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Abstract

The role of each blend component on blend morphology and melt rheological properties was investigated for multicomponent

compatibilized blends of polyamide 6 (PA6) and acrylonitrile–butadiene–styrene terpolymer (ABS). Blends with PA6 content of 50 wt%

were prepared at similar processing conditions on a ZSK 30 twin screw extruder. PA6/styrene–acrylonitrile co-polymer (SAN) blends

showed a dispersed morphology with PA6 as matrix. Addition of reactive compatibilizer, styrene–acrylonitrile–maleic anhydride co-

polymer (SANMA), up to 5 wt%, changed the morphology from a dispersed to a co-continuous structure. PA6/ABS, having a part of the

SAN substituted by rubber, exhibited a coarse co-continuous structure which could be explained with the yield stress of the ABS. Addition of

the compatibilizer to this system refined the co-continuous structure and increased the viscosity as well as the elasticity. q 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Multicomponent compatibilized blends of polyamide 6

(PA6) with acrylonitrile–butadiene–styrene terpolymer

(ABS) are of high commercial interest as high performance

alloys owing to their excellent potential for applications

where super tough materials with high thermal stability,

good chemical resistance and excellent dimensional stab-

ility are required. On the other hand, the ease of processing

and stability of the blend over wide processing conditions

make this blend suitable for engineering applications [1–4].

Main application areas of the blend are automotive interior

components, power tools, garden equipment, sport goods,

medical equipment and furniture. PA6 with its highly polar

amide groups is not compatible with ABS, therefore, it is

necessary to use a functionalized compatibilizer to enhance

the interfacial properties between these polymers [5–8].

The reactive groups should easily react with amine end

groups to form PA6 grafted co-polymers during the reactive

melt blending. On the other hand, physical interactions

between the common groups in the ABS and the

compatibilizer, result in a very effective compatibilization.

In order to find out the effect of each blend component and

particularly of the compatibilizer (styrene–acrylonitrile–

maleic anhydride co-polymer (SANMA)) on morphological

and rheological properties of the blends, four different

blends, namely, PA6/styrene–acrylonitrile co-polymer

(SAN), PA6/SAN/SANMA, PA6/ABS and PA6/SANMA

were extruded under similar processing conditions [5].

These blends are considered as simpler version of the

commercially important PA6/ABS/SANMA blend which

has several components such as SAN, SAN-g-polybuta-

diene (SAN-g-PB) and SANMA co-polymers, themselves

consisting of several components.

2. Experimental

All the materials (Polyamide 6 Durethan B29, SAN

Lustran M80, ABS Novodur Graft (SAN-g-PB) and

SANMA) supplied by Bayer AG were in pellet form except

for SAN-g-PB which was delivered in a powder form. These

materials were used for melt blending from air sealed bags

without any further treatment.

The blends were prepared on a ZSK 30 twin screw

extruder (L=D ratio of 41) with simultaneous feeding of all

blend components at one feeding point (common melting).

Prior to melt blending the SAN and SANMA were dry

blended and fed through a single feeder. ABS was produced
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in situ by simultaneous addition of SAN and the SAN-g-PB

during the extrusion process. The processing temperature of

260 8C, feeding rate of 10 kg/h, a unique screw and barrel

configuration and screw speed of 200 rpm were used for all

blends preparation. The melt strands were quenched by

passing them through a water bath at room temperature and

then chopped to pellets. Two non-reactive uncompatibilized

binary blends, namely PA6/SAN, and PA6/ABS, as well as

two reactive compatibilized ternary blends, namely

PA6/SAN/SANMA, and PA6/ABS/SANMA, were made

with an identical blend composition (keeping PA6 content

constant at 50 wt%). The compatibilizer level was less than

5 wt% of the total blends. In addition to these series of

blends, a binary reactive blend of PA6/SANMA was

produced under similar processing conditions in which the

blending ratio was kept similar to that of the ternary blends.

This blend was used to study the individual effect of

SANMA on PA6 properties.

Scanning electron microscopy (SEM) was used to study

the morphology of extruded blend strands. The smooth

surface obtained by a steel knife on a rotational microtom

(Jung RM 2055, Leica) was etched in formic acid for 4 h in

order to remove the polyamide phase of the blends or in tetra

hydrofuran (THF) for 24 h to etch out the SAN component.

The samples were hanged into the solvents within about 2–

5 mm. The etched surface after proper drying was gold

sputtered and observed under a LEO 435 VP (LEO

Elektronenmikroskopie, Germany) SEM. The digitized

images were recorded at different magnifications.

Melt rheological investigations were conducted by an

ARES Rheometer (Advanced Rheometric Expansion Sys-

tem, Rheometric Inc.) in parallel plates oscillation mode on

granulated and properly dried samples. Frequency sweeps

of 0.1–100 rad/s were performed at temperature of 260 8C

and strain of 5% in N2 atmosphere.

3. Results and discussion

3.1. Morphology of the blends

3.1.1. PA6/SAN blend

The morphology of the etched cut surface of the

PA6/SAN binary blend is shown in Fig. 1. THF was used

to dissolve the SAN fraction of the blend revealing the PA6

structure. In this blend SAN forms spherical domains

uniformly dispersed in the PA6 matrix. These SAN domains

are between 1 and 7 mm in diameter. Although the blend

contains SAN as the major volumetric component and PA6

as minor component, the PA6 is the component, which

forms the matrix. This is due to lower viscosity of PA6 as

compared to the SAN.

There are several models to estimate which phase forms

the matrix by predicting the phase inversion composition

based on the viscosities ðhÞ of the blend components.

According to the empirical relationship for prediction of the

phase inversion suggested by Avgeropoulos [9] and

generalized by Paul and Barlow [10], the phase inversion

occurs when the volume ratio is equal to the viscosity ratio

between the blend components. For PA6/SAN blend system

the relationship can be expressed as

fSAN ¼ 1=ð1 þ hPA6=hSANÞ ð1Þ

where h and f denote the viscosity and volume fraction of

the blend components, respectively.

Utracki [11,12] proposed a model which included

intrinsic viscosity ½h�: For the PA6/SAN blend system it

leads to an expression

fSAN ¼ ð1 2 logðhPA6=hSANÞ=½h�Þ=2 ð2Þ

where the intrinsic viscosity was assumed to be 1.9 for

spherical domains.

Metelkin and Blekht [13] developed another approach

based on the theory of Tomotika [14] for the instability of a

liquid film or cylinder in another liquid. The expression

adopted to the PA6/SAN blend system can be written as

fSAN ¼ 1=ð1 þ FðhPA6=hSANÞ £ hPA6=hSANÞ ð3Þ

Fig. 1. SEM micrograph of PA6/SAN etched surface in THF illustrating the

SAN domains dispersed in the PA6 matrix, along with comparison of the

complex viscosities of the blend components (PA6 and SAN).
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where F is expressed according to Utracki [12] as:

FðhPA6=hSANÞ ¼ 1 þ 2:25 logðhPA6=hSANÞ

þ1:81½logðhPA6=hSANÞ�
2 ð4Þ

The predicted phase inversion composition according to the

above three models are shown in Fig. 2. Some other

relationships were also proposed by Ho [15], Kitayama [16]

and Everaert [17] by modifying Eq. (1) with introduction of

some pre-factor or exponents to achieve better fits for their

experimental results.

The rheological investigations made by an oscillation

rheometer at 260 8C shown in Fig. 1 indicate that the

viscosity of PA6 is lower than that of the SAN. The

extrapolated zero shear rate viscosity is about 1000 Pa s for

SAN and about 300 Pa s for PA6. Assuming the validity of

Cox–Merz rule relating steady shear viscosity with the

absolute value of complex viscosity [18], the viscosity ratio

(hPA6/hSAN) of 0.73 can be estimated at a mean shear rate of

100 s21. The maximum oscillation frequency of 100 rad/s

achievable in the oscillation rheometer can be assumed with

a good approximation to be equal to the average shear rates

in the ZSK 30 twin screw extruder, although the shear rates

can be expected to be 5–5000 s21 during the extrusion

process.

Taking into account the viscosity ratio of 0.73 and using

Eqs. (1)–(3), the phase inversion point at which the SAN

forms the continuous phase or the matrix, is found to be at

higher concentration than the actual SAN content of the

blend. Therefore, SAN should form the dispersed phase.

Thus, according to all the three models, the morphology

obtained is in accordance with the expectation based on the

viscosity ratio for binary blend of PA6/SAN.

3.1.2. PA6/ABS blend

Fig. 3 shows the morphology of etched cut surface of

PA6/ABS blend. As compared to the PA6/SAN blend, here

a part of SAN is replaced by the SAN-g-PB. For this blend

formic acid was used to etch out the polyamide component

hence revealing the remaining ABS structure. The mor-

phology appears coarse co-continuous. To check the co-

continuity in addition etching was performed with THF to

etch out the SAN fraction. By this procedure it is assumed

that the embedded SAN-g-PB particles are also removed

from the sample surface. An example showing the

comparison of surfaces etched in THF and formic acid for

a PA6/ABS blend having a slightly different composition is

shown in Fig. 4. These morphological investigations

indicate that the addition of the rubber to SAN induces a

change in the morphology type from a dispersed type to a

coarse co-continuous morphology. Looking at the rheology

of the blend components one can notice that ABS has much

higher viscosity than the SAN. This increase of viscosity is

caused by the addition of the rubber particles. Moreover,

ABS does not show a Newtonian plateau at low frequencies

but a linear increase in viscosity with decreasing the shear

rate. It also exhibits a very high elasticity (see G0 in Fig.

10b), which determines mainly the complex viscosity.

Using the same procedure to calculate the phase

inversion composition by applying Eqs. (1)–(3) for the

viscosity ratio (hPA6/hABS) of 0.25, the ABS phase should

Fig. 2. The predicted phase inversion composition according to the three

models.

Fig. 3. SEM micrograph of PA6/ABS etched surface in formic acid

illustrating a coarse co-continuous structure, along with comparison of the

complex viscosities of the blend components (PA6 and ABS).
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form the dispersed phase according to all the three models

(Fig. 2). Although the actual ABS content is far away from

the phase inversion composition ABS exists as a continuous

phase. It is well known that there can be a co-continuous

region around the phase inversion composition whose

composition range depends mainly on the interfacial tension

[19]. Low interfacial tension leads to broader co-continuous

ranges. By adding rubber particles to SAN the interfacial

tension, which is reported by Son [20] for PA6/SAN to be in

the range 4.5 mN/m, should not be changed significantly.

This indicates that for the PA6/ABS blend such type of

morphological prediction by use of the viscosity ratio is not

suitable to explain the type of morphology. This could be

due to the high elasticity (see G0 in Fig. 10b) and the

existence of a yield stress of the ABS as evident from the

sharp increase of melt viscosity at low frequencies. This

rheological behavior is typical for thermoplastic elastomers

and filled systems [21]. In some aspects the ABS can be

regarded as a rubber filled SAN system. Blends containing

such materials which show yield stress are known to form

very stable co-continuous structures over a broad compo-

sition range [22–26]. In such blends, the thermoplastic

elastomer exhibiting the higher viscosity—in our case

ABS—and in some cases also a higher surface tension,

forms a skeletal structure with convex surfaces. The other

components—in this case being PA6—takes up the

antitropic co-continuous structure filling the spaces between

the skeletal structure [22]. The yield stress prevents the

break-up and retraction of this skeletal structure [27] and it

is responsible for the special behavior of such type of blends

with co-continuous structure [25,26].

3.1.3. PA6/SANMA—role of SANMA

The SANMA, a terpolymer of styrene, acrylonitrile, and

maleic anhydride, is miscible with the SAN or the SAN part

of ABS. On the other hand, the maleic anhydride segments

of this terpolymer which are located at the interface, are

capable of reacting with the amine end groups of PA6

known as imidization reaction, forming co-polymers at the

interface (Fig. 5).

These interactions result in the stabilization of the

interface by reducing the coalescence, reduction of

interfacial tension, and enhancing the interfacial viscosity

and adhesion. Thus, SANMA can act as an excellent

reactive compatibilizer for PA6/ABS blends. In order to

estimate the effect of the reaction and the consequent

interfacial interactions on the rheological behavior and

resulting morphology, a binary reactive blend of

PA6/SANMA was made keeping the blending ratio similar

to that of the ternary compatibilized blends. Fig. 6 shows a

comparison between the melt viscosity of the PA6 with that

of binary reactive blend of PA6 with SANMA. The melt

viscosity (Fig. 6) and elasticity (see G0 in Fig. 9b) increase

significantly as a result of the reactive blending. At a shear

rate of 100 s21 the viscosity of the PA6/SANMA blend is

almost double of the neat PA6.

Fig. 5. Interfacial reaction between polyamide 6 and the compatibilizer.

Fig. 4. SEM micrographs of PA6/ABS blend cut surfaces etched in (a)

formic acid; (b) THF, revealing a co-continuous structure.
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3.1.4. PA6/SAN þ SANMA

This is a reactive compatibilized ternary blend obtained

by addition of the SANMA terpolymer to PA6/SAN.

Morphology of the cut surface etched by formic acid,

hence exposing the SAN structure, is shown in Fig. 7. As

compared to the binary non-reactive blend (PA6/SAN) this

blend shows a co-continuous structure. The addition of the

compatibilizer leads to a change in morphology that is a

transition from a dispersed structure to a co-continuous

structure occurs.

3.1.5. PA6/ABS þ SANMA

Now let us examine the effect of further addition of the

rubber component into the reactive PA6/SAN/SANMA

system. As discussed earlier by replacing a part of SAN with

rubber grafted component (SAN-g-PB) in the non-reactive

system, a significant increase in melt viscosity and a yield

stress were observed which resulted in change of mor-

phology type from a dispersed to a coarse co-continuous

structure. For the reactive system containing rubber,

addition of the SANMA causes significant refinement of

the co-continuous structure as evident from the SEM
micrographs shown in Fig. 8. This can be explained by

the reduced interfacial tension, which stabilizes the inter-

face and the hindered coalescence. In addition, the viscosity

ratio between PA6 reacted with SANMA and ABS becomes

smaller but still far away from the calculated phase

inversion composition (Fig. 2). The skeletal structure is

clearly visible in the magnified micrograph.

3.2. Rheological behavior of the blends

3.2.1. PA6/SAN based blends

In this section we investigate how these morphological

differences influence the rheological behavior of the blends.

Fig. 9a–d presents the melt rheological behavior of the

blends containing SAN (both non-reactive and reactive

blends) in combination with the pure components. From

Fig. 9a one can notice that the melt viscosity of the PA6/

SAN blend follows almost a linear mixing rule. This means

the viscosity of this blend is in between the viscosities of
Fig. 7. SEM micrograph of PA6/SAN þ SANMA etched surface in formic

acid illustrating a co-continuous morphology.

Fig. 8. SEM micrographs of etched surface in formic acid of PA6/ABS þ

SANMA (a) at low magnification £ 500; and (b) at high magnification

£ 5000, illustrating the refinement of the co-continuous structure by

addition of the reactive compatibilizer to PA6/ABS.

Fig. 6. Comparison of the complex viscosities of PA6 and PA6/SANMA

reactive blend.
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PA6 and SAN neat components. The compatibilized blend

(PA6/SAN/SANMA) can be regarded as a blend of PA6

modified with SANMA (PA6/SANMA) and SAN. Its

behavior is quite different as compared to the components.

At low frequencies this blend shows a significant increase in

viscosity. This change in behavior is related to the existence

of the co-continuous structure, which can be explained by

extra stresses connected with the shape relaxation. This kind

of behavior is also reported by some other authors [11,28].

The same relationship exist for both storage modulus G0

and the loss modulus G00 as it can be seen in Fig. 9b and c,

respectively. The non-reactive blend shows modulus

between the constituent components whereas, the reactive

compatibilized blend show higher G0 and G00 values than

those of the constituents components. This effect is more

pronounced concerning the elastic properties clearly visible

in the storage modulus values. Fig. 9d shows the

relationship between the storage modulus and the loss

modulus with the frequency as a parameter for the SAN

based blends. This kind of plot was introduced by Han [29]

in 1983 and later on the plot G00 versus G0 was named as

modified Cole–Cole plot by Harrel and Nakayama [30,31].

It is seen that at a given G00, the compatibilized blend

exhibits the highest values for G0 and thus, elasticity, due to

its co-continuous structure.

3.2.2. PA6/ABS based blends

The rheological behavior for the PA6/ABS and

PA6/ABS þ SANMA blends is shown in Fig. 10a–d. One

has to consider that these ABS based blends have much

higher viscosities than the SAN based blends. As it is seen

from Fig. 10a, both the reactive and non-reactive ABS

blends show viscosities between the constituents com-

ponents. The reactive compatibilized blend can be con-

sidered as a combination between PA6 modified with

SANMA and the ABS. Viscosities of the both ABS blends,

reactive and non-reactive ones, are higher than the values

expected by application of a linear mixing rule. The blends

show a linear increase in viscosity with decreasing

frequency, indicating the existence of a yield stress not

only in the ABS but also in the blends based on ABS.

Similar to the previous system, here also these changes are

Fig. 9. Rheological behavior of PA6/SAN and PA6/SAN þ SANMA along with the blend components (a) complex viscosity; (b) storage modulus ðG0Þ; (c) loss

modulus ðG00Þ and (d) G0 versus G00:
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more pronounced in G0 as compared to the G00 values (Fig.

10b and c). The plot of G0 versus G00 (Fig. 10d) indicates that

both the compatibilized and uncompatibilized ABS blends

have the same qualitative microstructure (co-continuous), as

the curves are nearly the same for both the blends.

4. Conclusions

This systematic study was carried out to understand the

complex nature of the commercially important compatibi-

lized PA6/ABS multicomponent blend. For this purpose,

blends of PA6 with SAN and ABS, with and without

compatibilizer, having PA6 content of 50 wt%, were

investigated. The approach was to start with a binary

blend of PA6/SAN and to add additional components one by

one to reach to the final blend formulation. The effect of

addition of SAN, the grafted rubber component (SAN-g-

PB), the compatibilizer and the overall combined effects on

the blend morphology and the melt rheology were studied.

PA6/SAN blend showed a dispersed morphology with PA6

as matrix. Addition of the reactive compatibilizer led to a

significant change in morphology to a co-continuous

structure. The resulting changes in the melt rheological

properties were also dramatic. The increase in viscosity at

low frequencies indicated the existence of the co-continuous

structure. PA6/ABS exhibited a coarse co-continuous

structure. The formation of the co-continuous structure

could not be explained based on the viscosity ratios of the

components but seemed to be connected with the yield

stress of the ABS due to its rubber component. Addition of

the reactive compatibilizer to this system refined the co-

continuous structure and increased the viscosity as well as

the elasticity.
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