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SYNOPSIS 

The effect of polyamide end-group configuration on morphology generation and toughness 
of blends with maleated elastomers was investigated. Two difunctional polyamides, a co- 
polymer containing 15% nylon 6,6 and an amine enriched nylon 6, were compared to mono- 
functional nylon 6 materials of equivalent molecular weight and melt viscosity. Difunctional 
polyamides have some chains with amine groups on both ends capable of reacting with the 
maleated rubber phase resulting in crosslinking-type effects. The elastomers used included 
styrene-butadiene-styrene block copolymers with a hydrogenated midblock, SEBS, and 
versions with X% grafted maleic anhydride, SEBS-g-MA-X%, and a maleated ethylene/ 
propylene random copolymer, EPR-g-MA. Blends based on difunctional polyamides form 
large, complex rubber particles when compounded in a single-screw extruder; however, by 
compounding with an appropriate twin-screw extruder, the size and complexity of the 
particles can be reduced to levels similar to blends with the monofunctional nylon 6 controls. 
Measurement of the extent of reaction between the amine end groups and the grafted 
maleic anhydride revealed that a larger number of amine groups are consumed for the 
difunctional polyamides than for their monofunctional controls. The room-temperature 
Izod impact strength of blends with the difunctional polyamides is greater than are the 
corresponding blends with the controls; however, subambient toughness depends mainly 
on the inherent ductility of the polyamide matrix. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Previous studies have shown that maleated elasto- 
mers form large, complex particles when blended 
with nylon 6,6 or other nylon x ,  y materials in a 
single-screw extruder compared with the very small, 
spherical particles formed in blends with most nylon 
6 or nylon x The size and complexity 
of the rubber particles generated with nylon x ,  y 
materials can, however, be reduced by use of the 
more intense mixing provided by an appropriate 
twin-screw e ~ t r u d e r . ~  These morphological differ- 
ences are attributed to the end-group configurations 
of these polyamides. Nylon x materials are usually 
polymerized in ways that yield chains with only one 
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amine and one acid end group per molecule, i.e., bal- 
anced end groups or monofunctional chains. Nylon 
x ,  y materials will contain a distribution of end-group 
configurations even when there are equal amine and 
carboxyl end groups; some chains will have one 
amine and one carboxyl, some will have two car- 
boxyls, while others will have two amine chain ends. 
Chains with amine groups on both ends are difunc- 
tional in the sense that each end can react with the 
maleated phase leading to the formation of loops or 
bridges or crosslinking-type effects, whereas, only 
single-end grafting reactions occur when there is 
only one amine chain end, i.e., monofunctional, 
which is typical of most nylon x  material^.',^ 

Difunctional polyamides can also be generated in 
other ways, e.g., formation of nylon xlnylon x ,  y 
 copolymer^^^^ or incorporation of low molecular 
weight diamines during polymerization of nylon x.6,7 
The purpose of this article was to show that di- 
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functional nylons produced in these ways behave 
similar to nylon x ,  y-type materials when blended 
with maleated elastomers. A nylon 6/nylon 6,6 co- 
polymer containing 15% nylon 6,6 and a nylon 6 
terminated with excess amine end groups are com- 
pared to monofunctional nylon 6 materials of equiv- 
alent molecular weight and melt viscosity in terms 
of the morphology and properties generated when 
blended with two types of maleated elastomers. 

EXPERIMENTAL 

Table I describes the two difunctional polyamide 
materials and their monofunctional nylon 6 coun- 
terparts used as controls. XPN-1539F is a copolymer 
containing 85% nylon 6 and 15% nylon 6,6 and has 
a molecular weight and melt viscosity, as determined 
by Brabender torque rheometry, nearly identical to 
the unmodified nylon 6 designated as Capron@ 
8207F. On the basis of the small nylon 6,6 content 
of the copolymer, the number of chains with two 
amine ends in XPN-1539F is expected to be much 
smaller ( a  factor of 6 to 7 less in the ideal case) than 
that contained in conventional nylon x ,  y materials. 
The copolyamide has a significantly lower melting 
temperature, heat of fusion, and tensile modulus' 
than those of the corresponding nylon 6 homopol- 
ymer. Therefore, XPN-1539F may be considered 
more ductile than Capron@ 8207F, which may con- 
tribute to the toughening results discussed later. 
XPN-1250 is a nylon 6 that has excess amine end 
groups caused by the addition of hexamethylene di- 
amine during the polymerization proce~s.~ The nylon 
6 material designated as B2 is used as a control for 
XPN-1250. Both control materials were made from 
caprolactam without the addition of other mono- 
mers; thus, each chain should have one amine and 
one acid end group, i.e., monofunctional in the ter- 
minology used here."," However, Table I shows the 
amine and carboxyl end-group concentrations for 
the monofunctional nylon 6 materials are actually 
slightly different from one another. These differ- 
ences may be attributed to experimental error in the 
titration procedures or additives that may present. 

The two rubber types used in this study are de- 
scribed in Table 11. One consists of triblock copol- 
ymers having styrene endblocks and a hydrogenated 
butadiene midblock resembling an ethylene/butene 
copolymer, designated as SEBS. A series of such 
materials containing various amounts of maleic an- 
hydride units grafted to the midblock were used, 
designated here as SEBS-g-MA-X %, where X in- 
dicates the nominal content of grafted maleic an- 

hydride (0.5,1, and 1.84% ). The three SEBS-g-MA- 
X % elastomers were made from the same nonfunc- 
tional precursor (SEBS) . The melt viscosity (as in- 
dicated by Brabender torque rheometry ) decreases 
in this series as the maleic anhydride content in- 
creases, suggesting that some chain scission occurs 
during maleation.'* The other rubber is a maleated 
random ethylene /propylene copolymer, EPR-g-MA, 
grafted with 1.14% maleic anhydride. 

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 as- 
sessed by torque rheometry using a Brabender plas- 
ticorder 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. 

The majority of the blends were prepared using 
a Killion single-screw extruder ( L I D  = 30, D = 2.54 
cm) having an intensive mixing head operated at  
240°C and 40 rpm. Selected blends were com- 
pounded in a Baker-Perkins corotating, fully inter- 
meshing twin-screw extruder ( L I D  - 15, D = 15 
mm) operated at  280°C and 175 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 vig- 
orously dry mixing all the various components to- 
gether at a ratio of 20% rubber with 80% polyamide 
prior to feeding to the extruder. The mixture was 
extruded twice when using the single-screw extruder 
to ensure adequate mixing. Blends were formed into 
standard tensile ( ASTM D638 Type I)  and Izod im- 
pact ( ASTM D256) , 0.318 cm thick, specimens us- 
ing an Arburg Allrounder injection-molding ma- 
chine. The ductile-brittle transition temperature 
was taken as the midpoint of the steplike change in 
Izod impact strength vs. temperature. 

Blend morphology was assessed via transmission 
electron microscopy ( TEM ) using ultrathin sections 
cryogenically microtomed from Izod bars perpen- 
dicular to the flow direction. A Reichert-Jung U1- 
tracut E microtome cooled to -45OC and equipped 
with a diamond knife was used to obtain the ultra- 
thin sections (20-50 nm thick). The sections were 
exposed to a 2% aqueous solution of phosphotungstic 
acid for 30 min to stain the polyamide phase. Se- 
lected samples were stained using RuOl vapors for 
15 min. A JEOL 200 CX or a JEOL 1200 EX trans- 
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Table I Characterization of Polyamide Materials 

Brabender 
Supplier's [COOH] [NH,] Torque" T," AH: 

Designation Mna M2 beq/g) (fieq/g) (m - 8) ("(3 (J/gm) Supplier 

Capron XPN-1539F" 22,200 19,500 50.1 52.7 655 201 64.1 Allied Signal Inc. 
Capron 8207F' 22,000 22,000 43.0 47.9 650 219 75.3 Allied Signal Inc. 
Capron XPN-12509 18,300 22,300 17.2 72.6 450 222 69.9 Allied Signal Inc. 
Ultramid B2' 19,400 19,500 48.5 54.0 425 223 69.1 BASF Cow. 

From intrinsic viscosity measurements using [ q ]  = 5.26 X 
From end-group analysis assuming only NH2 or COOH groups at chain ends, i.e., M ,  = 2/([NH,] + [COOH]). 
' Torque value taken after 10 min of mixing at 24OOC and 60 rpm. 

From DSC analysis of injection-molded specimens at 10°C/min. 
85/15 nylon 6/66 copolymer. 
Nylon 6, not chemically modified. 

assuming that_&'" = 1/2 A?w. 

g Nylon 6 with enriched amine chain ends resulting from hexamethylene diamine used in the polymerization. 

mission electron microscope operating at 120 kV was 
used to view the specimens. 

Rubber particle-size analysis employed a semiau- 
tomatic digital image analysis technique using IM- 
AGE@ software developed for the National Institutes 
of Health. The apparent diameter was determined 
by scanning TEM photomicrographs and outlining 
the perimeter of each particle; the average of the 
longest dimension and the dimension perpendicular 
to the major axis were defined as the particle size. 
Typically, over 200 particles and several fields of 
view were analyzed. Because of the nonspherical 
nature of the particles, no corrections were applied 
to convert apparent particle diameters to true par- 
ticle sizes 13-15; the methods described in the litera- 
ture are not applicable for complex shapes. From 

Table I1 Rubbers Used in This Study 

image analysis, number, weight, and volume-average 
diameters were calculated from the following rela- 
tionships: 

& = nidi  C ni I 
& = n i d :  C nidi  I 

( 3 )  

where ni is the number of rubber particles within 
the diameter range i.14,16-18 

The acid and amine end-group concentrations for 
each nylon 6 material and certain blends were de- 

Material Brabender 
Designation (Supplier's Torque" 
Used Here Designation) Composition Molecular Weight (m - g) Supplier 

SEBS Kraton G 1652 29% wt styrene Styrene block = 7,000 1050 Shell Chemical Co. 
EB block = 37,500 

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

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

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

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

a Brabender torque taken after 10 min of mixing at 24OoC and 60 rpm. 
Determined by elemental analysis after solvent/nonsolvent purification. 
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termined using titration  method^.^,^'-^^ The acid 
concentration was analyzed by dissolving the poly- 
amide in benzyl alcohol at 110°C and titrating the 
hot solution to a phenolphthalein end point with 
0.01N KOH/benzyl alcohol. The amine concentra- 
tion was determined by poteniometric titration, first 
by dissolving the polyamide in a 15/85 methanol/ 
phenol solution for 48 h and determining the pH 
inflection point while adding a 0.01N perchloric 
acid/methanol solution. Blends of nylon 6 and rub- 
ber were analyzed for residual amine concentration 
as a means of determining the extent of reaction, 
assuming that the dominate reaction is between 
amine end groups and anhydride units to form imide 

Izod bars of the blends were cut into 
small pieces (0.5 X 0.5 cm) , dried for 24 h at 6OoC, 
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 ad- 
ditional time must be given for the perchloric acid 
solution to react and allow the pH reading to sta- 
bilize. A more detailed description of the procedure 
is presented elsewhere.8 Intrinsic viscosities were 
determined by a 100 mL Cannon-Fenske viscometer 
at 25°C using dilute solutions ( t0 .4  g/dL) of poly- 
amide in m-cresol. 

POLYAMIDE CHARACTERIZATION 

The number-average molecular weight of each nylon 
6 material was calculated from the results of end- 
group analysis and from intrinsic viscosity mea- 
surements. The correlation between intrinsic vis- 
cosity and molecular weight developed by Tuzar and 
K r a t c h o ~ i l , ~ ~  

[ a ]  = 5.26 X 10-4MO;746 ( 4 )  

using m-cresol as a solvent a t  25°C was used in this 
study. The average molecular weight, M,, was cal- 
culated by dividing Mw from eq. (1) by two; this 
assumes that each sample has the most probable 
distribution. If all end groups are either amines or 
acids, then the following applies: 

Mn = 2 / (  [NH,] + [COOH]) (5)  

The values of Mn obtained from this relation are 
plotted vs. the Mn from intrinsic viscosity in Figure 
1 ( a ) .  Additional monofunctional nylon 6 materials 
are shown for c o m p a r i ~ o n . ~ ~  The experimental data 
lie close to the theoretical 45O line except for the 

0 1 2 3 4 5 

mnx to4 from Intrinsic Viscosity 

1 o4 
240°C 
60 rpm 

2 4 6 8 10 
mw x 10-4 

Figure 1 Characterization of polyamides in Table I and 
nylon 6 materials described elsewhere (8): (a) number- 
average molecular weight determined by end-group anal- 
ysis vs. that from intrinsic viscosity (see text for details); 
(b) melt viscosity of polyamide as indicated by Brabender 
torque rheometry vs. the weight-average molecular weight 
determined from intrinsic viscosity measurements. The 
open circles designate the difunctional polyamides XPN- 
1250 and XPN-l539F, and the closed squares are mono- 
functional nylon 6 materials. 

two difunctional materials. XPN-1250 lies above the 
line, suggesting that either all the chain ends are 
not accounted for during the end-group titration 
procedure or this material was chemically modified 
in other ways. Table I shows that the two methods 
used to calculate molecular weight of XPN-1250 dif- 
fer by nearly 14%. This difference may be attributed 
to experimental error, other types of chemical mod- 
ifications, or that eq. ( 4 )  does not strictly describe 
such chemically altered nylon 6 homopolymers. 
XPN-1539F lies slightly below the theoretical 45" 
line; however, since eq. ( 1 ) was developed for nylon 
6 homopolymers values for copolymers may differ 
slightly. 

The Brabender torque values provide a measure 
of the melt viscosity for these materials and is plot- 
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ted VS. the Mw from intrinsic viscosity in Figure 
1 ( b )  . The difunctional nylons fall along the line 
established by the monofunctional nylon 6 mate- 
rials. The slope of the line is equal to 2.33, which 
is less than the value of 3.4, suggesting that the 
effective shear rate in the Brabender experiment 
is well above the low shear limit for Newtonian 
behavior. 

EFFECT OF END-GROUP CONFIGURATION 
O N  BLEND MORPHOLOGY 

Transmission electron microscopy (TEM) and im- 
age analysis techniques were used to determine the 
effect of the extent of polyamide end-group config- 
uration and the maleic anhydride content of the 
rubber phase on rubber particle size and distribution. 
Since the viscosity of the dispersed phase relative 
to that of the matrix is a critical parameter in mor- 
phology generation for both reactive and nonreactive 
s y ~ t e m s , ~ ~ - ~ '  the monofunctional control materials 
were selected based on their melt viscosities, as de- 
termined by Brabender torque response, to match 
those of the difunctional nylons. Therefore, differ- 
ences in rubber particle size and shape should be 
the result of the chemical nature of these materials 
and not rheological issues. 

Figure 2 shows TEM photomicrographs for 
blends of SEBS and the maleated SEBS-g-MA-X % 
elastomers with the copolyamide, XPN-l539F, and 
the amine-terminated nylon 6, XPN-1250. The rub- 
ber phase appears as white, nonspherical domains 
within a dark polyamide matrix with the exception 
of the blend of SEBS-g-MA-2% with XPN-1539F 
which was stained with RuOa where the rubber phase 
is dark and the matrix is white. When the maleic 
anhydride content in the rubber phase is less than 
I%, the rubber particles are large and semispherical. 
However, for maleic anhydride contents of 1% or 
greater, the rubber particles become smaller but are 
very complex and contain high levels of occluded 
polyamide; the rubber phase is in the form of strings, 
loops, and coils. As shown el~ewhere,~,~ '  the rubber 
particles for blends based on the nylon 6 control 
materials progress from large, semispherical parti- 
cles containing occluded nylon 6 when the maleic 
anhydride content is low (<1%) to very small, 
spherically shaped particles with very low amounts 
of occluded matrix material at high maleic anhydride 
contents. 

Another method of varying the amount of maleic 
anhydride in the rubber phase is to combine SEBS 
with SEBS-g-MA-2% in various ratios. Previous 

articles ' s 5  have shown that mixing a nonfunctional 
SEBS with one of high grafted maleic anhydride 
content produces behavior similar to uniformly 
grafted materials of the same maleic anhydride con- 
tent. Figure 3 shows TEM photomicrographs of 
blends of the difunctional polyamides with SEBS/ 
SEBS-g-MA-2% mixtures and the SEBS-g-MA- 
X % materials where the maleic anhydride content 
is either 0.5 or 1%. Increasing the maleic anhydride 
content reduces the rubber particle size for both 
types of elastomers, but the rubber particles in the 
blends based on SEBS / SEBS-g-MA-2% mixtures 
appear to be larger, more complex, and not as well 
dispersed as those based on the SEBS-g-MA-X % 
materials. A quantitative analysis of the rubber par- 
ticle-size distribution of these blends is shown in 
Figure 4 using cumulative distribution plots. For 
both difunctional polyamides, the rubber particles 
are larger in the case of SEBS/SEBS-g-MA-2% 
mixtures, but the distribution of sizes are very sim- 
ilar and appear to be unimodal in both SEBS rubber 
systems. Cumulative distribution plots for the 
monofunctional controls indicate that SEBS-g-MA- 
X %-type materials generate somewhat smaller par- 
ticles that are more narrow in size distribution than 
do the mixtures with SEBS.'r3' 

Blends based on EPR-g-MA with either the 
monofunctional or difunctional polyamides result 
in morphologies with complex shapes and high 
amounts of occluded matrix  material.'^^' It was 
proposed earlier that the morphology of blends with 
EPR-g-MA and SEBS-type elastomers are differ- 
ent due to the lower reactivity, higher melt elastic- 
ity of EPR-g-MA, and possibly other factors also 
caused by the structural differences between these 
 rubber^.^' 

The weight-average rubber particle sizes for 
blends of the various SEBS-g-MA-X %, SEBS/ 
SEBS-g-MA-2%, and EPR-g-MA rubber systems 
with all the polyamides from Table I are plotted in 
Figure 5 vs. the degree of maleation. For each poly- 
amide material, rubber particle size decreases as the 
maleic anhydride content increases; however, the 
particles in blends based on the nylon 6 control ma- 
terials are approximately one order of magnitude 
smaller than those for blends with the copolyamide 
or the nylon 6 with excess amine end groups. The 
rubber particle size for blends based on SEBS-g- 
MA-0.5% and SEBS-g-MA-1% with the difunc- 
tional polyamides lie below the line established by 
the SEBS / SEBS-g-MA-2% mixtures, whereas 
similar blends with the monofunctional polyamide 
controls show no difference between the two SEBS 
rubber systems. For both polyamide types, blends 
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XPN-1539F XPN-1250 

0% MA 

0.5% MA 

1% MA 

2% MA 

Figure 2 TEM photomicrographs of 20% SEBS-g-MA-X%/80% polyamide blends as a 
function of the content of maleic anhydride (X) and difunctional polyamide type: X = 0. 
0.5, 1, and 2%. The polyamide phase is stained dark with phosphotungstic acid for X = 0.5 
and 1%, and the rubber phase is stained with RuO, XPN-1539F blended with X = 2%. 

based on EPR-g-MA have larger rubber particle 
sizes than do the SEBS-type elastomers.8 Measures 
of particle-size polydispersity, &/& and &/&, are 
shown in Figure 6 vs. the maleic anhydride content 
for the SEBS-type elastomers. These ratios, repre- 
sented by the open and closed symbols, steadily de- 

crease as the maleic anhydride content of the rubber 
phase increases. For a given maleic anhydride con- 
tent, the polydispersity of rubber particle size for 
blends based on difunctional polyamides is greater 
than for blends based on the monofunctional con- 
trols. 
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XPN-1539F XPN-1250 

75% SEBS I 
25% SEBS-g-MA-2% 

50% SEBS I 
50% SEBS-g-MA-2% 

Figure 3 TEM photomicrographs of 20% SEBS/SEBS-g-MA-2% (for 25% and 50% 
SEBS-g-MA-2%) blends with 80% difunctional polyamide. The rubber phase is stained 
dark with RuOl with the exception of XPN-1250 blended with 25% SEBS-g-MA where 
the polyamide phase is stained dark with phosphotungstic acid. 

EFFECT O F  POLYAMIDE TYPE ON EXTENT 
O F  GRAFT REACTION 

From the TEM photomicrographs in Figures 2 and 
3 and the quantitative results shown in Figures 5 
and 6, it is clear that the blends of difunctional and 
monofunctional polyamides lead to very different 
morphologies when compounded in the single-screw 
extruder. Previous studies have attributed these dif- 
ferences to single-end vs. double-end grafting as- 
sociated with the two types of end-group configu- 
rations. Here, a detailed examination is made of the 
extent of grafting reaction that occurs when these 
polyamides are blended with maleated elastomers 
to assess how end-group differences may contribute 
to morphology generation. For example, the amine- 
terminated nylon 6, XPN-1250, has a larger number 
of amine end groups than does its monofunctional 
control (72.6 vs. 54.0 peq/g), which potentially 
could affect the number of graft reactions with ma- 
leic anhydride in addition to the nature of the graft- 
ing. Also, XPN-1250 presumably has more chains 
with two amine end groups than does the copolyam- 
ide XPN-1539F which may influence the morphol- 
ogy. While it is difficult to determine differences in 
crosslinking-type reactions that occur with XPN- 
1250 or XPN-l539F, it is possible to monitor the 

amine concentration after blending with the ma- 
leated elastomers and, thus, to compare their extent 
of reaction. 

The titration technique outlined earlier was used 
to determine the number of amine end groups be- 
fore and after blending each polyamide with EPR- 
g-MA and the three SEBS-g-MA-X % elastomers. 
The discussion above assumes that the predominate 
reaction is between the amine groups and the maleic 
anhydride in the rubber phase to form imide link- 
ages; however, other reactions may occur which can 
either produce or consume amine g r o ~ p s . ' ~ , ~ ~  Ex- 
periments using nylon 6 and low molecular weight 
anhydrides showed that hydrolysis and condensa- 
tion reactions can become significant at long mixing 
times (> lo  min)27; however, the mixing times used 
here were short, so these reactions should have little 
effect on the amine concentration during melt pro- 
c e s ~ i n g . ~ , ~ ~  On this basis, the loss of amine groups 
can be directly related to imide linkages formed. 
Figure 7 shows that in all cases the absolute num- 
ber of amine groups consumed during blending in- 
creases as the maleic anhydride content of the 
rubber phase increases. The greatest difference be- 
tween polyamide types is seen at a maleic anhydride 
content of 1.84% (SEBS-g-MA-2%). In each com- 
parison, more amine end groups react with maleic 
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XPN-1539F 
a- 99 

I I , , , , , , , I  I I , , . ,  
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Particle Size (pm) 

I ' ' ' " " ' 1  ' ' ' " " ' 1  ' ' ' ""I 
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0- 

50 
XPN. 

.1250 

75% SEES125% SEES-g.MA-2% 
m o o  m 5096 SEBSISOX SEBS-g-MA-Z% - 

0 SEES-g-MA-0.5% 
0 SEES-gMA-l% 7 
0 SEES-g-MA-0.5% 
0 SEES-gMA-l% 

0.01 0.1 1 10 

Particle Size (pm) 

Figure 4 Cumulative apparent particle-size distribu- 
tions for 20% SEBS-g-MA-X% (where X = 0.5 and 1%) 
and 20% SEBS/SEBS-g-MA-2% (for 25% and 50% SEBS- 
g-MA-2%) blends with 80% difunctional polyamide: (a) 
XPN-1539F (b) XPN-1250. The two rubber systems being 
compared contain approximately 0.5 and 1% maleic an- 
hydride by weight. 

anhydride for the difunctional polyamide materials 
than for their monofunctional controls. For the 
other SEBS-g-MA-X '36 materials (0.5 and 1% ) , 
the reaction is nearly complete, i.e., the number 
of amine groups consumed is approximately equal 
to the number of maleic anhydride groups avail- 
able for reaction. There is a large excess of amine 
groups relative to maleic anhydride groups when 
the rubber phase contains 0.5 and 1% MA, which 
evidently leads to a very efficient reaction. How- 
ever, a t  MA = 1.84%, the number of amine groups 
consumed is noticeably less than is the available 
maleic anhydride content. In this case, the initial 
number of amine groups for these two polyamides 
are similar to the initial number of maleic anhy- 
dride units. 

The failure to achieve complete consumption of 
the available anhydride units may be influenced by 
the lack of an excess of amine units to drive the 
reaction, but one cannot rule out the possibility that 

to some extent graft reactions may be somewhat self- 
limiting. As more grafting occurs, it may be difficult 
for additional chain ends to reach the interface for 
conformational or rheological ( a  large increase in 
melt viscosity accompanies grafting) reasons. In all 
cases, the amount of amine groups consumed in the 
blend with SEBS-g-MA-2% is somewhat larger for 
the difunctional polyamides than for the mono- 
functional controls. The extent of reaction with 
EPR-g-MA with each polyamide is less than ex- 
pected for an SEBS-g-MA material of similar maleic 
anhydride content. The lower extent of reaction of 
the EPR-g-MA-based elastomer has been observed 
and discussed previo~s ly .~~ 

Figure 8 compares the change in amine concen- 
tration for blends of SEBS-g-MA-2% with various 
molecular weight monofunctional nylon 6 materi- 
a l ~ . ~ ~  The absolute number of amine groups that 
react during blending decreases as the molecular 
weight increases, but, clearly, blends based on XPN- 

5 
IuL 

l o k ,  I , ,  I , ,  , , , , , , , , , , , , g  

1 

0.1 

0 1 2 
%MA 

0.01 1 '  " " " " I '  " " " " I 

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-g- 
MA with difunctional and monofunctional polyamides in 
the ratio of 20% rubber/80% polyamide: (a) XPN-1539F 
and Capron 82073; (b) XPN-1250 and B2. 
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Figure 6 Effect of maleic anhydride content on the polydispersity of rubber particle size 
for blends of SEBS-g-MA-X% and SEBS/SEBS-g-MA-2% with difunctional and mono- 
functional polyamides in the ratio of 20% rubber/80% polyamide: (a) XPN-1539F (b) 
Capron 8207F; (c) XPN-1250; (d) B2. 

1250 and XPN-1539F have larger changes in amine 
concentration or a greater number of grafting re- 
actions than do corresponding monofunctional ny- 
lon 6 materials [see Fig. 8 ( a )  ] . However, as shown 
in Figure 8 ( b )  , on a fractional basis, the number of 
amine end groups reacting is similar for both mono- 
functional and difunctional polyamides because of 
the higher initial amine concentration for the di- 
functional materials. The fraction of amine groups 
that reacted, or the extent of amine reaction, is de- 
fined as 

Extent of amine reaction 

where the subscripts " o ~ '  refer to the initial amount, 
and b , to the amount after compounding and molding. 

Torque rheometry provides useful information 
regarding the nature of the differences in the grafting 
reactions exhibited by difunctional nylons vs. 
monofunctional p o l y a m i d e ~ . ' * ~ , ~ ~ - ~ ~  Figure 9 shows 
Brabender torque responses for blends of the three 
SEBS-g-MA-X % elastomers with the polyamides 
in Table I. Of course, the torque increases with the 
maleic anhydride content of the rubber phase in all 
cases. XPN-1539F-based blends have a higher 
torque during the initial 5 min than those for Capron 
8207F. Subsequently, the torque of the blends based 
on XPN-1593F decreases to similar values as those 
for Capron 8207F, suggesting that the complex, 
crosslink structure of the former may be broken 
down with time. The torques for blends with XPN- 
1250 are significantly higher than those with its 
control, B2, for maleic anhydride contents greater 
than 0.5%. The torques generated for blends based 
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Figure 7 Effect of maleic anhydride content of the rub- 
ber phase on the extent of amine reaction in 20% rubber/ 
80% polyamide blends for the rubbers EPR-g-MA and 
SEBS-g-MA-X%, following melt compounding and injec- 
tion molding. The difunctional polyamide and its mono- 
functional control are compared as follows: (a) XPN- 
1539F and Capron 8207F; (b) XPN-1250 and B2. 

on XPN-1250 are greater than those for XPN- 
1539F; this implies that the polyamide enriched in 
amine chain ends, XPN-1250, has a larger fraction 
of chains with two amine groups than does the co- 
polyamide, XPN-l539F, since in the case of blends 
based on SEBS-g-MA-0.5% and SEBS-g-MA-196, 
approximately the same number of amine groups 
reacted for each polyamide. It is interesting to note 
that the rubber particle size for blends based on the 
copolyamide, XPN-l539F, with SEBS-g-MA-X %, 
where X = 0.5 and 1%, are twice as large as those 
for similar blends generated with the polyamide that 
has been amine-terminated, XPN-1250, but the sizes 
are nearly identical when X = 2%. One possible ex- 
planation is that the higher melt viscosity of the 
XPN-1250 blends generates more stress on the rub- 
ber phase during dispersion, producing smaller rub- 
ber particles. As shown later, this relative relation- 
ship in rubber particle size between the two difunc- 

tional polyamides is maintained even when the 
blends are compounded in a twin-screw extruder. 
Regardless, both difunctional polyamides produce 
blends having rubber particle sizes that are larger 
than their monofunctional control. 

EFFECT OF POLYAMIDE TYPE ON 
TOUGHNESS 

Figure 10 shows the room-temperature Izod impact 
strength for blends of the polyamides with each rub- 
ber system as a function of maleic anhydride content 
of the rubber phase over the available range. For 
blends based on SEBS/SEBS-g-MA-2% mixtures, 
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Figure 8 Effect of polyamide molecular weight and type 
on the amount of amine end groups that react with maleic 
anhydride in 20% SEBS-g-MA-2%/80% polyamide blends, 
following melt compounding and injection molding, ex- 
pressed as (a) the change in amine end group concentration 
as a result of blending and (b) the extent of reaction as 
defined in eq. (6). The open circles designate the difunc- 
tional polyamides, XPN-1250 and XPN-l539F, and the 
closed squares denote the monofunctional nylon 6 mate- 
rials. 
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Figure 9 Brabender torque response (at 24OOC and 60 
rpm) for blends of 20% SEBS-g-MA-X%/80% polyamide 
for X = 0.5, 1, and 2%. The difunctional polyamide and 
its monofunctional control are compared as follows: (a) 
XPN-1539F and Capron 8207F; (b) XPN-1250 and B2. 

the difunctional polyamides lead to a plateau impact 
strength of approximately 1300 J / m  at  a maleic an- 
hydride content near 1%, whereas for blends with 
the monofunctional controls, the impact strength 
reaches a maximum value of approximately 1100 J /  
m at  0.25% MA and then declines as the level of 
maleation is increased. For blends based on SEBS- 
g-MA-X %-type elastomers (see open circles in Fig. 
l o ) ,  the impact strength for the monofunctional 
controls fall below the curve established by the 
blends based on the SEBS/SEBS-g-MA-2% mix- 
tures but lie above the curve when compounded with 
the difunctional polyamides. For blends based on 
EPR-g-MA, the room-temperature Izod impact 
strength is higher for the difunctional polyamides 
than for the nylon 6 controls. 

Previous suggested that rubber 
particle size or interparticle distance 16945 are con- 
trolling parameters for toughening polyamides. In 
this study, the weight fraction of rubber has been 

held constant, making the interparticle distance de- 
pendent only on the rubber particle size, as calcu- 
lated in the usual way.45 On this basis, the room- 
temperature Izod impact strength is plotted as a 
function of the weight-average particle size in Figure 
11. Blends based on the SEBS-g-MA-X% and 
SEBS/SEBS-g-MA-2% rubber systems have iden- 
tical impact strength when compared at  constant 
rubber particle size when the maleic anhydride con- 
tent is 1% or greater. However, blends based on 
SEBS-g-MA-0.5% always have a somewhat lower 
impact strength (see circles below the curves drawn 
in Fig. 11) than that of SEBS/SEBS-g-MA-2% 
mixtures of an equivalent rubber particle s ize .8~~~ The 
blends based on the monofunctional nylon 6 ma- 
terials show an upper and lower size limit for tough- 
ening; however, because rubber particles less than 
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Figure 10 Effect of rubber-phase maleic anhydride 
content on room-temperature Izod impact strength for 
blends of EPR-g-MA, SEBS-g-MA-X%, and SEBS/ 
SEBS-g-MA-2% with difunctional and monofunctional 
polyamides in the ratio of 20% rubber/80% polyamide: 
(a) XPN-1539F and Capron 82073; (b) XPN-1250 and B2. 
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0.2 pm could not be generated with the difunctional 
polyamides, it was not possible to investigate the 
lower particle size limit for these materials. In gen- 
eral, blends based on EPR-g-MA with the various 
polyamides in Table I have a lower room-tempera- 
ture Izod impact strength than do blends with the 
various SEBS-type elastomers at an equivalent rub- 
ber particle size. 

The Izod impact strength of these blends was also 
measured as a function of temperature. Figure 12 
shows such plots for blends based on SEBS/SEBS- 
g-MA-2% with the following rubber-phase compo- 
sitions: 0, 25, 50, 75, and 100% SEBS-g-MA-2%; 
data for other compositions and rubber types can 
be found elsewhere? In general, Figure 12 shows that 
blends based on the difunctional polyamides have a 
higher Izod impact strength above the ductile-brittle 

transition temperature than those based on the 
monofunctional controls. Below the ductile-brittle 
transition temperature, the impact strength is rel- 
atively constant regardless of polyamide type. 

Ductile-brittle transition temperatures, as de- 
fined earlier, deduced from plots like those in Figure 
12 are shown in Figure 13 as a function of the maleic 
anhydride content of the rubber phase. For blends 
based on either SEBS-g-MA-X % or SEBS/SEBS- 
g-MA-2% mixtures, the ductile-brittle transition 
temperature monotonically decreases with increas- 
ing maleic anhydride content of the rubber phase 
and eventually reaches a plateau region that is de- 
pendent on the polyamide type. The amount of ma- 
leic anhydride required to reach the plateau for 
blends with the difunctional polyamides is three 
times greater than that for the monofunctional con- 
trols. For Capron 8207F, the ductile-brittle transi- 
tion temperature goes through a narrow plateau re- 
gion and then increases when the maleic anhydride 
content exceeds about 1.5%. As shown previously, 49 

the ductile-brittle transition temperatures for blends 
based on SEBS-type rubbers are restricted to a lower 
limit of -20°C due to their mechanical properties 
at low temperatures. However, blends of EPR-g-MA 
with the monofunctional polyamide controls attain 
ductile-brittle transition temperatures as low as 
-35"C, whereas blends based on the difunctional 
polyamides never achieve values below -20°C when 
compounded in a single-screw extruder. 

The ductile-brittle transition data from Figure 
13 are replotted as a function of the weight-average 
rubber particle size in Figure 14. For blends of the 
monofunctional nylon 6 materials with the SEBS 
rubber systems, the ductile-brittle transition tem- 
perature decreases as the weight-average rubber 
particle size decreases and reaches a plateau.8~~~ 
However, for blends based on Capron 8207F, there 
is a sharp increase in the ductile-brittle transition 
temperature when the rubber particle size is less 
than 0.1 pm.49 For blends based on the difunctional 
polyamides, the ductile-brittle transition tempera- 
ture shows a monotonic decrease with little or no 
indication of a plateau region. On the basis of pre- 
vious studies using SEBS rubber systems,49 one 
would also expect a plateau region to occur for blends 
with the copolyamide and amine-terminated nylon 
6 if the rubber particle size could be reduced below 
0.2 pm. It is significant to note that the ductile- 
brittle transition temperatures for blends based on 
XPN-1539F are always less than those formed from 
Capron 8207F at the same rubber particle size, sug- 
gesting that the former may be inherently tougher 
than the latter. The copolyamide has a lower degree 
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Figure 12 Effect of rubber-phase maleic anhydride content on Izod impact strength vs. 
temperature for blends of SEBS/SEBS-g-MA-2% with difunctional and monofunctional 
polyamides in the ratio of 20% rubber/80% polyamide where the SEBS-g-MA-2% percentage 
of the rubber phase is varied (a) XPN-1539F; (b) Capron 8207F; (c) XPN-1250; (d) B2. 
Data are shown here only for selected mixtures; more complete data are available elsewhere? 

of crystallinity and tensile modulus than those of 
Capron 8207F, which, based on certain criteria for 
toughening polyamides, 50-55 suggests that the co- 
polymer should be easier to toughen. Comparing 
XPN-1250 with B2, the ductile-brittle transition 
temperature is lower for blends with XPN-1250 only 
when the rubber particle size is less than 0.3 pm. 
Each of the polyamides in Table I lead to signifi- 
cantly lower ductile-brittle transition temperatures 
when blended with EPR-g-MA then when blended 
with SEBS-type rubbers at an equivalent rubber 
particle size. 

EFFECT OF EXTRUDER TYPE ON BLEND 
MORPHOLOGY AND TOUGHNESS 

Previous studies have shown that compounding re- 
active blends based on nylon x ,  y-type materials in 

an appropriate twin-screw extruder, rather than the 
current single-screw extruder, can reduce the com- 
plexity and size of the rubber particles? This has 
been attributed to the higher mixing intensity avail- 
able in corotating twin-screw extruders. On this ba- 
sis, the reactive systems described earlier for single- 
screw extrusion should have an increased probability 
of reaction and improved dispersion resulting in a 
finer morphology. 

The Baker-Perkins twin-screw extruder used in 
this study was operated at  280°C and 175 rpm. It 
was necessary to operate the twin-screw extruder a t  
higher temperatures than the single-screw extruder 
(280 vs. 240°C) and to restrict the maleation content 
of the rubber phase to 1% or less to lower melt vis- 
cosity in order not to exceed the torque limit of the 
small twin-screw extruder. For blends based on the 
amine-terminated nylon 6, XPN-1250, only the 
elastomers SEBS-g-MA-0.5% and SEBS-g-MA-1% 
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Figure 13 Effect of rubber-phase maleic anhydride 
content on the ductile-brittle transition temperature 
for blends of SEBS/SEBS-g-MA-2%, SEBS-g-MA-X%, 
and EPR-g-MA with difunctional and monofunctional 
polyamides in the ratio of 20% rubber/80% poly- 
amide: (a) XPN-1539F and Capron 8207F; (b) XPN- 
1250 and B2. 

were used. The copolyamide XPN-1539F and its 
monofunctional control were blended with the same 
two SEBS-g-MA-X % elastomers and EPR-g-MA. 
Blends of Capron 8207F were run under identical 
conditions as blends of XPN-1539F to determine 
whether changes in the morphology (or properties) 
were a result of either the higher processing tem- 
perature or the higher mixing intensity of the twin- 
screw extruder. 

Tables 111 and IV show the results for blends with 
XPN-1539F and XPN-1250 compounded in the 
single- vs. the twin-screw extruder. There is a sig- 
nificant reduction in the rubber particle size and 
narrowing of the size distribution when the twin- 
screw extruder is used, whereas the mechanical 
properties' and toughness are essentially the same 
regardless of extruder type. Figure 15 shows TEM 
photomicrographs which compare the morphology 

of blends based on the two SEBS-g-MA-X % elas- 
tomers with the difunctional polyamides when com- 
pounded in the single- and twin-screw extruders. 
Clearly, the twin-screw extruder reduces the com- 
plexity and size of the rubber particles for these 
blends. Figure 16( a )  shows that the Izod impact 
strength vs. the temperature relationship for blends 
with XPN-1250 are not affected by the extruder 
type. A reduction in the ductile-brittle transition 
temperature for blends of the amine-terminated ny- 
lon 6 with either of the SEBS-g-MA-X % elastomers 
was not expected since the values attained by the 
blends generated in the single-screw extruder are 
already at the limits for these  material^.^' However, 
reducing the rubber particle size for the blend of 
SEBS-g-MA-1% with XPN-1539F resulted in a 
10°C reduction in the ductile-brittle transition 
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Figure 14 Effect of weight-average rubber particle 
diameter on the ductile-brittle transition temperature 
for blends of SEBSISEBS-g-MA-2%, SEBS-g-MA-X%, 
and EPR-g-MA with difunctional and monofunctional 
polyamides in the ratio of 20% rubber/80% polyamide: 
(a) XPN-1539F and Capron 8207F; (b) XPN-1250 
and B2. 
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Table I11 
in Single- and Twin-screw Extruders 

Characteristics of Blends Based on XPN-1250 Compounded 

SEBS-g-MA-0.5% SEBS-g-MA-l% 

Single Twin Single Twin 

a,, (wn) 
h (wn) 
d, (irm) 
d W / &  

2" /ct, 
Izod impact (J/m)* 
Ductile-brittle transition 

temperature ("C) 

0.25 
0.41 
1.61 
1.68 
6.53 

907 

0 

0.23 
0.29 
0.40 
1.23 
1.71 

1065 

-5 

0.20 
0.25 
0.37 
1.24 
1.87 

1355 

-20 

0.09 
0.11 
0.14 
1.16 
1.54 

1370 

-20 

Values at 24OC. 

temperature as seen in Figure 16 ( b )  . No significant 
changes in either the rubber particle size or tough- 
ness is observed for the similar blends with Capron 
8207F. 

For the blends based on EPR-g-MA with XPN- 
1539F and Capron 8207F, the shape of the rubber 
phase is complex and contains occluded matrix ma- 
terial, regardless of extruder type? When blended 

Table IV 
in Single- and Twin-Screw Extruders 

Comparison of Blends Based on XPN-1539F and 8207F Compounded 

Ductile-brittle 
transition 

Extruder a n  4 a" Izod' temperature 
Nylon Type (wd (w) (pm) &/& d" /& (J/m) ("C) 

20% SEBS-g-MA-0.5%/80% nylon 

XPN-1539F Single" 0.39 0.57 0.98 1.48 2.53 1130 -10 
XPN-1539F Twinb 0.25 0.32 0.45 1.25 1.80 1132 -10 
8207F Twinb 0.22 0.28 0.43 1.26 1.95 739 -5 
8207F Single" 0.17 0.20 0.25 1.18 1.47 579 5 

20% SEBS-g-MA-1%/80% nylon 

XPN-1539F Single" 0.28 0.41 0.81 1.48 2.89 1359 -10 
XPN-1539F Twinb 0.14 0.20 0.34 1.36 2.35 1225 -20 
8207F Twinb 0.08 0.09 0.10 1.08 1.25 410 -10 
8207F Single" 0.08 0.09 0.1 1.05 1.17 357 0 

20% EPR-g-MA/80% nylon 

XPN-1539F Single" 0.35 0.50 1.07 1.43 3.03 1130 -20 
XPN-1539F Twinb 0.20 0.26 0.42 1.3 2.09 1124 -35 

8207F Single" 0.17 0.20 0.28 1.18 1.65 524 -35 
8207F Twinb 0.29 0.26 0.46 1.36 2.39 583 -40 

a Processed at 240°C. 
Processed at 280°C. 

'Value at 24°C. 
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Figure 15 TEM photomicrographs of 20% SEBS-g-MA-X%/80% polyamide blends for 
X = 0.5 and 1% MA when compounded in a twin-screw extruder with the difunctional 
polyamides XPN-1539F and XPN-1250. The polyamide phase is stained dark with phos- 
photungstic acid. 

in the twin-screw extruder, the rubber particle size 
is reduced by a factor of two for the XPN-1539F 
blend which decreases the ductile-brittle transition 
temperature of the blend from -20 to -35°C (see 
Fig. 17). Based on previous a similar re- 
duction in the ductile-brittle transition temperature 
would be expected for the blend of EPR-g-MA with 
XPN-1250 if the particle size could be reduced by 
blending in the twin-screw extruder. The toughness 
of the blend based on Capron 8207F did not change 
since the rubber particle size produced in the twin- 
screw extruder was the same as that from the single- 
screw extruder. 

From the above results, it can be concluded that 
the higher processing temperatures and mixing inten- 
sity has little affect on the rubber particle size or me- 
chanical properties for blends with Capron 8207F, but, 
evidently, the higher mixing intensity produced in the 
twin-screw extruder is needed to reduce the rubber 
particle size and distribution for blends of XPN-1250 
and XPN-1539F with maleated elastomers. 

CON CLU S I0 N S 

This study of the effects of polyamide end-group 
configuration and the maleic anhydride content of 

the rubber on blend morphology and mechanical 
properties has led to the following conclusions: In 
a single-screw extruder, blends with the two di- 
functional polyamides, a copolyamide containing 
15% nylon 6,6 and an amine-terminated nylon 6, 
produce rubber particles that are larger, more 
complex, and contain occluded matrix material, 
whereas blends based on the monofunctional nylon 
6 control materials of equivalent melt viscosity have 
very small, spherical elastomeric particles. This 
difference in morphology was attributed to the 
crosslinking-type effects from the fraction of chains 
with two amine end groups that can react with the 
maleic anhydride in the rubber phase. Analysis of 
amine group content before and after blending re- 
vealed that a greater number of amine groups react 
with EPR-g-MA and SEBS-g-MA-2% elastomers 
in the case of the difunctional polyamides than for 
blends with the monofunctional nylon 6 materials. 
Torque rheometry revealed that blends with the 
difunctional polyamides produce higher melt vis- 
cosities than do similar blends with the monofunc- 
tional controls due to the crosslinking-type graft 
reactions. 

Blends based on the difunctional polyamides 
have higher room-temperature Izod impact strength 
than those for the corresponding control materials; 
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however, subambient toughness depends mainly 
on the inherent ductility of the matrix material. 
The copolyamide, XPN-l539F, has a lower degree 
of crystallinity and tensile modulus than does 
its monofunctional control, which is believed 
to cause blends with the former to have lower 
ductile-brittle transition temperatures at  the 
same rubber particle size than do blends with the 
latter. 

Use of a twin-screw extruder was used to reduce 
the size and complexity of the rubber phase for 
blends with the difunctional polyamides. The re- 
duction in rubber particle size for blends with the 
copolyamide resulted in lower ductile-brittle tran- 
sition temperatures. Blends based on the mono- 
functional control for the copolyamide showed no 
appreciable differences in morphology or toughness 
when compounded in the single- vs. twin-screw ex- 
truders. 
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Figure 17 Effect of extruder type on Izod impact 
strength vs. temperature for 20% EPR-g-MA/80% di- 
functional polyamide (XPN-1539F) blends. 
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