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ABSTRACT: Dispersed polymer nanocomposites based on a poly(amino ether) resin and organically modified laminar clays were
obtained. The chemical nature of the organic modifier of the clay and the processing temperature were first chosen using Young’s
modulus of the nanocomposites as a measure of the dispersion level. The Cloisite® 20A organoclay and a processing temperature of
170°C were the fixed parameters. Additionally, the clay content of the nanocomposites was changed and their nanostructure and
properties were measured. A significant increase in the modulus of elasticity (35% with 4.3% montmorillonite addition) was
observed, together with an unusual increase in ductility. The ductility behavior is attributed to a high degree of confinement of poly-
mer chains inside the silicate layers, and the modulus values are discussed taking into account not only the dispersion level, but also

the length of the clay particles. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41239.
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INTRODUCTION

Polymeric nanocomposites (NCs) have been the object of great
academic and industrial attention in recent years in the search
for light weight and high-performance materials. In particular,
polymers filled with small amounts of organically modified lay-
ered silicates dispersed at the nanoscale level combine the
advantages of organic polymers (light weight, versatility, good
moldability) and inorganic fillers (high stiffness and strength,
thermal stability and chemical resistance).! Moreover, negative
effects (increased density, loss of transparency) as compared
with those present in microcomposites, are limited.! Among the
methods used to prepare NCs, the three most commonly used
are in situ polymerization, solvent intercalation and melt inter-
calation.”® In situ polymerization and solvent methods are
interesting from a scientific standpoint. However, melt process-
ing is the most widely used production method for NCs based
on thermoplastics polymers as it can be carried out in conven-
tional industrial polymer processing machinery without any
problem from organic solvents or monomers.

It is well known that optimum properties of nanoclay-based
NCs are obtained when an exfoliated or highly dispersed nano-
structure is obtained® because the modulus of elasticity is very
sensitive to the dispersion level. Therefore when dispersion is
limited,” " the modulus increase is moderate. For this reason,
ascertaining which parameters lead to good dispersion is a sub-
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ject of obvious interest. The first of the key parameters in this
regard is the processing conditions,''* and second, the chemi-
cal structure of the alkyl ammonium compound used to modify
the clay so as to achieve favorable interactions between the
modification of the clay and the polymer matrix.'*™'® Thus,
organoclays with one long alkyl group lead to better exfoliation
than those with two long alkyl groups and two methyl groups
give rise to higher modulus than two hydroxyl-ethyl groups
substituents in nylon 6 based NCs."” The use of alkyl ammo-
nium cations with chain lengths longer that eight carbons and
clays with low to intermediate charge density led to greater
exfoliation in epoxy-based NCs."> However, in polypropylene-
based NCs the chain lengths must be longer than 12 carbons to
promote exfoliation in conjunction with maleated polypropyl-
ene'® and in polyethylene-based NCs, organoclays with two
alkyl tails are superior to the organoclays with one alkyl tail in
terms of clay dispersion and mechanical improvement. This
indicates that, it is not possible to make generalizations based
on these results about the relationship between organoclay
structure and NC morphology.

In addition to the factors indicated in the previous paragraph,
the structural characteristics of the layered silicate may further
influence nanocomposite morphology.'>'’~2° The level and dis-
tribution of cationic exchange sites and the average size of the
platelet stacks and of the individual platelets that comprise
them are among the structural variables that may affect the
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extent of clay dispersion and the final particle size and conse-
quently the properties of polymer—clay NCs. Thus, for example,
Yano et al.'® compared the properties of polyimide based NCs
with clays of different lengths, and concluded that the degree of
improvement of the properties clearly depends on particle
length. The results show that the largest clay, i.e., mica, is the
most effective at reducing the gas permeability coefficient and
at increasing the elastic modulus (from about 2300 MPa to
3400 MPa for NCs based on a clay with 460 A and 12300 A of
length, respectively).

As has been reported in the literature,**'~** different studies of
NCs based on polymers with single lateral hydroxyl groups
(epoxy, phenoxy, and EVOH) have been carried out. This is due
to the possibility of interaction or reaction with other polar
functional groups that could in turn facilitate interaction with
clays and consequently improve clay dispersion or exfoliation.
Thus, EVOH was blended with a modified clay (Nanomer®
I.35L) containing 30-40% polyoxyethylene decyloxypropyle-
amine.* The blending conditions influenced the clay morphol-
ogy, and the modulus and yield strength increased. Phenoxy
was blended®' with clays modified with dimethyl dehydrogen-
ated tallow quaternary ammonium (Cloisite® 20A), methyl tal-
low bis2-hydroxyethyl quaternary ammonium (Cloisite® 30B)
and octadecylamine (OCT). There was a modulus increase of
45% with 4% montmorillonite (MMT) Cloisite® 30B and 33%
with Cloisite® 20A. The dispersion in EVOH and phenoxy based
NCs was tentatively attributed to chemical interactions between
the hydroxyl groups of these polymers and the oxygen atoms of
the clay forming hydrogen bonds.

Poly(amino ether) resins (PAE) are a family of thermoplastics
characterized by very good barrier properties, excellent adhesion
to different substrates, high optical clarity, low color, and good
toughness.”® Their potential applications are mainly in the
packaging industry. This polymer has a chemical structure char-
acterized by the presence of three lateral hydroxyl groups per
repeating unit on the main chain. In NCs of PAE resins with
functionalized multi-walled carbon nanotubes,?>*
alization greatly improved dispersion and the thermal and
mechanical properties, particularly the latter:
increased by 65% and the tensile strength by 60% compared
with those of the pure polymer when 2% nanotubes were
added. However, to our knowledge, the PAE used in this work
has not yet been studied as a matrix for organoclays- or
nanotubes-based NCs.

the function-

the modulus

Because of the lack of available information on the behavior of
PAE based NCs, in this work, new NCs based on a PAE resin
were studied. They were obtained in the melt state since the
shear stress that takes place in the extruder aids dispersion and
exfoliation of the nanoclays. Initial work was carried out to
select the best organoclay from three commercial organoclays
with different volume and polarity of the surfactant. This was
done using the modulus of elasticity as the parameter for select-
ing the best dispersed organoclay on the NCs filled with 5% of
each organoclay since the modulus of elasticity is known to be
directly related to dispersion in MMT based polymer
NCs.'>'7?> NCs based on the selected clay were prepared with
different clay contents and characterized by dynamic-mechani-
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Figure 1. Chemical structure of the poly(amino ether) resin.

cal analysis (DMA), X-ray diffraction and TEM, and tensile
stress—strain tests. The results are discussed and compared with
those of previous works.

EXPERIMENTAL

Materials

The PAE resin was kindly supplied by Dow Chemical. Its chemi-
cal structure is shown in Figure 1. It had a melt flow index
(MFI) of 9 g 10 min~ "', measured at 200°C and with 2.16 kg
load. The nanofillers were three organically-modified montmor-
illonites. The first organoclay (Cloisite® 20A, Southern Clay
Products) used dimethyl dehydrogenated tallow quaternary
ammonium as the surfactant. The second one (Nanomer® 1.30
TC, Nanocor) used octadecylamine. The third modification was
bis-2-hydroxyethyl methyl tallow quaternary
(Cloisite™ 30B, Southern Clay Products). Drying before process-
ing was performed at 65°C in an air-circulation oven for 6 h
for PAE, and at 80°C for 4 h in the case of the clays.

ammonium

Processing

The PAE-based NCs with 5 wt % of the three organoclays were
first prepared in a Collin ZK25 corotating twin-screw extruder-
kneader (screw diameter of 25 mm and L/D ratio= 30) at 170
and 200°C with the aim of optimizing the processing tempera-
ture. The rotation speed was 200 rpm. After extrusion, the
extrudates were cooled in a water bath and pelletized. Subse-
quent injection molding was carried out in a Battenfeld BA-
230E reciprocating screw injection molding machine and tensile
(ASTM D638, type IV, thickness 2.05 mm) specimens were
obtained. The screw of the plasticization unit was a standard
screw with a diameter of 18 mm, L/D ratio of 17.8 and a com-
pression ratio of 4. The melt temperature was 185°C and the
mold temperature 15°C. The injection speed and pressure were
10.2 cm® s~ ! and 2600 bar, respectively. The PAE/Cloisite® 20A
NCs, which showed a slightly higher modulus increase, were
prepared in the extruder at 170°C with clay contents ranging
from 1 to 7 wt %. The rest of the processing methods and con-
ditions were identical to those previously reported. The real
amount of MMT in the NCs, i.e., without the organic modifier,
was measured weighing the remaining mass (MMTash) relative
to the original NC mass, after calcination at 900°C for 45 min,
by means of:

%MMT=%MMTash/0.942 (1)

Dynamic Mechanical Analysis

Dynamic mechanical analysis was performed using a TA Q800
DMA that provided the loss tangent (tan J) and the storage
modulus (E) against temperature. The scans were carried out
in bending mode at a constant heating rate of 4°C min~' and
at a frequency of 1 Hz, from 30 to roughly 120°C. The glass
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transition temperature (T,) was measured as the temperature at
the maximum of the tan ¢ plots.

Nanostructure

X-ray diffraction patterns were recorded on a Bruker D8 diffrac-
tometer operating at 45 kV and 50 mA, using a Ni-filtered
CuKo radiation source (A =0.15406 nm). The transmission
electron microscopy (TEM) samples were ultrathin-sectioned at
150—200 nm using an ultramicrotome. The micrographs were
obtained in a Philips Tecnai G2 20 Twin microscope at an accel-
erating voltage of 200 kV and analyzed by means of an image
analysis program (Scion Image) which accounts for the particle
thickness and length on the image files. Dispersed platelets and/
or agglomerates were printed on a transparency film using a
black permanent marker pen. Agglomerates and intercalated
structures were treated as single particles. The resulting trans-
parency was scanned and converted into an image file.

Orientation

The birefringence of the injection molded tensile specimens was
measured at room temperature using an Olympus BX40 polar-
ized light microscope equipped with a compensator. Each bire-
fringence value was obtained from a minimum of three
measurements.

Tensile Tests

Tensile testing was carried out using an Instron 5569 machine,
at a cross-head speed of 10 mm min~', at 23 +2°C and
50 = 5% relative humidity. The mechanical properties (yield
stress and ductility, measured as the break strain) were deter-
mined from the load-displacement curves. Young’s modulus was
determined by means of an extensometer (Instron 2630-102
Static Extensometer, Gauge Length 10 mm) at a crosshead speed
of 1 mm min~' to obtain more accurate values. A minimum of
five tensile specimens were tested for each reported value.

RESULTS AND DISCUSSION

Melt Temperature and Organoclay for the Best Dispersion

It is known that the dispersion level and, consequently, the
properties of NCs based on a fixed matrix are primarily influ-
enced, among others, by the chemical nature of the organic
modification of the clay,’*™* and by the melt processing condi-
tions."'? For this reason, a preliminary study was carried out
to fix these two parameters at values that should lead to the
best dispersion. The modulus of elasticity was used to assess
dispersion because (i) it is directly related to the dispersion
level,'>'7?> (ii) it is easy to measure and, mainly, (iii) it is a
bulk parameter, much less local than the results of either
WAXD or TEM analysis that anyway can serve to complement
this preliminary study.

The moduli of elasticity of the NCs after the addition of 5% of
each organoclay and processing at 170 and 200°C are shown in
Figure 2. 170°C is the minimum processing temperature for
PAE, and 200°C is the maximum recommended temperature
for organoclays in order to minimize their degradation.®® As
can be seen, whatever the nature of the organoclay, processing
at 170°C always led to slightly higher modulus values. Given
previous findings,'>*” it would appear that the higher modulus
values obtained at lower temperature (170°C) are the result of
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Figure 2. Young’s modulus of PAE-based NCs with different clays proc-
essed at 170 and 200°C.

the higher melt viscosity and consequently higher shear stress
obtained at this temperature, which favors dispersion and exfo-
liation of the organoclay layers. In this way, a slightly higher
temperature would not improve modulus. Consequently, 170°C
was selected as the processing temperature for the following full
characterizing study of the PAE-based NCs of this work.

With respect to the fitting of the chemical nature of the organo-
clay, in an attempt to adequate the chemical modification to
the PAE matrix, the chemical characteristics of PAE should be
taken into account. From the viewpoint of interaction with
other components, the most relevant characteristics are the
three pendant hydroxyl groups of the main chain (Figure 1).
Due to this polarity, and looking to the possibility of interac-
tion, polar modifiers such as that of the Cloisite” 30B organo-
clay, which has hydroxyl groups, appear adequate. The chosen
second organoclay was Nanomer® 130 because it is claimed that
this clay is designed for ease of dispersion into amine-cured
epoxy resins,’ which are chemically similar to PAE. Finally,
Cloisite® 20A was also chosen because, in spite of the less polar
nature of its modification, it has led to favorable results with
polar polymers such as phenoxy.'>*® As a whole, these three
organoclays have the same amount of substituted molecules,
but they differ in the volume and polarity of the surfactant.
Moreover, the higher volume of the molecules of the surfactant
of 20A leads to a lower exposed inorganic content for the same
overall content of organoclay.

As the MMT content of the three OMMTs in this study is dif-
ferent, to be able to compare their increases in modulus, the
moduli of elasticity of the NCs with 5% of each OMMT pro-
duced at 170°C are shown in Figure 3 versus their MMT con-
tent. The MMT content of each OMMT was calculated as
indicated in the experimental section. Young’s modulus values
are extrapolated to 0% OMMT. As can be seen, the modulus
increases for 130 and 30B reinforced NCs were similar (38.9 and
36.4%, respectively). The modulus of the NC with the 20A
organoclay is slightly higher (40.6%). The increase for the
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Figure 3. Young’s modulus of PAE-based NCs processed at 170°C (O)
versus MMT content.

interlayer distance (Adyy;) of the three NCs, determined by
WAXD, was also similar (0.90 nm for PAE/20A and PAE/30B
and 0.82 nm for PAE/I30 NCs). However, as can be seen in Fig-
ure 3, the 20A organoclay has a lower inorganic content than
either 130 or 30B. Extrapolating the modulus value of the NC
with 20A organoclay to the same inorganic contents as those of
the NCs with 30B or 130, a value of roughly 3760 MPa was
obtained, which was clearly the highest. Moreover, as can be
seen in Figure 4, TEM analysis also seemed to reflect a slightly
better dispersion for PAE/20A NCs. For this reason the Cloisite”
20A organoclay and a processing temperature of 170°C were
chosen to conduct the subsequent research.

Characterization

Before examining the nanostructure, a possible effect of the clay
presence on the T, of PAE was studied. The tan J results
obtained by DMTA are shown in Figure 5. The storage modulus
(E’) results will be discussed later. The T, of the NCs, measured
at the maximum of the tan 6 plots (78°C), clearly increased
with respect to that of the neat PAE (69°C), and a slight tend-
ency to increase with MMT concentration was also observed.
The increase in T, after the addition of the organoclay is due to
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interactions between the polymer and the inorganic filler par-
ticles® and the restricted mobility of the segments that this
causes in the vicinity of the organoclay. A T, increase has been
commonly reported,’®>? although a decrease in the T, of the
matrix in presence of organoclay, consequence of the migration

33-36

of the surfactant during melt mixing, or even a constant

Tg3 739 have also been observed.

The nanostructure of the NCs was characterized both by WAXD
and TEM. It is known that WAXD results reveal intercalation;
is because exfoliation cannot be concluded from the
absence of a diffraction peak, as it can occur through a non-
constant basal spacing, for instance.'* In Figure 6, the WAXD
scans of the NCs with different MMT contents, as well as that
of the neat Cloisite® 20A are shown. As can be seen, the scan of
Cloisite” 20A shows the peak characteristic of the (001) plane
at a diffraction angle of 3.89° which, according to Bragg’s law,
corresponds to a basal distance, dyo;, of 2.27 nm. The main
peak of the NCs appeared at 2.78° whatever the MMT content
(basal distance 3.17 nm). This basal distance increase
(Adyp; = 0.90 nm) is similar to those obtained in NCs based on
phenoxy (Ady; =0.90 nm),*' poly(ethylene terephthalate)
(Adye; = 0.92 nm)? and PCTG (Adyy; = 0.89 nm)*® and slightly
higher than those obtained in EVOH and PVOH
(Adyo; = 0.70 nm) based NCs."* This result indicates that PAE
intercalates inside the galleries of the organoclay. As this Adyo;
is similar to the thickness of the clay layers, the volume of the
particles roughly doubled after intercalation.

Figure 7(a—c) show representative TEM micrographs of the NCs
with 2, 5, and 7% organoclay, corresponding to MMT contents
of 1.2, 3.0, and 4.3%, respectively. The corresponding particle
length and thickness, and the number of platelets per particle
are shown in Table I. The number of particles measured was
roughly 200 per composition. As can be seen, the organoclay is
homogeneously dispersed in the matrix. The particles usually
contain 4-6 platelets indicating difficult exfoliation. A similar
dispersion level with mainly intercalated nanostructure has also
been observed in PET-based NCs® or in NCs with other matri-
ces with similar chemical characteristics such as EVOH* or phe-
noxy.”! In the case of EVOH-based NCs, additional techniques
were used to ameliorate exfoliation**' such as the addition of

Figure 4. TEM photomicrographs of the 95/5 (a) PAE/20A, (b) PAE/I30, and (c) PAE/30B NCs.
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Figure 5. Tan J-temperature data for PAE/20A NCs. . e ®
Figure 6. WAXD patterns of the PAE/20A NCs and Cloisite™ 20A
organoclay.

nm

Figure 7. TEM photomicrographs of the PAE/20A NCs with (a) 1.2, (b) 3.0, and (c) 4.3% MMT at high magnification.
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Table I. Image Analysis Results of the TEM Micrographs

1.2% 3.0% 4.3%

MMT MMT MMT
Particle length, [, (nm) 66 100 124
Particle thickness, t,(nm) 11.5 14.8 18.2
Number average Platelets 3.7 4.5 6.1

per particle

polymers (PA6) or compatibilizers (EVA-g-MA or LLDPE-g-
MA) with polar groups. Any of these techniques are possible
ways to test additional dispersion in these NCs.

As can also be seen, the particle length and thickness increased
greatly with the MMT content. Thickness increases occur at
high MMT contents.**** The number of stacks present initially
in the melt should not influence dispersion. However, in this
case unexpectedly this effect appeared as seen in Figure 7 and
quantitatively measured on Table I.

Similarly to this work (Figure 7 and Table I), a large increase in
thickness was observed in amorphous polyamide based NCs
(from 4.2 nm with 1.6% MMT to 9.3 nm with 5.5% MMT).*?
Moreover, as observed in some compatibilized NCs,*™* particle
thickness is closely related to dispersion level, since it clearly
increases as the dispersion worsens.

The particle thickness increase indicates that the number of
sheets per particle increased because Adyy, was independent of
the MMT content. A second relevant feature is that, although
many sheets did not fully separate from each other leading to
exfoliation, they largely slipped from each other.'™*>*¢ This is
indicated by the increase in length of the particles which is
especially pronounced at high clay contents: the length in the
4.3% MMT NC (124 nm) is twice that of the 1.2% NC
(66 nm). Therefore, in this system, the thick morphology of the
particles is not necessarily negative, because it leads to greater
length. Thus, these thick particles give rise to almost twice the
external surface and, therefore, contact area, which should influ-
ence the mechanical properties.
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Figure 8. Experimental (O) and Halpin-Tsai (x) Young’s modulus of the
PAE/20A NCs versus MMT content.
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Figure 9. Yield stress of the PAE/20A NCs versus MMT content.

Mechanical Properties

Figure 8 shows the modulus of elasticity of the NCs, as a func-
tion of the MMT content. The yield stress values (Figure 9)
exhibited as usual similar behavior**>***” being their increases
proportionally lower than those of the modulus; i.e., from 53
MPa to 62 MPa when the MMT content increased from 0 to
4.3%. Similar increases have been obtained in phenoxy/20A
NCs (when the MMT content increased from 0 to 3.9%).?! The
experimental Young’s moduli of the NCs (E) are compared in
Figure 8 with those obtained from the Halpin-Tsai composite
model [eq. (2)] wusually applied for nanocomposites. The
Halpin-Tsai equation is as follows:

E _ 1+2(l/t);7¢f

Ey 1 _n¢f
I filler length Ey: modulus of the filler (178 GPa)*

_ Ef/Em—l
N E T, 2(1)1)

(2)

t filler thickness E,; modulus of the matrix (2.58 GPa)
qﬁf: filler volume fraction

The filler and the matrix have to be linearly elastic, isotropic
and firmly bonded'® and the filler has to be aligned and uni-
form in shape and size. In this study, any possible effect of ori-
entation on the modulus should be low, due to the greater
effect caused by the inorganic reinforcement. Moreover, the fil-
ler particles (Figure 7) were almost fully oriented in the flow
and testing direction. Average filler length and thickness values
were used. It can be observed in Figure 8 that using this model,
the correlation between experimental and predicted moduli is
fairly good, since the maximum difference between them is
about 150 MPa. Although, as in this work, higher than pre-
dicted values have also been observed in NCs with thick par-
ticles,'”*****® the predicted values are usually higher than the
experimental ones.'**’

If we look at the modulus increase at 3% MMT for instance, it
reached 32%. This is similar to that obtained in phenoxy (30%
with 3% MMT)?' and PCTG-based NCs (32% with 3%
MMT)*® and higher than that of PET-based NCs (20% with 3%
MMT).? However, the most relevant feature is that in these
nanocomposites with 4-6 layers per particle, and therefore with
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Figure 10. Storage modulus, E'-temperature data for PAE/20A NCs.

low dispersion, the modulus increases are high. The contact area
of the NCs in this study appears to be 4—6 times smaller than in
NCs with almost full dispersion (almost 1 layer per particle), such
as PA6-based NCs, or NCs with dispersion levels similar to those
obtained in amorphous polyamide based NCs (1.4 layer per parti-
cle). However, the modulus increases of PAE-based NCs are far
from being smaller in the same proportion than those of PA6 or
aPA NCs where the modulus increases were 40% and 36% respec-
tively at the same MMT content.'">** Therefore, ruled out a
potential influence of molecular orientation, because the birefrin-
gence and thus the orientation were independent of the MMT
content, the observed increases of this study hardly correspond to
those could be expected from the dispersion measured by the
number of sheets per stack. However, as observed in Figure 7 and
Table I, the increase in length in these NCs is unusually
large*>*®*’ leading to a contact area almost double than when dis-
persion only measured by the number of sheets per particle is
considered. In another previous system both the increase in length
and the consequent increase in modulus were small.'”

Thus, high length of clay particles is proposed as the reason for
the rather high modulus increase observed in this study, that

70
60

Ductility (%)

40

30

20' 1 1 1 1 1

MMT (wt%)
Figure 11. Ductility of the PAE/20A NCs versus MMT content.
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did not correspond in a first approximation with the limited
dispersion level observed.

Moreover, as seen in Figure 10, where the storage modulus, E;
is shown against temperature, the increase with the MMT con-
tent also occurred at higher temperatures thanks to the rigid
nature of the MMT that extends the reinforcing effect up to the
glass transition temperature of the PAE matrix.

The ductility of the NCs, measured by means of the elongation
at break, is shown in Figure 11. As can be seen, the ductility
remained constant when small amounts of MMT were added
(1.2%) and, unexpectedly because of the rigid nature of the fil-
ler, it increased at higher MMT contents. This is unusual in
most NCs,"13:42:44:47:50

been reported,” ™ among others in phenoxy based NCs, where
increases of 22% and 43% were obtained with the addition of
4.1% of Cloisite® 30B and 3.9% of Cloisite® 20A organoclay,
respectively.”"*® These ductility increases are not due to the
migration of interlayer surfactant to the polymeric matrix dur-
ing processing and the consequent plasticizing effect,”® because
the T, of PAE did not decrease when the nanoclay was added.
Therefore, they are tentatively attributed®>” to surfactant/poly-
mer interactions within the clay galleries, giving rise to a higher
confinement of polymer chains inside the silicate layers. This is
in agreement with the high Adyg; values observed and would
lead to higher energy-dissipation mechanism in the NCs, delay-
ing the crack formation.

although ductility increases have also

CONCLUSIONS

A processing temperature of 170°C and the Cloisite® 20A orga-
noclay led to the best dispersion in the PAE matrix on the basis
of a preliminary study on the modulus of elasticity. Nanoclay
dispersion was not very wide and the particle thickness
increased with the MMT content; however, most sheets in the
nanoparticles largely slipped from each other leading to an
increase in length.

The modulus increases obtained reached 32% with only 3%
MMT, higher than what could be expected given the dispersion
level; therefore, it is proposed that the length of the clay par-
ticles has to be taken into account, together with the dispersion
level, when the modulus values are discussed. Ductility
improved after nanoclay addition due to surfactant/polymer
interactions.
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