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MATHEMATICAL MODELING AND THE ESTIMATION
OF PARAMETERS FOR THE MELT VISCOSITY
OF POLYAMIDES

E. R. Sadiku
E. Swanepoel
R. D. Sanderson

University of Stellenbosch, Institute for Polymer Science,
Matieland, Republic of South Africa

Capillary rheometry data of a range of commercial polyamide engineering mate-
rials was obtained from a mould-flow analysis material database, from which melt
viscosity data was obtained at different temperatures, which made comparison of
the viscosities difficult. In an attempt to make a reasonable comparison between
the melt viscosities of the various polyamide materials at different temperatures, it
was necessary to obtain the mathematical functions which describe the relation-
ships between: (i) the melt viscosity and the shear rate, (ii) the melt viscosity and
temperature and (iii) the melt viscosity and the combined effect of the shear rate
and temperature of each of the polyamides studied. Therefore, melt viscosity was
modelled as a function of shear rate at the three temperatures (275°C, 295°C and
315°C), at which the viscosities were determined. The function obtained repre-
sented smoothed versions of the experimental data, eliminating the experimental
noise and enabling the generation of melt viscosity data at the six different shear
rates of the original data. It was established that the melt viscosity as a function of
shear rate at constant temperature, in the shear rate range 500—700 s s
incorrectly described by the Ostwald-de-Waele’s model, n; = () = K(}'/)<"7l>, while
the melt viscosity of the polyamides studied, as a function of temperature, is cor-
rectly described by the model i, = g(T) = Pe@/R) But the response-surface melt
viscosity is effectively described as a function of both shear rate and temperature
by the model: n = \)’)\("71)Ae(ET/ R). The parameters A, E and n are highly interrelated
as they all influence the average melt viscosity. All are temperature sensitive and
also, to some degree, shear sensitive.

Keywords: melt viscosity, shear rate, shear stress, shear flow, temperature, location
parameter, melt consistency index, shear rate factor
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INTRODUCTION

Polyamide engineering plastics comprise a family of related materials
that differ in terms of chemical structure and various types of addi-
tives and fillers [1]. Typical properties of polyamide 6 and polyamide
66 are their toughness over a wide range of temperatures, impact and
abrasion resistance, lubricity and good resistance to organic solvents
and petroleum products [2—13]. The science of the development of
polyamide engineering plastic formulations is driven by the needs of
the injection moulding market, requesting that the materials be tai-
lored to specific end-use requirements [2, 3, 14]. These are usually
expressed in terms of their physical and mechanical properties, cost
and ease of injection moulding (processability). Polyamide com-
pounding can be defined as the combination of a base polyamide
polymer with colorants, modifiers, additives, reinforcements, fillers or
other polymers, to make the base polymer perform better, cost less,
process more easily, be aesthetically attractive or otherwise improve
its characteristics [15]. By copolymerization, reinforcement with glass,
toughening with rubber and control of molecular mass, a wide range of
mechanical properties can be achieved [16]. Heat stabilizers and other
modifiers increase long-term oxidative and hydrolytic stability. In
other words, through compounding, polyamides can be modified to
meet any one (or more) of hundreds of different performan-
ce/processing/price parameters, dictated by the requirements of the
supplier, processor or end-user.

Every time, compound development is frequently and continuously
carried out in an empirical manner. However, problems are not sys-
tematically treated and solutions are seldom based on the knowledge
of material properties. Problems are usually solved with the focus only
on the particular problem in hand at that particular time, the tech-
nical equipment available and knowledge of the requirements which
plastic articles have to satisfy [17]. The effects of variations in polymer
grade, polymer type, additive type and level in a particular plastic, are
usually determined and interpreted in isolated studies. They are
described in terms of the physical properties of injection moulded test
pieces, and not in terms of an important material property such as
melt viscosity or in terms of processability. Knowledge of the effects of
the composition of the material being processed on the melt flow
properties of polyamide engineering compounds is a fundamental
prerequisite to providing the preconditions for selective development
and to select the compounding conditions in order to achieve the
desired properties [17]. This knowledge is invaluable in ensuring that
compounded polyamide products are consistent in terms of both the
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physical properties and the injection moulding processability. Fur-
thermore, it enables the formulator to predict the injection moulding
behaviour of developed compounds.

Most often, published information on the relationships between the
composition and the melt flow behaviour of polyamide engineering
compounds gives qualitative descriptions of different polyamide/
filler/melt viscosity interactions. Such descriptions are usually not
supplied under comparable conditions of temperature and shear,
hence this does not permit ready and accurate comparisons of the melt
viscosities of different types of polyamide containing different types
and/or levels of fillers and other additives. Studies [18—24] of the melt
flow properties of polyamide compounds by capillary rheometry have
been reported. Accurate experimental data of commercial polyamide
engineering plastic compounds commonly used for mould flow analy-
sis, as determined in accordance with the internationally recognized
standards (ISO), are available in the international plastics databases
[21], albeit in a format not permitting functional comparisons.

It should be noted that although the melt viscosity at any given
shear rate and temperature is a function of the zero viscosity of the
polyamide compound, extrapolation from the shear rate range studied
to the zero viscosity is not recommended. While zero viscosity of a
polymer melt increases with increasing mean molecular mass, the
viscosity drop in the transition from Newtonian to pseudoplastic
behaviour correlates with the width of the molecular mass distribution
[19]. Generally, the broadening of the molecular mass distribution
produces increasing shear sensitivity [14]. Measurements of melt
viscosity at low shear rates should not be used to predict injection
moulding processes at high shear rates, because viscosity versus shear
rate curves do diverge, converge or even cross, giving very poor pre-
dictability [25]. Yucel and Ozddogan [26] suggested a semi-theoretical
method based on the Enskog’s hard sphere theory for dense fluids and
the principle of corresponding states for predicting the viscosities of
pure organic liquids. The method, however requires only normal
boiling point and critical property data to predict the viscosity of a
pure liquid at any given temperature between 0.45 < T, < 0.80, where
T, is the reduced temperature, T/T, (and T is the absolute temperature
while T, is the critical temperature). Non-Newtonian flow behaviour
was successfully modelled by De Kee et al. [27] with a simplified
equation derived from a model proposed by De Kee and Chan Man
Fong [28]. Yield stress and viscosity data were found to obey the
Arrhenius-type relation over the temperature range investigated.

The purpose of this study, therefore, is to investigate the depen-
dence of melt viscosity on temperature and shear rate, so as to further
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understand the melt flow behaviour of polyamides. This knowledge is
needed for state-of-the art compounding, since it is not generally
accessible to custom compounders and is viewed as proprietary by
major polyamide manufacturers. It is therefore necessary to:

(a) acquire the “equivalent” of the inaccessible proprietary informa-
tion from available melt-viscosity data, determined by capillary
rheometry in accordance to the ISO, through the utilization of
generally available processing techniques,

(b) test the validity and applicability of known melt-viscosity equa-
tions which relate melt viscosity to melt temperature and/or shear
rate and

(¢) mathematically, describe the relationships between the composi-
tion and melt-flow properties of different polyamide injection
moulding compounds by using appropriate equations and model-
ing non-linear parameters as functions of the temperatures and
shear rates characteristic of injection moulding processes.

THEORETICAL BACKGROUND
Effect of Temperature and Pressure on the Melt Viscosity

It is generally recognized that increasing temperature increases
atomic vibration and molecular mobility, thus reducing melt viscosity
[22]. The variation of viscosity with both temperature and pressure is
a manifestation of its dependence on a more fundamental quantity, the
free volume. Free volume is the volume of the space in a melt that is
not actually occupied by molecules and is thus available to permit the
mobility of the molecules. The greater the free volume, the easier it
will be for the molecules to adjust to deformations and this will be
reflected in a lower viscosity. Increasing temperature results in ther-
mal expansion and thus an increase in the free volume. This explains
the decrease in viscosity as the temperature increases. Increasing the
pressure, on the other hand, results in compression, and thus a
decrease in free volume and an increase in viscosity. Since polymers
are not very compressible, the dependence of free volume on pressure,
and thus on viscosity, is not nearly as important as its dependence on
temperature. For polymers that exhibit Newtonian type of flow, the
Arrhenius-type equation (Eq. 1) is often used to express melt viscosity
as a function of temperature [20]. With such an equation, the highly
viscous polymers will, no doubt, be more sensitive to the effects of
temperature.
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n(T) = Ae®1/® (1)

where A is the viscosity factor, E, is the energy of activation, R the gas
constant and T the absolute temperature.

Another equation often used to describe the temperature depen-
dence of viscosity [25] is given thus:

1a(T3) = my(Ty) E(%) @)

where #; and 75 are melt viscosities at temperatures T; and T,
respectively and E is the temperature coefficient. This suggests that
if the logarithm of viscosity is plotted as a function of temperature,
a straight line with a slope of — E will result. Equation (2) gives a
good approximation over a temperature range of between 275°C and
315°C.

The Effect of Molecular Mass on the Melt Viscosity

Plastics require large molecule to provide the cohesion for most end-
use properties. Thermoplastic injection moulding requires a ‘com-
promise’ molecular mass, low enough for reasonably easy processing,
but high enough to ensure reasonably good end-use properties. It is
generally accepted that increasing molecular mass produces
increasing melt viscosity hence making the polymer to be more dif-
ficult for injection moulding. This relationship is quantified by the
equation [25]:

Nmelt = ﬂM?j) (3)

where #nq1; is the melt viscosity, f is the proportionality constant, M,,
is the weight-average molecular mass and « is the molecular mass
factor. The proportionality constant depends on the flexibility and
intermolecular attraction of the polymer molecules and on processing
conditions, i.e., temperature, pressure and shear rate [22]. Equation
(3) applies when a critical value of molecular mass, associated with the
onset of chain entanglement, is exceeded [16, 20]. Increasing the
molecular mass not only increases melt viscosity, but also rubbery
melt-flow. The latter is due to the inability of molecules to disentangle
completely within the limited temperature, pressure, shear rate and
time span of the process. An elastic melt can result in a variety of
injection moulding problems, such as post-mould shrinkage, warping
and cracking [20].



09: 45 19 January 2011

Downl oaded At:

436 E. R. Sadiku et al.

Effect of Molecular Mass Distribution on the Melt Viscosity

While the zero viscosity of polymer melts increases with increasing
mean molecular mass, the viscosity drop in the transition from New-
tonian to pseudoplastic behaviour correlates with the width of the
molecular mass distribution [19].

Shear Sensitivity Effect on Melt Viscosity

At low shear rates, shear stress is directly proportional to the shear
rate and therefore the viscosity is independent of the shear rate. This
is Newtonian melt flow behaviour. Viscosity is a maximum here and is
described as the zero viscosity. This Newtonian range is followed by a
non-Newtonian range at higher shear rates, where polymer melts
become less viscous at increasing shear rates, probably because of the
partial orientation of the molecules during unidirectional flow [20,
22—24]. This is the range of shear rates through which the melts have
to pass during the various processing methods. Accordingly, viscosity
in this range decreases with increasing shear rate. This is the pseu-
doplastic melt flow behaviour, meaning that the output of an extruder,
for instance, increases non-proportionately with increasing shear rate.
Very few polymers exhibit the reverse trend of increasing the viscosity
associated with dilatant materials [29, 30].

EXPERIMENTAL
Mathematical Modeling and Estimation of Parameters

Capillary rheometry data of a range of commercial polyamide engi-
neering thermoplastics (27 in total) was obtained from a mould-flow
analysis, material-data base [9] (see Appendix). Because the melt
viscosities of the various polyamide grades were determined at dif-
ferent temperatures, ready comparison of these materials was
impossible (or at best difficult), hence the need for the modeling and
estimation of parameters necessary to predict the melt behaviours of
these materials.
To facilitate comparisons of the melt viscosities of these materials, it
was necessary to obtain the mathematical functions which best
describe the melt viscosity/shear rate/temperature relationships of
each of the polyamides studied. To achieve this aim, therefore:

(1) melt viscosity was modelled as a function of shear rate at each of
the three temperatures (275°C, 295°C and 315°C) at which the melt
viscosities had been measured. The functions obtained represented
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smoothed versions of the experimental data, thereby removing the
experimental noise, following which it was possible to generate the
melt viscosity values at the six different shear rates (500 s, 700 s 1,
1000 s — !, 2000 s~ 1, 5000 s ! and 7000 s~ ') of the original data. (2)
melt viscosity as a function of temperature was modelled from the
generated data set at each of the shear rates. (3) the models for
polyamide melt viscosity as a function of shear rate and as a function
of temperature were combined, allowing the estimation of parameters
of the three-dimensional model for each of the polyamide grades.

METHODS

Modeling of Melt Viscosity as a Function of Shear Rate
at Constant Temperature

The shear rate dependence of melt viscosity at constant temperature is
described by the function:

np = £(7) = K(G)™ Y (4)

where 77 is the melt viscosity at temperature T, 7 is the shear rate and
K, the melt consistency index and n, the shear rate factor are the
parameters to be estimated.

The non-linear estimation was performed with SYSTAT’s non-linear
software [27]. The non-linear least-squares loss-function was
employed together with the Simplex estimation method. This method
allows estimations of the deviations of the dependent variable from
values estimated from the independent variable data points, which
were squared and iteratively minimized. Parameters were estimated
for melt viscosity as a function of shear rate at constant melt tem-
peratures. Three sets of parameters were estimated at the three
chosen temperatures, for each of the 27-polyamide grades studied.

Calculation of Melt Viscosity Using Estimated Parameters, A
and E

Equation (3) and parameter set {A, E} were employed to calculate
melt viscosity values at six different shear rates. To correlate the
estimated melt viscosity data with melt temperatures at constant
shear rates, the following function was selected:

n, = g(T) = Pel ¥R (5)
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P, the viscosity factor and Q, the temperature coefficient are the
estimated parameters, similar to the Arrhenius constant and activa-
tion energy, respectively, in Eq. (1), T is the temperature, R, is the gas
constant and », is the viscosity dependence on temperature at constant
shear rate. Non-linear estimation was performed with non-linear
software. As in method 1 above, the non-linear least-squares loss-
function was used together with the Simplex estimation method.
Parameters were estimated for melt viscosity as a function of melt
temperature at constant shear rates. Six sets of parameters were
estimated at the chosen six different shear rates, for the 27-polyamide
grades studied.

Modeling of Melt Viscosity as a Function of Both
the Melt Temperature and the Shear Rate

To determine the dependence of melt viscosity, #, on both the melt
temperature and shear rate, Eqs. (4) and (5) were combined to yield:

. -1 ET/R
=3V Ae®T/R (6)

where A is the viscosity factor, E is the temperature coefficient and n is
the shear rate factor. Equation (6) was used to model melt viscosity as
a function of both shear rate and temperature. Again, non-linear
estimation was performed with SYSTAT’s non-linear software and
non-linear least-squares loss-function was used with the Simplex
estimation method. Parameters A, E and n were estimated for each of
the polymer grades studied.

RESULTS AND DISCUSSION

Dependence of Melt Viscosity on Shear Rate
at Constant Temperature

Figure 1 shows a schematic diagram of the flow and viscosity curves
for a range of shear rates of some practical manufacturing processes.
The flow or viscosity curves of most polymer melts are similar to the
curves in Figure 1, however, the relative degree of shear sensitivity
varies greatly from one polymer to another. The non-linear behaviour
is attributed to the gradual transition of high molecular fractions to
rubbery (non-fluid) state [22]. Chart 1 shows, pictorially, the routes
taken for the modeling of melt viscosity. While Chart 1 depicts an
overview of the routes taken for the modeling of melt viscosity as a
function of shear rate at constant temperature to generate or estimate
the parameters K and n, Table 1 shows the estimated parameters with
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FIGURE 1 A schematic diagram of flow and viscosity curves for a shear rate

range of some practical manufacturing processes.
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CHART 1 A schematic overview of the modeling of melts viscosity as a

function of shear rate at constant temperature.
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FIGURE 2 Melt viscosity as a function of shear rate at different tempera-
tures.

the regression coefficients. Parameters K and n are significant and the
validity of the model is confirmed with strong regression coefficients.
Figure 2 shows melt viscosity as a function of shear rate at the chosen
three different temperatures. Six plots out of the 27 studied for the
dependence of melt viscosity on shear rate are shown in Figure 3.
Figure 4 shows melt viscosity as a function of the melt temperatures
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FIGURE 3 Melt viscosity as a function of temperature at different shear
rates.
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for the chosen six shear rates. The others show similar trends. At low
shear rates (500—1000 s ~ ') the melt viscosity decreases almost non-
linearly with increasing shear rate, levelling-off at higher shear rates.
As the melt temperature increases, the slope of the function becomes
smaller, indicating decreasing shear sensitivity with increasing tem-
perature. For a given polyamide grade at a given melt temperature,
the parameter K is proportional to the magnitude of the melt viscosity
at the lower end of the shear rate range. The parameter n describes
the rate of the melt viscosity decrease as a function of increasing shear
rate. The smaller the numerical value of n, the greater the shear
sensitivity of the polyamide material at that temperature. The model
correctly describes the melt viscosity of polyamide compounds as a
function of shear rates, y > 700s~!, at constant temperature.

Dependence of Melt Viscosity on Temperature at Constant
Shear Rate

Chart 2 gives an overview of the routes followed for the modeling of
melt viscosity as a function of temperature at constant shear rate in
order to generate the parameters A and E, while the values of these
parameters together with the regression coefficients are shown in
Table 2. Figure 3, giving the general fit of the function g(T), shows the
melt viscosity plot as a function of temperature at different shear
rates. Increasing both the melt temperatures and the shear rates

Sstimated melt viscosity
data (non-ccmparable)
£pi( Y3)

where L = 1,2,3
and j = 1,2,3...6

Select form of ¢ Y (T)

Zstimate parameters for

g¥ 5(T) Test Model

where j =71,2,3...6
)

Resulc: estimated parameter
set { P ,Q}

CHART 2 A schematic overview of the modeling of melts viscosity as a
function of temperature at constant shear rate.
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TABLE 2 Parameters (P and Q), Estimated at Different Shear Rates, 7 with
Eq. (5). Results are for some of the Resins

Resin grade no.  Shear rate (s ™ 1) P Q r? Corrected r?
01 500 735971.367 —0.233  1.000 1.000
01 700 525572.6564  —0.228 1.000 1.000
01 1000 357280.376  —0.222  1.000 1.000
01 2000 182072.409 —0.213  1.000 1.000
01 5000 71696.090 —0.200 1.000 1.000
01 7000 48776.114  —0.193 1.000 1.000
02 500 38732.861 —0.151 1.000 1.000
02 700 30144.419 —0.148 1.000 1.000
02 1000 23759.432 —0.146  1.000 1.000
02 2000 13917.568  —0.140  1.000 1.000
02 5000 6958.048 —0.133 1.000 1.000
02 7000 5497.026 —0.131  1.000 1.000
03 500 87721.342  —0.173  1.000 1.000
03 700 60290.704 —0.166  1.000 1.000
03 1000 39244.757 —0.159 1.000 1.000
03 2000 18249.756  —0.146  1.000 1.000
03 5000 6842.341 —0.131  1.000 0.999
03 7000 4587.696 —0.124 1.000 1.000
04 500 208120.004 —0.198 1.000 1.000
04 700 154410.899 —0.194 1.000 1.000
04 1000 112501.875 —0.190 1.000 1.000
04 2000 56708.997 —0.179 1.000 1.000
04 5000 24096.284 —0.167 1.000 1.000
04 7000 18883.809 —0.165 1.000 1.000
05 500 148202.276  —0.180  1.000 1.000
05 700 126312.662 —0.180 1.000 1.000
05 1000 104457.092 —0.179  1.000 1.000
05 2000 76892.092 —0.179 1.000 1.000
05 5000 48036.768 —0.176  1.000 0.999
05 7000 40190.880 —0.175 1.000 1.000
06 500 1653168.749  —0.269 1.000 0.999
06 700 1398319.574 —0.268 1.000 1.000
06 1000 1196245.558  — 0.267  1.000 1.000
06 2000 757431.078 —0.261  1.000 1.000
06 5000 422153.124  —0.253  1.000 1.000
06 7000 360177.283  —0.252  1.000 0.999
07 500 7308227.263  —0.289  1.000 1.000
07 700 3860842.275  —0.275 1.000 1.000
07 1000 1917888.285 —0.260 1.000 1.000
07 2000 507086.093 —0.230 1.000 1.000
07 5000 92172.555 —0.192 1.000 0.999
07 7000 48647.991 —0.178 1.000 0.999

P =the location parameter, Q =slope which relates melt viscosity with temperature,

r? =coefficient of fit.
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results in a decrease in melt viscosities. Figure 4 shows the repre-
sentative curves of six of the 27 polyamide compounds studied. The
shifts of the melt viscosity-temperature curves with increasing shear
rates are non-linear. A power law function (Eq. 4) was used to describe
the melt viscosity-shear rate relationship at constant temperature. At
higher melt temperatures, the different melt viscosities at different
shear rates converge, i.e., the differences in melt viscosities as a
function of shear rates, become smaller. It was therefore established
that for the polyamide compounds studied, melt viscosity as a function
of temperature at constant shear rate, is very well described by the
model represented in Eq. (5).

Dependence of Melt Viscosity on the Combined Effect of Melt
Temperature and Shear Rate

Chart 3 shows a schematic overview of the modeling routes for
determining melt viscosity as a function of both temperature and
shear rate, represented in Eq. (6). The estimated parameters A, E and
n for each of the polyamide grades under investigation, together with
the regression coefficients, are summarized in Table 3. The sig-
nificance of parameter A is illustrated in Figure 5.

The parameter A is a location parameter for the response surface
described in Eq. (6). The magnitude of A is proportional to the average
melt viscosity of the polyamide grade in question. As the magnitude of

Selact fcrm of |
zcdel Nmet= f{T, Y )

| g7 y(m

‘ Test Mocel }-o—- Zstimate paramezers for

f(':; Y1)

Resulz: estimated paramecer
set (n,A,E}

CHART 3 A schematic overview of the modeling of melt viscosity as a func-
tion of both shear rate and temperature.
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TABLE 3 Parameters A, E, and n Estimated for the Polyamide Resins with
Eq. (6). Results are for some of the Resins

Resin grade no. A x 10* E n r? Corrected r?
01 1612.160 —0.226 0.468 0.998 0.994
02 79.915 —0.147 0.496 1.000 0.999
03 182.520 —0.163 0.464 0.999 0.997
04 439.066 —0.191 0.475 1.000 0.999
05 214.425 —0.180 0.570 1.000 0.998
06 1219.400 —0.264 0.650 0.999 0.995
07 6010.490 —0.266 0.532 0.996 0.988
08 3477.350 —0.324 0.554 1.000 0.999
09 6670.750 —0.278 0.541 0.999 0.997
10 4.904 —0.132 0.723 0.998 0.983
11 4.904 —0.132 0.723 0.998 0.983
12 4.904 —0.132 0.723 0.998 0.983
13 157.307 —0.175 0.553 1.000 0.999
14 931.114 —0.192 0.465 0.998 0.993
15 59.329 — 0.140 0.501 1.000 0.999
16 1281.530 —0.250 0.591 1.000 1.000
17 311.295 —0.212 0.595 1.000 0.999
18 2852.130 —0.263 0.542 1.000 1.000
19 4378.580 —0.284 0.520 1.000 1.000
20 3770.550 —0.273 0.559 1.000 1.000
21 109.949 —0.170 0.548 1.000 0.999
22 215.578 —0.243 0.727 0.997 0.981
23 105.954 —0.303 0.648 0.999 0.991
24 200.924 —0.124 0.397 0.998 0.993
25 612.748 —0.227 0.585 0.999 0.996
27 589.378 —0.211 0.545 1.000 0.999
29 311.295 —0.212 0.595 1.000 0.999

r? =coefficient of fit.
Estimated parameters are: A =viscosity factor, E =temperature coefficient and
n =shear rate factor.

A increases, while E and n remain constant, the response surface lifts
upwards, parallel to the z-axis. Figure 5 shows that with increasing P
(i.e., increasing melt viscosity), the response surface becomes both
extra temperature and shear rate-sensitive.

Q is the slope, which relates melt viscosity to melt temperature.
With increasing magnitude of @, the overall melt viscosity increases
and the response surface becomes more shear sensitive. This is illu-
strated in Figure 6. The response surface is very sensitive to small
changes in the magnitude of parameter Q. The displacement of the
response surface corresponds to an 0.02 magnitude increase of Q. The
slope parameter, n adequately describes the shear sensitivity of the
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FIGURE 5 Effects of variation of parameter A on melt viscosity. Upper sur-

face: A =12 x 105, lower surface: A=7 x 105, E= — 0.22, and n=0.5 for both
surfaces.

FIGURE 6 Effects of variation of parameter E on melt viscosity. Upper sur-

face: E= — 0.20, lower surface: E=0.22, A=7x 105 and n=0.5 for both
surfaces.
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FIGURE 7 Effects of variation of parameter n on melt viscosity. Upper sur-
face: n=0.60, lower surface: n=0.50, A=7 x 10%, and E=0.22 for both sur-
faces.

response surface. The significance of n is therefore illustrated in
Figure 7.

CONCLUSIONS

The melt viscosity behaviour of a number of commercial polyamide
compounds has been successfully modelled over shear rate and tem-
perature ranges characteristic of injection moulding processes. The
estimated parameters are all significant and can be used to determine
the nature and extent of the polyamide melt viscosity variations which
result from changes in polyamide molecular mass, chemical structure
and the addition of different types and levels of additives and fillers.

It was established that for the polyamide compounds investigated,
melt viscosity is a function of shear rate at constant temperature in
the shear rate range between 500—7000 s ! and this function is
appropriately described by Eq. (4), in this shear rate range region. On
the other hand, melt viscosity as a function of temperature at constant
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shear rate is adequately described by Eq. (5), while Eq. (6) effectively
describes, the response surface melt viscosity as a function of both the
shear rate and temperature. The parameters A, E and n are highly
inter-related, as they all affect the average melt viscosity, temperature
sensitivity and shear sensitivity, to some degree.
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