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Abstracts Morphology, interfacial tension, and stress relaxation spectra of

immiscible SAN/EPDM blend and its compatibilized blend with SAN-g-EPDM

(Centrex) was studied. The results showed that the morphology of the blend had a

quick response to added Centrex. In the compatibilized blend with 20-wt% com-

patibilizer (optimized blend) having a droplet-in-matrix type of morphology, the

particle sizes were reduced by a factor of 4. The power-law index of EPDM and

SAN obtained 0.33 and 0.53, respectively. With increasing of compatibilizer the

power-law index decreased. It meant that at the same amount of EPDM its influence

in the blend was increased. Also the cross-over point of G0 and G00 curves in the melt

of optimized blend decreased which was attributed to increased elasticity. These

observations were in good correspondence with the morphological observations. In

optimized blend, the number average diameter of EPDM dispersed particles had the

lowest value of about 1.8 lm. The interfacial tension of the compatibilized SAN/

EPDM blend was determined from the morphological studies and the relaxation

time was calculated using the Palierne and Choi-Schowalter models. The optimized

blend showed the least interfacial tension about 0.306 (N/m) which was in agree-

ment with the morphological observations.
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Introduction

Many of the commodity thermoplastics lack toughness to a degree that excludes

them from many applications. However, it has been found that this deficiency can

be eliminated by properly blending these glassy polymers with small amount of

suitable rubbery polymers. Polymeric materials made of a rubbery phase

dispersed in a glassy matrix form polyblends with important applications due

to their improved mechanical properties and impact strength in particular [1–4].

However, most polymers are immiscible from the thermodynamic point of view.

For immiscible polymers, blending usually leads to a heterogeneous morphology

[5–7]. The properties of an immiscible polymer blend are dependent on its

morphology, and its morphology is strongly related to its rheological behavior. To

achieve the required performance of an immiscible polymer blend, a thorough

knowledge of the relationship between the morphology and the rheological

behavior of the blend is essential. The morphology evolution in immiscible

polymer blends affected by the rheological behavior has been a subject of intense

research [8–15]. It is widely known that the presence of certain polymeric

species, usually suitably chosen block or graft copolymers, can alleviate to some

degree of these problems as results of their interfacial activity [16–24]. The

localization of the copolymer at the interface, with the block or graft extending

into their respective homopolymer phases (i.e., block A in the homopolymer A

phase and vice versa) not only minimizes the contacts between the unlike

segments of the copolymer and homopolymer but also displaces the two

homopolymers away from the interface, thereby decreasing the enthalpy of

mixing between the homopolymers [25]. The preferential localization of the

copolymer at the interface has been shown by Brahimi et al. [26], Basset et al.

[27], and Hosada et al. [28] for the polyethylene (PE)–polystyrene (PS) blend,

polyamide (PA)–polypropylene (PP), and maleated PP–PA blends, respectively. A

large number of theoretical models have been proposed to predict the rheological

behavior of polymer blends. A rheological study of copolymer-modified PE–PS

blend by Brahimi et al. [26] showed that the dynamic viscosity at low shear rate

frequencies was very sensitive to the copolymer nature and volume fraction. The

effect of copolymer modification on linear viscoelastic properties of PS–PE blend

was reported by Bousmina et al. [29]. Only a few studies have investigated the

rheology of SAN blends including SAN/SMA [30], compatibilized PP/SAN [23],

PMMA/SAN [31], PC/SAN [32], and PA6/SAN [33] blends. Among the methods,

the relaxation spectrum method and morphological properties could be used for

the determination of the interfacial tension between the components of blend

[34–37]. Two of the most useful models in describing linear viscoelastic behavior

of polymer blends are the Palierne and Choi–Schowalter models. In our pervious

study, the results showed that compatibilization of SAN/EPDM blend led to a fine

morphology and improved the mechanical properties of the blend [22, 24]. In this

study, objective is to determine the effect of compatibilizer on the interfacial

tension between SAN and EPDM in the compatibilized SAN/EPDM blends by

Palierne and Choi–Schowalter models.
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Experimental

Materials and sample preparation

The polymers used in this study were obtained from commercial sources. The

EPDM, Keltan 2340A, was provided by DSM Chemical Co. The SAN, APH, was

provided by GhaedBasir Petrochemical Co. The graft copolymer SAN-g-EPDM,

Centrex, was provided by Lanxess Co. Prior to mixing, polymeric materials were

dried for at least 12 h at 80 �C in a vacuum oven. The polymers were blended in a

Brabender internal mixer at 150 �C and 60 rpm. Mixing was stopped after torque

stabilization. Blend of EPDM and SAN was prepared in 80/20 weight ratio to

toughen SAN by EPDM. Concentrations of SAN-g-EPDM copolymer, ranging from

0 to 20 wt% with respect to the whole weight fraction of SAN/EPDM (80/20) blend

were used.

Characterization

Morphological observations were taken using a scanning electron microscope (SEM

Cambridge S360, England).The cryogenic specimens were dipped in liquid nitrogen

for about 5 min and immediately fractured.

Mechanical properties

Both tensile and flexural tests were carried out using a universal testing machine

(Instron 6025, UK), at the crosshead speeds of 50 mm/min, respectively. Impact

strength was measured for notched samples, in a Zwick 5102 model instrument

(Germany). At least five runs were made to report the average.

Rheological observation

The rheological behavior of EPDM, SAN, simple blend of SAN/EPDM and the

ternary blend of SAN/EPDM/Centrex were studied using Rheometrics Mechanical

spectrometer (RMS) parallel plate geometry, Anton Paar, MCR 300 with a gap

height of 1 mm. The dynamic measurements were carried out in the linear domain

for frequencies ranging from 0.1 to 600 rad/s and at three temperatures from 150 to

195 �C.

Thermal properties

TG–DSC curves of the blends were plotted by Simultaneous Thermal Analysis

(STA625). All experiments were carried out in the temperature range of 25–600 �C

at a heating rate of 10 �C/min.
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Results and discussion

Figure 1 shows mechanical properties of the blends containing 6, 8, 10, and 20 wt%

Centrex. As it is evident, there is an irregular change in stress-at-break curve from 6

to 10 wt% Centrex. This can be explained by the fact that when the amount of

Centrex increases the size of dispersed phase decreases resulting in better

dispersion. However, these amounts of Centrex cannot wet all the dispersed

particles and thus failure occurs at interfacial places where have not been wet by

Centrex. The addition of graft-copolymer as a co-agent makes an increase in the

thickness of the interface to result good adhesion and efficient stress transfer [18–21,

24]. Therefore, an improved toughness–stiffness balance may be obtained in SAN/

EPDM blends using 20-wt% Centrex. As it is obvious, the optimized blend shows

higher stress-at-break. When the stress-at-break is low, failure could be occurred

either by debonding or in an EPDM phase. In order to determine the fact, studying

the results of strain-at-break can be helpful. If the strain-at-break is near the strain at

break of neat EPDM, it means that failure occurs in EPDM phase. But as it can be

seen in Fig. 1, the strain at break of the blend is not near to that of EPDM. Thus, the

failure is because of debonding. With the addition of Centrex, the toughness of the

blends increases. This clearly indicates that Centrex is able to act as a good

compatibilizer to compatibilize SAN and EPDM phases.

Shear-thinning behavior of blend melt

Figure 2 shows the flow curves of pure SAN-g-EPDM and SAN/EPDM blends with

different level of Centrex. It can be seen that, for all studied SAN/EPDM blends, the

apparent viscosity of the melt decreases with increasing shear stress, denoting a

pseudoplastic behavior. However, the pure SAN-g-EPDM shows higher pseudo-

plastic behavior. The power-law index of the blends determined by linear regression

analysis is listed in Table 1. The power-law index of EPDM melt (0.33) is lower

than that of SAN melt (0.53). When the blend melt is exposed to a shear stress, the

deformation and breakup of the discrete drops give rise to a higher shear rate

dependence of blend viscosity. For these blends, SAN (80 wt%) is the continuous
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Fig. 1 Mechanical properties of the blends with different level of SAN-g-EPDM

366 Polym. Bull. (2011) 66:363–376

123



phase and EPDM (20 wt%) is the dispersed phase. The results show that with

increasing Centrex as compatibilizer the power-law index decreases slightly.

In Fig. 3, the rheological behavior of pure components and compatibilized blend

of SAN and EPDM containing 20-wt% Centrex under the oscillating field has been

depicted. As it can be seen, the viscosity of the EPDM in the melt state and its

sensitivity to the changes in frequency are higher than those of the SAN. While at

the low-frequency region, the elasticity of the EPDM is much higher than that of the

SAN. In the case of EPDM, thanks to its rubbery nature, the entropic elasticity has a

dominant role in forming its behavior. Hence by increasing the temperature, the

thermal energy of the EPDM elastic chains increases. So, the movement of polymer

segments and consequently interchain entanglements increases at the melt leading to

a more viscous molten state. On the other hand, slippage of the rigid SAN chains

over each other occurs more easily and hence viscosity and also elasticity of the

SAN molten chains are lower than the EPDM. Thus, the predominant difference in

the elasticity at the low frequencies is explainable. For the EPDM and the SAN, the

storage modulus and loss modulus show higher values for EPDM. Also, as it is

evident from the figure, the storage modulus of the neat EPDM is higher than its loss

modulus which means that in the melt state its elastic behavior is more pronounced

than its viscose behavior. Within the frequency range scanned, the storage and loss

moduli for SAN/EPDM (80/20) blend containing 20-wt% Centrex are appeared

between that of SAN and EPDM. At low frequencies, G0, G00 (Fig. 3a), and g*

(Fig. 3b) of the compatibilized blend is near to that of SAN. With increasing of

frequency dynamic properties locate between SAN and EPDM. The cross-over
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Fig. 2 Curves of melt apparent viscosity vs shear stress for SAN/EPDM blends with different level of
Centrex

Table 1 Power-law index of SAN/EPDM blends for different Centrex concentration

Composition Centrex Compatibilized SAN/EPDM blends

6% 8% 10% 20%

n 0.34 0.52 0.51 0.51 0.50
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point of the optimized blend (5.39 s-1) is lower than uncompatibilized blend

(16 s-1). This can be explained by the fact that the elastic behavior of the blend is

increased by adding of Centrex. As can be seen in Fig. 3b, the complex viscosity of

optimized blend is higher than uncompatibilized one at low frequencies. However,

the plateau region of g* at low frequencies of optimized blend is omitted when

compared to that of SAN. The optimized blend exhibits a power-law-type flow

behavior with a higher viscosity and elasticity in comparison to SAN in all

frequency ranges.

The morphology of the compatibilized SAN/EPDM blend with the SAN-g-

EPDM (Centrex) was studied using SEM. Figure 4a–d shows micrographs of the

cryogenically fractured cross-section surfaces for the compatibilized SAN/EPDM

blend with the 0-, 6-, 10-, and 20-wt% Centrex, respectively. From Fig. 4, the SAN/

EPDM blend shows droplet dispersion-type morphology. When the Centrex is

added to the blend, the droplet size of the EPDM is decreased.
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SEM images were analyzed using Image Processing software to measure the

number-average diameter (Dn), volume-average diameter (Dv), polydispersity of the

particles (PD), and interparticle distance (ID) in matrix-dispersed morphologies,

using Eqs. 1–4 as follows [30–32]:

Dn ¼
P

ni � DiP
ni

ð1Þ

Dv ¼
P

ni � D4
iP

ni � D3
i

ð2Þ

PD ¼ Dv

Dn
ð3Þ

ID ¼ Dw

p
6 � /

� �1=3
" #

� 1 ð4Þ

where ni is the number of particles with diameter Di and / is the volume fraction of

the dispersed phase.The number-average diameter, weight-average diameter,

volume-average diameter, polydispersity, and interparticle distance values for

different blend compositions are shown in Table 2.

Fig. 4 SEM micrographs of the SAN/EPDM blends with Centrex, a uncompatibilized, b with 6 wt%,
c with 10 wt%, and d with 20 wt%
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In Fig. 4a–d, when the Centrex is added to the SAN/EPDM blend by 6 wt%, the

droplet radius of the EPDM is decreased rapidly from 9 to 2.88 lm (Table 2). When

the Centrex concentration is higher than 6 wt% up to 10 wt%, it is observed that the

droplet size of the EPDM is decreased slightly from 2.88 to 1.167 lm. The

optimized blend when compared to the compatibilized blend with 10-wt% Centrex,

the Rn increases a bit but Rv decreases. From Table 2 and Fig. 4, it is shown that the

polydispersity of the dispersed particles from 6 to 20-wt% Centrex relating to the

uniformity of dispersed phase distribution has the lowest value at 20-wt% Centrex

(1.14). ID of the optimized blend is also minimized when compared to the other

prepared blends. The efficiency of the compatibilization can be evaluated using the

Favis Eq. 5, which correlates the size of the dispersed phase particles (in droplets

type morphology) to the concentration of added compatibilizer [38]. It has been

shown that this improvement of the morphological characteristics, from coarse

to fine particles, is related to a decrease of interfacial tension between the phases

[38–42]. There is an optimum concentration of compatibilizer to reduce the

interfacial tension between the phases and size of dispersed phase. From Table 2, it

can be seen that the average radii of the dispersed phase (both number and volume

average) decrease when the compatibilizer is added to the blend. The following

exponential equation (Favis equation) provides a good estimate of the dependency

of the average radius on the compatibilizer concentration.

Rnc � R1ð Þ
R0 � R1ð Þ ¼ exp �ncð Þ ð5Þ

where Rnc is the number average radius for a given concentration of compatibilizer,

R0 is the number average radius for a blend without compatibilizer, c is a

compatibilizer concentration, and n is a constant that determines the efficiency of

the compatibilizer.

Figure 5 shows the dependency of the number average radius, Rnc, on the

compatibilizer concentration for both experimental and analytical data (by

exponential regression). The dotted line is plotted based on experimental data

given in Table 2. This line cannot be compared with Favis equation. This equation

has an exponential form thus to determine the optimum compatibilizer concentra-

tion, the black line is plotted via exponential regression from data shown in Table 2.

Now the exponential equation based on experimental data (the black line) can be

compared to Favis exponential equation.

Table 2 The number-average diameter, volume-average diameter, polydispersity, and interparticle

distance values for different blend compositions

Blend Dn (lm) Dv (lm) PD ID (lm)

Uncompatibilized 18 20.91 1.16 1.13

Compatibilized with 6 wt% 5.77 8.16 1.41 1.37

Compatibilized with 10 wt% 3.35 9.16 2.73 3.80

Compatibilized with 20 wt% 3.75 4.31 1.14 1.11
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By comparing the slope of analytical exponential curve with that of Favis

equation, the quantity of (R0–R?) is obtained to be 9.2 lm. As mentioned above, R0

was about 9 lm. It means that the constant value for this blend (R?) can be

calculated to be -0.2. Jerome and co-workers [43] showed that effective toughening

occured at an optimum particle size of 0.1–1 lm for EPDM droplets in SAN. If we

enter 9 and -0.2 for the values of R0 and R?, and both 0.1 and 1 for the values of

c in the Favis Eq. 5 the optimum compatibilizer concentration in this blend ranges

from 10 to 17 wt% which is in close agreement with our chosen concentrations, i.e.,

10 and 20 wt%.

Figure 6 shows the weighted relaxation spectrum (s H(s)) versus the relaxation

time (s) for the EPDM and SAN. The weighted relaxation spectrum was obtained

from the storage modulus data in Fig. 3a. The relaxation spectrum, H(s), can be

determined using the Tschoegle approximation [44] as shown in Eq. 6:

HðsÞ ¼G0 d log G0=d log x� 1=2ðd log G0=d log xÞ2
h

� ð1=4:606Þd2log G0
.

dðlog xÞ2
i

1=x¼p=
ffiffi
2
p ð6Þ

where x is the frequency and s is the relaxation time. It is important to know the

relaxation time of the components to investigate the compatibilization effect on the

blends. From Fig. 6, it is observed that the relaxation time of EPDM is 0.567 s and

two relaxation times at 0.282 and 1.14 s are resulted for SAN.

Figure 7 shows the weighted relaxation spectrum of the SAN/EPDM uncom-

patibilized blend and compatibilized with 6, 8, 10, and 20 wt% of SAN-g-EPDM

(Centrex). The relaxation times deduced from this figure are summarized in Table 3.

For the uncompatibilized blend, three relaxation peaks are observed at about 0.55,

1.91, and 3.23 s. The first peak (0.55 s) and the second peak (1.91 s) are related to

the phases of the components. The new peak at 3.23 s is associated with the

contribution of the relaxation time of the interface of the EPDN and SAN blend

[45, 46]. As shown in Fig. 7, when Centrex is added to the blend up to 8 wt%, the

new peak is omitted and the second relaxation time is decreased from 1.91 to

0.955 s (Table 3). For the blend with 10- and 20-wt% Centrex, the second

relaxation time is increased. It can be concluded that Centrex (SAN-g-EPDM) is

y = 9.2009e
-20.249x

R
2
 = 0.9978
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segregated as the third phase. Similar results were observed by Macaubas and

Demarquette [46] for the PP–PS–SBS blend.

Interfacial properties of immiscible polymer blends rely on a key principle that

such materials are emulsions in the molten state. The process during which a

deformed particle is regaining its spherical form is called the form relaxation

process. This process has a characteristic relaxation time. To get the interfacial
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Table 3 Relaxation times (s) for the compatibilized blends with different Centrex content

Centrex (wt%) 0 6 8 10 20

s1 0.55 0.4 0.237 0.280 0.4

s2 1.91 1.61 0.955 1.35 2.28

s3 3.23 – – – –

372 Polym. Bull. (2011) 66:363–376

123



tension, Taylor extended Einstein’s analysis to include the case of emulsions

composed of spherical particles of a Newtonian liquid in another immiscible

Newtonian liquid and proposed an equation. Choi and Schowalter [47] extended

Taylor’s theory and introduced the deformability of the dispersing particles.

Palierne [36] proposed an emulsion model that took into account the particle size

distribution and the interface properties. Palierne emulsion model has been widely

used to quantitatively describe the linear viscoelastic properties of polymer blends

and to derive the interfacial tension between their phases [37]. To get the interfacial

tension in the SAN/EPDM blend, we used Palierne emulsion model shown in Eq. 7.

The interfacial relaxation time is expressed in Eq. 7 as:

s ¼ Rvgm

4a

� �
ð19K þ 16Þð2K þ 3� 2/ðK � 1ÞÞ

10ðK þ 1Þ � 2/ð5K þ 2Þ ð7Þ

where gm is the viscosity of the matrix, a is the interfacial tension of the blend, / is

the volume fraction and is the volume-average radius of the dispersed phase, and

K = gd/gm is the zero shear viscosity ratio of the droplet and matrix. Interfacial

tension was also obtained from Choi–Schowalter model shown in Eq. 8. The form

relaxation time (s2) (Table 3) and the interfacial tension (a) are related as follows:

Applying Eqs. 7 and 8 to the SAN/EPDM blend, the interfacial tension can be

obtained for each model.

s ¼ Rvgm

a

� �
ð19K þ 16Þð2K þ 3Þ

40ðK þ 1Þ � 1þ /
5ð19K þ 16Þ

4ðK þ 1Þð2K þ 3Þ

� �

ð8Þ

Table 4 shows the interfacial tension of the compatibilized SAN/EPDM blends

calculated from the Palierne and the Choi–Schowalter models. gm and K were

obtained from Fig. 3b. Rv and s were obtained from SEM images, Tables 2 and 3,

respectively. From the Palierne model, the interfacial tension of the blends shows

minimum value (0.31 N/m) in the 20-wt% Centrex content, which suggests that

compatibility, is increased with the copolymer content. For the Choi and Schowalter

model, the interfacial tension shows also a minimum value (0.36 N/m) at 20-wt%

Centrex, which represents similar trend with the result obtained by Palierne model.

The results of the interfacial tension (a) and form relaxation time (s), Table 3, are

consistent with the results obtained from the morphological studies of the SAN/

EPDM blends (Fig. 4). As mentioned before the blend containing 20-wt% Centrex

shows better distribution and uniform dispersion due to the compatibilization effect

of Centrex.

Another approach to investigate the miscibility and the morphology of the blend

via rheological data is making use of the Cole–Cole diagram depicted in Fig. 8. In

Table 4 Interfacial tension of

the blends calculated from the

Palierne and the Choi–

Schowalter models

Centrex (wt%) Rv ap (N/m) aCh–S (N/m)

0 10.45 1.05 1.24

6 4.08 0.82 0.97

10 4.58 1.10 1.31

20 2.15 0.31 0.36
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this diagram, n00 is plotted versus g0. As can be seen the blends with compatibilizer

show semi circle shapes. In optimized blend, the diagram has a close form to a semi

circle, but has a little deviation. This is an indication for the immiscibility besides

owning a good compatibility. These results agree with the previous rheological and

morphological observations.

Conclusion

In this study, the relationship between morphological observations, rheological, and

mechanical properties of compatibilized SAN/EPDM blends with Centrex compat-

ibilizer were studied. Uncompatibilized and compatibilized blends showed a

dispersion of droplets of minor phase in a matrix type of morphology. Addition of

Centrex to the dispersed phase of the blend was found to reduce the size of the

dispersed phase particles. At 20-wt% Centrex content, the droplet size of the EPDM

showed the least value (1.87 lm) in the SAN/EPDM (80/20) blend. The power-law

indices of the blends determined by linear regression analysis showed that with

increasing Centrex decreased slightly. The rheological measurements of the neat

EPDM showed non-Newtonian behavior, while those of the neat SAN indicated a

Newtonian behavior in low frequencies. The values of G0, G00, and g* of the

optimized blend were read between those of SAN and EPDM and at low frequencies

were closer to SAN. The G0–G00 cross-over point for this blend was lower than that

of uncompatibilized blend. This explained that the elastic behavior of the blend is

increased. This result is consistent with the result obtained from power-law index to

confirm more elasticity. Favis equation was used to determine the optimum

compatibilizer concentration. It predicted that at 0.17 wt% of Centrex, the size of

dispersed phase would be minimum. This concentration was near to maximum

chosen concentration (20 wt%) in this study. The weighted relaxation spectra of the

blends were also studied. They were found to be a combination of the weighted

relaxation spectra of the pure phases of the blend and an additional relaxation time
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associated with the interface. From the weighted relaxation spectrum of the SAN/

EPDM blend with Centrex, the interfacial tension of the blends was determined. It

was also calculated using the Palierne and the Choi–Schowalter models which

showed minimum value at 20-wt% Centrex. The results of interfacial tens ion were

consistent with the results obtained from the rheological and morphological studies

of the blends suggesting increased compatibility at 20-wt% Centrex. Moreover for

this blend the mechanical properties, including the tensile and impact strength

gained the highest values.
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