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ABSTRACT: The distributions of the pulsatile pressure
field, the pulsatile velocity field, and the pulsatile resident
time of the polymeric melt in the coat-hanger die are
derived by using the pulsation of volumetric flow rate and
pressure. Subsequently, formulae of the manifold radius
and the slope of the manifold are deduced via volumetric
flow rate pulsation. Polypropylene (PP) was employed for
the experiments of the vibrational extrusion. The results
indicate that the average extrusion pressure declines with
frequency or amplitude decreasing; the distribution of resi-
dence time along the width of the coat-hanger die per-
forms uniformly during the vibrational extrusion process;
the theoretical extrusion pressure well agrees with the ex-

perimental pressure; the experiments of tensile test, impact
test implicate that vibration improves the mechanical prop-
erties of products; differential scanning calorimetry testing
demonstrates that the melting point of PP is moved to a
higher temperature value, and the endothermic enthalpy
and the crystallinity are improved as well when superim-
posing the vibrational force field. Accordingly, the model
of the coat-hanger die under vibrational extrusion is well
consistent with the experiments. © 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 107: 1006-1019, 2008
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INTRODUCTION

The coat-hanger die makes full use of the merits of
the manifold die'? and the fish-tail die. The coat-
hanger die takes advantage of the tube runner of the
manifold die and dwindles in the cross-section area
of the tube, and therefore shortens the residence
time>® in the die. The virtue of the coat-hanger die
performs well in the molding of the plastic sheet
with poor thermal stability or its time-dependent
rheological properties. Also, the coat-hanger die uses
the fan shape of the fish-tail die to compensate non-
uniformity of the sheet ply. Its radioactive distribu-
tion behaves better than that of the fish-tail die and
thereby the coat-hanger die has its strong suit in pro-
ducing broad-width plates. In addition, the coat-
hanger die is suitable to extrude most of plastics.
Therefore, the coat-hanger die has been widely used
in the extruder.

Touching the mathematical model of the coat-
hanger die, the flow was one-dimensional in the
manifold of the die, but the flow obeyed the two-
dimensional Hele-Shaw model in the slot section.”
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DISCOVER SOMETHING GREAT

Reid et al.® provided an analytical solution that is
based on the assumptions presented in the one-
dimensional design equation for the flow distribu-
tion in the coat-hanger manifold. This solution deter-
mined the flow distribution for a power-law fluid
with a flow index n* in a manifold designed for a
separate flow index n. Kamisli’ derived one-dimen-
sional equations in cylindrical coordinates governing
flow in an arbitrary cross-sectional shape of a cavity
and the slot, by accounting of the order of magni-
tude of terms via using scaling arguments and
asymptotic techniques. The derived equation was
based on an average momentum and mass balance
within the cavity. Wu et al.'” studied the nonisother-
mal flow of Carreau fluid in the coat-hanger die. The
isobars, the isotherms, and the velocity distribution
were obtained as well.

Overall, most of researches on the coat-hanger die
were founded on the steady-state extrusion. Never-
theless, some investigations demonstrated that
superimposing vibrations at the exit of an extruder
can ameliorate the mechanical properties of final
products and reduce the die pressure. For instance,
Cao and Li'"' used a special ultrasonic vibration
extrusion system to considerably meliorate the sur-
face appearance of polystyrene extrudate, and the
melt-flow activation energy decreased and the pro-
ductivity of polystyrene extrudate increased in the
presence of vibration. The most immediate effect of
shear vibrating on the melt in a low frequency range
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(1-100 Hz) is to significantly decrease the melt vis-
cosity.'? This technology can be put into practice to
control the morphology, e.g., diffusion, nucleation,
and growth of crystals, molecular orientation, and
phase dispersion, which are well known to be re-
sponsible for the resultant properties of the materi-
als.">'* However, most of the processing operations
introduce the vibration into the melt limited to the
zone inside the die. Thus the vibrational effect is
very limited since the polymeric vibration was pre-
sent only in a local section but did not utilize the
merits of the whole screw; on the other hand, it is
difficult to extend this fact to practical manufacture
in that each kind of this die should be specially
designed. Contrary, Qu'>""” empolyed an electromag-
netic dynamic plasticating (EMDP) extruder for plas-
tics, which is based on the idea that performances of
polymeric melt can be varied by the vibrational force
field (VFF). In this kind of extruder, VFF is applied
to the solid conveying, plasticizing, melting, inject-
ing, and packing pressure of the whole molding pro-
cess via screw-axially superposing VFF in the ex-
truder. Owing to the vibration of the screw, an addi-
tional stress is added to the shear flow of the
polymeric melt. The flow state of the polymeric melt
is thus altered. The rheological behavior of the mate-
rials is dependent on the stress vibrational frequency
and amplitude as well as temperature and pressure.
As a result, the internal microstructure of the prod-
ucts is also changed during molding and solidifying
of the extrudate, which could drastically enhance
product properties.'® Tt had been verified that the
EMDP had multiple advantages over the traditional
extruder, such as low energy consumption, high out-
put, low melt die-swell-ratio, and superior mechani-
cal and surface quality of the extruded products.'
However, few investigations on coat-hanger die
have been done on the effect generated by VFF.

In this work, an attempt is to establish physical
model in the dynamic extrusion molding and get the
mathematical model for the coat-hanger die. Subse-
quently, the theoretical model is verified through
experiments with polypropylene (PP).

THE MATHEMATICAL MODEL OF
THE COAT-HANGER DIE

In this study, the model just allows for half of the cur-
vilinearly diverging coat-hanger die in virtue of the
geometrical symmetry of the die. The fan shape and
die lip zones (in Fig. 1) can be simplified into two infi-
nite parallel plates. Furthermore, the assumptions of
the dynamic flow analyses on the polymeric melt in
the coat-hanger die are listed as follows. (1) The poly-
meric melt is the homogeneous incompressible fluid.
(2) The polymeric melt flow appears with isothermal
full-developed laminar flow. (3) There is no pressure
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Figure 1 The geometrical model of the coat-hanger die.

drop along the radius of the manifold; as to the model
in the flabellate and die lip, there is no flow velocity
along the direction of x-axis or y-axis. (4) There is no
circumferential flow. (5) The polymeric melt allows
for the shear stress but regardless of the normal stress.
(6) The inertia force and the mass of the polymeric
melt are neglected.

The mathematical model in the flabellate
and die lip

The equations of the flabellate and die lip are the
following:
the continuity equation

0v,

9z 0 M
the motion equations
% =0 ()
% =0 3)
> @

The constitutive equation in the Cartesian coordi-
nate system of z-axis direction can be written as vector

. 0t v, (x, 1)
Txz + 7‘* 8t =" ax (5)

The amended eq. (5) is deduced irrespective of the
impact of the normal stress

Oz _ % {sz(x, t)} n

T A ot ox

(6)
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with the following velocity boundary conditions:
the nonslip condition at the boundary

0z (xa z, t) |x::t6 = 0 (7)
the symmetric condition at x = 0
0v,
ox |,g 0 ®)

and the pressure boundary conditions, i.e., the pres-
sure at the end of the die lip is the atmospheric pres-
sure, thus,

P(X,Z, t)|Z:Z =0 (9)

The volumetric flow rate of the extruder is defined
with the introduction of vibrational parameters into
the output

Q(t) = Q(1 + g, cos wt) (10)

where Q is the volumetric flow rate under steady
state with the value of the approximate empirical
formula, Q = 0.072D3N, it is ® = 2nf where f is the
vibrational frequency of the screw in this equation
and g, is proportional to amplitude A and angular
frequency o, and is inverse ratio to the screw diame-
ter D, and the screw rotate speed N &; = Aw/nD;N.
From eq. (6), it is

Ot | 0Pt 0 [d0u(x,0)]"
ox Moo~ Kax{ ox }

(11)

Substituting into eq. (4), it can be derived

Loz | 0zOt  Nox ox

19p  &Pp K9 [dva(x,t)
L Ox

rzwm (12

Thus eq. (12) can be deduced to be

1ap  &p
noz oz W (13)
K o {&Jz(x, t)]": o(t) (14)

S Aox| o

Integrating eq. (14) with the egs. (8) and (9), we get

n A 1/n 1 1 1
— _ /n 1+ﬁ _ 1+;
v, ) =~ +1< —K> @ (1) (x d ) (15)

Then there is the formula by using the mass equi-
librium with the assumption of incompressible poly-
meric melt

5
) = 2/ Wo,dx
-3
A

5 n 1/71 1 1 1
_ _r /n 15— §lta
4/0 Wn+1( K) o't (x ) ax (1)
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then

K\""2n+1
(Pl/n(t):(—l)_l_%<—> nt1Q s 275(1 4 & cos ot

A n 4w
17)

Substituting eq. (17) into eq. (15), it is

2n+1Q

(%8 =

Q521 (8”“ xH%) (1 + ¢, cos ot)
(18)

As can be seen from eq. (18), the polymeric veloc-
ity pulsatilely changes under vibrational extrusion.
The polymeric melt velocity comprises of two parts,
one is the velocity under steady-state extrusion and
the other is the velocity change generated under
superposing VFF.

The velocity field of the die lip and flabellate
zones at ¢, = 0 can be deduced by the equation

vz(x,t) =

2n4+1Q p1rg! REs
Tt (T ET) @)

With egs. (13) and (17), we have

op & ,
%a_;:‘kaz—g}:%(l—ksqcosmt) (20)
with = (1) "' K((2n + 1) /n)" (Q/4W)"8 2"

(1+¢,cosot)” is deployed by Newtonian bino-
mial formula on account of ¢; < 1 and the term con-
taining &; is

cos*(ot)

n(n— 1)(n—2)(n—3)84

A1 g
nn—1)(n—2)(n—-3)
B 96

3 1
4
& |5t 2cos(2mt) + 5cos (4wt)

(21)

The mean value in a vibrational cycle of eq. (21)
with 0 <n < 1is

nn—1)n-2)(n

-3) 3,
9%

Ses| <0.0156  (22)

Also the average magnitude of the term with &> of
a vibrational period is zero. Hence, the term of

above sg can be omitted and then eq. (20) is
1op  &p ¥ nn—1) »
k(‘)er% 0 1+ ne, cos ot + o qcos ot
(23)
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Equation (23) is the Bernoulli equation and its gen-
eral solution is

0 n(n—1)2
8_5 = \Illl +%(cosmt+kmsinwt) +%
n(n—1)e;
T cos 20t + 2o sin 20t) | 4 Cze!/*
I 1rae )| +Cs

(24)

then

9 _ vl n(n—1)e; L cos(ot — 01)

” : Vitre

n(n — 1)83 cos(2wt — 67)

4 V1 + 4222

with 8; = arctan(Ao) and 6, = arctan(21o).

We merely take account of the stability of the pul-
sating pressure gradient, e~*/* close to zero and
replacing dp/dz with dp/0z, then

+ + Caet* (25)

o _ ol n(n—1)e; L e cos(wt — 01)
0z 4 V143 e?

+

n(n — 1)85 cos(2mt — 92)] (26)

4 V1 + 43202

Integrating eq. (26) by z with eq. (9), the pressure
of die lip and fan-shape zones is given as

2
- n(n —1)e L cos(wt — ;)
4 V142 2o?
n(n —1)e? _
( )€5 cos (20t 62)] z-27) (@)

4 V1 + 43202

And the pressure of die lip and fan-shape zones
under steady-state extrusion at g; = 0 is reduced to

e = k() (2 sz o9

n

P(Z,t) =V

_|_

The mathematical model of the manifold

Although the manifold is curvilinearly diverging, a
micro element in the manifold die can be regarded
as a straight pipe (in Fig. 2). Therefore, the entire
pipe flow of the polymeric melt is obtained in the
manifold (in Fig. 1). Thus the continuity equation

dvs
5 0 (29)

Figure 2 The physics model of micro unit of the mani-
fold.

the motion equation

I _
5 =0 (30)
o _
759 =" (1)
__0p 100m)
0= 8s+r or (32)

The constitutive equation in a cylindrical coordi-
nate system along the direction on s can be
expressed as
OTrs Ovs(r,t)

= —-n

L O
Us T Ay or

(33)

Then substituting polymeric viscosity m(y) which
is dependent of shear rate ¥ for m by, the eq. (5)
turns to

n(3) = KG HA)% (34)

Accordingly, the amended constitutive equation is
derived without respective to the influence of the
normal stress

OTys Ovs(r,t)

Tys + A ot = - |: or :| (35)

with the following boundary conditions:
the boundary nonslip condition

vs = vs(r, t)‘r:R(y) =0 (36)

the symmetric condition when r = 0

v

) — 7
o =0 (37)

There is function from eq. (32)

o T n O0Trs

%Z r or

(38)

Those equalities 0z/0s = dz/ds and 0t,s/0r = dt,s/dr
are able to be got for the flow in the manifold are

Journal of Applied Polymer Science DOI 10.1002/app
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one-dimensional. While dz/ds depends on the geome-
try of manifold and has
0 _dz_
Os ds

dz/dy _
ds/dy

dz/dy
1+ (dz/dy)?

(39)

in which dz/dy determines the trace of the manifold
axis and is constant apropos of the linear diverging
coat-hanger die. But for curvilinearly diverging coat-
hanger die, and dz/dy is a function of y. Thereupon,
supposing dz/dy = f(y), eq. (12) becomes

£ W
& i f) 4o

Combining egs. (26), (38), (39), and (40), it is

n(n —1)e;

i —\I’ 1

r 1+ f2(y)
ne, cos(ot — 6;)  n(n— 1)85 cos(2mt — 62)] 41)

Jr
V142202 4 V1 + 43702
Equation (41) with eq. (37) is reduced to

[Pt
o1 T2 I

n(n —1)e cos® o)t] )

Trs dTrs f( ) [1

X |1+ ne; cos ot + 5

where the terms in the bracket of the right part
equate the first three items of the Newtonian bino-
mial expanded form of (1 + ¢, cos mt)". Thus eq. (42)
can be recovered owing to the terms above 82 forgo-
ingly neglecting

B P )
or 2 V1+P(y)

Integrating eq. (43), the formula with eq. (36) is
given as follows

2n+—1(1)1ﬁ1C§8a+§ ")
n+1 4w (1+£2)"™
—R™i(y))(1 + g cosof)  (44)

(1+g cosot)" (43)

v =
><(r @

Whereas the velocity of the manifold under
steady-state extrusion when g, = 0 is

Vs = —

21 ()8 L
n+11\2/ 4W (1 +f2( )L/

X(r = RYi(y))  (45)
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The pressure pulsation in the coat-hanger die

The variation of the instantaneous pressure pulsate
with the constant average pressure of the die en-
trance is discussed as follows. By the same taken, for
the fan-shape and die lip zones, there are

Wy W, Wy oo
2% 50 dy 0. %= @O

The power law model is employed to depict the
polymeric melt to solve the motion equation

v \"
Ty, = —K( 8x> (47)
In regard to the manifold, they are
0v . 8;7 o 8p 3P . 1 a(rrrs)
s " =% %" a5 ra W

Likewise, the power law model can be utilized to
describe the polymeric melt to solve the motion

equation
T = —K (5?)5) (49)

or

The pressure of the die entrance introducing vibra-
tional parameters with pressure fluctuation is
defined as

pi(t) = po(1 + &, cos wt) (50)

There is the equation by introducing eq. (47) into

eq. (46)
op o (Ov\"
2= Ko <8x) =o(t) (61)

Similarly, there are

0, = _@ 1/”L(x1+%
z K n+1

— 31%) (52)

Sl AL 2n+1Q(t) §-2-1

0'"(H) = (-1) AW (53)

Then there is the pressure formula by uniting egs.
(51) and (52)

pz,t) = o(t)(z — G3)
_ (_1)711K(2n: 1) {%} 8—211—1(2 _ CS) (54)

The exit pressure is the atmospheric pressure at
z = Z, which can be neglected. Thus it is C;3 = Z
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While the entrance pressure is p;(t) at z = 0. Then
with eq. (54), it is

o(t) =— pZ—O (1 + ¢, coswt) (55)

Substituting eq. (55) into eq. (54), the pressure
field of the flabellate and die lip zone is

po(Z — z)

p(z,t) = > (1 + &, coswt) (56)

The pressure field of the flabellate and die lip
zone under steady state at g, = 0 is

plety =222 57)

Substituting eq. (55) into eq. (52), the velocity field
of the flabellate and die lip zone is

_n_ (po 1/n 14 14l 1/n
v, = — (KZ) (8 X )(1 + g, cost) " (58)

The velocity field of the flabellate and die lip zone
under steady state at g, =0 is

n Po 1/n 1+
Uz = n+1(1<z) (®

As far as the manifold, the same as eq. (41), it is

X ) (59)

Trs | dTys f)
~ Tt = o(t) AT W) (60)

Integrating eq. (60), the function with eq. (37) is
given as

L _elr fw) .
2 V1+£(y)
The formula with egs. (49) and (36) can be written as
o= 1 _[20 T/" f"(w)
C o 1RZKD ()

X [R”%(y) - r”ﬂ (1+g,c0s)/"  (62)

The velocity field of the manifold under steady
state at g, =0 is

f"(y)
1+f2(y))

Vs =

/n 1 1
n [ Po }1 : o [R1+;(y) _r1+ﬁ] (63)

n+112ZK

The average velocity under the volumetric
flow rate pulsation

The distributions of velocity field and pressure field
in the different die zones have been given, but the

average velocity is deduced to simplify the applica-
ble problem.

The flow equilibrium of the polymeric melt in the
die touching the fan-shape and die lip can be got by

Q(t) = 4Wbdv. (64)
The average velocity 7, of the fan-shape and die
lip with the introduction of eq. (10) into eq. (64) is

_ Q@ +ecoswt)
=TT awe (65)

In so far as the manifold, the flow rate of a certain
section can be given by

Qu(s) = nR?(y)vs (66)

And the volumetric flow rate between this section
and the end is

Q) =22 (1-%) (©7)

The average velocity 7; of the manifold with egs.
(10), (66), and (67) is

QW —y)(1 + & cos ot)
%= 2nWR2 ()

(68)

The residence time of the polymeric melt under
the volumetric flow rate pulsation

In respect of any melt micro-element in the fan-
shape and die lip zone, it is

dz = 0,dt (69)

Then substituting into eq. (65), the equality turns
to by integrating

/dz_
/dz—

Thus the respective longest residence time of the
fan-shape and the die lip, T, and T,, are able to be
obtained as follows

TeQ(1 + Q1 +¢;cos wt) ot)
t 7

4Wd a (70)

ToQ(1 + Q(1 +¢;cos wt) ot)

et 71)

AWHS
T, + D sin T, = —20 (72)
Q) Q
AWS(Z — H
T, + “sinor, — TWZ—H) (73)
Q) Q

The polymeric melt flows along any streamline.
The melt enters the manifold from pint (0, 0), passes
random turning point (y, z (y)), goes into along line
into fan-shape and die lip, and finally flows out of

Journal of Applied Polymer Science DOI 10.1002/app
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the die. The overall residence time of this process T,
is given as
Y2nWR?(u)

b QW ) VTS

4W3d
——dz 74
" /Z(y) Q )

& .
T, +—sinwoTl, =
®

where it is z(y) = [J f(u)du

Also, under steady state the longest residence time
of the fan-shape, the die lip, and the manifold, and
the total process on any streamline are, respectively,
defined as

4WHS

Te=—— 75
5 (75)
T, = AW(Z —H) (76)

Q

W 2nWR(y)
T,y = 1+ 2(y)d 77
, OW—y) +f2(y)dy (77)

y 2
T, — [M2WRA ,/1+f2 d+/ AW 1 (78)

Manifold design

The manifold end radius is zero in light of the geo-
metric design so that the end volumetric flow rate of
the manifold equates zero. And the volumetric flow
rate of the manifold at any section is equal with the
volumetric flow rate between the section and the
manifold end.

The volumetric flow rate of the manifold at any
section for flow rate pulsating is given to be

R(y)
Qa(s) :/o ! 2nros dr (79)

with egs. (44) and (67), then
1
R 2l (1)H“8—<z+%> )
Tantl (L2 ()™

The following formula is available to keep the
same residence time of the melt in the die

R¥*i(y)=W -y

(80)

dz ds
%o oy
using egs. (79) and (81), then
6m + 2\ y\1/3
1852w (1 - Y
] =(5y) < Pwr(-)
1/3
=Ry (1 - %) (82)

Therewith, R(y) just relies on y, not viscosity or
vibrational parameters. The slope of manifold axis
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Figure 3 The schematic drawing of the electromagnetic
dynamic plasticating extruder: 1 base, 2 screw, 3 barrel,
4 rotor, 5 stator, 6 mount, and 7 hopper.

fly) is obtained by combining eqs. (65), (68), and
(80)(82),

1/2
RY(1 - L)Y /

431 (W —y)® — m2RE(1 — )*3

fly) = (83)

Moreover, the same results can be gained with the
pressure pulsation.

EXPERIMENTAL
Equipment

A SJDD-260 electromagnetic dynamic plasticating
(EMDP) extruder'>” is used to prepare the PP
sheets (in Fig. 3). A single screw extruder is installed
inside a specifically designed motor. The extruder is
equivalent to a ferromagnetic solid-rotor asynchro-
nous motor, observed from the stator. Also, the pul-
sating magnetic field and rotating magnetic field
produced in the gas gap make the torque pulsatile
and the rotor axially vibrational. The rotor thus
drives screw pulsatile rotation and axial vibration to
introduce VFF. This is the vibration plasticating
extruding. The extruder can be also used as a tradi-
tional single-screw extruder if the screw does not do
axial vibration. In this case, it is mentioned as con-
ventional static extruding.

The parameters of coat-hanger die (in Fig. 1) are:
W = 100 mm, 8 = 2 mm, and H = 60 mm. Q =
1944 mm?/s. The testing point C is used to measure
the pressure by the pressure sensor (grade BYY773)
provided by Guangzhou Tongli Measuring Technol-
ogy Institute, China.

Material

PP (grade T30S) used in this research is supplied by
Hunan Changsheng Petroleum Chemistry Corp.
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China with a melt flow rate of 3.057 g/10 min (T =
230°C, P = 2.16 kg).

Sample preparation

The PP sheets were extruded by traditional extrusion
and vibrational extrusion. For both extrusion, the
temperature profile used was 200, 230, 230, and
200°C from hopper to die, the screw rotation speed
was maintained at 60 rpm, and the sheet take-up
speed was regulated to the same as extrusion speed
to avoid elongation of the extruded sheet. For vibra-
tion extrusion, vibration frequency of the screw in
the axial direction was 0-20 Hz, and the amplitude
was 0.1-0.4 mm. In each processing condition, a sec-
tion of the extruded sheet was cut off for structure
and property characterization after the extrusion was
stabilized.

Mechanical test

The dumbbell specimens used for tensile test were
prepared along the extrusion direction (MD) and
transversal direction (TD) of the extruded sheet sam-
ples, respectively. The valid geometry of the speci-
mens is 25 X 4 X 1.6 mm°. These tests were per-
formed on an Instron_Merlin series 5566 testing sys-
tem at 25°C, and the crosshead speed was 50 mm/
min. The average value of five samples was reported
for each condition. In Izod notched impact strength
test. The specimens were obtained by machining the
sheets into 62.5 X 12.5 X 1.6 mm?® bars along MD
and TD, respectively. The bars were notched with a
single-tooth cutter. The notch depth was 2.5 mm.
These tests were performed on an Instron_Merlin se-
ries POE 2000 charpy-type impact machine at 25°C.
The average value of five samples was reported for
each condition.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) studies were
performed on a differential scanning calorimeter
NETZSCH DSC204C (Germany) to examine the crys-
tal behaviors for the traditional extrusion sample
and best mechanical properties vibrational extrusion
sample, 4-6 mg specimens were cut from the
extruded sheets. Aluminum pans were used. The
samples were heated from 25 to 200°C with a heat-
ing rate of 10.0°C/min.

RESULTS AND DISCUSSION

In the classical theory, the velocity field and the
pressure field are the main factors for the coat-
hanger die extrusion capacity and quality. With
appropriate velocity and pressure drop, the coat-

hanger die extrusion will fabricate the most qualified
products. As aforementioned, in the present experi-
ment, the pressure sensor can be located in the die
(in Fig. 1). Therefore, the pressure can be obtained
from the direct measurement. Yet, it is difficult to
get the data of velocity from the present experiment.
Hence, in the following results, the velocity has no
experimental results. Fortunately with the help of
the results of pressure, the previous theory (physical
model and analytical expressions) can be proved
efficiently.

Extrusion pressure

The steady-state extrusion pressure at testing point
C (in Fig. 1) calculated by eq. (28) is 1.5373 MPa.
The outcome is the same as the result of the formula
AP = [(2™ (m + 2)QL™)/(2K'W(28)"™)]Y/™. This for-
mula can also be transferred to eq. (28) with m = 1/n,
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Figure 4 The theoretical extrusion pressure (the testing
point C shown in Fig. 1) as a function of time with differ-
ent vibrational conditions: (a) f = 15 Hz, (b) A = 0.3 mm.
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Figure 5 Average extrusion pressure (the testing point C
shown in Fig. 1) as a function of different vibrational
parameters: (a) vibrational frequency, (b) vibrational am-
plitude.

L = Z—z and K' = K™, which validates the correct-
ness of the pressure field of the model in the coat-
hanger die. In other words, the steady-state value at
testing point C is 1.5299 MPa. The datum is well
consistent with the theoretical value and verifies the
pressure field of the model once again.

The extrusion pressure periodically waves with
time under dynamic parameters in contrast with the
constant of the classical extrusion, for which the am-
plitude or frequency is zero (in Fig. 4). The maxi-
mum magnitude of the extrusion pressure that is
derived from eq. (28) at testing point C (the same
testing point with the same equation following) is
1.56 MPa under amplitude and frequency of 0.3 mm
and 5 Hz, respectively [in Fig. 4(a)]. The value
climbs up with amplitude increasing to 0.3 mm.
Howbeit, the curve takes place the plateau state at
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the top when amplitude reaches 0.4 mm. On the
other hand, the influence of frequency is taken into
consideration so that the time cycle is different [in
Fig. 4(b)]. The maximum of the extrusion pressure is
1.56 MPa under frequency and amplitude of 5 Hz
and 0.3 mm, respectively [in Fig. 4(b)]. The value
enhances with frequency augmenting to 15 Hz. The
extrusion appears the plateau state at the top when
frequency arrives at 20 Hz. The consequences eluci-
date that VFF can drastically enhance the extrusion
pressure and thereby reduce the pressure loss.
Meanwhile the undulation of curves illustrates that
there are the optimum vibrational frequency and
amplitude.

Also, the average extrusion pressure in a period is
provided. The average extrusion pressure needed in
a cycle is 1.537 MPa under steady state extrusion (in
Fig. 5). Whereas the average extrusion pressure in a
cycle at a given amplitude A = 0.3 mm decline with
the increase of frequency from 0 to 20 Hz [in Fig.
5(a)]. Where there is larger amplitude, there is larger
drop of the extrusion pressure. Otherwise, as an
example of frequency f = 15 Hz, the average extru-
sion pressure falls when amplitude rises ranging
from 0 to 0.4 mm [in Fig. 5(b)]. Moreover, the results
implicate that the larger frequency results in less
pressure requirement in a cycle. Consequently, the
energy on the extrusion pressure is less under vibra-
tional extrusion than that under steady extrusion
with the same extrusion output.

Furthermore, the measured extrusion pressure of
testing point C (in Fig. 1) is obtained by transmitting
voltage signal into pressure and omitting the noise
signal (in Fig. 6). For instance, 7.5 wave samples are
collected within 500 ms with amplitude of 0.3 mm
and frequency of 15 Hz. The theoretical curve well
coincides with the experimental one in the mass.

oo Lo L b Ly by b by by
' Experimental curve

Theoretical curve

1.64 —

1.62 —

1.60 —

1.58 —

1.56 —
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1.48 —

1.46
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Figure 6 The theoretical and experimental extrusion pres-
sure (the testing point C shown in Fig. 1) as a function of
time at f = 15 Hz and A = 0.3 mm.
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Figure 7 Total residence time as a function of die width
under steady extrusion.

The errors between the curves presumably come
from the pressure sensor drifting, interferences of
the extruder and other equipments, especially the in-
convenience to regulate amplitude in the experimen-
tal. But on the whole the measured extrusion pres-
sure changes with the theoretical one, which demon-
strates the validation of the theory and denote the
applicable meanings of the theory.

Residence time

The total residence time of the coat-hanger die of the
PP melt is gained from eq. (74). The total residence
time of the die under steady state is in possess of
nearly no change among the breadth exception for
both die sides (in Fig. 7). Besides, the total residence
time of both die sides is 5% longer than that of
locus, which is in the position of width of 90 mm.
The phenomena to some extent reflect on that the
flow of the melt is uniformity in the die region. As
regards the vibrational parameters, the total resident
time with different vibrational amplitude and fre-
quency changes in milliseconds in comparison to
that under steady-state extrusion (in Tables I and II).
In addition, the PP melt uniformly flows in the coat-
hanger die region under vibrational extrusion, which
implies that the vibration does not prolong the resi-
dence time and destroy the uniformity of the poly-
meric melt flow.

Tensile strength

It is found that the vibrational extrusion has brought
out a remarkable reinforcement effect on PP samples
in MD, compared with the static extrusion samples.
The tensile strength of PP samples steadily rises
with the increase of vibrational frequency. For exam-
ple, the tensile strength of PP specimen in MD
climbs up with increasing vibrational frequency, at a
vibrational amplitude of 0.1 mm [in Fig. 8(a)]. When
vibration frequency rises to 7 Hz, the tensile strength
of the sheet increases up to 38.0 MPa, an increment
of 14.6% than steady-state extrusion sample of 33.17
MPa has got. At a vibration frequency of 5 Hz [in
Fig. 8(b)], the tensile strength of the samples first
rises with increasing vibration amplitude, but above
0.24 mm, decreases. Similarity exists between the
relationships of various vibration parameters and the
tensile strength as shown in Figure 8. More exactly
the tensile strength of PP sample in MD is improved
by the axial reciprocating vibration.

There is somewhat variation on the tensile
strength of extruded PP sample under VFF in TD
direction for the PP samples, compared with the
static extrusion sample as shown in Figure 8, which
means the tensile strength of VPE sample in MD has
been improved without lessening the tensile strength
in TD direction. Besides, with vibration, it is found
that the PP sample always has a higher tensile
strength along MD than that along TD. Figure 9
shows the dependence of the corresponding Young's
modulus on the vibrational frequency and ampli-
tude, respectively. It is obvious that the modulus of
PP samples in TD increases as the vibration fre-
quency or the amplitude increases. Otherwise, the
modulus of PP samples under VFF in both MD and
TD enhances with the introduction of vibration, but
generally declines after the vibration frequency
raises over 15 Hz (in Fig. 9). And the modulus of
vibrational extrusion samples in MD is higher than
that in TD as well.

Impact strength

These data show that the vibrational extrusion sam-
ples have remarkable enhancement in impact tough-
ness along both MD and TD (in Fig. 10). At a given
amplitude of 0.1 mm, impact strength in MD rises

TABLE 1
Total Residence Time (s) Along Width Under Different Vibrational Amplitude at f = 15 Hz
W = 0 (mm) W = 20 (mm) W = 40 (mm) W = 60 (mm) W = 80 (mm) W = 100 (mm)
A = 0 (mm) 23.4568 23.5638 23.7071 23.9166 24.2842 27.3595
A = 0.1 (mm) 23.4576 23.5635 23.7078 23.9177 24.2831 27.3588
A = 0.2 (mm) 23.4583 23.5631 23.7086 23.9187 24.2821 27.3580
A = 0.3 (mm) 23.4589 23.5626 23.7096 23.9197 24.2811 27.3570
A = 04 (mm) 23.4594 23.5620 23.7106 23.9205 24.2802 27.3559
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TABLE II
Total Residence Time (s) Along Width Under Different Vibrational Frequency at A = 0.3 mm
W = 0 (mm) W = 20 (mm) W = 40 (mm) W = 60 (mm) W = 80 (mm) W = 100 (mm)
f=0Hz) 23.4568 23.5638 23.7071 23.9166 24.2842 27.3595
f=5(Hz) 23.4557 23.5648 23.7074 23.9172 24.2837 27.3605
f =10 (Hz) 23.4584 23.5666 23.7059 23.9141 24.2866 27.3616
f=15(Hz) 23.4589 23.5626 23.7096 23.9197 24.2811 27.3570
f =20 (Hz) 23.4549 23.5607 23.7052 23.9134 242874 27.3570

with frequency until 0.15 Hz. Further increasing am-
plitude, has a plateau stage with the continuous
increasing in frequency [in Fig. 10(a)]. With the
vibrational frequency of 15 Hz, impact strength in
MD enhances greatly until the vibrational amplitude
of 0.24 mm [in Fig. 10(b)]. Then further increasing
frequency does not result in higher impact strength
and with the increase of vibrational frequency there
is a decreasing trend in MD. With the vibrational
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(b)
Figure 8 Tensile strength of PP samples as functions of

vibrational conditions: (a) vibrational amplitude, (b) vibra-
tional frequency.
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frequency of 15 Hz, amplitude of 0.2 mm, impact
strength increases from 3.33 to 3.67 K]/mz, a 0.34
KJ/m? increase compared with traditional extrusion
sample. Also, the same trend in impact strength
along TD can get from Figure 10. With superimpos-
ing VFF impact strength along TD is improved as
well. Impact strength along TD shows a little higher
than that of typical specimens, at the vibrational
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Figure 9 Young’'s modulus of PP samples as functions of
vibrational conditions: (a) vibrational amplitude, (b) vibra-
tional frequency.
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Figure 10 Impact strength of PP samples as functions of
vibrational conditions: (a) vibrational amplitude, (b) vibra-
tional frequency.

frequency of 5 Hz and amplitude of 0.3 mm. How-
ever, the toughness of the PP samples in MD is
higher than that in TD, the same as the tensile
strength in MD is higher than that in TD. These out-
comes delineate that VFF considerably helps samples
reach the equilibrium and thus enhances the tensile
and impact properties of extrusion molding produc-
tions, especially along TD, and their impact tough-
ness is improved dramatically. The consequences are
in good agreement with the theory.

These results indicate that the VFF has a consider-
able reinforcement effect on the extrusion die distri-
bution of the coat-hanger die. This effect is mainly
due to the existence of stress-induced crystallization
and molecular orientation. During vibrational extru-

sion, polymer chains are sheared both in hoop and
axial direction; VFF speeds up the melt arrive at the
physicochemical equilibrium. Accordingly, The in-
stantaneous impulse® aggrandizes the kinetic energy
of macromolecular chains and chain segments. Addi-
tionally, the local negative pressure’ impels the
kinetic energy of macromolecular chain and chain
segments, After a series of collisions among intermo-
lecules and intramolecules, the ability of macromo-
lecular chains and chain segments to move to differ-
ent directions. So the macromolecular chains orient
not only in flow direction but also in other direc-
tions. It is propitious to crystallization, and those
molecules oriented in the direction other than flow
direction can form micro crystals or serve as strong
connections between lamellas. In this case, the me-
chanical strength of amorphous phase can be
improved. Whereas, when the instantaneous impulse
and the local negative pressure under superposing
VFF immoderate, the egregious vibrational ampli-
tude and frequency, macromolecular chain, and
chain segments movements cannot catch up with
steps of macromolecular chains and chain segments.
Thus, PP orientation and crystallization drops, lead-
ing the decline of the PP properties.

DSC

The melting peak of PP sample under vibrational
extrusion is shifted to higher temperature, which
means the more perfect crystallites exist in PP sam-
ple under vibrational extrusion than that under
steady-state extrusion. The melting peak area, or the
heat of fusion, of PP sample with vibration changes
from 83.3 to 88.87 J/g at frequency f = 5 Hz and am-
plitude A = 0.3 mm (in Table III). Besides, the sam-
ple under the steady condition exhibits only a sharp
peak at 168.6°C, but the peaks of the samples in dif-
ferent vibrational parameters exhibit broader shapes
than the curve a. Compared with the original sample
in the steady condition, all melting points of the
samples under vibrational conditions increase from
168.6°C to 169.4°C [in Fig. 11(a)]. The mechanical
properties of the sample mainly depend on the
change of polymeric morphology and crystal
kinetics. Since melting peak area obtained from the
DSC is directly proportional to the degree of crystal-
linity, it is shown that the VFF has slight effect on

TABLE III
DSC Heat Absorption Capacity and Crystallinity at
Different Vibrational Conditions

0 5,01 5,03 10, 0.3
(mm) (Hz, mm) (Hz, mm) (Hz, mm)
AH; (J/g) 83.3 87.04 88.87 86.63
Xe (%) 39.9 41.6 425 415

Journal of Applied Polymer Science DOI 10.1002/app



1018

DSC/ mW/mg
: =)
N~
I

0.4— o
] 168.6 °C
0.6— .
_ 168.5°C
-0.8— 169.4°C
_ 169.2°C

Tttt
40 60 80 100 120 140 160 180 200

Temperature/UC

Figure 11 DSC curves of the samples with different
vibrational conditions: (a) 0 Hz; (b) 5 Hz, 0.1 mm; (c) 5 Hz,
0.3 mm; (d) 10 Hz, 0.3 mm.

the degree of crystallinity that increases from 39.9%
to 42.5%. Therefore, the increase in melting peak
may be due to the vibration in crystal perfection,
which affects the mechanical properties of PP sam-
ples. Because no new crystal had formed and no
obvious increase of the degree of crystallinity, we
think that the essential reason of the improvement of
mechanical properties of samples is that average
crystalline size decreased.

The DSC results imply that the reciprocating axial
vibration facilitates nucleation and growth of PP
crystals. Because of decreased chains entanglement
and obtained instantaneous impulses associated with
the VFF, the polymeric chains can nucleate at a rela-
tively higher temperature and form more perfected
crystallites.”® On the other hand, the molecular
chains of PP are quite flexible with few branches. It
is easy for them to rearrange themselves into the
crystalline lattice in the vibrational field. Hence the
crystallinity of PP is improved by VFF, and the crys-
talline structure is more thermally stable. Vibration
also increases the T, of the amorphous regions in the
interspherulities, presumably as a result of orienta-
tion of the molecules in this region,'” and the orien-
tation of the interlamellar and interspherulitic ties,
which has a tremendous impact on the mechanical
properties.'” This can explain why the vibrational
extrusion samples have dramatic improvement in
their impact strength.

CONCLUSION

By analyzing the aforementioned results, some con-
clusions can be drawn as follows. (1) The velocity
field and the pressure field of the slot section and
the manifold zone in the coat-hanger die are
deduced for volumetric pulsating and pressure pul-
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sating, respectively. The residence time in the die is
calculated as well for flow rate pulsating. Also the
equations of the manifold radius and the slope of
the manifold axis are derived, which have nothing
with the vibrational amplitude and frequency. (2)
The pulsation of the extrusion pressure in the die
rises with the increase in frequency or amplitude,
but the average extrusion pressure decrease, which
accords well with the experimental data. (3) The res-
idence time of flowing out of the die along different
streamline distributes evenly on the whole width
both in steady state and VFF, which implies that the
flow is uniform at the pulsatile extrusion. (4) The
tensile and impact tests of PP sheets demonstrate
that vibration help enhance the mechanical proper-
ties such as tensile strength and Young’s modulus
both in MD and TD, and impact strength. The DSC
experiment for PP sheets implicates that the intro-
duction of vibration makes the melting peak move
to high temperature, endothermic enthalpy, and
crystallinity upgrade.

NOMENCLATURE

t time

cylindrical coordinate system and s being
the direction of the polymeric melt flow
which is the tangent direction of the axis
of the manifold.

R(y) radius of the manifold radius as a function
of y

H height of the fan shape

W half of width of the die

Z height from origin to die exit

d half of thickness of the slot

Q) volumetric flow rate of the manifold en-

trance and Q(t)/2 to be the volumetric
flow rate of each manifolds

\ flow speed

T shear stress

A relaxation time

mn apparent viscosity

p pressure

n flow index

N rotating speed of the screw

K consistency coefficient of the polymeric
melt

n polymeric melt rheology index

Cs constant

Po entrance pressure under steady state

&p pulsatile amplitude coefficient of the pres-
sure drop

1IA second invariant of the deformation rate
tensor

AH; DSC heat absorption capacity

X, crystallization degree
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