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ABSTRACT: This study reports the morphology development of polymer blends in a novel vane extruder in which polymer mainly suffers

from elongational deformation field. Rapidly cooled samples of polypropylene/polystyrene (PP/PS) are collected in the vane extruder after

stable extrusion. Furthermore, the shape and size of the dispersed phase from initial to final stages are analyzed. In addition, in order to

compare the final size of the dispersed phase, different immiscible blends, including polypropylene/polyamide and PP/PS, are prepared by

vane extruder and twin-screw extruder, respectively. The results show that the dispersed phase is made to change rapidly from stretched

striations to droplets under the strong elongational deformation field in the vane extruder. Furthermore, the droplet size of dispersed

phase of blends prepared by vane extruder is much smaller than that prepared by twin-screw extruder, indicating that the vane extruder

is more efficient in mixing for immiscible polymer blends. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 3576–3585, 2013
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INTRODUCTION

In recent years, to obtain advanced materials, polymer blending

is becoming more and more effective. As compared to a new

monomers or polymerization routes developing, it is less time-

consuming, more environmental friendly and economical.

Because of the great potential and advantages, the polymer

blending has been attracting more and more attention.1,2 How-

ever, the properties of the polymer blends barely meet the

expectation for the incompatibility of the polymers. It is known

that morphology development during processing is one of the

critical factors to determine the performance of immiscible

polymer blends. Regarding the morphology development, sev-

eral literatures have been reported.3–8 For single-screw extruder,

the morphology development of difference stages has been stud-

ied.9,10 Lindt and Ghosh11 investigated the morphology develop-

ment of polymer blends in a single-screw extruder, and found

out the formation of fine lamellar structures during the early

stages of morphology development. Tyagi and Ghosh12 studied

the evolution of morphology in single-screw extruder, which

was from initial (presence of striation) stage to final (droplet

formation) stage, and captured the breakup process at the start

of compression zone, where both shear and elongational flow

was applied. Moreover, the effects of material characteristics in

single-screw extruder on morphology development are also

reported. Huang et al.13 investigated the influence of viscosity

ratios on morphology development along the single-screw

extruder and observed that morphological changes occurred

during the initial softening stage of blending when the viscosity

ratio is small. In addition, the morphology development in

twin-screw extruder has also been published on several litera-

tures.14,15 Utracki and coworkers16–19 reviewed the theoretical

and experimental data on the breakup of droplets in twin-screw

extruder, and proposed two different dispersion mechanisms.

Bourry and Favis20 studied three different PS/HDPE blends,

which were fed via different procedures processing in a twin-

screw extruder. The research showed that the final blend mor-

phology of blends is predominantly determined by the melt

state. Besides, morphology development of the immiscible poly-

mer blends in chaotic mixing device was also studied besides in

screw extruder.21,22

Considerable evidence has been accumulated to demonstrate

that type of flow is an important factor on morphology devel-

opment and final particle size of polymer. And shear flow and

elongational flow are the two major types of flow in polymer

processing. It is widely recognized that elongational flow in

polymer processing has many advantages.23 Elongational flow
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generates exponential stretching, while simple shear flow just

gives linear stretching, which results that the dispersed phase

droplets of blends are broken more efficiently in elongational

flow than in shear flow.15,24,25 Moreover, compared to shear

deformation field, elongational deformation field consumes less

energy to generate the same deformation of polymer.26 Unfortu-

nately, most of the polymer blends are prepared by polymer

processing equipment of which the flow is mainly dominated by

shear deformation field. Several efforts have been made to gen-

erate elongational flow field.27,28 Bouquey et al.29 built a labora-

tory-scale mixing device in which the flow was characterized by

a high contribution from elongational flow, and observed that

the materials dispersed better in the new device than the classi-

cal rotational batch mixer. Novais et al.30 compared two melt

mixing methods, which could generate flow with different char-

acteristics. They observed that the converging/diverging flow

sequence showed better performance on dispersion as compared

with the twin-screw extruder. In recently, in order to generate

considerable elongational flow field during polymer processing,

Qu et al.31,32 designed a novel polymer processing equipment

known as vane extruder of which continuous dynamical con-

verging channels33 can generate strong elongational deformation

field in the whole process.

In this study, the morphology development of immiscible

blends in vane extruder is specifically investigated. Additionally,

the morphologies and size of dispersed phase of immiscible

polymer blends prepared by vane extruder and twin-screw ex-

truder were also compared, respectively.

EXPERIMENTAL

Materials

Polypropylene [PP N-2306, MFI 12.5 g/10 min (270�C, 2.16

kg)] and polystyrene [PS N-236, MFI 40.2 g/10 min (270�C,
2.16 kg)] are supplied by China Petroleum and Chemical Poly-

amide [PA 103HSL, MFI 59.3 g/10 min (270�C, 2.16 kg)] is

supplied by American Dupont.

Introduction of Vane Extruder

A self-developed vane extruder was employed in this article.

Both the structure and processing principle of vane extruder are

quite different from traditional screw extruder. It is comprised

of several vane plasticizing and conveying units (VPCUs), as

shown in Figure 1. Each VPCU is consisted of a stator, a rotor

placed in the vertical direction of stator eccentrically, four vanes

settled in the radial rectangle section of rotor, and two pieces of

baffler with discharging gap. The stator, rotor, two vanes, and

bafflers form a closed cavity, of which volume periodically

changes from small to large and then back to small when the

rotor rotates. Polymeric materials are fed into VPCU through

gap A on one baffler when the closed cavity volume becoming

larger and then discharged through gap B on another baffler

when the closed cavity volume becoming smaller. In this way,

polymeric materials are forwardly conveyed from one VPCU to

another. It is noted that dynamical elongational deformation

field (DEDF) is generated by the dynamical converging channels

in VPCU, and the strength of the DEDF is controlled by con-

verging ratio.34 The converging ratio in VPCU can be calculated

according to the following equations:33

kc ¼
R1 � r

R2 � r
¼ e cosðxtÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � e2 sin2ðxtÞ

p
� r

e cosðp
2
þ xtÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � e2 sin2ðp

2
þ xtÞ

q
� r

(1)

ka ¼
R1 � r

h
¼ e cosðxtÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � e2 sin2ðxtÞ

p
� r

h
(2)

where kc and ka are the converging ratio in circumferential,

respectively and discharging direction, R1 and R2 is the dynami-

cal radius of vane 1 and vane 2, R and r are the inner radius of

stator and outer radius of rotor, respectively, e is the eccentricity

distance of the stator, t is time, x is the angular velocity, and h

is height of discharging gap.

Figure 2 is the schematic structure of a vane extruder. The vane ex-

truder used in this article is consisted of 12 VPCUs. The inner diam-

eter of the stator is 46 mm, the outer diameter of the rotor is 40

mm, and eccentricity distance between the rotor and stator is 3 mm.

Blends Preparation

All the materials (PP, PA, and PS) were dried at 80�C for 8 h in

an oven before used. Before extrusion, the dried pellets at pre-

determined compositions and weight ratio were premixed in a

high speed mixer machine. Subsequently, premixed blends were

fed into the vane extruder. Then, the extruded strand taken

from the end of the extruder die was immediately quenched in

a water bath and dried. As comparison, a series of blends were

Figure 1. Schematic drawing of vane plasticizing and conveying unit

(VPCU).

Figure 2. Schematic structure of vane extruder.
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also prepared by a Brabender corotating twin-screw extruder (U
¼ 25 mm, L/D ¼ 40, DSE 20/40D Lab-Station, Germany) with

the same die. In this study, the rotating speed of rotor in vane

extruder and screw in twin-screw extruder was maintained at

30 rpm. The blends compositions and the temperature profiles

from hopper to die of vane extruder and twin-screw extruder

were given in Table I.

In addition, the blend PP/PS (70/30) was selected to investigate

the morphology development in the vane extruder. The rotating

speed of rotor in vane extruder was also set at 30 rpm. Once a

steady extrusion state was reached, the vane extruder was

abruptly stopped, and chilled at the same time with circulating

cold water. Subsequently, cooled blends were taken from each

VPCU of the vane extruder.

Phase Morphology Characterization

A scanning electron microscopy (SEM) (Qaunta 200, FEI, USA),

operating at a 20 kV accelerating voltage, was used to observe the

blend morphology. Cryofractured surfaces of different direction

of blend in a VPCU were studied. Figure 3 shows the observed

direction. h is the circumferential direction of the rotor and Z is

the axial direction of the rotor (discharge direction). To investi-

gate the phase morphology more conveniently, series of cryofrac-

tured surfaces were etched with toluene reagent at 40�C for 8 h

to remove the PS phase. The SEM micrographs of the cryofrac-

tured surfaces were analyzed to determine average particle size.

An average of 500–1000 particles per sample was examined.

RESULTS AND DISCUSSION

The Morphology Development in the Vane Extruder

Figure 4(a) displays the PP/PS blends taken from the first

VPCU of the vane extruder. It can be seen that a thin melt film

formed near the surface of the stator and some of the pellets

are deformed and squashed seriously. As shown in Figure 4(b,

c), the solid pellets are deformed more seriously and the ‘‘solid

bed’’ begins to break up in the second and third VPCU. At the

same time, the melting zone gets larger which surrounds the

‘‘solid bed.’’ As the solid state is majority in the two VPCUs,

such a coexistence of both solid and melt state can be called

solid-rich suspension. In the fourth VPCU, it can be directly

observed that the majority of solid pellets are melted, just leav-

ing a few solid pellets surrounded by melt [Figure 4(d)]. Such

state can be named melt-rich suspension. And then all the solid

pellets display melted phenomenon in the fifth VPCU, as shown

in Figure 4(e, f).

To characterize the morphology development in the vane ex-

truder, SEM micrographs of PP/PS blend samples are studied

[Figures 5–8]. Figure 5 shows the morphology of PP/PS blends

in the sixth VPCU. It is observed in Figure 5(a) that PS dis-

persed in PP matrix appears striation structure and large drop-

let structure along h direction. The average striation thickness is

13.09 lm, and the average diameter of large droplets beside the

striation is 5.86 lm. The fact indicates that PS phase disperses

nonuniform in PP matrix. Moreover, PS phase shows lamellar

structure along Z direction [Figure 5(b)]. The cross-section

shape of the lamellar structure displays ellipse, and its average

long diameter is 4.78 lm, which reveals that the PS phase is

elongated in both h and Z direction.

The morphology of the PP/PS blends in the seventh VPCU is

shown in Figure 6(a). It is clear that not only striation struc-

ture, but also different size droplet structures of PS dispersed

phase coexist in the cross-section along h direction. As com-

pared with the sixth VPCU, the striation thickness and droplet

size of PS phase in the seventh VPCU decreased significantly.

Figure 6(b) displays that PS phase disperses uniformly in PP

matrix and appears as droplet structure of average diameter of

2.07 lm in cross-section along h direction in the eighth VPCU.

Furthermore, PS phase appears as both lamellar and droplet

structure in the cross-section along Z direction [Figure 6(c)],

which indicates that the PP/PS blend suffers from elongational

deformation seriously along the axial (Z) direction in the vane

extruder, and some of PS dispersed phase are stretched into

droplets.

Figure 7(a) shows the cross-section of PP/PS blend along h direc-

tion in the ninth VPCU. It is interesting to note that compared

with the eighth VPCU, the droplet size in the ninth VPCU

becomes a little larger, and the average diameter is 2.98 lm. In

addition, Figure 7(b) presents the transformation of PS phase

from lamellar to droplet structure. Moreover, Figure 8(a–c) show

the cross-section of PP/PS blend along h direction in the 10th,

Table I. Composition of Blends and Processing Condition

Blends Composition (wt %)

Processing temperature (�C)

Vane extruder Twin-screw extruder

PP/PS 70/30 170-190-200-210-200 170-190-190-200-200-210-210-200

PP/PA 10/90–90/10 265-270-270-270-265 265-270-270-270-270-270-270-265

Figure 3. (a) Schematic of sample. (b) The cross-section along y direc-

tion. (c) The cross-section along Z direction.
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Figure 4. Photographs of PP/PS blend in first five VPCU.

Figure 5. Morphology of PP/PS blend in the sixth VPCU. (a) The cross-section along h direction (PS was etched). (b) The cross-section along Z

direction.
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Figure 6. Morphology of PP/PS blends (PS was etched). (a) The cross-section along h direction in the seventh VPCU. (b) The cross-section along h
direction in the eighth VPCU. (c) The cross-section along Z direction in the eighth VPCU.

Figure 7. Morphology of PP/PS blend in the ninth VPCU (PS was etched). (a) The cross-section along h direction. (b) The cross-section along Z

direction.
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Figure 8. Morphology of PP/PS blends (PS was etched). (a) The cross-section along h direction in the tenth VPCU. (b) The cross-section along h direction

in the eleventh VPCU. (c) The cross-section along h direction in the twelfth VPCU.

Figure 9. Schematic of morphology development along the length of vane extruder. (a) Stage of large particle. (b) Stage of droplet elongation. (c) Stage

of droplet breakup.

Figure 10. Morphology of PP/PS blends (vertical to flow direction). (a) Prepared by vane extruder. (b) Prepared by twin-screw extruder.



Figure 11. The droplet size distribution of dispersed phase in PP/PS blends. (a) Prepared by vane extruder. (b) Prepared by twin-screw

extruder.

Figure 12. Morphology of PP/PA blends prepared by vane extruder (vertical to the extrusion direction).
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11th, and 12th VPCUs, respectively. From the 10th to 12th

VPCU, the blends mix and homogenize further, which average

diameters of droplets are 3.24, 2.41, and 2.02 lm, respectively.

The dynamical elongational deformation field generated by the

vane extruder makes the striation thickness and the droplet size

decrease rapidly, and the exponential stretching makes vane

extruder effective in polymer blending. A schematic of mor-

phology development along the length of vane extruder is illus-

trated in Figure 9.

Effect of Processing Method on the Morphology of Blends

Samples broken in perpendicular direction to the flow are used

for observation. Figure 10 presents the morphologies of PP/PS

blends prepared by vane extruder and twin-screw extruder,

respectively. It can be seen that the droplet size of PP/PS blend

prepared by the vane extruder are smaller than that prepared by

twin-screw extruder. For comparison, the droplet diameter of

PS dispersed phase is summarized in Figure 11. The average di-

ameter of PP/PS blend droplet prepared by vane extruder is

0.75 lm, while that prepared by twin-screw extruder is 1.1 lm.

Similarly, the droplet diameter distribution has the same

trend, which for PP/PS blend of the vane extruder ranges

from 0.3 to 1.9 lm, while that prepared by twin-screw

extruder is from 0.2 to 4.7 lm. These indicate that the vane

extruder has a much higher dispersive mixing efficiency than

twin-screw extruder.

Morphologies of PP/PA blends with different content ratio pre-

pared by vane extruder and twin-screw extruder are presented

in Figures 12 and 13, respectively. It can be seen that no matter

being prepared by vane extruder or twin-screw extruder, the

effect of the content ratio on the morphologies of PP/PA blends

is the same. When PP content is below 50%, the PP phase dis-

perses in PA matrix are shown as droplet structure and the

droplet size increases with increasing the loading of PP. Also

noteworthy is that when PP content is up to 60%, the

Figure 13. Morphology of PP/PA blends prepared by twin-screw extruder (vertical to the extrusion direction).
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morphologies of both PP and PA appear to be continuous. The

phase reversion occurs at the content ratio of PP/PA of 70/30

and PA disperses in the PP matrix. As compared with Figures

12 and 13, it can be found that, at a given PP content, the

droplet size of dispersed phase in PP/PA blends prepared by

vane extruder is smaller than that prepared by twin-screw ex-

truder. Furthermore, an interesting phenomenon is observed in

PP/PA (50/50) blend. As shown in Figure 13(e), PP/PA (50/50)

blend prepared by twin-screw extruder reveals smaller droplets

in surface layer and larger droplet in core layer, while that pre-

pared by vane extruder totally displays smaller droplets, indicat-

ing a much more uniform dispersed phase in blends of vane

extrusion. One possible explanation for this phenomenon is

that the shear stress acted on surface layer of blends is stronger

than on core layer in twin-screw extruder, while blends in vane

extruder suffer uniform elongational stress.

Shown in Table II is the average diameter of dispersed phase

for PP/PA blends with different content ratio. The diameters

of PP dispersed phase in blends prepared by vane extruder

and twin-screw extruder range from 6.21 to 12.80 lm and

10.69 to 20.27 lm, respectively. Similarly, the PA droplets

with size range of 3.64–6.45 lm and 4.88–8.40 lm exist in

the blends prepared by vane extruder and twin-screw

extruder, respectively. The data shows clearly that the droplet

size of dispersed phase in PP/PA blends prepared by the vane

extruder is smaller than that prepared by twin-screw

extruder. Therefore, it is demonstrated that the vane extruder

is more effective for processing immiscible polymer blends of

PP/PA blends.

CONCLUSION

A novel vane extruder based on elongational deformation

flow is designed to process polymeric materials, in which

materials suffer from strong elongational deformation. PP/PS

(70/30) blend is used to study the morphology development

in the vane extruder. The result shows that the solid pellets of

PP/PS blend are melted quickly in the first five VPCUs, indi-

cating the strong melting ability and short melting length of

the vane extruder. Besides, the blend is elongated in both cir-

cumferential and axial direction, and the strong elongational

deformation field makes the dispersed phase change from

stretched striations to droplets rapidly and mix uniformly

finally.

PP/PA and PP/PS blends are used to compare the morphologies

of blends prepared by the vane extruder and twin-screw ex-

truder, respectively. The results reveal that the droplet size of

dispersed phase in blends prepared by vane extruder is smaller

than that prepared by twin-screw extruder, indicating vane ex-

truder has better mixing ability than twin-screw extruder.
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