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With increasing interest in hot melt extrusion for preparing polymer–drug systems, knowledge of the
shear and extensional rheology of polymers is required for the formulation and process design. Shear
and extensional rheology of three commercial grades of hydroxypropyl cellulose (HPC) was examined
at 140, 145 and 150 ◦C using twin bore capillary rheometry at range of processing rates. The power law
model fitted for shear flow behaviour up to shear strain rates of approximately 1000 s−1, above which
measured shear viscosities deviated from the power law and surface instabilities were observed in the
extrudate, particularly for higher molecular weight grades. Shear thinning index was found to be relatively
ydroxypropyl cellulose
olymer melt rheology
apillary rheometry
ot melt extrusion

independent of temperature and molecular weight, whilst the consistency index, indicative of zero shear
viscosity increased exponentially with increase in molecular weight. Extensional viscosity of all grades
studied was found to decrease with increasing temperature and increasing processing rate. Foaming of
the extrudate occurred especially at low temperatures and with the high molecular weight grade. An
understanding of the relationships between shear and extensional flows with temperature, processing
rate and molecular weight is a useful tool for process design; optimisation and troubleshooting of Hot

pharm
melt extrusion (HME) of

. Introduction

HME technology has been widely used in the plastic and rubber
ndustry. During HME, the molten plastic mass containing poly-

er and other suitable additives such as plasticizers and thickening
gents are melted by the action of an Archimedian screw rotat-
ng in a heated barrel and forced at high temperature through a
ie. This contrasts with the injection moulding process in which
olten polymer is injected into a mould cavity at high pressure

o form a complex shape. HME is a solvent-free and continuous
rocessing technique currently being explored for its applications
or pharmaceuticals. The applicability of HME has been demon-
trated for the development of solid dispersions [1–3], transdermal
nd bioadhesive films [4,5], suppositories [6], pellets [7] and tablets
8,9].
Commonly used polymers for HME include polyvinyl-
yrrolidone and its co-polymers, polyethylene oxide, cellulose
thers, acrylic acid derivatives and biodegradable aliphatic
olyesters like polylactide, polyglycolide and their co-polymers.
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radford, Bradford, UK BD7 1DP. Tel.: +44 1274 233900; fax: +44 1274 236155.
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aceutical formulations.
© 2008 Elsevier B.V. All rights reserved.

These polymers are used in pharmaceutical formulations pro-
cessed by other technologies and their properties, as related to
these technologies, have been studied extensively. In the melt
extrusion process, rheology of the polymer melt is an important
factor affecting processing conditions and properties of pharma-
ceutical product. Knowledge of the rheology is required for process
optimisation, troubleshooting, design of process equipment and
for computational fluid dynamics simulations.

Extruder torque and die head pressure has been studied as
indicators of melt viscosity [10,11]. Chokshi et al. [12] studied
shear rheology of drug–polymer melt blends and correlated it with
polymer–drug miscibility and extrudability. Lyons et al. [13] studied
the effect of supercritical fluids on polymer plasticization, extru-
sion speeds, and temperature of polymer blend using parallel plate
rheometry.

Rotational shear rheology has been useful in establishing rela-
tionships between material structure and its properties; however
these are generally limited to flows in the linear viscoelastic region,
which is characterised by small strain and low rate of material

deformation. The flow of polymer melt experienced in HME is rapid
and largely nonlinear viscoelastic by nature. Extensional properties
become important during flow into the die cavity, where melt flow
converges and the polymer molecules undergo stretching, align-
ment and alteration in chain entanglement. Resistance to flow in

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:P.York@bradford.ac.uk
dx.doi.org/10.1016/j.jpba.2008.11.014
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onvergent regions such as the die entry region are indicated by
xtensional viscosity and therefore have relevance to HME process-
ng.

.1. Theory

Capillary rheometry is a pressure-driven technique which mim-
cs flow through an extruder die or injection moulding nozzle,
apable of providing shear and extensional rheological properties
f the melt at rates experienced during processing. In the range of
hear strain rates encountered in conventional polymer processing
10–100,000 s−1) shear flow can be described by the power law Eq.
1).

= K · �̇ (n−1) (1)

here �, �̇ , K and n denote shear viscosity (Pa s), shear rate (s−1),
onsistency index and power law index, respectively.

During flow of polymer through the die, the apparent shear rate
nd shear stress at the wall of a cylindrical die can be derived from
he Poiseulle relationship [14]:

�̇app = 4Q

�R3
(2)

�W,app = R�P

2L
(3)

here �̇app and �W,app denote apparent wall shear rate (s−1) and
hear stress (Pa), respectively for the flow of fluid through a capillary
aving radius R (m) and length L (m), at volumetric flow rate Q
m3/s) across pressure drop �P (Pa). Apparent shear viscosity is
he ratio of apparent shear stress to shear rate:

app = �W, app

�̇app
(4)

Newtonian fluids in laminar flow exhibit a parabolic velocity
rofile, whilst for polymer melts the flow profile tends to be plug-

ike. The relationship between �̇app and �̇true as shown in Eq. (5) has
een derived considering a balance of forces for flow through the
apillary.

˙ true =
(

3n + 1
4n

)
· �̇app (5)

In order to measure accurately the wall shear stress, the pressure
rop across the die should be corrected for the energy required to
onverge the melt into the entrance of the capillary by measuring
he entrance pressure drop. True or Bagley corrected, shear stress
�) is calculated as

W = (�PL − �PO) · R

2L
(6)

here �PO and �PL denote pressure drop into the die entrance and
cross die length, respectively. �PO is an indicator of flow conver-
ence and in turn an extensional property of the melt. Extensional
iscosity is a measure of a material’s resistance to tensile or stretch-
ng flow and a number of direct and indirect measurements have
een proposed [15–17]. Cogswell treated the analysis of convergent
ow by separating the convergent flow into shear and extensional
omponents [15]. This has been modified to treat free convergence
entry semi-angle 90◦), which is probably the simplest and most
idely used extensional viscosity model.

E = 9
32

(n + 1)2

�

(
PO

�̇

)2
(7)
E = 3
8

(n + 1)PO (8)

ε̇ = �E

�E
(9)
d Biomedical Analysis 49 (2009) 304–310 305

where �E, �E, and ε̇ are extensional viscosity (Pa s), extensional
stress (Pa), and extensional strain rate (s−1), respectively. The above
derivations are based on the assumptions that flow is isothermal,
incompressible and a velocity at the die wall is zero. Errors caused
by heat generation and pressure effect on viscosity [18] are assumed
to be mutually cancelling [19].

The temperature dependence of shear viscosity is an impor-
tant parameter in process design and simulation, and a number
of models have been used. The simplest of these is an exponential
dependence:

f (T) = e−b(T−Tr) (10)

where T and Tr are temperature and reference temperature, respec-
tively and b is the temperature sensitivity (◦C−1). This model is
accurate over a small temperature range, whereas the Arrhenius
[20] and Williams, Landel and Ferry (WLF) models are also used to
describe temperature sensitivity over a wider temperature range
[21].

1.2. Capillary rheometry

Capillary rheometers are used to determine shear and exten-
sional properties of the fluid under different shear rates and
temperatures which usually occur during HME. The pressure drop
at the die entry region which is required for the calculation
of extensional viscosity and corrected shear viscosity may be
obtained by two methods viz. Bagley method and Cogswell method.
In the Bagley method, pressure drop across dies with different
length/diameter (L/D) ratio are determined and then pressure drop
is extrapolated to calculate pressure drop across zero length die.
Extrapolation errors and nonlinearity of data are limitations of this
method. In Cogswell’s method, a die of the same diameter as the
long die but effectively zero length (L/D ratio <0.25) is used for
direct measurement of entrance pressure drop. Twin bore capillary
rheometers allow two geometries of die to be examined simultane-
ously, thus corrected shear viscosity and extensional viscosity can
be measured during a single test. In addition to measuring viscosity,
capillary rheometry can, through the use of specialist test equip-
ment, provide information relating to time dependent behaviour,
die swell (a measure of elasticity), melt fibre strength, wall slip
velocity and P–V–T data.

This research paper reports shear and extensional viscosity data
of different grades of hydroxypropyl cellulose, a commonly used
polymer in HME at different temperatures.

2. Materials and methods

2.1. Materials

HPC grades HPC-SSL, HPC-SL and HPC-L (Nisso Chemical Europe
GmbH, Germany) were used, with weight average molecular
weights of 65,000, 131,000 and 171,000, respectively. These all
grades were supplied in powder form.

2.2. Rheometry

The shear and extensional rheology of the three grades of HPC
was studied using twin bore (RH10) precision advanced capillary
rheometer (Malvern Instruments, UK) using Flowmaster version
8.3.10 control software. A schematic representation of the instru-

ment is shown in Fig. 1. A common crosshead is used to drive twin
pistons at a range of speeds causing melt to flow at known flow rate
through capillary dies. Pressure drop at the entrance of each capil-
lary die was monitored by the control software. The inner diameter
and length of the barrel used were 15 and 240 mm, respectively.
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The logarithmic relationship between apparent shear viscosity
and wall shear rate for the three grades of HPC at different temper-
atures is shown in Fig. 3. All grades exhibited decreasing viscosity
with increasing shear strain rate, otherwise known as shear thin-
Fig. 1. Schematic representation of a twin bore capillary rheometer.

ne barrel of the rheometer was fitted with a capillary die of L/D
atio 16 and the other bore was fitted with an orifice die. The bore
iameter of both capillary dies was 1 mm, with die entry angle of
80◦, whilst the lengths were 16 and less than 0.25 mm for long and
rifice dies, respectively. Capillary dies were fitted into the bottom
f the barrels and pressure transducers located directly above the
ies. The capillary dies were made from tungsten carbide–cobalt
lloy in order to maintain tight geometrical integrity.

The polymer was dried in an oven at 50 ◦C for 24 h before rhe-
logical investigation. The flow behaviour of each grade of HPC
as characterised at 140, 145 and 150 ◦C. The rheometer was set

t test temperature and allowed to stabilize. Temperatures were
ontrolled within ±0.5 ◦C of the set values and monitored by plat-
num resistance thermometers fitted in the three (top, middle and
ottom) zones of the barrel. The polymer was fed into both bores
f the barrel and manually compressed before the test was started.
he polymer was subjected to pre-compression pressure of 0.5 MPa,

nd a total pre-heating time of 240 s. The instrument was run in
-stage discrete speed programme. The piston speed was automat-

cally converted to shear rate by software and is summarised in
able 1.

able 1
ange of set crosshead speeds and equivalent wall strain rates during capillary
heometry tests.

est stage number Piston speed (mm/s) Apparent wall shear rate (s−1)

0.03 50.00
0.05 96.53
0.10 184.75
0.20 358.79
0.39 694.83
0.75 1340.86
1.44 2589.69
2.78 5000.26
d Biomedical Analysis 49 (2009) 304–310

3. Results and discussion

Raw data obtained during the operation of the capillary rheome-
ter was in the form of pressure drop across the long die and the
orifice die, at a given flow rate. The values of apparent shear rate,
shear stress and apparent shear viscosity were calculated by the
control software as per Eqs. (2)–(4), respectively. A characteristic
relationship between pressure drop with time for HPC-L, HPC-SL
and HPC-SSL grades at 140 ◦C is shown in Fig. 2. At the given temper-
ature both long and orifice die pressure drops increased with piston
speed and therefore capillary wall shear rate. The time required
to attain equilibrium at first stage increased with viscosity of the
melt. Long die pressure drop equilibration at stages up to 1000 s−1

was smooth, indicating that steady flow conditions were readily
achieved. At higher shear rate stages, especially for high molecular
weight grades, measured pressure values showed some fluctuation
or localised drops in pressure. Noise in the measured pressure sig-
nal can indicate instabilities in the flow prior to, during or upon exit
of the capillary die, or the presence of particulate contaminants or
unmolten polymer.
Fig. 2. Measured pressure data from capillary rheometry flow characterisations (A)
HPC-SSL; (B) HPC-SL and (C) HPC-L.
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Table 2
Calculated power law parameters and temperature sensitivity at each measured test condition.

Grade Mw n K (Pa sn) Temperature (◦C) Temperature sensitivity (◦C−1)

SSL 65,000
0.24 65,042 140

0.06310.27 44,658 145
0.31 31,623 150

SL 131,000
0.24 164,285 140

0.07360.24 75,145 145
0.24 61,589 150

L
0.21 237,375 140

n
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between 0.21 and 0.31, and for grades HPC-SSL and HPC-L appeared
to increase with increasing melt temperature. It can be seen that
plots of viscosity versus shear rate at three temperatures were par-
allel at the lower range of shear rates but appeared to converge
171,000 0.24 143,747
0.25 90,908

ing behaviour. This characteristic is common to most widely used
ommodity polymers and is the main reason why polymers flow
eadily at high processing rates in the melt phase. It can also be
een that log–log plots of shear viscosity followed a linear relation-
hip with wall shear strain, allowing a simple power law model to
e used to describe flow behaviour in this shear rate region. This

s an extremely useful flow model as it allows the flow to be char-
cterised by two constants, n and K. Power law index, n, describes
he shear thinning nature of the melt and is calculated from the
radient of the shear viscosity versus shear rate plot. K is the consis-
ency index of the melt and is calculated from the intercept of the
hear viscosity at zero wall shear rate. In practice, the shear flow
ehaviour of all polymers is more complex than this simple model

uggests, viscosity being constant in the ‘Newtonian’ region at very
ow shear rates (less than approximately 1 s−1) and also deviating
rom the power law at very high shear rates (above 106 s−1) but the
ower law model is adequate for calculations relevant to most pro-

ig. 3. Temperature dependence of shear viscosity with power law curve fit (A)
PC-SSL; (B) HPC-SL and (C) HPC-L.
0.0767145
150

cessing applications. Calculated values of n and K from power law
fits of the measured data are summarised in Table 2.

Values of n at all conditions were calculated to be in the range
Fig. 4. Effect of shear rate on corrected shear stress at different temperatures (A)
HPC-SSL; (B) HPC-SL and (C) HPC-L.
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ig. 5. Appearance of surface roughness and foaming in SL grade extrudate at a tem
ross-section; (C) short die outer surface and (D) short die cross-section.

t shear rates above 1000 s−1. This is typical for many polymer
elts and occurs as a result of lower values of shear thinning index

i.e. higher degree of shear thinning) at lower temperatures. It can
lso be observed from Fig. 3 that viscosity above shear strain rates
reater than 1000 s−1 deviated from the power law model. This
an be seen more clearly from plots of wall shear stress against
all shear rate as shown in Fig. 4. Wall shear stress increased with

ate in all cases with a gradually diminishing gradient due to the
hear thinning nature of the melts. However, at rates significantly
bove 1000 s−1 step changes or discontinuities in the curves were
bserved in several cases. This indicates that the melt flow in this
egion may no longer follow the power law model so care should
e taken when using it to make pressure drop or flow rate predic-
ions in this region of shear strain rates. The observed step change in
he shear stress versus shear strain rate appeared to become more
ronounced with increasing molecular weight and decreasing tem-
erature, i.e. with increasing viscosity. Deviation from the power

aw is likely to result from a breakdown of the assumptions on
hich the model is based, namely (i) zero fluid velocity at the wall,

ii) fluid streamlines are parallel to the wall, (iii) uniform hydrostatic

ressure across any radial section of the capillary and (iv) flow is vis-
ometric. The most likely causes of deviation from power law at high
ates are melt flow instabilities and non-zero velocity at the die wall
i.e. wall slip). Surface roughness and in some cases foaming was
bserved for extrudate exiting the capillary dies at high shear rates
ure of 140 ◦C and wall shear rate of 2590 s−1: (A) long die outer surface; (B) long die

as shown in images obtained from scanning electron microscopic
(SEM) images shown in Fig. 5, which suggests that flow instabilities
and/or slip occurred. The onset of surface instabilities correlated
with the discontinuities observed in Figs. 3 and 4, and therefore
occurred at lower rates for higher molecular weight grades. Gen-
eration of instabilities during melt extrusion of polymers has been
reported for many polymers used in the plastic industry [22,23]
and have been observed to occur above a critical value of wall shear
stress. Deviations from the power law model have been reported to
correlate with flow instabilities [24] and from the zero wall velocity
assumption [25]. The onset of foaming was found to be independent
of rate by reversing the order of test stages shown in Table 1. Insta-
bilities were formed at high strain rates as with tests carried out
in the original order, but foaming occurred in the low rate stages
at the end of the test, suggesting a dependence upon time and/or
pressure rather than rate.

The relationship between K and average molecular weight is
shown in Fig. 6. At each of the measured melt temperatures, K
increased with increasing molecular weight. The rise appeared to
be exponential in nature. Sensitivity of shear viscosity to set melt

temperature was also found to increase with molecular weight, as
shown in Fig. 7. This finding is in agreement with previous work [18]
which concluded that the temperature and pressure sensitivity of
a polymer melt was directly related to the size and complexity of
the polymer molecule.
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Fig. 6. Relationship between melt consistency index and weight average molecu-
lar weight at three set temperatures, with exponential fits (error bars show ±1 ×
standard deviation).
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ig. 7. Relationship between temperature sensitivity of shear viscosity and weight
verage molecular weight, with linear fit.

Orifice die entry pressure drops are plotted against processing
ate for each of the three grades and temperatures studied (Fig. 8).
rifice die entrance pressure drop (PO), sometimes termed ‘entry
ressure’ is created due to sudden contraction of the fluid at the
ie entry region and is therefore a measure of the materials resis-
ance to tensile or stretching flow. Two techniques are commonly
sed for the determination of PO. Bagley observed that a plot of

ressure drop versus die length to diameter ratio (subsequently
alled a Bagley plot) gave a straight line with positive intercept [26].
his implied that through using several different length dies it is
ossible to extrapolate back to obtain a zero length pressure drop.
lthough this extrapolation can provide a reasonable prediction of

ig. 8. Effect of shear rate on die entry pressure at different temperatures for HPC-SL.
Fig. 9. Extensional viscosity vs. extensional strain rate at different temperatures for
HPC-SL.

entry pressure drop, it does not take into account nonlinearities in
the Bagley plot and is subject to errors in the extrapolation process.
A more accurate method of PO determination is by direct measure-
ment using an orifice die with effectively zero length [27]. The most
common method is to use two dies, one long die (L:D = 16:1) and
one orifice die (L:D ≈ 0), carried out simultaneously in the case of
twin bore rheometers. From Fig. 6, die entry pressure drop can be
seen to increase with wall shear rate and molecular weight and
decrease with increasing temperature.

Extensional viscosities and extensional strain rates were cal-
culated using Eqs. (7) and (9), respectively and the relationship
between these two parameters is shown in Fig. 9. Extensional vis-
cosity was found to decrease with increase strain rate (i.e. tension
thinning) at the rates examined, and increased with increasing
molecular weight and decreasing melt temperature, in similar man-
ner to that shown by shear viscosity. Extensional viscosities were
observed to be a factor of between 260 and 2900 higher than shear
viscosity, which is typical for polymer melts. Ratio of extensional
to shear viscosity increased with increasing molecular weight and
decreasing temperature, i.e. with increasing melt viscosity. The
ratio between extensional viscosity and Newtonian shear viscos-
ity is termed the Trouton ratio [28] and is 3:1 for Newtonian fluids.
For non-Newtonian polymers at high strain rates, the ratio is sev-
eral orders of magnitude greater, and provides an indication of the
relative importance of extensional flow, which is highly dependent
upon molecular structure.

An understanding of the relationships between shear and exten-
sional flows with temperature, processing rate and molecular
weight is a useful tool for process design, optimisation and trou-
bleshooting. The characterisations carried out during these studies
have shown that the flow behaviour of the HPC grades studied was
typical of many thermoplastic polymers of relatively high molecu-
lar weight, up to a certain processing rate. Above this critical rate or
stress significant instabilities were generated, in particular for the
two higher molecular weight HPC-SL and HPC-L grades at low tem-
peratures. Two distinct instabilities were observed; the appearance
of a surface roughness at high shear rates which was followed by the
formation of a foamed extrudate core. The prior has been reported
by many workers for polymers such as polyethylene, polypropy-
lene, polystyrene and polybutadiene but formation of foam without
[25] addition of additive has not been reported. It is important to
understand the basic cause of this phenomenon, which is poten-
tially advantageous to drug delivery system design, and is therefore
the subject of ongoing research in our laboratories.
4. Conclusions

Shear and extensional melt flow behaviour of hydroxypropyl cel-
lulose was measured using capillary rheometry and the effects of
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olecular weight, temperature and processing rate were quanti-
ed. All of the grades studied exhibited shear-thinning behaviour
nd a dependence upon melt temperature and molecular weight.
he power law was found to be a suitable model for shear flow
ehaviour up to shear strain rates of approximately 1000 s−1. Above
his rate, measured shear viscosities deviated from the power law

odel and surface instabilities were observed in the extrudate,
articularly for higher molecular weight grades. Foaming of the
xtrudate occurred in both capillary dies at high shear strain rates,
nd appeared to initiate inside the rheometer barrels prior to entry
nto the capillary dies. The mechanism of foaming is unclear at
resent and warrants further investigation. Extension viscosity of
ll grades studied was found to decrease with increasing tempera-
ure and increasing processing rate.
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