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Abstract. Research on polymer-layered silicate nanocomposites is currently an expanding field of study because they
exhibit a wide range of improved properties over their unmodified starting polymers. Polyamide 6 (PA6)/organoclay
nanocomposites have been prepared by exfoliating the organoclay montmorillonite via melt mixing. The exfoliation within
the nanocomposites has been monitored using X-ray diffraction (XRD) and transmission electron microscopy (TEM).
Water absorption of PA6 nanocomposites and its mechanical performance when saturated with water at temperatures rang-
ing from 40 to 60°C were investigated.

It was found that the organoclay up to 8 wt% was completely exfoliated and well distributed within PA6 matrix as observed
by TEM and XRD analysis. Addition of organoclay did not affect the crystallinity of PA6, and better mechanical perform-
ances were obtained. It was found that the barrier properties of the neat PA6 exhibited both higher diffusion coefficient and
higher maximum water uptake as compared to the filled polymer. For all investigated temperatures the diffusion coefficient
was found to decrease as function of organoclay loading. However, the maximum uptake was found to increase without
reaching that of neat PA6. A relationship between temperature and diffusion coefficient was also established.
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1. Introduction

In recent years, research on polymer nanocompos-
ites has attracted great interest and is currently an
expanding field of study due to the wide range of
improved properties over their pristine polymers [1,
2]. These nanocomposites exhibit superior proper-
ties such as enhanced strength, reduced gas perme-
ability, and improved flame retardancy [3].

Nylons or polyamides are high performance engi-
neering materials; they are semi-crystalline thermo-
plastics with attractive physical and mechanical
properties that provide a wide range of important
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end-use performances in many industrial applica-
tions.

An original report from the Toyota research team
[1] demonstrated such thermal and mechanical
properties achieved from polyamide 6 montmoril-
lonite (MMT) composite while another report from
Vaia et al. [4] suggested that it is possible to melt
mix polymers with silicates.

One common property to all polyamides is that
they are hygroscopic; they absorb water from the
environment, both from the air and from liquid
water. This is an important factor to be considered
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during material pre-selection, parts design, mechan-
ical performance prediction and optimization. The
equilibrium moisture content of PA6 at 23°C in a
50% relative humidity environment is around
2.5 wt% and at 100% relative humidity as high as
9 wt% [5].

In general, the moisture content in nylon is a key
variable affecting processing (polymerization,
compounding, molding, welding, etc.) and end-use
performances (mechanical, dimensional, surface
appearance, etc.). The absorbed water in polymer
behaves as a plasticizer, which affects material
properties such as strength, stiffness, decrease of
T,, modulus and yield stress, while elongation at
break as well as toughness, and ductility increase.
PAG is often filled with mineral fillers or short
fibers such as glass, carbon or aramid fibers to
increase the modulus. However, layered silicate
nanocomposites provide several advantages com-
pared to these traditional filled compounds, such as
lower amounts of fillers, therefore, lower density,
increased barrier properties, improved transparency
and better surface appearance can be observed.
Nanocomposites consisting of exfoliated silicate
layers in PA6 can be produced by in-situ polymer-
ization, in which organically modified silicate lay-
ers were swollen by the monomer i.e. PA6 (or
e-caprolactam) and exfoliated during polymeriza-
tion [6-8], or by dispersion in the melt state by high
shear mixing in a twin-screw extruder [9, 10-11].
Because of the large aspect ratio and surface area of
the exfoliated silicate layers they act as efficient
barriers against transport through the material [12].
Despite the importance of the influence of moisture
in practical applications, only a few papers contain-
ing data for mechanical properties of moisture-con-
ditioned nanocomposites have been published [13,
14]. Hence, for a complete understanding of PA6
nanocomposites it is important to understand the
mechanism of moisture absorption and its influence
on nanocomposites’ mechanical properties.

In this paper the influence of the amounts of lay-
ered silicate on water diffusion coefficient and
maximum amount of absorbed water is described.
In addition, the influence of penetrant uptake on the
mechanical properties is measured and discussed.

2. Experimental
2.1. Materials and preparation method

A commercially available polyamide 6 (UBE1013B)
provided from UBE Industries Ltd (Japan) was
used as a test material. The organoclay 1.34TCN
was from Nanocor, Inc. (USA); it is a methyl dihy-
droxyethyl hydrogenated tallow ammonium treated
montmorillonite.

The PA6/nanocomposites were prepared via melt
mixing method. The PA6 and organoclay were
mixed using a KRC-S1 co-rotating twin-screw
extruder having an L/D = 10.2. The extruder was
operated at temperature in the feeding zone of
150°C and in all other zones where heated to
240°C, the screw speed was set to 200 RPM. Dit-
ferent master batches having respectively 2, 4, 6,
and 8 wt.% organoclay were thus prepared. The
granules obtained by extrusion were injection
molded in a laboratory injection molding machine
to a rectangular shape having dimension 5x2x2 mm.
Before any processing or testing specimens were
dried in oven at 50°C for at least 100 hours to ensure
that they reached a constant weight condition.

2.2. Sorption process

Diffusion behavior of deionized water was investi-
gated by immersing the specimens in deionized
water at 40, 50, and 60°C. Samples were periodi-
cally removed, wiped with filter paper to remove
excess of the water and then kept at room tempera-
ture for 1h before the weight was recorded. This
weight is considered to be the wet one. Further
analyses were carried out immediately after weight
was recorded. Water content was determined using
the Equation (1):

W, —Wo

M,[%] = -100 (1)

0
where M,, W, and W, are the water content at a
given time, weight of the sample at the time of the
measurement and initial weight, respectively.

2.3. Characterization

X-ray diffraction (XRD) experiments were per-
formed on a Philips Xpert MPD PW3050 X-ray
diffractometer with a CuKy, as a radiation source

246



Abacha et al. — eXPRESS Polymer Letters Vol.3, No.4 (2009) 245-255

(A=1.54 10\), operated at 40 kV and 30 mA. Sam-
ples were scanned at diffraction angles (20’s) from
2 to 10° at a scan speed of 0.016°/s.

Transmission electron microscopy coupled to
energy dispersive X-ray spectrometer TEM/EDS
photographs were taken with a JEOL JEM 2010F
using an acceleration voltage of 200 kV.

Three point bending test was done according to
ASTM D790 using a Shimadzu Autograph AGS-
1KNJ machine.

3. Results and discussion
3.1. Morphology

The X-ray diffraction patterns of organoclay and
PAG6-organoclay nanocomposites are shown in Fig-
ure 1 for the 20 range from 1 to 9°. The XRD pat-
tern relative to pristine organoclay displays a strong
diffraction peak at 26 = 5° corresponding to a basal
spacing, doo1, of 18 A. This peak is no more
observed on the X-ray diffraction curves of nylon-6
nanocomposites containing up to 8 wt%. The dis-
appearance of such peak within the nanocompos-
ites samples revealed that up to these contents of
organoclay, the silicate platelets were well dis-
persed and well exfoliated within the PA6 matrix.
The evolution of the silicate layers dispersion in the
PAG6 matrix as a function of the clay content is con-
firmed by TEM analysis (Figure 2).

A detailed morphological analysis of the nanocom-
posites has been carried out using TEM micro-
graphs for sample containing 2 wt% (Figure 2),
even if little amount of individual exfoliated sheets
have been counted in the analysis, most of the tac-
toids do not contain more than five sheets. This

—— Organoc lay

Counts

Position [28]

Figure 1. XRD patterns of the different PA6/organoclay
nanocomposites

result is consistent with the X-rays diffraction
analysis.

The increase in exfoliation during melt processing
is due to the stresses in the extruder that break the
organoclay particles into stacks of platelets or tac-
toids which can be subsequently sheared apart to
make smaller platelet stacks. Shear stresses are an
important element in these events. Finally, TEM
evidence suggests that the platelets on the surface

Figure 2. TEM micrograph of PA6 containing 2 wt%
organoclay at different magnification
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peel apart by a combination of diffusion of polymer
chains and shear which is aided by the fact that
individual platelets are not rigid but are quite able
to bend away. Of course, the latter step only occurs
if the polymer has some affinity for the organoclay
surface (a property of both MMT and the organic
treatment) and this process may require longer
time.

3.2. Effects of clay on polyamide 6
crystallization

Crystalline lamellae are considered to be imperme-
able to small molecules. It is thus important to take
into account any crystalline change in the polymer
matrix in presence of clays in order to understand
the evolution of the transport phenomenon. In this
study, the crystalline structures of the neat PA6 and
the PA6-based nanocomposites were investigated
by X-ray diffraction (XRD) and differential scan-
ning calorimeter (DSC).

One might expect that the small clay platelets
would act as nucleating agents for crystallization of
the PA6 matrix. PA6 crystallizes in either o or ¥
forms [15] resulting from different spatial arrange-
ment in the hydrogen bonding between the oxygen
in the carbonyl group of one chain and the hydro-
gen attached to the nitrogen in the neighboring
chain, PA6 exhibits crystalline structure with two
types of stable crystalline forms, monoclinic o-crys-
talline form and monoclinic y-crystalline form [15,
16]. Formation of the y-type crystals is favored by
low temperatures, stress, and to some extent the
presence of clay [17]. For injection-molded bars,
the y-form predominates in the skin, while a mix-
ture of o and y exist in the core [17].

It was found that the addition of silicates favored
the formation of the y-crystalline phase, suggesting
that the formation of y-crystalline phase of PA6 fol-
lows a heterogeneous nucleation mechanism [15].
From the point of view of spacing, the d-spacing of
o-crystalline phase in the PA6/organoclay nano-
composites are larger than that of y-crystalline
phase in pure PA6, meaning that lattice arrange-
ment in the PA6/organoclay nanocomposites is
more ordered than that in pure PAG6.

Figure 3 gives the XRD patterns of the injection-
molded PAG6 and its nanocomposites in the 20 range
from 4 to 40°. All curves showed a major diffrac-
tion peak at angular position 21.5°. This diffraction
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Paosition [26]

Figure 3. Wide XRD patterns of PA6/organoclay
nanocomposites

peak can be assigned to the composition of (001)
reflection of the PA6 y-form crystals [18, 19].
However, it was not be possible to conclude if only
Y phase exist and that the addition of the organoclay
did not influence the crystallinity of PA6. All for-
mulations present a single peak with different
broadness as observed in Figure 3, thus, according
to XRD results, it can be concluded that both o and
Y phases coexist in the neat PA6 and nanocompos-
ites. The introduction of the organoclay in
polyamide matrix slightly enhances o-phase forma-
tion but does not lead to major modifications in the
whole crystallinity index [19]. Nanocomposites
containing commercially relevant concentrations of
clay, i.e. 3-5 wt%, have comparable crystallization
times and temperatures as the pure polyamide with
a similar processing history [20].

DSC data were used to complete this qualitative
analysis. Figure 4 shows the DSC scan of the neat
PAG6 and its nanocomposites. A larger endothermic
peak could be observed at around 7 = 226°C which
is associated with the melting of both o and y form
crystals of PA6 as compared to the neat PA6 which
shows a single sharp peak. The broadness of the
peak is due to the effect of the organoclay on the
crystallinity of PA6 similar effect was reported by
Picard et al. [20] where they found that the percent
crystallinity was not affected by the addition of the
organoclay however, Murase et al. [21] find that
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Figure 4. DSC thermograms of PA6/organoclay nanocom-
posites

crystallinity value of nylon-6 are much affected by
the type of clay incorporated into the polyamide.

It can be concluded form both DSC and XRD
measurement that no major modification of the
PAG6 crystallinity did occur by the introduction of
the organoclay even if an alteration of the peak was
observed which may be due to the increase of the
v phase. It is believed that the organoclay did not
affect the crystallinity of the PA6 which may not
alter the moisture absorption as the diffusion may
just occur in the amorphous region of PA6 and not
within the crystalline ones and the only effect will
be the one of the organoclay and the way to prevent
the diffusion of water within the matrix.

3.3. Strength evaluation

Three points bending test of neat PA6 and that of
PA6/nanocomposites was performed, this bending
test will help to evaluate the strength of specimens
either before or when immersed in a specific water.
It gives also an idea about the degree of degradation
of the polyamide as well as the degree of enhance-
ment of the organoclay. By measuring the mechan-
ical properties one can determine the extent of
damage that may be caused by the absorption of
liquid within polymer. Knowing that this damage
may be mainly due to the plasticizing effect, hence,
the measurement of mechanical properties have to
be done at both states: wet (sample immediately
removed from the water) and dry state (immersed
sample dried for enough time to enable complete
drying). If the strength or modulus recovers to the
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Figure 5. Flexural modulus and flexural strength of PA6
as function of organoclay content

initial state one can postulate that no degradation
did occur on the other hand if recovery is not 100%
achieved this will be attributed to the degradation
of the sample. Addition of organoclay may enhance
the mechanical properties and also avoid to some
degree the degradation of the polymer matrix.
Nevertheless in this study just wet condition were
measured, as shown in Figure 5 illustrating the
flexural modulus and the flexural strength of the
different formulations. It is observed that both flex-
ural modulus and strength increased as the organ-
oclay content increases, this is mainly due to the
benefit of the clay as reinforcing agent and also to
the well dispersion and exfoliation of the organ-
oclay. This is may be due to the constraint of the
polymer chains by their interaction with the clay
surfaces [22].

The extent of the enhancement is directly related to
the degree of exfoliation. For PA6, recent research
has demonstrated that comparable levels of exfolia-
tion and performance, at least in terms of stress-
strain behavior, can be achieved by melt processing
as found by the chemical approach [13]. It is impor-
tant to appreciate that additional effects caused by
matrix-filler interactions, including changes in
matrix crystal structure or chain mobility, may also
be involved because of the high surface areas and
small dimensions. The increased modulus could be
contributed to the reduced mobility of a constrained
polymer phase close to the silicate layers. The large
surface area of the exfoliated platelets is considered
to be responsible for this constrained polymer
phase with a higher modulus [23].
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3.4. Diffusion behavior of water in
PAé6/organoclay nanocomposites

Polyamides are well known to be hygroscopic
materials and that they absorb water easily even at
room temperature.

Weight change of PA6 and PA6/organoclay nano-
composite as function of immersion time in deion-
ized water at 40°C as function of square root time is
shown in Figure 6. It is observed that after a linear
increase, the equilibrium is reached at about 140 h
of immersion time in the case of the immersion at
40°C. Similar behavior is observed at elevated tem-
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Figure 6. Weight change of PA6 and PA6/organoclay
nanocomposites at a) 40°C, b) 50°C and c) 60°C

perature with shorter immersion time needed in
order to reach the weight change equilibrium.
Moisture absorption is generally considered to be
independent of moisture concentration, the diffu-
sion of moisture is generally considered to obey
Fick’s law [24, 25], see Equation (2):

M[

M.,
—~ 8 —-D2n+1)’7’t

1—2 55 ©Xp ( 2) ) 2)
~ 2n+1)°n 4

where M; is the mass gain at reduced time and M.. is
the maximum mass gain at the equilibrium state
and / is half the thickness of the polymer sample.
The solution for Fick’s law short times then
reduces to the Equation (3) for the initial stage of
diffusion:

M, , D 1/2
M, |\

In the initial stage of the absorption, up to approxi-
mately M/M. = 0.5 the increase in mass shows a
linear relationship with the square root of time
[26-28].

As observed, the plot of M/M.. vs. t1/2/21 is linear at
the initial stage and the diffusivity can be calcu-
lated from its slope, hence, the diffusion behavior
of water may be considered to follow the Fickian
type diffusion. Diffusion coefficient could be deter-
mined from the slope of the normalized weight
change using Equation (3).

Table 1 summarizes the diffusion coefficient at dif-
ferent temperatures. The diffusion coefficients D
can be used to compare the diffusion rate in the
unfilled polymer to the nanocomposites one, and to
estimate how much time total moisture saturation
of a sample takes, depending on the dimensions.

It is observed from the plotted data of the diffusion
coefficient in Figure 7 that the diffusion coefficient
decreased as the amount of organoclay increased,
according to the values are reported in Table 1 the
diffusion coefficient falls to about a half in the case
of immersion at 40°C, on the other hand the equi-
librium weight change is not so much affected, the
highest decrease is obtained with the lowest filling
content, and as the organoclay content increases
this equilibrium increases even despite the fact that
it remains below that of the unfilled PA6. These

3)
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Table 1. Diffusion parameter for PA6 and PA6/organoclay nanocomposites

40°C 50°C 60°C
Formulation M.. D M.. D M.. D
[%] [m?s]-10-12 [%] [m?%/s]-10-12 [%] [m?/s]-10-12
0 wt% 9.547454 2.25693 9.356305 3.81366 9.004974 7.91952
2 wt% 8.259288 1.86913 8.433146 3.77303 8.152024 5.44119
4 wt% 8.759826 1.56598 8.728609 3.29763 8.401829 6.47927
6 wt% 8.876960 1.36672 8.672343 2.99715 8.606046 5.24040
8 wt% 9.564869 1.25389 9.282899 2.95311 9.000577 5.31154
10 -+ 40°C reduced due to the lower diffusion coefficient
= 50°C
- 60°C [29, 30].

81074 The speed of water absorption in PA6 nanocom-
3 posites is reduced compared to the unfilled polymer
B0 because of the impermeable silicate layers in the
'.'jéf 4 polymer. These layers increase the path-length for
§ 4.10-12\ diffusion through the polymer [30]. This increased

path length predicts the better barrier properties of

21072 P~ . nanocomposites very well [31]. In PA6 the water is

. - - absorbed in the amorphous phase, because the crys-
04 5 5 : A o talline part is inaccessible for water [30]. The amor-

Organoclay content [wt%]

Figure 7. Diffusion coefficient at different temperature as
function of organoclay content

results point to the effect of hydrophilic clay on the
equilibrium water uptake i.e. even if the clay is
treated to be hydrophobic and organically treated to
have the ability to exfoliate within the polymer
matrix some of the hydrophilicity may remain, that
will attract water and thus the final water absorp-
tion may reach that of the unfilled polymer when
considering longer immersion time.

The excellent resistance to water permeation of the
PA6 organoclay nanocomposites is caused mainly
by the decrease in diffusion coefficient (D) com-
pared with nylon-6. A dispersion of impermeable
filler and crystallite decrease the diffusion coeffi-
cient by increasing the average path length required
to transport the specimen [29].

The rate of water absorption in PA6 nanocompos-
ites is reduced compared to the unfilled polymer
because of the impermeable silicate layers in the
polymer. These layers increase the path-length for
diffusion through the polymer. The increase in the
path length predicts better barrier properties for
nanocomposites. The maximum amount of water
that can be absorbed by PA6 nanocomposites is not
too much reduced; only the rate of absorption is
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phous fraction is not much different in nanocom-
posites as evidenced by XRD and DSC and there-
fore the amount of absorbed water can reach
approximately the same level as in unfilled poly-
amide, if sufficient time is available [30].
Temperature plays a very important role in the dif-
fusion of penetrant molecules through polymeric
membranes. Diffusion, like reaction rates, may be
thought of as an activated process following an
expression of the Arrhenius form given by Equa-
tion (4):

E
D =D, exp| ——2
0 P( RT)

where the activation energy Ep depends on the
polymer and size of the penetrant. The diffusion
behavior is found to be temperature dependent as
illustrated in Figure 8. It is found that the coeffi-
cient of diffusion becomes lower as temperature
decreases, diffusion coefficient can be formulated
as: Dr=0.0025¢-05289T where Dr is the diffusion
coefficient [m%/s] and T is temperature [K].
Activation energy (E) could be estimated from the
diffusion coefficient equation (Equation (4)) the
data are reported in Table 2. It is found that the acti-
vation energy globally increases as the organoclay
content increases.
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Table 2. Activation energy for PA6 and PA6/organoclay

nanocomposites
Formulation Activation energy E [kJ/mol]
0 wt% 54.28
2 wt% 46.43
4 wt% 61.54
6 wt% 58.31
8 wt% 62.65

107"

r 0 Wi%=0.0025¢5528.9T
2 Wt%=0.0001¢ 8497
4 m%=0_0293e‘;;?f;7
6 Wi%=0.0076¢"
8 Wi%=0.0371e 7753557

Diffusivity [m?/s]

—— 0 wi%
- 2 wi%
—a— 4 Wi%
—— 6 wt%
—— 8 wi%

I |
0.0032 0.0033

-12 L I
0.0029 0.003 0.0031

Temperature [1/K]

Figure 8. Relation between diffusivity and temperature of
PAG6/organoclay nanocomposites

It noticed that the diffusion coefficient increases as
function of the immersion temperature; this is due
to the fact that increasing the temperature leads to a
decrease of the interaction energy. Exception is
observed for the data 2 wt% where a decrease is
observed this mainly due to the fact that at this con-
centration and at immersion temperature of 60°C
showed the lowest diffusion coefficient, which did
alter the calculation of the activation energy done
via curve fitting as seen in Figure 8.

In the case of the PA6/organoclay nanocomposites,
there are mainly two interaction groups: the inter-
action of water molecules with the amide groups of
the PAG, i.e. matrix and the interaction of water
molecules with the hydrophilic clay group i.e. the
filler. Although the clay has been modified to be
more organophilic, it may still interact and bind to
water molecules, even if, this interaction does not
dominate the sorption process of water in the nano-
composites.

3.5. Influence of water on mechanical
properties

The evaluation of the mechanical properties in
terms of bending test showed that an increase in
both modulus and strength occurred in the dry con-

dition, however, the tests under wet condition are
performed on samples that are immediately removed
immersion test.

Figure 9 illustrates the retention of the flexural
strength of PA6 and that of PA6/organoclay nano-
composites as function of immersion time and at
different immersion temperature. It is noticed a
sharp decrease in the flexural strength as well as in
the flexural modulus (not reported in this paper).
This decrease levels off within about 25 h in the
case for all investigated temperature which clearly
shows the sensitivity of the PA6 towards water
content. Nevertheless the presence of the organ-
oclay may retain higher flexural strength as seen in
Figure 9b (magnification of Figure 9a) it is observed
that the neat PA6 has the lowest retention of the
flexural strength as compared to the filled.

It is known that the absorbed moisture decreases T
of PA6 and other polyamides because the water
molecules interfere with the hydrogen bonds
between the polymer chains and this increases the
chain mobility. The reduced Ty in the presence of
water results in a strong reduction of the amor-
phous modulus in the temperature range around 7,
which leads to a decrease of the modulus of the
semi-crystalline polymer. Because of the reduction
of the matrix modulus, also polyamide nanocom-
posites suffer from a modulus reduction after mois-
ture conditioning. In addition, the increased mobility
reduces the yield stress and increases the ductility
and elongation at break.

The loss of mechanical performance i.e. the
decrease in the flexural modulus occurs early in the
diffusion process with the maximum loss realized
much in advance of saturation. Initial uptake of
water results in plasticization of the polymer matrix
such that further ingression of water into the void
spaces within the sample does not significantly
alter the mechanical performance. The initial loss
of performance, prior to the plateau, may be associ-
ated with the diffusion front progression through
the sample. Further weight gain after this point may
be attributed to the continued filling of voids spaces
with water.

When the samples are moisture conditioned, the
modulus of PA6 and the nanocomposites is signifi-
cantly reduced. The reduction of the modulus in the
presence of water is common to all polyamides to a
certain degree, and it is caused by the plasticizing
action of water molecules in polyamides [32] PA6
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Figure 9. Retention of flexural strength of PA6/organoclay nanocomposites — wet condition — as function of immersion

time at: a) and b) 40°C, ¢) 50°C and (d) 60°C

has a glass transition temperature around 60°C in
dry conditions, but in moisture conditioned samples
this can decrease to room temperature and below
[33].

4. Conclusions

The investigation of the formation of a nanocom-
posites structure of the dispersed organoclay within
PAG6 matrix was done in addition to the study of the
behavior of the diffusion of water within these
nanocomposites materials. It was found that the
organoclay was fully exfoliated and well dispersed
within PA6 matrix for all the investigated organ-
oclay content. An enhancement of the mechanical
performance as function of organoclay content was
obtained in terms of bending test where an increase
of both flexural strength and flexural modulus were
obtained. The immersion into water revealed that
lower maximum weight change is obtained when
immersed into water and that the diffusion coeffi-
cient of water is decreased by a half at some condi-
tion however the weight change was found to

increase as function of organoclay content but
remains lower than the neat resin. Better mechani-
cal properties were achieved with the addition of
organoclay and despite the sharp decrease in the
mechanical properties of the immersed sample, the
nanocomposites ones showed higher retention
compared to the neat PA6.
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