Indian Journal of Textile Research
Vol. 13, September 1988, Pp. 146-150

Effect of Rheology on Melt-Spinning of Polymer Blends
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The rheology of blends of polypropylene and high-density polyethylene (HDPE) was measured at 185, 200
and 215°C using Weissenberg cone and plate rheogoniometer. Fibres were spun from these blends at 200°C and
the mechanical properties of these fibres were measured using Instron tensile strength meter. The addition of
small amounts of HDPE to polypropylene improved the tenacity considerably.
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1 Introduction

The rheology plays a very important role in
processing operations such as spinning of polym-
ers!. Most polymers show a non-Newtonian flow
behaviour and possess significant elasticity?. The
fibre spinning process involves extrusion of po-
lymer melt at a given rate followed by controlled
cooling and then stretching (drawing). The die
swell and orientation of molecules depend largely
on the velocity profile, which, in turn, is influ-
enced by the rheological properties of the polym-
er3. A brief review of rheological principles is giv-
en below.

The relationship between. shear stress (t) and
shear rate (y) is known as a rheogram. For New-
tonian fluids, such a relationship is linear and is
given by the equation

T=ny - (1)

For Newtonian fluids, the viscosity (p) is inde-
pendent of shear rate. For non-Newtonian fluids,
the viscosity depends upon the shear rate and,
therefore, the ratio of 1/y is termed as apparent
viscosity (p a). For shear thinning or pseudoplastic
fluids the apparent viscosity decreases as the
shear rate increases, while for shear thickening or
dilatant fluids the apparent viscosity increases
with the increase in shear rate (Fig. 1).

The shear thinning or shear thickening behav-
jiour is most commonly expressed by a power law
model,

T=KH) - (2)

where K is the consistency index and n, the pow-
er law index. Thus, n<1 indicates the shear
thinning behaviour, n=1 the Newtonian behav-
iour, and n>1 the shear thickening behaviour.
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Although mathematically the power law is a sim-
ple model yet it has inherent limitations as it pre-
dicts either a decrease or increase in the apparent
viscosity in a monotonic manner. Practically, most
fluids show a Newtonian behaviour at low shear
rates as well as at very high shear rates. There-
fore, it is necessary to use other models which in-
clude the Newtonian behaviour at these two ex-
treme conditions. Such models have been dis-
cussed and reviewed by Skelland?. The limiting
viscosity at low shear rates is called zero shear
viscosity (p,) and the- limiting viscosity at high
shear rates is called infinite shear viscosity (W ).
Due to high viscosities of polymers, very high
shear rates, where the infinite shear viscosity may
be observed, are not encountered. Hence, models
using zero shear viscosity are very commonly
used. One such model, the Ellis model, is given as
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Fig. 1 — A class of non-Newtonian behaviour
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where A and a are constants. At low shear rates
the term (t/A)*~! is small compared to 1 and
hence a Newtonian behaviour with constant vis-
cosity of p, is predicted. As the shear rate in-
creases the numerical value of (t/A)*~! becomes
much larger in comparison to 1 and a non-linear
behaviour is predicted. a>1 indicates a shear
thinning behaviour.

Most of the polymers show visco-elastic pro-
perties also. This visco-elastic behaviour is de-
scribed by a simple Maxwell model -

Dt

= ... (4
1+)».Dt ny (4)
where A is the relaxation time relating to elastic
properties of polymer; p, the viscosity; and D/Dt,
a convected Oldroyd derivative®.

For many polymers, however, more complex

rheological equation must be used. In Maxwell
model, both viscosity () and relaxation time (A)
are constant but for many polymers they are func-
tions of shear rates. The theoretical equations be-
come too complex to be used in the analysis. A
good account of such models is given by Han*. A
commonly used model is the modified Rivlin Er-
icksen model.
T=u() A4 + W4 - MINA, - (5)
where p.(fl), WII) and A(II) are the functions of
second invariant, and A4, and A,, the Rivlin Erick-
sen_tensors of first and second order. Since p(II),
WII) and M(II) are functions of second invariant,
one may use any empirical relationship which fits
the experimental data. Many such empirical forms
have been reported in the literature and used in
engineering analysis of non-Newtonian fluids’.

The elasticity of fluids is exhibited through the
normal stress difference, T, — T,,. Similar to Eq.
(3), one may write

2 1 = et
Y =Eo[1+(LTt23) _ }("711"1522)

where G, Band Care constants.

As viscosity is defined as the ratio of t/¥, the
coefficient of normal, stress is defined as
(T3 — T2, /¥% Eq. (6) is 3 numerical expression an-
alogous to Ellis model. Thus, at low shear rates
the numerical value of the term [(t;; —T,,)/BI°!
is much smaller than 1 and it may be neglected in
which case one .may obtain (T, —1Ty,)=GyY?
yielding a constant coefficient of - normal stress

. (6)

difference. Similarly, as shear rate increases the.

term [(T;; — T,)/B]°~! may be much larger than 1
and hence a linear variation in normal stress coef-
ficient is predicted. The variation of normal stress

VISCOSITY
NORMAL STRESS COEFFICIENT
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Fig. 2 —Usual variation of viscosity and normal stress differ-
ence coefficient for polymer melt

with (¥)2 is predicted from Eq. (5) when the func-
tions w(II), WII) and )»(ﬁ) are constants and not
the variable functions of shear rate®. This point
has been explained and discussed in a simple
manner by Middleman3. Eq. (6) is empirical and
has been used in the engineering analyses®. A gen-
eral variation of viscosity and normal stress coef-
ficient is shown in Fig. 2. The relaxation time (A)
is related to the normal stress difference and
shear stress as

Ty — Ty
A=—— ;
= ™)

Thus, the relaxation time also should approach a
limiting value at lower shear rates.

Since both viscosity and relaxation time change
with shear rate, their relative rates of change be-
come significant. Thus, if viscosity decreases more
rapidly the elastic effects would predominate and
if the relaxation time decreases more rapidly the
viscous effects would predominate. There are
many analyses which qualitatively account for the
viscous and elastic effects to some extent®’. The
exact nature of rheology on the stress involved in
and the stability of the spinning operation is not
fully understood.

The blends often alter the properties of polym-
ers. Therefore, it was thought to blend the poly-
propylene (PP) and high-density polyethylene
(HDPE) and to study their rheology, spin the fi-
bres and test the tensile strength of these fibres.

2 Materials and Methods

Polypropylene. (Koylene, YF8l, IPCL, Baroda,
India) and- HDPE (GF 7750 M, Polyolefin Indus-
tries, Bombay, India) were blended in different
proportions using a two-roll compounding mill.
The temperature of the rolls was set at 140°C.
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The following compositions were obtained: (i)
100% PP, (ii) 80% PP+20% HDPE, (iii) 60%
PP+40% HDPE, (iv) 40% PP+60% HDPE, (v)
20% PP+ 80% HDPE, and (vi) 100% HDPE. The
pellets of each polymer were weighed appropri-
ately to obtain total weight of each blend as 300
g- The polymers were blended into a homogene-
ous mass for 40 min. At the end of the homogeni-
zation process, a thin sheet of the blend was ob-
tained. The sheet was -cooled to room tempera-
ture and cut into small pieces of 2 X2 mm using a
shear cutter. To keep the same thermal history of
all the samples, the pure PP and HDPE samples
were also homogenized in the same way and cut
into small pieces.

The rheological properties of the samples were
measured at 185, 200 and 215°C using a Weiss-
enberg rheogoniometer (model R-19) employing a
cone and plate assembly. The shear rate range
was 1-56 sec™!. Fibres were spun using Fuji mini
melt-spinning apparatus at 200°C.

The mechanical properties of fibres were deter-
mined using Instron (1026) tensile strength meter.
The creep tests were carried out on ten speci-
mens of fibres from each of the six blends with a
pre-calibrated load of 100 g. The average of these
values was taken as the representative value.

3 Results and Discussion

The flow behaviour of all the blends at 200°C
is shown in Fig. 3. The rheogram shows a highly
non-linear behaviour. Fig. 4 shows the variation
of apparent viscosity (u,) with shear rate. It is ob-
served that all these blends show a limiting vis-
cosity at low shear rates. Also, all the samples
show a shear thinning behaviour. Fig. 5 shows
normal stress difference of melts of these blends.
The rheological data of the blends at 185°C and
215°C are not given here. The trénd of variation
of viscosity and normal stress difference was simi-
lar. The data at 200°C are reported here since fi-
bres were drawn at 200°C only. The zero shear
viscosity was generally found to decrease when

temperature was increased. All these data includ-
ing the viscous and elastic properties of the sam-
ples at 185°C and 215°C have been reported by
Bopardikar®. The viscous and elastic behaviour
were correlated by Eqs (3) and (6) respectively.
Table 1 gives the values of the model parameters
at 200°C.
The zero shear viscosity of a given blend is an
important parameter. Table 2 shows its variation
with temperature. A semi-empirical relation-
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Fig. 3 —Rheograms of PP/HDPE blends at 200°C
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Fig. 4—Variation of apparent viscosity at 200°C for PP/

HDPE blends

Table 1 — Values of Model Parameters (Eqs 3 and 6) at 200°C

HDPE content Hyx 1074 Ax10-3
in blend poise dyne/cm?
%

100 3.70 1.33

80 3.30 1.57

60 1.50 0.83

40 1.35 0.42

20 0.85 0.61

0 0.64 0.53.

a G, %103 Bx10-5 o
dyne sec?/cm? dyne/cm?
6.18 1.14 42 3.27
3.32 1.29 4.6 2.57
1.97 0.65 30 3.88
1.28 0.63 1.5 3.96
1.82 0.47 20 3.01
269 0.82 1.7 1.86
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Fig. 5— Variation of normal stress difference with shear rate
at 200°C for PP/HDPE blends

Table 2 — Variation of Zero Shear Viscosity with
Temperature and Blend Composition

HDPE content Temperature Zero shear viscosity
in blend % i & (1,), poise
100 185 4.50 % 10*
100 200 3.75%x 104
100 215 2.90 x 10¢
80 185 4.70 % 104
80 200 3.30x10*
80 215 290x10*
60 185 2.40x 104
60 200 1.80 x 104
60 215 1.35x 10*
40 185 2,00 10*
40 200 1.40 x 104
40 215 1.10 x 10*
20 185 1.30 x 10*
20 200 8.50x 10°
20 215 5.10x 103
0 185 1.00 x 10*
0 200 6.40 % 10°
0 215 4,20 % 103

ship®!® correlates the viscosity of a fluid with the
free volume ( V% ). Thus,

V- W
Ve

where P and S are constants and V and Vi are
total volume and free volume respectively. Eq. (8)
can be rearranged as

Inp,=InP+ S( . (8)

ln|10=lrlP+S(%“1) . (9)

where f=V;/V, called as fractional free volume.
The constant P is thus an intrinsic parameter.
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Fig. 6 —Variation of zero shear viscosity with temperature
and free volume for PB/HDPE blends

Table 3 — Values of Parameters P and S(Eq. 9)
HDPE content P M

in blend %
100 6.25 0.90
80 605 074
60 575 0.64
40 444 0.78
20 291 091
0 236 096

The fractional free volume may be correlated
with temperature through glass transition temper-
ature 1. Thus,

fFRHoap(T-Tg), T2 T ... (10)

where o is thermal coefficient of expansion of
free volume. For most polymers, f,=0.025 and
a;=5 X% 10~4/°C. One can rearrange Eq.(9) as

Inpy(7)=

1
In P+ ; -1 ...
. A{0.{)25+5x10 T—T) ] (1)

Thus, a In py (7) vs

plot of

1 .
[0.025 Y510 (1 ,1;3}- 1} should result into a
straight line giving In P as an intercept and S as
the slope. The glass transition temperature of the
blend may be estimated from

g L.

.. (12)
where W, and W, are weight fractions of two po-
lymers. Glass transition temperatures of 173°K
and 263°K for HDPE and PP respectively were
used. Fig. 6 shows these results. The values of P
and § are given in Table 3. The intrinsic parame-

149



INDIAN J. TEXT. RES,, VOL. 13, SEPTEMBER 1988

Table 4 — Variation of Mechanical Properties with Blend

Composition
HDPE content  Denier of Tenacity Elongation
inblend % fibre g/den %

100 62.5 1.36 644

80 65.0 0.48 656

60 62.5 0.61 464

40 62.5 0.70 604

20 57.5 0.68 498

0 62.5 0.61 445

ter P varies systematically and the slope S does
not show any particular trend but decreases as %
PP is increased. Indeed, the data over a wider
range of temperature would be most revealing
and an estimation of zero shear viscosity at any
temperature may be very easy.

Table 4 gives the values of denier, tenacity and
% elongation for all the six samples. The tenacity
of HDPE reduces considerably if polypropylene
is added to HDPE. The % elongation does not
change by small additions of polypropylene,
whereas the viscosity of HDPE reduces if poly-
propylene is added. If HDPE is added in small
quantities (up to 20%) to polypropylene, the vis-

cosity and tenacity do not change significantly but

average % elongation increases fairly. Thus, the
addition of other polymers may be used to advan-
tage.

4 Conclusions

The flow behaviour of blends of HDPE and PP
shows shear thinning characteristics with a limit-
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ing zero shear viscosity. The behaviour can be
correlated well by Ellis model. The variation of
zero shear viscosity with temperature can be
correlated with free volume theory. All the sam-
ples studied show significant elastic effects. The
tenacity and % elongation can be altered by
blending the two polymers.
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