C20A) (Montmorillonite (MMT)-Alk; modified by dimethyl
2-ethyl-hexyl (hydrogenated tallowalkyl) ammonium cation) and
cloisite 30B (C30B) (MMT—(OH),; modified by methyl bis (2-
hydroxyethyl) (hydrogenated tallowalkyl) ammonium cation. The
content of modified montmorillonite clays varies from 1 wt. % to
5 wt. %. The dispersion and the layer conformation of the cloisites
in the nanocomposites were characterized by X-ray diffraction
and transmission electron microscopy (TEM). Both X-ray and
TEM depicted an exfoliated morphology in case of PMMA/C30B
nanocomposites and an intercalated structure in the case of

Fig. 1 TEM images of PMMA organoclay nanocomposites at
high magnification: (a) PMMA/C30B and (b) PMMA/C20A, show-
ing the exfoliated and intercalated morphology, respectively
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PMMA/C20A organoclay nanocomposites (see Fig. 1). Detailed
informations about the material preparation and the morphology
characterization have been reported in our first paper [8].

Dynamic mechanical analysis was performed on a Netzch
DMA 242C dynamic mechanical analyzer (DMA). The dynamic
temperature spectra of the nanocomposites are obtained in three-
point bending mode at different vibration frequencies, with a con-
stant static force of 0.5 N, for a temperature range of
—50°C~150°C, and a heating rate of 1°C/min in a nitrogen
atmosphere. The specimens used for the DMA are obtained by
melt injection molding with dimensions of 60 mm x 10 mm x 3
mm. The effect of clay concentration on both storage modulus
and glass transition temperature has been studied in Matadi et al.
[8]. In this work, we focus our attention on the frequency effect
on both storage modulus and glass transition temperature of the
two nanocomposites obtained.

2.2 Modeling of Temperature and Frequency Effect on
the Storage Modulus. Like unfilled polymers, the viscoelastic
properties of polymer/clay nanocomposites are very sensitive to
frequency and temperature. This led us to use the form of Riche-
ton model [23] for the prediction of their storage modulus. The
effect of clay concentration on the storage modulus has been
introduced in the Eq. (2) by replacing the instantaneous storage
modulus present in Eq. (2) by their effective values. The resulted
formulation is given by

E(T, f) = (Eresr (f) — Ezest(f)) - exp (’ (L)ml)

Tp(f)
+ (Baer (f) = Eserr(f)) - exp (* (%) '"2)
+ean)-en(~(7175) ) 0

In Eq. (6), E; and E,?ef are linked. Thus, calculating the effective
values of E; corresponds to calculate the effective values of E™I.

2.3 Modeling of the Effective Parameters. The extension
of the “Richeton” model [23] to predict the storage modulus of
the nanocomposites may be possible by the way of the calculation
of the effective instantaneous modulus. The issue is how to choose
the best model for the prediction of effective modulus that can
lead to a good determination of the storage modulus of PMMA/
C30B and PMMA/C20A organoclay nanocomposites. We con-
sider the polymer nanocomposites as a two phase material where
the storage modulus is described by the contribution of the two
phases. As a first homogenization method, we propose to use the
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Fig. 2 Experimental results for the storage modulus of PMMA
at different frequencies
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Fig. 3 Experimental results for the storage modulus of PMMA/
C20A and PMMA/C30B organoclay nanocomposites at different
frequencies

classical bounds theories of Voigt [26] (upper bound) and Reuss
[27] (lower bound).

Ellje]?f = fm-Elm +ﬂE1(

ESB: = fon- Eom + fe-Enc ®)
ES®. = fu.Esp + [ s

EB = (fou/Eim + fo/Erc)”"

EXB = (fu/Eom +fe/Enc)” ©)

EXB = (fu/Esm +f./Es)”"

In those equations, f,, and f, are the volume fraction of the PMMA
matrix and the volume fraction of the organoclay phases, respec-
tively, with f,,, +f. = 1. The subscripts “UB” and “LB” refer to
upper bound and lower bound, m to matrix, and c to clay. The E;,,
and E;. with i from 1 to 3 represent the instantaneous storage mod-
uli of the PMMA and the organoclay, respectively. We assume
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Fig. 4 Storage modulus versus temperature of both PMMA/
C20A and PMMA/C30B at different organoclay concentrations
and at a frequency of 1 Hz

that the modulus of the organoclay are not sensitive to the fre-
quency and the temperature. This allows us to take. Ej. = Ey,
=E3 = Eclay-

The second homogenization model is the phenomenological law
developed by Takayanagi et al. [25]. This model comes from the
mixture of Voigt and Reuss theories. It is usually expressed to rep-
resent the shear modulus of composite materials. In this work, we
adapted it for the description of Eefr, Egefr, and Eser as follows:

(p'El(,”Elm
Eietf = 1—0¢).E
= g s (=) B T () E
(p~E2z'~E2m
Ener = 1-¢).E
Ml = Eon+ (1= Q). Ex + ( ©). Eop (10)
Eserr = P Zae: Zam + (1= ). Ezm

Q. Eyy + (1 — Q). Ex,

In this expression, ¢ and Q are parameters related to the organo-
clay and PMMA matrix volume fractions

fi=0¢.Q
{fmzl—(p.Q b
After calculating the effective parameters, the storage modulus is
then derivated by inserting the expression given by Eqs. (8)—(10)
in the Richeton model [23] as described by Eq. (7). In what fol-
lows, these models are referred as Richeton modified Voigt model
(RVM), Richeton modified Reuss model (RRM), and Richeton
modified Takayanagi model (RTM). To compute the volume frac-
tion of the organoclay as function of the clay content in weight
percentage, the following relation is used (Eq. (12) [28]):

fl = Wl'[wf + (1 - Wl‘) pc/pm]71 (12)

Table 1 Takayanagi—Richeton modified model parameter for the nanocomposites at 1 Hz

PMMA/C30B 3 wt. % PMMA/C30B 5 wt. % PMMA/C20A 3 wt. % PMMA/C20A 5 wt. %

E1ay(MPa) 8 x 10* 8 x 10* 8 x 10* 8 x 10*
1o 1.28 x 1072 2.17 x 1072 1.28 x 1072 2.17 x 1072
Q 0.036 0.061 0.036 0.061

) 0.827 0.827 0.827 0.827
E'!(MPa) 7114 7293.84 7114.38 7293.84
EX!(MPa) 3428 3454.30 3428.15 3454.30
E%!(MPa) 141 142 141 142
AH/feﬁ‘ (kJ/mol) 103 106 103 106
T 397 398 395 397
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Table 2 Parameters for the modeling of the storage modulus
of pure PMMA at 1 Hz

PMMA

frcf (HZ) 1
E'' (MPa) 5478
EX (MPa) 2623
EXT (MPa) 107
TF" (K) 305
Ty (K) 391
T (K) 410
ny 7
ny 41
ms 8

s 0.087
AH (k] /mol) 100
cﬁ" 60
SC0) 2.9
pm(g/cm?) 1.19
pplg/cm?) 2.83

where f, is the volume fraction of particles and W, is the weight
fraction of particles. p. and p,, represent the density of particles
and PMMA matrix, respectively.

3 Results and Discussion

3.1 Temperature and Frequency Effects. Figures 2 and 3
represent the storage modulus obtained for pure PMMA and for the
nanocomposites PMMA/C20A and PMMA/C30B determined by
DMA. Like the pure PMMA the PMMA/organoclay nano-
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Fig. 5 Models predictions of the storage modulus as function of
temperature for PMMA/C20A and PMMA/C30B nanocomposites
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composites are sensitive to the temperature and frequency. Both
storage modulus and the glass transition temperature increase with
increasing frequency. The figures also depict the decrease of the
storage modulus with increasing temperature. Figure 4 shows the
storage modulus of both PMMA/C20A and PMMA/C30B organo-
clay nanocomposites for different organoclay concentrations. It
clearly appears that the storage modulus increases with increasing
organoclay concentration for both nanocomposites. However,
we can note that there is a slight increase between 3 wt. % and
5 wt. % of organoclay concentrations, probably due to the presence
of aggregates at 5 wt. % of filler concentration. In a previous work
[8], we have shown that the glass transition temperature of the two
organoclay nanocomposites obtained shifts to higher values. The
values of T, increase from 118.6°C for the pure PMMA, to
123.8°C and 122.4 °C, respectively, for PMMA/C30B and PMMA/
C20A with only 1 wt. % of organoclays content. Beyond 1 wt. %
of organoclays content, the T, varies very slightly with the clays
content. Information depicted by the experimental results (Figs. 2
and 3) is that the PMMA and the two nanocomposites obtained
appear to have approximately the same frequency sensitivity. One
can see this effect on the glassy region for example. From the ex-
perimental results depicted in Fig. 4, the storage modulus of
PMMA/C30 with 3 wt. % (exfoliated) seems to be slightly different
to that of PMMA/C20A with 3 wt. % (intercalated). The same tend-
ency is observed for 5 wt. % of organoclay concentration. This ob-
servation leads us to suggest that the nanocomposites morphology
seems to slightly affect the storage modulus (Figs. 2—4).

3.2 Identification of the Model Parameters. Like in the
works of Mahieux and Reifsnider [21,22] and Richeton et al.
[23], for the model parameters determination, we chose to divide
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Fig. 6 Model prediction of the he storage modulus as function
of temperature for the PMMA/C30B nanocomposites at a fre-
quency of 1 Hz, (a) at 3 wt. % of organoclay concentration and
(b) at 5 wt. % of organoclay concentration
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them into two types: physical parameters and statistical parame-
ters. All of the physical parameters can be determined by DMA
experimental results. Both instantaneous modulus and glass tran-
sition temperature values of the PMMA matrix have been taken
from the DMA results. Like in Richeton et al. [23], we also
chose to take an intermediate value for the reference frequency.
A value of 1 Hz for f™f appears a good choice. After the deter-
mination of the instantaneous modulus values of PMMA matrix,
the correspondent values of the two nanocomposites have been
obtained by using the Takayanagi or classical bounds homogeni-
zation models. For the Takayanagi model, the fitting parameter
@ for 3 wt. % and 5 wt. % organoclay content is reported in
Table 1. The frequency sensitivity was obtained from an average
value of experimental data. For the value of the effective activa-
tion energy AHp.rr, we took the values from our previous study
on the yield stress Matadi et al. [24]. The values of ¢ and ™°f
have been determined from experimental results on glass transi-
tion temperature 7, of both pure PMMA and the organoclay
nanocomposites.

We took the Weibull moduli m;, corresponding to the statistics
of the bond breakage from the work of Richeton et al. [23] on the
PMMA. However, our values (Table 2) are slightly higher. All
model parameters are given in Table 2.

3.3 Discussion. Figure 5 represents the storage modulus as a
function of temperature built with the three different microme-
chanical approaches for PMMA/C20A and PMMA/C30B at a fre-
quency of 0.1 Hz and 1 Hz, respectively. As expected, the RTM
lies between the upper RVM and the lower RRM bound models.
One can clearly observe that the RTM provides a good fitting of
experimental data. For the clarity reasons, in the rest of this work
we will only display the results of Takayanagi modified Richeton
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Fig. 7 Model prediction of the storage modulus as function of
temperature for the PMMA/C20A nanocomposite at a frequency
of 1 Hz: (a) at 3 wt. % of organoclay concentration and (b) at
5 wt. % of organoclay concentration
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model. Figures 6 and 7 represent the computed data of the storage
modulus of PMMA/C20A and PMMA/C30B at a frequency of 1
Hz and at different organoclay concentration. The model predic-
tions are in good agreement with DMA data. Figures 8 and 9
show the comparisons of the storage modulus at various frequen-
cies, from 0.1 Hz to 10 Hz as described by the model, Eq. (7), and
the corresponding experimental results for PMMA/C30B 3 wt. %,
PMMA/C30B 5 wt. %, PMMA/C20A 3 wt. %, PMMA/C20A
5 wt. %, respectively. It is observed that the Takayanagi-modified
Richeton model accurately describes the storage modulus of the
two organoclay nanocomposites. This good fitting of experimental
data by the model confirms our assumption that there is no strong
interaction between the organoclay layers and the PMMA matrix.
Moreover, the addition of organoclay does not affect the activa-
tion process conducting to the different transition. In fact, the
increase of mechanical and thermal properties is strongly related
to the good dispersion of nanosize organoclay particles, which
restricts the polymer chain mobility under loading [29]. Going
from this assumption, it is very simple to understand why the clay
addition does not have a significant effect on the Weibull modu-
lus. In the works of Mahiecux and Reifsnider [21,22], Mahieux
[30] and Burdette [31] on the modeling of the storage modulus of
conventional composites, the molecular weight, the rate of crystal-
linity, and filler concentration are found to have a great effect on
the Weibull moduli. However, in our case, the addition of organo-
clay in the PMMA matrix leads to slight change in molecular
weight, and the enhancement in properties seems not to depend on
the type of nanocomposites morphology (intercalated or exfoli-
ated) (Fig. 1). This RTM possesses a relatively simple form with
reasonable number of parameters, which makes it feasible to the
introduction in a numerical simulation codes for the purposes of
engineering design and optimization.
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Fig. 8 Model prediction and experimental data of the storage

modulus as function of temperature for PMMA/C30B nanocom-
posites at different frequencies
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Fig. 9 Model prediction and experimental data of the storage
modulus as function of temperature for PMMA/C20A nanocom-
posites at different frequencies

4 Conclusion

Frequency and temperature dependent storage modulus of
PMMA, PMMA/C30B, and PMMA/C20A organoclay nanocom-
posites was investigated over a broad range of frequency and tem-
perature using the dynamical mechanical analysis.The results
obtained by DMA tests show that the storage modulus of the two
organoclay nanocomposites is very sensitive to frequency, tem-
perature and clay concentration. Using Takayanagi and classical
bounds homogenization methods to take into account of organo-
clay concentration effect, the Richeton model for the prediction of
amorphous polymers storage modulus has been extended to poly-
mer organoclay nanocomposites. As expected, the RTM lies
between the upper and the lower bound models (RVM and RRM).
The RTM provides a very good accuracy with the experimental
data, for the two nanocomposites, for different frequencies and for
different clay concentrations. This model is a first step to under-
stand the behavior of polymers organoclay nanocomposites. The
results presented in this work lead us to believe that the enhance-
ment in properties for PMMA/cloisites organoclay nanocompo-
sites are more related to the good dispersion of organoclay fillers
than to the presence interaction links between the organoclay and
the PMMA matrix.
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