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Rubber toughening of an amorphous polyamide (Zytel 330 from DuPont), a-PA, 

using various maleated elastomers via standard notched Izod impact testing was 

investigated and the results were compared and contrasted with those of nylon 6. These 

elastomers used include a triblock copolymer, hydrogenated styrene-butadiene-styrene, 

SEBS, with its maleated version, SEBS-g-MA, an ethylene/propylene copolymer, EPR, 

with its maleated version, EPR-g-MA, and an ethylene/1-octene copolymer, EOR, with 

its maleated versions, EOR-g-MA-X% where X is 0.35, 1.6 or 2.5. Comparison of 

fracture behavior, as characterized by both linear elastic fracture mechanics techniques 

and the essential work of fracture methodology, between a-PA and nylon 6 toughened 

with maleated EOR elastomers was also studied as a function of ligament length, rubber 

content, rubber particle size and test temperature. 

The morphology (particle size and its distribution) of the rubber phase was 

studied as a function of the level of maleation and the rubber type. Rubber particle size 

can be well controlled by varying the proportions between the two elastomer components 

in blends based on mixtures of SEBS-g-MA/SEBS or EPR-g-MA/EPR; morphology 
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development is more complex in EOR-g-MA/EOR system because of co-existence of 

immiscibility and kinetic factors. The immiscibility between these EOR elastomers was 

examined via transmission electron microscopy; the miscibility boundary occurs at ∆ (% 

MA) = 0.9~1.25%. Bimodality in particle size emerges in some cases. 

The room temperature Izod impact strength and the ductile-brittle transition 

temperature (Tdb) of these blends were found to be strongly dependent on the rubber 

content, rubber particle size, the rubber type and the matrix type. Either a lower limit or 

an upper limit in particle size or both for effective toughening may appear depending on 

the rubber type and the matrix type. For some marginally tough blends of a-PA, far end 

samples were observed to be tougher than gate end specimens. Higher rubber content led 

to a lower Tdb; Tdb generally decreased and reached a minimum then increased with 

rubber particle size depending on the rubber type. 

Fracture behavior of the blends was shown to depend on ligament length, rubber 

content, rubber particle size, and test temperature. Typically, shorter ligament lengths, 

higher rubber content, medium particle sizes and higher test temperatures lead to ductile 

fracture. Linear elastic fracture mechanics (LEFM) technique was found to well 

characterize brittle samples while the essential work of fracture methodology was shown 

to quantify ductile specimens well. 

In many ways, the trends for a-PA are rather similar to those for nylon 6, 

implying that any role of the matrix crystalline structure must be of second importance in 

toughening. However, the a-PA appears to be more easily toughened and achieves higher 

level of toughening when particle morphology is optimized. This may be due, in part, to 

the lack of crystallinity in a-PA but issues of molecular structure (entanglement density, 

chain dynamics, viscoelastic effects, etc.) cannot be ruled out. 
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Chapter 1: Introduction 

Polyamides are among the commercially most significant crystalline engineering 

thermoplastics because of their high performance characteristics such as competitive 

mechanical properties and ductility, as well as their excellent resistance to solvents, 

fatigue, and abrasion [1]. However, like other engineering thermoplastics, polyamides 

also have numerous deficiencies, e.g, high water sorption, marginal heat distortion 

temperatures, notch sensitivity, i.e., polyamides are ductile in the unnotched state but fail 

in a brittle matter when notched. Some of these deficiencies may be reduced by reacting 

the end-groups of the polyamides, the amine and carboxyl groups, with functionalities, 

e.g., anhydride, acids, etc. of another species to improve specific properties while still 

fairly maintaining other properties; for example, the impact strength of polyamides like 

nylon 6 or nylon 66 can be improved by ten fold via reactive blending with maleic 

anhydride functionalized ethylene/propylene elastomer copolymers. 

 BACKGROUND 

A significant body of work has been reported on toughening of semi-crystalline 

polyamides using a dispersed elastomer as the second phase [2-24]. Typically, maleated 

elastomers are blended with polyamides to generate graft or block copolymers in situ via 

interfacial reactions [2-29] between the amine end groups of the polyamides and maleic 

anhydride groups of the maleated elastomers. These copolymers, acting as a 

compatiblizer, facilitate formation of a finer morphology by reducing the interfacial 

tension and retarding the rate of coalescence of dispersed particles by steric stabilization. 

In addition, these copolymers also strengthen the interfacial adhesion between the 

polyamides and the elastomer phase and are, thus, more conducive to stress transfer 

between different phases in the blend. In general, the rubber particles act as stress 
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concentrators to relieve the triaxial stress imposed during impact by cavitation triggering 

extensive shear yielding of the polyamide matrix phase between rubber particles [30-36]. 

The earlier work [4, 6, 11, 12, 21, 30, 37] in the field focused on the roles of rubber 

particle size and dispersion, the shear modulus and the glass transition temperature of the 

elastomer, and elastomer content and type. Maleic anhydride modified 

ethylene/propylene based elastomers were extensively used. It had been shown that the 

presence of maleic anhydride caused a dramatic reduction in rubber particle size and a 

toughened polyamide was obtained as the rubber concentration was higher than about 20 

wt%; Wu reported that the presence of EP-g-MA influenced the phase structure and 

interfacial adhesion [4]. Based on the results of rubber-toughened nylon 66, Wu proposed 

that the surface-to-surface interparticle distance [4] was the most critical factor for 

controlling impact strength; in order for the blend to be tough, the interparticle distance 

must be smaller than a critical value that is independent of rubber phase volume fraction 

and particle size and is a property of the matrix alone. 

In nylon 6 blends with EPR-g-MA, Borggreve and co-workers [30, 38] 

demonstrated that the ductile-transition temperature was lowered by increasing the rubber 

content and decreasing the rubber particle size. The elastomer modulus affected the 

toughening efficiency of rubber-modified blends of polyamides. It was demonstrated that 

at a constant rubber volume or particle size, the elastomers with the lowest moduli 

generated the lowest ductile-brittle transition temperature and higher impact strength at 

room temperature. The glass transition temperature of an elastomer was shown to be an 

influential factor for toughening; a lower ductile-brittle temperature could be achieved as 

the glass transition temperature was low enough (< 50 oC) so that the elastomer phase 

still remained in the rubbery state at low temperatures.  
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Later, work on toughening of polyamides using styrene-based triblock copolymer 

(SEBS) with a hydrogenated mid-block and a maleated version, SEBS-g-MA,was 

extensively reported [11, 12, 18, 19, 21, 39]. A significant difference in blend 

morphology was found between nylon 6 and nylon 66 where the former showed fine, 

spherical and regular rubber particles while large, irregular particles with occlusions were 

seen in the latter. Such differences were attributed to the end-group configuration in that 

nylon 6 has one amine group per chain, i.e., an attachment per chain whereas some of the 

chains of nylon 66 have two amine groups, i.e., two attachments per chain that may form 

bridges, loops, i.e, ‘cross-linking effect’. Subsequent work on other nylon x and nylon x, 

y blends corroborated the above argument. A wide range of rubber particle size can be 

obtained by using a mixture of maleated and non-maleated SEBS with varying 

proportions. The binary blend of nylon 6 with SEBS-g-MA was shown to be brittle; 

however, super-toughness can be achieved in ternary blends of nylon 6 with SEBS-g-

MA/SEBS having appropriate compositions. The order of mixing was shown to be 

unimportant for toughening in this elastomer system. Unlike the case of nylon 6, the 

nylon 66 binary blends with SEBS-g-MA were found to be super-tough; addition of 

SEBS for forming ternary blends leads to poorer toughness. 

The mixing intensity, i.e., the extruder type shows only negligible difference in 

impact strength for ternary blends of nylon 6 with maleated and non-maleated SEBS 

while in general a twin screw extruder is required to generate super-tough blends of nylon 

66 [39]. The physical interaction [21], CH2/NHCO, affects the morphology (rubber 

particle size) in binary blends of nylon x, y with SEBS-g-MA; the rubber particle size 

decreases with the CH2/NHCO ratio as the rheological property is fixed. However, the 

rubber particle size of blends of nylon x with SEBS-g-MA does not seem to depend on 

this ratio. 
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Certain core-shell rubbers and acrylonitrile-butadiene-styrene (ABS) copolymers 

[40-45] have also been used to toughen polyamides. Room temperature super-toughness 

may be obtained after carefully selecting a compatibilizer. Control of dispersion of the 

rubber phase is shown to be the key to lead to effective toughening in those blends. These 

two types of elastomers are not capable of generating as low ductile-brittle transition 

temperatures as maleated EPR and SEBS can achieve. 

In addition to the studies of nature of the rubber phase and factors that affect 

morphology generation, the effect of the nature of the polyamide (nylon 6) phase on 

toughening has been recently reported [21-24, 46, 47]. The molecular weight of 

polyamides significantly influences the morphology, impact strength and the ductile-

brittle transition temperature. The polyamides of higher molecular weights were shown to 

generally lead to smaller rubber particle sizes. The upper and low particle size limits for 

super-tougheness also depend on the molecular weight of the polyamide. Higher 

toughness can be generally obtained from higher molecular weight nylon 6 materials. At 

constant maleic anhydride content of the rubber or at constant rubber particle size, it was 

demonstrated that the ductile-brittle transition temperature decreases with an increase of 

molecular weight of nylon 6. It was also shown that EPR based elastomers always 

generate lower ductile-brittle transition temperatures (up to -50 oC) than SEBS based 

rubbers, which is related to the low temperature mechanical properties of the rubber 

phase. 

Extensive efforts have been made to examine the deformation (toughening) 

mechanisms [2, 32, 48-51]. The bulk of the literature [32, 48, 51] supports the idea that 

cavitation of the rubber phase and the subsequent triggering of shear yielding of the 

matrix due to relief of the triaxial stress is the dominant mechanism for rubber-toughened 

polyamides. However, craze formation in nylons as well as fibrillation within the 
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polyamide phase has also been reported [2, 49, 50]. More recently, the role of crystalline 

structure of the polyamide matrix in ways that facilitates toughening has been reported 

[52]. Leibler et al. [53] addresses this issue via experiments showing that crystalline 

organization plays a determinant role in toughening. 

SCOPE AND ORGANIZATION OF THIS DISSERATION 

The above discussion shows that rubber toughening of semi-crystalline 

polyamides has been investigated extensively. Previous studies have focused mainly on 

how the nature of the rubber phase and polyamides matrix and factors that affect the 

morphology development, e.g., degree of maleation, rheological properties of the two 

phases, processing parameters, etc., influence toughening, and what deformation 

mechanisms might be associated with the morphology of the two phases. However, how 

the crystalline structure and crystalline organization of the polyamide matrix and the 

inter-relation of the morphology of both the rubber phase and the semi-crystalline 

polyamide matrix phase determine toughening still remains unanswered unambiguously. 

This dissertation explores the effects of crystalline structure and architecture of the 

polyamide phase on toughening by comparing the toughening response of an amorphous 

polyamide (Zytel 330 from DuPont) with previously well-investigated semi-crystalline 

polyamides like nylon 6 and nylon 66 using maleated triblock and random copolymer 

elastomers. Also, the effect of the nature of rubber phase on toughening is investigated. 

In addition, the difference of the fracture behavior between the two types of polyamides 

toughened with selected elastomers is studied. 

This dissertation consists of seven chapters. Chapter 2 describes the experimental 

procedures and techniques used in this work. Chapter 3 explores rubber toughening of the 

amorphous polyamide by maleic anhydride functionalized SEBS rubbers. Chapter 4 

focuses on elastomer particle morphology in ternary blends of maleated and non-
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maleated ethylene-based elastomers with polyamides, i.e., the role of elastomer phase 

miscibility. These elastomers contain an ethylene/propylene random copolymer (EPR) 

and its maleated version, EPR-g-MA, and an ethylene/1-octene random copolymer 

(EOR) and its maleated versions EOR-g-MA-X% where X is 0.35, 1.6 or 2.5 wt%. The 

polyamides used include an amorphous (Zytel 330) and a semi-crystalline polyamide 

(nylon 6). Transmission electron microscopy is used to examine the morphology. Chapter 

5 investigates the effect of these elastomers on the Izod impact strength as a function of 

temperature for these two classes of polyamides to determine the effect of rubber particle 

size, particularly the upper and lower critical particle size on toughening at room 

temperature, and on the ductile-brittle transition temperature. Comparisons between these 

three types of elastomers for toughening each of the two polyamides are made. Chapter 6 

focuses on facture behavior of selected blends of maleated EOR elastomers with the two 

polyamides as a function of ligament length, rubber content, rubber particle size and test 

temperature using both the linear elastic fracture mechanics (LEFM) approach and the 

essential work of fracture (EWF) methodology. 

Chapter 7 summarizes the main conclusions of this work and makes 

recommendations for future studies. Appendix A shows supplemental data of Izod impact 

strength versus temperature generated by single screw extrusion related to Chapter 3. 

Appendix B compares the relation of Izod impact versus temperature between a-PA and 

nylon 6 with different molecular weights. Appendix C contains supplemental data 

relevant to Chapter 6. 
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Chapter 2: Experimental Procedures 

MATERIALS 

Table 1 describes the materials employed in this work. The amorphous polyamide 

is a carboxyl end-group enriched polyamide while nylon 6 is an intermediate molecular 

weight grade polyamide. The rubbers used include two fundamentally different types; 

one consists of a styrene-based triblock copolymer having a hydrogenated mid-block, 

SEBS, with its maleated version, SEBS-g-MA; whereas, the other contains ethylene-

based random copolymers and their maleated versions: an ethylene/propylene copolymer, 

EPR, with its maleated version, EPR-g-MA, and an ethylene/1-octene copolymer, EOR, 

with its maleated versions, EOR-g-MA-X% where X is 0.35, 1.6 and 2.5 wt%. The 

maleated elastomer has a lower viscosity than the non-maleated precursor, suggesting a 

certain degree of chain scission during grafting of the maleic anhydride. All polyamides 

and elastomers used in this work are commercially available materials. 

MELT PROCESSING 

Prior to all melt processing steps, all materials containing either a-PA or nylon 6 

were dried in a vacuum oven at 80 oC for at least 16 h. The rubbers or rubber blends 

(without polyamides) were dried in a convection oven at 65 oC for at least 16 h. 

Rheological properties of each polyamide or elastomer were examined by torque 

rheometry using a Brabender Plasticorder with a 50 ml mixing bowl operated at 240 oC 

and 60 rpm. Torque readings were recorded continuously; however, the values reported 

here were taken after 10 min of mixing. 

 



Table 2.1 Polyamides and elastomers used in this study 

Designation 
Used Here 

Materials(Com
mercial 

Designation) 
Composition/Specification  Molecular Weight Brabender Torque 

(N.m) a Supplier 

a-PA   Zytel 330 [COOH]/[NH2]= 4.5d

Tg = 127 oC c
wM

c
nM

50000

14000

=

=  10.7   Du Pont

nylon 6h B73WPg [COOH]/[NH2]= 0.9 22000=nM  6.37b Honeywell (formerly 
AlliedSignal) 

SEBS Kraton G 1652 29 wt% Styrene Styrene block = 7000, 
EB block = 37 500 8.58c Kraton Polymers 

SEBS-g-MA Kraton G 
1901X 

29 wt% Styrene 
1.84 wt% MAb N/A 6.37c Kraton Polymers 

EOR  Exact 8201 28 wt% Octene; MFR: ~22 
g/10mine; density=0.884 g/ccf

f
zM

f
wM

f
nM

211000

116000

52000

=

=

=
 9.5 ExxonMobil in Europe 

EOR-g-MA-
0.35% 

Exxelor VA 
1840 

28 wt% Octene; 0. 35 wt% MAe; 
MFR: ~25 g/10mine; 
density=0.8865 g/ccf

f
zM

f
wM

f
nM

254000

121000

46000

=

=

=
 9.2  ExxonMobil

EOR-g-MA-
1.6% 

Exxelor MDEX 
101-2 

28 wt% Octene; 1.6 wt% MAe; 
MFR: 19 g/10mine; 
density=0.8913 g/ccf

f
zM

f
wM

f
nM

417000

134000

29000

=

=

=
 6.9 ExxonMobil in Europe 

EOR-g-MA-
2.5% 

Exxelor MDEX 
101-3 

28 wt% Octene; 2.5 wt% MAe; 
MFR: 20 g/10mine; 
density=0.8960 g/ccf

f
zM

f
wM

f
nM

268000

103000

16000

=

=

=
 6.3 ExxonMobil in Europe 
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EPR Vistalon 457 53 wt% propylene 
2/

54000
=

=

nMwM
wM  14.2b ExxonMobil 

EPR-g-MA  Exxelor 1803 53 wt% propylene 
1.14wt% MA 50000

40000 −=nM  9.76b ExxonMobil 
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a. Measured after 10 min at 240 oC and 60 rpm. 
b. Data from Oshinski AJ, Ph.D. Dissertation, the University of Texas at Austin, 1995. 
c. Data from Oshinski AJ, Ph.D. Dissertation, the University of Texas at Austin, 1995. 
d. Data from Xanthos M, Parmer JF, La Forest ML, Smith, GR. J Appl Polym Sci 1996;62:1167. 
e. Data at 230oC and 10 kg from the supplier. 
f. Measured by ExxonMobil at Bayton, TX 
g. Formerly Capron 8207F 
h. Referred as MMW nylon 6 in Chapter 3.
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Most blends were prepared using a Haake co-rotating, intermeshing twin screw 

extruder (D = 3.05 cm, L/D = 10) at 240 oC and 280 rpm. Selected blends were made 

using a Killion single screw extruder (D = 2.54 cm, L/D = 30) having an intensive mixing 

head operated at 240 oC and 40 rpm. Binary blends of the EOR elastomers (without 

polyamides), used for examination of miscibility, were made in the single screw extruder 

at the same processing conditions. 

Most of blends were made by vigorously mixing all components together prior to 

feeding simultaneously into the extruder, i.e., only one extrusion pass. For selected 

blends of nylon 6 with EOR/EOR-g-MA-X%, the two rubber components were premixed 

in the desired proportions in either a twin screw or a single screw extruder in a first 

extrusion pass. The premixed rubber material was then melt blended with nylon 6 in 

either the twin screw or the single extruder in a second extrusion pass. Likewise, for 

selected blends of a-PA with EOR/EOR-g-MA-X%, the premixing and subsequent melt 

blending were carried out only in the twin screw extruder. For selected blends of nylon 6 

with EOR/EOR-g-MA-X%, a master batch of 50 wt% EOR and 50 wt% nylon 6 was 

formulated in either the twin screw or the single screw extruder in a first extrusion pass; 

the master batch material was then melt blended with additional nylon 6 and EOR-g-MA-

X% in either the twin screw or the single screw extruder in a second extrusion pass. 

Likewise, for selected blends of a-PA with EOR/EOR-g-MA, formation of a similar 

master batch and subsequent melt blending with additional a-PA and EOR-g-MA were 

made only in the twin screw extruder. For blends containing EPR/EPR-g-MA, owing to 

the bale form of the as-received EPR, a master batch of 50 wt% EPR and 50 wt% a-PA 

was prepared in a 250 ml Brabender Plasticorder at 240 oC and 60 rpm; the master batch 

was then melt blended with additional a-PA and EPR-g-MA in the twin screw extruder. 

The procedures were more fully described elsewhere. 
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The extruded materials were then injection molded into standard tensile (ASTM 

D638 Type I) and Izod impact (ASTM D256) bars (0.318 cm thick) using an Arburg 

Allrounder injection molding machine. The following processing parameters were used 

for injection molding: 

Barrel Temperatures: 190-235-240-250 (Feeder to Nozzle) 

Mold Temperature: 180 oF 

Injection Pressure: 70 bar 

Holding Pressure: 35 bar 

Injection Time: 5 sec 

Holding Time: 3.5 sec 

Cooling Time: 20 sec 

Screw rpm: 150 

Injection Speed: 2 units 

Sample that did not show defects such as air bubbles, flow lines or splay were 

placed in a polyethylene bag inside a vacuumed dessicator. 

BLEND MORPHOLOGY DETERMINATION 

Blend morphology was determined by TEM using ultra-thin sections 

cryogenically microtomed from the far end of a Izod bar that were cut from the plane 

perpendicular to the flow direction unless specified otherwise. The thin sections (25 nm 

thick) were obtained using a Reichert-Jung Ultracut E microtome equipped with a 

diamond knife operating at -40 oC. The polyamide phase was stained for an hour with a 2 

wt% aqueous solution of phosphotungstic acid (PTA). Two transmission electron 

microscopes were used to view the thin sections: a JOEL 200CX operating at 120 kV or a 

JOEL 2010F operating at 120 or 200 kV. A semi-automated digital analysis technique 

was employed to calculate the rubber particle size from the TEM photomicrographs using 



NIH Image® software. The rubber particles shown in a photomicrograph were first 

outlined onto a transparency film. The film was then scanned and saved as a TIFF file. 

The Image® software was utilized to analyze the TIFF file by identifying each outlined 

individual rubber particle and evaluating its area, A , from which an apparent rubber 

particle size, , was calculated as follows d

( ) 2/1/4 πAd =       (2.1) 

From the distribution of rubber particle sizes, the number, weight and volume 

average values are calculated from the following equations 

∑ ∑= iiin ndnd /       (2.2) 

idin/2
idinwd ∑ ∑=      (2.3) 

3
idin/4

idinvd ∑ ∑=      (2.4) 

where is the number of rubber particles within a specified range about the value 

. No attempt was made to convert the apparent particle diameter into a true particle 

size. Typically, at least 800 particles from different views from two different Izod bars (in 

most blends) were analyzed. For blends with large particles, at least 200 particles were 

collected for analysis. For blends exhibiting bimodality in morphology, an average 

particle diameter was computed for each of the two populations. 

in

id

MECHANICAL TESTING PROCEDURES 

Tensile testing was performed according to ASTM D628 using an Instron model 

1137 testing machine. Modulus and yield stress were determined at a crosshead rate of 

0.51 cm/min while elongation at break data were taken at 5.1 cm/min. Typically, seven 

specimens were tested for each blend. 
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The dynamic mechanical properties of injection molded (0. 318 cm thick) samples 

of virgin materials including a-PA, nylon 6, EPR-g-MA, EOR-g-MA-X% (X = 0, 0.35, 

1.6, 2.5) were assessed using a Polymer Laboratories DMTA at a frequency of 1 Hz and a 
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strain rate at setup of 4, and under a single cantilever configuration. The specimens were 

cooled with liquid nitrogen to -100 oC and heated at a rate of 2 oC/min. The DMTA was 

calibrated prior to all testing. 

Izod impact strength as a function of temperature was examined using a TMI Izod 

Impact Tester (model 43-02) with a thermal chamber capable of either decreasing or 

increasing temperature at an expected rate. The temperature was lowered from room 

temperature using a programmable temperature controller connected to a CO2 supply. 

Twenty to thirty samples of a given blend (far-gate end of a standard Izod bar) were 

placed inside the chamber and the temperature was lowered to 15 oC from room 

temperature in four to five minutes. The chamber was opened quickly and one sample 

was tested. Another specimen was then clamped in the vise jaws and the chamber was 

quickly closed. About one or two minutes was given to thermally stabilize before testing. 

This process was repeated until four to five samples were tested at this temperature. The 

temperature was then lowered to 5 oC and the entire process was repeated. Typically, four 

sets of specimens were placed inside the chamber simultaneously to allow the samples to 

remain at the desired temperature. The temperature was reduced in 10 oC increments until 

each specimen set failed in a brittle manner at two temperatures. In general, eight 

temperatures were used. The ductile-brittle temperature was defined as the mid-point in 

the step-like change in Izod impact strength as the temperature was changed. 
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Chapter 3: Rubber toughening of an amorphous polyamide by 
functionalized SEBS copolymers: morphology and Izod impact 

behavior 

INTRODUCTION 

A significant body of work on rubber-toughening of semi-crystalline engineering 

thermoplastics, ETP, has been reported [1-19]. Most of these semi-crystalline engineering 

thermoplastics are pseudo-ductile [2], i.e., they possess a much higher crack initiation 

resistance than crack propagation resistance which leads to a high unnotched but a low 

notched impact strength. Such materials typically exhibit large post-yield deformation in 

simple tensile tests, i.e., a high elongation at break. Examples include polyamides 

(particularly nylon 6 and nylon 66), poly(butylene terephthalate) (PBT), some forms of 

poly (ethylene terephthalate) (PET) and polyoxymethylene (POM); all of which are 

readily toughened by the addition of appropriate rubber particles. On the other hand, 

there are relatively fewer studies on toughening of amorphous engineering thermoplastics 

with the exception of polycarbonate [13, 20-24] and some polyesters [25-27]. The 

toughening of semi-crystalline polyamides using maleated rubbers has received 

considerable attention in recent years because of the capability of tailoring the rubber 

phase morphology by the in situ reaction between maleic anhydride grafted to the rubber 

and the polyamide amine end groups during melt compounding. It has been reported that 

the nature of the rubber and the matrix, the morphology of the dispersed phase (i.e., 

rubber particle size and its distribution), rubber content as well as processing conditions 

play an important role in determining the level of toughening of polyamides [1, 2, 5-7, 9, 

11, 28-41]. 
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The bulk of the literature describes the toughening effect in terms of the triaxial 

stresses generated ahead of the propagating crack while regarding the matrix as an 

isotropic continuum [3, 29, 42-45] . These stresses preclude ductile yielding of the matrix 

but may under appropriate circumstances cause cavitation of the rubber particles which, 

in turn, relieves this triaxial state of stress and triggers ductile yielding of the matrix. 

Argon et al., on the other hand, have suggested that changes in the matrix crystal 

structure induced by the proximity of dispersed particles plays an important role in the 

toughening of semi-crystalline polyamides [10, 46]. Argon et al. have extended this point 

of view by proposing that particles other than soft rubber can induce similar toughening 

of semi-crystalline polymers [46]. 

It seems that a fruitful strategy for gaining a better understanding of the relative 

importance of the crystal structure of the matrix around the rubber particles would be to 

compare the toughening response of amorphous engineering thermoplastics to the wealth 

of information on semi-crystalline ones. With this in mind, an amorphous polyamide, 

Zytel 330, was chosen as the matrix for this study; interestingly, the literature contains 

very few reports on toughening of such materials [47, 48]. It is a pseudo-ductile material 

with a low notched Izod impact strength. It should be possible to generate rubber 

particles of controlled sizes in this material using maleated elastomers based on their 

reaction with the polyamide amine end groups. The end group configuration of this 

material [49] should be similar to that of nylon 66 in that some chains will have two 

amine ends; whereas, for nylon 6, each chain typically has one amine and one acid end 

group [6]. 

The purpose of this chapter is to report on rubber toughening, as measured by the 

simple Izod test, of this amorphous polyamide with combinations of a styrene-

hydrogenated butadiene-styrene (SEBS) triblock copolymer and a maleated version of 
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EXPERIMENTAL SECTION 

this elastomer (SEBS-g-MA). The effects of rubber content, rubber particle size and 

distribution as well as processing conditions are considered. 

and to have a Tg of 127 oC [49]. The SEBS and SEBS-g-MA materials have been used 

extensively in prior reports from this laboratory [5, 6, 9, 11, 37-39].  

The procedures for melting blending, morphology characterization, Izod impact 

testing and mechanical properties measurements are given in Chapter 2. 

Table 3.1 summarizes relevant information about the materials used in this study. 

The amorphous polyamide chosen for this work, Zytel 330, is reported to be comprised 

primarily of the following types of repeat units [49] 

C NH

O

CH2 NH
6

C

O

n  



Table 3.1 Materials used 

 

Designation 
Used Here 

Material 
(Commercial Designation) Composition  Molecular Weight Brabender 

Torque (N.m)a Source 

a-PA Zytel 330  Not available 10.7 DuPont 

SEBS 
Styrene/ethylene-
butene/styrene 
(Kraton G 1652) 

29 wt% Styrene 
Styrene block = 
7000 
EB block = 37 500 

 
8.58c

 
Kraton Polymers 

SEBS-g-MA 
Styrene/ethylene-
butene/styrene 
(Kraton G 1901X) 

29 wt% Styrene 
1.84 wt% MAb Not available 6.37c Kraton Polymers 

Nylon 6†, f Capron 8207F  =nM  22 000 6.37d
Honeywell 
(formerly 
AlliedSignal) 

Nylon 6‡, f Ultramid B5  =nM  37 300 19.4d BASF 
Nylon 66f Zytel 101  =nM  17 000 2.16e DuPont 

a. Measured after 10 min at 240 oC and 60 r.p.m. 
b. Determined by elemental analysis after solvent/non-solvent purification. 
c. Data from Ref. 5. 
d. Data from Ref. 38. 
e. Data from Ref. 6. Measured after 10 min at 280 oC and 60 r.p.m. 
f. Nylons used in prior studies from this laboratory. 
† Referred as medium molecular weight grade in later discussion. 
‡ Referred as high molecular weight grade in later discussion. 
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BLEND MORPHOLOGY 

Transmission electron microscopy (TEM) is a powerful technique for 

qualitatively and quantitatively characterizing the morphology of polymer blends when 

one of the phases can be stained by a heavy element to obtain enhanced contrast [50]. 

However, TEM generally provides a two-dimensional view of the blend morphology. 

The shape and size of the dispersed phase in the rubber-toughened semi-crystalline 

polyamides has been extensively characterized with the aid of image software assuming 

that the morphology is isotropic in the three dimensions [5, 9, 38]. The following 

illustrates some representative examples of TEM photomicrographs from the two series 

of blends, described above, prepared for this study. 

Figure 3.1 shows typical morphological characteristics for blends with two SEBS-

g-MA contents (no SEBS present) prepared in the different extruder types mentioned 

earlier. Unlike similar blends with nylon 66 [6, 9], the rubber particles in this amorphous 

polyamide are quite spherical and regular in shape. The extruder type does not affect the 

shape of the rubber particles; however, the twin screw extruder generates much smaller 

particles than the single screw extruder. Rubber particle size is seen to depend on rubber 

content as shown in Table 3.2. Figure 3.2 compares the morphology of blends where the 

rubber phase (20 wt%) contains 0 wt% and 80 wt% SEBS-g-MA that were prepared by 

both the single and the twin screw extruders. Again, the rubber particles are regular in 

shape but the particle size for the blend containing no SEBS-g-MA is much larger than 

that of the blend where the rubber phase consists of 80 wt% SEBS-g-MA. 

 

 

 



Single screw Twin screw
 

 
10 wt% 

 SEBS-g-MA 
 

 

 
25 wt% 

 SEBS-g-MA 

 

 

Figure 3.1 TEM photomicrographs of 10/90 and 25/75 SEBS-g-MA/a-PA blends 
prepared by single screw and twin screw extrusion. The polyamide phase is 
stained dark with phosphotungstic acid. 

Table 3.2 summarizes the rubber particle size analyses for the series of blends 

containing from 5 wt% to 25 wt% of SEBS-g-MA. Figure 3.3 shows the weight average 

particle size as a function of SEBS-g-MA content and compares the effect of the extruder 

type on the particle size. The twin screw gives much smaller particles as might be 

expected based on the more intensive mixing provided by this extruder. The particle size 

increases with rubber content for blends prepared in the twin screw as could be expected 

based on the increased probability of particle coalescence and as reported previously [1, 

5, 6]. However, the particle size trend for blends made in the single screw is much more 

complex and may reflect a variety of issues beyond the scope of this study [5, 6]. 
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Table 3.2 Rubber particle size comparison for binary SEBS-g-MA/a-PA blends 

Rubber 
wt% 

Extruder 
type 

nd  
( )µm  

wd  
( )µm  

vd  
( )µm  nw dd  nv dd  

Single 0.09 0.15 0.29 1.67 3.22 5 
Twin 0.08 0.09 0.10 1.13 1.25 
Single 0.13 0.22 0.52 1.69 4.00 10 
Twin 0.08 0.09 0.10 1.13 1.25 
Single 0.13 0.19 0.39 1.46 3.00 15 
Twin 0.09 0.12 0.14 1.33 1.56 
Single 0.14 0.19 0.34 1.36 2.43 20 
Twin 0.11 0.12 0.15 1.09 1.36 
Single 0.14 0.17 0.26 1.21 1.86 25 
Twin 0.13 0.15 0.30 1.15 2.31 

Single screw Twin screw

 

0/100 
SEBS-g-MA/ 

SEBS 

80/20 
SEBS-g-MA/ 

SEBS 

Figure 3.2 TEM photomicrographs of 20 wt% rubber/ 80 wt% a-PA blends with the ratio 
SEBS-g-MA/SEBS equal to 0/100 and 80/20 prepared by single screw and 
twin screw extrusion. The polyamide phase is stained dark with 
phosphotungstic acid. 
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Figure 3.3 Rubber particle size as a function of SEBS-g-MA content in binary blends 
with a-PA prepared by single screw and twin screw extrusion. 

Table 3.3 summarizes the particle size analyses for the series of blends where the 

SEBS-g-MA/SEBS ratio is varied but the total rubber content is fixed at 20 wt%. Figure 

3.4 shows how wd varies with the level of maleation (i.e., the ratio of SEBS-g-MA vs. 

SEBS). The comparison for nylon 6 is made using a medium molecular weight (MMW) 

grade (with nM = 22 000 g mol-1), employed in many prior studies from this laboratory 

[5, 6, 9, 38]. For the amorphous polyamide, the rubber particle size decreases rapidly 

with increased SEBS-g-MA content up to 40 wt% and then levels off. The twin screw 

yields smaller particles than the single screw as noted earlier. The particle sizes are more 

or less bracketed by prior observations for nylon 6 and nylon 66. When only unmaleated 

SEBS is used in the formulation, particle sizes range in the order, nylon 66 > nylon 6 > a-

PA. It was shown previously that polyamide end group configuration can have a large 
 23



effect on the size of the dispersed phase of SEBS-g-MA. Polyamides with only one 

amine end group per chain (nylon x materials) yield smaller particles than those 

containing some fraction of chains with two amine groups (nylon x, y materials) owing to 

crosslinking-type effects [9]. The magnitude of this chemical effect on morphology 

depends significantly on the physical interaction of the polyamide with the base rubber 

[9]. 

Table 3.3 Rubber particle size comparison for ternary SEBS-g-MA/SEBS/a-PA blends 
containing 20 wt% of total rubber 

SEBS-g-
MA a % 

Extrusion 
type 

nd  
( )µm  

wd  
( )µm  

vd  
( )µm  nw dd  nv dd  

Single 1.50 2.20 3.0 1.47 2.00 
0 

Twin 1.18 2.36 4.88 2.00 4.14 

Single 0.19 0.39 0.89 2.05 4.68 
20 

Twin 0.17 0.36 0.88 2.12 5.18 

Single 0.15 0.27 0.59 1.80 3.93 
40 

Twin 0.13 0.18 0.33 1.38 2.54 

Single 0.13 0.17 0.26 1.31 2.00 
60 

Twin 0.11 0.15 0.22 1.36 2.00 

Single 0.12 0.19 0.36 1.58 3.00 
80 

Twin 0.12 0.14 0.18 1.17 1.50 

Single 0.11 0.138 0.22 1.25 2.00 
100 

Twin 0.11 0.12 0.15 1.09 1.36 

(a) Percent SEBS-g-MA in rubber phase (20 wt% of blends). 

As reported earlier for nylon 6 and nylon 66, the particle size decreases strongly 

as the level of maleation in the rubber phase increases [5, 6]. All evidence suggests that 

the SEBS-g-MA and SEBS materials are miscible and form a single population of 
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particles; thus, blending the two copolymers is a simple way of adjusting the maleation 

level and consequently particle size with results similar to that of varying the amount of 

maleic anhydride grafted to the rubber [5]. Figure 3.4 compares the current data with that 

observed earlier for nylon 6 and nylon 66 [5, 6]. This amorphous polyamide should have 

a similar end group configuration as the nylon x, y materials; however, lack of knowledge 

about its physical interaction with the rubber precludes making any absolute size 

comparisons to this series of materials [9]. 
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Figure 3.4 Comparison of rubber particle size for ternary blends with 20 wt% total rubber 
in a matrix of a-PA, MMW nylon 6 and nylon 66 as a function of 
SEBS/SEBS-g-MA ratio. Data for MMW nylon 6 and nylon 66 are from 
Refs. 5 and 6. 

As seen in Tables 3.2 and 3.3, twin screw extrusion generally yields much lower 
particle size polydispersity than single screw extrusion based on the values of ndvd /  

and ndwd /  shown. For both series of blends, the single screw extruder results in larger 

particle sizes and broader polydispersities. Figure 3.5 illustrates typical rubber particle 
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size distribution in the form of histograms for the blend of 10/90 SEBS-g-MA/a-PA 

prepared by a single screw and a twin screw extruder, respectively. These histograms 

were constructed by counting the particles in TEM photomicrographs within specified 

ranges of sizes. Clearly, the blends made by the single screw contain a tail of larger 

particles that is not present in the distribution from the twin screw extruder. 

Apparent Particle Diameter (µm)
0.0 0.2 0.4 0.6 0.8 1.0

Fr
eq

ue
nc

y

0

50

100

150

200

(a)

dn = 0.133 µm
dw = 0.217 µm
dw/dn = 1.63

Apparent Particle Diameter (µm)
0.0 0.2 0.4 0.6 0.8 1

Fr
eq

ue
nc

y

0

100

200

300

400
dn = 0.079 µm
dw = 0.087 µm
dw/dn = 1.1

(b)

.0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Rubber particle size distribution for 10/90 SEBS-g-MA/a-PA binary blends 
prepared by (a) single screw and (b) twin screw extrusion. 
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For well-toughened polyamides, there is generally a negligible difference in 

properties between the two ends of an injection molded bar because the morphology is 

relatively uniform along the length of the sample. However, when the blend is near any 

type of ductile-brittle transition, e.g., temperature, rubber content, rubber particle size or 

ligament length, etc., significant differences in impact strength may be observed from one 

point in the bar to another [51-53]. From a practical point of view, it is important to have 

a robust formulation where such differences do not exist. 

Significant differences in impact strength have been observed between the gate 

and far ends of Izod bars for some rubber-modified polyamide formulations [51-54]. This 

effect was attributed to the fact that the rubber particles in the gate end appeared to be 

larger and more highly elongated than those in the far end due to morphological changes 

induced during injection molding. 

Figure 3.6 shows TEM photomicrographs from the 80/4/16 a-PA/SEBS-g-

MA/SEBS blend prepared by single screw extrusion; the different views are from the far 

and gate ends of an injection molded bar made from this blend. The morphology was 

examined by viewing sections parallel and perpendicular to the flow direction (FD) that 

were taken about 10 mm from the end of the bar. For samples viewed parallel to the FD, 

sections were cut from the center of the bar. Two positions were examined perpendicular 

to the FD; one from the center and the other from a (central) point about 2.3 mm from the 

edge of the bar. For the far-end specimen, the particles from all these views are round in 

shape and the difference in average particle size between views are small as seen in Table 

3.4. This implies that the two-dimensional particle sizes obtained from TEM are 

representative of actual three-dimensional sizes. For the gate-end specimen, the rubber 

particles seen both parallel and perpendicular to the FD cut at the center are similar in 

shape and size to those in the corresponding far-end specimen as revealed in Figure 3.6 



and Table 3.4, while the rubber particles seen perpendicular to the FD cut at 2.3 mm from 

the edge are highly elongated. The formation of such morphology reflects the flow 

deformation of the rubber particles during injection molding. Highly elongated rubber 

particles have been reported to be poor tougheners [51]. Thus, the difference seen in Izod 

impact strength between the far and gate ends of these specimens seems to stem from the 

dramatic difference in the morphology shown. 

// FD ┴ FD

 

Far end 

(a) (b)

Gate end 

(c) (d)

Figure 3.6 TEM photomicrographs from different locations in an Izod bar molded from a 
blend containing 20 wt% rubber/80 wt% a-PA with the ratio SEBS-g-
MA/SEBS 20/80 prepared by the single screw extruder: (a) far end, // FD; 
(b) far end, ┴FD cut at a point about 2.3 mm from the edge of the bar; (c) 
gate end, //FD; (d) gate end, ┴FD cut at a point about 2.3 mm from the edge 
of the bar. The polyamide phase is stained dark with phosphotungstic acid. 
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Table 3.5 summarizes the room temperature mechanical properties of blends 

containing various amounts of SEBS-g-MA made by both single and twin screw 

extrusion. The tensile properties are shown graphically in Figures 3.7-3.9. As expected, 

the modulus and yield stress decrease with the addition of SEBS-g-MA because of the 

much lower modulus and strength of this rubber. The elongation at break data have a 

relatively large standard deviation which makes it difficult to define clear trends. 

However, it is clear that blends made via the twin screw extruder have higher elongations 

at break than those made by the single screw extruder. Many factors affect the elongation 

at break of a polymer blend including impurities or defects and testing rate in addition to 

intrinsic structure and morphology. The higher elongation at break observed for blends 

made in the twin screw extruder most likely results from the more uniform morphology 

and smaller rubber particles generated by the more aggressive mixing provided by this 

device compared to the single screw extruder.

Tensile properties 
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ROOM TEMPERATURE MECHANICAL PROPERTIES 

Table 3.4 Rubber particle size comparison between far-end and gate-end specimens for a 
ternary blend with a SEBS-g-MA/SEBS ratio of 20/80 prepared by single 
screw extrusion 

// FD 0.19 0.39 0.89 2.05 4.68 
┴ FD, center 0.20 0.44 1.00 2.20 5.0 Far end ┴ FD, 2.3 mm away 
from the edge 0.18 0.34 0.74 1.89 4.11 

// FD 0.17 0.34 0.88 2.00 5.18 
┴ FD, center 0.13 0.44 1.31 3.38 10.0 Gate 

end ┴ FD, 2.3 mm away 
from the edge 

Not calculated, highly elongated. 

Far/Gate nd  
( )µm  

wd  
( )µm  

vd  
( )µm  nw dd  nv dd



Rubber 

wt % 

Extruder 

type 

Izod impact 

(J/m) 

Tdb
oC 

Modulus 

(G Pa) 

Yield stress 

(M Pa) 

Elongation at break 

(%) 

0 Twin 23 ± 2 N/A 2.7 ± 0.1 92.1 ± 0.3 116 ± 47 

Single 144 ± 60 60 2.3 ± 0.1 81.9 ± 0.3 49 ± 28 
5 Twin 154 ± 63 45 2.5 ± 0.1 82.8 ± 0.8 101 ± 32 

Single 890 ± 105 10 1.9 ± 0.1 71.6 ± 0.2 41 ± 20 
10 Twin 921 ± 177 5 2.2 ± 0.1 73.5 ± 0.4 161 ± 47 

Single 992 ± 101 -10 1.9 ± 0.1 67.8 ± 0.2 57 ± 25 
15 Twin 902 ± 154 -10 2.0 ± 0.1 64.1 ± 0.7 173 ± 11 

Single 940 ± 77 -15 1.6 ± 0.1 56.1 ± 0.4 93 ± 55 
20 Twin 1027 ± 25 -20 1.8 ± 0.0 59.1 ± 0.5 146 ± 24 

Single 947 ± 42 -30 1.5 ± 0.1 53.8 ± 0.5 62 ± 53 
25 Twin 911 ± 43 -30 1.6 ± 0.1 53.3 ± 0.8 150 ± 28 

Table 3.5 Room temperature mechanical properties of binary SEBS-g-MA/a-PA blends 
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Figure 3.7 Tensile modulus as a function of the content of SEBS-g-MA of binary blends 
formed by single screw and twin screw extrusion. 

 SEBS-g-MA wt %
0 5 10 15 20 25 30

Yi
el

d 
st

re
ss

 (M
Pa

)

50

60

70

80

90

100

single screw
twin screw

 

 

 

 

 

 

 

 

Figure 3.8 Tensile yield stress as a function of the content of SEBS-g-MA of binary 
blends formed by single screw and twin screw extrusion. 
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Table 3.6 summarizes the room temperature mechanical properties of a series of 

blends where the total rubber phase content is fixed at 20 wt% but the proportions of 

SEBS-g-MA vs. SEBS are varied. Modulus and yield stress do not follow definitive 

trends within this series of blends fabricated by either the single and the twin screw 

extruder, which was also suggested in nylon 6 and nylon 66 blends containing the same 

rubbers [5, 6]. The elongation at break of samples from this series is shown graphically in 

Figure 3.10. The twin screw leads to higher elongations at break than does the single 

screw for this series, which may be attributed to the smaller particle sizes of the dispersed 

phase in the blends as revealed in Table 3.3. 

Figure 3.9 Elongation at break as a function of the content of SEBS-g-MA of binary 
blends formed by single screw and twin screw extrusion. 
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SEBS-g-
MA a % 

Extruder 
type 

Izod impact at 
RT (J/m) 

Tdb
oC 

Modulus 
(G Pa) 

Yield stress 
(M Pa) 

Elongation at break (%)

Single 101 ± 6 N/A 2.0 ± 0.1 59.2 ± 0.4 23 ± 1 
 Twin 98 ± 11 N/A 2.1 ± 0.1 59.6 ± 0.3 33 ± 7 

Single 
930 ± 26 far 

271 ± 21 gate 20 2.0 ± 0.1 59.0 ± 0.8 88 ± 13 
20 

Twin 
826 ± 55 far 

325 ± 79 gate 10 2.2 ± 0.1 58.6 ± 0.5 107 ± 19 

Single 
1142 ± 28 far 
569 ± 52 gate -15 2.0 ± 0.1 58.3 ± 0.6 138 ± 17 40 

Twin 1006 ± 51 -15 2.0 ± 0.1 57.4 ± 0.4 177 ± 11 
Single 1031 ± 142 -20 2.0 ± 0.0 56.8 ± 0.7 147 ± 38 

60 Twin 1000 ± 31 -20 2.0 ± 0.1 57.6 ± 0.5 172 ± 16 
Single 1086 ± 94 -20 2.0 ± 0.1 57.7 ± 0.6 160 ± 26 

80 Twin 995 ± 49 -20 2.0 ± 0.1 57.7 ± 0.3 180 ± 14 
Single 940 ± 77 -15 1.6 ± 0.1 56.1 ± 0.4 93 ± 55 

100 Twin 1027 ± 25 -20 1.8 ± 0.0 59.1 ± 0.1 146 ± 24 

Table 3.6 Room temperature mechanical properties of ternary SEBS-g-MA/SEBS /a-PA blends containing 20 wt% of total 
rubber 

(a) Percent SEBS-g-MA in rubber phase (20 wt% of blends). 
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Figure 3.10 Elongation at break for ternary 20 wt% rubber/80 wt% a-PA blends as a 
function of SEBS/SEBS-g-MA ratio. 

Izod impact strength 

The effect of the content of SEBS-g-MA on room temperature Izod impact 

behavior, as noted in Table 3.5, is shown graphically in Figure 3.11. Significant 

toughening is achieved when a sufficient amount of SEBS-g-MA is added; the blends are 

super-tough (>800 J/m) when the content of SEBS-g-MA is 10 wt% or more. The 

extruder type only slightly affects the room temperature Izod impact properties. For 

comparison, the responses of adding the same SEBS-g-MA to a medium molecular 

weight (MMW) grade of nylon 6 and nylon 66 are shown by the dotted lines [5, 6]. It 

appears that the amorphous polyamide has a lower threshold content of SEBS-g-MA for 

toughening than the semi-crystalline polyamides. The nylon 6 blends achieve only 

modestly improved toughness (< 500 J/m) at all rubber contents examined while nylon 66
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blends gain super-toughness starting from 20 wt% of SEBS-g-MA. The different 

responses for nylon 6 versus nylon 66 largely reflect the much smaller rubber particles 

observed in nylon 6 owing to the topology of the grafting reactions [6]. From data such as 

these, it can be misleading to draw conclusions about the inherent toughenability of a 

polymer matrix without considering the effects of rheology, physical interactions, etc. 

that affect morphology. 
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Figure 3.11 Comparison of room temperature Izod impact strength of binary blends 
prepared by single screw extrusion as a function of the content of SEBS-g-
MA where the matrix is MMW nylon 6, nylon 66 and a-PA. Data on MMW 
nylon 6 and nylon 66 are from Refs. 5 and 6. 

Figure 3.12 shows the room temperature Izod impact strength for the 20/80 

rubber/a-PA series of blends where the SEBS/SEBS-g-MA ratio is varied. The blends 

containing unmaleated SEBS are brittle but are still tougher than the neat a-PA as 

revealed by the room temperature Izod impact strength data in Table 3.5. The Izod impact 
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strength is much greater for the far-end than the gate-end specimens for the blends 

containing 20 wt% and 40 wt% SEBS-g-MA in the rubber phase. Interestingly, blends 

made in the twin screw extruder do not show such differences where the SEBS/SEBS-g-

MA ratio is 40/60. Behavior of this kind has been observed previously and is attributed to 

differences in the morphology between the far-end and gate-end specimens. For the 

blends with more than 40 wt% SEBS-g-MA in the rubber phase, there is no difference in 

toughness between the gate-end and far-end specimens and the Izod values exceed 900 

J/m. The two extruders lead to very similar impact strengths except at low contents of the 

maleated components. Depending on processing method and the location in the injection 

molded bar, super-tough behavior is observed when the maleated to non-maleated ratio is 

20/80 or greater. For the same type of rubber-modified nylon 6 blends, there is an 

optimum range of this ratio for achieving super-toughness and the extruder type does not 

affect the impact strength. On the other hand, for nylon 66, only blends prepared by twin 

screw extrusion show similar trends as observed for a-PA [33]. For nylon 66, the more 

intensive mixing of a twin screw extruder is needed to break down the large, complex 

rubber particles inherent to its end group configuration [6, 33]. For nylon 6, only single 

end grafting occurs, and a single screw extruder gives sufficiently small particles for 

effective toughening [5, 33]. For a-PA, the effect of extruder type on toughening seems to 

be minimal. 
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Figure 3.12 Room temperature Izod impact strength for ternary 20 wt% rubber/80 wt% a-
PA blends as a function of SEBS/SEBS-g-MA ratio prepared by single 
screw and twin screw extrusion. 

Figure 3.13 compares the effect of the rubber particle size on the room 

temperature impact strength of a-PA blends containing 20 wt% rubber at different ratios 

of SEBS/SEBS-g-MA with that of nylon 6 materials having a medium molecular weight, 

MMW, and a high molecular weight (HMW) ( nM = 37 300 g mol-1). For a-PA, there 

seems to be a critical value of the particle size, about 0.3 µm, below which the blend is 

super-tough. The critical particle size cannot be precisely defined because of the lack of 

data in the size range of between 0.4 µm to 2.0 µm for a-PA blends. Similar trends can be 

seen for HMW nylon 6 where the critical value is around 0.5 µm. However, MMW nylon 

6 shows an optimum range of particle sizes within which the blends are tough. 
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Figure 3.13 Effect of the weight average rubber particle size on room temperature Izod 
impact strength of blends based on a-PA, HMM nylon 6 and MMW nylon 6. 
The particle size was adjusted by varying the SEBS/SEBS-g-MA ratio in 
ternary blends containing 20 wt% total rubber. Data for MMW and HMW 
nylon 6 are from Ref. 11. 

EFFECT OF TEMPERATURE ON IZOD IMPACT STRENGTH 

Izod impact data for the blends containing different levels of SEBS-g-MA made 

by twin screw extrusion are shown in Figure 3.14 as a function of temperature. The 

points shown represent averages of values from both far-end and gate-end specimens 

unless the two have clearly different populations of values. For the blend with 5 wt% 

SEBS-g-MA, a significant difference between far-end and gate-end specimens is seen. 

The far-end specimens show a ductile-brittle transition at a specific temperature; whereas 

the gate-end specimens are brittle even at high temperatures. Increasing the level of 

SEBS-g-MA shifts the ductile-brittle transition to lower temperatures. The blends 

containing more than 10 wt% SEBS-g-MA or more are super-tough at room temperature. 
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In comparison with 20/80 SEBS-g-MA/nylon 66 [6, 33], the blend of 20/80 SEBS-g-

MA/a-PA shows similar impact properties at room temperature. Figure 3.15 shows 

ductile-brittle transition temperatures of the blends obtained from Figure 3.14 as a 

function of the content of SEBS-g-MA. The ductile-brittle transition temperature 

decreases rapidly with increasing content of SEBS-g-MA. Similar trends have been 

reported for maleated ethylene/propylene rubber blended with nylon 6 [1]. For this 

system, the extruder type has only a minimal effect on the ductile-brittle transition 

temperature. 
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Figure 3.14 Izod impact strength as a function of temperature for SEBS-g-MA/a-PA 
binary blends prepared by twin screw extrusion. 
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Figure 3.15 Effect of SEBS-g-MA content on the ductile-brittle temperature for SEBS-g-
MA/a-PA binary blends prepared by single and twin screw extrusion. 

Figure 3.16 shows Izod impact data versus temperature for 20/80 rubber/a-PA 

blends with varying ratios of SEBS-g-MA to SEBS made by twin screw extrusion. The 

blend containing only unmaleated SEBS exhibits brittle behavior at all temperatures. For 

the blend with a 20/80 SEBS-g-MA/SEBS ratio, the far-end and gate-end specimens 

show different impact behavior; the far-end specimens are much tougher than gate-end 

specimens. The blends with higher contents of the maleated elastomer are super-tough at 

room temperature and the ductile-brittle transition temperature is not a strong function of 

maleation content; there are negligible differences in properties between the gate and far 

ends of the injection molded bars. 

 

 

 40



Temperature (oC)
-60 -40 -20 0 20 40 60 80 100

Iz
od

 im
pa

ct
 (J

/m
)

0

200

400

600

800

1000

1200

1400

0/100

20/80, gate end

20/80, far end

40/60

100/0

80/20

60/40

 

Figure 3.16 Izod impact strength vs. temperature for 20 wt% rubber/80 wt% a-PA ternary 
blends with various SEBS/SEBS-g-MA ratios prepared by twin screw 
extrusion. 

Figure 3.17 compares the effect of the rubber particle size on the ductile-brittle 

transition temperature (Tdb) for a-PA with blends made from two molecular weight 

grades of nylon 6 containing 20 wt% rubber where the rubber phase consists of various 

proportions of SEBS vs. SEBS-g-MA. The Tdb of the a-PA blends appears to decrease 

rapidly as the weight average particle size becomes smaller and seems to plateau as the 

particle size becomes smaller than 0.3 µm. The extruder type does not affect the Tdb 

significantly. The Tdb of these blends is higher than that of MMW and HMW nylon 6 

when the weight average particle size is above 0.4 µm; however, the sparsity of data for 

a-PA blends precludes a definite comparison over a broad range of rubber particle sizes, 

especially above 0.4 µm or less than 0.1 µm. For HMW nylon 6 [39], Tdb increases with 

particle size above 0.18 µm and remains unchanged when the particle size is below 0.18 
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µm. However, for MMW nylon 6 [39], Tdb decreases rapidly with the rubber particle size 

up to about 0.11 µm and then increases gradually with the particle size above 0.17 µm. 

The Tdb of MMW nylon 6 bends is always higher than that of HMW nylon 6 blends when 

the rubber particle size is below 0.75 µm. 
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Figure 3.17 The ductile-brittle transition temperature as a function of the rubber particle 
size for ternary blends containing 20 wt% rubber in matrices of a-PA, HMW 
nylon 6 and MMW nylon 6. Rubber particle size was adjusted by varying 
the SEBS/SEBS-g-MA ratio. Data for MMW and HMW nylon 6 are from 
Ref. 39. 

CONCLUSIONS 

The toughening of the amorphous polyamide, a-PA, known commercially as Zytel 

330, by formation of binary blends, a-PA/SEBS-g-MA, and ternary blends, a-PA/SEBS-

g-MA/SEBS, with styrenic block copolymer elastomers using both single and twin screw 

extruders has been investigated. The Izod impact behavior of these two blend series was 
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found to give analogous trends with rubber concentration and morphology (particle size) 

as observed for the semi-crystalline polyamides nylon 6 and nylon 66. The single screw 

extruder generated larger rubber particles with broader size distribution than did the twin 

screw extruder for both the binary and ternary blends as might be expected. For the 

binary blends, a concentration of 10 wt% of SEBS-g-MA or higher leads to super-

toughness which is a somewhat lower level than seen for most grades of nylon 6 or nylon 

66. There exists a critical rubber particle size in these ternary blends below which the 

blends are super-tough. A large difference in Izod impact strength between the far-end 

and gate-end specimens was observed for some ternary blends near the critical particle 

size; this most likely originates from significant differences in morphology between the 

two ends as shown. The ductile-brittle transition temperature decreases with rubber 

content in binary blends while it increases with the rubber particle size in ternary blends. 

The morphology (spherical and regular) of a-PA (binary and ternary) blends is 

more similar to that of nylon 6 blends than nylon 66 blends. As seen in Figure 3.11, 

binary blends of SEBS-g-MA with a-PA show much greater toughness than those with 

nylon 6 at all rubber contents examined, while nylon 66 requires more rubber to become 

super-tough than is the case for a-PA. Like nylon 6 and nylon 66 ternary blends, Izod 

impact responses versus temperature and rubber particle size can be optimized by varying 

the SEBS-g-MA/SEBS ratio. Obviously, crystalline structure cannot play any role in the 

toughening of a-PA. 
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Chapter 4: Elastomer particle morphology in ternary blends of 
maleated and non-maleated ethylene-based elastomers with polyamides: 

role of elastomer phase miscibility 

INTRODUCTION 

Toughening of semi-crystalline polyamides, like nylon 6 and 66, by blending with 

functionalized elastomers has been extensively reported [1-17]. Extensive efforts have 

been made to tailor the morphology of the dispersed elastomer phase, and it is well 

established that particle size and its distribution play a crucial role in governing the level 

of toughening [10, 16, 18]. Of course, other issues like the elastomer type and content are 

important as well. The focus of recent work has been on the mechanistic reasons for why 

there are minimum and maximum elastomer particle sizes for generating super-tough 

blends. 

An early proposal by Wu [4] suggested that the key parameter is interparticle 

distance rather than particle size per se. The majority of the literature [6, 7, 19-23] 

interprets the scale effects in terms of cavitation of the rubber phase and the subsequent 

triggering of shear yielding of the matrix due to relief of the state of triaxial tension ahead 

of the advancing crack. Another point of view is that rubber particles can alter the 

crystalline structure of the matrix in ways that facilitate toughening [15, 24]. Recent work 

by Leibler et al. has addressed this issue through experiments that alter the crystalline 

organization of the matrix [25]. Certainly a better understanding of how the matrix 

morphology and characteristics affect toughening and other performance parameters is 

needed. 

Our strategy has been a more extreme one in which we seek to compare the 

toughening responses and mechanisms of a purely amorphous polyamide (Zytel 330 from 
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Du Pont) with that of the more well-investigated semi-crystalline polyamides like nylon 

6, nylon 66, etc. In a prior paper [26], we demonstrated the toughening of this amorphous 

polyamide using combinations of a styrene-triblock copolymer having a hydrogenated 

mid-block, SEBS, with a maleic anhydride functionalized version, SEBS-g-MA, of this 

elastomer. In many ways the toughening behavior of this amorphous polyamide was 

rather similar to that of the semi-crystalline polyamides. In that work, it was possible to 

demonstrate that there is an upper limit on rubber particle size for effective toughening 

just as in the case of the crystalline polyamides. However, unlike the case of nylon 6, we 

were not able to generate small enough rubber particles to establish any lower size limit 

for this amorphous polyamide. This difficulty stems in part from the end-group 

configuration of this amorphous polyamide which makes it difficult to make the needed 

small particles. A maleated rubber capable of forming a wider range of rubber particle 

sizes including both the upper and the lower limit would be desirable for making this 

comparison of the toughening of amorphous versus crystalline polyamides. In addition, 

we were interested in exploring how the nature of the elastomer phase affects the 

toughening response of the two classes of polyamides. 

Thus, we have extended our previous work to include maleic anhydride 

functionalized ethylene-propylene (EPR) and ethylene-1-octene (EOR) random 

copolymers for toughening. Our commercial sources of maleated EPR did not identify 

materials with grafting levels higher than 1.14 wt % MA. However, we were able to 

acquire a series of EOR elastomers with maleic anhydride grafting levels up to 2.5 wt %. 

These higher grafting levels provide more possibilities of generating smaller particle 

sizes. Interestingly, only a few reports have appeared on toughening polyamides using 

such maleated EOR elastomers [27, 28]. 
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The morphology (particle size and its distribution) of the dispersed phase may be 

controlled via the level of maleation in the rubber phase by using a mixture of maleated 

and non-maleated elastomers in varying proportions in the formulation. Such use of a 

combination of maleated and non-maleated elastomers has been reported to be a simple 

but effective way for tailoring rubber particle size [10, 14, 17], although doing so may 

potentially incur immiscibility between the two elastomer components due to the 

increased polarity caused by maleation. That is, two maleated rubbers with different 

levels of MA may not necessarily be miscible depending on the difference in MA level 

and their molecular weights. Such immiscibility, if it exists, complicates the morphology 

development during reactive blending with polyamides and may lead to bimodality in 

rubber particle distribution as has been reported in ternary blends of nylon 6 with 

maleated and non-maleated polypropylene [29]. Thus, it is useful to know if these 

maleated elastomers with different levels of MA are miscible with each other or not. In 

addition to the thermodynamics effects (miscibility), many kinetic or non-equilibrium 

factors influence the morphology of a blend; some of these factors might include: the 

ratio of two elastomers, the matrix type, the order of mixing, mixing intensity, i.e., the 

extruder type, and graft structure, etc. Obviously, the co-existence of both 

thermodynamic and kinetic factors makes the morphology development even more 

complicated. The morphology, undoubtedly, determines the final mechanical properties 

including Izod impact strength of the blend. 

The broader purpose of this work is to explore and compare in some detail the 

toughening effect between a semi-crystalline (nylon 6) and an amorphous polyamide 

matrix (Zytel 330) using combinations of EPR with a maleated version, EPR-g-MA, and, 

combinations of EOR with maleated versions, EOR-g-MA-X %. This chapter reports the 

effects of miscibility, as revealed by transmission electron microscopy (TEM), between 
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maleated EOR elastomers with different levels of MA, i.e., EOR-g-MA-X % vs. EOR-g-

MA-Y % (X ≠ Y), on the nature of the rubber particle size distribution in blends with 

both polyamides. In addition, the effects of kinetic factors including the ratio of two 

elastomers, the matrix type, the order of mixing and mixing intensity, i.e., the effect of 

extruder type on the morphology development of blends will be presented. Chapter 5 will 

report rubber toughening effects of these two types of rubbers when nylon 6 and Zytel 

330 are the matrix polymers. The effects of rubber content, rubber particle size and its 

distribution associated with these thermodynamic and kinetic factors on Izod impact 

strength and the ductile-brittle transition temperature will be considered. Chapter 6 will 

explore the fracture behavior of selected blends in more detailed ways. 

EXPERIMENTAL SECTION 

Table 4.1 summarizes pertinent information about the materials used in this study. 

The structure of the amorphous polyamide [26, 30] has been described previously. The 

EPR and EPR-g-MA have been used in prior work from this laboratory for toughening 

semi-crystalline polyamides [10, 17]. The ethylene-1-octene copolymer, designated as 

EOR, is the precursor material for maleated versions [31], designated as EOR-g-MA-X 

%, where X is 0, 0.35, 1.6 or 2.5.  

 

 

 

 

 

 

 



Table 4.1 Materials used 

Designation 
Used Here 

Materials(Commercial 
Designation) Composition/Specification  Molecular Weight Brabender 

Torque (N.m) a Supplier 

a-PAb Zytel 330 [COOH]/[NH2]= 4.5c

Tg = 127 oC d50000wM

d14000nM

=

=  10.7   Du Pont

nylon 6e B73WPf [COOH]/[NH2]= 0.9 22000=nM  6.37g Honeywell (formerly 
AlliedSignal) 

EOR   Exact 8201 28 wt% Octene; MFR: ~22 
g/10minh; density=0.884 g/cci

i211000zM

i116000wM

i52000nM

=

=

=
 9.5  ExxonMobil

EOR-g-MA-
0.35% Exxelor VA 1840 

28 wt% Octene; 0. 35 wt% MA; 
MFR: ~25 g/10minh; 
density=0.8865 g/cci

i254000zM

i121000wM

i46000nM

=

=

=
 9.2  ExxonMobil

EOR-g-MA-
1.6% Exxelor MDEX 101-2 

28 wt% Octene; 1.6 wt% MA; 
MFR: 19 g/10minh; density=0.8913 
g/ccf

i417000zM

i134000wM

i29000nM

=

=

=
 6.9  ExxonMobil

EOR-g-MA-
2.5% Exxelor MDEX 101-3 

28 wt% Octene; 2.5 wt% MA; 
MFR: 20 g/10minh; density=0.8960 
g/cci

i268000zM

i103000wM

i16000nM

=

=

=
 6.3  ExxonMobil

EPR Vistalon 457 53 wt% propylene 
2/

54000
=

=

nMwM
wM  14.2g ExxonMobil 

EPR-g-MA  Exxelor 1803 53 wt% propylene 
1.14wt% MA 50000

40000 −=nM  9.76g ExxonMobil 
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i. Measured after 10 min at 240 oC and 60 rpm. 



j.  
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k. Data from Ref. [36]. 
l. Data from Ref. [32]. 

 nylon 6 in Ref. [26]. 
7F. 

e supplier. 
 at Baytown, TX, USA.

m. Referred to as MMW
 n. Formerly Capron 820

o. Data from Ref. [17]. 
and provided by thp. Data at 230oC and 10 kg 

obilq. Measured by ExxonM
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Melting protocols have been given in Chapter 2 and a more detailed description is 

available elsewhere [17]. 

Procedures for melt compounding, morphology (rubber particle size) 

determination are provided in Chapter 2. The average rubber particle diameter was 

calculated using the method described in Chapter 2. For blends exhibiting bimodality in 

morphology, an average particle diameter was computed for each of the two populations. 

In this work, representation of rubber particle size analysis becomes a critical issue 

particularly when bimodality in morphology exists for a blend. A detailed discussion on 

graphic representation of particle size analysis will be given in a later section.  

An essential part of this work deals with whether any two EOR elastomers with 

different levels of maleation, including zero, are miscible or not. Examination of the 

morphology via TEM in these binary rubbery blends is problematic due to the lack of 

phase contrast stemming from the chemical similarity of the two components and the fact 

that staining agents, used to induce phase contrast, react similarly with both phases. 

However, this problem was solved by a special staining technique [32] used previously in 

this laboratory for examining the miscibility of PP/PP-g-MA blends [29]. This technique 

involves first reacting the grafted maleic anhydride groups with m-xylene diamine to 

introduce aromatic, amide, and amine groups into the EOR-g-MA phase that are capable 

of being stained by RuO4. In this way, the necessary phase contrast is created for TEM 

examination. The reaction occurred by exposing the mesa-cut of elastomer blends to the 

vapor of the diamine at 75 oC for 2-4 h in a vial (1.66 cm of outer diameter and 6.22 cm 

high ) with a cap in a silicon oil bath. The mesa-cut was obtained by trimming a block of 

an Izod bar previously glued onto a mounting cylinder into a dimension of about 0.2 x 0.2 

mm (the final size for microtoming) with a glass knife at -100 oC using a RMC 

PowerTome Ultramicrotome XL. The mounting cylinder with the mesa-cut was then 
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glued onto the cap of the vial while keeping the mesa-cut face down for reaction. After 

the reaction, the mesa-cut was pre-stained with RuO4 in another vial for 10 min. The pre-

stained mesa-cut was microtomed for obtaining ultra-thin (25 nm) sections for TEM 

examination at -100 oC using either of the two microtomes described above. The 

collected ultra-thin sections were then stained with RuO4 for 20 min. The miscibility was 

examined on these stained ultra-thin sections using a JOEL 2010F transmission electron 

microscope operating at 200 kV and under scanning transmission electron microscope 

(STEM) mode. 



 55

GRAPHIC REPRESENTATION OF PARTICLE SIZE ANALYSIS 
In this work, the rubber particle distribution is represented purposely as ‘area of 

particles/unit area’ as a function of ‘apparent particle diameter’. Such a representation is 

important and powerful for demonstrating bimodality, if it exists, of particle sizes. Other 

representations, e.g., frequency vs. apparent particle size, in our experience do not always 

capture the characteristic of bimodality even though this may be clearly evident to the 

eye. To illustrate this with an extreme example, suppose that the image shows 500 rubber 

particles of which 495 are of size 0.1 micron, 2 particles are of size 0.8 micron, and 3 

particles are of size 1 micron. In terms of area, the five particles of size 0.8 micron and 1 

micron correspond to 428 particles with a size of 0.1 micron; clearly these larger particles 

cannot be ignored even though in terms of frequency they represent only 1 % of the 

particles present. We have found that ‘area of particles/unit area’ versus ‘apparent 

particle diameter’ is more reasonable for presenting the true features of such a 

distribution. In addition, careful attention must be paid to how the distribution plot is 

created from the digital file of a finite number of particles each with a given size. It is 

necessary to group the particles within a certain size range to make this plot. Selection of 

this step or bin size is critical for revealing bimodality. If the step size is too small, the 

distribution curve may not be smooth and the trend may not be well defined or a false 

bimodality may appear. On the contrary, if the step size is too large, the bimodality may 

not be seen, although the distribution curve is smooth. For log-normal type distributions, 

we have found that a linear step size is inappropriate. When a linear step size is used, a 

bin size that is appropriate for the small particles will be much too small for the larger 
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particles and vice versa. A logarithmic step size has been used in our work to solve this 

problem. Typically, we have found that dividing the size scale into bins where the next 

incremental range is 1.2-1.4 times larger than the last one works well. The particle size 

associated with the peak(s) of a distribution is rather close to the weight average rubber 

particle size value. 

MORPHOLOGY OF BINARY BLENDS OF A-PA AND NYLON 6 WITH A MALEATED 
RUBBER 

EPR-g-MA 
Figure 4.1 compares the morphology of binary blends based on a-PA with those 

based on nylon 6 containing 10 and 20 wt % EPR-g-MA. Rubber particles in all blends 

appear fairly regular and quite round in shape; the blends of a-PA seem to exhibit more 

uniform dispersion of rubber particles than do those of nylon 6. Table 4.2 summarizes the 

rubber particle sizes and polydispersities of the blends examined. For a-PA, the rubber 

particle size, in general, increases slightly with EPR-g-MA content, as might be expected, 

due to higher probability of coalescence of rubber particles. For nylon 6, however, the 

trend is more complex and may reflect a variety of issues beyond the scope of this work 

as shown in the previous study of SEBS-g-MA/a-PA blends [26] made in the same single 

screw extruder. The a-PA blends are seen to be less polydisperse than those of 

corresponding nylon 6 blends. 

 

 

 

 



 

10 wt%  
EPR-g-MA 

 

 

 

20 wt%  
EPR-g-MA 

 

 

a-PA nylon 6  

Figure 4.1 TEM photomicrographs of binary blends of EPR-g-MA with a-PA and with 
nylon 6 containing 10 and 20 wt % EPR-g-MA. The polyamide phase is 
stained dark with phosphotungstic acid. 

Table 4.2 Summary of rubber particle size for binary blends of a-PA or nylon 6 with 
EPR-g-MA 

 

Matrix wt % 
rubber 

Extruder 
type )m(wd µ  ndwd  ndvd  

5 Twin 0.14 1.22 1.73 
7.5 Twin 0.17 1.14 1.51 
10 Twin 0.18 1.15 1.54 
12.5 Twin 0.16 1.11 1.39 
15 Twin 0.19 1.17 1.68 

a-PA 

20 Twin 0.20 1.18 1.70 
5 Single 0.29 1.85 5.2 
10 Single 0.16 1.32 2.06 
15 Single 0.18 1.47 3.27 nylon 6 

20 Single 0.20 1.42 2.72 
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EOR-g-MA-X % 

Figure 4.2 shows how the morphology of binary blends of the two polyamides 

with the EOR-g-MA-X % elastomers described earlier depends on the maleic anhydride 

level. As can be seen, without MA, the rubber particles are very large and do not adhere 

well to the matrix; as a small amount of MA, i.e., 0.35 %, is added, the rubber particle 

size is reduced dramatically especially for nylon 6. The rubber particles sizes are reduced 

even further with higher MA levels. Figure 4.3 shows the rubber particle size distribution 

for the binary blends shown in Figure 4.2. There is a log-normal type of distribution of 

rubber particle sizes for each MA level in each of the two polyamides which shifts to 

smaller sizes with higher MA levels. The particle size distribution for nylon 6 blends is 

narrower and shifts relatively more towards smaller sizes than seen for a-PA blends. For 

both matrices, the decrease in particle size is relatively small as the MA level increases 

from 1.6 to 2.5 wt %. Table 4.3 summarizes the rubber particle size analysis for the 

binary blends. For both polyamides, the weight average rubber particle size decreases 

significantly with MA; however, it decreases much more for nylon 6 blends than for a-

PA blends; over this range of maleic anhydride contents, the weight average rubber 

particle size decreases by nearly two orders of magnitude for nylon 6 blends but only a 

little more than one order of magnitude for a-PA blends. Also, the nylon 6 blends, in 

general, show a lower polydispersity.  



% MA 

0 

0.35 

1.6 

2.5 

a-PA nylon 6

Figure 4.2 TEM photomicrographs of binary blends of 20/80 EOR-g-MA-X % (X = 0, 
0.35, 1.6, 2.5)/polyamide where the matrix is a-PA or nylon 6. The 
polyamide phase is stained dark with phosphotungstic acid. 
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Figure 4.3 Rubber particle size distributions for the binary blends of EOR-g-MA-X % 
with a-PA (a) and with nylon 6 (b) shown in Figure 4.2. 
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Table 4.3 Rubber particle size dependence on % MA in the rubber phase for binary 
blends containing EOR-g-MA-X % 

Matrix % MA in 
rubber )m(wd µ  ndwd ndvd  

0 2.41 1.26 1.78 
0.35 0.35 1.39 2.83 
1.6 0.14 1.26 1.96 a-PA 

2.5 0.13 1.20 1.64 
0 2.70 1.37 1.72 
0.35 0.097 1.10 1.44 
1.6 0.051 1.10 1.40 nylon 6 

2.5 0.043 1.16 1.73 

 

 

 

 

 

 

 

Although this difference in rubber particle size between a-PA and nylon 6 blends 

may be somewhat a result of rheological effects, i.e., the viscosity of nylon 6 is more 

closely matched to that of the EOR-g-MA material than is the case for a-PA, the 

molecular difference between these two polyamides plays a more important role. It is 

well-known that maleated rubber particles formed in nylon 66 are larger and more 

complex in shape than those formed in nylon 6 [11]. This is a result of the fact that a 

certain fraction of nylon 66 chains have two amine groups that can lead to cross-linking 

type effects; whereas, typically all the nylon 6 chains have only one amine end. Since a-

PA is made from diamine and dibasic acid monomers, its end group configuration should 

be more like nylon 66 than nylon 6. However, the particle size and shapes in a-PA are not 

as different from those in nylon 6 as would be expected for nylon 66. The chains of a-PA 

have been reported to be rich in [COOH] groups [33], i.e., [COOH]/[NH2] = 4.5 as shown 

in Table 4.1. This is somewhat unusual, since typical polyamides such as nylon 6 or 

nylon 66 have balanced [COOH] and [NH2] groups, i.e., [COOH]/[NH2] ≈ 1, unless the 

polyamide is made to be rich in one or the other end-groups for some particular purpose. 

The lower content of amine groups for reacting with MA groups of EOR-g-MA 
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potentially reduces the number of graft chains formed by reaction with maleic anhydride 

and appears to moderate the incidence, or at least the consequence, of two amines per 

chain. This speculation is corroborated by the fact that nylon 6 blends always consume 

more power during extrusion at the same composition and feeding rate. 

The shape of the rubber particles observed here for a-PA blends does not exhibit 

the complex morphology where rubber particles are very large, irregular with 

considerable occlusions like that seen in nylon 66 and other nylon x, y type matrices 

attributed to the ‘cross-linking’ type effects that originate from existence of some fraction 

of chains having two amine end-groups. The high ratio of [COOH]/[NH2] of a-PA may, 

statistically, lead to relatively smaller fraction of chains having two amine end-groups 

than is typical of nylon x, y materials. The extent of such reactions that may occur would 

explain the broader distribution of sizes seen in a-PA and the fact that the particles are as 

small as those seen in nylon 6 at a given maleic anhydride content. 

MORPHOLOGY OF TERNARY BLENDS OF A-PA AND NYLON 6 WITH COMBINATIONS 
OF RUBBERS 

EPR-g-MA/EPR 

Figure 4.4 shows the rubber particle distribution and morphology of ternary 

blends of a-PA containing 20 wt % of an EPR-g-MA/EPR mixture with proportions of 

20/80 and 60/40. The distributions are of the log-normal type, and the particles shifts to 

smaller sizes with a higher fraction of EPR-g-MA. Figure 4.5 compares the weight 

average rubber particle size as a function of the MA level of the rubber phase, calculated 

from the MA content of the two elastomer components and their proportions in the rubber 

phase, for a-PA and nylon 6 ternary blends. The rubber particle size decreases gradually 

with the MA level. The two polyamides generate comparable rubber particle sizes at the 

same MA level. 
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Figure 4.4 TEM photomicrographs and rubber particle size distribution for ternary blends 
of a-PA with EPR-g-MA/EPR mixtures (rubber phase is 20 % by weight of 
the total blend) in proportions of 20/80 (a) and 60/40 (b). The polyamide 
phase is stained dark with phosphotungstic acid. 
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20/80 rubber/8207F

EOR-g-MA/EOR

EPR-g-MA/EPR

% MA
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

d w
 ( µ

m
)

0.01

0.1

1

10

nylon 6

a-PA

20 wt% total rubber
EPR-g-MA/EPR

Figure 4.5 Comparison of rubber particle size for ternary blends of EPR-g-MA/EPR 
mixtures (rubber phase is 20 % by weight of the total blend) in a matrix of 
a-PA and in a matrix of nylon 6 as a function of the MA level in the rubber 
phase. 

EOR-g-MA/EOR or EOR-g-MA-X %/EOR-g-MA-Y % (X ≠ Y) 

Effect of maleic anhydride level in the rubber phase on morphology development 

As seen in Figure 4.5, the smallest particle size that can be generated using the 

EPR-g-MA elastomer system is about 0.2 µm in both polyamides which is not small 

enough to fully define the lower size limit for toughening. However, the series of 

maleated EOR elastomers is capable of generating smaller rubber particles as shown in 

Table 4.3, particularly for nylon 6 because of the higher levels of maleation available. 

Thus, as can be visualized, a wider range of elastomer particle sizes may be generated by 
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using mixtures of two maleated EOR elastomers with different MA levels in varying 

proportions. Figure 4.6 shows the rubber particle size as a function of MA level in the 

rubber phase for blends of both polyamides based on all six combinations of the four 

EOR-based elastomers in various proportions while maintaining the total rubber phase 

content at 20 wt %. For a-PA, the rubber particle size is reduced considerably as the MA 

level is increased to 0.7 wt % where it seems to plateau. Bimodality of rubber particle 

size was observed for some blends based on mixtures of EOR or EOR-g-MA-0.35 % 

with EOR-g-MA-1.6 % or EOR-g-MA-2.5 %. In Figure 4.6, bimodality is indicated by 

plotting the average size of each of the two populations at the indicated rubber phase MA 

level. Interestingly, bimodality seems to be observed only over some range of proportions 

between the two elastomer components for the pairs mentioned. Similarly, the rubber 

particle size depends strongly on the calculated MA level in the rubber phase for nylon 6 

blends; the rubber particle size decreases dramatically with MA content up to about 0.6 

wt% but more gradually beyond this level. Again, bimodality is observed but this seems 

to occur only for blends based on mixtures of EOR with EOR-g-MA-1.6 % and EOR-g-

MA-2.5 % and for certain proportions between the components. An example of the 

bimodality shown in Figure 4.6 is given in Figure 4.7 where the rubber phase consists of 

EOR-g-MA-2.5 %/EOR mixtures in proportions of 16/84 and 60/40 for both polyamides. 

Clearly, a bimodal particle size distribution is seen, regardless of the matrix type, when 

the proportion is 16/84; the two populations differ by about an order of magnitude in size. 

However, a unimodal distribution is seen for both polyamides when the two elastomers 

are mixed in the proportion of 60/40. The bimodality of rubber particle sizes apparently 

reflects several issues that affect morphology development. We hypothesize that both 

thermodynamic and kinetic factors are at play. The thermodynamic issue refers to the 

state of miscibility between the two elastomers and the kinetic issue may be reflected in 



the ratio of two elastomers, the matrix type, the order of mixing, mixing intensity, i.e., the 

extruder type, and graft structure, etc. The following sub-sections will explore in some 

detail the causes of bimodality from these points of view. 

% MA
0.0 0.5 1.0 1.5 2.0 2.5 3.0

d w
 ( µ

m
)

0.01

0.1

1

10
EOR-g-MA-0.35%/EOR
EOR-g-MA-1.6%/EOR
EOR-g-MA-2.5%/EOR
EOR-g-MA-1.6%/EOR-g-MA-0.35%
EOR-g-MA-2.5%/EOR-g-MA-0.35%
EOR-g-MA-2.5%/EOR-g-MA-1.6%
EOR-g-MA-x%

a-PA

20 wt% total rubber

 

 

 

 

 

 

(a)  

 

 

% MA
0.0 0.5 1.0 1.5 2.0 2.5 3.0

d w
 ( µ

m
)

0.01

0.1

1

10
EOR-g-MA-0.35%/EOR
EOR-g-MA-1.6%/EOR
EOR-g-MA-2.5%/EOR
EOR-g-MA-x%
EOR-g-MA-1.6%/EOR-g-MA-0.35%
EOR-g-MA-2.5%/EOR-g-MA-0.35%
EOR-g-MA-2.5%/EOR-g-MA-1.6%

nylon 6

20 wt% total rubber

 

 

 

 

 

 
(b) 

 

 

Figure 4.6 Effect of the MA level in the rubber phase on the rubber particle size for 
ternary blends with 20 wt % total rubber comprised of various combinations 
of the four EOR elastomers in a matrix of a-PA (a) and in a matrix of nylon 
6 (b). 
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Figure 4.7 TEM photomicrographs and rubber particle size distributions for ternary 
blends containing a total 20 wt % of the rubber phase comprised of mixtures 
of EOR-g-MA-2.5 % with EOR in a proportion of 16/84 and 60/40 where 
the matrix is a-PA or nylon 6. The polyamide phase is stained dark with 
phosphotungstic acid. 
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Miscibility of the EOR elastomers with each other 

Miscibility of the EOR elastomers may stem from two different aspects: the ratio 

of ethylene versus 1-octene in the chains of the EOR rubbers and the increased polarity 

caused by maleation. It has been reported that immiscibility may occur even if the ratio of 

ethylene vs. 1-octene differs by a few percent in the macromolecular chains of EOR 

elastomers [34]. Since the non-maleated EOR is the precursor for maleation, i.e., the 

same ethylene/1-octene ratio is maintained; thus, immiscibility must result from the 

maleation difference. The state of miscibility of two polymers can be understood in terms 

of the Flory-Huggins theory [35]; the Gibbs free energy of mixing two dissimilar 

polymers, A and B, per unit volume of mixtures can be expressed as 

BABBln
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AARTmixg φφφ

φρ
φ

φρ
∆ +⎟⎟
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⎝
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where is the volume fraction, iφ iρ is the mass density,  is the molecular weight of 

component i, and B is the binary interaction density. The condition for stability in 

miscible blends is given by  
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A miscible mixture is assured when B is less than a critical value, , given by cB
2
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+=

ρρ       (4.3) 

The weight average molecular weight ( )wM  [36-38] should be used in the evaluations 

for polydisperse polymers. 

The binary interaction model [39-41] for blends of copolymers can be used to 

estimate the interaction energy density for the blends of non-maleated EOR and the 

maleated version, EOR-g-MA, by considering EOR-g-MA as a random copolymer of 
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EOR and maleic anhydride units. Based on this model, the net interaction energy density 

of mixing a random copolymer, A, composed of monomer units 1 and 2, with a 

homopolymer (the non-maleated EOR elastomer is treated as a homopolymer here), B, 

composed of monomer unit 1, is given by 
2'

212BB ⎟
⎠
⎞⎜

⎝
⎛= φ        (4.4) 

where  is the volume fraction of maleic anhydride in the EOR-g-MA and is the 

interaction energy between EOR and maleic anhydride units. The value of can be 

estimated from solubility parameters, 

'
2φ 12B

12B

iδ , of homopolymer 1 and 2 using the following 

relationship [41] 

( 22112B δδ −= )        (4.5) 

The interaction energy density can then written as 

( )
2'

MA2MAEORB ⎟
⎠
⎞⎜

⎝
⎛−= φδδ      (4.6) 

Likewise, for the two EOR-g-MA materials with different levels of MA, the interaction 

energy density can be written as 

( )
2'

MA
''
MA2MAEORB ⎟

⎠
⎞⎜

⎝
⎛ −−= φφδδ     (4.7) 

where is the volume fraction of maleic anhydride unit in the second EOR-g-MA 

material. 

''
MAφ

In principle, the miscibility of any two of the four EOR elastomers can be 

quantified if all the parameters in equations 4.3, 4.6, 4.7 are known. Although the density, 

molecular weight, volume fraction of MA unit, and solubility parameter of the non-

maleated EOR material are known or can be estimated, there is not a convincing 

experimental value of the solubility parameter of poly(maleic anhydride) for quantifying 

the miscibility boundary. Rather than pursuing any scheme for predicting the critical 

difference in maleic anhydride content, ∆ (% MA), that defines miscible combinations 
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from immiscible ones, we will determine this experimentally via electron microscopy 

using the special staining technique described earlier 

Figure 4.8 shows TEM images of the four neat EOR-based elastomers described 

in Table 4.1 after staining and sectioning as described earlier. These images show no 

significant features except some non-uniformity of intensity due to the variation in 

section thickness. Examination of each neat EOR elastomer in this way is necessary to 

serve as a control for the subsequent examination of such images for mixtures of two 

EOR-based elastomers. Furthermore, some commercial maleated products are blends and 

may be phase separated. Maleation of polypropylene generally results in severe 

molecular weight loss and to compensate for this some commercial products consist of 

mixtures of PP and PP-g-MA. The images in Figure 4.8 establish that these EOR 

materials are not blends or, at least, are not phase separated mixtures of EOR-based 

components with different levels of MA. 

Figure 4.9 shows images of the six possible binary blends of the four EOR-based 

elastomers, after staining and sectioning, viewed in an STEM dark field mode. The 

combinations of EOR-g-MA-0.35 %/EOR (∆ % MA = 0.35 %) and EOR-g-MA-2.5 

%/EOR-g-MA-1.6 % (∆ % MA = 0.9 %) do not show phase separation and can be 

presumed to be miscible. However, the other four combinations, EOR-g-MA-1.6 

%/EOR-g-MA-0.35 % (∆ % MA = 1.25 %), EOR-g-MA-1.6 %/EOR (∆ % MA = 1.6 %), 

EOR-g-MA-2.5 %/EOR-g-MA-0.35 % (∆ % MA = 2.15 %) and EOR-g-MA-2.5 %/EOR 

(∆ % MA = 2.5 %), show phase separation, indicating that the fours pairs are not 

miscible. Thus, the miscibility boundary occurs around ∆ (% MA) = 0.9 ~ 1.25 %. The 

STEM technique was employed to examine miscibility in this work rather than traditional 

TEM since the contrast between the phases even after this special staining technique is 

quite low. STEM, in some circumstances, is more advantageous than traditional TEM for 



improving phase contrast as a result of collecting signals from most of the scattered 

electrons in its annular dark field detectors [42]. The phase contrast can be enhanced even 

further by adjusting the signal-processing control and the contrast and brightness controls 

on the cathode-ray tube (CRT); these features are not available in traditional TEM. 

Furthermore, STEM is quite useful when the sections are thick and beam sensitive and 

when contrast is more important than resolution. 
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EOR-g-MA-1.6% EOR-g-MA-2.5%

Figure 4.8 TEM photomicrographs, using the STEM (dark field) mode, of the four neat 
EOR-based elastomers after staining and sectioning. 
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Figure 4.9 TEM photomicrographs, using the STEM (dark field) mode, for six stained 
binary elastomer blends: (a) ∆(% MA) = 0.35 - 0 = 0.35 % (EOR-g-MA-0.35 %/EOR); 
(b) ∆(% MA) = 2.5 - 1.6 = 0.9 % (EOR-g-MA-2.5 %/EOR-g-MA-1.6 %); (c) ∆(% MA) = 
1.6 - 0.35 = 1.25 % (EOR-g-MA-1.6 %/EOR-g-MA-0.35 %); (d) ∆(% MA) = 1.6 - 0 = 
1.6 % (EOR-g-MA-1.6 %/EOR); (e) ∆(% MA) = 2.5 - 0.35 = 2.15 % (EOR-g-MA-2.5 
%/EOR-g-MA-0.35 %) and (f) ∆(% MA) = 2.5 - 0 = 2.5 % (EOR-g-MA-2.5 %/EOR). 
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Effect of the ratio of elastomer components on morphology 

Figure 4.10 shows representative examples of how the ratio of the two elastomer 

components, in this case, the ratio of EOR-g-MA-2.5 %/EOR-g-MA-0.35 %, affects the 

morphology development of the blend. When their ratio is 15/85, a partially developed 

bimodal distribution of particle sizes is seen for the a-PA blend; however, unlike the case 

shown in Figure 4.7 where the bimodality is observed for both polyamides where the 

ratio is 16/84, the nylon 6 blend shows a unimodal distribution of particle sizes. 

Bimodality in morphology sometimes can be seen directly from the TEM 

photomicrographs; however, quantification of the rubber particle size distribution is still 

necessary since the distribution is more objective and is particularly useful when the 

distribution seems to be in conflict with what one sees by eye in TEM images. Thus, the 

matrix as well as the ratio between the elastomers affects the morphology development, a 

unimodal distribution of particle sizes is observed for both matrices when the ratio is 

70/30. 

When the particles are not spherical, the direction of TEM viewing matters. Table 

4.4 compares the rubber particle sizes examined in views parallel and perpendicular to 

flow direction for selected blends. As demonstrated by the examples shown by these two 

blends with bimodal distributions, only the larger particles show significant differences in 

size when examined parallel or perpendicular to the flow direction. For small rubber 

particles, these differences are very slight. 

 

 

 

 

 



Figure 4.10 TEM photomicrographs and rubber particle size distributions for ternary 
blends based on EOR-g-MA-2.5 %/EOR-g-MA-0.35 % in proportions of 
15/85 and 70/30 when the total rubber phase is fixed at 20 wt % for each of 
the two matrices. The polyamide phase is stained dark with phosphotungstic 
acid. 
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Table 4.4 Rubber particle size comparison viewed perpendicular versus parallel to the flow direction (FD) for selected blends 

Matrix Rubber phase (20 wt %) Examined 
direction Modality )m(wd µ a

ndwd ndvd  

0.093   1.16 1.63┴ FD Bimodala

0.98   
   

  

   
   

1.16 1.41
0.087 1.16 1.57

a-PA EOR-g-MA-2.5%/EOR=16/84
// FD Bimodala

1.71 1.41 1.93
0.091 1.15 1.61┴ FD Bimodala

0.51   
   

   

1.18 1.73
0.085 1.20 1.96

nylon 6 EOR-g-MA-1.6%/EOR=28/72 
// FD Bimodala

0.63 1.13 1.38

a particle size and distribution given for each population 
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Figure 4.11 shows the rubber particle polydispersity, expressed as the ratio of the 

volume to number average particle sizes, i.e., ndvd , as a function of the proportions of 

the two elastomers. For a-PA, the polydispersity shows a maximum at high EOR contents 

in its mixtures with EOR-g-MA-X % where X = 1.6 and 2.5. This maximum is associated 

with the emergence of bimodality. The polydispersity for blends containing EOR 

mixtures with EOR-g-MA-0.35 % is relatively small across the spectrum of composition. 

Similarly, for nylon 6, a maximum in polydispersity is seen for blends containing 

mixtures of EOR with EOR-g-MA-X % where X = 1.6 and 2.5 in the region of high EOR 

content. 
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Figure 4.11 Polydispersity, ndvd , as a function of the ratio of EOR-g-MA-X % versus 
EOR in the rubber phase for ternary blends based on 20 wt % of EOR-g-
MA-X %/EOR where the matrix is a-PA (a) and nylon 6 (b). 
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Effect of the order of mixing on morphology development 

Figure 4.12 shows the morphology and rubber particle size distribution for a 

ternary blend of nylon 6 containing EOR-g-MA-2.5 % and EOR in a ratio of 18/82 where 

three different order of mixing protocols were used for melt compounding: simultaneous 

addition of all the components, premixing of the two components in the rubber phase first 

and then melt blending with nylon 6, and formation of a master batch of nylon 6 with the 

non-maleated EOR elastomer and then melt blending with additional nylon 6 and the 

maleated EOR material. Again, a bimodal particle size distribution appears regardless of 

the melt protocol. Thus, the order of mixing does not seem to influence the bimodality.  
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Figure 4.12 Effect of the order of mixing of the components on morphology and rubber 
particle size distribution for a ternary blend of nylon 6 containing 20 wt % 
EOR-g-MA-2.5 %/EOR in a proportion of 18/82 where the order of mixing 
of the components was simultaneous (a), premixing of the rubber phase (b), 
and formation of a master batch of nylon 6 with the non-maleated EOR 
material (c) as described in the text. 
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Table 4.5 summarizes the effect of the order of mixing of the components on the 

average rubber particle size and the polydispersity for selected blends. The order of 

mixing of the components seems to cause negligible difference in the average size of the 

particles or their polydispersity for blends with a unimodal particle size distribution 

regardless of the matrix; however, for blends having a bimodal particle size distribution, 

the order of mixing seems to affect the rubber particle size a little more but still not 

significantly. The premixed approach in a-PA blend with a bimodal distribution seems to 

lead to a greater size for the larger particles, while the master batch in nylon 6 blend with 

a bimodal particle size distribution tends to lead to a smaller size for the larger particles 

than the case when all the components were added simultaneously. 

Effect of the extruder type on morphology development 

The previous research on ternary blends of a-PA with maleated and non-maleated 

SEBS has shown that twin screw extrusion generally yields blends with higher Izod 

impact strength and lower ductile-brittle transition temperatures than do blends of the 

same composition formed by single screw extrusion. Thus, only twin screw extrusion is 

used in this study in the formulation of blends containing a-PA. We have found that the 

intensity of mixing or extruder type affects the average particle size as might be expected; 

however, the choice of extruder does not seem to affect whether there is a bimodal 

particle size distribution or not. This conclusion applies to the particular equipment and 

materials used here and may not be general for all other situations. 

 



Table 4.5 Effect of the order of mixing on rubber particle size and distribution for selected blends of a-PA and blends of nylon 
6 

Matrix Rubber phase (20%) Extruder Order of 
mixing Modality )m(wd µ  ndwd ndvd  

Simultaneous     Unimodal 0.75 1.59 2.94EOR-g-MA-0.35%/EOR 
= 25/75 Twin 

Premixed Unimodal 0.78   
     

1.90 2.39
Simultaneous Unimodal 0.31 1.32 3.45

a-PA 
= 80/20 Twin 

Master batch Unimodal 0.28 1.39 3.82 
0.092   1.16 1.66Twin     

        
     

Simultaneous Bimodala

1.06 1.21 1.50
0.10 1.26 2.42

EOR-g-MA-2.5%/EOR = 
18/82 Twin Premixed Bimodala

1.18 1.32 1.85
Simultaneous Unimodal 0.11 1.21 1.57

a-PA 

= 60/40 Twin Master batch Unimodal 0.11 1.20 1.74 
Simultaneous     Unimodal 0.38 1.65 3.52EOR-g-MA-0.35%/EOR 

= 17/83 Twin 
Master batch Unimodal 0.40 1.39 2.11 
Simultaneous     Unimodal 0.15 1.21 2.02

nylon 6 
= 60/40 Twin 

Master batch Unimodal 0.16 1.18 1.65 
0.078   1.16 1.72Twin     

        
     

Simultaneous Bimodala

0.71 1.28 1.99
0.094 1.34 2.49

EOR-g-MA-2.5%/EOR = 
18/82 Twin Master batch Bimodala

0.57 1.07 1.23
Simultaneous Unimodal 0.062 1.22 2.04

nylon 6 

= 60/40 Twin Master batch Unimodal 0.057 1.16 1.78 

a particle size and distribution given for each population 
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Figure 4.13 Effect of the extruder type on the morphology and rubber particle size 
distribution for the ternary blend of nylon 6 shown in Figure 4.12, but made 
by single screw extrusion, with a total 20 wt % content of EOR-g-MA-2.5 
%/EOR in a proportion of 18/82. 

Figure 4.13 shows the rubber particle size distribution for the same blend of nylon 

6 via a master batch where the rubber phase contains EOR-g-MA-2.5 %/EOR in a 

proportion of 18/82 as shown in Figure 4.12 but prepared in a single screw extruder. In 

both cases, a bimodal particle distribution is observed. The extruder type does not seem 

to affect the bimodality. Table 4.6 shows the effect of the extruder type on rubber particle 

size for selected blends of nylon 6. The blends prepared in the single screw extruder show 

larger sizes compared with those made in a twin screw extruder, as might be expected 

from the less intensive mixing of the single screw extruder. 
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Table 4.6 Effect of the extruder type on rubber particle size and distribution for blends of nylon 6 based on EOR-g-MA-
0.35%/EOR and EOR-g-MA-2.5%/EOR 

Rubber phase (20%) Extruder 
type 

Order of 
mixing Modality )m(wd µ  ndwd ndvd  

Twin    Simultaneous Unimodal 0.38 1.65 3.52
Single     

    
    
    

Simultaneous Unimodal 0.54 1.83 3.64
Twin Master batch Unimodal 0.40 1.39 2.11

EOR-g-MA-0.35%/EOR = 
17/83

Single Master batch Unimodal 0.58 1.97 4.63
Twin Master batch Unimodal 0.16 1.18 1.65= 60/40 Single    

   
Master batch Unimodal 0.37 1.53 3.42

0.094 1.34 2.49Twin    
       

    

Master batch Bimodala

0.57 1.07 1.23
0.14 1.28 2.17

EOR-g-MA-2.5%/EOR = 
18/82 Single Master batch Bimodala

1.06 1.21 1.60
Twin Master batch Unimodal 0.057 1.16 1.78= 60/40 single     Master bach Unimodal 0.095 1.53 3.65

a particle size and distribution given for each population 
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Map of bimodal versus unimodal particle size distributions 

The previous sub-sections described how the rubber phase maleic anhydride level, 

miscibility of the two elastomers, the proportions of the two elastomers, the order of 

mixing, and mixing intensity influenced morphology development in EOR-based blends 

with nylon 6 and a-PA. It is shown that the order of mixing and mixing intensity do not 

seem to affect, at least qualitatively, the modality of rubber particle morphology, 

although the two factors influence the size to some extent. However, it appears that the 

miscibility of the two elastomers and the proportions of the two EOR materials 

comprising the rubber phase in the nylon 6 and a-PA matrices are the main factors that 

affect whether bimodality occurs or not. It is useful to sort these out in a more logic way 

to demonstrate how each of them governs the modality in particle size distributions of 

blends. Figure 4.14 shows a map for each matrix in which we show the results for many 

different blend systems. Each system is located by plotting the relative proportions of the 

more highly maleated, EOR-g-MA-H, and the less highly maltead, EOR-g-MA-L, 

ethylene-1-octene copolymers that comprise the rubber phase in 80/20 polyamide/rubber 

blends versus the difference in maleation level of the two EOR-based materials. The open 

points represent blends that showed a unimodal distribution of rubber particles and this 

did not seem to be affected by any other variable within the range investigated. The filled 

circles represent blends exhibiting bimodal distributions. When the ∆ (% MA) was below 

the limit where the two elastomers were determined to be miscible, unimodal 

distributions were observed in all cases regardless of the matrix type or ratio of the two 

elastomer components. However, when the two elastomers exceed the critical ∆ (% MA) 

for miscibility, bimodality tends to occur when the content of the more highly maleated 

EOR in the rubber phase is low while unimodality prevails when the content of EOR-g-
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MA-H is higher. Interestingly, for nylon 6, unlike the case of a-PA, a bimodal 

distribution of particle sizes is not observed even at a low content of EOR-g-MA-H when 

the rubber phase consists of the immiscible pairs EOR-g-MA-1.6 %/EOR-g-MA-0.35 % 

and EOR-g-MA-2.5 %/EOR-g-MA-0.35 %. The failure to observe bimodal distributions 

of particle sizes in these cases may be attributed to the fact that the sizes formed from 

each of the two elastomers alone with nylon 6 are too close to be resolved as can be seen 

in Figure 4.3. In these cases, there is still likely to be two distinct groups of particles due 

to the immiscibility of the two elastomers; however, the two groups simply cannot be 

distinguished by their sizes. 

CONCLUSIONS 

The elastomer particle morphology in ternary blends of maleated and non-

maleated ethylene-based elastomers with polyamides has been investigated. Two types of 

elastomers, EPR with its maleated version, EPR-g-MA, and EOR with its maleated 

versions, EOR-g-MA-X %, and two classes of polyamides, a-PA and nylon 6, have been 

employed in the formulation of the ternary blends. Morphology development of the 

ternary blends was examined in terms of both thermodynamic and kinetic factors. Both 

can influence the morphology development; the thermodynamic state of miscibility of the 

two types of elastomers always must be considered but some of the kinetic factors are not 

always important.  
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Figure 4.14 Map of bimodal and unimodal particle size distributions for blends of a-PA 
(a) and blends of nylon 6 (b) containing total 20 wt % elastomers in which 
the relative proportion of the more highly, EOR-g-MA-H, and the less 
highly maleated EOR-g-MA-L, ethylene-1-octene copolymers in the rubber 
phase is plotted versus the difference in maleation level of the two EOR 
elastomers. 
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For polyamide blends with EPR-g-MA/EPR mixtures, owing to the fact that EPR 

and EPR-g-MA are miscible, the particle morphology is well controlled via the level of 

maleation in the rubber phase. The two types of polyamides were found to exhibit quite 

analogous morphology, i.e., the rubber particle sizes are about the same at the same 

maleation level, in this case. However, the elastomer particle morphology of polyamide 

blends with EOR-g-MA/EOR mixtures was found to be much more complex. For both 

matrices, the average particle size strongly depends on the level of maleation in the 

rubber phase. In general, the rubber particle size in a-PA blends is larger than that in 

nylon 6 blends most likely because the chain ends for the a-PA material are 

predominately carboxyl groups rather than amine groups, i.e., [COOH]/[NH2] = 4.5 as 

shown in Table 4.1, which reduces the possible frequency of grafting.  

Using a special staining technique combined with transmission electron 

microscopy, it was shown that EOR elastomers with different levels of maleation are 

miscible when the difference in level of maleation is less than ∆ (% MA) = 0.9 - 1.25 % 

but they are immiscible at higher differences. When the two elastomers are miscible, the 

rubber particle size distribution was always found to be unimodal, regardless of all other 

factors examined. This seems entirely reasonable owing to the thermodynamic driving 

force for the two elastomers to maintain a single phase but of varying maleic anhydride 

content and, hence, particle size as their ratio is varied. However, when the two 

elastomers are immiscible, the blends could either exhibit a bimodal or a unimodal 

particle size distribution depending on the ratio of the elastomers and the matrix type. 

Immiscibility of the two elastomers in the ternary blends would seem naturally to lead to 

a bimodal particle size distribution, i.e., a group of distinctly small particles mixed with a 

group of distinctly large rubber particles, since thermodynamically the two elastomers 

resist mixing with each other. However, when the ratio of the more highly maleated EOR 
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elastomer in the rubber phase becomes higher, a unimodal particle size distribution may 

result from the following causes. First, the graft chains formed by reaction of the amine 

groups of the polyamide with the maleic anhydride of the EOR-g-MA material can 

significantly increase the melt viscosity of the blend which in turn leads to higher shear 

stresses that tend to make the domain size of the non-maleated EOR elastomer smaller. If 

the two distributions overlap significantly, they may not be distinguishable. Second, the 

polyamide grafted EOR-g-MA phase may encapsulate the non-maleated EOR rubber due 

to the thermodynamic affinity between the two elastomers to create a core-shell type 

structure. There might be a limit on how much EOR the grafted EOR-g-MA phase can 

encapsulate; this would cause a breakdown of the core-shell type structure at high EOR-

g-MA/EOR ratios and lead to bimodality. Interestingly, the order of mixing or the 

extruder type does not seem to change the modality of the particle size distribution. 
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Chapter 5: Comparison of the toughening behavior of nylon 6 versus an 
amorphous polyamide using various maleated elastomers 

INTRODUCTION 

Numerous studies have been reported on the rubber toughening of semi-

crystalline polyamides like nylon 6 and nylon 66 using maleated elastomers [1-21]. By 

contrast, there are relatively few reports on rubber toughening of amorphous polyamides 

[22-24]. We recently initiated such studies primarily motivated by our interest in 

obtaining a better understanding of the toughening mechanisms of semi-crystalline 

polyamides by comparing the toughening responses of an amorphous matrix using the 

same elastomers [24]. In Chapter 4, we described the elastomer particle morphology for 

ternary blends of maleated and non-maleated ethylene-based elastomers with nylon 6 and 

an amorphous polyamide, Zytel 330 from DuPont. The elastomers used include an 

ethylene/propylene copolymer (EPR) with its maleic anhydride (MA) grafted version 

EPR-g-MA, and an ethylene/1-octene copolymer (EOR) with its maleated versions, 

EOR-g-MA-X % where X is 0.35, 1.6 and 2.5. Specifically, we have demonstrated when 

using mixtures of elastomers with different levels of maleation for achieving fine control 

of rubber particle sizes that elastomer phase miscibility becomes a significant factor in 

the morphology formed in addition to factors like the ratio of the two elastomers, the 

matrix type, the order of mixing and the mixing intensity (the extruder type), etc. In some 

cases, bimodal distributions of particle sizes were observed. Obviously, the morphology 

of the resulting polyamide blend is a major factor in determining the final mechanical 

properties including Izod impact strength. The purpose of this Chapter is to report in 

some detail the toughening response of these two classes of polyamide matrices using 

these two types of elastomers. The effect of rubber content and particle size on Izod 
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impact strength and the ductile-brittle transition temperature will be presented. Chapter 6 

will explore the fracture behavior of selected blends in more detailed ways. 

EXPERIMENTAL SECTION 

Table 5.1 shows the physical and mechanical properties of the materials employed 

in this study. The procedures for melt blending, morphology determination and 

mechanical properties including Izod impact strength have been described in Chapter 2. 

ROOM TEMPERATURE MECHANICAL PROPERTIES 

Tensile properties 

Table 5.2 summarizes the mechanical properties of binary blends of each of the 

two polyamides with EPR-g-MA. As can be seen, modulus and yield stress are steadily 

reduced by the addition of EPR-g-MA. The elongation at break is rather erratic owing to 

a variety of issues that have been discussed in previous papers on similar blends [7, 24]. 

Table 5.3 shows the mechanical properties of ternary blends of a-PA containing a total of 

20 wt % rubber comprised of mixtures of EPR-g-MA and EPR in different proportions. 

Modulus, yield stress and elongation at break do not change significantly. 

Tables 5.4 and 5.5 summarize the mechanical properties for blends of nylon 6 and 

a-PA with various mixtures of EOR-g-MA and EOR. Again, modulus and yield stress 

change only slightly. The standard deviation for the measurement of modulus is less than 

5% and less than 1% for yield stress. Elongation at break changes significantly from one 

blend to another and also, the standard deviation is much greater, sometimes, of the order 

of 50% or even higher. 

 

 



Table 5.1 Materials used 

Designation Used 
Here 

Materials 
(Commercial 
Designation) 

Compositions Tg (oC)a
Elastic 

modulus 
(MPa)b

MFR 
(g/10min)c

Brabender 
Torque (N.m) 

d
Supplier 

a-PA     Zytel 330 e 127 1597 10.7 DuPont
nylon 6f B73WPg    

       

       

       

     

    

55 1804 6.37h Honeywell 
EOR Exact 8201 28 wt% Octene -34 24.1 ~22 9.5 ExxonMobil 

EOR-g-MA-0.35% Exxelor VA 1840 28 wt% Octene 
0. 35 wt% MA -31 25.3 ~25 9.2 ExxonMobil

EOR-g-MA-1.6% Exxelor MDEX 101-2 28 wt% Octene 
1.6 wt% MA -28 29.3 19 6.9 ExxonMobil

EOR-g-MA-2.5% Exxelor MDEX 101-3 28 wt% Octene 
2.5 wt% MA -28 29.7 20 6.3 ExxonMobil

EPR Vistalon 457 53 wt% Propylene ~ -47 N/A  14.2h ExxonMobil 

EPR-g-MA Exxelor 1803 53 wt% Propylene 
1.14wt% MA -47 3.2 9.76h ExxonMobil 

SEBS Kraton G 1652 29 wt% Styrene ~-36 40  8.58 Kraton 
Polymers 

SEBS-g-MA Kraton G 1901X 29 wt% Styrene 
1.84 wt% MA -36 66 6.37 Kraton 

Polymers 

a. Data measured from the tan δ peak of DMTA.  b. Data measured by the DMTA at 1Hz and 25oC. 
c. Data at 230oC and 10 kg and provided by the supplier. d. Measured after 10 min at 240 oC and 60 rpm. 
e. 

C

O

CH2 NH
6

C

O

n

NH

 
f. Referred to as MMW nylon 6 in Ref. [24]. 
g. Formerly Capron 8207F. h. Data from Ref. [15]. 
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Table 5.2 Summary of rubber particle size and mechanical properties for binary blends of polyamides with EPR-g-MA 

Matrix wt % 
rubber 

Extruder 
type )m(wd µ ndwd  ndvd  

Izod 
impact 
(J/m) 

Tdb (oC) Modulus 
(GPa) 

Yield 
stress 
(MPa) 

Elongation 
at break 

(%) 
0         Twin 23 N/A 2.7 92.1 116
5          

          
          

          
          
          

       

Twin 0.14 1.22 1.73 249 30 2.4 79.6 62
7.5 Twin 0.17 1.14 1.51 958 0 2.4 74.5 90
10 Twin 0.18 1.15 1.54 833 -20 2.2 70.7 48
12.5 Twin 0.16 1.11 1.39 866 -30 2.2 66.9 102
15 Twin 0.19 1.17 1.68 758 -30 1.8 62.5 44

a-PA 

20 Twin 0.20
 

1.18
 

1.70
 

726 -35 1.8 56.1 33
0a Single 43 N/A 2.8 70.2 93
5          

          
          
          

Single 0.288 1.85 5.2 95 65 2.4 63.1 9
10 Single 0.157 1.32 2.06 183 35 2.4 58.7 22
15 Single 0.175 1.47 3.27 238 -20 2.1 52.6 24

nylon 6 

20 Single 0.20 1.42 2.72 619 -35 1.9 46.7 49

a Data from Ref. [16]. 

Table 5.3 Summary of mechanical properties for ternary blends of 80 wt% a-PA with 20 wt% EPR-g-MA/EPR 

EPR-g-
MA wt% 
in rubber 

phase 

%MA in the 
rubber phase )m(wd µ  ndwd  ndvd  

Izod 
impact 
(J/m) 

Tdb (oC) Modulus 
(GPa) 

Yield 
stress 

(MPa) 

Elongation 
at break 

(%) 

20          0.23 0.44 1.51 2.58 344 0 2.0 60.6 21
60          

          
0.68 0.28 1.39 2.81 642 -25 1.8 57.7 28

100 1.14 0.20 1.18 1.70 726 -35 1.8 56.1 33
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Table 5.4 Summary of rubber particle sizes and mechanical properties for blends of a-PA based on EOR-g-MA/EOR 

MA%  Rubber 
phase (20%) 

Order of 
mixing )m(wd µ  ndwd  ndvd  IDw

a Izod impact 
(J/m) 

Tbd 
(oC) 

modulus 
(GPa) 

yield stress 
(MPa) 

Elongation 
at break (%) 

0        EOR Simultaneous 2.41 1.26 1.78 0.67 70 N/A 1.7 N/Ab 6  

0.035 
EOR-g-MA-
0.35%/EOR 
= 10/90 

Simultaneous          1.10 1.56 2.51 0.31 108 N/A 2.0 57.3 10

Simultaneous         0.75 1.59 2.94 0.21 732 far 
254 gate 25 2.0 57.2 440.0875  

         
= 25/75

Premixed 0.78 1.90 2.39 0.22 246 35 1.8 59.7 23

0.14          = 40/60 Simultaneous 0.50 1.63 3.44 0.14 963 far 
426 gate 10 1.7 53.9 71

Simultaneous         0.31 1.32 3.45 0.09 1060 -5 1.6 50.1 1630.28  = 80/20
Master batch 0.28 1.39 3.82 0.08 1076 -20 1.7 53.1 173 

0.35 EOR-g-MA-
0.35% 

Simultaneous 0.35         1.39 2.83 0.10 1108 -25 1.7 53.5 146

Simultaneous          0.26 1.94 9.67 0.07 646 0 1.8 55.8 11EOR-g-MA-
1.6%/EOR 
= 24/76 Premixed          0.20 1.66 5.16 0.06 827 0 1.7 55.1 29

0.39 
EOR-g-MA-
2.5%/EOR 
= 16/84 

Simultaneous          0.27 2.79 11.7 0.08 221 30 1.7 51.2 8

EOR-g-MA-
1.6%/EOR 
= 28/72 

Simultaneous          0.25 1.94 9.68 0.07 637 -5 1.7 54.9 11

Simultaneous          0.25 2.67 13.7 0.07 352 25 1.8 52.3 8
0.44 

EOR-g-MA-
2.5%/EOR 
= 18/82 Premixed          0.24 2.63 17.2 0.07 477 15 1.8 54.4 10

EOR-g-MA-
1.6%/EOR 
= 30/70 

Simultaneous          0.19 1.32 2.82 0.05 812 45 1.8 54.3 43

0.48 
EOR-g-MA-
2.5%/EOR 
= 19/81 

Simultaneous          0.20 2.20 10.05 0.06 430 15 1.7 52.5 9

0.5375 

EOR-g-MA-
1.6%/EOR-
g-MA- 
0.35% = 
15/85 

Simultaneous          0.26 1.39 3.14 0.07 1104 -30 1.8 55.4 159

0.6725 
EOR-g-MA-
2.5%/EOR-
g-MA-

Simultaneous          0.23 1.45 4.54 0.06 1080 -30 1.7 52.9 170
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0.35% = 
15/85 

0.85 

EOR-g-MA-
1.6%/EOR-
g-MA-
0.35% = 
40/60 

Simultaneous          0.13 1.13 1.44 0.04 1000 -30 1.7 56.5 88

0.96 
EOR-g-MA-
1.6%/EOR 
= 60/40 

Simultaneous          0.15 1.16 1.55 0.04 998 -20 1.7 55.4 147

1.0 
EOR-g-MA-
2.5%/EOR 
= 40/60 

Simultaneous          0.13 1.30 3.04 0.04 842 -10 1.8 55.6 61

1.21 

EOR-g-MA-
2.5%/EOR-
g-MA-
0.35% = 
40/60 

Simultaneous          0.10 1.23 1.53 0.03 1015 -30 1.7 56.2 64

1.225 

EOR-g-MA-
1.6%/EOR-
g-MA-
0.35% = 
70/30 

Simultaneous          0.14 1.10 1.33 0.04 993 -30 1.6 55.9 75

Simultaneous          0.11 1.21 1.57 0.03 959 -30 1.7 54.7 64
1.5 

EOR-g-MA-
2.5%/EOR 
= 60/40 Master batch 0.11 1.20 1.74 0.03 952 -30 1.7 54.7 72 

1.6 EOR-g-MA-
1.6% Simultaneous          0.14 1.26 1.96 0.04 969 -30 1.7 53.2 158

1.735 

EOR-g-MA-
2.5%/EOR-
g-MA-1.6% 
= 15/85 

Simultaneous          0.16 1.21 1.86 0.05 931 -30 1.7 53.8 147

1.855 

EOR-g-MA-
2.5%/EOR-
g-MA-
0.35% = 
70/30 

Simultaneous          0.11 1.16 1.68 0.03 972 -30 1.9 54.8 32

1.96 

EOR-g-MA-
2.5%/EOR-
g-MA-1.6% 
= 40/60 

Simultaneous          0.12 1.12 1.42 0.03 965 -30 1.7 56.6 38

2.23 

EOR-g-MA-
2.5%/EOR-
g-MA-1.6% 
= 70/30 

Simultaneous          0.12 1.13 1.45 0.04 939 -30 1.7 57.1 52
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2.5 EOR-g-MA-
2.5% Simultaneous          0.13 1.20 1.64 0.04 888 -25 1.7 53.7 131

a. Weight average interparticle distance based on Wu’s model [3]. 
b. Break before yieldi 

Table 5.5 Summary of rubber particle sizes and mechanical properties for blends of nylon 6 based on EOR-g-MA/EOR 

MA%  
Rubber 
phase 
(20%) 

Extruder Order of 
mixing )m(wd µ  ndwd  ndvd  IDw

a
Izod 

impact 
(J/m) 

Tdb 
(oC) 

modulus 
(GPa) 

yield 
stress 

(MPa) 

Elongation 

at break 
(%) 

0         EOR Twin Simultaneous 2.70 1.37 1.72 0.78 74 55 2.0 51.8 23 

0.021 

EOR-g-
MA-
0.35%/EOR 
= 6/94 

Twin          Simultaneous 1.19 1.90 3.55 0.35 120 45 2.2 52.4 30

0.042            = 12/88 Twin Simultaneous 0.85 1.64 3.07 0.25 563 20 2.0 49.3 50
Twin          Simultaneous 0.38 1.65 3.52 0.11 815 10 1.8 44.9 113
Twin          Premixed 0.36 1.56 3.54 0.11 733 0 2.1 48.8 63
Twin          Master batch 0.42 1.39 2.11 0.12 725 0 2.0 48.8 88
Single          Simultaneous 0.54 1.83 3.64 0.16 652 20 2.0 48.8 147

0.05845  

          

= 17/83

Single Master batch 0.58 1.97 4.63 0.17 198 35 2.0 50.2 116
0.14            = 40/60 Twin Simultaneous 0.20 1.34 2.98 0.058 661 -10 1.9 48.2 96

Single          Master batch 0.37 1.53 3.42 0.11 857 -20 1.8 47.2 124
Simultaneous          0.15 1.21 2.02 0.042 460 -15 1.7 45.7 1410.21  = 60/40 Twin 
Master batch 0.16 1.18 1.65 0.047 493 -20 1.8 48.0 141 

0.35 EOR-g-
MA-0.35% Twin          Simultaneous 0.10 1.10 1.44 0.028 323 -10 1.9 51.5 101

Simultaneous          0.19 1.85 6.08 0.055 677 -10 1.9 50.3 77
Premixed 0.18         1.69 4.89 0.054 490 -10 2.0 48.6 90

EOR-g-
MA-
1.6%/EOR 
= 24/76 

Twin 
Master batch 0.15 1.83 6.04 0.043 566 -5 1.9 48.1 136 

0.39 
EOR-g-
MA-
2.5%/EOR 
= 16/84 

Twin          Simultaneous 0.21 2.34 8.82 0.062 694 10 1.9 50.9 44

EOR-g-
MA-
1.6%/EOR 
= 28/72 

Twin          Simultaneous 0.15 1.67 7.26 0.043 645 -5 2.0 51.3 159

Twin          Simultaneous 0.19 2.43 13.25 0.057 642 15 2.1 52.8 51

0.44 

EOR-g-
MA- Twin          Premixed 0.17 1.96 7.95 0.048 591 0 2.0 49.1 144
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Twin          Master batch 0.18 2.14 7.10 0.052 646 10 2.0 48.1 862.5%/EOR 
= 18/82 Single          Master batch 0.42 2.89 9.30 0.12 441 25 2.0 48.6 55
EOR-g-
MA-
1.6%/EOR 
= 30/70 

Twin          Simultaneous 0.14 1.49 5.80 0.040 577 -10 2.0 53.8 128

0.48 
EOR-g-
MA-
2.5%/EOR 
= 19/81 

Twin          Simultaneous 0.16 1.89 7.0 0.046 708 15 2.0 52.1 206

0.5375 

EOR-g-
MA-
1.6%/EOR-
g-MA-
0.35% = 
15/85 

Twin          Simultaneous 0.083 1.17 1.82 0.024 247 0 1.8 46.6 136

0.6725 

EOR-g-
MA-
2.5%/EOR-
g-MA-
0.35% = 
15/85 

Twin          Simultaneous 0.078 1.16 1.55 0.023 263 0 2.0 50.5 117

0.85 

EOR-g-
MA-
1.6%/EOR-
g-MA-
0.35% = 
40/60 

Twin          Simultaneous 0.064 1.14 1.57 0.019 253 -20 1.9 48.7 144

1.21 

EOR-g-
MA-
2.5%/EOR-
g-MA-
0.35% = 
40/60 

Twin          Simultaneous 0.068 1.11 1.38 0.020 259 -15 1.8 47.6 192

1.225 

EOR-g-
MA-
1.6%/EOR-
g-MA-
0.35% = 
70/30 

Twin          Simultaneous 0.057 1.14 1.48 0.017 225 -10 2.0 51.5 116

Single          Master batch 0.095 1.53 3.65 0.028 631 -20 1.8 47.3 75
Simultaneous          0.062 1.22 2.04 0.018 353 -10 1.8 47.0 1401.5 

EOR-g-
MA-
2.5%/EOR 
= 60/40 

Twin 
Master batch 0.057 1.16 1.78 0.017 309 -10 1.8 46.4 191 

1.6           EOR-g- Twin Simultaneous 0.051 1.10 1.40 0.015 247 0 2.0 51.9 61
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MA-1.6% 

1.735 

EOR-g-
MA-
2.5%/EOR-
g-MA-1.6% 
= 15/85 

Twin          Simultaneous 0.049 1.14 1.63 0.014 221 5 1.7 45.1 211

1.855 

EOR-g-
MA-
2.5%/EOR-
g-MA-
0.35% = 
70/30 

Twin          Simultaneous 0.047 1.18 1.68 0.014 255 -10 1.8 46.6 136

1.96 

EOR-g-
MA-
2.5%/EOR-
g-MA-1.6% 
= 40/60 

Twin          Simultaneous 0.049 1.14 1.56 0.014 214 0 1.8 48.1 200

2.23 

EOR-g-
MA-
2.5%/EOR-
g-MA-1.6% 
= 70/30 

Twin          Simultaneous 0.045 1.22 1.78 0.013 250 0 1.8 47.2 179

2.5 EOR-g-
MA-2.5% Twin          Simultaneous 0.043 1.16 1.73 0.013 234 0 1.9 48.2 180

a Weight average interparticle distance based on Wu’s model [3]. 
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Izod impact strength 

Figure 5.1 shows the Izod impact strength as a function of EPR-g-MA content for 

binary blends where the matrix polyamide is a-PA and nylon 6. Interestingly, the 

toughness of nylon 6 as measured by the Izod value increases gradually with EPR-g-MA 

content up to about 15 wt % and then appears to level off. On the other hand, there is a 

dramatic rise in Izod value between 5 and 7.5 wt % EPR-g-MA for the a-PA system 

followed by a gradual decline at higher rubber contents which approaches the plateau 

value for nylon 6. To some extent the decrease in Izod value in the latter region parallels 

the large change in yield strength observed, see Table 5.2. However, one should be 

cautious about drawing broad conclusions regarding the toughenability of the two 

matrices by comparing toughness levels between a-PA and nylon 6 at any given EPR-g-

MA content since these plots do not represent optimized rubber particle sizes. 
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Figure 5.1 Comparison of the Izod impact strength of binary blends of EPR-g-MA with 
a-PA and with nylon 6 as a function of total rubber content. 
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Figure 5.2 shows the effect of rubber particle size on the Izod impact strength for 

ternary blends based on mixtures of EOR-g-MA and EOR for each of the two types of 

polyamides where the total rubber content is fixed at 20 wt %. In cases where the rubber 

particle size distribution shows bimodality, the Izod value is plotted at the global weight 

average size for the entire particle size distribution. For specimens that showed 

differences in toughness at the gate and far ends of the Izod bar, both Izod values are 

plotted. For a-PA, an upper limit on rubber particle size of about 0.7 µm is seen beyond 

which the blend is brittle. As the particle size is within a range of 0.4-0.75 µm, the far 

end specimens appear much tougher than the gate end samples. Similar cases have been 

reported for ternary blends of a-PA with maleated and non-maleated SEBS [24] and were 

attributed to the highly elongated rubber phase morphology in the gate end part of the 

specimen. For the blends exhibiting bimodality in morphology, a much lower impact 

strength is generally observed when compared, using the global average particle size, 

with cases where the particle size distribution is unimodal. Interestingly, two blends with 

bimodal particle size distributions do appear to be super-tough. For nylon 6, the optimum 

range of rubber particle sizes for super-toughness is 0.15~0.8 µm. A similar optimum 

range of rubber particle sizes for nylon 6 has been observed in ternary blends with 

maleated and non-maleated SEBS [7, 16].  

For nylon 6, unlike the case of a-PA, all the blends with a bimodal distribution of 

particle sizes appear to be super-tough. The optimum rubber particle size for toughening 

is roughly the same for the two polyamide matrices. At this optimum size, the Izod values 

for a-PA are about 20-30 % higher than those for nylon 6. 
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Figure 5.2 Effect of the global average rubber particle size on room temperature Izod 
impact strength for ternary blends containing a total of 20 wt % EOR-g-
MA/EOR mixtures in the rubber phase where the matrix is a-PA (a) and 
nylon 6 (b). 

It is instructive to re-examine the toughness of blends with bimodal particle sizes 

in another way. For the blends exhibiting bimodality in morphology, a weight average 

particle diameter was estimated for each of the populations so that there are two average 



rubber particle diameters for each of the blends. The single value of impact strength of a 

blend with a bimodal size distribution is entered in Figure 5.3 both at the weight average 

size for the population of smaller particles and at the weight average size for the 

population of large particles. This method of plotting which separates the two populations 

does not seem to significantly affect the trend observed for nylon 6. However, for a-PA 

this method of data presentation seems to produce a more coherent relationship showing 

a well-defined upper and lower particle size limit for toughening. 
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Figure 5.3 Effect of weight average rubber particle size on room temperature Izod impact 
strength for the same ternary blends shown in Figure 5.2 except that for 
blends with a bimodal particle size distribution, particle sizes were evaluated 
for each of the two populations, and the Izod impact strength is plotted at the 
size determined for each of the two rubber particle populations for the 
matrix a-PA (a) and nylon 6 (b). 
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Instead of using the rubber particle size to correlate the Izod impact strength, Wu 

proposed the interparticle distance or matrix ligament thickness [3] and provided an 

equation based on a highly simplified geometric model for calculating the interparticle 

distance: 

⎥⎦
⎤

⎢⎣
⎡ −= 131)6(d φπτ       (5.1) 

where  is the interparticle distance, d is the rubber particle size and φ  is the volume 

fraction of the rubber phase. In the cases discussed above, the volume fraction of the 

rubber phase is nearly a constant since the total rubber content is fixed at 20 wt % and the 

maleated and non-maleated EOR elastomers have nearly the same densities. Thus, 

τ

τ  is 

always proportional to d in this series of blends; thus, the same trend for Izod impact 

strength vs. interparticle distance should exist as the case for Izod impact strength vs. 

rubber particle size. Therefore, plotting versus the interparticle distance adds no new 

insights in such cases. Furthermore, direct experimental measurement of the average 

interparticle distance seems much more problematic than determining the average rubber 

particle size. 

Figure 5.4 compares the relationships between impact strength versus rubber 

particle size for three different elastomer systems. For a-PA, all three types of elastomers 

show an upper limit for toughening beyond which the blend is brittle; the upper size limit 

seems to be smallest for the EPR-g-MA/EPR system and largest for the EOR-g-MA/EOR 

system. Only the EOR-based system shows the lower size limit which is believed to exist 

for all elastomer systems. It is believed that the lower limit is not observed for EPR and 

SEBS systems because it was not possible to generate small enough rubber particles in 

these cases. For nylon 6, however, all three elastomer systems reveal both the upper and 

lower size limits for toughening. Thus, the optimum range of rubber particle sizes within 

which the blend is super-tough is well-defined in these cases. This optimum range seems 
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to be nearly the same for EOR-g-MA/EOR and SEBS-g-MA/SEBS but somewhat 

narrower for EPR-g-MA/EPR. In broad terms, the amorphous polyamide, a-PA, and the 

semi-crystalline polyamide, nylon 6, show remarkably similar consequences of rubber 

particle size on toughening behavior. Thus, while crystalline texture certainly may play 

some role in toughening, it appears that this must be minor since the broad pattern of 

scale effects seems to be much the same when there is no crystalline structure at all. 
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Figure 5.4 Comparison of room temperature Izod impact strength as a function of rubber 
particle size for ternary blends based on three different elastomer systems: 
EOR-g-MA/EOR, EPR-g-MA/EPR and SEBS-g-MA/SEBS where the total 
rubber content is fixed at 20 wt % of the blend and a-PA (a) or nylon 6 (b) is 
the matrix material. 

 



EFFECT OF TEMPERATURE ON IZOD IMPACT STRENGTH 

Figure 5.5 shows Izod impact strength as a function of temperature for binary 

blends containing varying amounts of EPR-g-MA. With addition of EPR-g-MA, 

regardless of the matrix, the blend shows a ductile-brittle transition which shifts to lower 

temperatures the larger the amount of EPR-g-MA added. The ductile-brittle transition 

temperature responds more strongly to the EPR-g-MA content, particularly, at higher 

contents of rubber for nylon 6 than is the case for a-PA.  
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Figure 5.5 Izod impact strength as a function of temperature for binary blends with 
various EPR-g-MA contents where the matrix material is a-PA (a) and nylon 
6 (b). 
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Figure 5.6 shows how impact strength depends on temperature for ternary blends 

of a-PA where the rubber content is fixed at 20 wt% but the proportions of EPR-g-MA 

and EPR in this phase are varied. The ductile-brittle transition shifts to lower 

temperatures as the proportion of the maleated component becomes higher. For the blend 

based on a 20/80 EPR-g-MA/EPR mixture, the toughening effect at temperatures above 

the ductile-brittle transition is quite small. 
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Figure 5.6 Izod impact strength versus temperature for ternary blends of a-PA with a total 
of 20 wt % EPR-g-MA/EPR mixture having different proportions in the 
rubber phase. 

Figure 5.7 shows impact strength versus temperature for ternary blends containing 

mixtures of EOR-g-MA-0.35 % with EOR in varying proportions. For a-PA, without 

EOR-g-MA-0.35 % in the rubber phase, the blend is brittle at all temperatures examined. 

The far end specimens are seen to be much tougher than the gate end samples when the 

two rubbers are in the proportions of 25/75 and 40/60; a clear ductile-brittle transition for 

these compositions is evident. The transition shifts to a lower temperature with a higher 
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proportion of the maleated component. For nylon 6, a ductile-brittle transition occurs for 

all the blends and the transition shifts to lower temperatures as the proportion of the 

maleated component increases. However, the absolute Izod values in the tough regime 

always seem to be higher for a-PA than for nylon 6. 
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Figure 5.7 Effect of temperature on Izod impact strength for ternary blends containing a 
total of 20 wt % rubber consisting of EOR-g-MA-0.35 %/EOR mixtures in 
varying proportions where the matrix is a-PA (a) and nylon 6 (b). 
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Figure 5.8 shows the Izod impact strength as a function of temperature for ternary 

blends based on EOR-g-MA-2.5 %/EOR mixtures as the proportion of the two elastomers 

is varied. For a-PA, there is a strong ductile-brittle transition which shifts to lower 

temperatures as the proportions of the maleated component increases. At room 

temperature, the greater the proportion of maleated elastomer, the tougher the blend. 

However, the trends for nylon 6 blends are not so simple. The ductile-brittle transition 

shifts to a lower temperature as the proportion EOR-g-MA-2.5 %/EOR increases from 

16/84 to 60/40. For the blend containing only EOR-g-MA-2.5 %, there are two 

transitions, one around 0 oC and the other around 50 oC. The transition around 0 oC is due 

to the rubber toughening effect but it occurs at a higher temperature than when the rubber 

phase is diluted with some non-maleated EOR. The change in toughness associated with 

this transition is rather small. The ductile-brittle transition at higher temperatures is 

associated with the glass transition of nylon 6 matrix (Tg = 55 oC). As can be seen, the 

Izod impact strength at room temperature is much lower for nylon 6 than a-PA when the 

proportion of of EOR-g-MA-2.5%/EOR is higher. This can be understood in terms of the 

effect of rubber particle sizes. For a-PA, the rubber particle size of the blends (0.11 - 0.13 

µm) is within the optimum range, whereas for nylon 6 the rubber particle size (0.043 - 

0.062 µm) is beyond the optimum range for toughening. 
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Figure 5.8 Izod impact strength vs. temperature for ternary blends based on EOR-g-MA-
2.5 %/EOR mixtures in varying proportions when the total rubber phase is 
fixed at 20 wt % for the matrix a-PA (a) and the matrix nylon 6 (b). 
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Figure 5.9 compares the ductile-brittle transition temperature (Tdb) as a function 

of EPR-g-MA content for binary blends of a-PA and those of nylon 6. In both cases, the 

Tdb decreases as the amount of EPR-g-MA added increases as expected. Interestingly, the 

Tdb is considerably lower for a-PA blends at 5 and 10 wt % EPR-g-MA than for nylon 6. 

However, the difference becomes negligible as the rubber content is about 15 wt % or 

more. These results suggest that a-PA requires less rubber for effective toughening than 

does nylon 6. 
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Figure 5.9 Effect of the total EPR-g-MA content on the ductile-brittle transition 
temperature for binary blends of EPR-g-MA with the matrix material a-PA 
and nylon 6. 

Many of the trends shown above in terms of rubber phase composition can be 

unified by analyzing the ductile-brittle transition temperature in terms of average rubber 

particle size. Figure 5.10 shows how Tdb depends on the rubber particle size for ternary 

blends based on EOR-g-MA/EOR mixtures. For a-PA blends with a unimodal particle 

size distribution, the ductile-brittle transition temperature decreases greatly with rubber 
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particle size down to about 0.15 to 0.2 µm, reaches a plateau, and then seems to increase 

as the particle sizes become somewhat smaller. In this plot, blends that have a bimodal 

size distribution are represented by a global average size. For a-PA blends with a bimodal 

particle size distribution, Tdb is generally higher than that of blends with unimodal 

distributions. Interestingly, two blends with bimodal distributions have very low ductile-

brittle transition temperatures. These two blends are different from other blends showing 

bimodality in that their degree of bimodality in the two blends is much less developed 

and the rubber particle size for each population is still within the optimum range for 

effective toughening. Therefore, the bimodality does not seem to cause any negative 

effect on toughening, i.e., Izod impact strength and Tdb. For nylon 6 blends having 

unimodal size distributions, the ductile-brittle transition temperature decreases gradually 

with rubber particle size down to about 0.2 µm and then appears to increase gradually at 

smaller sizes; however, there is a good deal of scatter in the data. The lowest Tdb 

observed for nylon 6 with 20 wt % EOR-type rubber is about -20 oC whereas a-PA blends 

show Tdb as low as -30 oC. 

Again, it is useful to re-examine the data in a manner that separates the two 

populations of rubber particles for blends that show bimodality and plot the single Tdb at 

both values of wd for each population. Figure 5.11 shows the same data from Figure 5.10 

plotted in the way similar to the Izod data as shown in Figure 5.3. The consequence of 

plotting the data in this way is to produce what appears to a more well-defined minimum 

in the plot Tdb versus wd for both polyamide matrices. Clearly, there is an optimum 

rubber particle size of the order 0.15-0.20 µm for achieving the lowest possible Tdb. 
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Figure 5.10 The ductile-brittle transition temperature as a function of weight average 
global rubber particle size for ternary blends based on EOR-g-MA/EOR 
mixtures comprised the (20 wt %) rubber phase where the matrix material is 
a-PA (a) and nylon 6 (b). 
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Figure 5.11 Effect of weight average rubber particle size on the ductile-brittle transition 
temperature for the same ternary blend shown in Figure 5.10 except that for 
a blend with a bimodal particle size distribution, a particle size was 
evaluated for each of the two populations, and the Izod impact strength is 
plotted at the size computed for each of the two rubber particle populations 
for the two matrices: a-PA and nylon 6. 
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Figure 5.12 compares the ductile-brittle transition temperatures, as a function of 

rubber particle size, for blends of the two types of polyamides with three different types 

of elastomers where the data for a-PA with SEBS-g-MA/SEBS are from our previous 

studies and the data for nylon 6 with EPR-g-MA/EPR and SEBS-g-MA/SEBS are from 

Ref. [17]. The dotted lines shown here represent the trends for comparison. For a-PA, the 

ductile-brittle transition temperature of blends based on EPR-g-MA/EPR is about the 

same as that of blends based on EOR-g-MA/EOR when compared at the same rubber 

particle size; however, the limited data for the EPR-g-MA/EPR system preclude complete 

comparison. The Tdb of blends based on the EOR-g-MA/EOR system is lower than that 

of blends of with SEBS-g-MA/SEBS when the rubber particle size is larger than about 

0.12 µm. On the contrary, the blends with EOR-g-MA/EOR have a higher ductile-brittle 

transition temperature than blends with SEBS-g-MA/SEBS, when the particle size is 

below 0.12 µm. For nylon 6, the EPR-g-MA/EPR system always leads to a lower ductile-

brittle transition temperature than does EOR-g-MA/EOR or SEBS-g-MA/SEBS. This 

difference becomes more significant as the particle size decreases. Lack of data for 

particle sizes below 0.2 µm for the EPR-g-MA/EPR system precludes a more complete 

comparison. The EOR-g-MA/EOR and SEBS-g-MA/SEBS systems seem to define a 

minimum in ductile-brittle transition temperature at a rubber particle size of about 0.15 

µm. However, blends with EOR-g-MA/EOR have a lower Tdb than those with SEBS-g-

MA/SEBS in the region of the optimal particle size. Unfortunately, it was not possible to 

create small enough rubber particle sizes in the EPR system to see the minimum in Tdb; 

however, clearly this elastomer system produces the lowest Tdb for nylon 6. In the above 

comparisons, the rubber phase is fixed at 20 wt % in all blend systems. For all blends 

compared above, the volume fraction is in the range of 24 to 26 % and any variation is 

believed to be only a negligible factor affecting the comparison. 
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Figure 5.12 Comparison of the ductile-brittle transition temperature vs. rubber particle 
size relationship for ternary blends based on three different elastomer 
systems: EOR-g-MA/EOR, EPR-g-MA/EPR and SEBS-g-MA/SEBS where 
the total rubber content is fixed at 20 wt % for the matrix material a-PA (a) 
and nylon 6 (b). 
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From the various comparisons shown here, it is clear that in addition to the nature 

of the matrix and rubber particle size, low temperature toughness is also influenced by 

the nature of the rubber. Of particular interest here is that the EOR-g-MA/EOR sytem 

never leads to a ductile-brittle transition temperature in a-PA blends lower than -30 oC or 

lower than -20 oC in nylon 6 blends, regardless of rubber particle size. On the other hand, 

the EPR/EPR-g-MA system can lead to a ductile-brittle transition temperature of about -

40 oC when the matrix is nylon 6. Understanding how the nature of the rubber phase 

affects the toughness of a blend requires some appreciation of the role of the rubber 

particles in the toughening mechanisms. The early literature on toughening emphasized 

the idea of stress concentration induced by the presence of low modulus particles 

dispersed in a more rigid matrix [25, 26]. More recently, rubber particle cavitation [27-

29], which relieves triaxial stress that can trigger shear yielding of pseudo-ductile 

matrices, has been emphasized. The cavitation of rubber particles no doubt depends on 

numerous structural parameters, e.g., crosslink density, the microdomain nature of block 

copolymers, etc. However, to a first approximation, the relative ease of rubber particle 

cavitation is expected to depend on the modulus of the rubber phase. Clearly, the stiffness 

of both the matrix and the rubber phase depends on temperature and strongly so in the 

region of transitions. Thus, examination of the change of modulus in the rubber phase 

with temperature may be useful in achieving a better understanding of the ductile-brittle 

transition. An old rule of thumb suggests that the dispersed phase will act as an effective 

toughener when its modulus is one tenth or less than that of the matrix [1]. 

The dynamic mechanical property data in Figure 5.13 provides a useful basis for 

examining the ductile-brittle transition temperatures observed here using the simple 

criterion discussed above. The storage modulus, 'E , for all the EOR-g-MA-X % 

materials are about the same regardless of MA content. However, 'E  for the EOR-g-MA-
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X % materials is much larger than that of EPR-g-MA when the temperature is higher than 

about -57 oC. The maleated EOR elastomers have higher glass transition temperatures 

than EPR-g-MA, as can be seen from the location of the δtan  peaks. The peaks of δtan  

for maleated EOR elastomers are quite broader than that of EPR-g-MA. The EPR-g-MA 

is an amorphous elastomer as indicated by the manufacturer and by our own 

observations. The maleated EOR elastomers have a slight amount of crystallinity as 

revealed by the differential scanning calorimetric (DSC) curves for the four EOR 

elastomers shown in Figure 5.14. There is a broad melting region that peaks at about 75 
oC; however, the pre-melting begins well before this. It is difficult to construct a baseline 

for these DSC scans, but estimates lead to heats of fusion in the range of 58 to 65 J/g. 

Using the values of 294 J/g as the heat of fusion for 100 % crystalline polyethylene [30] 

suggests crystallinity levels in the range of 20 to 22 %. Melting of this crystallinity 

evidently contributes to the breadth of the δtan peak shown in Figure 5.13b and the more 

rapid decline in 'E  starting at about 20 oC seen in Figure 5.13a. 
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Figure 5.13 Dynamic mechanical properties of EOR-g-MA-X % (X = 0, 0.35, 1.6, 2.5), 
EPR-g-MA, nylon 6 and a-PA at a frequency of 1Hz: (a) storage modulus 
( ' ) and (b) . 

 



 

Temperature (oC)
-40 0 40 80 120 160 200 240

H
ea

t f
lo

w
 e

nd
o 

up
 (m

W
)

20

30

40

50

60

70

80

EOR

EOR-g-MA-0.35%

EOR-g-MA-1.6%

EOR-g-MA-2.5%

Figure 5.14 DSC curves for the four neat EOR elastomers at a scanning rate of 20 
oC/min. Data are from the second heating cycle. 

Fig. 5.15 shows the ratio of the modulus of a-PA to that of the pure elastomer 

phase as a function of temperature for each of the maleated elastomers. Based on random 

ethylene copolymers, as expected, the  ratio decreases as the 

temperature is lowered and approaches the order of unity near the T

rubberEPAaE '/' −

g of the rubber phase. 

This ratio is always greater for EPR-g-MA than for the EOR-g-MA-X % materials. If the 

criterion, , is used, the EPR-g-MA material reaches this limit at -

50 

10'/' =− rubberEPAaE

oC while the EOR-g-MA system does so at about -25 oC. These temperatures 

correspond rather closely to the lowest ductile-brittle temperatures observed for those 

blends. The glass transition temperature of the rubber phase is often regarded as a lower 

limit for the ductile-brittle temperature that can be achieved in toughening and that the 

lower the glass transition temperature in the rubber phase, the lower the ductile-brittle 

transition temperature of the blend can become. The trend for nylon 6 is similar to that 

for a-PA with the same rubbers. The maleated EOR materials reach the limit 
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10'/6' =rubberEnylonE  at about -25 oC while this occurs at -50 oC for EPR-g-MA. 

Again, these values closely correspond to the lowest ductile-brittle transition temperature 

achieved in these blends. However, the simple criterion,  does 

not unambiguously explain the difference in ductile-brittle temperature observed for a-PA 

versus nylon 6 blends with the same maleated EOR elastomers, i.e., some blends of a-PA 

with EOR-g-MA/EOR can achieve a ductile-brittle transition temperature of -30 

10'/' =rubberEmatrixE

oC, 

which never occurs for blends of nylon 6 with EOR-g-MA/EOR. Clearly, a more detailed 

consideration is needed to explain such effects, and this is beyond the scope of this study. 
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Figure 5.15 Ratio of the matrix to rubber moduli, '
rubberE'

matrixE , as a function of 
temperature for elastomers EOR-g-MA-X % (X = 0.35, 1.6, or 2.5) and 
EPR-g-MA for the matrix a-PA(a) or nylon 6 (b). 
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CONCLUSIONS 

The toughening effect that the two types of elastomers, maleated EPR and EOR, 

have on two classes of polyamides, semi-crystalline nylon 6 and an amorphous 

polyamide (Zytel 330), by formation of ternary blends of each of the two polyamides 

with EPR-g-MA/EPR and EOR-g-MA/EOR mixtures, has been examined. Izod impact 

behavior was investigated as a function of rubber content, rubber particle size and 

temperature. The effect of the three types of elastomer systems including EPR-g-

MA/EPR, EOR-g-MA/EOR, SEBS-g-MA/SEBS on impact behavior and the ductile-

brittle transition temperature was compared and contrasted for each of the two 

polyamides. Rubber content significantly influences Izod impact strength; the amorphous 

polyamide was found to be toughened by a lower content of EPR-g-MA than observed 

for nylon 6. A nearly identical optimum range of rubber particle sizes for effective 

toughening was observed for both polyamide matrices with the EOR-g-MA/EOR system. 

For a-PA, we were able to fully access the optimum range of rubber particle sizes for 

toughening at room temperature for the EOR-g-MA/EOR elastomer system; however, for 

the EPR-g-MA/EPR and SEBS-g-MA/SEBS systems only the upper size limit could be 

defined since particles  small enough to define the lower limit could not be achieved . For 

a-PA, the upper size limit seems to rank in the order EOR > SEBS > EPR. For nylon 6, 

all three elastomer systems showed an optimum range of rubber particle sizes, i.e., at 

room temperature, both upper and lower size limits could be defined. For nylon 6, the 

optimum size range is nearly the same for EOR-g-MA/EOR and SEBS-g-MA/SEBS but 

a more narrow optimum range of particle sizes appears to exist for the EPR-g-MA/EPR 

system. 

Like Izod impact strength, the ductile-brittle temperature is a strong function of 

elastomer content and rubber particle size. For binary blends, lower ductile-brittle 
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transitions were achieved for both polyamides the higher content of EPR-g-MA in the 

blend. A-PA binary blends were found to have a much lower ductile-brittle transition 

temperature than nylon 6 blends when the EPR-g-MA content was at or below 10 wt %. 

This difference seems to diminish at higher contents of rubber. For blends of either of the 

two polyamide matrices with EOR-g-MA/EOR mixtures (at 20 wt % total rubber), the 

ductile-brittle transition temperature was found to decrease with the particle size to some 

range and then to increase again. 

For blends with a-PA, both the EOR-g-MA and EPR-g-MA systems led to 

comparable ductile-brittle transition temperatures within the rubber particle sizes 

examined. However, the EOR-g-MA system showed a minimum in the Tdb vs. particle 

size relationship. The SEBS-g-MA elastomer system also showed a minimum in the Tdb 

vs. rubber particle size and generally leads to higher ductile-brittle transition temperatures 

than observed for either of the ethylene-based random copolymer systems. For blends of 

nylon 6, both EOR-g-MA/EOR and SEBS-g-MA/SEBS showed a minimum in the Tdb vs. 

particle size relationship while the ductile-brittle transition temperature for EPR-g-

MA/EPR system increased monotonically with particle sizes examined. The EPR-g-

MA/EPR system always showed the lowest Tdb at the same particle sizes examined.  

For blends exhibiting a bimodal particle size distribution, the global weight 

average rubber particle size was found to be unsuitable for correlating the Izod impact 

strength and ductile-brittle brittle transition temperature. When plotted versus this global 

average size, the Izod values tend to be lower than the trend established for blends with a 

unimodal distribution while the ductile-brittle temperature tends to be higher. 

Empirically, it was found that plotting the single value of impact strength or Tdb at the 

weight average particle size of both the small and large particle populations led to an 

appealing unification of the data trends. At the present time, we have no fundamental 
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justification for such a graphical representation, but the concept appears to be useful and 

a better foundation for its use would be interesting to explore. 

The lowest possible ductile-brittle transition temperatures achieved for blends 

with EOR-g-MA/EOR mixtures, i.e., at the optimum rubber particle size, seem to be 

explained rather well in terms of an empirical rule of thumb that to be an effective 

toughener the rubber phase modulus must be one tenth or less than that of the matrix 

material. In broad terms, blends with this amorphous polyamide showed rather similar 

trends (Izod impact or Tdb versus rubber particle size) to those with semi-crystalline 

nylon 6, suggesting that any role of crystalline structure of the matrix on toughening must 

be of secondary importance. 
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Chapter 6: Comparison of fracture behavior of an amorphous 
polyamide versus nylon 6 toughened with maleated poly(ethylene-1-

octene) elastomers 

 

INTRODUCTION 

Chapers 3-5 explored toughening of an amorphous polyamide (Zytel 330 from 

DuPont) using maleated elastomers [1-3]; in part, the motivation for this work was to 

compare its responses with those of semi-crystalline polyamides like nylon 6 and 66 to 

gain insights about the role of matrix crystallinity in toughening. These studies have 

demonstrated that the amorphous polyamide and nylon 6 exhibit similar relationships for 

room temperature Izod impact strength and the ductile-brittle transition temperature (Tdb) 

as rubber particle size is varied over a wide range; however; the amorphous polyamide 

blends have somewhat higher impact strength and lower Tdb. The previous results were 

all based on standard notched Izod impact testing which considers the total fracture 

energy on thin specimens (3.18 mm thick) of fixed geometry, i.e., ligament length and 

notch radius. It would be useful to compare the fracture behavior of blends based on the 

two types of polyamides under more severe plane-strain conditions, i.e., thicker (6.35 mm 

thick) samples with a sharp notch, and varying ligament lengths as a function of rubber 

content and test temperature. The purpose of this chapter is to make these comparisons to 

better understand how the crystalline structure of the matrix affects toughening. The 

fracture behavior is examined as a function of rubber particle size ( at a fixed 20 wt% of 

rubber), rubber content, ligament length and temperature via instrumented Dynatup 

impact tests using single-edge notched three-point bend (SEN3PB) specimens. 



BACKGROUND 

Fracture mechanics techniques, traditionally designed for testing metallic alloys, 

have been employed extensively to characterize fracture behavior and to understand the 

deformation processes in rubber-toughened plastics [4-9]. Linear elastic fracture 

mechanics (LEFM) methodologies have been applied to brittle polymeric materials to 

measure the critical strain energy release rate ( ) or the critical stress intensity factor 

( ). According to this model, the total fracture energy, U, is related to  via the 

following equation [10, 11] 

ICG

ICK ICG

φ+= tWICGkUU         (6.1) 

where is the kinetic energy of the tested specimen after fracture,  is the critical 

strain energy release rate which ideally is a material parameter independent of specimen 

geometry, t and W are the specimen thickness and width, respectively, and the term

kU ICG

φ  is a 

function of ligament length or notch depth, a, and is defined by 

dx/dA
64.18A +

=φ          (6.2) 

where x is a/W and A is defined as follows [11]: 

( )
⎟
⎠
⎞⎜

⎝
⎛ −+−+−⎟

⎟

⎠

⎞

⎜
⎜

⎝

⎛

−
= 5x7.254x8.843x0.1132x6.79x7.339.82x1

2x16A  (6.3) 

Also, plane-strain conditions are necessary for this model to apply and are ensured only if 

the ratio of the notch depth to the width, a/W, is less than or equal to 0.6. 

While LEFM is effective for describing fracture of brittle polymers, it fails to 

describe fracture of ductile polymers, such as rubber-toughened blends, because these 

materials generally do not meet the assumptions of linear elasticity due to extensive 

plastic deformation surrounding the crack during fracture. Furthermore, the specimen 

thickness required for ensuring plain-strain conditions exceeds what can be conveniently 

molded. The J-integral approach [9, 12], on the other hand, does not require the 
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assumptions of linear elasticity and is regarded as more appropriate for ductile polymers. 

However, this methodology involves quasi-static loading and some sophisticated and 

labor intensive techniques for accurate crack growth measurement. Moreover, the 

specimen thickness required may still be greater than what can be conveniently made by 

injection molding. 

Mai and coworkers [13-18] have developed a methodology based on Broberg’s 

unified theory [19, 20] of fracture to characterize fracture behavior of polymeric 

materials that is simple to implement, yet offers more detailed characterization than 

standard notched Izod impact tests. According to this essential work of fracture model 

(EWF), the total work of fracture during crack growth, , can be partitioned into two 

components: the essential work of fracture ( ), associated with the inner fracture 

process zone and the non-EWF in the outer plastic zone ( ): 

fW

eW

pW

pWeWfW +=        (6.4) 

An equation has been proposed assuming that the EWF is proportional to fracture area 

and the non-EWF is proportional to the volume of the plastic zone: 

wf = we + βℓwp       (6.5) 

where, wf is the specific fracture energy, we is the specific essential work of fracture, β is 

a shape factor, ℓ is the ligament length, and wp is the specific non-essential plastic work. 

The model assumes that the ligament must be fully yielded prior to crack initiation and, 

thus, has the following limitation on the ligament length: 

5t < ℓ <min (W/3, 2rp)       (6.6) 

where t is the sample thickness, W is the width, and rp is the size of the plastic zone. 

Since the yielding and ligament length size criteria of the EWF method proposed 

by Mai and coworkers may not always be satisfied in the high speed bending 
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The linear terms in the right hand side are defined as follows: uo is the limiting specific 

fracture energy and ud is the dissipative energy density. Under appropriate conditions, uo 

= we and ud = βwp.  

Table 6.1 summarizes some relevant information about the materials used in this 

study. These materials have been used extensively in previous studies from this 

laboratory, and other information about these polymers is described elsewhere [2, 3]. 

The EWF approach has been used to analyze both ductile and brittle fractures. 

However, this approach is found to be more suitable for ductile fractures than brittle ones. 

The LEFM model which gives the critical strain energy release rate, on the other hand, is 

used to characterize only the samples failing in a brittle manner. By applying both 

models, the entire range of fracture behavior is quantified. 
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EXPERIMENTAL 

configuration used in this study, a different nomenclature is employed here and in 

previous papers [21-24] using similar conditions: 

 

 

 

 

 

 

A
U = uo + udℓ       (6.7) 



Designation 

Used Here 
Commercial 

Designation Compositions 
Brabender 

Torque (N.m)a Supplier 

a-PA     Zytel 330b 10.7 DuPont

nylon 6c B73WPd  

  

  

  

6.37e Honeywell 

EOR Exact 8201 28 wt% Octene 9.5 ExxonMobil  

EOR-g-MA-
0.35% Exxelor VA 1840 

28 wt% Octene 

0.35 wt% MA 
9.2 ExxonMobil

EOR-g-MA-
1.6% 

Exxelor MDEX 
101-2 

28 wt% Octene 

1.6 wt% MA 
6.9 ExxonMobil

EOR-g-MA-
2.5% 

Exxelor MDEX 
101-3 

28 wt% Octene 

2.5 wt% MA 
6.3 ExxonMobil

Table 6.1 Materials used 

a. Measured after 10 min at 240 oC and 60 rpm. 
b.  

C

O

CH2 NH
6

C

O

n

NH

 
c. Referred to as MMW nylon 6 in Ref. [1]. 
d. Formerly Capron 8207F. 
e. Data from previous study from this laboratory.
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Prior to melting processing, the materials containing polyamides were dried for a 

minimum of 16 h in a vacuum oven at 80 oC while the neat elastomers were dried for a 

minimum of 16 h in a convection oven at 65 oC. All blends were made in a Haake co-

rotating, intermeshing twin screw extruder (D = 3.05 cm, L/D = 10) operated at 240 oC 

and 280 rpm. The extruded materials were pelletized and then molded into either 3.18 

mm or 6.35 mm thick bars with an Arburg Allrounder 305-210-700 injection molding 

machine with the following set-up conditions: a barrel temperature of 240 oC (about 

255oC for the nozzle for molding 6.35 mm thick bars in some blends), a mold 

temperature of 80 oC, an injection pressure of 70 bars, and a holding pressure of 35 bars. 

The resulting specimens were placed into a vacuum desiccator for at least 24 h prior to 

testing. Two series of blends were made; one contained a fixed 20 wt% total rubber phase 

but with varying proportions of the two elastomer components to control rubber particle 

size, and the other consisted of different total rubber contents. 

The standard Izod impact tests were conducted using notched (3.18 mm thick) 

samples according to ASTM D256 with a TMI Impact Tester (model 43-02; 6.8 J 

hammer and 3.5 m/s impact velocity) equipped with a thermal chamber for cooling and 

heating. An instrumented Dynatup model 8200 drop tower was used for the three point 

blend tests using samples with dimensions of 56 mm in length, 12.7 mm in width and 

6.35 mm in thickness. Testing was performed at approximately 3.4 m/s with a falling 

mass of 14 kg (81 J capacity at the impact velocity). Mechanical damping was applied by 

using a rubber pad to cover the tup and rubber bands to secure the sample ends to the 

testing frame; the rubber pad was made from six layers of (large size) Safeskin latex 

rubber gloves. In each test, twenty four samples were used with six different ligament 

lengths (2, 4, 5, 6, 8, 10 mm); four samples (two far end and two gate end specimens) 

were used for each ligament length. A sharp notch was created by tapping a fresh regular 
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duty razor blade (0.23 mm thick) into the grove pre-made by a band saw. The testing was 

performed at both room temperature for all blends and at varying temperatures (-25, -10, 

10, 25 oC) for selected blends. Load versus time and tup speed data were recorded; the 

tup speed was assumed to be a constant during impact testing, thus, allowing 

displacement (deflection) to be computed. The fracture energy was calculated from a 

numerical integration of the load-displacement data. More detailed description of the set-

up of the Dynatup drop tower and preparation of the samples is available elsewhere [23, 

28]. The procedures for examining blend morphology have been described in Chapter 2. 

IZOD IMPACT STRENGTH 

Effect of rubber content at room temperature 

In many cases, the effect of rubber content on rubber toughening [1] has been 

explored by melt compounding different amounts of a given maleated elastomer with the 

matrix material, e.g., nylon 6, to form a binary blend. Unless the maleation level is 

carefully selected, the rubber particle size in such binary blends may not be optimized for 

toughening. Thus, blending different amounts of a single maleated elastomer with two 

different polyamides like nylon 6 or a-PA does not provide an accurate comparison of 

their toughenability. In this study, we purposely explore the effect of the elastomer 

content both at room temperature and at varying temperatures while presumably keeping 

the rubber particle size optimized. This was done by selecting the proportion of a 

maleated and unmaleated EOR that gave the maximum room temperature Izod impact 

strength for blends with nylon 6 and a-PA containing 20% total rubber. This proportion, 

which is different for the two polyamides, i.e., EOR-g-MA-0.35%/EOR = 80/20 for a-PA 

and 17/83 for nylon 6 as revealed from previous studies, was maintained as the total 

rubber content was reduced. A more refined approach would be to optimize the ratio of 
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the rubber components at each total rubber level; however, the simple approach used 

should provide an adequate comparison of the two polyamides. 

Figure 6.1 compares the effect of total elastomer content, consisting of mixtures 

of EOR-g-MA-0.35% and EOR in the indicated proportions, on room temperature 

standard notched Izod impact strength (i.e., 3.18 mm thick samples with a 2.54 mm depth 

in the notch) for the two polyamides. For a-PA, the Izod values increase considerably 

with the rubber content as expected; super-toughness (Izod impact > 800 J/m) is achieved 

when the rubber content is at 10% or higher while the toughness does not change very 

much for the rubber contents above 10%. Similarly, for nylon 6, Izod impact strength 

increases steadily with the total rubber content; however, super-toughness is only gained 

at 20% rubber content. The a-PA blends show significantly higher Izod values at the 

same amount of rubber than the nylon 6 blends. However, this difference becomes 

smaller at high rubber contents.  

Effect of temperature 

Figure 6.2 shows the effect of temperature on Izod impact strength for the same 

blends of each of the polyamides as shown in Figure 6.1. For a-PA, a ductile-brittle 

transition occurs at a certain temperature when the rubber content is at 5 % or higher; this 

transition shifts to a lower temperature for higher rubber contents. Similar trends are 

observed for the nylon 6 blends. Figure 6.3 compares the ductile-brittle transition 

temperature (Tdb), as obtained from Figure 6.2, for blends of a-PA and blends of nylon 6 

as a function of rubber content. Increasing the rubber content significantly lowers Tdb for 

both polyamides; however, nylon 6 blends have a much higher ductile-brittle transition 

temperature, i.e., 25 oC or more, than blends of a-PA when the rubber content is at or 

above 5%. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Effect of rubber content on room temperature Izod impact strength using 3.18 
mm thick bars and a standard notch for blends containing a mixture of EOR-
g-MA-0.35%/EOR in the indicated proportion where the matrix material is 
a-PA or nylon 6. 
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Figure 6.2 Izod impact strength as a function of temperature for blends of a-PA or nylon 
6 containing various rubber contents where the rubber phase consists of 
mixtures of EOR-g-MA-0.35% and EOR in a proportion of 80/20 for a-PA 
and 17/83 for nylon 6. Bars with a thickness of 3.18 mm were used for 
testing. 
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Figure 6.3 Effect of rubber content on the ductile-brittle transition temperature for the 
same blends in Figure 6.2. Bars with a thickness of 3.18 mm were used for 
testing. 
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Our previous studies [3] have shown that combining any two of the four neat 

elastomers (see Table 6.1) in the rubber phase (six possible combinations) with certain 

proportions (thus with different levels of maleation) generates a wide range of particle 

sizes, allowing us to obtain both a lower limit and an upper limit in size for effective 

toughening as indicated by standard notched Izod impact value (3.18 mm thick samples 
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with a 2.54 mm depth in the notch) for the two polyamides. In most cases (e.g., EOR-g-

MA-0.35% with non-maleatd EOR), the particle size can be well controlled, except that 

under certain circumstances bimodality in size appears in some blends because of 

immiscibility between the two elastomers (e.g., EOR-g-MA-2.5% or EOR-g-MA-1.6% 

with non-maleated EOR) when the difference in maleic anhydride (MA) level (∆ (% 

MA)) in the two rubbers exceeds a critical value. The critical difference in MA, i.e., ∆ (% 

MA), for miscibility occurs at about 0.9~1.25% as revealed by transmission electron 

microscopy. Whether bimodality takes place or not depends not only on the difference in 

MA level but also the mixing ratio of the two elastomers. In most cases, the blends 

exhibiting a bimodal size distribution are less tougher than those with a unimodal 

distribution in size.  

In this study, we are interested in the difference in fracture behavior under more 

severe plane-strain conditions, i.e., thicker (6.35 mm) samples with a sharp notch and 

varying ligament length between the blends of a-PA and the blends of nylon 6. We 

investigated such fracture behavior, represented by both the essential work of fracture 

approach (i.e., the limiting specific fracture energy, uo, and the dissipative energy density, 

ud) and the linear elastic fracture mechanics techniques (i.e., GIC), as a function of total 

rubber content and temperature using the series of blends (see Figures 6.1-6.2) with the 

rubber particle size being presumably optimized as described earlier. The effects of 

rubber particle size at a fixed 20% of total rubber content on the fracture behavior were 

studied also using a series of blends with each of the two polyamides where a unimodal 

size distribution prevailed and the particle size was varied over a broad range. These 

blends were purposely chosen based on the relationship of room temperature Izod impact 

strength versus rubber particle size from previous studies, i.e., the responses in Izod 

impact to the range of particle sizes from the lower limit to the upper limit if the two 
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limits existed. In these blends, if the far end specimens show significantly different 

fracture behavior from the gate end samples, the data for the far end and the gate end will 

be averaged separately. In this series of nylon 6 blends, we are able to obtain two blends 

with a unimodal particle size distribution that have about same global average particle 

sizes as the two blends outside the series but having a bimodality in size. The difference 

of fracture behavior between these two types of blends is demonstrated. It should be 

noted that fracture behavior was examined only using single edge notched three-point 

bend specimens with 6.35 mm in thickness and a sharp notch. In the following sub-

sections, we will show the effect of rubber content, rubber particle size and test 

temperature on fracture behavior, respectively. 

Effect of rubber content at room temperature 

Figure 6.4 shows the relationship of load versus displacement for a blend of each 

of the two polyamides with 20% total rubber containing a mixture of EOR-g-MA-0.35% 

and EOR (in a proportion of 80/20 for a-PA and 17/83 for nylon 6) for two ligament 

lengths. For the a-PA blend with a ligament length of 8.26 mm, the load increases 

significantly with increasing displacement and reaches a maximum of 600 N, then 

gradually decreases. For the same blend with a ligament length of 4.22 mm, the load 

shows considerable oscillatory character before reaching a maximum of 150 N and then 

decreases. Samples with longer ligament lengths (8.26 mm) show higher fracture 

toughness than those with shorter ligament lengths. For nylon 6, similar trends are 

observed except that the load levels reached are smaller than those seen for the a-PA 

blend; the ratio of maximum loads between a-PA and nylon 6 reflects in part the ratio of 

yield stresses of standard tensile bars [2]. The sample of the a-PA blend exhibits higher 

fracture toughness than that of nylon 6 with the same ligament length as seen from the 

fracture energy. 



 

 

Figure 6.4 Load versus displacement curves at two different ligament lengths for blends 
of the two polyamides containing 20% total rubber where the rubber phase 
is composed of a mixture of EOR-g-MA-0.35%/EOR in a ratio of 80/20 for 
a-PA and 17/83 for nylon 6. Bars with a thickness of 6.35mm samples were 
used for testing at room temperature. 
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Figure 6.5 shows the total fracture energy per unit area, U/A, as a function of 

ligament length for blends of each of the two polyamides containing various rubber 

contents where the rubber phase consists of a mixture of EOR-g-MA-0.35% and EOR in 

a proportion of 80/20 for a-PA and 17/83 for nylon 6. Blends of a-PA with 15% and 20% 

of total rubber show ductile fracture and U/A increases nearly linearly with the ligament 

length; the values of U/A are greater for the blend containing 20% than for the blend 

containing 15%. The blends of a-PA with 0, 5, and 10% rubber, show brittle fracture and 

U/A is essentially independent of the ligament length with values in the order, 10% > 5% 

> 0%, as might be expected. Blends of nylon 6 with 20% total rubber show ductile 

fracture and U/A increases with the ligament length; however, the values of U/A and the 

slope of this line are both smaller than for the corresponding a-PA blend. The data for the 

nylon 6 blend shows considerably more scatter than that for a-PA. For the blend with 

15% rubber, specimens show ductile failure when the ligament length is less than 5.2 mm 

but brittle failure at longer ligament lengths. Similar ductile-to-brittle transitions have 

been seen in other rubber toughened systems and explained in terms of the relative stress 

levels required for yielding versus crack propagation [22, 25]. The gate end specimens 

failed in a brittle fashion for all ligament lengths. The gate and far end differences are due 

to differences in rubber particle shape along the bar [1]. For the blends of nylon 6 with 0, 

5, and 10% of total rubber, U/A is essentially independent of ligament length with the 

values in the order of 10% > 5% > 0%. 

 

 

 

 

 



 

 

Figure 6.5 Total fracture energy per unit area, U/A, versus ligament length obtained for 
thick specimens (6.35mm) at room temperature for the series of blends of a-
PA or nylon 6 with various rubber content based on mixtures of EOR-g-
MA-0.35%/EOR in a proportion of 80/20 for a-PA and 17/83 for nylon 6. 
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The Izod test corresponds to a fixed ligament length (~ 10.2 mm), and it is 

important to recognize that this choice can have a dramatic effect on how sensitive the 

fracture observation is on changes in material formulation or test conditions [24]. Figure 

6.6 shows U/A versus rubber content for test specimens with three different ligament 

lengths for the blends with a-PA and with nylon 6. For a-PA, U/A is more or less 

independent of ligament length and slightly increases with rubber content up to 10%. 

Beyond 10%, U/A increases considerably with rubber content with larger changes seen 

for longer ligament lengths. For nylon 6, U/A increases gradually with rubber content 

within the range examined with little variation among the three ligament lengths when 

the rubber content is at or below 15%. At the 20% of rubber content, the specimen with a 

ligament length of 10.1 mm exhibits a much higher value of U/A than the samples with 

shorter ligament lengths. 

Table 6.2 shows the effect of rubber content on the intercept of the curve, U/A 

versus ligament length, i.e., the limiting specific fracture energy, uo, of the blends 

containing various rubber content where a-PA and nylon 6 are the matrix materials. 

Clearly, uo increases with rubber content as might be expected. Figure 6.7 shows how the 

slope or the dissipative energy density, ud, of plots of U/A versus ligament length 

depends on rubber content for the a-PA and nylon 6 blends obtained by linear regression 

analysis of the data in Figure 6.5. This slope, or ud, is more or less independent of rubber 

content up to 10% and then increases considerably; the a-PA blends show considerably 

higher values than the nylon 6 blends. Hence, a ductile-brittle transition takes place for 

the rubber content above 10%. In essence, ud is a measure of the extent of plastic 

deformation in the region extending beyond the crack and explains the higher Izod 

impact strength for a-PA blends than for nylon 6 blends as seen in Figure 6.1. 

 



 

 

Figure 6.6 Effect of rubber content on total fracture energy per unit area, U/A, at three 
different ligament lengths for the same series of blends of a-PA or nylon 6 
in Figure 6.5. Thick specimens (6.35mm) were used for testing at room 
temperature. 
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Table 6.2 Effect of rubber content on the limiting specific fracture energy, uo, of blends 
of a-PA and blends of nylon 6 

Matrix Rubber content  uo (kJ/m2) 
0%  EOR-g-MA-0.35%/EOR (80/20) 1.35 ± 0.34 
5% 4.54 ± 0.38 
10% 5.92 ± 0.69 
15% 6.31 ± 2.14 

a-PA 

20% 6.95 ± 1.22 
0%  EOR-g-MA-0.35%/EOR(17/83) 2.26 ± 0.24 
5% 4.39 ± 0.78 
10% 6.48 ± 0.55 
15% 7.21 ± 2.8 

nylon 6 

20% 8.0 ± 2.40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 Effect of rubber content on the dissipative energy density, uo, at room 
temperature for thick (6.35mm) specimens formed from the same series of 
blends in Figure 6.5. 
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Effect of rubber particle size at room temperature 

Blends with a unimodal size distribution 

Table 6.3 summarizes the rubber particle size and Izod impact strength for the 

blends that were previously examined and chosen for examining the effect of rubber 

particle size. As can be seen, rubber particle size is reduced considerably with increasing 

maleic anhydride level in the rubber phase. Two of the a-PA blends show significant 

difference in Izod values between far and gate end samples where the former is much 

tougher than the latter. There is an upper critical limit on particle size for effective 

toughening for a-PA blends while both a lower and an upper size limit emerge for nylon 

6 blends. It should be pointed out that all the blends shown here exhibit a unimodal size 

distribution and the weight average particle size was obtained from a thin (3.18mm) Izod 

bar. It is expected that thick specimens used there should have about the same rubber 

particle sizes as those observed in the thin specimens since the melt compounding via 

twin screw extrusion is the dominant process for morphology development in these 

blends. To confirm this, we examined the particle size for selected blends molded into 

6.35 mm thick specimens. Table 6.4 compares rubber particle sizes for thin (3.18 mm) 

and thick (6.35 mm) specimens for selected a-PA and nylon 6 blends. Indeed, the rubber 

particle size is about the same regardless of sample thickness within the range of 

experimental error. Thus, we use the particle size obtained from thin specimens for 

correlating the fracture behavior reported here. 

 

 

 

 



 

Table 6.3 Blends with a unimodal size distribution at a fixed 20% of total rubber in this study 

Matrix 
(80%) 

Rubber phase 
(20%) 

MA% in 
the 

rubber 
Extruder Order of 

mixing 
wd a 

(µm) ndwd a ndvd a Izod impact at 
RT(J/m) Tdb(oC) 

EOR        0 Twin Simultaneous 2.41 1.26 1.78 70 N/A
EOR-g-MA-

0.35%/EOR =10/90 0.035        Twin Simultaneous 1.10 1.56 2.51 108 N/A

=25/75       0.0875 Twin Simultaneous 0.75 1.59 2.94 732 far 
426 gate 25 

=40/60       0.14 Twin Simultaneous 0.50 1.63 3.44 963 far 
426 gate 10 

=80/20         0.28 Twin Simultaneous 0.31 1.32 3.45 1060 -15

a-PA 

EOR-g-MA-1.6%        1.6 Twin Simultaneous 0.14 1.26 1.96 969 -30
EOR      0 Twin Simultaneous 2.70 1.37 1.72 74 55 

EOR-g-MA-
0.35%/EOR =6/94 0.021        Twin Simultaneous 1.19 1.90 3.55 120 45

=12/88         0.042 Twin Simultaneous 0.85 1.64 3.07 563 20
=17/83         0.0595 Twin Simultaneous 0.38 1.65 3.52 815 10
=40/60        0.14 Twin Simultaneous 0.20 1.34 2.98 661 -10
=60/40         0.21 Twin Simultaneous 0.15 1.21 2.02 460 -15

nylon 6 

EOR-g-MA-1.6%       1.6 Twin Simultaneous 0.051 1.10 1.40 247 0 

a Particle size obtained from a thin (3.18 mm) (far end) Izod bar. 
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Matrix 
(80%) 

Rubber phase 
(20%) 

Bar thickness 
(mm) Extruder Order of 

mixing 
wd  

(µm) ndwd  ndvd  

3.18     Twin Simultaneous 1.10 1.56 2.51EOR-g-MA-
0.35%/EOR = 10/90 6.35     Twin Simultaneous 0.84 2.35 5.93

3.18     Twin Simultaneous 0.31 1.32 3.45
a-PA 

=80/20
6.35     Twin Simultaneous 0.30 1.52 5.05
3.18     Twin Simultaneous 0.38 1.65 3.52EOR-g-MA-

0.35%/EOR = 17/83 6.35     Twin Simultaneous 0.39 1.40 2.80
3.18     Twin Simultaneous 0.15 1.21 2.02

nylon 6 
=60/40

6.35     Twin Simultaneous 0.16 1.21 1.82

Table 6.4 Comparison of rubber particle size between thick and thin specimens 
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Figure 6.8 shows how U/A depends on ligament length for blends of the two 

types of polyamides containing fixed total rubber content of 20% as the rubber particle 

size is varied by changing the maleation level in the rubber phase by blending. For a-PA, 

blends with m31.0or14.0wd µ= show ductile fracture for all ligament lengths; the 

U/A vs. ligament line has a larger slope for the blend with m31.0wd µ= than for the 

blend with m14.0wd µ= . However, brittle failure occurs for blends having larger 

particle sizes than 0.5 µm. The blend with m5.0wd µ= shows a ductile-brittle transition 

at a ligament length of about 7.5 mm. 

Figure 6.9 shows the effect of rubber particle size on the intercept, or uo and 

slope, ud, obtained from Figure 6.8 via linear regression. For a-PA, uo increases steadily 

with rubber particle size and reaches a maximum when the particle size is about 0.80 µm 

and then decreases rapidly. Similarly, for nylon 6, uo increases considerably with rubber 

particle size and maximizes at a particle size of about 0.2 µm, and then decreases 

gradually. Nylon 6 blends have larger uo values than a-PA blends in the particle size 

range from about 0.15 to 0.8 µm; however, uo is about the same for blends of the two 

polyamides for particle sizes above 0.8 µm. The ud values for blends of a-PA increase 

with rubber particle size and has a maximum at about 0.3 µm, then decreases 

dramatically. When the particle size is above about 0.75 µm, ud is essentially zero. For 

nylon 6, however, ud increases rather gradually with particle size and appears to have a 

broad plateau from about 0.2 to 0.9 µm, and then goes to zero for larger particle sizes. a-

PA blends show much larger ud values than blends of nylon 6 in the particle size range 

from 0.15 to 0.5 µm. This difference in ud mainly explains why blends of a-PA show 

larger Izod impact strength in previous studies than nylon 6 blends for the rubber particle 

size within the optimum range. Interestingly, the trend of ud with particle size shown here 

is rather similar to the trend for Izod impact strength shown previously. Thus, plots of ud 
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vs. rubber particle size are another way to define the upper and lower critical particle size 

limits for toughening. 

 

Figure 6.8 Total fracture energy per unit area, U/A, versus ligament length for blends of 
a-PA or nylon 6 with a fixed 20% of rubber where the rubber phase consists 
of either mixtures of EOR-g-MA-0.35% and EOR in varying proportions or 
neat EOR-g-MA-1.6% to vary rubber particle size. Testing was preformed 
at room temperature using thick specimens (6.35mm). 
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Figure 6.9 Effect of rubber particle size on the limiting specific fracture energy, uo, and 
the dissipative energy density, ud, for the same blends of a-PA or nylon 6 in 
Figure 6.8. Thick samples (6.35mm) were used for testing at room 
temperature. 
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Blend of nylon 6 exhibiting differences in the far end versus gate end 

For well-toughened polyamides, there is generally a negligible difference in Izod 

impact properties between the two ends of an injection molded bar since the morphology 

is relatively uniform along the length of the sample; however, when the blend is near any 

type of ductile-brittle transitions, e.g., temperature, rubber content, rubber particle size or 

ligament length, dramatic differences in impact strength may appear from one end to the 

other end [22, 26, 27] owing to small differences in morphology caused by the flow 

during mold filling. Previous work on a-PA with maleated and non-maleated SEBS [1] 

demonstrated that the far end samples were much tougher than the gate end specimens in 

certain blends; this difference in toughness was attributed to the fact that the rubber 

particles in the gate end are highly elongated relative to the case for the far end due to the 

flow deformation. In this study, twenty-four samples were used for each blend where half 

of them are far end specimens and the remaining half are gate end ones. In most cases, 

we do not identify on the plot of U/A vs. ligament length whether or not the tested 

samples are from the far end or the gate end; however, when a significant difference in 

U/A between the two ends emerges, the group of far end specimens are separated from 

the group of gate end samples and presented separately for each group. Figure 6.10 

compares the relationship of U/A vs. ligament length between far end and gate end 

samples for a blend of nylon 6 with average particle size of 0.85 µm at a 20% of total 

rubber. Clearly, both far end and gate end samples exhibit the ductile-brittle transition; 

however, this transition occurs at ligament lengths of 6.5 ~ 8.0 mm for the far end 

samples but at ligament lengths of 3.0~3.5 mm for the gate end specimens. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 Total fracture energy per unit area versus ligament length for a blend of 
nylon 6 with 20% total rubber where the rubber phase is composed of a 
mixture of EOR-g-MA-0.35% with EOR in a proportion of 12/88. Far end 
specimens were separated from the gate end specimens. Testing was 
performed at room temperature using thick (6.35mm) specimens. 
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Nylon 6 blends having a bimodal size distribution versus those with a unimodal size 
distribution 

As described earlier, we have two blends of nylon 6 (with 20% total rubber) 

having a bimodal size distribution. These two blends have about the same global weight 

average rubber particle sizes as two blends of nylon 6 having a unimodal size distribution 

(see Figure 6.8). For the blends exhibiting bimodality, it was demonstrated in previous 
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studies that the global average size was inappropriate for correlating Izod impact strength 

and the ductile-brittle transition temperature. In this case, a suitable approach has been 

provided that one average size is computed for each of the two groups and used to 

correlate Izod impact strength, i.e., two sizes for one Izod value. This approach has been 

shown to be more appropriate for locating the lower or upper critical size limit for 

toughening. We are interested in any differences in fracture toughness between blends 

exhibiting unimodal versus bimodal size distributions when the global average particle 

size is fixed. While an earlier section has shown that thick samples have about the same 

particle sizes as thin specimens for the blends with a unimodal size distribution, it is 

interesting to know whether this is true or not for blends showing bimodality. Figure 6.11 

shows TEM photomicrographs for the two nylon 6 blends having a bimodal size 

distribution using thick (6.35 mm) samples; photomicrograph (a) is for the blend with 

EOR-g-MA-2.5%/EOR(18/82) and (b) is for the blend with EOR-g-MA-

1.6%/EOR(28/72). Clearly, there are two groups of rubber particles, i.e., a bimodal 

distribution, where one group of small particles is mixed with the other group of large 

particles. Table 6.5 compares rubber particle size between a thick and a thin sample for 

these two blends. Again, the global average particle size is nearly the same regardless of 

sample thickness. Compared with the case using a thin specimen, the blend with EOR-g-

MA-2.5%/EOR (18/82) examined using a thick sample shows that the particle size for the 

group of small particles becomes smaller while an increase in particle size is seen for the 

group of large particles; however, for the blend with EOR-g-MA-1.6%/EOR (28/72), the 

thicker sample shows an increase in particle size for both groups. 

 



 

 

Figure 6.11 TEM photomicrographs for blends of nylon 6 containing a mixture of EOR-
g-MA-2.5%/EOR (18/82) (a) and a mixture of EOR-g-MA-1.6%/EOR 
(28/72) (b). Thick samples (6.35 mm) were used. Polyamide phase was 
stained dark with phosphotungstic acid. 
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Matrix 
(80%) Rubber phase (20%) Bar thickness 

(mm) )m(wd µ a )m(wd µ  
Global ndwd a

ndvd a

0.078 1.16 1.72 3.18 
0.71 

0.19 
1.28  1.99

0.067  1.18 1.82

EOR-g-MA-
2.5%/EOR= 

18/82 6.35 
0.97 

0.20 
1.31  1.69

0.092  1.16 1.633.18 
0.51 

0.15 
1.17  1.71

0.11  1.26 2.21

nylon 6 
EOR-g-MA-
1.6%/EOR= 

28/72 6.35 
0.75 

0.16 
1.21  1.93

Table 6.5 Comparison of rubber particle size between thicker and thinner samples of blends of nylon 6 
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a particle size and distribution given for each population. 

 



Figure 6.12 compares U/A vs. ligament length between two pairs of nylon 6 

blends where each pair consists of a blend with a unimodal particle size distribution and a 

blend with a bimodal size distribution but with about the same global average rubber 

particle size. For the pair having global m19.0wd µ= , the blend with a bimoal size 

distribution shows brittle fracture while ductile failure occurs for the blend with a 

unimodal distribution. For the pair with a global weight average particle size of 0.15 µm, 

however, both blends exhibit ductile fracture with about the same U/A value. The 

different trends observed here may be understood in terms of the effect of rubber particle 

size for each population on Izod impact strength as revealed in previous studies [2]. For 

the bimodal blend having a global average size of 0.19 µm, the wd for the smaller 

population (0.078 µm) lies below the lower particle size limit for effective toughening 

while the wd  for the larger population (0.71 µm) lies just above the upper limit for 

effective toughening. As a result, the blend with the two populations of these average 

sizes is also brittle as might be expected. On the other hand, for the bimodal blend with a 

global average size of 0.15 µm, the average sizes of the smaller population (0.092 µm) 

and the larger population (0.51 µm) fall within the range of optimum size for toughening. 

Thus, the rubber particle size for each population is the key to elucidate the difference in 

fracture behavior. 
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Figure 6.12 Total fracture energy per unit area versus ligament length for two sets of 
blends of nylon 6 with 20% total rubber at each global average rubber 
particle size; one blend has a unimodal size distribution and the other blend 
has a bimodal size distribution. For the pair with a global particle size of 
0.19 µm, the blend with the unimodal size distribution contains a mixture of 
EOR-g-MA-0.35%/EOR (40/60) and the blend with the bimodal size 
distribution consists of a mixture of EOR-g-MA-2.5%/EOR (18/82). For the 
pair with a global particle size of 0.15 µm, the blend with a unimodal size 
distribution contains a mixture of EOR-g-MA-0.35%/EOR (60/40) and the 
blend with a bimodal size distribution consists of a mixture of EOR-g-MA-
1.6%/EOR (28/72). 
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Effect of temperature 

The fracture toughness data discussed so far are based on room temperature 

measurements. In this sub-section, the effect of temperature on fracture behavior will be 

demonstrated for blends of a-PA or nylon 6 when the total rubber content is varied where 

the rubber phase consists of a mixture of EOR-g-MA-0.35%/EOR with a ratio of 80/20 

for a-PA and 17/83 for nylon 6. Figure 6.13 shows how fracture energy per unit area, 

U/A, responds to ligament length at varying temperatures for blends of a-PA or nylon 6 

containing 15% of total rubber. For a-PA, ductile fracture is seen at room temperature 

while brittle failure occurs at all other temperatures (10, -10, -25 oC) with about the same 

value of U/A. For nylon 6, however, the blend fails in a brittle fashion at temperatures 

other than 25 oC with larger value of U/A for higher temperatures; far and gate effects are 

seen at room temperature as described earlier. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 6.13 Total fracture energy per unit area versus ligament length at different 
temperatures for the blend of each of the two polyamides containing 15% 
total rubber comprising a mixture of EOR-g-MA-0.35%/EOR in a 
proportion of 80/20 for a-PA and 17/83 for nylon 6. Thick (6.35mm) 
specimens were used for testing. 
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Figure 6.14 shows the effect of temperature on the limiting specific fracture 

energy, uo, for the blends of each of the polyamides containing various rubber contents. 

For a-PA, the uo for the blend containing 5 or 10% rubber increases slightly with 

temperature; uo for the blend containing 15% rubber is nearly independent of temperature 

while it shows a rather complex trend for the blend containing 20% rubber; uo increases 

as temperature increases from -25 oC to -10 oC and then remains nearly unchanged. Also, 

a very large standard deviation in uo is observed in this blend at 10 and 25 oC. In general, 

the blend with higher rubber content leads to a higher value of uo as might be expected. 

For nylon 6, uo generally is seen to increase gradually with temperature, and a blend 

having higher rubber content shows a higher value of uo. Again, large variations in uo are 

seen for temperature above -10 oC. Figure 6.15 shows dissipative energy density, ud, as a 

function of temperature for blends containing various rubber contents where the matrix 

material is either a-PA or nylon 6. For a-PA, the blend containing 5 or 10% of total 

rubber essentially exhibits brittle failure at all temperatures tested, i.e., ud is very small or 

zero. However, the blend with 15% rubber shows a ductile-brittle transition as the 

temperature increases from 10 oC to 25 oC. A similar transition occurs from -10 oC to 10 
oC for the blend containing 20% of total rubber. For nylon 6, the same trends are seen 

except that the value of ud is much smaller than that for the corresponding a-PA blend at 

the same temperature. 

 

 

 

 

 

 



 

Figure 6.14 Limiting specific fracture energy, uo, as a function of temperature for the 
same series of blends specified in Figure 6.5. Thick specimens (6.35 mm) 
were used for testing. 
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Figure 6.15 Dissipative energy density, ud, as a function of temperature for the same 
series of blends used in Figure 6.5. Thick specimens (6.35 mm) were used 
for testing. 
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Critical strain energy release rate, GIC

Effect of temperature 

As described earlier, linear elastic fracture mechanics (LEFM) techniques may be 

used to quantify the fracture behavior of specimens exhibiting brittle failure in terms of 

the critical strain energy release rate, GIC. The LEFM techniques employ the same 

experimental procedures, as described in the experimental section, as the essential work 

of fracture methodology for making and testing samples under single-edge notched three-

point bend configuration using the Dynatup drop tower. The only difference is in the data 

analysis. For the LEFM approach, instead of using the total fracture energy as is the case 

for the EWF method, the fracture energy at peak load (Upeak load) is obtained manually by 

numerical integration of the load versus displacement curve; this energy at peak load is 

used to correlate with the term φtW  as defined in Equation 6.1 to obtain the slope, i.e., 

GIC, by linear regression. In this study, the LEFM approach is employed for the two series 

of blends that fail in a brittle fashion for each of the two polyamides in order to explore 

the effects of temperature and rubber particle size on fracture behavior. Typical curves of 

Upeak load versus  are shown in Figure 6.16 for the blend tested at various 

temperatures based on a-PA or nylon 6 containing 15% total rubber where the rubber 

phase consists of a mixture of EOR-g-MA-0.35 % and EOR in a proportion of 80/20 for 

a-PA and 17/83 for nylon 6. For a-PA, U

φtW

peak load increases with increasing  and the 

temperature does not seem to be a significant factor affecting the relationship. For nylon 

6, similarly, U

φtW

peak load is observed to increase with φtW  and the higher temperature, in 

general, leads to a large value in Upeak load. In both cases, the data are somewhat scattered. 
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Figure 6.16 Total fracture energy at peak load versus φtW as a function of temperature 
for the blend of a-PA or nylon 6 with 15% total rubber where the rubber 
phase consists of a mixture of EOR-g-MA-0.35% with EOR in a proportion 
of 80/20 for a-PA and 17/83 for nylon 6. 
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Figure 6.17 shows the slope of the curve of Upeak load versus , i.e., the critical 

strain energy release rate, G

φtW

IC, as a function of temperature for the blends of each of the 

two polyamides containing various rubber contents. For a-PA, GIC is seen to increase 

gradually with temperature and higher rubber content leads to large values of GIC as 

expected since a blend generally becomes tougher either at higher temperature or with 

higher rubber content. For nylon 6, the same trends emerge except that the increase in GIC 

becomes more significant at temperatures higher than 10 oC. Similar effects of 

temperature on GIC have been reported for the nylon 6/ABS system [24]. 

Effect of rubber particle size at room temperature 

The effect of rubber particle size at room temperature on the critical strain energy 

release rate, GIC, is shown in Figure 6.18 for some of blends based on each of the two 

polyamides with a fixed 20 % of total rubber where the rubber phase contains a mixture 

of EOR-g-MA-0.35% with EOR in various proportions. For both polyamides, GIC is 

observed to decrease with particle size; however, nylon 6 blends show a higher value of 

GIC than do a-PA blends in all cases examined. The difference becomes negligible for the 

particle sizes above 1 µm. Similar trends have been observed for nylon 6 blends with 

other elastomers [22, 28]. 
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Figure 6.17 Effect of temperature on the critical strain energy release rate, GIC, for the 
same series of blends used in Figure 6.5. Thick specimens (6.35 mm) were 
used for testing. 
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Figure 6.18 Effect of rubber particle size on the critical strain energy release rate, GIC, at 
room temperature for the same blends in Figure 6.5 that failed in a brittle 
manner (also see Table 6.3). 
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CONCLUSIONS 

Differences in the fracture behavior between an amorphous polyamide (Zytel 330 

from DuPont, designated as a-PA) and nylon 6 toughened with maleated poly(ethylene-1-

octene) elastomers have been explored. The impact behavior was examined using 

standard notched Izod impact tests for thin (3.18 mm) samples and standard notches as a 

function of rubber content and temperature, while the fracture behavior was assessed by 

an instrumented Dynatup drop tower using thick (6.35 mm) specimens and sharp notches 

as a function of ligament length, rubber content, rubber particle size and temperature. For 

the thick samples, fracture toughness was quantified via both linear elastic fracture 

mechanics techniques (LEFM, i.e., critical strain energy release rate, GIC) for specimens 

failing in a brittle manner and the essential work of fracture (EWF, i.e., the limiting 

specific fracture energy, uo, and the dissipative energy density, ud) methodology for 

samples failing in both a ductile and brittle fashion.  

Both rubber content and test temperature influenced the Izod impact strength 

greatly. Higher rubber contents lead to tougher blends; however, super-toughness was 

achieved for a-PA at rubber content above 10% while nylon 6 required at 20% rubber. a-

PA blends showed higher impact strength than the corresponding nylon 6 blends. The 

ductile-brittle transition temperature was reduced significantly with increasing rubber 

content; nylon 6 blends were observed to show much higher Tdb than a-PA blends. 

Fracture behavior strongly depends on ligament length, rubber content, rubber 

particle size and temperature. Samples could exhibit either ductile fracture or brittle 

failure or a ductile-brittle transition depending on the factors indicated above. For both a-

PA and nylon 6 at room temperature, blends with rubber content above 10% showed 

ductile fracture while blends with rubber content 10% or less exhibited brittle failure as 

evidenced by the change of the dissipative energy density, ud. a-PA blends showed higher 
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values of ud than nylon 6 blends. Both uo and ud showed a maximum with rubber particle 

size; nylon 6 blends had larger values of uo than a-PA blends for rubber particle sizes 

below 0.8 µm while a-PA blends showed a much higher value of ud than nylon 6 blends 

for the particle sizes below 0.5 µm. Far end samples exhibited different fracture behavior 

than the gate end specimens in some blend of nylon 6; the former showed a ductile-brittle 

transition at ligament lengths of 6.5-8.0 mm while the latter did so at ligament lengths 3-4 

mm. For blends of nylon 6 exhibiting a bimodal size distribution, either brittle failure or 

ductile fracture could occur depending on the rubber particle size for each population. 

Test temperature greatly affected fracture toughness. In general, uo increased with 

temperature and rubber content, regardless of the matrix. ud, on the other hand, increased 

significantly for blends containing 15% or more rubber at temperatures of higher than -10 
oC, regardless of the type of polyamides. For both a-PA and nylon 6, blends containing 

5% or 10% of total rubber always exhibited brittle fracture at all test temperatures. 

The critical strain energy release rate, GIC, was observed to be a function of 

rubber particle size, rubber content and temperature. GIC was found to decrease with 

rubber particle; nylon 6 blends showed a larger value of GIC than a-PA blends while the 

difference became negligible at larger particle sizes. For both a-PA and nylon 6, GIC was 

observed also to increase with temperature and rubber content. 

In broad pictures, this amorphous polyamide show rather similar trends to those 

for semi-crystalline nylon 6 for thick (6.35 mm) specimens, implying that the role of 

crystalline structure of the matrix must be of second importance in toughening. 
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Chapter 7: Conclusions and Recommendations 

CONCLUSIONS 

Toughening of an amorphous polyamide (Zytel 330 from DuPont), a-PA, using 

various types of maleated elastomers was explored and the results were compared and 

contrasted with those reported earlier for semi-crystalline polyamides (mainly nylon 6 

and 66). These elastomers include a hydrogenated styrene-butadiene-styrene triblock 

copolymer, SEBS, and its maleated version, SEBS-g-MA, an ethylene-propylene random 

copolymer (EPR) and its maleated version, EPR-g-MA, and an ethylene-1-octene random 

copolymer, EOR and its maleated versions, EOR-g-MA-X% where X is 0.35, 1.6 or 2.5. 

Izod impact strength was investigated as a function of rubber content, rubber particle size 

(at 20% fixed rubber content) and temperatures; all of these influence impact strength. 

Comparison of fracture behavior of the amorphous polyamide versus nylon 6 toughened 

with maleated EOR elastomers was made as a function of ligament length, rubber 

content, rubber particle size (at 20% of total rubber) and test temperature using both 

linear elastic fracture mechanics techniques and the essential work of fracture 

methodology. Each of these factors plays some role in affecting facture behavior. 

The morphology (rubber particle size and its distribution) of the blends was well 

controlled with the SEBS-g-MA/SEBS and EPR-g-MA/EPR systems regardless of the 

matrix type by varying the proportions (thus varying the maleation level) between the 

two elastomer components in the rubber phase. For the SEBS-g-MA/SEBS system, a-PA 

blends produced slightly larger rubber particles than nylon 6 blends at the same level of 

maleation. For the EPR-g-MA/EPR system, however, a-PA blends and nylon 6 blends 

showed nearly the same rubber particle sizes. For EOR-g-MA/EOR mixtures, 

morphology development is rather complex regardless of the matrix because of co-
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existence of thermodynamic and kinetic factors where the former refers to immiscibility 

between the two elastomer components and the latter might include the ratio of the 

elastomers, the matrix type, the order of mixing, mixing intensity, i.e., the extruder type. 

Both sources influence the morphology of a blend. The immiscibility was examined by 

TEM using a special staining technique; the miscibility boundary occurs at ∆(% MA) = 

0.9 ~ 1.25%. When the two elastomers are miscible, the blend always exhibits a unimodal 

particle size distribution regardless of the kinetic factors; however, when immiscibility 

prevails, either a bimodal or a unimodal distribution may appear depending on the ratio 

of two elastomers and the matrix type. Larger rubber particle sizes were always produced 

for a-PA blends than for nylon 6 blends which can be attributed to the fact that the chains 

of a-PA have a relatively lower amount of amine groups for grafting. 

 Room temperature Izod impact strength strongly depends on rubber content, 

rubber particle size and the rubber type. a-PA requires somewhat lower rubber content for 

effective toughening than nylon 6 in all three elastomer systems. Typically, higher impact 

strength was observed for a-PA than for nylon 6. For a-PA, an upper limit in particle size 

for toughening was observed for both SEBS-g-MA/SEBS and EPR-g-MA/EPR systems; 

however, both a lower and an upper limit appeared for the EOR-g-MA/EOR system. The 

upper limit in size ranges in the order: EPR-g-MA/EPR < SEBS-g-MA/SEBS < EOR-g-

MA/EOR. For nylon 6, the EPR-g-MA/EPR system produced only an upper limit in size 

while the other two systems showed both a lower and an upper limit in size for 

toughening. a-PA blends were seen to be tougher than nylon 6 blends within the optimum 

range of rubber particle sizes which can be attributed to a larger size of the stress 

whitening zone for a-PA blends. Far end samples were seen to be tougher than the gate 

end specimens in certain marginally toughened blends of a-PA which can be attributed to 
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the morphology difference between the two ends due to flow deformation in injection 

molding. 

 The ductile-brittle transition temperature (Tdb) also depends on rubber content, 

rubber particle size and the elastomer type. Higher rubber contents always lead to a lower 

Tdb regardless of the matrix type. A lower Tdb was produced for a-PA than for nylon 6 

blends examined regardless of the elastomer type. For a-PA, the ductile-brittle transition 

temperature generally increased with rubber particle size for the SEBS-g-MA/SEBS 

system, and it had a minimum for the EOR-g-MA/EOR system which is lower than the 

lowest Tdb for the SEBS-g-MA/SEBS system. The EOR-g-MA/EOR system produced a 

comparable Tdb as the EPR-g-MA/EPR within the range of particle sizes examined. For 

nylon 6, a minimum in Tdb was seen for both SEBS-g-MA/SEBS and EOR-g-MA/EOR 

systems while the minimum for the former is higher than that for the latter. The EPR-g-

MA system always produced the lowest Tdb. For the blends with a bimodal size 

distribution, the global average rubber particle size is inappropriate for correlating the 

Izod impact strength and ductile-brittle transition temperature. 

 Fracture behavior is a function of ligament length, rubber content, rubber particle 

size, and test temperature. Either ductile fracture or brittle failure or a ductile-brittle 

transition could occur depending on the factors indicated above. For both polyamides, the 

limiting specific fracture energy, uo, was seen to increase with rubber content at room 

temperature while a significant increase in the dissipative energy density, ud, occurs for 

above 10% with higher values for a-PA than for nylon 6. Both a-PA and nylon 6 blends 

showed a maximum in uo and ud with rubber particle size while the maximum for uo is 

higher for nylon 6 than a-PA and the opposite is true for ud. In certain blends of nylon 6, 

far end samples showed different fracture behavior from gate end specimens in that the 

former exhibited the ductile-brittle transition at longer ligament lengths than the latter. 
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The limiting specific fracture energy generally increased with test temperature; however, 

the dissipative energy density increased significantly for blends containing 15% or more 

rubber at temperature of higher than -10 oC regardless of the matrix type with larger 

values for a-PA than for nylon 6. Blends containing 10% or less of rubber always 

exhibited brittle fracture at all test temperatures. The critical strain energy release rate, 

GIC, also depends on rubber particle size, rubber content and temperature. GIC was found 

to decrease with rubber particle size but to increase with rubber content and test 

temperature, regardless of the matrix. 

 In broad terms, this amorphous polyamide exhibits rather similar trends to those 

for semi-crystalline nylon 6, suggesting that any role of crystalline structure of the matrix 

on toughening must be of secondary importance. 

RECOMMENDATIONS 

Direct investigation into the role of crystalline structure and/or organization in 

toughening may be conducted in a fairly tough (but not the toughest) blend of nylon 6. 

This method firstly involves thermal treatment, e.g., annealing a bulk specimen to alter 

crystallinity and crystalline organization which may be characterized by DSC, TEM and 

atomic force microscopy (AFM). After succeeding in changing crystallinity and 

organization, one can test the samples for Izod impact strength that were thermally 

treated. 

The deformation mechanisms involved in the fracture process would be 

interesting to explore. A comparison in deformation mechanisms between a-PA blends 

and nylon 6 blends would be useful to gain insights about the role of the crystalline 

structure of the matrix in toughening. While there are numerous ways of examining the 

deformation mechanisms, a simple one would be to utilize transmission electron 

microscopy for looking at the events around an arrested crack. An arrested crack can be 
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generated with the Dynatup drop tower by carefully adjusting the stop of the hammer to 

terminate the crack extension using specimens that have a long ligament length (e.g., 10 

mm) and a sharp notch. The specimen with an arrested crack is then microtomed 

cryogenically to obtain ultra-thin sections for viewing in the TEM. Cautions must be 

taken in choosing the examination plane that is critical to see the crack tip. The right 

plane to see the crack tip would be the one parallel to both the injection flow and the 

crack extension directions. In this way, the sequential events around an arrested crack can 

be explored. 

A good starting point for examining the deformation mechanisms involved would 

be to use a blend exhibiting the highest fracture toughness. Upon succeeding in seeing the 

deformation mechanisms for the well-toughened blends, one can shift to blends that are 

marginally toughened for the two polyamides. While there is a wealth of literature about 

deformation mechanisms for the well-toughed nylon 6 blends, there are few reports on 

marginally toughened nylon 6. Hence, it is worthwhile to explore this. 



Appendix A: Izod impact strength versus temperature for blends not 
shown in Chapter 3 

In chapter 3, the Izod impact strength versus temperature was shown for binary 

and ternary blends with a-PA made by the twin screw extruder. However, the data for 

these blends by single screw extrusion were not shown. This appendix provides the Izod 

impact strength versus temperature for the blends made in the single screw extruder. 

Figure A.1 shows the Izod impact strength as a function of temperature for binary 

blends of a-PA containing various contents of SEBS-g-MA that were made by the single 

screw extruder. Figure A.2 shows the Izod impact strength versus temperature for ternary 

blends of a-PA made by the single screw extruder where the rubber phase consists of 

mixtures of SEBS-g-MA with SEBS in varying proportions. 
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Figure A.1 Izod impact strength versus temperature for binary blends of a-PA with 
various contents of SEBS-g-MA made by the single screw extruder. 
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Figure A.2 Izod impact strength as a function of temperature for ternary blends of a-PA 
made by the single screw extruder where the rubber phase consists of 
mixtures of SEBS-g-MA with SEBS in varying proportions.
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Appendix B: Comparison of Izod impact strength versus temperature 
between a-PA and nylon 6 with different molecular weights 

The neat nylon 6 material used in Chapter 5 is a medium molecular weight 

(MMW) grade. We conducted some experiments, i.e., Izod impact strength versus 

temperature, for some blends of certain high molecular weight grade (HMW) nylon 6 to 

achieve small rubber particles. However, no data on this HMW nylon 6 were shown in 

Chapter 5. Appendix B compares the Izod impact strength versus temperature between a-

PA and nylon 6 with different molecular weights.  

Figure B.1 shows Izod impact strength versus temperature for binary blends 

containing 80% MMW or HMW nylon 6 with either EOR-g-MA-0.35% or EOR-g-MA-

2.5%. Figure B.2 compares Izod impact strength versus temperature for binary blends of 

(20%) EOR-g-MA-2.5% where the matrix material is MMW nylon 6, HMW nylon 6 or 

a-PA. 
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Figure B.1 Izod impact strength versus temperature for binary blends containing 80% 
MMW or HMW nylon 6 with either EOR-g-MA-0.35% or EOR-g-MA-
2.5%. 
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Figure B.2 Izod impact strength versus temperature for binary blends of (20%) EOR-g-
MA-2.5% where the matrix material is MMW nylon 6, HMW nylon 6 or a-
PA. 
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Appendix C: Supplemental data not shown in Chapter 6 

Appendix C provides supplemental data for Chapter 6. Figure C.1 shows the 

relation of U/A versus ligament length for two blends with the same rubber particle size 

where one blend consists of 80% a-PA and 20% EOR-g-MA-1.6% and the other blend 

contains a mixture of EOR-g-MA-0.35%/EOR in a proportion of 60/40 with nylon 6 

being the matrix. Figure C.2 shows the failure mode as a function of ligament length and 

rubber particle size for the blends of a-PA and the blends of nylon 6. 
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Figure C.1 U/A versus ligament length for two blends with the same rubber particle size 
where one blend consists of 80% a-PA and 20% EOR-g-MA-1.6% and the 
other blend contains a mixture of EOR-g-MA-0.35%/EOR in a proportion of 
60/40 with nylon 6 being the matrix. 
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Figure C.2 Failure mode as a function of ligament length and rubber particle size for the 
blends of a-PA and the blends of nylon 6. 
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