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Abstract The present investigation deals with the mechanical and morphological

properties of binary polyamide 12/maleic anhydride-grafted styrene-b-(ethylene-co-

butylene)-b-styrene rubber (PA12/SEBS-g-MA) blends at varying dispersed phase

(SEBS-g-MA) concentrations. Tensile behavior, impact strength and crystallinity of

these blend systems were evaluated. Influence of microstructure, dispersed phase

particle size, and ligament thickness on the impact toughness of the blend was

studied. DSC data indicated an increase in crystallinity of PA12 in the blends.

Tensile modulus and strength decreased while impact strength and elongation-at-

break increased with the elastomer concentration. The enhanced properties were

supported by interphase adhesion between the grafted maleic groups of rubber with

polar moiety of polyamide 12. Analysis of the tensile data employing simple the-

oretical models showed the variation of stress concentration effect with blend

composition.

Keywords Polyamide 12 � SEBS-g-MA � Mechanical properties �
Crystallinity

Introduction

Nylons are engineering plastics possessing excellent property profiles, e.g., easy

molding and extrudability, high strength and modulus, low coefficient of friction and
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wear, excellent chemical resistance, and high melting point [1–3]. Nylons may also be

considered tough since they exhibit high-impact strength in falling dart tests and

possess high work of fracture describing large area under the stress–strain curve [4].

Due to these properties, nylons find a wide variety of applications, e.g., in bearings,

gears, motor housing, molded objects, fasteners and the likes. For still high-end

applications nylons are rather brittle and notch sensitive at high strain rates and/or at

low temperatures. Incorporation of an appropriate thermoplastic elastomer has been

used extensively to counteract such embrittlement of nylons [5–10]. The elastomers

usually contain acid, anhydride, or other functional groups. Maleic anhydride-grafted

ethylene-propylene rubber (EPM-g-MA, EPDM-g-MA), styrene–ethylene–butylene–

styrene thermoplastic elastomer (SEBS-g-MA) and also core shell rubbers made by

emulsion polymerization methods are extensively used with nylons 6 [11, 12] and

nylon 66 [13, 14]. The acid/anhydride/or other functional groups react with the amine

end group and/or amide linkage producing nylon grafts on the elastomer [15]. It has

been reported that styrene-assisted melt grafting enhances degree of grafting on

impact modifier [16]. The decrease in the interfacial tension prevents coalescence of

rubber particles through steric stabilization to give stable morphology and uniform

dispersion of dispersed rubber particles in the polymer matrix [17, 18]. The graft

structure promotes the phase adhesion and facilitates stress transfer between the

phases. Several studies have documented that the size, distribution, concentration,

interparticle ligament thickness and spatial arrangement of dispersed particle have

profound effects on toughening efficiency of these impact modifiers [5, 10, 19]. From

these studies it has been concluded that for toughening of the blend, size of the

dispersed particle should be smaller than a critical value which depends on the

concentration of the elastomer. Wu has proposed a single parameter, i.e., interparticle

distance (ligament thickness T), which is independent of rubber concentration for

toughening of a blend. The average value of ligament thickness should be lower than a

critical value to impart toughness in the blend. Wu studied the rubber-modified

polyamide 66 and established that the blends are toughened if the interparticle distance

is\0.3 lm [5].

Shear yielding and cavitation in the rubber or matrix are thought to be primary

energy-absorbing mechanism in rubber toughening of nylons [19–22] although

crazing [23, 24], and fibrillation [25] within nylons have also been reported. Formation

of hole is thought to be the critical requirement which precedes shear band formation.

It has been observed that throughout the deformation process holes are formed in the

rubber particles which are aligned along the shear bands. For easy shear deformation in

the ductile mode and stable crack propagation through repeated loading to continuous

energy absorption [8, 10], the rubber particle should be small so that cavitations are

facilitated. Under this condition the triaxial tension in the deformation zone is

dissipated facilitating plain-strain to plain-stress transition.

Polymer PA12 is a semi-crystalline nylon with low-equilibrium moisture

absorption, excellent dimensional stability, very good chemical resistance and

moderately high tensile and flexural strength. The polymer finds application in

precision moldings for engineering, automobiles, cable and pump components [26].

Although PA12 has good to excellent impact resistance, incorporation of acid/
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anhydride containing elastomer increase the impact resistance with a minimum trade-

off in other properties [27].

In this article, effect of incorporation of maleated styrene–ethylene–butylene–

styrene (SEBS-g-MA) copolymer into PA12 has been studied at SEBS-g-MA

concentrations 0 to 50 wt%. Tensile properties such as tensile modulus and strength

and breaking elongation are evaluated and explained using models relevant to two-

phase systems. Phase morphology was examined by SEM studies. The effect of

particle size, particle size distribution and spatial arrangement is used to evaluate

the impact strength of the blends.

Experimental

Materials

PA12 (Vestamid L 2140) used was a commercial product from Evonik Degussa

High Performance Polymers, Germany. The melt-volume-flow rate (275 �C, 5 kg

load) and density of PA12 were 36 cm3/10 min and 1.01 g/cm3, respectively.

SEBS-g-MA with 1.4–2.0 wt% MA graft ratio and MFI of 22 g/10 min (230 �C,

5 kg load) was obtained from Kraton Polymers. SEBS-g-MA (specific gravity of

0.91 g/cm3) contained a styrene/rubber ratio 30/70 %, while number average

molecular weights (Mn) of the PS and poly (ethylene-co-butylene) copolymer were

of approximately 7,000 and 37,500 g/mol, respectively [28].

Preparation of PA12/SEBS-g-MA blends and test specimens

PA12 and SEBS-g-MA pellets were dehumidified in a vacuum oven at 80 �C for 18

and 12 h, respectively. Melt mixing of the components was carried out on a co-

rotating twin-screw extruder, Clextral, 900 mm (L/D = 42) at a screw speed of

300 rpm. Compounding was done when the torque stabilized at 75 ± 2 Nm. The

extrusion zone temperature ranged from 220 to 240 �C. Thick strands leaving the

extruder die were water cooled, dried and chopped into granules which were

subsequently dried in vacuum at 80 �C for 12 h. The blends were injection-molded

on a Krauss Maffei (CX series) injection-molding machine, into standard tensile

bars with 4 mm thickness according to ISO 3167 test procedure. The melt and mold

temperatures were maintained at 220–240 and 40 �C, respectively. The blends were

designated as NS5, NS10, NS20, NS35, and NS50 containing 5, 10, 20, 35 and

50 wt% of SEBS-g-MA co-polymer.

Blend characterization

Internal morphology

The microstructural phase morphology of the blends was observed with cryo-

fractured tensile specimens using a QUANTA 200 FEG environmental scanning

electron microscope (FEI Company, System microanalyse Oxford Instrument,
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INCA INERGY 350, France). To prevent degradation by the electron beam,

samples were coated with carbon using a Carbon Evaporation Device CED030

(Balzers). Energy dispersive SEM (ESEM) experiments were performed at a very

low pressure. The samples were etched in toluene to remove SEBS-g-MA particles

to evaluate elastomer particle diameter and extent of dispersion. The distribution of

elastomer particles was obtained by measuring at least 150 particles. The number

average diameter Dn, weight average diameter Dw, surface to volume average

diameter Dvs, and volume average diameter (Dv) were determined by an automatic

Image J analyzing technique using Eqs. (1–4):

Dn ¼
X

niDi

.X
ni ð1Þ

Dw ¼
X

niD
2
i

.X
niDi ð2Þ

Dvs ¼
X

niD
3
i

.X
niD

2
i ð3Þ

Dv ¼
X

niD
4
i

.X
niD

3
i ð4Þ

where ni is the number of particles with apparent diameter Di (lm).

The interfacial area per unit volume of the blend (Ai) was calculated using

Eq. (5):

Ai ¼ 6/d=d ð5Þ

where /d is the volume fraction, and d is the average diameter of the dispersed

phase, respectively.

The interparticle distance, called matrix ligament thickness (T) was calculated

using theoretical equation given by Wu and Liu [5, 29–32]. Wu obtained a relation

for ligament thickness by assuming that the dispersed particle occupies a definite

lattice in the matrix, (Eq. 6) [5]:

TWuðd;/Þ ¼ d k p=6/ð Þ1=3�1
h i

ð6Þ

where k = 1 for simple cubic (scc), k = 21/3 is for body-centered cubic (bcc) and

k = 41/3 for face-centered (fcc) lattice arrangement of dispersed particles. In case of

polymer blends with dispersed rubber particles, the distribution parameter, r,

accounts for the heterogeneity in the particle sizes is given by Eq. (7) [30]:

ln r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 ni ln di � ln dð Þ2

PN
i¼1 ni

s

ð7Þ

Wu modified the equation for ligament thickness by considering polydispersity of

the distribution parameter (Eq. 8) [29]:

T
0

Wu ¼ Tðd;/; rÞ ¼ d ðp=6/Þ1=3 � 1
h i

exp ln2 r
� �

ð8Þ

A modified equation by considering particle size, size distribution parameters of

particles in the matrix was proposed by Liu et al. [31] (Eq. 9):
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TLiu ¼ Tscðd;/; rÞ ¼ d p=6/ð Þ1=3
exp 1:5 ln2 r
� �

� exp 0:5 ln2 r
� �h i

ð9Þ

It has been established that the dispersed phase is randomly distributed in the

polymer matrix as a result of processing. The true spatial distribution (f) of the

dispersed particle depends on phase morphology of the blend. The average ligament

thickness based on stacking configuration was calculated using Eq. (10):

T
0

Liu ¼ d n p=6/ð Þ1=3
exp 1:5 ln2 r
� �

� exp 0:5 ln2 r
� �h i

ð10Þ

Liu and his co-workers have noted that for most of the polymeric system spatial

distribution parameter varied from 1.16 to 1.21 [12, 31, 32].

Fourier transform infra red spectroscopy (FTIR)

Fourier transform IR (FTIR) analysis of thin films of the blend components was

carried out at a resolution of 2 cm-1 with wavelength ranging from

500–4,000 cm-1 on a Thermo Nicolet IR200 spectrometer. Thin film samples

were prepared by compression molding machine at 220 �C and a pressure of 15 klb.

Mechanical property investigations

The test samples were first conditioned at an ambient temperature (22–25 �C) under

2–5 % relative humidity for 48 h before testing. Maximum tensile strength and

elongation at break were measured using dumb-bell shaped specimens according to

the ISO 527 standard test procedure at a crosshead speed of 50 mm/min using a

Zwick Z100 tensile testing machine (load cell range of 0 to 10 kN). The values

recorded were the averages of at least five specimens. Young’s modulus was also

recorded using ISO 527 standard test procedure at a crosshead speed of 1 mm/min.

Notched Charpy impact strength was determined using a Zwick 5102 apparatus

according the ISO 179 standard test procedure (4 J). Testing was done on specimens

of 80 9 10 9 4 mm3. As given by the manufacturer, root radius of the notch was

0.24 ± 0.05 mm, the notch angle was 45� ± 1� and the notch depth was 2.0 mm.

Crystallization studies

Crystallization behaviors of PA12 and PA12/SEBS-g-MA blends were studied by

differential scanning calorimetry (DSC) on a Perkin Elmer Pyris Diamond DSC

in an atmosphere of liquid nitrogen. The samples obtained by scraping small

chips from the injection-molded samples were dried in a vacuum oven at 80 �C

for 12 h before starting the experiment. Thermograms were recorded during the

heating cycle at a constant heating rate of 10 �C per min. The heat of fusion

values were used to calculate the percent crystallinity of PA12 in the blends

using Eq. (11):

Xcð%Þ ¼
DHm

DHm0
w

� �
100 ð11Þ
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where DHm is the melting enthalpy of the sample, DHm0
the melting enthalpy of

100 % crystalline polymer (95 J/g) [28], and w the weight fraction of PA12.

Results and discussion

Microstructural phase morphology

Properties of blend mainly depend on the microstructural phase morphology of the

system. Figure 1 shows the morphology of PA12/SEBS-g-MA blends where SEBS-

g-MA copolymer is dispersed in polyamide matrix at all the compositions studied.

Particle droplet (spheroidal) type morphology was observed with lower concentra-

tion of SEBS-g-MA (Fig. 1b–d), whereas mixed spheroidal, elongated and co-

continuous phase was seen in NS35 (Fig. 1e). As the blend includes higher content

of SEBS-g-MA in NS50, a well-developed co-continuous phase structure was

observed (Fig. 1f). It can be noted that NS20 blend exhibits finer, uniform and stable

phase morphology (Fig. 1d). The morphological parameters calculated by Image J

analysis are presented in Table 1. The weight average particle diameter (Dw)

decreases from 0.48 lm (NS10) to 0.20 lm (NS20), further it increases with 35 and

50 wt% of elastomer which may be due to polymeric coalescence of the rubber

phase at processing conditions as was also observed in other references [13, 14]. At

5 wt% of SEBS-g-MA (NS5), the elastomeric phase was not able to etch out with

toluene which restricted the use of particle size analysis at this level (Fig. 1b).

In case of NS5, the amount of SEBS-g-MA was so small that most of the

elastomer particles adhered to available polar groups of PA12 and was not removed

by etching. As we moved toward 10 wt% of SEBS-g-MA (NS10) although the

amount of grafted MA has increased as compared to NS5, but still the amount is not

sufficient for very good polar–polar contact with PA12. Crystallizable PA12 also

rejected some of the rubber particles in NS10 and hence bigger particles were seen.

In NS20, the concentration of MA moiety of SEBS-g-MA appears to be comparable

to polar groups of PA12 so that sufficient phase interaction takes place reducing the

particle size of the dispersed phase [2, 11, 13]. At higher concentration of rubber,

coalescence dominates and resulted with co-continuous morphology (NS35, NS50)

but at lower concentrations particle breakup gives finer and uniform morphology as

in the case of NS20 [27]. The lowering of particle size can be attributed to induced

phase reactions between PA12 and maleic anhydride moiety which prevent the

coalescence of the particles and finally lead to finer, stable and uniform morphology.

The distribution of dispersed particles can be evaluated from polydispersity index

(Dw/Dn), Table 1, and frequency distribution curve shown in Fig. 1c–f. It is evident

that in NS20, more finer size domains become prominent which leads to narrow

width of the frequency distribution, Fig. 1c. This implies good mixing and high

level of homogenization. However, NS50 blend shows the broadest particle

distribution with larger particles due to dominance of coalescence and flocculation

[12], Fig. 1f. The value for interfacial area Ai, which is a measure of interfacial

thickness, is much higher in case of NS20 and NS35, Table 1. This again gives an

indication of better compatibility of blend which can help in stress transfer
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(discussed later). Table 1 depicted slight increase in Dvs and Dv when volume

fraction of dispersed phase (/d) increases from 0.21 to 0.37, but when /d increases

from 0.37 to 0.52 there is a considerable increase in Dvs and Dv values, indicating

Fig. 1 Frequency distribution and SEM photomicrographs of cryogenically fractured etched surface of
a N12; b NS5; c NS10; d NS20; e NS35; f NS50, respectively
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that the contribution toward interfacial area increases, when SEBS-g-MA concen-

tration increases. The increase in Ai is much higher in case of NS20 and NS35, due

to sufficient reduction in particle size, indicating enhanced possibility of stress

transfers.

Matrix ligament thickness

Matrix ligament thickness calculated by Wu and Liu equations for all the

compositions is shown in Table 1. The theoretical equations are based on the

assumptions that the dispersed particle in the polyamide matrix can occupy a definite

lattice arrangement (scc, bcc, fcc). The calculated values of ligament thickness (T) for

different spatial configuration are denoted as Tscc, Tbcc, Tfcc for k = 1, k = 21/3,

k = 41/3 following Eq. (6) and presented in Table 1. Also the matrix ligament

thickness calculated by Liu equations (Eqs. 9, 10) denoted as TLiu (f = 1) and T’Liu

(f = 1.1 and f = 1.2) is shown in Table 1. It is not possible to give the exact value of

spatial stacking configuration (f), however, for most of the system particle stacking

configuration, f, varies between 1 and 1.2. The matrix ligament thickness predicted by

Liu is higher than those predicted by Wu. It can be seen that the matrix ligament

thickness decreases as the content of SEBS-g-MA increases. This is attributed to the

increased coalescence of the dispersed phase.

FTIR analysis

Figure 2 shows the FTIR spectra in the range of 4,000–500 cm-1 region for pure

N12, SEBS-g-MA and their blends. SEBS-g-MA shows characteristic band at 1,868

and 1,745 cm-1 associated with symmetric and asymmetric vibrations of saturated

five-membered anhydride ring (C=O stretching in maleic anhydride group) [33].

PA12 shows strong characteristic band at 3,290–3,091 cm-1 (N–H stretching),

2,954–2,921 cm-1 (C–H stretching), 1,638 cm-1 (C=O stretching, amide I band),

and 1,560 cm-1 (N–H bending and C–N stretching, amide II band) [34, 35]. With

the incorporation of SEBS-g-MA in PA12 matrix, amide I band shows a shift to

lower frequency from 1,638 cm-1 (N12) to 1,632 cm-1 (NS5), 1,628 cm-1 (NS10),

1,631 cm-1 (NS20), 1,632 cm-1 (NS35), and 1,633 cm-1 (NS50), respectively.

The PA12/SEBS-g-MA blends showed new bands at 1,740 cm-1 (NS5),

1,740 cm-1 (NS10), 1,741 cm-1 (NS20), 1,736 cm-1 (NS35), and 1,738 cm-1

(NS50), respectively, which have been assigned to imidization and grafting

reactions between maleic anhydride of SEBS-g-MA and amine/amide group of

polyamide 12 as depicted in Scheme 1 [2, 15, 36, 37]. Wu and his co-workers [38]

reported that this interaction is responsible for transition of bare interfaces to

occupied interfaces leading to lower interfacial tension.

Degree of crystallinity

Crystallinity of a semi-crystalline thermoplastic material in a blend or composite is

a function of the behaviors of the matrix as well as the dispersed phase. In some

Polym. Bull. (2014) 71:1131–1152 1139
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systems, the crystallinity decreases with increase in the content of the discrete phase

because the latter interferes with the chain mobility of the former by creating a

physical barrier [39, 40]. However, in other systems, the crystallinity enhances due

to the inclusion’s nucleating activity through providing a surface for the

crystallization of the polymer [41–43]. In PA12/SEBS-g-MA blends the crystal-

linity of the PA12 enhances with SEBS-g-MA concentration, Fig. 3. This may be

due to the elastomer’s higher viscosity than PA12 at the processing temperature

which facilitates nucleation of PA12. Since crystallinity of PA12 contributes to the

mechanical properties of PA12/SEBS-g-MA blends, the parameter will be included

in the description of the blend properties in the following sections.

Tensile properties

Tensile strength and modulus and elongation-at-break of the blends were evaluated

from the stress versus strain curve (not shown). In Figs. 4, 5, 6, these data are

exhibited as plots of the ratios of the blend properties (subscript b) to that of PA12

(subscript m) versus /d (the volume fraction of the dispersed phase SEBS-g-MA).

Tensile modulus

Plot of relative tensile modulus (Eb/Em) versus /d (Fig. 4) shows that the data

decrease with increase in /d. At the maximum /d, the parameter decreased to *0.5.

This indicates that SEBS-g-MA copolymer softens PA12 substantially. The blend

structure was evaluated using predictive models such as the ‘‘rule of mixture’’ [44,

45] for polymer blends/composites, Eq. (12), the ‘‘foam model’’ of Cohen and Ishai

[46], Eq. (13), and ‘‘modified foam model’’ [47], Eq. (14):

Fig. 2 FTIR spectra of N12, NS5, NS10, NS20, NS35, NS50 and SEBS-g-MA
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Eb=Em ¼ Ed=Em � 1½ �/d þ 1 ð12Þ

Eb=Em ¼ 1� /2=3
d

h i
ð13Þ

Eb=Em ¼ 1� d/2=3
d

h i
ð14Þ

where Eb and Em denote the tensile modulus of the blend and the composites,

respectively, Ed is the modulus of the dispersed phase SEBS-g-MA, and d is the

coefficient of foamability by the blending polymer. In the foam model, it is assumed

that there is no phase interaction between the PA12 and SEBS-g-MA copolymer.

The tensile moduli values for PA12 (Em = 1,464 MPa), and the blends (Eb) were

evaluated from the initial slopes of stress–strain curves using crosshead speed of

50 mm min-1, while the modulus value of SEBS-g-MA (Ed = 187 MPa) was

evaluated on compression module test samples. The rule of mixture curve shows

higher values than the data, except at /d = 0.05. It implies that although the dis-

persed phase provides a surface for crystallization, its flexibility possibly plays a

Scheme 1 Schematic representation of possible a amine-anhydride, b amide-anhydride reaction between
Polyamide 12 and SEBS-g-MA
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dominant role in softening PA12. The relative moduli data were higher than the

foam model, Eq. (13), Fig. 4a. The data showed good agreement with the modified

foam model, Eq. (14), Fig. 4a. This indicates that SEBS-g-MA copolymer is not

equivalent to a non-interacting pore/void, and there may be some kind of phase

interaction through polar groups of PA12 and grafted maleic anhydride groups of

SEBS-g-MA copolymer. However, since the MA concentration is very low, the

extent of phase interaction is also limited.

The crystallinity of PA12 increased in the presence of SEBS-g-MA polymer

which is also a flexible polymer. To evaluate the effect of these characteristics in the

tensile modulus of the blends, the moduli were normalized by dividing the

parameters by the crystallinity of PA12 in the blend and the matrix. In this way, the

effect of crystallinity of the matrix was eliminated. The normalized relative moduli,

Eb=Xbð Þ= Em=Xmð Þ, plotted against /d showed a continuous decrease, at the highest

/d, the value was *0.3, Fig. 4b. Thus, the results showed that phase interaction, if

any, is far suppressed by the flexibility of the blending phase SEBS-g-MA

copolymer.

Tensile strength

The variations of relative tensile strength of PA12/SEBS-g-MA blends (ratio of

tensile strength of PA12/SEBS-g-MA blend to that of PA12), (rb/rm) data versus

/d are presented in Fig. 5a. The tensile strength of PA12 decreased upon addition

of SEBS-g-MA copolymer, the data varied between 0.86 and 0.54 depending on

/d, as a consequence of the elastomeric nature of the SEBS-g-MA which is

responsible for weakening the PA12 matrix polymer structure. The weakening

may be possibly due to a reduction of the effective matrix load-bearing cross-

Fig. 3 Plot of crystallinity, Xc, versus /d in PA12/SEBS-g-MA blends
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sectional area, similar to other elastomer-containing polymer blends [48]. Rubber

particles act as stress concentrators promoting yielding in the interparticle

ligaments and thus lower the yield stress of the blends. Using predictive models

the relative tensile strength data were analyzed for weakness/discontinuity in the

blend structure introduced by dispersed elastomer phase. Equation (16) describes

Nicolais–Narkis Model [49, 50] whereas Porosity Model [51] is defined in

Eq. (17):

Fig. 4 Plots of a relative tensile modulus, Eb/Em, of PA12/SEBS-g-MA blends and predicted behavior
according to rule of mixture (Eq. 12), foam model (Eq. 13) and modified foam model (Eq. 14);
b dependence of normalized relative moduli, [(Eb/Xc(b))/(Em/Xc(m))], of PA12/SEBS-g-MA blends on /d
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rb=rm ¼ 1� K/2=3
d

h i
ð16Þ

rb=rm ¼ exp �a/dð Þ½ � ð17Þ
These models assume the blend structure to be of a no-adhesion type and the

tensile property as a function of either the area function or the volume fraction of the

dispersed phase. It may be stated that the lower the value of K, Eq. (16), in the range

Fig. 5 Plots of a relative tensile stress, rb/rm, of PA12/SEBS-g-MA blends and predicted behavior
according to Nicolais–Narkis model (Eq. 4) and porosity model (Eq. 5). b Normalized relative tensile
strength, [(rb/Xc(b))/(rm/Xc(m))], of PA12/SEBS-g-MA blends versus /d
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0–1.21 the better the phase cohesion. Similarly the weakness in structure or stress

concentration is described by the parameter a, the higher the value the higher the

extent of stress concentration.

The values of K and a for each /d values are determined by comparing the

experimental relative tensile strength data with the models [Eqs. (16) and (17)], and

are shown in Table 2. The values of K are less than unity with an average value 0.88

which indicates that an extent of stress concentration exists in PA12/SEBS-g-MA

blends. The extent of weakness or stress concentration is, however, low in the blend

Fig. 6 Plots of a relative elongation-at-break, eb/em, of PA12/SEBS-g-MA blends and predicted behavior
according to Mitsuishi model (Eq. 18). b Normalized relative elongation-at-break, [(eb/Xc(b))/(em/Xc(m))],
of PA12/SEBS-g-MA blends as a function of /d
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structure which may be due to a degree of phase interaction between maleic anhydride

groups of SEBS-g-MA and the amine end group of PA12 [15]. The enhanced

compatibility is achieved by possible interaction between the carbonyl oxygen in the

maleic anhydride group of SEBS-g-MA and the hydrogen in the amide group of PA12.

Figure 5a exhibits comparison of the tensile stress values with Eqs. (16) and (17).

The data agreed well with the Nicolais–Narkis model with an average K value 0.88

which implies a small extent of phase adhesion. With the Porosity model with an

average of a = 1.93 the data also agreed well, the values show some scattering; the

data were lower up to /d = 0.1 and higher at /d [ 0.21.

Since PA12 is a semi-crystalline polymer, its crystallinity plays a role in its

strength properties. The crystallinity of PA12 increased in the presence of SEBS-g-

MA copolymer. There is also a kind of phase adhesion between the matrix polymer

and the dispersed phase. SEBS-g-MA copolymer is, however, a flexible thermo-

plastic elastomer which softens PA12. To evaluate distinctively the role of

crystallinity and phase adhesion vis-a-vis the elastomer flexibility, the normalized

relative tensile strength values, ½ðrb=XcðbÞÞ
�
ðrm=XcðmÞÞ� were plotted as a function

of /d in Fig. 5b. The data were lower than unity varying from 0.83 to 0.4 at /d

values from 0.05 to 0.52. Thus, it may be considered that although SEBS-g-MA

copolymer adheres to an extent with PA12 and provides a surface for crystallization

of PA12, the elastomer flexibility predominates the former effects, bringing down

the tensile strengths of the polyamide.

Elongation-at-break

Figure 6a exhibits that the relative elongation at break of the PA12/SEBS-g-MA

blends increased continuously with /d. The increase was from 42 to 234 % as /d

varied from 0.05 to 0.52, implying a substantial matrix softening by the rubbery

dispersed phase. Tensile moduli and strengths values also indicated matrix softening

by the discontinuous phase.

Modified Mitsuishi model [52] was employed to compare the elongation values,

Eq. (18):

eb=em ¼ 1þ F/2=3
d ð18Þ

where eb is the elongation at the break of the blends, em the value for the PA12, F the

flexibility constant. The data exhibit quite good agreement with the model with an

Table 2 Value of adhesion

parameter K (Eq. 16), and

stress concentration

parameter a (Eq. 17) in PA12/

SEBS-g-MA blends

/d K a

0.00 – –

0.05 0.96 2.72

0.10 1.13 2.73

0.21 0.80 1.58

0.37 0.82 1.49

0.52 0.69 1.15

Average 0.88 1.93
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average F = 2.99, the values at /d \ 0.21 were lower while those at /d [ 0.21

were higher, all being almost evenly scattered around the curve.

The crystallinity of PA12 enhanced with /d which should have increased the

nylon’s rigidity. However, the ductility of the matrix enhanced despite the former

effect which may be attributed to the predominant effect of softness of the

elastomer. This increase in ductility of PA12 implies toughening of the polymer

which will dissipate/absorb additional impact energy before failure, similar to other

system [53].

Figure 6b presents a plot of relative normalized elongation at break data,

½ðebXcðbÞÞ=ðem=XcðmÞÞ�, versus /d. Here, the effect of enhancement of crystallinity of

PA12 has been eliminated to evaluate the effect of blending SEBS-g-MA copolymer

on the flexibility of PA12. The parameter increases up to /d = 0.37 exhibiting a

maximum of 2.66, the value decreased at /d [ 0.37 remaining higher than unity.

However, the pattern of data variation validates the assumptions of the Mitsuishi

et al. [52] model. This also indicates that SEBS-g-MA copolymer renders PA12

more deformable enhancing its impact toughness.

Impact properties

Figure 7a presents the plot of normalized relative notched charpy impact strength,

(Ib/Xc(b))/(Im/Xc(m)), of PA12/SEBS-g-MA blends against (/d). With increasing

concentration of impact modifier SEBS-g-MA, it was observed that impact strength

of PA12 was increased by 39 to [500 % which may be attributed to the flexibility

effect of SEBS-g-MA which enables the absorption of high-impact energy [27]. It is

suggested that the modifier has toughened the PA12 by inducing energy dissipation

mechanisms in the form of crazing and shear yielding process in the matrix. Such

impact modification increases the softness and decreases the modulus of the blend,

which give balanced property enhancement and could be used for further study with

different filler for different end use applications. Further, the stiffness-normalized

impact strength data (ratio of impact strength to Young’s modulus) which

theoretically/semi-empirically express the toughness-to-stiffness combination has

also increased with SEBS-g-MA content (Fig. 7b). Similar impact toughening was

observed with other nylons [11, 54].

Structure–property relationship

The morphology evolved during melt processing of the blend has direct influence on

the impact properties of the blend [29]. It has been reported that interparticle

distance is one of the key parameters to evaluate the toughness of the blend. The

variation in impact strength versus interparticle distance for PA12 and its blends is

shown in Fig. 7c. It should be noted that NS50 blend did not break in the range of

instrumental energy, indicated as non-breakable (NB). This indicates that the impact

strength of the blends increases with decrease in interparticle distance. For NS20,

the rubber particle size (0.20 lm) is neither too small nor too large which leads to

effective toughening of the blend [7, 19].
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Fig. 8 SEM photomicrographs of impact fractured surfaces of a N12, b NS5, c NS10, d NS20 and
e NS35

Fig. 7 Plots of a normalized relative impact strength, [(Ib/Xc(b))/(Im/Xc(m))], versus /d. b Notched charpy
impact strength (J/m) and impact strength/Young’s modulus ratio versus SEBS-g-MA concentration.
c Variation in the impact strength with matrix ligament thickness

b
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The impact-fractured surface morphology of PA12/SEBS-g-MA blends is shown

in Fig. 8. It is evident that stress whitening in the impact fractured surfaces is

responsible for energy dissipation during impact testing of the blend. The impact

energy applied to the blend is dissipated by rubber particles in the form of matrix

yielding and crazing. Apart from this shear yielding may also be initiated at the

stress concentration points which developed the local strain inhomogeneities [55].

Formation of such stress concentration points in the presence of SEBS-g-MA was

indicated in the analysis of the tensile strength data. The shear bands also present a

barrier to the propagation of crazes and hence crack growth, therefore, delaying the

failure of the material.

Conclusion

Flexibility of polyamide 12 has been increased with incorporation of SEBS-g-MA

copolymer. Tensile modulus and strength decrease while ductility and toughness

increase. SEBS-g-MA polymer provides a surface for the crystallization of PA12

enhancing its crystallinity but flexibility of SEBS-g-MA dominates the overall

properties. The decrease in modulus and strength as well as increase in the

elongation-at-break of the PA12 resulted from the softening effect of SEBS-g-MA

which overrides the enhancement of crystallinity facilitating the molecular chain

mobility of PA12.

The microstructure has controlled the properties of the blends which also depend

on the processing conditions, while the work here only studied the performance of

the final product at one condition (screw speed 300 rpm, temperature 220–240 �C).

SEM observations indicated finer and globular morphology of the dispersed phase,

as a result of particles breakup phenomenon at lower concentration of SEBS-g-MA

and co-continuous morphology due to coalescence with higher elastomer contents.

Significant increase in impact strength by about 1.3 to 7.3 times that of PA12 was

observed. The blends showed ductile behavior, the ductility increases with decrease

in interparticle distance. Tearing of rubber particles and the interphase caused stress

whitening, which is responsible for the improved impact properties. The elastomer

phase acts as a barrier to the crack propagation, therefore enhancing the failure

energy of the blends.
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