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ABSTRACT: The effects of addition of an organoclay on the morphology and the mechanical properties of
blends of an amorphous polyamide (a-PA) and an elastomer (with and without grafted maleic anhydride)
prepared via melt processing are reported. Transmission electron microscopy (TEM) and wide-angle X-ray
scattering (WAXS) were employed to obtain a detailed quantitative analyses of the morphology of the
elastomer particles for these nanocomposites containing 80 wt % a-PA and 20 wt % elastomer. Stress—strain
diagrams and impact strength were measured as a function of organoclay content for blends containing
maleated and unmaleated elastomer. It is clear that the addition of organoclay to blends can be an effective
way for reducing elastomer particle size and enhancing stiffness when the elastomer is not maleated; however,
for this system, toughness is not improved in spite of these morphological changes. Blends based on the
maleated elastomer give a more beneficial balance of toughness versus stiffness.

Introduction

Toughening of semicrystalline polyamides like nylon 6 and -66
using maleated elastomers has been described in numerous
reports.'® A main focus has been on tailoring the morphology
of the dispersed elastomer phase to achieve high levels of
toughening by the in situ reaction between maleic anhydride
grafted to the rubber and the polyamide amine end groups during
melt compounding.™®®~'? Also, it has been reported that the
characteristics of the elastomer and the matrix polymer, the
morphology of the dispersed phase, elastomer content, and
processing conditions play an important role in determining the
level of toughening of semicrystalline polyamides.™*~71>13 Tt is
well-known that elastomer particle size is key to achieving
supertoughness of polyamides; generally, there are optimum
limits of particle size for toughening which vary with the poly-
amlde type and molecular weight in addition to the elastomer
type.>!* In contrast, there are very feW relports on rubber
toughening of amorphous polyamides;'® however, our
laboratory recently reported the toughening of an amorphous
polyamide (Zytel 330 from DuPont, called a-PA here) using
maleated elastomers.'®!'" The size of the elastomer particles in the
blend was significantly decreased because of the reaction of the
grafted maleic anhydride groups with the amine end groups of the
polyamide to form graft copolymers that retard the coalescence
of elastomer particles and enhance the interfacial adhesion
between polyamide and elastomer. Generally, the mechanical
properties of a polymer blend containing an elastomer depend
critically on several aspects of the elastomer phase morphology
such as particle size, uniformity of spatial distribution, elastomer
phase volume, particle size distribution, etc.> ™" Specifically, the
elastomer particle size must be controlled within an optimal range
in order to achieve supertoughness of polyamides. Details of the
rubber toughening of nylon-6 and -66 with maleated rubber can
be found in recent papers.*®~12
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Polymer nanocomposites containing an organoclay as a filler
can lead to improved performance and opportunities for com-
mercial applications.”” 2* Besides their reinforcing effect, it has
been observed that organoclay particles can dramatically reduce
the size of the dispersed phase in a polymer blend.” % It is
believed that high aspect ratio nanoparticles located between
particles of a dispersed polymer phase sterically inhibit the
coalescence of the polymer particles and, thereby, reduce their
size as does the graft copolymer formed in reactive systems. Thus,
it is logical to ask whether such nanoparticles might provide a
route to improved toughness when grafting reactions are not
possible; however, these nanoparticles do not necessarily lead to
the increased interfacial adhesion that a grafting reaction would.
Actually, the one property that almost always decreases relative
to that of the matrix polymer upon addition of organoclay is
toughness. Thus, the applications of nanocomposites can be
limited by the reduction of toughness; therefore, rubber toughen-
ing of nanocomposites can be a potential route to a unique
balance between toughness, strength, and other properties.?*>>*¢
Recently, considerable efforts have been made to improve the
toughness of nanocomposites by the addition of elastomer. Tjong
et al.’® reported that the SEBS-g-MA addition enhances the
ductility of nanocomposites based on polyamide-6 and polypro-
pylene at the expense of tensile strength and stiffness. Gonzalez
et al.*® observed supertough behavior of 70/30 PA 6/SEBS-g-MA
blends with 3 wt % organoclay content accompanied by a
modulus increase of 44% with respect to the pure PA-6 matrix.
Kusmono et al.*’ and Chow et al.*' showed that the toughness
and the stiffness in PA-6/polypropylene (PP) nanocomposites
were improved by addition of SEBS-g-MA and maleic anhydride
grafted ethylene—propylene rubber (EPR-g-MA), respectively.
Lee et al.?’ observed the addition of organoclay to PP/EOR
blends does result in significantly enhanced toughness especially
at high elastomer contents. More recently, Martins et al.*’
reported a dramatic increase in the Izod impact strength and a
considerable alteration of the shape the dispersed phase in
nanocomposites from PP/EVA blends.
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Table 1. Materi

Yoo et al.

als Used in This Study

material

(designation in this paper) commercial designation specifications supplier
a-PA® Zytel® 330 [COOH]/[NH2]=4.5" Du Pont
Tg=127°C
M_n =14000°
M, =50000°
EOR Exact™ 8201 28 wt% Octene ExxonMobil
MFR: ~22 g/10 min
density = 0.884 g/cc
EOR-g-MA Exxelor™ MDEX 101-2 28 wt% Octene ExxonMobil
1.6 wt% MA
MFR: 19 g/10 min
density = 0.8913 g/cc
M,(HT),* Experimental: Organic loading = 95 mequiv/100 g clay Southern Clay Products

Trimethyl hydrogenated-
tallow ammonium
montmorillonite

Organic content = 29.6 wt %
dogy spacing = 18.0 A°

i
N (ll—NH—(CHZ)ZNH

® Data from Ref. “
° Data from Ref. ”

4 The selected organoclay is designated as My(HT), in this study, where M = methyl and HT = hydrogenated-tallow. Tallow is a
natural product composed predominantly (63%) of saturated and unsaturated C;g chains. HT is the saturated form yet still contains a

small fraction of double bonds.

¢ The basal spacing corresponds to the characteristic Bragg reflection peak dyy obtained from a powder WAXS scan of the

organoclay.

Because of our prior experience with toughenin% a-PA with
maleated ethylene—octene rubber, EOR-g-MA,” "' and with
organoclay nanocomposites formed from a-PA,* this system
was selected to explore the question of whether controlling the
size of nonreactive elastomer particles, e.g., EOR, by adding an
organoclay can be a strategy for toughening. A further objective
of the present study was to explore the modulus versus toughness
balance of amorphous polyamide (a-PA) nanocomposites tough-
ened by the more conventional approach of adding EOR-g-MA.

Experimental Section

Materials. Table 1 summarizes the materials used in this
study. The amorphous polyamide, a-PA, chosen for this study,
Zytel 330, was supplied by DuPont. It has a glass transition
temperature of 127 °C and a number-average molecular weight
of 14 000. The majority of the chain ends of a-PA are [COOH]
groups,* i.e., [COOH]/[NH,] = 4.5 as shown in Table 1.
Polyamides such as nylon-6 or nylon-66 typically have balanced
[COOH] and [NH,] groups, i.e., [COOH]/[NH,] ~ 1, unless the
polyamide is made to be rich in one of the end-groups for some
particular purpose.'® The ethylene—I-octene copolymer, desig-
nated as EOR (Exact 8201), and a maleated version of this
elastomer, designated as EOR-g-MA (Exxelor MDEX 101-2),
were supplied by ExxonMobil. These have been used in prior
work from our laboratory.®>? ! The organically modified clay,
designated here as M3(HT),, is an experimental product from
Southern Clay Products formed by cation exchange reaction
between sodium montmorillonite (Na™ MMT) and a one-tailed
quaternary ammonium surfactant, trimethyl hydrogenated-tal-
low ammonium chloride. Selected properties are also included
in Table 1, and the choice of this organoclay is based on previous
studies about the effect of organoclay structure on organoclay
exfoliation in a-PA based nanocomposites.****>*¢ These studies
revealed that a-PA, like nylon-6, leads to better clay exfoliation
with M3(HT); than with multiple-tailed organic modifiers.

Melt Processing. Prior to melt processing, a-PA was dried for
a minimum of 24 h in a vacuum oven at 65 °C while the
organoclay was used as-received. The a-PA/elastomer blends
containing organoclay were formed via the following sequence
of operations: first, melt compounding of the organoclay and

a-PA to make a nanocomposite and, second, melt compounding
of the nanocomposite with EOR or EOR-g-MA for toughening.
Melt compounded composites were prepared using a Haake
corotating, intermeshing twin-screw extruder (diameter = 30.5
mm, L/D = 10) operating at a barrel temperature of 240 °C, a
feed rate of ~1 kg/h, and screw speed of 280 rpm. For compar-
ison, a-PA/EOR or EOR-g-MA blends without the organoclay
were also prepared and passed through the extruder twice so
that they have the same thermal and shear history as nanocom-
posites prepared here. According to our prior studies,**” the
amount of MMT in each nanocomposite was confirmed by
placing predried nanocomposites pellets in a furnace at 900 °C
for 45 min and weighing the remaining MMT ash. Nanocom-
posite pellets were injection-molded to prepare standard 3.18
mm thick tensile (ASTM D638) and Izod bars (ASTM D256)
using an Arburg All-rounder 305-210-700 injection molding
machine using a barrel temperature of 240 °C, mold temperature
of 80 °C, injection pressure of 70 bar, and a holding pressure of
35 bar. After molding, the samples were immediately sealed in a
polyethylene bag and placed in a vacuum desiccator for a
minimum of 24 h prior to testing. In this work, the a-PA/
elastomer weight ratio was fixed at 80/20. A total elastomer
phase concentration of 20 wt % has been used extensively in
several prior works and reflects the range of commercial rubber-
modified polyamides since it is known to provide a reasonable
balance of impact properties versus stiffness.

Transmission Electron Microscopy. Samples for TEM analy-
sis were taken from the core portion of an injection-molded bar.
Ultrathin sections of ~50 nm thickness were cryogenically cut
with a diamond knife at a temperature of —50 °C usingan RMC
PowerTome XL microtome. These sections were taken from the
plane defined by the flow direction (FD) and the normal
direction (ND) of the molded bar as explained elsewhere.*®*
Sections were collected using 300-mesh grids and dried using
filter paper and subsequently examined at an accelerating
voltage of 120 kV using a JEOL 2010F TEM equipped with a
field emission gun. Samples for observing elastomer particle size
were chosen, and the polyamide phase was stained for an hour
with a 2 wt % aqueous solution of phosphotungstic acid (PTA).

Particle Size Analyses. A quantitative analysis of elastomer
particle size was performed from similar TEM micrographs
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using the NIH ImageJ software as described previously.'®!'" At
least four micrographs were used to analyze at least 800 elasto-
mer particles from two different Izod bars, in order to ade-
quately characterize the particle distribution. For nanocom-
posites with much larger elastomer particle sizes, at least 10
micrographs from two different Izod bars were used to obtain at
least 100 rubber particles for analysis. Detailed discussions of
the calculation of number- and weight-average elastomer parti-
cle sizes are available elsewhere.'"!'! Because of the nonspherical
shape of the elastomer particles, no attempts were made to convert
apparent particle diameters into the true dimensions.>>% 4

X-ray Analyses. Wide-angle X-ray scattering (WAXS) ana-
lyses were performed primarily in the reflection mode by a
Scintag XDS 2000 diffractometer using Cu Ka radiation source
(A = 0.154nm), set at a scan rate of 1.0°/min, a voltage = 45kV,
and current = 40 mA. The organoclay used in this work,
M;(HT),, was scanned in the form of powder while injection-
molded samples of nanocomposites formed from them were also
scanned such that the beam probed the skin of an Izod bar
perpendicular to the FD. For certain samples, the skin of the bar
was removed by an automated milling machine prior to the
WAXS scans in order to obtain information about the mor-
phology in the core of the bar as explained elsewhere.*>3

Mechanical Testing. Stress—strain analyses were performed
atroom temperature according to ASTM D638 using an Instron
model 1137 testing machine upgraded for computerized data
acquisition. Values of the tensile modulus were determined
using an extensometer at a cross-head rate of 0.51 cm/min.
For samples that yielded, complete stress—strain diagrams were
measured at a cross-head rate of 5.1/min. Izod impact tests were
conducted using a 6.8 J hammer and 3.5 m/s impact velocity at
room temperature using a TMI Impact tester (model 43-02).
Standard notches were made according to ASTM D256. Typi-
cally, data from at least five specimens were averaged to
determine mechanical properties.

Morphology

TEM micrographs of nanocomposites formed from M;(HT),
organoclay provide a direct visualization of the degree of orga-
noclay dispersion in the elastomer or the a-PA /elastomer blend.
Prior to discussing the morphology and properties of the blend
nanocomposites, it is useful to explore the morphology of mix-
tures of the organoclay with the elastomers without a-PA. This
reveals the compatibility between the elastomers and the orga-
noclay used here and the propensity for the organoclay to enter
elastomer domains when a-PA is present.

Nanocomposites Based on Elastomers (EOR or EOR-g-
MA). Figure 1 shows TEM micrographs of the nanocompo-
sites based on the two elastomers with 3 wt % organoclay.
All views were taken from the plane defined by the flow
direction (FD) and the normal direction (ND) of injection
molded bars. Typical aggregates of MMT platelets are seen
in Figure la for nanocomposite based on EOR only while
relatively good dispersion of MMT platelets in EOR-g-MA
is seen in Figure 1b. EOR has poor affinity for the organo-
clay having one alkyl tail, M3(HT);, and therefore poor
dispersion is achieved, as expected from previous investiga-
tions.***-* However, the anhydride group causes good
affinity for the organoclay so that an partially exfoliated
morphology was observed in EOR-g-MA as seen in
Figure 1b.

Nanocomposites Based on a-PA/Elastomer. Figure 2
shows TEM micrographs for a-PA /elastomer nanocompo-
sites with 5 wt % organoclay. In the case of EOR-contain-
ing nanocomposite, TEM micrographs like that in Figure 2a
show that the organoclay is located in the a-PA phase
or interface and not in the EOR phase. As we reported
earlier,*> a-PA has good affinity for M5(HT),, and excellent
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Figure 1. TEM micrographs of nanocomposites with 3 wt % organo-
clay based on (a) EOR and (b) EOR-g-MA.

exfoliation of the organoclay is observed. When blended
with EOR, most clay particles are located in the a-PA phase,
but some of the organoclay migrates into the a-PA/EOR
interface and tends to envelop the EOR _})hase while main-
taining the original ellipsoidal shape.’” However, when
blended with EOR-g-MA, quite different morphologies were
observed. As mentioned above, EOR-g-MA has some affi-
nity for the organoclay; as seen in Figure 2b, clay tactoids are
seen in the a-PA phase, but some platelets are observed in the
EOR-g-MA phase. However, because of the higher affinity
of a-PA for the organoclay than EOR-g-MA, most of
organoclay still locates in the a-PA phase. Figure 3 shows
schematic representations of the morphological change in
a-PA /elastomer nanocomposites that occur upon addition of
organoclay. These schematics reflect the collective observa-
tions from many TEM micrographs.

WAXS is a commonly used technique for characterizing
the exfoliation state of nanocomposites. Representative
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Figure 2. TEM micrographs of a-PA/elastomer (80/20) blend nano-
composites based on (a) EOR and (b) EOR-g-MA.

a-PA matrix

> MMT

EOR

Figure 3. Schematic illustration of the morphological change in
a-PA /elastomer blend nanocomposites based on (a) EOR and (b) EOR-
g-MA.
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Figure 4. Skin and core effects on WAXS patterns of pristine organo-
clay and a-PA/elastomer bland (80/20) nanocomposites based on (a)
EOR and (b) EOR-g-MA.

WAXS scans for the pristine organoclay and two corre-
sponding nanocomposites are included and shown in
Figure 4. To compare the structure between the skin and
the core, some specimens were precision milled to half depth
of the original bar thickness. Comparing the scans for the
skin, nanocomposites from both EOR and EOR-g-MA have
small diffraction peaks at approximately 260 = 6°—7°.
WAXS scans from the core of these nanocomposites, on
the other hand, have no characteristic X-ray diffraction
peaks. It is not reasonable to attribute these observations
to differences in exfoliation levels from the skin to the core; a
more likely explanation is that the clay particles are more
oriented in the skin than the core as suggested by Lee et al.>’
Apparently, the lack of a diffraction peak from the tactoids
in the core at this sensitivity reflects their disorder. Actually,
the WAXS results provide only limited information about
morphology while direct observation by TEM provides a
more clear understanding of exfoliation levels. Of course, for
TEM the observed area is rather small and a given image
might not be representative of the nanocomposite as a whole.
Thus, it is necessary to analyze multiple images to gain a
full understanding of the morphology. Measurement of
bulk properties such as mechanical, thermal, and dynamic
mechanical properties complements TEM and WAXS ana-
lyses.*®®

Elastomer Morphology and Particle Analysis of Blend
Nanocomposites. Figure 5 shows how the elastomer mor-
phology of a-PA /elastomer blends described earlier depends
on the addition of the organoclay. As can be seen in
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Figure 5. TEM micrographs and histograms of apparent elastomer particle size data obtained by analyzing TEM images of a-PA /elastomer blend
(80/20) nanocomposites with/without maleation and with the following MMT contents: (a) EOR (0 wt % MMT), (b) EOR (7 wt % MMT), (c) EOR-

¢-MA (0 wt % MMT), and (d) EOR-g-MA (7 wt % MMT).

Figure 5a, without any organoclay a-PA/EOR blends have
very large elastomer particles. For the a-PA/EOR nanocom-
posites with 7.0 wt % of the organoclay (Figure 5b), the
elastomer particles are well dispersed in the a-PA matrix with
a much smaller size and a more irregular shape compared to
the a-PA/EOR blend. These apparent changes in the size and
regularity of the elastomer phase may result from two
competing effects during melt-processing; one is viscosity
buildup of the matrix due to the presence of the organoclay
while the other stems from a “barrier” effect of the clay
particles on rubber particle coalescence.?®*%2%*273* [t would
appear that the inhibition of coalescence is the more effective
mechanism for reducing elastomer particle size. On the other
hand, blends of a-PA and EOR-g-MA with and without the
organoclay show quite different elastomer morphology.
Without the organoclay, the a-PA/EOR-g-MA blend in
Figure 5c shows much smaller elastomer particles compared
to the a-PA/EOR blend. Addition of organoclay to a-PA/
EOR-g-MA blends does not cause a further reduction in the
size of the elastomer particles; if anything, addition of
organoclay causes a small increase in elastomer particle size.
However, addition of organoclay does cause the elastomer
particles to have a more extended ellipsoidal shape as shown
in Figure 5d.

The qualitative assessments from TEM micrographs can
be quantified by image analysis of the elastomer particles
taken from these TEM micrographs using methods described
elsewhere.” 1144390 To determine the size of elastomer

particles, the image analysis program used identifies each
individual elastomer particle and evaluates its area, 4. For
simple comparison among nanocomposites, an apparent elas-
tomer particle size, d, was calculated using the following

relation:
44\ "2
(%) W

Representative histograms of apparent elastomer particle sizes
defined by eq 1 for a-PA/(EOR or EOR-g-MA) nanocompo-
sites containing 0 and 7 wt % organoclay are shownin Figure 5.
Figure 6 shows the number-average apparent elastomer par-
ticle sizes, d,, and weight-average apparent particle sizes, d.,,
calculated from such histograms as a function of organoclay
content. The number- and weight-average apparent elastomer
particle sizes for a-PA/EOR nanocomposites decrease signifi-
cantly with addition of organoclay content. The weight-aver-
age elastomer particle size in the a-PA/EOR blend without
organoclay is 2.06 um. The addition of 7.0 wt % of the
organoclay decreases the weight-average elastomer particle
size to 0.29 um. However, EOR-g-MA containing nanocom-
posites have relatively similar elastomer particle sizes, 0.1—0.2
um, over the entire range of organoclay contents.

For EOR-g-MA containing nanocomposites, the elasto-
mer particles have a rather extended ellipsoidal shape
as shown in Figure 5d. This feature can be quantified

by introducing the concept of a “circularity ratio”.>°”
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Figure 6. Effect of MMT levels on the number- and weight-average
elastomer particle sizes of a-PA/elastomer blend (80/20) nanocompo-
sites containing (a) EOR and (b) EOR-g-MA.

This is a dimensionless quantity defined as follows:

arca

)

circularity ratio = C = 41————
(perimeter)

A circularity ratio of 1 means a true circular shape while
C=um/4 corresponds to a square and C=0 would describe
an infinitely long and narrow shape. As shown in
Figure 7, the circularity values for EOR-g-MA contain-
ing nanocomposites decrease with MMT concentra-
tion while those for EOR containing nanocomposites
exhibit the opposite trend. The quantitative values of
C agree with the shapes seen quantitatively in the TEM
images.

Interfacial Tensions and Spreading Coefficients

Hobbs et al. showed how interfacial forces influence the
morphology of multiphase polymer blends during melt proces-
sing.®! They employed the concept of a spreading coefficient,
A, defined according to Harkin’s equation®

A3 =721~V "V (3)

Yoo et al.

1.0 T T T T T T T

0.8 — -

Circularity, C,,

Wt % MMT

Figure 7. Effect of MMT levels on the circularity ratio of a-PA/
elastomer blend (80/20) nanocomposites.

where y,1, y31, and y»3 are the interfacial tensions for each
component pair. The term A3, indicates the spreading coefficient
for the shell forming component 3 on the core forming compo-
nent 2 in a matrix of component 1.63-66 Essentially, if A3, is
positive, component 3 will have an interfacial driving force
to spread over and encapsulate component 2. When both
As» and A,z are negative, components 2 and 3 will tend to disperse
separately.® =% Virgilio et al.** recently emphasized that knowl-
edge of all three spreading coefficients is necessary to properly
predict the morphology. In the current system, y,, ¥3,, and y3
correspond to the interfacial tensions of a-PA/EOR, organoclay/
EOR, and a-PA/organoclay (i.e., a-PA = 1, EOR = 2, and
organoclay = 3), respectively.

The interfacial tensions y 5, y32, and y,; were estimated from
the harmonic mean equation

WS
Yi+ys vi+A

Yo =V1+7, 4 4)

where the superscripts d and p refer to the dispersive and polar
contributions to the surface tension vy, for component i, respec-
tively. Equation 4 is meaningful only if the surface tensions are
determined at the processing temperature. So, the values used in
eq 4 should be extrapolated to the processing temperature on the
basis of how surface tension varies with temperature (dy/d 7). For
materials used here, experimentally measured values for y and
(dy/dT) are available and were extracted directly from various
references.®’ 7! Estimates of the surface tensions at the proces-
sing temperature are listed in Table 2. As seen there, the spreading
coefficient for organoclay on EOR in a-PA, 13,, is +2.90 mN/m
while for a-PA on EOR or EOR on a-PA, A;, or A5, are —4.97 or
—9.44 mN/m, respectively. The positive spreading coefficient for
EOR and organoclay means that the organoclay is expected to
envelop the EOR. On the other hand, the negative spreading
coefficient for a-PA and EOR indicates the morphology in which
a-PA and EOR phases are dispersed separately. The lowest value
of the interfacial tension was observed for a-PA and organoclay,
indicating the affinity of organoclay to a-PA rather than EOR.
From this observation, it can be inferred that organoclay is more
likely to be located in a-PA phase, and also organoclay will
envelop the EOR as shown. In addition, the ratio (Y3 — ¥23)/¥12
can be a useful way to predict the equilibrium location of particles
in a blend as shown by Cheng et al.** When this ratio has a value
between —1 and +1, there will be a minimum in surface energy
when the particle is located within the interface. Thus, unless
other issues dominate, the particles can become trapped at the
interface by surface forces much like a leaf at an air—water
interface. As listed in Table 2, in this case, this ratio has a value of
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Table 2. Calculation of Interfacial Tensions and Spreading Coefficients

surface tension [mN/m]

interfacial tension, spreading coefficient,

phase material total y dispersive y¢ polar y? i [mN/m] Y13 — v23)/V12 Ay [mN/m]
1 amor;)hous polyamide” 322 18.2 yi2 = 71.21 A = —4.97
2 EOR” 30.3 26.4 ya3 = 3.27 —0.31 Ay = —9.44
3 organoclay‘ 334 22.9 yi3 = 1.04 Az = 2.90

“Data from ref 69. Values for polyamide assumed to be same as polyamide-66. The values at 240 °C were calculated on the basis of data on the
variation of surface tensions with temperature (—dy/dT). ® Data from ref 70. Surface tension data of EOR was determined from contact angle
measurement at ambient temperature. Nevertheless, by considering this data they could reach a better understanding. “ Data from ref 68. Values for
organoclay were calculated after heat treatment for 7 min at 220 °C followed by 7 min at 250 °C.
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Figure 8. Effect of MMT content on tensile modulus of a-PA/elasto-
mer blend (80/20) nanocomposites.

—0.31, which implies that at equilibrium the organoclay should
be located at the interface; of course, some will remain in the a-PA
phase. This is in good agreement with the TEM observations.

Mechanical Properties

Changes in mechanical properties reflect the extent of exfolia-
tion of the organoclay in the a-PA/elastomer blends. Figure 8
shows the effect of organoclay concentration on the tensile
modulus of nanocomposites prepared from a-PA containing 20
wt % EOR or EOR-g-MA. For both series of blends, there is a
substantial increase in stiffness over the entire range of organo-
clay contents. Because most of the organoclay particles reside in
the a-PA phase as demonstrated in Figure 2, the a-PA matrix is
efficiently reinforced by the organoclay.

Figure 9 shows the stress—strain diagrams for the two blend
series. The blends based on EOR-g-MA exhibit yielding followed
by cold drawing. The yield stress increases while elongation at
break decreases with addition of organoclay; both trends are as
expected.®® The blends based on EOR fracture prior to yielding.
The break stress and strain both decrease as organoclay is added.
These trends are consistent with observations for adding MMT to
a brittle matrix.”

The notched 1zod impact strength for a-PA /elastomer blends is
shown in Figure 10. There is a very large difference in impact
strength for the neat blends of a-PA/EOR versus a-PA/EOR-g-
MA. The a-PA/EOR blend fails in a brittle manner in this test
while the a-PA/EOR-g-MA blend is supertough. The high level of
toughness for the latter can be attributed to the optimized particle
sizes combined with good particle—matrix adhesion in the a-PA/
EOR-g-MA blend owing to in situ reaction between maleic
anhydride grafted to the elastomer and the polyamide amine
end groups during melt compounding to form a graft copolymer;
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Figure 9. Stress—strain diagrams determined at 0.51 cm/mindrd for
a-PA Jelastomer blend (80/20) nanocomposites containing (a) EOR and
(b) EOR-g-MA.

however, the elastomer particles in the a-PA/EOR blend are too
large for efficient toughening. The addition of organoclay to the
a-PA/EOR blend further decreases the impact strength in spite of
the fact that the elastomer particle size is reduced to within the
range where supertoughness could be expected. Similarly, adding
organoclay to the a-PA/EOR-g-MA blend also dramatically
decreases impact strength.

To explain the impact behavior for a-PA /elastomer blends
based on EOR or EOR-g-MA in more detail, the effect of
elastomer particle size on the Izod impact strength for these
blends based on EOR or EOR-g-MA is shown in Figure 11.
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Figure 10. Effect of MMT content on the Izod impact strength of
a-PA/elastomer blend (80/20) nanocomposites containing (a) EOR and
(b) EOR-g-MA.

For better understanding, the current data are compared with
that observed earlier for a-PA/EOR-g-MA blends without orga-
noclay shown as the dotted line in Figure 11.° For the latter
blends, there is an optimum elastomer particle size, within the
range of 0.15—0.8 um, that leads to supertoughness. For the a-
PA/EOR blend and its nanocomposite with 1.5 wt % MMT, the
elastomer particle size is outside the optimum particle size, and a
toughening effect is not expected. For a-PA/EOR nanocompo-
sites with higher MMT content, the elastomer particle size moves
within the range where significant toughening is expected (see
dotted curve); however, these blends do not exhibit improved
toughness. In fact, the toughness decreases as the elastomer
particles become smaller by addition of clay.

For the a-PA/EOR-g-MA blend, the elastomer particles size is
within the range where supertoughness can be expected as
observed. Adding organoclay to this blend causes a slight increase
in elastomer particle and shifts the size more toward the center of
the optimum size range. The toughness of the blend decreases
dramatically upon adding organoclays in spite of the elastomer
particle size moving toward a more optimum value. To under-
stand the effects shown here, it is important to remember that
there are competing effects involved. The Izod value represents
the area under a force—displacement curve.*> While addition
of clay increases the stiffness or the force levels in tensile tests
as shown in Figure 8, it also reduces the extent of plastic

Yoo et al.
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Figure 11. Effect of average elastomer particle sizes on the Izod impact
strength of a-PA/elastomer blend (80/20) nanocomposites containing
(a) EOR and (b) EOR-g-MA. Data for a-PA/EOR(-g-MA) blend
without organoclay are from ref 9.
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Figure 12. Relationship between impact strength and tensile modulus
of a-PA/elastomer blend (80/20) nanocomposites.

deformation and can result in decreased impact strength. Appro-
priately dispersed maleated elastomer particles within a neat
a-PA matrix increase toughness because under the triaxial stress
state ahead the advancing crack tip the elastomer particles
cavitate, if they are not too small, thereby allowing the a-PA
matrix to shear yield and dissipate more energy.’ Elastomer
particles that are too large initiate crazes within the polyamide
matrix and limits the toughening effect.” In fact, the toughening
response is a very complicated process where yield strength,
viscoelastic behavior, and other effects from the characteristics
of the elastomer and the matrix polymer in addition to elastomer
particle morphology all play some role.” From the results shown
here, it appears that mechanical constraints imposed by the
organoclay particles dominate over the effect the clay has on
elastomer morphology.

To obtain an overview of the results and the trade-offs
involved, the relationship between the Izod impact strength and
tensile modulus for these blend nanocomposites is shown in
Figure 12. For both a-PA/EOR and a-PA/EOR-g-MA blend
nanocomposites, there is a trade-off relationship between the
Izod impact strength and tensile modulus with addition of clay as
observed in most nanocomposites systems.>>434¢74
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Conclusions

Blends of a-PA and unmaleated elastomer containing various
levels of organoclay were prepared to explore the possibility of
enhancing toughness by tailoring the elastomer particle size via
the effect the organoclay on dispersed phase particle coalescence.
Analyses of the morphology of a-PA/EOR nanocomposites show
that most of the organoclay is well exfoliated in the a-PA phase,
but some of the organoclay migrates to the interface and tends to
envelop the EOR phase. The average elastomer particle sizes in
a-PA/EOR blends decrease significantly with addition of orga-
noclay. It seems that addition of organoclay to such blends can be
an effective way for tailoring elastomer particle size and stiffness
enhancement; however, for the present system, toughness is not
improved by these changes in morphology. However, addition of
organoclay to polypropylene/EOR blends does result in signifi-
cantly enhanced toughness, especially at high elastomer contents.
The reasons for these differences between the two systems are not
yet clear but are being explored.

On the other hand, where EOR-g-MA is used instead, orga-
noclay is still observed in the a-PA phase, but a few platelets are
observed in the elastomer phase. The elastomer particle sizes in
a-PA/EOR-g-MA blends are already very small owing to the
reactive compatibilization that occurs; addition of organoclay
slightly increases the size of the elastomer particles. The blends
without organoclay are supertough owing to the optimized
elastomer particle size. Addition of organoclay to such blends
decreases the toughness; however, this system has a better balance
of toughness versus stiffness than the one where the elastomer is
unmaleated.
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