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MicroMechanical Modeling of PolyaMide 11 nanocoMPosites ProPerties  
using coMPosite theories

The use of organically modified clays as nano-reinforcement in polymer matrices is widely investigated owing to their remark-
able reinforcement at low filler loading. in this body of work, the nanocomposites were prepared by melt blending nanoclay with 
polyamide 11 (PA 11) utilising a twin-screw extruder in order to maximise the dispersion of clay particles within the matrix during 
compounding. The main aim of the work was to study the reinforcing effect of nanoclay within PA 11 using two micromechanical 
model namely Halpin-Tsai and mori-Tanaka composite theories. These theories were used to predict the effective tensile modulus 
of PA 11 nanocomposites and the results were compared to the experimental data. in addition, the Halpin-Tsai model was used to 
predict the storage modulus and heat distortion temperature (HdT) of PA 11 nanocomposites. it was found that the tensile modulus 
for nanocomposites with a high clay aspect ratio exhibits up to 10% higher when compared to the nanocomposites with lower clay 
aspect ratio. Thus, it is believed that the combination of clay aspect ratio and modulus contributes to the super reinforcing effect 
of nanoclay within the PA 11 matrix. 
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heat distortion temperature

1. introduction

Polymer layered silicates have attracted the wide attention 
of academia and industry over the past decades due to their 
exceptional reinforcement at very low filler loading than conven-
tional fillers [1-4]. One of the major differences between layered 
silicates and conventional fillers is that the former has much 
larger surface area per unit volume compared to that the former 
has much larger surface area per unit volume than the latter. 
Thus, because of such larger surface area, layered silicates can 
be very efficient reinforcements since many important chemical 
and physical interactions are governed by the matrix and filler 
interface. For instance, studies have shown that the addition 
of 6.5 wt% layered silicates (nanoclays) within PA6 increased 
storage modulus by twofold; whereas, three times this amount 
of glass fibre is needed to achieve the same increase [5]. 

The presence of nanoclay platelet can significantly alter the 
properties of the polymer matrix. layered silicates or nanoclays 
are composed of extremely thin (~1 nm) sheet like platelets with 

large surface areas and high aspect ratios. in addition, these plate-
lets have a stiffness of approximately 178 GPa [5-7] compared 
to that of the polymer matrix. Therefore, due to the high surface 
area, aspect ratio and stiffness, the layered silicates can be very 
efficient reinforcements, in which the presence of nanoclay 
platelet can significantly alters. However, to achieve such rein-
forcing effect, the reinforcement efficiency of layered silicates 
strongly depends on the degree of dispersion of the nanoclay 
platelets and the structure of the nanocomposites [7]. in general, 
the polymer nanocomposites structures can be divided into three 
categories namely intercalated, partially intercalated/exfoliated 
and fully exfoliated [2,3,8]. The intercalated nanocomposites 
structure consists of polymer chains inserted between individual 
silicate layers. in contrast, for partially intercalated/exfoliated 
structures, the intercalated stacks and exfoliated layers are ran-
domly distributed in the matrix. The layered nanoclay structure 
is disrupted for the fully exfoliated structure and the individual 
clay platelets are fully dispersed within the matrix. ideally, 
the full exfoliation and dispersion of nanoclay platelets within 
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the polymer matrix will lead to a maximum property improve-
ment [9-11]. However, in most cases, only partial intercalation/
exfoliation of nanocomposites structure can be achieved than 
fully exfoliated structure. 

Overall, many factors could contribute to the property 
changes due to additions of layered silicates. The need for a bet-
ter understanding of the relative contribution from each factor is 
inevitable. For instance, Zare et al. [12] uses a simple model to 
compare the values predicted against experimental for electri-
cal conductivity of polymer cabon nanotubes (CnT). navidfar 
and Trabzon [13] investigates the graphene type dependence 
of carbon nanotubes/graphene nanoplatelets polyurethane na-
nocomposites using micromechanical modeling. Furthermore, 
Sadeghpour et al [14] modified a model by incorporating filler-
matrix interface failure to model graphene/polymer nanocompos-
ites properties. Thus, modeling material properties is inevitable 
where it could provide valuable information on the underlying 
physics and the structure property relationships across diverse 
type of materials classification [15-17]. This study aims to evalu-
ate whether the reinforcing effect of layered silicates within PA 11 
can be explained using composite theories. The prediction stiff-
ness of a unidirectional composite as a function of aspect ratio 
using established composite theory developed by Halpin and Tsai 
whereas the mori-Tanaka model was derived on the principles 
of Eshelby’s inclusion model for predicting an elastic stress 
field in and around and ellipsoidal particle in an infinite matrix. 
moreover, this preliminary work attempts to model the PA 11 
nanocomposites properties by employing both analytical models 
in order to investigate the effects of filler geometry and stiffness 
within the polymer matrix. Comparisons between the model 
predictions and the experimental mechanical data will be also 
reported. in addition, the heat distortion temperature (HdT) for 
PA 11 nanocomposites, based on dynamic mechanical data, will 
be presented and were compared to the theoretical predictions.

2. experimental 

The polymer used in this work was PA 11, rilsan b, bes-
voa, obtained from Arkema, France. The organically modified 
layered silicate used in this study was Cloisite 30b, a natural 
montmorillonite modified with a quaternary ammonium salt 
obtained from Southern Clay Products Co. uSA. The PA 11 
granules and Cloisite 30b nanoclay powder were dried in a Pio-
van dSn 504 desiccant drier at 80°C for 8 hours and at 75°C for 
24 hours respectively prior to compounding. The nanocomposites 
were prepared by melt blending nanoclay with PA 11 and the 
compounding process was carried out on a leistritz micro 27 
twin screw extruder. The nanocomposites subsequently injection 
moulded using ASTm d638 Type iv mould to prepare samples 
of suitable dimensions for mechanical testing. 

The dispersion and nanoscale morphology of selected PA 11 
nanocomposites was investigated by means of transmission 

electron microscopy (TEm). TEm was performed on samples 
from central region of tensile dumbbell specimen, normal to 
the injection flow (Fd). The thickness and aspect ratio of the 
nanoclay particles was measured where the electron beam is 
parallel to both principal direction to the flow direction and 
transverse direction. A number of nanoclay fibers were ex-
amined to measure the aspect ratio of the dispersed nanoclay 
phase. Tensile testing of nanocomposites was performed on an 
instron 3365 universal testing machine using a 5 kn load cell 
with a crosshead speed of 10 mm/min. injection moulded Type 
iv dumbbell shape specimen was used and, in all cases, the test 
was carried out in accordance with ASTm 638 at ambient tem-
perature. A minimum of 5 test specimens were tested from each 
batch. dynamic mechanical analysis (dmA) studies were carried 
out using a TA dmQ-800 instrument in accordance with ASTm 
d6110. The test was carried out in single cantilever mode, us-
ing a sample of dimension 17 mm ×12 mm × 2 mm, over a wide 
temperature range from –130°C to 150°C. 1 Hz test frequency 
was used and a heating rate of 3°C/min was maintained. The heat 
distortion temperature (HdT) for the virgin and nanocomposite 
materials was estimated using the storage modulus data from 
dmA analysis based on a technique developed by Scobbo [18] 
and used by Fornes et al. [5]. 

halpin-tsai model 

The Halpin-Tsai model is a well-known composite theory 
to predict the stiffness of unidirectional composites as a function 
of aspect ratio. This theory was developed from the generalised 
form of self-consistent model for a composite by considering 
a single fibre encased in a cylindrical shell of matrix, embedded 
in an infinite medium assumed to possess the average proper-
ties of the composite [5,19,20]. in this model, the longitudinal 
E11 and transverse E22 engineering moduli are expressed in the 
following general form [19-21];
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where E and Em represent the young’s modulus of the composite 
and matrix, respectively, ϕf is the volume fraction of filler, and 
η is given by;
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where Ef represents the young’s modulus of the filler, ξf is the 
shape parameter which depends on the filler geometry and load-
ing direction. when calculating the longitudinal modulus E11, 
ξ f is equal to 2(l/t) whereas for the transverse modulus, E22, 
ξf is equal to 2(w/t). The parameters of l, w and t are the length, 
width and thickness of the dispersed fillers respectively. 
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Mori-tanaka model

The mori-Tanaka model [22,23] was derived on the prin-
ciples of Eshelby’s inclusion model for predicting an elastic 
stress field in and around and ellipsoidal particle in an infinite 
matrix. Tandon and weng [24] used the mori Tanaka approach 
to develop solutions for the elastic moduli of an isotropic matrix 
filled with spheroidal inclusions. The longitudinal and transverse 
moduli are expressed as follows;
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where ϕf is the filler volume fraction, vo is the poisons ratio 
of the matrix and A1, A2, A3, A4, A5 and A are functions of the 
Eshelby’s tensors.

3. results and discussion

3.1. determination of nano clay aspect ratio

The dispersion and orientation of nanoclay within the PA 11 
matrix was analysed in detail using TEm. it was observed that 
the PA 11 grade used in this study promotes good exfoliation 

of Cloisite 30b nanoclay during melt compounding. The exfo-
liation of the nanoclay within PA 11 was primarily due to the 
separation of clay layers as a result of polymer chains insertion 
between the clay galleries which increased the interlayer spac-
ing between the clay layers. detailed morphological analysis 
of the injection moulded specimens revealed that the dispersed 
clay platelets exhibit a high degree of orientation along the flow 
direction as depicted in Fig. 1. The grayish regions and the dark 
lines as illustrated in Fig. 1 correspond to the polymer matrix 
and the clay platelets, respectively. The observation made on the 
TEm photomicrographs provides valuable information that will 
be used to model the nanocomposite systems using composite 
theory. However, in order to model these nanocomposites, the 
aspect ratio of the dispersed nanoclay platelets must be deter-
mined. The estimation of the clay platelets aspect ratio can be 
calculated by dividing the average particle length along the flow 
direction with the average particle thickness. The thickness of 
a perfectly exfoliated system is simply the thickness of a single 
clay platelet which is approximately 1 nm. Fig. 2(a), (b) illus-
trates the measurement of typical platelet thickness determined 
from intensity profiles for nanocomposite with 6 wt% clay load-
ing. The histograms of clay particle number as function of aspect 
ratio for nanocomposites with 2 wt% and 6 wt% clay loading 
are shown in Fig. 3. These data were obtained by measuring 
number of clay particles from each nanocomposite samples. 
The average aspect ratio of PA 11 nanocomposites with 2 wt% 
and 6 wt% nanoclay loading were found to be 47.2 and 64.5 

Fig. 1. TEm photomicrographs of PA 11 nanocomposites parallel to the flow direction; a) 2 wt% nanoclay, b) 6 wt% nanoclay

Fig. 2. measurement of clay platelet thickness; a) typical fibre thickness, b) intensity profiles taken from the boxed region in (a)
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respectively. ideally, it is anticipated that the low aspect ratio 
can be observed at lower clay loading. nevertheless, the higher 
aspect ratio observed at higher clay loading in this study was 
probably due to the combination of exfoliated and intercalated 
structures were measured during TEm analysis compared to only 
exfoliated structure observed at low clay loading.

3.2. Model calculations for Pa 11 nanocomposites: 
comparison between theoretical and  

experimental data

in this section, the extent of reinforcement of nanoclay 
platelets within PA 11 matrix was calculated using the Halpin-
Tsai and mori-Tanaka theories. The model predictions for the 
nanocomposites were compared against the experimental data. 
TAblE 1 lists the important material properties that were used 
for the modeling calculations. it is worth noting that the matrix 
and filler materials were assumed to be linear elastic and iso-
tropic. The values of PA 11 and the filler modulus were taken 
from the values reported in the literature. 

TAblE 1

materials property data used in nanocomposite modeling [5,7,25,26]

Material young’s Modulus
(gPa)

density 
(g/cm3) Poisson’s ratio

Pa 11 1.23 1.03 0.35
cloisite 30B 178 1.98 0.20

Fig. 4 shows the effect of aspect ratio on the longitudinal 
reinforcement of PA 11 as calculated using the theories of Halpin-
Tsai and mori-Tanaka. in this case, the nanoclays within the 
nanocomposites were treated as fully exfoliated. with reference 
to Fig. 4(a), the increasing of aspect ratio from 47.2 to 64.5 leads 
to a significant increase in reinforcement efficiency as predicted 
by both theories. However, when comparing the experimental 
data for the PA 11 nanocomposites with the Halpin-Tsai model, 
it was found that the equations overpredict the experimental data. 
On the other hand, the modulus predictions using mori-Tanaka 

theory gives slightly different trends as shown in Fig. 4(b). As can 
be observed, the experimental data at low volume fraction of clay 
fall between the mori-Tanaka predictions corresponding 47.2 
and 64.5 aspect ratio, whereas, at higher clay concentration, the 

Fig. 3. Histograms of clay particle aspect ratio within PA 11 nanocomposites for (a) 2 wt% nanoclay, (b) 6 wt% nanoclay

Fig. 4. Experimental and theoretical tensile modulus for PA 11 na-
nocomposites: a) Halpin Tsai, b) mori-Tanaka based on longitudinal 
reinforcement
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theoretical predictions (at lower aspect ratio) were found to be 
close to the experimental values. 

As mentioned earlier, the model calculations were based 
on an assumption that the nanocomposites systems were fully 
exfoliated. nevertheless, evident from the TEm images, the ex-
foliations of clay platelets were significant at low clay loading; 
whereas, at high clay loading, a mixture between exfoliated and 
intercalated were presence. Therefore, the primary difference 
between the experimental value with the values obtained from 
the models was believed due to the structure formation within 
the nanocomposite systems. Overall, the Halpin-Tsai and mori-
Tanaka theories show that the predictions of nanocomposite 
modulus were dependent on the significant effects of filler 
modulus and aspect ratio. At high aspect ratio of clay fillers, the 
level of reinforcement for the nanocomposites is predicted to 
be higher than at low aspect ratio. These demonstrate that even 
higher levels of reinforcement can be achieved by higher level 
of clay exfoliation within the polymer matrix.

3.3. theoretical prediction of storage modulus  
and heat distortion temperature (hdt)

The storage modulus data obtained from dmA can be used 
to estimate the HdT of a polymer. Since the HdT represents a 
temperature where a material exhibits a defined modulus, the 
young’s modulus, E, can be determined as follow;
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where the σmax is the maximum stress (1.82 mPa), d is the 
width of the sample, δ is the sum of initial deflection (typically 
0.08 mm), and the deflection when HdT is registered (0.25 mm) 
and L is the length of span. To solve the E from the equation 
as mentioned above, the L and d were taken as 100 mm and 
12.5 mm respectively. Figs. 5 and 6 illustrates the estimation 

of HdT at defined stress of 1.82 mPa and the estimated HdT 
values as a function of nanoclay loading respectively. with 
reference to Fig. 6, the estimated HdT of 41°C for virgin PA 11 
was recorded where the value reported here was slightly lower 
to those reported in literature that is 50°C. Addition of 2 wt% 
nanoclay increased HdT of 13°C; whereas, at higher clay load-
ing, in particular at 6 wt%, the HdT of the nanocomposite was 
increased almost two-fold compared to virgin PA 11. The sig-
nificant increase in HdT is a result of increase in the storage 
modulus due to addition of the nanoclay, thus, reflecting the high 
reinforcing efficiency of the dispersed nanoclay.

Fig. 6. Effect of nanoclay loading on the HdT for PA 11 nanocompo-
sites

Fig. 7 shows the storage modulus predicted using Halpin 
Tsai equations which may be compared to the experimental plots 
in Fig. 5; whereas, Fig. 8 compares the HdT estimated from the 
experimental data with those predicted using Halpin-Tsai equa-
tions. As shown in Figure 8, the predicted HdT at low loading 
was comparable to the experimental data. However, at higher 
clay loading (6 wt%), the HdT was approximately 50°C higher 
than the estimation from the experimental data. 

Fig. 7. Halpin-Tsai predictions for storage modulus as a function of 
temperature for all experimental nanoclay loadings

Fig. 5. Estimation of HdT values from experimental storage modulus 
data for PA 11 nanocomposites
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Fig. 8. HdT as a function of nanoclay loading for PA 11 nanocompo- 
sites

4. conclusion

The Halpin-Tsai and mori-Tanaka theories were employed 
to model the reinforcing efficiency of nanoclay within PA 11 
matrix.
i. based on the work carried out, it can be concluded that 

both theories showed on how the nanocomposites modulus 
responds to the filler aspect ratio and modulus although 
these theories were differed in terms of the treating the 
filler geometry. 

ii. A higher aspect ratio leads to a higher composite modulus 
as predicted in both theories. it was found that the predic-
tions of tensile modulus using mori-Tanaka were close to 
the experimental values than the Halpin-Tsai model. 

iii. The primary difference between the experimental value with 
the values obtained from the models was believed due to 
the structure formation within the nanocomposite systems. 
Further TEm studies of PA 11 nanocomposites at different 
loadings of nanoclay is essential in order to establish and 
understand the mechanism of structure formation within 
the nanocomposite systems.

iv. Concerning the estimation of HdT for PA 11 nanocompos-
ites from dmA data, the predicted HdT using Halpin-Tsai 
model was found to be comparable at lower nanoclay  
loading.

v. Therefore, it can be suggested that the significant reinforc-
ing effect of nanoclay and the improved HdT for PA 11 
nanocomposites corresponds to the combination of high 
modulus and aspect ratio of nanoclay within the polymer 
matrix. 
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