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Abstract

The nano-scale dispersed fibrils with gradient distribution in PP/PS composite fine fibers were observed by in situ formation during its melt

spinning process. The morphology development of polyblends, from granule to as-spun fiber as well as drawn fiber with various PS content

from 2 to 8 wt% were investigated. The morphology conversion of PS dispersed phase from ellipse to gradient nano-scale fibril along the

radial direction of as-spun composite fibers took palace at 4 wt% by weight of PS component, suggesting the presence of break-up in fiber

center and the limited coalescence, especially in 8 wt% PS as-spun composite fibers. This morphology diversity was attributed to the radial

variation of parameters including temperature, viscosity, axial velocity and stress in spinning path and was in good agreement with the

droplet deformation criteria based on the reduced capillary number. In addition, the post hot-drawing process slightly influence the size and

distribution of PS phase in cross-section of composite drawn fibers, while the rheological properties of PP, PS and polyblends were found to

be correlated to the morphology of PP/PS composites.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

During the last two decades, the formation of polymer

blends that result in fibrillar phase morphology (FPM) has

been extensively investigated. The focus has been on

understanding the principles that lead to the formation of

such morphology [1]. One of the most important procedures

to reach this objective is to blend a thermoplastic polymer

(TP) matrix with thermotropic liquid crystal polymers

(TLCPs) [2,3]. TLCPs are able to deform into fibrillar

structures, leading to the so-called ‘in situ’ composites with

improved mechanical properties, especially elastic modulus

and tensile strength. [4–6] FPM composites can be

fabricated by different methods, such as injection molding,
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2005.03.100

* Corresponding author. Tel.:C86 21 62379549; fax:C86 21 62194722.

E-mail address: zmf@dhu.edu.cn (M. Zhu).
compression molding, extruded sheet, fiber spinning and

film extrusion [7–9], which resulted in different morphology

and degree of orientation.

Compared to the above mentioned methods, fiber

spinning is the most conducive method to create fibril

morphology because the elongational force field exiting in

the spinning process is more effective than the shear force

field existing in other processes [10]. However, the research

activities in the field of the more complicated fiber

processing have been rather limited. Lots of these

investigations concerned the PET/TCLP blend fibers [11,

12]. By contrast, only a few papers about PP composite

fibers have been published to date, but PP is already wildly

interesting to use as the matrix for in situ composites by

extrusion and molding process [13] because of its several

excellent properties coupled with a low price, which will be

not discussed here. For PP composite fibers with fibrillar

phase morphology, the spinning experiments can be divided

two kinds, one is carried out on blends of PP and TLCP for

in situ composite, the other is related to blends of PP and TP.
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Sukananta P. et al. [14] studied the properties of as-spun

and drawn monofilaments of PP/LC5000 in situ composite,

and found the significant improvement of both tensile and

dynamic mechanical properties, especially in the high

temperature region. Qin Y. et al. [15–17] investigated the

fibril morphology and blend fiber mechanical properties

affected by concentration, extrusion conditions, drawing

conditions and different kinds of LCP. In post-drawing, the

LCP fibrils were split into short fragments and the fiber

properties were improved with the increase in drawing

temperature. In PP/TP composite fibers, several papers have

been published, most particularly fibers are from PP/PA6

[18,19]. Kotek R. [19] reported the PA6 phase contained

fibrils in PP blend as-spun fibers. And the blend composition

and interfacial adhesion provided by the compatilibilizer

were two important factors that influenced the PA6 fibril

morphology and fibers properties. Takahashi [20] studied

the physical properties of PP/PA6 fibers influenced by its

morphology. Grof I. [21] investigated the structure-property

relationship in modified polypropylene–polycaproamide

fibers containing MAH grafted PP. Lyoo W. S. [22] used

modified PET/PP blends for producing microfibers by

extracting continuous phase. Microfibers obtained after

extraction of the continuous phase from an immiscible blend

have proven useful for making artificial leather for apparel

and other textile products with novel properties.

However, little information is available in scientific

literature that sheds light on the difference existing in the

morphologies of the polyblend material prior to and after

extrusion into fibers. Numerous investigations above

mentioned in blend fibers are carried out for the relation-

ships in spinning conditions, fibril morphology and

mechanical properties et al. [11–21]. And the sizes of fibrils

in matrix were micro or sub-micron scale, while nano-scale

fibrils were not reported not only in the blend fibers but also

in the other kinds of composites. In addition, for thick

products such as in injection modeling, a skin-core effect

could be observed, by which the oriented fibrils were

exhibited near to the skin of the molded part while dispersed

droplets were present in the core region [23]. Fredrich K.

[24] also reported the similar morphology in PP/PA66

materials which were attributed to the shear distribution in

injection modeling. However, the shape and distribution of

fibrils in blend fibers were mostly neglected, especially in

fine fiber with small diameter. In this work, these two parts,

nano-scale fibril formation and its gradient distribution in

fibers, will be discussed in detail.

According to our previous work on the PP/PS blend

fibers, the presence of the PS improves the dyeability of PP

fiber which was evidently affected by PS composition and

the crystal structure [25]. Based on this investigation, the

novel inner morphology of PP/PS fibers were studied in this

study which will be used to set up the relationship to the

properties of composite fibers, such as the dyeability and

mechanical properties, in the further research work. The PP/

PS composite fine fibers with in situ gradient nano-scale
fibril morphology were prepared by using a two-step

method. In the first step, PP and PS were melting blended

in a twin-screw extruder to get granules. In the second step,

the polyblends were extruded into as-spun fibers using melt-

spinning equipment. And the drawn composite fibers were

obtained after the post-drawing. The different morphology

of dispersed phase in PP matrix at each step was examined

by SEM and theoretically analyzed with the results from

image analyzer. The evaluation and the distribution of PS

fibrils during fiber processing and its relationship with blend

ratio and component properties were investigated.
2. Experimental

2.1. Materials

The type of PP raw material used was commercial

isotactic polypropylene supplied by Donghua University,

with a melt flow index (MFI) between 30.0 and

40.0 g/10 min (230 8C, 2.16 kg). Polystyrene was syn-

thesized in our laboratory by suspension polymerization

[26], with MFI of 50.0 g/10 min (230 8C, 2.16 kg).

2.2. Specimen preparation

The polypropylene and polystyrene were dried prior to

mixing and melt blending of PP/PS at different weight ratio

(98/2; 96/4; 94/6; 92/8 wt/wt) by twin-screw extruder (SH-

35 co-rotating twin-screw extruder), immediately quenched

in water, and then cut into granules by a pelletizer. In the

extruding step, barrel temperatures were set at

180/200/210/220/195 8C, respectively, and a screw speed

of 100 rpm was used. The L/D ratio of the screws was 30,

and DZ35 mm.

The PP/PS composite as-spun fibers were prepared on an

ABE Spinner Instrument (ABE Corp., Japan) at 260 8C with

take-up velocity of 800 m/min. The spinneret had 60 holes

with a diameter of 0.25 mm. Fibers were extruded at a

constant throughput rate 16 g/min from the melt at 260 8C to

the air at 25 8C. The as-spun fibers were hot drawn to get the

drawn fibers using Barmag 3010 Drawer (BARMAG,

Germany) set to 70 8C for the heat roller and to 100 8C for

the winding roller. And the drawn ratio was controlled by

the speed ratio of winding and heat roller.

2.3. Characterization

2.3.1. Rheological measurement

Apparent melt viscosity was determined on an Instron

Model 3211 capillary rheometer. The round die used had a

length/diameter ratio of 40 and an entrance angle of 908.

Barel temperature was set at the range of 180–280 8C.

Plunger speeds were 20, 6.0, 2.0, 0.6, 0.2 cm/min.

Calculated hear rates varied from 10 to 1000 sK1. Shear

rates was calculated with (Eq. (1))
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tw Z
Dp

2L=R
(1)

where Dp is the pressure change, L is the length of the

capillary and R is the radius of the capillary.

A modified Metzner form of the Rabinowitsch’s equation

(Eq. (2)) was used for calculating the shear rate

_gw Z
3n0 C1

4n0
v (2)

where the v was the speed of the plunger, n0Zdln tw=dln

_gw;a and _gw;a is the shear rate at the wall, tw is the shear

stress at the wall.
2.3.2. Scanning electron microscopy (SEM)

The samples of blend granules, composite fibers in cross

and longitudinal sections for SEM were performed by

chemical etching the minor phase (PS) of microtomed

surfaces in xylene at room temperature for 2 h and then

washed in freshly xylene and acetone to dissolve PS phase

to obtain better contrast. All samples were dried and

subsequently coated with a conductive gold layer and

investigated by SEM (JEOL JSM-5600LV), operated at a

working voltage of 10 kV.

An image analysis software MiVnt (Shanghai Quan Da

Inc., China) was used to quantify the sizes of dispersed

phases and their distribution in SEM micrographs. For each

sample, two or three different images were examined. The

perimeter and planar area of each structure in micrographs

were quantified. Diameter calculated from the area of an

equivalent circle for morphology of PS in microtomed

surfaces. As such, a relevant average diameter, aspect ratio

and standard deviation were obtained together with the

dispersed phase size distribution in granules and each

composite fiber.
Fig. 1. Temperature dependence curves of viscosity ratio of PS to PP at a

shear rate of 100 sK1.
3. Result and discussion
3.1. Rheological properties of PP, PS and polyblends

The dependence of morphology on the viscosity ratio of

dispersed phase to matrix (pZhd/hm) has earlier been

investigated byWu S. [4]. Theoretically, he found, while the

other factors are the same, the component polymers with

equivalent viscosity will be mixed well and generate the

smallest particles after the blend process. Min K. et al. [27]

reported for polyethylene/polystyrene (PE/PS) blends that

when the dispersed phase had a lower viscosity it formed

long ligaments in the matrix, but with higher viscosity the

dispersed phase was in the form of discrete droplets. The

formation of fibril in immiscible polymer blends is a course

of dispersed phases deformation and orientation correlating

with the viscous force and interfacial tension between the

dispersed phase and matrix [28,29]. For good fibrillation to

be achieved the viscosity of dispersed phase should be lower

than that of the matrix (i.e. hd/hm!1.0) [30] which has been

reported in lots of investigations for FPM composites.

Since, the viscosity of polymers strongly depends on the

melt temperature and shear rate [31,32], the blend

morphology could be designed by the rheological properties

of dispersed phase, matrix and polyblend in the actual

processing conditions.

Temperature dependence curves of viscosity ratio of PS

to PP at 100 sK1 were shown in Fig. 1. The experimental

results showed that the viscosity ratio was more than 1.0

below 210 8C and less than 1.0 above 210 8C, which

approaching the constant about 0.5 with temperature

increase. The viscosity ratio increased with shear rate rising

as shown in Fig. 2. When temperature was above 230 8C, in

the test range of shear rate, the viscosity ratio was always

less than 1.0. And the sensitivity of viscosity ratio to shear

rate reduces with temperature increased. In order to get the

fibrillar PS morphology, the fiber processing conditions
 

 

Fig. 2. Shear rate dependence curves of viscosity ratio of PS to PP at

difference temperature.
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should be determined at the operation window designed by

temperature and shear rate, in which the viscosity ratio

should be less than 1.0.

The rheological properties of polyblends are also relative

to the blend composition. Fig. 3 showed viscosity as a

function of composition at three different shear rates. At all

shear rates, in the present work, appreciable negative

deviation was noted from the value given by the simple

additive rule of viscosity mixtures (Eq. (3))

hZwPPhPP CwPShPS (3)

where h, hPP and hPS are the apparent viscosities for the

polymer blend, PP and PS, respectively, and wPP and wPS are

the respective the weight fractions of the two components.

Negative viscosity deviation for immisciable polymer

blends is associated with an increase in specific volume and

voids at the interfaces [33]. And in this polyblend, the

particles of dispersed phase become finer than those in the

polyblend with positive viscosity deviation after the same

processing [19]. The similar results for viscosity-compo-

sition dependences have been reported in PP/PA6 blends

[19], PA66/PP blends [34] and HDPE/PA6 blends [35],

respectively.
3.2. Morphology of PP/PS blend granules

The PP/PS blend granules for spinning were prepared by

twin-screw extruder at 220 8C. As shown in Fig. 1, the hPS/

hPP ratio was 0.65 (less than 1.0) which implied PS phase

easily forming the fine particles in PP matrix. Fig. 4 gave the

SEM images of microtomed surfaces, etched the PS phase,

for 98/2, 96/4, 94/6 and 92/8 PP/PS blend granules. The

black domains represented the position of the etched PS

dispersed phase in PP matrix. As shown in Fig. 4, the PS

phase was independently well dispersed in PP matrix with
  

Fig. 3. Apparent viscosities of blends as a function of PS wt% content at

different three shear rates, the PS wt% content for PP/PS blend shown in

this graph is 0%; 2%; 4%; 6%; 8% and 100%.
micron size in the different blends. Both the size and number

of dispersed phase increased with the rising of PS content.

Table 1 showed the statistical average size and the

standard deviation of PS domain carried out with the image

analysis software. When the amount of PS increased, the

average size of minor phase changed from 0.77 mm (PS

2 wt%) to 1.20 mm (PS 8wt%) with the standard deviation

slightly increased from 0.10 to 0.16 mm. The growth in dn,

as well as the width of size distribution undoubtedly results

from flow-induced coalescence that occurred in blends of

higher minor phase content prepared by melt mixing [36],

and Han C. D. et al. [37,38] investigated the morphology

evolution in mixer of PP/PS blend. He pointed out, while the

mixing temperature was above the certain temperature and

the hPS/hPP ratio was below the unit, the well-developed

dispersed morphology could be observed and the blend ratio

was predominant over the viscosity ratio in determining the

morphology of PP/PS blend. This was consistent with our

results. On the other hand, the relative deviations SD/dn in

different composition nearly kept the constant around 13%,

implying that the relative size distributions of PS dispersed

phase in polyblends were self-similar.
3.3. Morphology of PP/PS as-spun composite fibers

During the fiber formation, the PS deformation may take

place in two main stages. Firstly, there was an elongational

flow at the entrance spinneret hole, where deformation

could take place. The shear flow tended to break up the

polydomain structure, while extensional flow would con-

solidate and orient it [39]. Secondly, an elongational strain

existed below the spinneret, which could deform the PS

phase in fiber path.

According to Huneault et al. [40], drop deformation and

break-up depend on the reduced capillary number, Ca*,

which is following (Eq. (5)):

Ca* Z
Ca

Cac
(5)

where Ca is the capillary number and Cac is the critical

capillary number.

The capillary number, Ca, depends on strain rate,

elongational viscosity, and droplet size, expressed as Eq.

(6).

CaZ
hydrodynamic stress

interfacial stress
Z

hm _gR

s
(6)

where hm is the matrix viscosity, _g the shear rate, R the drop

radius, and s the interfacial tension.

The critical capillary number, Cac, depending on the

viscosity ratio, pZhd/hm. In the elongational flow, Cac is

calculated from the Grace’s empirical Eq. (7) [41]:



Fig. 4. SEM micrographs of PP/PS blend granules, (a) PP/PS 98/2, (b) PP/PS 96/4, (c) PP/PS 94/6, (d) PP/PS 92/8.
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log
Cac
2

� �
ZK0:64853K0:02442ðlog pÞ

C0:02221ðlog pÞ2 K
0:00056

ðlog pK0:00645Þ
(7)

Depending upon the value of Ca* in both shear and
Table 1

Statistical analysis of spherical dispersed PS domain in polyblend granules

Sample code Particle diameter, dn
a (mm) S

PP/PS (98/2) 0.77 0

PP/PS (94/6) 0.83 0

PP/PS (96/4) 1.13 0

PP/PS (92/8) 1.20 0

a dn, the number particle diameter.
elongation, the droplets will be either deformed or broken

according to following criteria [40]:
1.
tan

.10

.11

.15

.16
If Ca*!0.1, droplets do not deform.
2.
 If 0.1!Ca*!1.0, droplets deform without break-up.
3.
 If 1.0!Ca*!4.0, droplets deform, but they break

conditionally.
dard deviation, SD (mm) Relative deviation, SD/dn (%)

12.99

13.01

13.32

13.33
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4.
 If Ca*O4.0, droplets deform affinely with the rest of the

matrix and extend into long stable filaments, which

deformation is calculated by the exponential function for

uniaxial deformation.

For Ca* between 0.1 and 4.0, the deformation is

calculated by the linear deformation equation as suggested

by Taylor (Eq. (8))

DZCa
19pC16

16ðpC1Þ
(8)

In the region 1.0!Ca*!4.0, the kinetics of the break-up

depend on the viscosity ratio. The dimensionless break-up

time (t*b) is calculated as (Eq. (9)) [42]:

t*b Z
tbg

0

Ca
Z 84p0:345

Ca

Cac

� �K0:559

(9)

where tb is the time for break-up and g 0 the strain rate.

Break-up does not occur if there is not enough time provided

for the break-up before solidification.

Fig. 5 showed the SEM micrographs of as-spun

composite fibers in microtomed cross-section. It was clearly

shown that different blend fibers were with the similar

diameter about 20 mm. The big PS dispersed phase existed
Fig. 5. SEM micrographs of PP/PS as-spun composite fibers in cross-secti
near to the surface and its number increased with more

content of PS. Compared to 98/2 and 96/4 fibers, the big PS

domains were substituted by the much smaller ones in the

center of 94/6 and 92/8 ones. In this case, each cross-section

of fiber was divided five cirque parts along the radial

direction with the same distance about 2.0 mm except the

cirque near to the surface since, the different blend fiber

diameter. Then the different average diameter of PS phase

was tested by the image analyzer and plotted with the

distance along radial direction to get the Fig. 6. And the 2D

dispersed phase distribution in as-spun fiber cross-section

was obviously shown in it. The size of dispersed phase

gradient increase existed in Fig. 6 (trace of 6 and 8 wt% PS),

but in the other two kinds of fibers there was no evident

difference from fiber center to surface. It implied that the

composition of PP/PS not only affected the size of PS in

fiber cross-section, but also brought the morphology

structure transformation in fiber center. In former studies,

the dispersed phase distribution in blend fiber cross-section

was often neglected especially in fine fiber due to the

difficult characterization.

In order to investigate the 3D morphology of dispersed

phase in composite fibers, the SEM micrographs of fiber in

microtomed longitudinal section were exhibited in Fig. 7.
on. (a) PP/PS 98/2, (b) PP/PS 96/4, (c) PP/PS 94/6, (d) PP/PS 92/8.



 

Fig. 6. Plot of average PS phase diameter vs. distance along radial direction

in PP/PS as-spun composite fibers cross-section.
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From these images and cross-section SEM in Fig. 5, there

was an obvious conversion of dispersion morphology. At

lower PS content (2 and 4 wt%), the PS phases was near

ellipses along the longitudinal direction with similar short

axis in about 200 nm and lower aspect ratio (L/D) 1.5–5

(Fig. 7(a) and (b)). In the 8 wt% PS composite fiber
Fig. 7. SEM micrographs of PP/PS as-spun composite fibers in longit
(Fig. 7(c)), nano-scale (50–70 nm) fine fibril morphology

was distinctly observed in fiber center. These suggested the

formation of fibrillar phase morphology was also related to

the dispersed phase concentration. At the present spinning

process, a critical dispersed phase concentration for fibril

formation existed at PS 4 wt%. The limited dispersed phase

amount for FPM was also reported in investigations for TP/

LCP in situ composites [43] and HDPE/PA6 blends under

extensional flow [28]. During preparation of the SEM

samples, if the cut deviated somehow from the ideal fiber

longitudinal direction, which effected on the PS shape in the

SEM images that could not show the actual PS morphology

in PP fiber along the longitudinal direction. In this work, the

deviated cutting angles to the ideal direction were less than

58, which were calculated with the SEM micrographs of

fiber section shape. The influence on the PS shape brought

from the cutting can be ignored and the PS morphology size

in the PP fiber can be deemed to reveal in the SEM images.

In Figs. 6 and 7(c), it especially exhibited gradient PS

phase structure in composite fibers. That was, along the fiber

radial direction in PP/PS (92/8) composite fiber, the nano-

scale fine fibrils became bigger from 50–70 nm to 200 nm,

and the aspect ratio (L/D) reduced from above 50 (about

3 mm length) to below 10 (below 2 mm length). The ‘thin
udinal section, (a) PP/PS 98/2, (b) PP/PS 96/4, (c) PP/PS 94/6.
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and long’ phase evolved to ‘fat and short’ phase. In Kotek R.

et al. [19] investigation, the fibrils were found to be located

mainly in the core of filaments and oriented in the direction

of fiber axis. While Tsebrenko et al. [44] reported the fibrils

formed in the region, where the polymer exited the capillary

and they were dispersed uniformly in the cross-section of

the fiber. All of these were not mentioned the 2D gradient

distribution as this work.

According to study on the morphology of polyblend

granules in Section 3.2, it was reasonable that PS phases in

blend melt were relatively uniform in size before the

spinneret entrance. The PS phase morphology transform-

ation from center to surface was due to the different

deformation, break-up and coalescence process in fiber

radial direction during the fiber formation. It can be divided

to two parts: (A) the ‘pipe surface’ effect on the blends melt

flow in spinneret; (B) the variation gradient distribution

along the radial direction of fiber during spinning path.

In the spinneret, there was a gradient elongational stress

from center to surface which induced the distribution of Ca

calculated as Eq. (6) in polyblend melt. While at the

processing temperature 260 8C, the viscosity ratio p was

lower sensitive to stress as shown in Fig. 2. Therefore, the

Cac from Eq. (7) did not have the same distribution as Ca. So

the Ca* existed the difference along the radial direction in

spinneret which implied the different PS droplets defor-

mation in spinneret melt flow field. And since, the length

spinneret was 1 mm, existing time of melt flow in spinneret

was short which also suggested the lower PS droplets

deformation and limited 2D deformation distribution in

cross-section.

In the former study on in situ composite fibers, the

dispersed phase fibrils mainly occurred after the spinneret.

The fibril morphology in fibers was obviously controlled by

the take-up speeds or the drawn ratios [11]. Nearly all of the

investigations were about the fibers by drawing the

extrudate from the screw extruder die and few of them

mentioned the fine composite fibers with 20 mm diameter.

Isayev A. I. et al. [45] simulated the LCP droplet

deformation in fiber spinning of self-reinforced composites.

The calculated LCP fibril diameter in matrix by affine

deformation theory was well matched to the observation by

SEM and the image analyzer. But their simulation was

performed based on negligible radial temperature profile in

melt spinning, bigger die diameter for fiber formation about

10 mm and lower take-up speed !100 m/min. While in the

common fiber formation with much smaller spinneret and

higher spinning speed, the fiber path is a complicated

process from polymer melt to solid. The radial variation

such as temperature profiles, axial velocity and stress in

fiber spinning define the fiber structures and properties. The

2D or 3Dmodels [46,47] for melt spinning of polymers have

been set up to corrected the 1D model, with axial velocity,

stress and temperature assumed to be uniform across all

cross-sections [48]. These models significant revealed the

one component polymer spinning process and the
relationship to the thin fiber structure, such as crystallization

and orientation. And the radial variation would induce the

difference in fiber cone and skin, which was influenced by

the spinning conditions, such as temperature, take-up speed.

In this case, the gradient PS morphology was intensively

controlled by the radial variation during fiber path.

At the spinneret exit the Ca* calculated by Eq. (5) was

larger than 4.0, which implied the PS droplets would deform

to the fibrils. The whole calculated method was according to

the Isayev A. I. work [45] and the interfacial tension was

estimated using the surface tension of two components [49].

After the spinneret, the blend melt diameter rapidly

decreased in the melt zone and went into the solid zone

with a constant lower diameter to form the as-spun blend

fiber by take up stress. During this process range, the blend

temperature changed from 260 8C to room temperature,

while the blend viscosity, viscosity ratio, interfacial tension

and axial stress were intensively related to it. And the Ca*

reduced with the increasing of distance from the spinneret

for the temperature continuously decreasing. If the 1D

model for melt spinning was used to simulate this range, the

different Ca* could be calculated theoretically to get a

numeral analysis as shown in former work [45]. While in

qualitative analysis combing the former calculated Ca* at

the spinneret exit, it was an acceptant result that the Ca*

transformed form above 4.0 to below 0.1, which revealed

the different PS phase deformation stage in different

distance from the spinneret. Furthermore, if the 2D melt

spinning model was taken into account at a certain point in

the fiber path, the radial variation brought the radial Ca*

deviation which determined the size distribution of PS phase

in fiber cross-section. Compared to the fiber surface, the

core has higher temperature, lower viscosity and longer

solidification time [47,48], which suggest the PS has the

more deformation degree than that near to the surface. It was

one of the most important reasons that the gradient PS phase

morphology was formed in composite fibers.

The above mentions just discussed the deformation of PS

phase but ignored its coalescence and break-up in fiber

formation. The deformation, break-up and coalescence are

three interrelated factors and decide the final dispersed

morphology structure, which have been widely investigated

in multiphase polymer blend mixing process, but fewer was

mentioned in blend fiber formation. Kotek R. [19] reported

the PA6 droplets coalesced during melt spinning which led

to the development of fibril morphology. And the simulation

of break-up of LCP phase during fiber spinning of the blend

based on the dimensionless break-up time indicated the

absence of their break-up [45]. All of these works were

based on the lower take-up speed and bigger diameter fiber,

which would bring some difference to thin fiber formation.

In this case, if the PS phase with uniform volume at the

spinneret exit just deformed and no break-up or coalescence

presented during the fiber path, the PS fibrils in final fiber

should have same uniform volumes. In this work, the PS

phase in fiber was assumed to have a cylindrical shape and
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its volume will be given by Eq. (10)

V ZpR2
f Lf (10)

where Rf is the number average radius of fibril and Lf is the

length of the fibril.

The different Rf and Lf of PS phase in the fiber from

center to surface was measured by image analyzer.

According to the calculated result, the PS volume

approaching the fiber surface was five times more than

that in the core. It suggested the presence of radial difference

coalescence or break-up. As the higher viscous matrix,

longer contact time required for coalescence and bigger

density difference between droplets and matrix will reduced

the coalescence [36,50]. During the spinning path, the faster

temperature reducing, higher axial velocity and stress
Fig. 8. SEM micrographs of PP/PS drawn composite fibers in cross-sectio
brought the higher viscosity and lower contact probability

and time for dispersed phase coalescence. Therefore, the

coalescence in this fiber with higher take-up speed was

limited. Especially near to the fiber surface, the radial

temperature induced the higher viscous and lower PS phase

deformation. And the coalescence of PS phase became more

difficult than it in the core and nearly remained the former

volume. On the other hand, the bigger PS phase deformed to

the fibril with higher L/D, the easier it broke up. In this case,

the PS was an amorphous polymer with poor adhesive

ability and higher interfacial tension to PP matrix. So the

nano-scale PS fibril in PP matrix was unstable and would

easily break up at a very small fluctuation, for its higher

surface energy and lower diameter. During the fiber

processing, the transformation of the processing fields and

properties of PP matrix provided the break-up morphology,
n. (a) PP/PS 98/2, (b) PP/PS 96/4, (c) PP/PS 94/6, (d) PP/PS 92/8.
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especially in the fiber center. It was also consistent with the

Ca* evolution above mentioned.
3.4. The morphology of PP/PS drawn composite fibers

Post-drawing for the as-spun fibers is a common process

to change the orientation and crystal structure of final drawn

fiber and brings its good and stable properties. In this work,

the PP/PS drawn fibers were made through the as-spun

fibers after hot-drawn with 3 times draw ratio. As shown in

Section 2.2, the drawn temperature was above the Tg of PP

and PS which suggested the two components could occur

the solid deformation and change the morphology structure

of composite fibers. Fig. 8 showed the dispersed phase

morphology of the composite drawn fibers in cross-section.

Compared to Figs. 5 and 8, the diameter of fibers decreased

obviously from 20 mm (as-spun fiber) to 12 mm (drawn

fiber), but the size of the PS phase in cross-section slightly

reduced after the hot-drawing. It showed the present

drawing process can not effectively deform the solid

dispersed phase, owing to the drawn stress was difficult to

transfer from matrix to dispersed phase through the solid

interface, and the free space allowing the PS phase

deformation was limited.

The image analysis software MiVnt was used to analyze

SEM images for the distribution of PS of drawn fibers in

cross-section. Each cross-section of fiber was divided four

cirque parts along the radial direction with the same distance

about 1.5 mm as the former investigation in as-spun fibers.

Fig. 9 showed the change of average PS phase diameter vs.

distance along radial direction. The gradient phase structure

was also intensively related with PS content, similar as it in

the as-spun fibers in Section 3.2. In composite drawn fibers

with 6 and 8 wt% PS, the 2D nano-scale diameter PS

domains also appeared near to the surface besides the bigger

ones as shown in Fig. 8(c) and (d), compared to as-spun

fibers in Fig. 5(c) and (d). It induced the lower average size
 

Fig. 9. Plot of average PS phase diameter vs. distance along radial direction

in PP/PS drawn composite fiber cross-section.
of dispersed phase (shown in Fig. 9) and higher standard

deviation (shown in Fig. 10) near to the surface in these

fibers. In their center area, the standard deviation was much

lower, which suggested the uniform sizes of PS phase with

2D nano-scale. However, in the 2 and 4 wt% PS composite

drawn fibers as shown in Fig. 10, the lower standard

deviation was near to the surface coursed by the lower

number of PS domain, and the higher standard deviation

was in the center brought by the larger size of PS phase. In

the post-drawing process, the diameter of fiber reduced

through the orientation, transformation and rearrange of PP

matrix amorphous, mesophase and crystal along the fiber

axial direction. At the same time, the PS dispersed phase

slipped with PP matrix deformation which formed the new

distribution as above mentioned results.
4. Conclusions

The component properties and blend ratio were two

important factors that influenced the morphology of the

PP/PS polyblends. The viscosity ratio of PS to PP varied

from above 1.0 to below 1.0 with the temperature and shear

rate increase. And the polyblends showed the negative

viscosity deviation from the value calculated by the simple

rule of mixtures in the test region. The size (dn) and its

standard deviation (SD) of dispersed PS phase increased

with an increasing of PS amount. The relative deviations

(SD/dn) in different blends nearly kept the constant around

13%. After melt spinning process, the different size and the

distribution of dispersed phase morphology were showed in

as-spun composite fibers. The average 2D sub-micron

ellipse dispersed morphology existed in fibers with 2 and

4 wt% PS, while the gradient nano-scale fibril morphology

along the radial direction were shown in fibers with 6 and

8 wt% PS. The gradient nano-scale fibril morphology in
Fig. 10. Plot of standard deviation of average PS phase diameter vs.

distance along radial direction in PP/PS drawn composite fiber cross-

section.
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as-spun fibers was attributed to the radial variation such as

temperature, viscosity, axial velocity and stress in spinning

path and the different break-up and coalescence of dispersed

phase from fiber center to surface. It was also in agreement

with the results analyzed according to droplet deformation

criteria based on the reduced capillary number. Further-

more, the post hot-drawing process slightly reduced the 2D

sizes of PS phase and influenced its distribution in fiber

cross-section, but distinctly reduced the diameter of the

composite fiber. This investigation of the relationship

between the processing technology and morphology can

provide a guideline for the design, research and develop-

ment of new nano-polymer composite fibers.
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