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Nomenclature

V. - fibrils volume of LLDPE in PS matrix through the

recovery procedure; S| - single cross section area of
LLDPE fibril during recovery process (changing with re-
covery time); I - single length of LLDPE fibril during
recovery process (changing with recovery time); S_t av-
erage cross section area of LLDPE fibrils in recovery
mode; [ length of LLDPE fibril in recovery mode;n -

number of LLDPE fibrils in recovery mode; A - elonga-
tional ratio in recovery mode; E - average length of
LLDPE fibrils at the beginning of recovery mode; [
average length of LLDPE fibrils at a certain time of recov-
ery mode; g - average cross section area of LLDPE fi-

brils at the beginning of recovery mode; S_, - average cross
section area of LLDPE fibrils at a certain time of recovery

. . ds
mode; ¢ - elongational strain in recovery mode; d_tt

instantaneous change rate of average cross section area in
recovery mode; k - coefficient factor; - constant; S_ -

final average cross section area of fibrils when recovery
time t approaches positive infinity; C - constant (inter-

cept of fitting curve); S_t - first derivative of S_t in re-

-n" . - - -
covery mode; S, - second derivative of S in recovery
mode; S_l* half value of S, in recovery mode; t* -
time when S_I equals ; in recovery mode; A'- aver-

age length of LLDPE fibrils in processing in VPE; &' -
elongational strain rate in processing in VPE.

1. Introduction

Over the past two decades, the production and
application of polymer blends have increased enormously.
It is well known that the polymer blends are the mixtures
of polymers having different properties [1,2]. The perfor-
mance of the polymer blends is determined by the com-
patibility of interface and mixing effect of polymer com-
ponents [3,4]. Since most of the polymers are immiscible
[5], the combinations of immiscible polymers involve
chemical reactions and physical influences [6]. In practical,
melt blending is a commonly used method to realize the
intimate mixing of immiscible polymers [7].
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Fig. 1 Structure schematic diagram of VPE [8]

With regards to the devices used for melt blend-
ing, researchers have always used screw extruders to pro-
cess polymer materials. In the current work, a Vane Plasti-
cating Extruder(VVPE), which was invented by Qu, is used
[8]. of which the mechanism is nearly the same as pump in
different field [9]. It has shown a number of advantages,
such as adaptability for materials, low energy consump-
tion, good dispersion effect of nanoparticles, and better
droplet breakup effect, and so on. The processing mecha-
nism of the VPE is mainly based on the “elongational rhe-
ology”. However, in order to optimize the design of VPE,
the processing mechanism needed to be demonstrated, and
the elongational effect should be quantified. Fig. 1 shows
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the vertical cross section structure of the VPE device.

According to Fig. 1, the A-A profile shows the
cross-sectional schematic of the VPE. Nineteen groups of
vane plasticating and conveying units (VPCUSs) constitute
the main structure of the VPE. In the VPCU, a space with
certain geometric shape is made up of rotors, stators, vanes
of certain number, and plates for material-proofing. As the
rotor is eccentric to the internal cavity of the stator, the
volume would first increase and then decrease, and this
trend would keep on happening successively. Polymer
melts were extruded into the space through inlet, while the
volume swelled. Moreover, materials are grinded, com-
pacted, and exhausted by forces of flow field [10]. The
processing can also be seen as a cyclical dynamic plasti-
cating conveying procedure.

In order to investigate the mechanism of genera-
tion of elongational flow field by VPE, the inner structures
of VPE and the morphologies of polymer melts were ana-
lysed using mathematical modelling. Furthermore, the im
miscible linear low density polyethylene (LLDPE)/ poly-
styrene (PS) blends were extruded using the VVPE, and after
deformation in VPE, the evolution of phase structure was
studied during the recovery mode. The morphologies of
recovered materials were studied using scanning electron
microscopy (SEM) and image analysis. Moreover, accord-
ing to the modelling and verification, the rate of elonga-
tional deformation of LLDPE was calculated, which was
used to quantify the effect of VPE.

2. Mechanism for the verification experiment

Though it has been proven that the VPE has a
number of advantages, it is hard to measure the elonga-
tional strain rate of blends, which were directly affected by
the VPE. In order to acquire more information on it, a
mechanism for the deformation of blends was built. An
experiment was designed to verify the mechanism.

LLDPE with Elongation

LLDPE with Recovery

Fig. 1 Schematic diagrams of LLDPE in recovery mode
after processing via VPE

According to Stary [11], the deformation of immis-
cible PS/LLDPE blends would recover to its relative orig-
inal phase in a heated oil bath. The elongational defor-
mation can also be expected in the VVPE, both in the con-
tinuous phase PS and the dispersed phase LLDPE, which
have a constant volume ratio during the recovery phase.
Furthermore, due to the low content of LLDPE, the volume
of the LLDPE can be considered constant. Besides, the
LLDPE fibrils observed in the cross section are all treated
as complete cylinders. Besides, the LLDPE fibrils ob-
served in the cross section are all treated as complete cyl-
inders. Therefore, the processing of stretched LLDPE fi-
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brils in a recovery mode was shown in Fig. 2. The volume
of LLDPE (V.. ) can be expressed using Eq. (1):

Vee :ansm (i=1,2,3---n;t [0, +)), @)

where: S is the cross-section area and I is the length

of any single LLDPE fibril during recovery which changes
with recovery time. However, V_,_ remains the same

both in plasticating extruding and recovery phases.
S, and | are the average cross-sectional area

and average length of all the LLDPE fibrils and n is the
number of LLDPE fibrils during recovery. These can be
represented using Equations (2) and (3).

> 8
S, =1t (i=1,2,3---n;t e[0,+w)), 2)
n
o}
I =2~ (i=12,3--nte[0,+0)). ®3)
n

The elongational ratio A, and the elongational
strain & during recovery can be using Egs. (4) and (5):

A==

S
x100% = =2 x100% |, (4)
St

o

®)

where: E is the average length and s, is the average

cross-sectional area of all LLDPE fibrils at the beginning
of recovery phase. Additionally, || and s are the aver-
age length and the average cross-sectional area of all
LLDPE fibrils at a certain time of recovery.

In the mechanical relaxation mode, mode (i.e. un-
der real extruding conditions), the elongational ratio A’,

and the elongational strain &’ can be expressed using
Egs. (6) and (7):

A'=2x100% = =L x100% , (6)

U]



Egs. (4-6), and (7) constitute the deformation
mechanism of the blends. Later, an experiment is designed
to verify the mechanism. The details about the experiment
are given as follows.

3. Experimental

3.1. Materials and devices

LLDPE Q/SH 1095 5-2003 (Petroleum & Chemical
Co., Maoming, China), and PS GPPS-525 (Petroleum &
Xinzhongmei Chemical Co., Zhanjiang, China) were used
as the dispersed phase and continuous phase during ex-
truding, respectively. Castor oil CP (Damao Chemical Re-
agent Factory, Tianjin, China) was used as bath oil for re-
covery. Analytically pure ethanol (LiQiang Chemical
Plant, Guangzhou, China) was used in the experiment.
There were 19 VPCUs in the VPE. In one VPCU, the rotor
diameter is 0.04m, the inner diameter of eccentric stator
was 0.046m, the eccentricity was 0.003m. In order to con-
trol the temperature, a constant temperature oil bath
DF-101S (Yuhua Instrument Co., Ltd., Gongyi, China)
was used in the experiment.

3.2. Preparation of specimens

After removing moisture in a drying oven for 40
minutes at 60°C, 15 wt % LLDPE and 85 wt % PS were
mixed together in a high-speed mixer for 10 minutes. To
ensure that the LLDPE dispersed evenly in the PS matrix,
the LLDPE/PS blends were extruded using VPE, which
was developed in our own laboratory. The rotational speed
was set at 60 r/min. The four processing temperatures from
feeding section to extrusion section were set at 150°C,
170°C, 170°C, and 170°C. Then, the extruded blends were
granulated using a granulator, and the pellets of blends
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were placed in the drying oven for another 40 minutes at
60°C. Afterwards, the pellets of LLDPE/PS blends were
extruded using the VPE at the same rotational speed and
processing temperatures as before. While the extrusion was
steady, specimens close to the extruding die were cut rap-
idly, and were immersed in the castor oil bath to recover
for 0, 15, 30, 40, 50, 80, 120, and 180 seconds at a constant
temperature of 170°C. Afterwards, all of the specimens
were taken out and were immediately frozen in liquid ni-
trogen for 5 minutes to maintain the morphologies. All of
them were brittle fractured in liquid nitrogen to expose the
internal structures. Later, they were immersed into ethanol
to remove castor oil.

3.3. Scanning electron microscopy

Morphological observations were made using an
S-3700N (Japan) scanning electron microscope. The SEM
analysis was done only for the cross-and vertical-sections
only for specimens without castor oil bath treatment) of
LLDPE/PS blends. Additionally, the surfaces of all the
specimens were sputtered twice with gold.

3.4. Image analysis

The micrographs were evaluated using image anal-
yses software (image pro plus). Image analyses consisted
of counting the number of LLDPE fibrils, and measuring
the diameters of the LLDPE fibrils.
4. Results and discussion

The SEM morphologies of the cross sections and

the vertical sections of LLDPE fibrils in PS matrix without
recovery are shown in Fig. 3.

e

T

Stretched Direction of LLDPF

Fig. 3 SEM morphologies of LLDPE fibrils in PS matrix without recovery: a — cross section, b — vertical section

Fig. 3 (a) is the cross-sectional morphology of the
LLDPE/PS blends. The LLDPE fibrils are evenly dis-
persed in the PS matrix, and the boundary between LLDPE
and PS can be seen clearly. This was a sea-island structure
of immiscible blends. The average radius and area of

LLDPE fibrils were 2.77x10°m and 2.410x107 m?
respectively. Fig. 3 (b) shows the morphology of vertical
section of LLDPE fibrils in the PS matrix without recov-
ery. The arrow in Fig. 3 (b) indicates the direction of the
LLDPE particles stretched in the VPE (which is also the
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direction of elongational flow field). The LLDPE particles
developed into fibrils with large aspect ratio after the
elongational deformation. Several representative fibrils
were marked in ellipses with white color. These LLDPE
fibrils were completely exposed in the vertical section,
while others were inserted or partly inserted in the PS ma-
trix. Some LLDPE melts underwent fracturing process,
while others did not, which is highlighted in red rectangles
in Fig. 3 (b). Fig. 3 revealed the pattern of the stretching of

LLDPE in the elongational flow field, whereas it also pre-
sented the dispersion conditions of LLDPE in the PS ma-
trix. In Fig. 3, the structure of most LLDPE fibrils were
approximated to be cylindrical, which indicated that Egs.
(6) and (7) were suitable for calculating the elongational
ratio A’ and the elongational strain &’ of melts which
were processed by the VPE.

Fig. 4 Morphology development during recovery

The cross-sectional morphology development of
LLDPE is presented in Fig.3 and Fig.4. The
cross-sectional morphology was a sea-island structure for
the recovery time of 0 sec. However, several cross sections
of LLDPE fibrils were shown as ellipses in Fig. 4 (0s),
which implied that the elongational effect was not only in
the axial direction, but was also present along the circum-
ference. The elongational effect on fibrils along the cir-

cumference might have happened during the transfer of
melt from one VPCU to another. It also proved that the
effect along the circumference was weaker than that in the
axial direction. According to the statistical analysis shown
in Fig. 3 (b) (40 fibrils of LLDPE), the average length of

LLDPE fibrils along the axial direction was 6.82x107°m,
and the average diameter was 4.93x10°°m. Thus, the



aspect ratio was 13.83, which meant that the LLDPE parti-
cles were stretched into fibrils due to the processing of the
VPE.

The morphology started to change when the recov-
ery time was 15 sec. As can be seen in Fig. 4 (15 sec),
some of the sea-island structures survived, while others
became continuous phase. It is also from Fig. 4 (30 sec)
that when the specimens were immersed in oil bath for 30
sec, the stress between LLDPE and PS decreased. Addi-
tionally, the cross section of LLDPE recovered to a regular
sea-island structure, and became evenly dispersed in the PS
matrix. When the recovery time was within [30 sec, 80
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sec], the average radius of LLDPE cross section increased
steadily, and this increase was reflected in Fig. 4 (30 sec),
(40 sec), (50 sec), (80 sec), (120 sec), (180 sec), and Fig. 5.
As can be seen from Fig. 4 (120 sec), LLDPE was well
distributed in the PS matrix, while the cross section of
LLDPE fibrils was the most homogeneous in all the spec-
imens. Finally, Fig. 4 (180 sec) showed the cross-sectional
morphology of LLDPE fibrils, which started to change
again. This might be due to the sustainable heating, which
made some LLDPE fibrils to further move and merge to-
gether.
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Fig. 5 Average cross section radius and area of LLDPE fibrils in PS matrix

Based on the statistical means of “image pro plus”
software, the cross section of LLDPE fibrils with different
recovery times were analyzed. The values of average radi-
uses and areas were shown in Fig. 5 and Table 1. The val-
ues were the smallest when the recovery time was 0 sec,
while both of them increased with the extension of the re-
covery time. The values reached the maximum when the
recovery time was 180 sec, The maximum values for radi-
us and area were 4.87x10°m, and 7.447x107"'m?, re-
spectively.

Table 1
Average cross-sectional radius
and area of LLDPE fibrils

Recovery| Average cross section |Average cross section area
Time (s) radius (m) (m?)
0 2.77x10° 2.409x107"
15 — —
30 2.89x10° 2.623x107"
40 3.35x10° 3.524x107%
50 3.98x10° 4.974x107"
80 4.17x10°° 5.460x107"
120 4.79%x10° 7.204x107"
180 4.87x10° 7.447x107"
AS, _ Squay =St =kS_t:> lim _AS, _dS,
At At A0 At
where: as is the instantaneous rate of change of aver-

: =KS, ;t [0, +w),

According to the visual curve tendency (as shown
in Fig. 5) and the data from Table 1, the variation in the
cross section of LLDPE could be divided into two sections.
In one section, the LLDPE/PS melt blends show a rapidly
changing morphology for the recovery time of [0 sec, 15
sec]. The melt was shown as a continuous phase in Fig. 4
(15 sec). It was difficult to distinguish between the LLDPE
phase and the PS phase. Therefore, the radius of the
LLDPE fibrils could not be provided in Table 1. In the
other section, the cross section of LLDPE fibrils varied
steadily in [15 sec, 180 sec], while the radius increased
steadily and reached its maximum value. It could be in-
ferred that the LLDPE fibrils transformed steadily. The
length was shorter, and the cross-sectional area was larger.
The experiment reached its end when the recovery time
was 180 sec, The average value of radius was the highest
among all the observations.

The fibrils gradually shrank back to original phase,
however, the average cross-sectional area of fibrils in-
creased with restrictions. Therefore, a recovery model
should be developed, according to which, the length and
diameter of fibrils can be predicted at any time.

In the light of existing data, the average rate of
change in the cross-sectional area of LLDPE fibrils be-

tween time range At is defined as:

(®)

age cross-sectional area and k is the coefficient factor,
which can be expressed as:



k=7(S, -S,) - ©)

In Eq. (14), n is a constant, s_ is the average
cross-sectional area of LLDPE fibrils when the recovery
time t approaches positive infinity. Egs. (8) and (9) can
be used to get:

d—tt=77(5w _St)sl (10)
After deformation, Eq. (10) changes to:
%+ 95 5t (11)

t

After integrating Eq. (11), Eq. (12) is obtained as:

Sl

— _:n§t+C.
Sco_sl

In (12)

Assuming that s, <s_ and taking S, <S, ,
constant ¢ could be calculated as:

2.409x10™"

S, —2.409x10™""

0

C=In 1S, x0=ln (13)

Sw

-S

0

Egs. (12) and (13) are used to obtain Eq. (14).

282 =5) _ 5. (14)
S0 (Soc Yt
After deformation, Eq. (14) becomes:
5.5, =S _ rsoeenr (15)
O( © l)

When t approaches positive infinity, the following
analytical expression is obtained:

5.5,

" [So+(5.=S)e-nS,t]

(16)

When the average cross-sectional radius of
LLDPE fibrils is set to be 5.000x107° m the value of
§ obtained is:
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S, ~7.850x107"'m?. 17
The value of s_ isused in Eq. (16) to get:
s_t -11
In — =7.850x10 "'t +C . (18)

7.850x10™" -S

t

Combining with the experimental data, curve fit-
ting is undertaken. It can be seen from Fig. 6 that the fitted

curve is a straight line with slope ng equal to 0.024,

and the intercept C of -0.996. The equation of the fitted
curve is:

S =3.019x10°
In—'— = 0.024t—0.996 = X (19)
S, -S, C =-0.996
3.0 -
25 1n§‘-"(§)-§‘)=n§_ll(' 7
5 ) . .
20 nS =0.024 -
151 €=-0.996
|7’ 1.0 4 -
L ,
0.5 - -
» n
1.0+ L
-1.5 T T T T

T T T T T
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Fig. 6 Curve fitting to obtain the slope and intercept related
to recovery time

According to Eqg. (19), when t reaches positive in-
finity, S, approaches S_ . The second derivative of S,
is calculated using Eq. (10):

S, =18,8, 2188, =78, (S.-25,), (20)

—n

— S
when: St:7°°, S, :

=0, —~ approaches the maximum

value. In other words, the instantaneous rate of change of
average cross-sectional area becomes maximum.

S, =3.925x10" m?,

= (1)

s,
2

where: § is the half value of § during recovery. Us-
ing Eq. (18) and Eq. (21), Eq. (22) can be obtained as:

S,

S, -S,

. 1

nS,

=40.001s . (22)




By putting t* in Eq. (24), Eq. (28) is acquired
as:

S

S, = - (23)

14 e—ni(t—m

By inserting g and t* in Eq. (23), the expres-
sion for S, is acquired to be as:

_ 7.85x107"
1+2.581e70%%

2|

(24)

t

Fig. 7 shows the scatter diagram of measured ex-
perimental data, and the derivative functional curve having
2000 collected points. There is no sudden change of mor-
phology during the recovery. The fibrils gradually shrink
back to a certain steady state, and the measured data coin-
cides well with the theoretical curve. From the theoretical
curve, it can be seen that when the recovery time is 40.001
sec, the curve ascends with the highest slope. This means
that the fibrils shrink most severely at this point in time. It
can be predicted that the average cross-sectional area fluc-
tuates only slightly in an extended time period. In other
words, the fibrils are in a relatively steady state even after
180 sec.

According to the model, large amount of LLDPE
fibrils would be transformed into more complete cylinders
having less structural defects, while these cylinders would
be dispersed uniformly under the premise that the
LLDPE/PS melt is immersed in the oil bath for as long as
possible.

Based on the results, it can be inferred from the
statistical data that the LLDPE fibrils would be in a rela-
tively complete cylindrical form for the recovery time of
180 sec. When the recovery time approached positive in-
finity, the data can be used to calculate the elongational
effect that generated by SRVPE and imposed on the
LLDPE/PS melt. According to the Egs. (4) and (5), the
elongational ratio A, and the elongational strain ¢ could
be calculated using Equations (25) and (26).

8.000+
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180

Data from Derived Function
U

6.000+ = -0.0241

§=7.850x10 "/(1+2.581¢"")
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' (I) 4;).£}£H I l(l)() I IISU I Z(I}G I 2;30 I 3(|)() I 3;0 I 4(|)0 I S(I)O 30
Recovery Time (s)
Fig. 7 Comparison between curves of derivative function
and measured data
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lzlzlzlé:szozszozmgxlo*ix
b 1, S, S, 7.850x10
x100% = 30.688% (25)
Lo, L,
e=1_Lt-=_0_7_1=-0.693 (26)

The final status of the strain of melt that was ef-
fected by the elongational flow field can be represented by
Eqg. (25). It means that the average length of LLDPE fibrils
shrink to 30.688% of the original one, while the elonga-
tional strain decreases to 0.693. As the controlled recovery
experiment is a designed as an adverse experiment, the
final status can be seen as the one where the elongational
flow field began to have an effect on the fibrils via pro-
cessing, while the original status remains as it is when the
elongational flow field is not acting. Consequently, the
average length of LLDPE fibrils increased by 325.861%
(Equation (27)), while the elongational strain rate was
2.259 (Equation (28)).

kb5 s, 7.850x107"
Ty s s T -11
L 1, S, S, 2409x10

x100% = 325.861% 27)
b—l 1 -1,

g'=2 L0 = _3'_1-2259 (28)

5. Conclusions

Based on the structural analysis, a mathematical
model was proposed, and the results verified the pro-
cessing mechanism in VPE. It was found that the elonga-
tional flow field did exist during the circumferential VPCU
revolving in each inter cavity. The results from the recov-
ery experiment confirmed these findings.

In the specimens without recovery, the average as-
pect ratio of LLDPE fibrils is 13.83. Another mathematical
model was established to predict the evolution tendency of
LLDPE morphology. The process of curve fitting predicted
that the cross section shrinks rapidly during the recovery
time of 0-180 sec, while afterwards it remained relatively
stable. The fiercest morphological evolution occurred at
40.001 sec. The genuine elongational ratio 4', and elon-
gational strain &’ via VPE processing were found to be
325.861% and 2.259, respectively. These results estab-
lished that the VPE does impose elongational flow field on
LLDPE fibrils. The processing mechanism and elongation-
al effect of VPE were valuable for optimizing the design-
ing of VPE and promoting th6.e development of polymer
processing theory.
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Zhenghuan Wu, Quan Wang, Yongging Zhao,
Qixiang Fan, Hai Yang, Jinping Qu

ELONGATIONAL EFFECT ON IMMISCIBLE
POLYMER BLENDS VIA NOVEL VANE
PLASTICATING EXTRUDER

Summary

The vane plasticating extruder (VPE) is a novel
polymer processing equipment which is based upon elon-
gational rheology. According to the basic structural analy-
sis and movement interpretation, generation mechanism of
elongational flow field was derived. Elongational effects
during the controlled recovery of immiscible polymer
blends, containing polystyrene (PS) matrix and linear low
density polyethylene (LLDPE) as dispersed phase, were
studied. The morphological results revealed the elonga-
tional effect of vane extruder. LLDPE morphology evolu-
tion was precisely predicted by a mathematical model.
Elongational ratio and elongational strain via VPE were
calculated separately, both of which established that the
VPE does imposed elongational force field on polymer
blends.

Keywords: vane plasticating extruder; elongational flow
field; controlled recovery; mechanism.
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