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The effects of polyamide molecular weight on morphology generation in nylon 6 blends with maleated
elastomers are described. The elastomers used include styrene—butadiene—styrene block copolymers with a
hydrogenated mid-block, SEBS, and versions with X % grafted maleic anhydride, SEBS-g-MA-X %, and an
ethylene/propylene copolymer, EPR, and a maleated version EPR-g-MA. The molecular weight of the
nylon 6 phase governs the melt viscosity of the blend matrix and the number of amine end groups available
for reaction with the maleic anhydride groups in the rubber phase; both of which influence the size, shape,
and size distribution of the rubber phase formed during blending. In general, rubber particle size,
distribution, and the amount of occluded material in the rubber phase decreases as the nylon 6 molecular
weight increases. Measurement of the extent of reaction between the amine end groups and the grafted
maleic anhydride revealed that a higher fraction of nylon 6 chains are grafted to the rubber matrix as the
nylon 6 molecular weight increases. The weight average rubber particle size and size distribution for blends
based on SEBS-g-MA-X % are smaller than corresponding blends based on SEBS/SEBS-g-MA-2%
mixtures containing the same amount of maleic anhydride. EPR/EPR-g-MA mixtures produce non-
spherical morphologies that are typically larger and more polydisperse than SEBS type elastomers. One
reason for this difference is the fact that SEBS elastomers react more readily with nylon 6 than do EPR/
EPR-g-MA mixtures as determined by extent of amine reaction and torque rheometry. The weight average
rubber particle size for blends of the various rubbers and nylon 6 materials were correlated using a modified
Taylor theory analysis. A master curve was generated by determining shift factors needed to superimpose
the maleated rubber/nylon 6 curves onto a reference curve for the non-maleated rubber, SEBS. The overall
shift factors correlate linearly with the maleic anhydride content of the rubber phase. Copyright © 1996
Elsevier Science Ltd.
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INTRODUCTION Previous studies have focused mainly on how the

Numerous studies have been reported on the rubber nmaturi ?f the rnue]zbfironphfe a?ii rfaectog? t;ztle;gggt
toughening of polyamides using maleated rubbers' -2, orphology  genera g. degre

The grafted maleic anhydride readily reacts with the processing parameters, relative melt ‘§‘3°%S{§‘?§ 1‘7’fzgt£‘§
polyamide amine end groups to give a graft copolymer gwl) ghals esl_titlc 1nﬂll{1eﬁce tt? ughemngt q how th
which effectively controls the morphology and strengthens clatively Lttle work nas been reported on how the
the interface between the two phases”’ 142025 Tpe nature of the polyamide phase affects rubber toughening.

) A . : . Exceptions are recent studies that have compared
result is a reduction in rubber particle size, mainly by a
decrease in the particle—partiile coalescence reflte“‘y26 morphology generatlon and toughening of nylon 6

) ! ) and nylon 6,622, and more broadly nylon x and
and generally an improvement in mechanical top_ghness. nylon x, y materials of varying x and y values using the
Rubber particle size has been shown to be critical for same maleated rubber and processing procedures’,
improving the toughness of these blends; prior studies plus an effort to examine the effect of matrix
indicate that to achieve super-toughness for polyamide molecular weight by diluting a nylon 6/butadiene
matrices the rubber particle size must be below rubber blend with other nylon 6 materials of different

approximately 1 um. However, rubber particles smaller molecular welght

than a lower limit of appro;gxmately 0.2 um do not cause This series of papers explores in some detail
toughening of nylon 6 Wu has proposed that the effect that the molecular weight of nylon 6 plays
the surface to surface distance between rubber particles in morphology generation and toughening of blends
rather than rubber particle diameter is the critical with maleated triblock and random copolymer
parameter controlling toughness; however, for a fixed

. X . rubbers. The triblock copolymers are hydrogenated
mbber content, rubb&r particle size directly controls the styrene-butadiene-styrene elastomers whose mid-block
interparticle distance

resembles ethylene/butene copolymers, designated as
SEBS, and versions grafted with various amounts of
* To whom correspondence should be addressed maleic anhydride, designated as SEBS-g-MA-X %. The

30,31
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Table 1 Characterization of nylon 6 materials

Supplier’s
designation

Capron XA-1767¢
Ultramid BO
Ultramid Bl
Capron 8202
Ultramid B3¢
Ultramid B2
Capron 8207F
Capron 8209F
Ultramid BS

., ) [COOHJ [NH,] Braben{der )
M, M (ueqg” (neqg™) torque” (m — g) Supplier
13100 22600 42.6 46.6 161 Allied Signal Inc.
13200 13200 74.2 77.0 175 BASF Corp.
14900 14000 70.2 72.5 260 BASF Corp.
16400 16 700 60.8 59.0 325 Allied Signal Inc.
17 500 23100 50.7 358 380 BASF Corp.
19400 19 500 48.5 54.0 425 BASF Corp.
22000 22000 43.0 479 650 Allied Signal Inc.
29300 31400 28.8 34.8 1380 Allied Signal Inc.
37300 38600 23.8 28.1 1980 BASF Corp.

a Cham termmatlon durmg polymerization using mono-amines and/onr mondm;—\ - 7 o

b From intrinsic viscosity measurements using [] = 5.26 x 107 M0 assuming M, =1 M,
“ From end group analysis assembly only NH, or COOH groups at chain ends, i.e. M, = 2/([NH,] + [COOH))

¢ Torque value taken after 10 min of mixing at 240°C and 60 rpm

Table 2 Rubbers used in this study

De51gnat10n used here

Material

(supplier’s designation)

Composition

Molecular weight

Brabender

torque’ (m — g) Supplier

Shell Chemical Co.

SEBS Kraton G 1652 29% wt styrene Styrene block = 7000 1050
EB block = 37500

SEBS-g-MA-0.5% RP-6510 29% wt styrene N/A 980 Shell Chemical Co.
0.46% wt MA®

SEBS-g-MA-1% Kraton FG-1921X 29% wt styrene N/A 815 Shell Chemical Co.
0.96% wt MA®

SEBS-g-MA-2% Kraton FG-1901X 29% wt styrene N/A 650 Shell Chemical Col.
1.84% wt MA®

L-SEBS Kraton 1657 13% wt styrene Styrene block = 5500 N/A Shell Chemical Co.

EB block = 73000

L-SEBS-g-MA RP-6509 13% wt styrene N/A 310 Shell Chemical Co.
1.4% wt MA®

EPR Vistalon 457 43% wt ethylene M, = 54000 1450 Exxon Chemical Co.
53% wt propylene My/M, =2

EPR-g-MA Exxelor 1803 43% wt ethylene N/A 995 Exxon Chemical Co.
53% wt propylene
1.14% wt MA®

“ Brabender torque taken after 10 min of mixing at 240°C and 60 rpm

b Determined by elemental analysis after solvent/non-solvent purification

random copolymers used in this study are maleated EXPERIMENTAL

and non-maleated ethylene/propylene elastomers,
designated as EPR-g-MA and EPR, respectively. The
amount of maleation of the rubber phase was varied
by dilution of a highly grafted rubber with its
non-functionalized rubber counterpart or by the
degree of grafting of maleic anhydride on the rubber
backbone. This paper focuses on the morphology of
the rubber phase (particle shape and size distribution)
as a function of the rubber type (SEBS or EPR), the
amount of maleation, and the molecular weight of
the polyamide phase. The extent of reaction between
the amine and maleic anhydride groups after melt
processing is quantified and used to interpret
morphological differences. An attempt to unify the
effect of rheological properties, which for the poly-
amide matrix varies greatly with molecular weight,
and grafted maleic anhydride content on rubber
particle size is made using a modified Taylor theory
analysis. Subsequent papers will focus on how
particle size, polyamide molecular weight, and
rubber type (SEBS or EPR) influence toughness at
room temperature and the ductile brittle transition
temperature.
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Table 1 provides information about the nine nylon 6
materials used in this work while Table 2 describes the
various rubbers. Nylon 6 is polymerized by ring-opening
of caprolactam which normally yields chains with only
one amine and one acid end group per molecule, i.e.
balanced end groups. However, two of the polyamides
(XA-1767 and B-3) employed monofunctional amines
and acids during polymerization; a techmque typically
used to limit the molecular weight®>**. In such cases
there will be non-reactive end groups and the number of
amine and carboxyl end groups may not be balanced. In
order to include low molecular weight materials with
one amine and one carboxyl end per chain, three
nylon 6 products were specially prepared for this
study, Ultramid BO, Bl, and B2. End group con-
figuration has been shown in previous studies to
influence the morphology generated during reactive
extrusion with maleated rubbers*?*3. Polyamides
with difunctional character, chains with two amine
groups on some chains, tend to form large, non-
spherical rubber particles when compounded in a
single screw extruder. The remaining polyamides were



not chemically modified and have one amine and one
carboxyl group per chain.

Two fundamentally different types of rubbers were
used in this study. One consists of triblock copolymers
having styrene end blocks and a hydrogenated butadiene
mid-block resembling an ethylene/butene copolymer,
designated as SEBS. A series of such materials con-
taining various amounts of maleic anhydride units
grafted to the mid-block were used, designated here as
SEBS-g-MA-X %, where X indicates the nominal
content of grafted maleic anhydride. Three of the
SEBS-g-MA-X% were made from the same nonfunc-
tional precursor (SEBS). The melt viscosity (as indicated
by Brabender torque rheometry) decreases in this
series as the maleic anhydride content increases
suggesting some chain scission occurs during
maleation . The triblock copolymer designated as
L-SEBS-g-MA contains a higher molecular weight
rubber mid-block and lower molecular weight styrene
end blocks than the other block copolymers in Table 2
The other rubber type is a random ethylene/propylene
copolymer (EPR) and a maleated version (EPR-g-MA).
The maleated version also has a lower melt viscosity than
the non-maleated precursor, EPR, once again suggesting
chain scission occurs during grafting.

Prior to all melt processing steps, the polyamides were
dried in a vacuum oven at 80°C for a minimum of 16 h.
The rubbers were dried in a convection oven at 60°C.

Rheological properties of each material were assessed
by torque rheometry using a Brabender Plasticorder
operated at 240°C and 60 rpm with a 50 ml mixing bowl.
Torque readings were measured continuously; however,
the values reported were taken after 10 min of mixing.
Viscoelastic properties of SEBS-g-MA-2% and EPR-g-
MA in the melt were also determined with a Rheometrics
Dynamic Analyzer RDA-2 at 240°C using a parallel
plate configuration.

Blends were prepared using a Killion single screw
extruder (L/D = 30 D = 2.54cm) having an intensive
mixing head operated at 240°C and 40 rpm.

The degree of maleation in the rubber phase was
controlled using combinations of functionalized rubber
and its precursor (designated as SEBS/SEBS-g-MA-2%)
or using the SEBS-g-MA-X% series of rubbers. All
blends were prepared by vigorously mixing all three
compounds together at a ratio of 20% rubber with 80%
nylon 6 prior to feeding into the extruder. The mixture
was then extruded twice to ensure adequate mixing.
EPR/EPR-g-MA rubber blends required an additional
processing step prior to extrusion. The non-maleated
EPR rubber was received in bale form, and cubes
(2cm x 2cm) were cut from strips taken from the
rubber block. These cubes were too large to feed into
the extruder so a masterbatch of 50% EPR and 50%
nylon 6 was prepared in a 250 ml Brabender Plasticorder
and chopped into fine flakes (0.25cm x 0.25 cm) before
blending with additional nylon 6 and EPR-g-MA in the
extruder. Blends were formed into standard tensile
(ASTM D638 Type I) and Izod impact (ASTM D256),
0.318cm thick, specimens using an Arburg Allrounder
injection moulding machine.

Blend morphology was assessed via transmission
electron microscopy (TEM) using ultra-thin sections
cryogenically microtomed from Izod bars perpendicular
to the flow direction. A Reichert-Jung Ultracut E
microtome cooled to —45°C and equipped with a
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diamond knife was used to obtain the ultra-thin sections
(20-50nm thick). The sections were exposed to a 2%
aqueous solution of phosphotungstic acid for 30 min to
stain the polyamide phase. A JEOL 200 CX or a JEOL
1200 EX transmission electron microscope operating at
120kV was used to view the specimens.

Rubber particle size analysis was done using a semi-
automatic digital 1mage analysis technique which
employed IMAGE® software developed for the
National Institutes of Health. The apparent diameter
was determined by scanning the photomicrograph and
individually outlining the particles to calculate the
average of its longest dimension and the dimension
perpendicular to the major axis. Typically over 200
particles and several fields of view were analysed. Because
of the non-spherical nature of the particles, no corrections
were applied to convert apparent particle diameters into
true partlcle sizes’®%*; although, the potentlal effects of
this issue on the observed particle size distribution is
discussed.

The acid and amine end group concentrations for each
nylon 6 material and certaln blends were determined
using titration methods* . The acid concentration was
analysed by dissolving the polyamide in benzyl alcohol
at 110°C and titrating the hot solution to a phenol-
phthalein end point with 0.01 N KOH/benzyl alcohol.
The amine concentration was determined by potentio-
metric titration, first by dissolving the polyamide in a
15/85 methanol/phenol solution for 48 h and determin-
ing the pH inflection point while adding a 0.01N
perchloric acid/methanol solution. Blends of nylon 6
and rubber were analysed for residual amine concentra-
tion as a means of determining extent of reaction,
assuming the dominate reaction is between amine end
groups and anhydride units to form image hnkages 4
Izod bars of the blends were cut into small pleces
(0.5cm x 0.5cm), dried for 24 h at 60°C, and dissolved in
a 15/85 methanol/phenol solution using high agitation
for 48 h. The result is a viscous solution which can then
be titrated in the same manner as neat nylon 6 with the
exception that additional time must be given for the
perchloric acid solution to react and allow the pH
reading to stabilize. A more detailed description of the
procedure is presented elsewhere™.

Intrinsic viscosities were determined in a 100ml
Cannon-Fenske viscometer at 25°C using dilute
solutions (<0.4 gdl™!) of polyamide in m-cresol.

POLYAMIDE CHARACTERIZATION

The number average molecular weight of each nylon 6
material was calculated, see Table 1, from the results of
end group analysis and intrinsic viscosity measurements
with the assumptions outlined below. Numerous correla-
tions between intrinsic VlSCOSlty and molecular weight
have been developed®*; however, the relation
developed by Tuzar and Kratchovil® was found
particularly useful for this work. They report

7] = 5.26 x 1074 M7 (1)

for m-cresol as a solvent at 25°C.

Assuming that each sample has the most probable
distribution, the values of M, were calculated by dividing
the M,, obtained from the intrinsic viscosity measure-
ment, using equation (1), by two. If all end groups are
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Figure 1 Characterization of nylon 6 materials in Table I: (a) number
average molecular weight determined by end group analysis versus that
from intrinsic viscosity (see text for details); note that two end capped
materials lie above expected line; (b) melt viscosity of nylon 6 as
indicated by Brabender torque rheometry versus the weight average
molecular weight determined from intrinsic viscosity measurements

either amine or acids, then the following applies
M, = 2/([NH,] + [COOH]) (2)

The values of M, obtained from this relation are
plotted vs the M, from intrinsic viscosity in Figure la.
The experimental data fall remarkably close to the
theoretical 45° line except for the two end capped
materials, Capron XA-1767 and Ultramid B3, which lie
above the line since they have non-reactive end groups
not counted in the titration procedure. The good
agreement for the other materials provides evidence for
the consistency of the assumed end group configuration,
the assumed molecular weight distribution, and the
experimental techniques used.

The Brabender torque values provide a measure of the
melt viscosity for these materials. The torque is plotted vs
the M, from intrinsic viscosity in Figure Ib using
logarithmic scales for both axes. The data fall along a
straight line with slope equal to 2.3; this is less than the
value of 3.4 expected for zero shear viscosity versus M,
suggesting that the effective shear rate in the Brabender
experiment is well above the low shear limit for
Newtonian behaviour”'.

QUANTITATIVE CHARACTERIZATION OF
BLEND MORPHOLOGY

SEBS-g-MA-X%

Transmission electron microscopy (TEM) and image
analysis were used to determine the effect of nylon 6

4894 POLYMER Volume 37 Number 22 1996

molecular weight and the maleic anhydride content of
the rubber phase on the rubber particle size distribution.
This section focuses on the SEBS-g-MA-X % materials
while results for the rubber mixtures, SEBS/SEBS-g-
MA-2% and EPR-EPR-g-MA, will be discussed and
compared to these results later. Only three commercial
SEBS-g-MA-X %, 0.5, 1, 1.84% MA, elastomers were
available, and all three were made from the same
non-maleated precursor, SEBS.

Figure 2 shows TEM photomicrographs for blends of
SEBS and the maleated SEBS-g-MA-X % elastomers
with two nylon 6 materials in Table I, without chemical
modification during synthesis, having the lowest (B0)
and highest (B5) molecular weights. The rubber phase
appears as white, semispherical domains within the dark
polyamide matrix. The rubber particles progress from
large, non-spherical particles containing occluded nylon
6 when the maleic anhydride content is low to small,
spherically shaped particles with low amounts of
occluded matrix material at high maleic anhydride
contents. As the nylon 6 molecular weight increases,
both the rubber particle size and amount of occluded
material are reduced. The distribution of the rubber
particle size appears to become more narrow as nylon 6
molecular weight increases, which is best demonstrated by
the use of cumulative distribution plots for these blends.

Particle size distribution is displayed here as the
cumulative fraction of particles at or below a specific
size, on a log-normal distribution plot. A Gaussian
distribution of particles would appear as a straight line
with the number average particle size at 50% and the
standard deviation inversely proportional to the slope. A
steep slope indicates a narrow distribution; a mono-
disperse distribution would be a vertical line. Curvature
indicates deviation from the Gaussian form and
generally reflects skewness in the distribution. A bimodal
distribution would appear as two straight line regions, if
both populations are Gaussian, whose offset and slopes
reflect the means and standard deviations of the two
populations. In the present cases, cumulative distribu-
tions that depart from a simple straight line generally
indicate a tendency towards bimodality.

Dimensional information regarding the rubber
particle size was determined from TEM analysis of
ultra-thin sections (20—50 nm thick) taken from injection
moulded specimens. These ultra-thin sections actually
represent random, parallel cuts through individual
rubber particles as shown schematically in Figure 3.
The effect of the section thickness relative to the actual
diameter of the particle can contribute to the poly-
dispersity trends revealed in cumulative distribution
plots. When the particles are large relative to the section
thickness (A#h), these cuts will rarely be through the
equator of the particle so rather than revealing the actual
diameter (D), an apparent diameter {d) is observed and
it is this quantity that is actually used in the cumulative
distribution plots. Figure 3 shows the effect of the actual
particle size relative to the section thickness on the
apparent cumulative distribution curve for mono-
disperse particles that are randomly distributed within
a matrix. The details of this calculation are presented
elsewhere . If the section thickness is constant, then for
very small particles (where Ah~ D) the cumulative
distribution plot is free of the random cut effect as
indicated by the vertical line. For large particles
(D > Ah), this effect becomes significant such that the
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M_=13,200 M, = 37,300

0% MA

0.5% MA

1% MA

2% MA

Figure 2 TEM photomicrographs of 20% SEBS-g-MA-X %/80% nylon 6 blends as a function of the content of maleic anhydride (X ) and nylon 6
molecular weight: X =0, 0.5, 1, and 2% and M, = 13200 and 37 300. The polyamide phase is stained dark with phosphotungstic acid
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Figure 3 [lllustration of how thin, Ah <« D, random cuts by a
microtome through monodisperse spheres of diameter D will seem to
have a distribution of apparent particle diameters 4 when viewed by
TEM. When the microtome cuts are comparable in thickness to the
particle diameter D, the true monodisperse character of these particles
will be seen in TEM photomicrographs
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Figure 4 Cumulative apparent particle size distributions for 20%
SEBS-g-MA-1% and 20% 50/50 SEBS-SEBS-g-MA-2% blends with
80% nylon 6 materials having number average molecular weights of
13200 and 37300. The two rubber systems being compared contain
approximately 1% maleic anhydride by weight

distribution curve now contains a considerable number
of apparent diameters that are smaller than the actual
particle diameter before approaching the actual particle
diameter in a vertical, asymptotic manner. For blends that
contain a distribution of particle sizes, the upturn at the
end of the calculated cumulative distribution curve may
not be observed. Based on the section thickness used in
this study, blends that have an average rubber particle size
below approximately 0.1 um should result in cumulative
distribution plots free of the random cut effect.

From TEM photomicrographs like those in Figure 2c
cumulative distribution plots were generated for blends
of SEBS-g-MA-1% with nylon 6 materials of different
molecular weights, see for example Figure 4. For the
highest molecular weight nylon 6, BS, the line that best
represents the data is relatively straight and has a steep
slope, indicating that the rubber particle size distribution
is narrow and unimodal. Conversely, for the blends
based on the lowest molecular weight nylon 6, B0, the
rubber particles are much larger and the sizes are broader
and skewed as evidenced by the non-linear plot. The
effects illustrated in Figure 3 contribute more to the
distribution of sizes for blends based on B0 than for the
B5 type nylon 6.

From the particle size distribution, number, weight,
and volume average diameters were calculated from the
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Figure 5 Effect of maleic anhydride content in rubber on weight
average rubber particle diameter for blends of SEBS/SEBS-g-MA-2%,
SEBS-g-MA-X %, and EPR/EPR-g-MA with nylon 6, all in the ratios
20% rubber/80% nylon 6. The nylon 6 molecular weight in each graph
is as follows: (a) M, = 13200, (b) M, = 22000 and (c) M, = 37300

following relationships:

dy, = Znidi/zni (3)
dy =Y md?]Y nd, 4)
dy = Z”idt“/zﬂfdi} (5)

where n; is the number of rubber particles within the
diameter range 2315253 All subsequent reference to
rubber particle size will be the weight average diameter,
d,,, since this average is frequently used in correlations
with toughness and because it gives a good representa-
tion of the trends reported here. The weight average
rubber particle sizes for blends of the various SEBS-g-
MA-X % elastomers (open circles) with nylon 6
materials having high (B5), low (BO), and medium
(8207F) molecular weight are plotted in Figure 5 versus
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Figure 6 Effect of maleic anhydride content on the polydispersity of rubber particle sizes for blends of SEBS-g-MA-X % and SEBS/SEBS-g-MA-2%
with nylon 6 materials having the following molecular weights: (a) M, = 13200, (b) M,, = 22000 and (c) M, = 37 300; and of EPR/EPR-g-MA with
nylon 6 of these molecular weights: (d) M, = 13200, (¢) M,, = 22000 and (f) M,, = 37300. All blends are 20% rubber/80% nylon 6

the degree of maleation. For each nylon 6 material, the
particle size decreased approximately two orders of
magnitude as the maleic anhydride content increases
from 0 to 1.84%. Measures of particle size poly-
dispersity, d,,/d, and d,/d,, are shown in Figure 6 vs
the maleic anhydride content. These ratios, represented
by the open and closed circles, steadily decrease as the
maleic anhydride content of the SEBS-g-MA-X %
elastomers increases. For a given maleic anhydride
content, the polydispersity appears to also decrease as
the molecular weight of the nylon 6 matrix phase
increases.

It is important to recall that TEM photomicrographs
under typical circumstances only provide apparent
particle diameters for the reasons illustrated in Figure 3.
It is important to see the extent to which this effect

influences the various average particle diameters and
measures of polydispersity introduced above. For thin
random cuts through monodisperse particles of diameter
D, the distribution functions shown in Figure 3 lead to

d,/D = 0.786 (6)
dy/D = 0.849 (7)
d,/D = 0.905 (8)

The ratio given by equation (6) agrees well with the
factor m/4 quoted in the literature®® . For the
weight and volume averages, the average apparent
diameters are even closer to the true diameter, D. The
polydispersity ratios given by these relations are
d,/d, =108 and d,/d, = 1.333. The polydispersity
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Figure 7 Weight average rubber particle diameter of 20% SEBS-g-
MA-X %/80% nylon biends for X' = 0.5, I, and 2% as a function of
nylon 6 molecular weight

ratios shown in Figure 6 are generally much larger than
these limits, indicating they are good measures of true
polydispersity of particle sizes, except at high maleic
anhydride contents where the particle diameters are
very small and begin to approach more nearly the
section thickness Ak and this effect no longer exists.
Thus, it is concluded that these results reflect to a
large degree true particle size distribution -effects
rather than apparent distributions stemming from
the issue in Figure 3.

As seen in Figure 7, the weight average rubber particle
size decreases as the nylon 6 molecular weight increases
for each of the three SEBS-g-MA-X % elastomers but
tends to reach a plateau at high levels of molecular
weight. The rubber particle size decreases by more than
70% in going from the lowest to the highest molecular
weight nylon 6 investigated in this study.

SEBS/SEBS-g-MA-2%

An alternative method of varying the amount of
maleic anhydride in the rubber phase is to combine SEBS
with SEBS-g-MA-2% in various ratios. Using this
technique allows for finer control of the maleic anhydride
content in the rubber phase than is possible with the
limited series of SEBS-g-MA-X % elastomers discussed
above. Earlier papers’"> suggest that mixing a non-
functional SEBS with one of high grafted maleic
anhydride content produces behaviour similar to uni-
formly grafted materials of the same maleic anhydride
content. Indeed, the weight average rubber particle
diameters for blends of nylon 6 with SEBS-SEBS-g-MA-
2% mixtures and the SEBS-g- MA-X % materials follow
the same general trend as a function of rubber phase
maleic anhydride content as may be seen in Figure 5. This
response implies that the functional and non-functional
matrix mix to form a single rubber phase rather than two
populations of particles generated from the two types of
rubber.

A closer comparison of the two approaches to
varying the degree of maleation is provided here.
Figure 8 shows TEM photomicrographs of blends of
nylon 6 at the extremes of molecular weight with
SEBS/SEBS-g-MA-2% mixtures and the SEBS-g-
MA-X % materials where the maleic anhydride con-
tent is either 0.5 or 1%. Increasing the anhydride
content reduces the rubber particle size for both types
of elastomers, but the rubber particles in the blends
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based on the SEBS-SEBS-g-MA-2% mixtures do not
appear as small or as well dispersed as those on the
SEBS-g-MA-X % materials. It also appears that the
amount of occluded nylon 6 in the rubber phase is
greater in the case of the SEBS/SEBS-g-MA-2%
mixtures.

Visual inspection of TEM photomicrographs like
those in Figure 8 for the SEBS/SEBS-g-MA-2% blends
suggests a bimodal particle distribution in some cases for
blends based on the low molecular weight nylon 6, BO. A
quantitative analysis of the rubber particle size distribu-
tion for this nylon 6 blended with various ratios of
SEBS-g-MA-2% (wt%) and SEBS is shown in Figure 9.
The cumulative distribution plots are highly curved
with evidence of bimodality, as discussed earlier,
except when the rubber phase contains large amounts
of SEBS-g-MA-2%. The remaining curves show very
broad particle size distributions without distinct
evidence of bimodality. All nylon 6 materials having
molecular weights of 16000gmol ' or less tend to
show some tendency for bimodality when the SEBS/
SEBS-g-MA-2% mixture has a low maleic anhydride
content*’. A prerequisite to forming a single population
of particles under any circumstance would seem to
require that the functionalized and non-functional
elastomers must be miscible with each other which is
not always assured. Recent work> has suggested that
polypropylene, PP, is not miscible with maleated
polypropylene, PP-g-MA, when the latter material
contains more than 1% MA. When phase separated PP
and PP-g-MA mixtures are blended with nylon 6, the
polypropylene particles form two very distinct popula-
tions, one similar to that of PP and one similar to that of
PP-g-MA. In general, the results shown here clearly
support a mixed rubber phase rather than two popula-
tions of particles stemming from separate SEBS and
SEBS-g-MA-2% phases, i.e. lack of miscibility, with the
exception of blends of a rubber mixture with low maleic
anhydride content with a low molecular weight nylon 6.
In the latter case, the distribution of sizes is considerably
broadened but there are no particles of the size expected
for a pure SEBS phase. The low viscosity melt matrix
produced by low molecular weight nylon 6 does not
generate the high stress levels during mixing needed to
break up large rubber particles. When the fraction of
non-functional rubber is high, it is easy to understand
that the SEBS-g-MA-2% may react with the polyamide
matrix to form small particles before the excess of SEBS
can be uniformly distributed within the small particles
during the short residence time in the extruder. There-
fore, the morphology that is observed appears to be a
problem of insufficient mixing, not an inherent feature of
the rubber mixture system and could possibly be
improved by higher intensity mixing in a twin screw
extruder.

Figure 4 compares the rubber particle size distribution
for blends of the two SEBS type rubber systems
containing 1% MA with high and low molecular
weight nylon 6 materials. In both cases, the rubber
particles are larger and have broader distribution of sizes
in the case of the SEBS/SEBS-g-MA-2% mixture
compared to SEBS-g-MA-1%; however, the differences
are smaller for the high molecular weight nylon 6. The
higher stress levels generated with the higher molecular
weight nylon 6 material is capable of overcoming some of
the difficuities of mixing with the SEBS-SEBS-g-MA-2%
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Figure 8 TEM photomicrographs of 20% SEBS-g-MA-X %/80% nylon 6 blends as a function of X and nylon 6 molecular weight: X = 0.5 and 1%,
M, = 13200 and 37300; and for 20% SEBS/SEBS-g-MA-2%/80% nylon 6 blends as a function of per cent SEBS-g-MA-2% and nylon 6 molecular
weight: 25% and 50% SEBS-g-MA-2%, M, = 13200 and 37 300. Nylon 6 phase stained dark with phosphotungstic acid

POLYMER Volume 37 Number 22 1996 4899



Rubber toughened nylon 6 blends. 1: A. J. Oshinski et al.

20% SEBS/SEBS-g-MA-2% / 80% Nylon 6

=TT T T T T T

;\? 100 75
.-v 99 - e > 7
co

ON - .
Se o0 [ .l
o5 -
ﬂ--g F -
=0 " .
So

5o 10 F 3
St |
oa 1 ﬁ

-6 -

o v aanl teaa g ol i1y
0.01 0.1 1 10

Particle Diameter (um)

Figure 9 Cumulative particle size distribution plots for blends of 20%
SEBS/SEBS-g-MA-2% with 80% nylon 6 (M, = 13200) where the
SEBS-g-MA-2% percentage of the rubber phase is varied

mixture to produce both smaller particle sizes and
narrower distributions.

While the weight average particle size for SEBS/SEBS-
g-MA-2% mixtures and SEBS-g-MA-X % materials in
nylon 6 blends follow the same trends (as seen in
Figure 5), it is clear that the mixture of the two
rubbers leads to a broader particle size distribution.
Figures 6a—c clearly show this by comparing plots of the
polydispersity ratios, d,/d, and d,/d,, vs maleic
anhydride content for three nylon 6 matrices. In all
cases, these indicators of polydispersity decrease with
increasing maleic anhydride content and nylon 6
molecular weight; however, the SEBS/SEBS-g-MA-2%
mixtures (open and closed squares) have significantly
greater values of these ratios than the SEBS-g-MA-X %
elastomers (open and closed circles). For the lowest
molecular weight nylon 6 (Figure 6a), the much larger
polydispersity ratios at low maleic anhydride content are
probably related to the mixing issues described above.

EPR/EPR-g-MA

Mixtures of a maleated ethylene/propylene rubber
containing 1.14% MA, EPR-g-MA, and the non-
maleated EPR precursor were blended with three nylon
6 materials having low (B0), medium (8207F), and high
(B5) molecular weights. By varying the ratio of the
nonfunctional to the functionalized rubber, the maleic
anhydride content could be varied between 0 and 1.14%.
As mentioned earlier, it was necessary to form a
masterbatch of 50% EPR and 50% nylon 6 in a
Brabender Plasticorder in order to add the non-maleated
EPR to the extruder. This additional processing step
increased the mixing history of the blend and may
improve the dispersion of the EPR in the final blend with
EPR-g-MA, especially for the low maleic anhydride
content blends. An assessment of the effect of this
additional processing step on blend morphology and
properties was made by comparing blends generated
from a similar masterbatch of 50% SEBS/50% nylon 6
(8207F) with those produced by simultaneously extrud-
ing all three components in one step. It was found that
predispersing the non-maleated SEBS in nylon 6 reduced
the weight average particle size and polydispersity
approximately 10-15% for a composition based on a
SEBS/SEBS-g-MA-2% mixture at 1% MA content;
further details of these experiments and the mechanical
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properties of the resulting blends are given elsewhere 50,
The differences observed are about at the limit of the
experimental reproducibility; however, at lower maleic
anhydride contents more masterbatch material is used to
produce the blends and may affect the particle size to a
greater extent. It is important to keep this in mind when
comparing the EPR/EPR-g-MA, SEBS-g-MA-X % and
SEBS/SEBS-g-MA-2% rubber systems.

Figure 10 compares TEM photomicrographs of blends
based on EPR-g-MA (1.14% MA) and SEBS-g-
MA-1%; the maleic anhydride content and melt viscosity
of the two rubbers are rather similar. The EPR-g-MA
forms large, non-spherical, and highly occluded particles
in both the low and high molecular weight nylon 6
matrices shown. Increasing the molecular weight of
the matrix reduces the rubber particle size and the
amount of nylon 6 occluded in the EPR-g-MA phase;
both the average size and the size distribution of the
rubber particles appear to be significantly larger for
EPR-g-MA than for SEBS-g-MA-1%. A comparison of
rubber particle sizes for the two rubber types is shown in
Figure 11 as a function of the polyamide molecular
weight. It is obvious that the rubber particle size is
significantly larger for EPR-g-MA than SEBS-g-MA-
1%, even though the former has a slightly higher maleic
anhydride content than the latter, regardless of the nylon
6 molecular weight. The quantitative comparison of
particle size distribution, from photomicrographs like
those in Figure 10, in Figure 12 using cumulative
distribution plots also shows greater polydispersity for
EPR-g-MA than SEBS-g-MA-1% for both low and high
molecular weight nylon 6 matrices. A discussion of
factors that may be responsible for these differences in
rubber particle size will be addressed later.

Figure 5 compares the weight average rubber particle
size¢ of EPR/EPR-g-MA mixtures in three nylon 6
matrices with the other rubber systems described
above. The particles formed from EPR/EPR-g-MA
mixtures are slightly smaller at low maleic anhydride
contents than those formed from SEBS type elastomers,
but as the maleic anhydride content increases the latter
type particles are smaller. The polydispersity ratios are
compared in Figure 6. In all cases, the particle size
distribution becomes more narrow as the maleic
anhydride content increases; however, at the same
maleic anhydride content, the particles formed from
SEBS/SEBS-g-MA-2% mixtures are less polydisperse
than those from EPR/EPR-g-MA mixtures, except for
the lowest molecular weight nylon 6. As noted earlier,
rubber particles formed from SEBS/SEBS-g-MA-2%
mixtures tend to show bimodality in very low
molecular weight nylon 6 matrices; whereas, the
same type blends based on EPR/EPR-g-MA mixtures
generate small rubber particles with no evidence of
bimodality. The polydispersity ratios for the EPR/
EPR-g-MA system described here are similar to other
reported values '®2" 5658,

L-SEBS-g-MA

Figure 13 compares the size of the rubber particles
formed by the L-SEBS-g-MA rubber and an SEBS/
SEBS-g-MA-2% mixture of the same maleic anhydride
content as a function of the nylon 6 molecular weight.
L-SEBS-g-MA produces slightly smaller particles, but
otherwise the trends are identical. This difference in size
may be the result of the fact that the melt viscosity of the
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Figure 10 TEM photomicrographs for 20% SEBS-g-MA-1%/80% nylon 6 blends and 20% EPR-g-MA/80% nylon 6 where the nylon 6 molecular
weight is 13200 and 37 300. Nylon 6 phase is stained dark with phosphotungstic acid
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Figure 11  Effect of nylon 6 molecular weight on weight average rubber
particle diameter for blends of 20% SEBS-g-MA-1%/80% nylon 6 and
20% EPR-g-MA/80% nylon 6. Note that both rubbers contain
approximately 1% maleic anhydride by weight

L-SEBS-g-MA is approximately 2.5 times less than that
of the 25% SEBS/75% SEBS-g-MA-2% mixture. As
seen later, the extents of reaction between these two
rubbers and nylon 6 are nearly identical.

EFFECT OF RUBBER TYPE ON BLEND
MORPHOLOGY

From the TEM photomicrographs in Figure 5 and the
quantitative results shown in Figures 1012, it is clear
that the EPR and SEBS type elastomer systems lead to
rather different morphological responses when blended
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Figure 12 Cumulative particle size distribution plots for blends of
20% SEBS-g-MA-1%/80% nylon 6 and 20% EPR-g-MA/80% nylon 6
for nylon 6 materials of M, = 13200 and 37300

with nylon 6 materials in a single screw extruder. Even
when the maleic anhydride content and viscosities of the
two rubber types are the same, the rubber particle sizes
are significantly different as may be seen in Figure 11.
The fact that EPR/EPR-g-MA mixtures tend to produce
larger and more polydisperse particles than the SEBS
elastomers, at maleic anhydride contents of 0.5% or
greater, might be attributed to differences in the
rheological characteristics of the two rubbers (viscosity
or elasticity), interfacial characteristics of the polyamide-
rubber pair, or to the ability of grafted maleic anhydride
to react and promote compatibilization with the nylon 6
matrix. This section explores the potential differences in

POLYMER Volume 37 Number 22 1996 4901



Rubber toughened nylon 6 blends. 1: A. J. Oshinski et al.

A —

I . ]
—~ I O T

g .
g 0.1 3 o) ?
o r 2
% B 75% SEBS-g-MA-2%/ 25% SEBS E
g o] L-SEBS-g-MA 1

001 SR T U VT S U W AN UOF VAT T U0 ST SR WOt TN S VN U S Y T G S S S
1 2 3 4
M x10*
n

Figure 13  Effect of nylon 6 molecular weight on weight average rubber
particle diameter for blends of 20% L-SEBS-g-MA/80% nylon 6 and
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maleic anhydride content of both rubber systems is constant at ~1.4%
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Figure 14 Brabender torque response (at 240°C and 60 rpm) for (a)
EPR-g-MA and SEBS-g-MA-1% and (b) of EPR-g-MA and SEBS-g-
MA-1% blends with nylon 6 have M, = 22000 in the ratio 20%
rubber/80% nylon 6

reactivity of the two rubber types, while the remaining
factors will be discussed later.

Torque rheometry has frequently been used to
monitor chemical reaction during reactive melt
mixing21‘22‘ $9-62  Figure I4a shows the Brabender
torque responses of SEBS and EPR type rubbers of
similar melt viscosities and levels of maleation. However,
when blended with nylon 6, the SEBS-g-MA-1% leads to
a significantly greater torque value than EPR-g-MA, as
seen in Figure 14b suggesting a greater level of reactive
grafting to the former than the latter. The proposed
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Figure 15 Effect of maleic anhydride content of the rubber phase on
the extent of amine reaction in 20% rubber/80% nylon 6 (M, = 22000)
blends, for the rubbers EPR/EPR-g-MA, SEBS/SEBS-g-MA-2%,
SEBS-g-MA-X %, and L-SEBS-g-MA, following melt compounding
and injection moulding

difference in reactivity between the two maleated rubber
types was explored in more detail by using the titration
technique outlined earlier™. The amine end group
content of the nylon 6 phase was determined before
and after blending with the two types of rubber mixtures
at different maleic anhydride contents so that the extent
of amine reaction with maleic anhydride during the
compounding and moulding process could be deter-
mined. The extent of amine reaction is defined as

Extent of amine reaction = ([NH,], — [NH,},)/
x [NH,], x 100 9)

where the subscripts o refer to the initial amount and b to
the amount after compounding and moulding. Figure 15
shows that the extent of reaction of the SEBS/SEBS-g-
MA-2% and SEBS-g-MA-X % materials with a medium
molecular weight nylon 6 increases monotonically as the
amount of maleic anhydride in the rubber phase
increases; however, the EPR/EPR-g-MA mixture
apparently shows a greater extent of reaction at low
maleic anhydride levels and then does not change at
higher levels of maleic anhydride. A similar trend was
observed in the power, or electrical current readings,
needed to operate the extruder at a fixed rpm *. Figure 15
clearly shows that highly maleated SEBS elastomers
react to a greater extent with this nylon 6 and are,
therefore, more likely to produce smaller rubber particles
than EPR/EPR-g-MA elastomer mixtures.

The reason for this difference in reactivity must be the
result of some structural differences between the two
rubber types. At this point we can only speculate on what
these differences may be; however, it is useful to note
some potential factors. The SEBS materials have a two
phase structure since the styrene end blocks form
microdomains; it is believed that maleic anhydride is
grafted only to the rubbery mid-block. Thus, the
local concentration of maleic anhydride is higher in
this continuous phase than the overall level of
maleation suggests. As shown previously, the nature
of the polyamide/rubber interface can affect the
extent of reaction®®; it is not clear how the
thermodynamic interaction between nylon 6 and these
two rubber types would differ. Figure 16 shows parallel
plate rheometry data for EPR-g-MA and SEBS-g-MA-
2% rubbers. While the real and imaginary moduli for the
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Figure 16 Viscoelastic properties (real and imaginary moduli, G’ and
G") for EPR-g-MA (triangles) and SEBS-g-MA-2% (squares) as a
function of frequency at 240°C using parallel plate geometry

SEBS-g-MA-2% elastomer is higher at low shear rates,
the values are lower than those for EPR-g-MA at higher
shear rates. At the highest shear rate (100 rads’l),
EPR-g-MA rubber has a melt elasticity (G') twice that
of SEBS-g-MA-2%. The higher elasticity of the
EPR-g-MA material at the high shear rates involved in
extrusion compounding may influence the generation of
surface area and, hence, the extent of interfacial reaction
possible.

EFFECT OF POLYAMIDE MOLECULAR
WEIGHT ON BLEND MORPHOLOGY

Other factors in addition to maleic anhydride content of
the rubber phase influence the size of the rubber particles
formed in blends with nylon 6, e.g. the relative and
absolute rheological properties of the two phases, mixing
intensity, and the extent of reaction which may be
influenced by these and other factors. For a given rubber
system, the mixing process has been held constant in this
work. However, the molecular weight of the nylon 6
phase has been varied which influences the melt viscosity
of the matrix and the number of amine groups available
for reaction. Figure 1b shows how the melt viscosity
of the nylon 6 material increases with molecular
weight. Based on many correlations published in the
literature 1*%% the melt viscosity of the matrix phase
should have an important effect on the size of the
dispersed particles. This issue will be addressed in a later
section. The higher the molecular weight, of course, the
fewer amine groups there are (see Figure 17a) to
participate in grafting reactions; one might expect that
the higher viscosity reduces the mobility needed to get
the amine end groups to the interface. These factors may
influence the amount of graft copolymer formed at the
interface and ultimately the ability to disperse the
maleated rubber in the nylon 6 matrix.

To characterize the amount of grafting that does
occur, the amine concentration of the nylon 6 phase was
measured before and after blending with 20% SEBS-g-
MA-2%. The amine content prior to melt mixing
increases linearly with the reciprocal of M, when there
is one amine per chain, see the top line in Figure 17a;
Capron XA-1767 and Ultramid B-3 fall below the line
because of their reduced amine end content due to end
capping during polymerization. The amine content after
melt mixing and injection moulding, the lower line in
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Figure 17 Effect of nylon 6 molecular weight on the amount of amine
end groups, in the nylon 6 phase, that react with maleic anhydride in
20% SEBS-g-MA-2%/80% nylon 6 blends, following melt compound-
ing and injection moulding, expressed as: (a) the concentration of amine
end groups before and after melt blending, (b) the change in amine end
group concentration as a result of blending, and (c) the extent of
reaction as defined by equation (9). EC denotes end-capped nylon 6
materials (see Table 1)

Figure 17a, follows a similar trend as the initial amine
content except for a different slope. The unreacted
amine concentration appears to approach zero for a
value of M, of approximately 45000gmol™!. The
amine content before and after blending for the two
end capped materials fall below the trend established
by the polyamides having one amine end per chain by
similar amounts. The difference between the two
curves in Figure 17a indicates the absolute amount of
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amine end groups that were consumed during the
blending process if certain assumptions were made. The
absolute amount of amine groups that reacts during
blending decreases as the molecular weight of the nylon 6
increases as seen in Figure I7b. For all of these
compositions, there are 47 ueq of maleic anhydride
available for reaction per gram of nylon 6. Thus, there
is an excess of amine groups relative to anhydride except
for two of the highest molecular weight polyamides and
the two end capped materials. The change in amine
content as a result of blending for the two end capped
nylon 6 materials falls in line with all the other materials
when plotted versus molecular weight. Because there are
fewer amine end groups available for reaction as the
molecular weight of nylon 6 increases, it turns out that a
larger fraction of the available amine groups, as defined
in equation (9), react as the nylon 6 molecular weight
increases as shown in Figure 17c.

In addition to the grafting caused by the reaction of
amine end groups with maleic anhydride on the rubber to
form imide linkages, other reactions may occur. Each
grafting reaction produces a water molecule which can
react with amide linkages to cause chain scission if it is
not removed from the extruder. In addition, acid and
amine ends may react and increase the polyamide
molecular welght These reactions produce or consume,
respectively, amine groups. Marechal et al. # have
recently shown in model experiments using nylon 6 and
low molecular weight anhydrides that hydrolysis and
condensation reactions only become significant at long
mixing times (>10mn). Initially, the amine end group
concentration decreases by reaction with anhydride. This
reaction is fast and results in an imbalance of the amine
and acid end group concentration from equilibrium
conditions. Therefore, at long mixing times the
equilibrium is re-established by hydrolysis. However,
measurements after the various melt processing steps
using a medium molecular weight nylon 6 (8207F) has
shown that the amine content decreases by approxi-
mately 6% due to condensation reactions or thermal
degradation. This value may increase with decreasing
nylon 6 molecular weight owing to the higher concentra-
tion of end groups. Low molecular weight nylon 6
materials are known to polymerize in the solid state at
elevated temperatures*>*. However, the mixing times used
here are short compared to those needed for the side
reactions of hydrolysis or condensatlon to be significant
as shown by Marechal et al.*”. On this basis, the loss of
amine groups can be directly related to imide linkages or
graft fraction. The extent of amine reaction as defined in
equation (9) is then the fraction of the nylon 6 chains that
are grafted to the rubber phase, in the case of nylon 6
materials with one amine and one acid per chain. The
two end capped nylon 6 materials have extremely high
extents of reaction considering the reduced number of
polymer chains that can participate in the reaction.
However, as seen in Figure 17b, the absolute amount
of amine groups that react in these materials is the
same as for the non-end capped nylon 6 materials of
equivalent molecular weight. The fact that the same
number of grafted nylon chains are formed in each
case helps explain why the end capped materials have
nearly identical rubber particle size and distribution as
the non-end capped nylon 6 materials. For the non-
end capped nylon 6 materials, the fraction of
polyamide chains grafted to the rubber phase increases
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monotonically as the nylon 6 molecular weight increases.
The higher degree of grafting combined with the high
melt viscosity, which generates greater stress on the
rubber phase during dispersion, evidently results in
smaller rubber particle sizes with lower polydispersity.

CORRELATION OF AVERAGE PARTICLE SIZE

The morphology of a two phase blend is the result of the
balance between the processes of particle break-up and
coalescence”® %~ Based on Taylor’s theory for
Newtonian fluids in a shear field, drop break-up will
occur when the ratio of viscous to interfacial forces
exceeds a critical value which is a function of the relative
viscosities of the two phases. These principles have been
used to describe dispersion phenomena that occur within
flow fields for polymer blends. Correlations of the
following form have been developed:

MmGd /vy = F(N4/Mm) (10)

where +y is the interfacial tension, G is the shear rate, n,
the viscosity of the matrix phase and 5y the viscosity of
the dispersed phase. The quantity on the left in equation
(10) has been referred to as the capillary number (some
references refer to this as the Weber number). Using
models based on Smoluchowski’s theory of aqueous
colloid suspensions, attempts have been made to
correlate the effects of coalescence on the size of particles
formed? ™" These theories predict that the dispersed
phase particle size increases with concentration due to the
greater probability of collisions as the number of particles
increases

From equation (10) it is clear that the interfacial
tension between the two phases is a critical factor in
determining the particle size in polymer blends””%. As a
result, there has been considerable theoretical and
experimental interest in the interfacial tension between
polymer—polymer pairs 33, However, at this time, it is
a formidable problem to obtam any measurement or
prediction of this quantity for a reactive interface where a
graft copolymer is generated in situ. Reactions at the
interface are expected to lead to a reduction in the
interfacial tension, but their effect on stabilization
against coalescence may be a more 1mportant conse-
quence in blend morphology development®2®. Further-
more, such grafting reactions increase the viscosity of the
mixture, or the level of stress when rotational speed of
the mixing device is held constant, which tends to reduce
particle size as may be seen from equation (10).

Numerous studies have attempted to unify data on
particle size for various polymer systems, in the form
suggested by equation (10), with some success. In non-
reactive, immiscible polymer systems, a broad minimum
in the capillary or Weber number has been observed for
viscosity ratios between 0.1 and 19~ 687172 Wu has
developed, for reactive and non-reactive rubbers melt
blended with polyester and nylon 6,6 matrices, a master
curve that shows a sharp minimum at a viscosity ratio of
one'*. This implies that the smallest particles are formed,
in reactive and non-reactive systems alike, when the
viscosities of the matrix and dispersed phases are equal.
For reactive systems, the viscosities refer presumably to
those of the original components prior to any reaction.
In what follows, we use the Brabender torque, T, at a
fixed rpm to characterize the rheological properties of the
pure rubber and pure polyamide phases since more



detailed rheological information is not available and the
Brabender does provide a deformation field not unlike
that in the extruder.

We attempt here to unify the current data in the form
suggested by equation (10); however, some modifications
to the capillary or Weber number are made as follows.
All the blends in this study were prepared under identical
conditions in a single screw extruder with a high intensity
mixing screw. The stresses imposed on a dispersed phase
within an extruder arise from a combination of complex
shear and elongational flow fields. Thus, quantifying the
intensity of mixing in an extruder is not so simple as
estimating an effective shear rate since this is not a well-
defined quantity, but in any case the kinematics of the
mixing process used have been held constant here. Thus,
for simplicity, we regard the shear rate in equation (10) as
a constant. As discussed earlier, the interfacial tension is
a difficult parameter to determine even for non-reactive
systems and must be regarded as unknown for reactive
systems. The interfacial tension will obviously vary
according to the extent of reaction in the present
blends. We deal with this factor by defining empirical
shift factors as explained below. In consideration of the
above issues, equation (10) can be transformed into the
following:

(aﬁ)ngNylon6 = F(TRubber/TNylon()) (11)

where d,, is the weight average rubber particle size,
Trubber and Tyione are the Brabender torque values of
the rubber and nylon phase measured at 60 rpm and
240°C, and a and g are shift factors (defined more fully
below) that account for the effective mixing intensity in
the extruder, the interfacial surface tension of the blend
system in the reacted state, increases in stress due to
grafting reactions, and issues related to coalescence rate.
An example of this modified Taylor theory analysis,
prior to applying shift factors, is shown in Figure 18 for
blends of the SEBS and SEBS-g-MA-X % elastomers
with the various molecular weight nylon 6 materials. It is
apparent that each curve has a similar shape and slope;
i.e. the curves are merely vertically displaced from one
another to an extent that reflects the amount of maleic
anhydride in the rubber. Thus, a master curve can be
generated by selecting a reference curve and shifting the
other curves to this reference.

The non-maleated SEBS curve was chosen as the
reference, and the curve for each maleated rubber was
shifted until it coincided with the SEBS reference curve.
The magnitude of this shift on a logarithmic scale defines
the multiplier or overall shift factor, a8, required to
achieve vertical superposition. The overall shift factor
can be further divided into shift factors corresponding to
the rubber type, o, and the maleic anhydride content in
the rubber phase, 8. That is, 3 is the value for shifting a
maleated rubber curve to its non-maleated counterpart,
SEBS or EPR. For example, multiplying each data
point on the SEBS-g-MA-2% curve by the appropriate
factor, (=65, gives superposition onto the SEBS
curve. The factor «, associated with the rubber type,
allows the EPR/EPR-g-MA rubber system to be
shifted to the SEBS reference curve. Multiplying the
data points on the EPR curve by agpr = 2.8 provides
the best superposition onto the SEBS curve. The
values of aggps and Ssgps are unity since the SEBS
curve has been chosen as the reference. For L-SEBS-
g-MA, only the overall shift factor, a3, could be
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Figure 18 Modified Weber number analysis for 20% SEBS-g-MA-
X %/80% nylon 6 blends as a function of the melt viscosity ratio for the
rubber phase to the nylon 6 phase. Melt viscosity determined from
Brabender torque response after 10 min at 240°C and 60 rpm
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Figure 19 Modified Weber number analysis master curve using shift
factors to effect superposition of the maleated rubber curves on the
non-maleated reference curve, SEBS

determined since no non-maleated precursor was
available for this study.

This procedure, using SEBS as the reference, leads to
the master curve shown in Figure 19. There appears to be
good correlation among the data suggesting that a
unification of the rubber particle size influenced by the
numerous chemical and physical parameters is possible.
It is evident that there is no minimum at a viscosity ratio
of unity as suggested by Wu'?, even for the non-maleated
rubbers, SEBS and EPR. The overall shift factor, a3, in
equation (11) physically represents a combination of the
shear rate (a constant), the interfacial surface tension and
any factors not explicitly considered in the theory
(equation (10)) such as changes in the coalescence
process. The interfacial tension and coalescence rate
are expected to decrease as the amount of grafting of the
nylon 6 to the rubber phase increases with maleic
anhydride content. Therefore, the overall shift factor
should be a strongly increasing function of the maleic
anhydride content of the rubber as shown in Figure 20.
Each rubber system shows a remarkable linear correla-
tion between the overall shift factor and the maleic
anhydride content. The larger the shift factor the smaller
the rubber particles. Thus, the large shift factors for
SEBS-g-MA-X %’s lead to the smallest rubber particle
sizes due to their efficiency to react and reduce the
interfacial tension and coalescence rate. The effect
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Figure 20 Overall shift factors for 20% rubber/80% nylon 6 blends as
a funtion of maleic anhydride content

of the viscosity ratio on the Weber number relative to
nylon 6 molecular weight appears to be constant since
the slopes of all the curves are nearly identical. The data
scatter at high viscosity ratios, i.e. the low molecular
weight nylon 6 materials at low maleic anhydride
contents, may suggest that the grafting reaction is not
enough to reduce the rubber particle size and that
viscosity effects are still important in morphology
generation.

CONCLUSIONS

The morphology of rubber toughened nylon 6 blends has
been investigated to determine the effect of nylon 6
molecular weight. By varying the molecular weight of the
nylon 6 phase, the melt viscosity of the matrix and the
number of amine end groups available for reaction are
affected; both influence the shape, size, and size
distribution of the rubber phase. As the molecular
weight of the nylon 6 phase increases, both the rubber
particle size and the amount of occluded material in the
rubber phase decreases. Analysis of amine group content
before and after blending revealed that the higher the
molecular weight of the nylon 6 phase the higher the
fraction of nylon 6 chains that are grafted to the rubber
phase. This effect plus the higher melt viscosity, or stress
on the rubber particles, explains the reduction in rubber
particle size as the molecular weight of the nylon 6
increases. The weight average rubber particle size formed
by SEBS-g-MA-X % elastomers follows the same trend
as a function of maleic anhydride content found for
SEBS/SEBS-g-MA-2% mixtures. However, both the
average particle size and size distribution for the
SEBS/SEBS-g-MA-2% mixtures are larger than the
corresponding quantities for the uniformly maleated
SEBS-g-MA-X % type elastomers. Mixtures of EPR/
EPR-g-MA rubbers produce morphologies that are
more complex than the SEBS type elastomers, resulting
in rubber particle sizes and distributions that are
typically larger and more polydisperse. Even at
equivalent maleic anhydride content and melt viscosity,
EPR-g-MA produces rubber particles that are much
larger than those formed from an SEBS-g-MA-X %
type elastomer. In part, this stems from the observa-
tion that SEBS elastomers react more readily with the
nylon 6 than do EPR/EPR-g-MA mixtures as
measured by torque rheometry and by amine end
group analysis.
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A modified Taylor theory analysis was found to
correlate weight average rubber particle sizes for the
various rubber types in nylon 6 materials of different
molecular weights. A master curve was generated by
determining the shift factors needed to vertically super-
impose the maleated rubber/nylon 6 curves onto a
reference curve for the non-maleated rubber, SEBS.
The overall shift factors, which represent the effects of
shear rate, the interfacial tension, changes in stress level
due to graft reactions, and factors not considered by
the Taylor theory, correlate linearly with the maleic
anhydride content of the rubber phase.
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