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Abstract Polyamide 66/styrene acrylonitrile (PA66/SAN) drawn strands were

prepared by stretching the corresponding extrudates at 130 �C. During stretching,

the PA66 droplets in the extrudate are deformed as a result of the stretching-induced

stress. In drawn strands, the morphology of the deformed PA66 is greatly affected

by the morphology of the PA66 dispersed phase in the extrudate as well as by the

interfacial adhesion between the PA66 and SAN matrix. Upon stretching, the

cylindrical PA66 threads in the uncompatibilized extrudate [styrene acrylonitrile

maleic anhydride (SANMA) as compatibilizer] deform into PA66 fibrils with large

aspect ratio, while the small spherical PA66 droplets are only slightly deformed.

Interfacial adhesion between the PA66 and SAN is improved in the compatibilized

PA66/SAN extrudate. Consequently, despite the small diameter, PA66 droplets in

the compatibilized blend are greatly deformed during stretching.
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Introduction

Blending of polymers is an effective route to obtain new materials with improved

properties. Since most of the polymers are immiscible, thus a decrease of

mechanical properties is usually observed. Processing of an incompatible polymer

blend in which the dispersed phase forms in situ reinforced fibers is the preferable

way to achieve the highest mechanical properties. In order to obtain such structure,

the so called microfibrillar composites (MFC) were developed [1–3]. Preparation of

MFC includes three basic steps: (1) melt blending of two polymers with different

melting temperatures, (2) drawing of the extrudate for a good orientation of the two

phases, (3) thermal treatment at a temperature between the melting temperatures of

the two polymers. Several blend combinations were selected for preparing MFC,

among which polyethylene terephthalate (PET)/polyolefin received special atten-

tion. It was reported that PET microfibrils with large aspect ratio can be generated

by stretching the extrudate at about 80 �C [4, 5].

Demonstrating superior toughness and tensile properties, polyamide 66 (PA66) is

widely used as engineering material. Polyamide fibers show even higher tensile

properties, such as PA66 textile fibers whose tensile strength reaches as high as

3000 MPa. Demonstrating outstanding tensile properties, polyamide fibers are

considered as potential candidates for reinforcing polymer matrices. Numerous

investigations on MFC showed that polymer fibrils with high aspect ratio can be

generated by stretching of the polymer blends above the glass-transition temper-

atures. Evstatiev et al. [5] investigated the PA66/PA6 and PET/PA6/PA66 MFC,

however, due to the miscibility of the two polyamides, separate PA6 or PA66

microfibrils are not observed. Pesneau blended PA6 with polypropylene (PP) using

a twin-screw extruder, polypropylene-grafted maleic anhydride (PP-g-MA) was

used as compatibilizer for the two polymers. The extrudate was drawn while the two

polymers were still in molten state. It was reported that PA6 fibrils were obtained in

both uncompatibilized and compatibilized drawn strands [6]. PA66/PP MFC was

studied by Huang et al. [7]. The cited author reported that the increase in the

viscosity ratio between PA66 and PP is favorable for the fibrillization of PA66,

while the elevation in the concentration of PP-g-MA is unfavorable for the

fibrillization.

The morphology of fibrils in drawn strands is affected by the blend composition

[8, 9], stretching ratio [10–12], the incorporation of compatibilizer [13], and the

viscosity ratio between the reinforcement component and the matrix [14, 15]. In this

study, PA66 and SAN are selected as the polymer pair for preparing MFC, PA66 is

expected to act as the reinforcement in the SAN matrix. SAN is known as a rigid

amorphous polymer, its glass-transition temperature (Tg) is above 100 �C. The

blend of interest here has a matrix that is generally brittle (SAN) and a dispersed

phase that is usually ductile. Two types of SAN with different viscosities were

selected as polymer matrix for the preparation of PA66/SAN MFC. In order to

modify the interfacial adhesion between PA 66 and SAN, styrene acrylonitrile

maleic anhydride (SANMA) terpolymers were used as additive. From numerous

studies it is known that during the melt blending, SANMA reacts with PA, thus

leading to the formation of styrene-acrylonitrile-grafted polyamide (SAN-g-PA)
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which acts as a perfect compatibilizer between PA66 and SAN [16–19]. The

purpose of this study is to explore the effects of viscosity ratio and compatibilizer on

the morphology and properties of PA66/SAN drawn strands.

Experimental

Materials

PA66 (Utramid� A4401) and two types of SAN with different viscosities (SAN-HV

and SAN-LV) as well as a compatibilizer SANMA were provided by BASF SE

(Ludwigshafen, Germany). All important properties of theses products are

summarized in Table 1. The number average molecular weight of SANMA was

60.000 g/mol such that on average, approximately 12 maleic anhydride groups were

randomly distributed within the SANMA chain.

Sample preparation

Prior to processing, all the materials were dried for 12 h at 80 �C to avoid hydrolytic

degradation during melt processing. Uncompatibilized and compatibilized PA66/

SAN blends with the weight ratio of 30/70 were extruded with a co-rotating twin-

screw extruder (Brabender PL2000, Brabender GmbH & Co. KG Duisburg,

Germany). The diameter of the screw was 25 mm and the L/D (length/diameter

ratio) was 22. The temperatures from the hopper to the die were set at 230, 270, 270,

275, 275 �C. After coming out of the extruder (2-mm capillary die), the extrudate

was immediately quenched in a water bath at 90 �C. After passing through the take-

up device, the bristle was heated up to 130 �C in a hot air chamber and subsequently

drawn by a stretching device as described in Fig. 1. The draw ratio which is defined

as the ratio between the speed of stretching device and the speed of the take-up

device was always kept at 5. The designation and composition of the materials are

given in Table 2.

Characterization

The extrudates and drawn strands were etched in tetrahydrofuran (THF) for 24 h at

ambient temperature to remove SAN. The etched and unetched extrudates and

drawn strands were inspected in a scanning electron microscope (JEOL JSM-6300,

Table 1 Properties of the materials

Materials Composition (wt%) Tg (�C) Viscosity number (mL/g)a

SAN-LV Styrene/acrylonitrile (75/25) 111 65

SAN-HV Styrene/acrylonitrile (75/25) 112 80

SANMA Styrene/acrylonitrile/maleic anhydride (74/24/2) 112 66

a Determined in DMF (0.5 wt% solution, 25 �C)
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Tokyo, Japan) operating at an accelerate voltage of 25 kV. All the specimens were

coated with a thin gold layer prior to SEM analysis. The number average diameters

(Dn) of PA66 droplets in the PA/SAN-LV, PA/SAN-HV/0.5MA, and PA/SAN-HV/

3MA extrudates were determined by analyzing the SEM images using the following

equation:

Dn ¼
P

i Ni DiP
i Ni

ð1Þ

Di is the diameter of each droplet and Ni is the number of droplets with the diameter Di.

Disks of PA66 and SAN were pressed at 275 �C. The apparent viscosity of the

polymers was measured as a function of apparent shear rate at 275 �C using a

Rheometrics ARES rheometer (Rheometric Scientific, NJ, USA). All the tests were

performed in the frequency mode.

Dynamic mechanical characterization was performed using a Gabo EPLEXOR

100-N dynamic mechanical analyzer (GABO QUALIMETER Testanlagen GmbH,

Ahlden, Germany) with a tensile mode. The samples were measured from 0 to

160 �C at a frequency of 10 Hz with a heating rate of 2 �C/min. The storage

modulus and tan d were recorded as a function of temperature.

Tensile strength of the drawn strands was measured by Zwick 1474 machine

(Ulm, Germany) at room temperature with a crosshead speed of 5 mm/min. Special

clamps were used to avoid the damage of the drawn strands. All the data presented

correspond to the average of five measurements.

Results and discussion

Morphology of PA66 in extrudates

Figure 2 shows the morphology of the PA66 dispersed phase in the extrudates. The

PA66 droplet size is strongly affected by the type of SAN and the incorporation of

Twin-Screw 
Extruder 

Water Bath 
(90 ºC) 

Air Chamber 
(130 ºC) 

Stretching  
Device 

Winding  
Device 

Take-up 
Device 

Fig. 1 Schematic illustration of the experimental setup for stretching the extrudate

Table 2 Material designation

and composition
Designation Composition Parts (wt%)

PA/SAN-HV PA66/SAN-HV 30/70

PA/SAN-LV PA66/SAN-LV 30/70

PA/SAN-HV/0.5MA PA66/SAN-HV/SANMA 30/69.5/0.5

PA/SAN-HV/3MA PA66/SAN-HV/SANMA 30/67/3
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SANMA as compatibilizer. In the PA/SAN-HV extrudate, the PA66 droplets are

noticeably larger than those in the PA/SAN-LV extrudate (Fig. 2a, b). More

interestingly, most of the PA66 droplets in the PA/SAN-HV extrudate deform into

cylindrical threads, while in the PA/SAN-LV extrudate only a small amount of

PA66 droplets are deformed. As shown in Fig. 2c and d, incorporation of SANMA

as compatibilizer greatly decreases the droplet size of PA66, and the size decreases

more with increasing content of SANMA. The number average diameters of PA66

droplets in the PA/SAN-LV, PA/SAN-HV/0.5MA, and PA/SAN-HV/3MA extru-

dates are listed in Table 3.

During melt extrusion the size and shape of dispersed phase are mainly

controlled by interfacial tension, rheological properties and the complex strain field

of the extruder [20]. Deformation of a droplet is dependent on two governing

factors: the viscosity ratio between the dispersed phase and the continuous phase

k ¼ gd

gm

ð2Þ

and the Weber number

Fig. 2 Morphology of PA66 dispersed phase in the etched extrudates (by THF): a PA/SAN-HV, b PA/
SAN-LV, c PA/SAN-HV/0.5MA, d PA/SAN-HV/3MA

Polym. Bull. (2010) 64:483–495 487

123



We ¼
gm cR

r
ð3Þ

which is the ratio between the deforming stress gmc (matrix viscosity times shear

rate imposed by the flow) and the interfacial force r/R. r is the interfacial tension

between the two phases and R is the radius of the droplet [21, 22]. Deformation of

droplets is known to increase with increasing We. If We exceeds a critical value

which is known as the critical Weber number, (We)c, the droplet will deform and

even break [22–24]. According to Wu [20], for a viscoelastic droplet, the correlation

between the critical Weber number (We)c and the viscosity ratio is given by Eq. 4.

ðWeÞc ¼ 4k�0:84 ð4Þ
The plus (?) sign applies for k[ 1, and minus (-) sign for k\ 1. This empirical

relationship is widely adopted for explaining droplet deformation and break up in

polymer blends [25–28]. If k[ 1, the (We)c becomes higher with increasing k.

Consequently the We of a polymer blend is less likely to exceed the (We)c, and an

increase in droplet size is usually observed with increasing k [20, 25, 27].

With the present blend system, however, an opposite trend is noticed. The

viscosities versus shear rate for PA66, SAN-HV, and SAN-LV are plotted in Fig. 3.

For PA/SAN-HV and PA/SAN-LV extrudates, the kPA/SAN-HV and kPA/SAN-LV are

[1 since the viscosity of PA66 is much higher than that of the SAN in the whole

Table 3 Number average

diameter (Dn) of PA66 droplets

in PA/SAN-LV, PA/SAN-HV/

0.5MA, and PA/SAN-HV/3MA

extrudates

Extrudate Dn of PA66 (lm)

PA/SAN-LV 4.2 ± 1.7

PA/SAN-HV/0.5MA 2.7 ± 0.6

PA/SAN-HV/3MA \1.0

Fig. 3 Viscosities of PA66, SAN-HV, and SAN-LV
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shear rate range. The kPA/SAN-LV is even higher than the kPA/SAN-HV as the viscosity

of SAN-LV is much lower than that of the SAN-HV. According to Eq. 4, the (We)c

for PA/SAN-LV blend is higher than that for the PA/SAN-HV. Therefore, the PA66

droplets in the PA/SAN-LV extrudate should be larger or at least more deformed

than those in the PA/SAN-HV extrudate. However, the experimental result shows

that the PA66 droplets in PA/SAN-HV extrudate are of larger diameter, which

indicates that the ‘‘viscosity ratio and Weber number’’ theory is not applicable to

our blend system. In fact, there are several factors which may influence the

deformation of droplets: flow type and flow intensity, viscosity ratio, elasticity of

polymers, composition, thermodynamic interactions, time, etc. There is no theory

able to describe the deformability of viscoelastic droplet suspended in a viscoelastic

or even Newtonian medium. In addition, the effect of droplets coalescence on the

final morphology should also be taken into consideration [29].

Compatibilizer is known to be able to increase the degree of dispersion and

stabilize the morphology of polymer blends [30]. In the PA/SAN-HV/0.5MA and

PA/SAN-HV/3MA extrudates, SAN-g-PA66 copolymers are in situ formed via the

anhydride/amino reaction. The interfacial tension between PA66 and SAN is

thereby greatly decreased and smaller droplet size is achieved.

Morphology of PA66 in drawn strands

The drawn strands were etched by THF, and the SAN was removed. Figure 4 shows

the morphology of the remaining PA66 phase in the drawn strands. After stretching,

PA66 droplets in the PA/SAN-HV extrudate deform into long fibrils (Fig. 4a).

Large magnification SEM image shows that the average diameter of the PA66 fibrils

is about 0.4 lm (Fig. 4b). However, the aspect ratio of these fibrils is difficult to

estimate as the length of the fibrils is unknown. In the PA/SAN-LV drawn strands,

some PA66 fibrils are observed, the diameter is less than 1 lm; however, most of

the PA66 droplets remain in spherical shape (Fig. 4c). A similar morphology is

observed for the etched PA/SAN-HV/0.5MA drawn strand (Fig. 4d). For the PA/

SAN-HV/3MA drawn strand, numbers of greatly deformed PA66 droplets are

observed (Fig. 4e). However, these deformed PA66 droplets cannot be defined as

fibrils due to the low aspect ratio, since both ends of the deformed droplets are

usually observed.

Stretching of PA66/SAN blends was carried out in hot air chamber at around

130 �C. At this temperature, as seen in Fig. 5 representing storage modulus versus

temperature, the storage modulus of PA66 is much higher than that of SAN. Based

on the difference in storage modulus, the stretching-induced stress breaks the weak

adhesion between PA66 droplets and SAN, cracks are thereby initiated [31]. It is

probable that decohesion first starts along the stretching direction at the droplet tips.

For the PA/SAN-LV extrudate, the crack can easily propagate at the interface due to

the weak interfacial adhesion and the low contact area between the PA66 droplets

and SAN matrix. Therefore, a total detachment between the PA66 droplets and SAN

matrix takes place, and large voids are observed (Fig. 6a). In the PA/SAN-HV

extrudate it is known that the PA66 droplets deform into cylindrical threads. The

stretching-induced stress can be effectively transferred to the PA66 threads because
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of the increased contact area, thus resulting in further deformation of PA66 droplets,

consequently the PA66 fibrils are observed (Fig. 6b). In the etched PA/SAN-LV

drawn strand, some PA66 fibrils are also noticed. These fibrils are believed to be

originated from the deformed PA66 droplets in the extrudate (Fig. 2b).

In the etched PA/SAN-HV/0.5MA drawn strand, numbers of PA66 droplets

remain undeformed, which indicates that debonding between PA66 droplets and

SAN matrix still takes place during stretching. At high loading of SANMA (3 wt%),

as seen in Fig. 7a, the interface between PA66 droplets and SAN cannot be easily

distinguished, and better interfacial adhesion between PA66 droplets and SAN

Fig. 4 Morphology of PA66 dispersed phase in the etched drawn strands (by THF): a PA/SAN-HV, b
PA/SAN-HV at large magnification, c PA/SAN-LV, d PA/SAN-HV/0.5MA, e PA/SAN-HV/3MA
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matrix is achieved when compared with the uncompatibilized blend (Fig. 7b). The

improved interfacial adhesion promotes stress transfer to the PA66 droplets during

stretching, consequently despite the small diameter, most of the PA66 droplets are

greatly deformed (but not deformed into PA66 fibrils).

As a summary, the stretching-induced deformation of PA66 droplets is

schematically shown in Fig. 8. In the PA66/SAN-HV extrudate, upon stretching,

the cylindrical PA66 threads in the extrudate deform into fibrils. While in the PA66/

SAN-LV extrudate, the small spherical PA66 droplets are only slightly deformed. In

the compatibilized PA66/SAN-HV extrudate, the formed SAN-g-PA66 copolymer

at the interface improves the interfacial adhesion between PA66 and SAN-HV, thus

facilitates the deformation of PA66 droplets. Consequently, the PA66 droplets are

more deformed than those in the PA66/SAN-LV extrudate although the diameter is

even smaller.

Fig. 5 Thermal dynamic curves of PA66, SAN-HV, and SAN-LV

Fig. 6 Morphology of a PA/SAN-LV and b PA/SAN-HV drawn strands
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Tensile strength of drawn strands

The tensile strength of PA66/SAN drawn strands is greatly dependent on structures

of drawn strands. Due to the uniaxial alignment of PA66 fibrils, the reinforcement

effect of PA66 fibrils is observed for PA/SAN-HV drawn strands, its tensile strength

reaches as high as 160 MPa (Fig. 9). For PA/SAN-LV, PA/SAN-HV/0.5MA, and

PA/SAN-HV/3MA drawn strands the reinforcement effect of PA66 fibril is less

Fig. 7 Fracture surfaces of a PA/SAN-HV/3MA and b PA/SAN-HV extrudates

Fig. 8 Schematic of stretching-induced deformation of PA66 dispersed phase: a deformation of
cylindrical PA66 threads in PA/SAN-HV extrudate, b deformation of small spherical PA66 droplets in
PA/SAN-LV extrudate, c deformation of spherical PA66 droplets in PA/SAN-HV/3MA extrudate
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profound, since few fibrils are observed. In addition, the stretching-induced voids in

these drawn strands deteriorate the tensile strength. Therefore, lower tensile strength

is noticed for these three types of drawn strands.

Conclusions

The morphology of dispersed PA66 phase in PA66/SAN extrudates and drawn

strands was investigated. In the PA/SAN-HV extrudate, the PA66 droplets exhibit

large diameters; in addition, a great numbers of cylindrical PA66 threads are

observed. Upon addition of SANMA as compatibilizer, the droplet size of PA66 is

greatly decreased, at the same time, the interfacial adhesion between the dispersed

PA66 phase and SAN matrix is improved.

During stretching, the dispersed PA66 phase is subjected to the stretching-

induced stress. Compared with the PA66 droplets, upon stretching the cylindrical

PA66 threads are easily deformed into fibrils due to the large contact area between

the PA66 and SAN which promotes stress transfer. Therefore in the PA/SAN-HV

drawn strand, PA66 fibrils with large aspect ratio are observed. During stretching of

the compatibilized PA66/SAN drawn strand, the improved interfacial adhesion also

enhances stress transfer, however, the dispersed PA66 droplets are too small to

deform into fibrils.
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