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Abstract

The effect of clay organophilization on mechanical behavior and structure of PA6/EPR blends was studied. It has been shown that the
modification of clay affected simultaneously the degree of PA6 matrix reinforcement, size and structure of dispersed EPR. The localization
of clay with less polar treatment in the interfacial area brought an important new effect consisting intensification of toughening effect of
dispersed elastomer by formation of ‘‘coreeshell’’ particles. Basic aspects governing formation of this advantageous structure are reported.

The best balanced mechanical behavior was achieved when combining two differently modified clays, whereas the clay with less polar
treatment is preblended with EPR. In this way, a high degree of matrix reinforcement (exfoliation of clay with more polar treatment) was
combined with favorable size and structure of dispersed EPR phase. Additionally, at lower clay content, synergy between clay and elastomer
phase, monitoring itself by enhancement of toughness, was found.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

An increasing amount of papers indicates that nanoscale-
layered silicates can impart not only a significant reinforce-
ment [1] to single polymer phases but also can affect the
dynamic phase behavior and thus morphology of immiscible
polymer blends. Usually a decrease in dispersed phase size
is reported [2e16]. The compatibilizing effect and resulting
properties depend on clay localization and degree of its disper-
sion, which is determined by the clayepolymer component af-
finity [2,3]. A marked effect of clay on refinement of dispersed
phase was found in the case of presence of clay in the matrix
phase and at the interface, limiting the coalescence due to an
interfacial active role of clay. The effect of the changed
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viscosity ratio [4,5] is also important. Reduction in particle
size was observed also in blends with clay dispersed in matrix
phase only [6e9]. According to Bousmina et al. [10], the an-
isotropic clay dispersed in the matrix acts as an effective bar-
rier, which prevents the deformation and coalescence of the
dispersed phase. This type of clay distribution leads also to
higher toughness of elastomer-modified nanocomposites be-
cause the clay dispersed in the elastomer phase decreases its
cavitation ability [11]. Similar trends were observed also in
some thermoplastic elastomers [12]. A decrease in particle
size was found further in comparable dispersion of clay in
both phases [2,13e15], mainly in the case of low dispersion
of clay within polymer constituents, when the clay is localized
in the interfacial area. According to Wang et al. [16], the com-
patibilizing effect originates from cointercalation of both poly-
mers into clay tactoids (leading to the compatibilizer
formation). On the other hand, antagonistic effects such as
coarsening of particle size by clay addition were found for
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systems with clay incorporated preferentially within the dis-
persed phase [17e20] (PP matrix/PA6). This phenomenon,
preferential wetting of one (dispersed) phase and hard parti-
cles impeding the growth of the domains, was simulated by
Balasz et al. [21]. An increase in domain size by clay addition
was found also for some reactively compatibilized systems
[22e24]. At the same time, Dharayia and Jana [25] found a de-
crease in size of PP particles with preblended clay dispersed in
the PA6 matrix. It was found that clay particles residing in fi-
brils (formed from original large PP particles) dictated the
‘‘wavelength’’ of capillary instability and resulted in droplets
similar in size to the size of clay particles. In PPO/PA [26]
and PA6/ABS [27] blends, addition of clay supported co-
continuous structure formation. Addition of clay to PPS/PA66
blend caused shift of phase inversion [28]. Si et al. [29] and
Bousmina et al. [10] have found enhanced miscibility between
blend components caused by clay. Combination of dispersed
elastomer phase and clay may also lead to synergistic en-
hancement of mechanical behavior as it was found for PVC
or PA systems [30e33]. In the case of clay localized in the in-
terfacial region, both modification of interface parameters and
formation of ‘‘coreeshell’’ particles (with outer shell consist-
ing of multiple silicate layers) may occur [33,34]. Our recent
study on toughened PA6 nanocomposites indicated that the
formation of the ‘‘coreeshell’’ impact modifier structure is
the reason for fair balance of mechanical properties and, more-
over, the addition of clay to elastomer-containing PA6 even
enhanced toughness [33]. Additionally, clay-compatibilized
systems containing nonreactive elastomers showed higher me-
chanical performance than analogous systems with reactive
elastomers. Based on these results, the present work is focused
on the effect of the affinity of the clay and polymer compo-
nents on the structure and mechanical behavior of elastomer-
containing PA6 systems. Various elastomers in combination
with clays with different organophilization as well as different
preparation procedures are applied aimed at description and
elucidation of reinforcing and compatibilizing effects of
clay. The paper brings new fundamental understanding of
the complex effect of nanofiller in rubber modified polyamide
nanocomposites.

2. Experimental

2.1. Materials

Polyamide 6 (PA6) Ultramid B5, BASF, Mn¼ 42 000;
Maleated (0.6%) ethene-propene elastomer (EPR-MA) Exxe-
lor 1801, Exxon Mobil; Ethene-propene elastomer (EPR)
Buna AP 331, Degussa Hüls, Germany; Ethene-methyl acry-
late copolymer (EMA) Lotril 28MA07 (30% MA); Hydroge-
nated butadiene-acrylonitrile copolymer (NBR), Breon N 33,
Nippon Zeon; the used clays based on natural montmorillonite
(MMT) (Southern Clay Products, Inc.) are shown in Table 1.

2.2. Nanocomposite preparation

Prior to mixing, PA6 and clay were dried at 85 �C and
70 �C, respectively, for 12 h in a vacuum oven. The blends
were prepared by mixing the components in the W 50 EH
chamber of a Brabender Plasti-Corder at 255 �C and 45 rpm
for 10 min. The material was immediately compression-
molded at 250 �C to form 1-mm thick plates. Strips cut from
the plates were used for preparation of dog-bone specimens
(gauge length 40 mm) in a laboratory micro-injection molding
machine (DSM). The barrel temperature was 265 �C and the
mold temperature was 80 �C.

2.3. Testing

Tensile tests were carried out at 22 �C using an Instron
5800 apparatus at a crosshead speed of 20 mm/min. At least
8 specimens were tested for each sample. The stress-at-break,
Table 1

Characteristics of clays

Cloisite 15A Cloisite 20A Cloisite 25A

Modifier concentration:

95 meq/100 g;

anion: chloride

Modifier concentration:

125 meq/100 g;

anion: chloride

Modifier concentration:

95 meq/100 g;

anion: methyl sulfate

Cloisite 93A Cloisite 30B

Modifier concentration:

90 meq/100 g;

anion: HSO4

Modifier concentration:

90 meq/100 g;

anion: chloride

HT is hydrogenated tallow; the alkyl composition: w65% C18, w30% C16 and w5% C14.
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sb, elongation at break, 3b, and Young’s modulus, E, were
evaluated. Corresponding variation coefficients do not exceed
2%, 15% and 5%, respectively.

Tensile impact strength, at, was measured with one-side
notched specimens, using a Zwick hammer with an energy
of 4 J (variation coefficient 10e15%). The reported values
are averages of 12 individual measurements.

A PerkineElmer Pyris 1 DSC apparatus was used for calo-
rimetric measurements. Thermograms were scanned in the
temperature interval 80e260 �C at the heating rate 10 �C/min.

2.4. Morphological observations

Phase structure was observed on cryo-fractured samples
using scanning electron microscopy (SEM). The elastomer
phases were etched with n-heptane for 1 h or with boiling
xylene for 2 min. The size of dispersed particles was evaluated
from their micrographs using a MINI MOP image analyzer
(Kontron Co., Germany). For transmission electron micro-
scope (TEM) observations, ultrathin (60 nm) sections were
cut, under liquid N2, from a stained (RuO4 vapor for 90 min)
sample using an Ultracut UCT (Leica) ultramicrotome.

Wide-angle X-ray diffraction (XRD) patterns were ob-
tained with a powder diffractometer HZG/4A (Freiberger
Präzisionsmechanik GmbH, Germany) and monochromatic
Cu Ka radiation.

3. Results and discussion

3.1. Effect of clay organophilization

Results in Table 2 indicate a significant effect of the clay
organophilization type on mechanical behavior and size of dis-
persed phase. This is particularly pronounced for PA6/EPR
with lowest compatibility. In this case, the most significant

Table 2

Effect of clay treatment on mechanical behavior and particle size for nano-

composite containing 5%

Composition sb

(MPa)

E

(MPa)

at

(kJ m�2)

Particle

size (nm)

3

(%)

EPR

PA6/C30B/EPR 88.5 2650 31 600 140

PA6/C15A/EPR 75 2220 66.5 360 80

PA6/C20A/EPR 75 2270 36 370 190

PA6/C25/EPR 83.5 2420 46 400 160

PA6/C93A/EPR 86 2320 49.5 500 70

NBR

PA6/C30B/NBR 85 2450 64.5 220 55

PA6/C15A/NBR 76 2040 52 350 195

PA6/C25/NBR 84.5 2430 68.5 250 190

EMA

PA6/C30B/EMA 86.5 2540 61 180 170

PA6/C15A/EMA 76.5 2220 44 150 70

PA6/C20A/EMA 78.5 2300 63.5 110 75

PA6/C25/EMA 85.5 2510 43 130 155
compatibilizing effect was found for the clay modified with
tallow only, i.e., C15A and C20A, see Table 2 (treatment
with lower polarity and thus higher affinity to EPR). A similar
trend with less significant differences in particle size was
found for more polar (and compatible with PA6) ethene-
methyl acrylate copolymer (EMA). Conversely, with signifi-
cantly more polar NBR, finer particles were found for C30B,
containing, in addition to tallow, also two 2-hydroxyethyl
groups (Table 2).

As expected, the significantly finer elastomer dispersion of
EPR elastomers leads to enhancement of toughness (Table 2).
In the case of EMA and NBR, which are more compatible with
PA6, already the initial size of particles (in the absence of
clay) seems to be closer to optimal one; therefore, differences
in toughness are less significant. Furthermore, the most deci-
sive factor determining strength and stiffness is the degree
of clay exfoliation. XRD patterns in Fig. 1 indicate a lower de-
gree of exfoliation of clays with less polar treatment (C15A
and C20A) in the PA6 matrix, which tends to decrease the
strength and stiffness (Table 2) of corresponding nanocompo-
site. As a result, the clay with the best compatibilizing effect
does not lead to the best balance of mechanical behavior.
The solution to this problem is demonstrated in the last part
of this paper.

A significantly higher compatibilizing efficiency of C15A
in comparison with C30B in the PA6/EPR system is best
visible in the dependence of particle size on the clay concen-
tration as shown in Fig. 2. The effect of both clays (C15A and
C30B) on the decrease in the EPR particle size is markedly
pronounced already at low clay contents. The dependences
for both clays represent emulsification curves. The absence
of saturation even at relatively high clay contents (when the
clay content exceeds the EPR content, but a majority of clay
is still dispersed within the matrix) could be ascribed to vis-
cosity enhancement due to clay [35] and change in the mech-
anism of particle generation during mixing [10].
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Fig. 1. XRD patterns of a nanocomposite with 5% EPR containing clays with

different organophilization.
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These effects seem to be dominant especially for nanocom-
posites containing C30B (in agreement with Ref. [7]) due to
the absence of clay in the interfacial region and also in the
dispersed EPR (Fig. 3a, Ref. [33]), indicating that the inter-
facial activity of clay cannot be considered in this case (clays
do not act as ‘‘classical’’ compatibilizers). In the case of sys-
tems containing clay with less polar treatment (C15A or
C93A), the more pronounced decrease in particle size seems
to be mainly a consequence of simultaneous clay localization
at the interface (Fig. 3b), representing the ‘‘true compatibiliz-
ing effect’’ with expected co-intercalation and/or absorption of
both polymers and clay in the interfacial region [2,16]. It can
be observed in Fig. 3c that with higher C30B content (9%), the
clay is localized also at the interface, probably due to an ex-
cess of clay over the amount necessary to form the percolated
clay-network [36]. This additional compatibilizing effect is re-
flected in a significant particle size decrease between the 7%
and 9% C30B contents in comparison with analogous nano-
composite containing C15A (Fig. 2), having already clay at
the interface.

From Fig. 2 it is also evident that the decrease in the size of
NBR particles by clay is less pronounced, undoubtedly as a re-
sult of significant compatibility indicated by a low particle size
(about 370 nm) in binary blend PA6/NBR. For NBR, well-
developed structures of clay-surrounded particles [33] were
found for all the clay treatments used (due to similar polarity
of both constituents and thus also affinity to clay). The only
difference was a slightly lower regularity of this clay layer
(envelope) for the C15A clay with less polar treatment (not
shown). The finer particle size (Fig. 2) found for the C30B-
containing system seems to be mainly a consequence of the
expected higher matrix viscosity and stronger interaction of
clay localized at the interface with both polymers.

The above results indicate that more effective (and ‘‘true’’)
compatibilizing occurs in the case of clay localized at the
interface. For PA6/EPR, this structure can be achieved with
modified clays with higher affinity to the dispersed phase.
On the other hand, the affinity to the dispersed phase should
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Fig. 2. Effect of clay concentration on particle size of dispersed EP.
not exceed significantly the affinity to matrix, since presence
and/or exfoliation in the dispersed phase lead to structure
coarsening [17e21].

Fig. 3. TEM observation of a nanocomposite containing 5% of elastomer.



5336 I. Kelnar et al. / Polymer 48 (2007) 5332e5339
Fig. 4 shows mechanical properties in dependence on in-
creasing clay content for nanocomposites containing EPR
and EPR-MA. Addition of low amounts of C15A or C30B
clays causes a significant toughness enhancement indicating
a certain synergy between clay and elastomers. According to
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in dependence on clay type and content.
XRD (not shown) and DSC (Fig. 5), the main effect of increas-
ing clay content on the crystallinity of PA6 with 5% EPR is
a corresponding increase in the g phase content, typical also
of neat PA6 nanocomposite. The overall crystallinity varies
only insignificantly e no marked change in crystallinity at
low clay contents, corresponding to the above mentioned
maximum of toughness, was observed. Therefore, a tentative
explanation may be the more favorable ratio of moduli of
dispersed rubber and PA6 matrix and also minor changes in
matrix crystallinity.

In the case of EPR-containing nanocomposite, the effect of
both clay types on toughness at concentrations exceeding
1.5% is different. Whereas for C30B, the toughness is signif-
icantly decreasing up to 7% content (which is rather surprising
due to simultaneous decrease in particle size), the toughness of
C15A-containing nanocomposite reaches a significantly
higher level especially for the 5% and 7% clay contents.
The explanation is based on different morphologies. Fig. 3 in-
dicates the significant presence of lamellar stacks of clay
around EPR particles for C15A (more distinct with increasing
clay concentration). Such a kind of effective ‘‘coreeshell’’
structure was found to be decisive for well-balanced mechan-
ical behavior, especially for enhanced toughness, as was al-
ready observed for EMA-containing PA6 nanocomposites
[33]. At the same time, a positive effect of lower matrix rigid-
ity due to less exfoliated clay may be excluded (see Section
3.2 below). Similarly, Balakrishnan et al. [37] have found
toughness enhancement of epoxy/MMT nanocomposites mod-
ified with preformed acrylic rubber caused by the presence of
clay stacks at the rubber/epoxy interface. In the case of C30B,
in the same range of the clay content (up to 7%), MMT is not
present in the interfacial area (Fig. 3, Ref. [33]). From Fig. 4 it
is further obvious that at higher content (9%) of C30B, an in-
crease in toughness occurs. This is undoubtedly a consequence
of the above mentioned occurrence of clay in the interfacial
area (Fig. 3). This structure further supports the high effectiv-
ity of ‘‘coreeshell’’ particles on toughening. The explanation
of this effect, which most probably enhances the energy-
absorbing capacity of the plastically deformed zone around
rubber particles (or may even support rubber cavitation as pro-
posed for epoxy nanocomposite [37]), needs further work.

In EPR-MA-containing nanocomposite, the increasing clay
content causes a rather minor increase in particle size (from
60 nm to w100 nm, Ref. [33]). Similar behavior was found
also by other authors [22e24], probably due to blocking of
reactive compatibilization leading to its original, very small
size of 60 nm. More important is the simultaneous presence
of a layer of single clay platelets at the surface [33], which
suppresses (already hindered) cavitation of these very fine
particles [38].

The lower values of strength and modulus for PA/EPR/
C15A in comparison with PA/EPR/C30B then correspond
with the above mentioned lower exfoliation of C15A in PA6
matrix (Fig. 1). On the other hand, a lower level of both pa-
rameters for systems with EPR-MA is a consequence of low-
ering of matrix crystallinity by reactively formed copolymer
(compatibilizer) [39].
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Fig. 5. DSC heating scans of nanocomposites containing 5% of EPR in dependence on the clay type and content.
3.2. Combination of two clays

From the above results it is clear that for EPR-containing
nanocomposite, a simultaneous high delamination of clay in
the PA matrix and a high compatibilizing effect (i.e., presence
of clay at the interface) cannot be achieved using one type of
clay treatment. To achieve a high level of both effects in one
system, we combined two differently treated clays; C15A
with less polar organophilization (in the amount respective
to the EPR content) and more polar C30 (amount related to
the PA6 matrix). Table 3 shows properties and particle size
of PA6/EPR/clay systems mixed in one-step or using preblend-
ing of a less polar clay with rubber in the first step and follow-
ing by mixing with the polyamide.

The best balanced mechanical behavior was found for
preblended systems. The significantly finer structure of pre-
blended samples is documented in Fig. 6, also TEM (Fig. 7)
shows an advantageous well-developed structure of rubber
particles surrounded by stacks of clay platelets. These results
indicate that the two-step mixing protocol for a system con-
taining two different clays leads undoubtedly to combination
of high reinforcement, compatibilization effect and favorable
‘‘coreeshell’’ structure.

The results in Table 3 further indicate that this method
(preblending of elastomer with C20A) leads also to the best
balanced behavior of an analogous EMA-containing system
but with a less marked difference from other systems due to
the above mentioned higher compatibility of both polymer
components.
4. Conclusions

The obtained results indicate that clays affect both the
size and structure of the dispersed elastomeric phase. The
second effect e formation of ‘‘coreeshell’’ particles due to

Table 3

Effect of combination of 2 clays and preblending on particle size and mechan-

ical properties

Composition sb

(MPa)

E

(MPa)

at

(kJ m�2)

Particle

size (nm)

3

(%)

90/5/5
PA6/C30/EPR 89 2650 31 600 140

PA6/C15/EPR 75 2220 66. 360 80

PA6/(EPR/C15-5)pb/C30a 81. 2520 70 380 175

PA6(EPR/C15-10)pb/C30b 87 2560 105 280 183

PA6/C30/C15(0.8%)/EPRc 83 2510 35 550 11

90/5/10

PA6/C30/EPR 76 2250 61 750 40

PA6/(EPR/C15-10)pbC30b 71 2210 63 370 106

90/5/5

PA6/C30/EMA 87 2540 58 180 170

PA6/C25/EMA 86 2510 43 130 155

PA6/C15/EMA 77 2220 44 150 70

PA6/C20/EMA 79 2300 64 110 90

PA6(EMA/C20-10)/C30d 85 2630 68 130 155

a Preblend EPR/C15A 95/5.
b EPR/C15A 90/10.
c Simultaneous mixing, composition identical to 90/10 preblend.
d Preblend EPR/C20A 90/10.
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Fig. 6. Effect of EPR/C15A preblending; (a) PA6/C30B/EPR 85/5/10, one-step mixing and (b) PA6/(EPR/C15A)/C30B 85/(5)/10, EPR preblended with C15A in

the ratio 90/10.
localization of clay with suitable treatment at the interfacial
area leads to toughness enhancement. This new effect of
clay was successfully combined with high matrix reinforce-
ment when clays with different treatment were applied and
the clay with less polar treatment was preblended with the
elastomeric component.

In this way, a high degree of matrix reinforcement (exfoli-
ation of the clay with more polar treatment) was combined
with the favorable size and structure of the dispersed EPR
phase. In addition, at lower clay contents, synergism of the
clay and elastomer phase, reflected by enhancement of tough-
ness on clay addition, was found.
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Fig. 7. TEM of nanocomposite with EPR/C15A (90/10) preblend (PA6(EPR/

C15A)pb/C30B 90/5/5).
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96:288e93.
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