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Synopsis 

The unified viscosity function curves proposed earlier by the authors have an inherent limitation 
in the low shear rate region. This limitation is the effect of using the melt flow index as a normalizing 
factor to obtain the coalesced curves, which itself is insensitive to molecular parameters such as 
molecular weight distribution. A single integral constitutive equation of the BKZ type is used to 
derive the viscosity function which would be useful in generating unified curves based on the melt 
flow index but devoid of the limitation of molecular weight distribution effects in the low shear rate 
region. 

INTRODUCTION 

It is well known that all polymer melts are viscoelastic, and, therefore, it is 
essential to understand the viscous and elastic responses of these materials to 
deformation during processing. It has been the general practice to study the 
viscous and elastic responses separately through the use of two material functions, 
namely, the viscosity function q and the primary normal stress function $1. 

During processing, the polymer melt is subjected to a wide range of shear rates 
and varied temperatures. The variations in the viscosity and primary normal 
stress functions with shear rates and temperatures are to be known for process 
optimization and oontrol, process design, and trouble-shooting. The necessary 
data on the viscosity function are collected through capillary rheometers or ro- 
tational viscometers. The normal stress difference data, however, require the 
use of rotational viscometers alone. In either case, the equipments needed for 
the generation of such data are highly sophisticated and very expensive. They 
are time-consuming and require trained operators. Hence, though generation 
of such data is essential from the point of view of the plastics processor, the 
measuring instruments are beyond the financial capacity and the technical 
abilities of most of them. 

Shenoy et al.1-5 have recently suggested simple methods for estimating the 
two material functions q and through the use of the material parameter, which 
is generally used for quality control, namely, the melt flow index (MFI). A 
number of unified curves which are grade- and temperature-invariant have been 
given for a wide variety of polymer grades so that a rheogram of q vs. 9 as well 
as a plot of N1 vs. T2 can be estimated merely through the knowledge of the MFI, 
which is either provided by the polymer manufacturer or can be determined 
simply through the use of the relatively inexpensive melt flow indexer. The 
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Fig. 1. Coalesced viscosity curve for broad and regular molecular weight distribution PP at 2.16-kg 
test load condition for MFI. 

generation of the unified curves involved the coalescence of the original vs. 9 
curves for the viscosity function by plotting TMFI vs. Y/MFI on a log-log scale 
and the coalescence of the original $1 vs. yz curves for the primary normal stress 
function by plotting #I-(MFI)~ vs. (TDJIFI)~ on a log-log scale. The coalescence 
was governed by the shape of the original curves and similar shaped curves, un- 
doubtedly, coalesced better. The shapes of the curves are dependent upon 
molecular parameters such as molecular weight distributiop. The melt flow 
index is itself insensitive to subtle changes in molecular parameters, as has been 
shown by Smith: Borzen~ki,~ and Shida and Cancio.8 Since MFI has been used 
as a normalizing factor during coale~cence,'-~ the unified curves, too, are in- 
sensitive to changes in molecular weight distribution. The effects of differences 
in molecular weight distribution are seen in the low shear rate and very high shear 
rate region. However, since the width of shear rates of interest for most polymer 
processing operations lie within the medium range, the unified curves14 for the 
viscosity function are very handy tools for most processors. 

The primary normal stress difference function exhibits a strong dependence 
on molecular weight distribution as predicted from the theory of second-order 
 fluid^.^ Moreover, normal stress difference data is generally collected on rota- 
tional viscometers, which have an effective upper limit of shear rate not greater 
than 10 s-l. Thus, it is essential to include the effects of molecular weight dis- 
tribution in the unified normal stress difference curves if unique curves are to 
be obtained which are invariant for the width of the molecular weight distribu- 
tion. Shenoy and Saini5 have used plots of N 1  vs. (Mz/mw)"5 (4/MF02 on a 
log-log scale to obtain unique curves for a number of polymers of different generic 
type. 

The purpose of the present paper is to develop a method for obtaining unique 
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Fig. 2. Coalesced viscosity curve for four narrow molecular weight distribution PP a t  2.16-kg test 
load condition for MFI. 

curves in the low shear rate regions so that the limitation of molecular weight 
distribution on the unified viscosity curves of Shenoy et al.1-4 is effaced. The 
propriety of the approach suggested herein is tested for three different types of 
polyolefins, namely, polypropylene, low density polyethylene, and high density 
polyethylene. 

THEORETICAL ANALYSIS 

Shenoy and SainilO have modified the relationship suggested by Wagner1' 
between the primary normal stress function J/1 and the viscosity function q for 
fitting the temperature and grade-invariant unified normal stress curves5 and 
the unified viscosity curve~. l -~ In their approach,1° the effects of molecular 
weight distribution of large widths were neglected. Thus, predictions from the 
following equation were found to fit N1 vs. (i./MFI)2 for broad and regular mo- 
lecular distributionslO: 

N1 = [J/1.(MFI)2][(j//MFI)2] (1) 
where 

#I.(MFI)~ = (~~o-MFI)(~N/~)(X.MFI)~(~./MFI) [ 1 
+ (X-MFI)2(~/MFI)2]-(N+1) (2) 

N1 is the primary normal stress difference, &-(MFI)2 is the modified primary 
normal stress function, (i./MFI) is the modified apparent shear rate function, 
qwMFI is the modified zero-shear viscosity function, A-MFI is the modified time 
constant, N is the parameter of the Carreau model given below, and m is the 
damping constant. 
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The derivation of eq. (2) is dependent upon the following relationships: 
Modified Carreau model: 

v-MFI = v.MFI[l + (X*MFI)2-(;I/MFI)2]-N (3) 

Modified Wagner's relationship: 
1 d(vMF1) 
m d (TIMFI) 

rC/l*(MFI)' = - - (4) 

It was found by Shenoy and Saini5 that a plot of N1 vs. (;I/MFI)2 on a log-log 
scale would suffice to obtain a unified curve when the various grades of polymers 

TABLE I 
Molecular Characteristics of Polypropylene* 

Melt flow index 
Gradeb Code (190°C/2.16 kg) Mu, x 10-5 azmu mz.aw 

PP-H-N 
PP-H-R-B 
PP-H-B-R 

PP-M-R 
PP-M-B 

PP-L-R-N 

PP-M-N 

PP-L-N 

4.2 
5.0 
3.7 

11.6 
12.4 
11.0 
25.0 
23.0 

2.84 
3.03 
3.39 
2.32 
2.79 
2.68 
1.79 
2.02 

2.59 
3.57 
3.54 
2.81 
4.82 
4.46 
2.47 
3.18 

20.9 
32.8 
40.7 
15.1 
37.5 
32.Q 
7.9 

13.0 

a From Ref. 13. 
b H: high molecular weight; .M: middle molecular weight; L: low molecular weight; N: narrow 

molecular weight distribution; R regular molecular weight distribution; B: broad molecular weight 
distribution. 



UPGRADING THE MELT FLOW INDEX 1585 

Y 

* al 



1586 SHENOY AND SAINI 

I7 
( iiz i - 1  ( b / Y F I  1 

Fig. 5. Coalesced viscosity curve taking into account the molecular weight distribution for LDPE 
a t  2.16-kg test load condition for MFI [(-) predictions of eq. (811. 

of a generic type all had broad and regular molecular weight distribution or, al- 
ternatively, all had narrow molecular weight distributions. If a unique curve 
is to be obtained which is independent _ _  of the width of molecular weight distri- 
bution, _ _  then a correction term (M2/M,)3.5 is to be included so that a plot of N 1  
vs. (M2/M,)3.5(j,/MFI)2 has to be used to obtain the coalescence. The following 
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Fig. 6. Coalesced viscosity curve for HDPE a t  2.16-kg test load condition for MFI. 
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Fig. 7. Coalesced viscosity curve taking into account the molecular weight distribution for HDPE 
a t  2.16-kg test load condition for MFI [(-) predictions of eq. (8)] .  

relationship between N1, $1, and y2 can be written in the modified form as would 
fit the unique curves of Shenoy and Saini5: 

Substituting (MFI)2/(Xz/Mw)3.5 for (MFI)2 in eq. (2) gives the following: 

(M2/Mw)3.5 (M2/7c;Jw)1.7 m (M2/~w)3.5  * [ (z) * (&)I $dMFI12 - (vrMFI) 2N (X.MFI)2 Mz 1.7 - 

Similarly, eq. (4) can be written as 

(7) 

Thus, combining eqs. (6) and (7) and integrating gives the following modified 
form of the Carreau model as 

$i-(MFU2 = - -  1 d[(v.MFI!/(M,/M,)'.7] 
(M,  /Xu 1 3. m d [ (M, /Mu ) l. 7 -  ( y /MFI ) ] 

A plot of (v-MFI)/(M,/M,)~~ vs. (M,/Mw)1.7.(j//MFI) on a log-log scale 
should, therefore, give a unique curve independent of the width of the molecular 
weight distribution, since it has been derived from the normal stress difference 
equation (5), which has such characteristics. It must be noted that the coales- 
cence obtained through the correction term (Bz/Bw)1.7 would not hold for higher 
shear rates and in the region of 10-103 s-l, the original method of coale~cence'-~ 
using vMFI vs. j//MFI plots should wc '< better. 
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TABLE I11 
Rheological Parameters of the Modified Carreau Model [Eq. (8)] for Polyolefins Considered in 

the Study 

Applicability 

Polypropylenes 2.2 x 104 1.0 0.22 0.1-1000 
Low density polyethylenes 8.0 X lo3 0.31 0.25 1-1000 
High density polyethylenes 9.5 X 103 0.50 0.26 0.1-1000 

RESULTS AND DISCUSSION 

Figures 1 and 3 show plots of pMFI vs. j./MFI in log-log scales for a number 
of polymer grades of polypropylene described in Table I. The eight different 
polymer samples have been found to give two distinct unified curves in the low 
shear rate region coalesing the data for four grades each. Molecular character- 
istics of the samples show that B, C, E, and F form a distinct group with broad 
and regular molecular weight distribution while A, D, G, and H form another 
group with narrow molecular weight distribution. In the low shear rate region 
of 10-2-10 s-l, Figures 1 and 2 do not superimpose as they stand. However, in 
accordance - _  with the analysis provided earlier, a plot of (pMFI)/(M2/M,)1.7 vs. 
(Mz/M,)1-7 (YIMFI) should yield a unique curve taking care of the differences 
in the width of the molecular weight distribution. Figure 3 shows such a plot. 
The values of (Mz/M,)1.7 alone do not control the coalescence as it is clear that 
the normalizing factor for unifying the viscosity vs. the shear rate curves of widely 
different molecular weight distribution is more truly (M2/Mw)1.7/MFI. Now 
it  is known that 77 varies directly as M;), where a takes the value of about 3.4 for 

_ _  

MFI - pmr I 10 mtn 
t 0. 

- 
2 

3 to 

lo‘ 
10-2 to-’ 10° 10’ 163 

(iiZ I ~ w ? ’ ( t l m F I  )‘ 

Pig. 8. Coalesced normal stress difference curve for broad, regular, and narrow molecular weight 
distribution PP a t  2.16-kg test load condition for MFI [(-) shows the predictions of eq. (S ) ] .  
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Fig. 9. Coalesced normal stress difference curve taking into account the molecular weight distri- 
bution for LDPE a t  2.16-kg test load condition for MFI [(-) predictions of eq. (S)]. 

zero-shear viscosity and decreases slightly for viscosities at  higher shear rates. 
Shenoy et al.1-4 have shown that MFI varies inversely as viscosity, and hence 
it can be assumed that MFI would vary inversely as Pl:4 as a first approximation. 
This suggests that the normalizing factor is controlled in the correct sense by 
the value of (Mz-M,)1.7. Hence, _ _  all the grades of a particular generic type of 
polymer which have values of M,.M, nearer to each other would be expected 
to coalesce. The values of (Mz.M,i,) for the eight grades of polypropylene are 

- _  

_ -  
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TABLE IV 
Material Parameter of Eq. (6) for Different Polyolefins Considered in the Study 

Polymer type Damping constant rn 

Polypropylenes 0.4 

High densitv Dolvethvlenes 0.3 
Low density polyethylenes 0.1 

given in Table I, and it is then clear why B, C, E, and F form a distinct group while 
A, D, G, and H form another distinct group for the coalescence. This would 
explain why even two grades with similar (M,/M,) but different mu charac- 
teristics and consequently different rheological characteristics would - -  have a 
coalesced curve because the sensitive parameter for unification is not (M,/Mu) 
but M,-M,. In cases where (M,/Mw) is the same, the viscosity vs. shear rate 
curves would coalesce simply through MFI as the normalizing factor as it would 
account for all changes in x,. Figure 4 shows a plot of TMFI vs. ?;/MFI for four 
different low density polyethylene melts. In the low shear rate region of 10-2-10 
s-l, the coalescence is rather poor. A plot of (rl.MFI)/(M,/M,)1.7 vs. (Mz/M,)1.7 
(Y/MFI) for the same four low density polyethylene melts was found to give a 
unified curve as shown in Figure 5. _ _  Figures 6 and 7 show the similar effects 
produced by the correction term of (M,/M,)1.7 on the high density polyethylene 
low shear data. Figures 3 , 5 ,  and 7 thus show plots which are independent of 
grade, temperature, and molecular weight distribution in the low shear rate re- 
gion. Molecular weight distribution is often expressed as one of the following 
ratios, namely, Mw/Mn,  MJM,, M,+ JM,, etc. An approximate interrela- 
tionship between the various expressions has been given by Van Krevelan et al.12 
based on the analysis of data for a number of polymers: 

_ -  

_ _  _ _  

_ _ _ _  

_ _  
Any of the above expressions could thus be used in place of (Mz/Mu)1.7 in the 

unified curve through proper conversion. The details of all the polymers used 
for getting Figures 1-7 have been given in Table 11. 

The plots shown in Figures 3 , 5 ,  and 7 can be readily fitted by the modified 
Carreau model as given by eq. (8) as the data covered all falls within the low shear 
rate range of validity of the model. The solid line in each of the curves shows the 
fit. The parameters of the model are given in Table I11 for each generic type of 

TABLE V 
Value of n To Be Used in Ea. (10) for the Polvolefins Considered in the Study 

Polvmer tvDe n 
~~ 

Polypropylenes 0.34 
Low density polyethylenes 0.46 
High density polyethylenes 0.54 
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TABLE VI 
Flow Activation Energies for the Polvolefins Considered in the Studv'8 

Temperature range 
Polymer type E (kcaVmo1) of validity ("C) 

Polypropylenes 9.87 200-250 
Low density polyethylenes 7.25 175-205 
High density polyethylenes 6.83 175-220 

polymer. Since eq. (8) is derived from eq. (6), a natural fit of eq. (6) to the unified 
normal stress difference curves of N1 vs. (M,/M,)3.5-(ci//MFI)2 given by Shenoy 
and Saini5 can be expected. Figures 8-10 are reproduced from Shenoy and Saini5 
along with the solid line which shows the fit of eq. (6) to the curve. The damp- 
ening constant m required for the curve modeling has been given in Table IV. 

The unified viscosity curves in Figures 3,5, and 7 along with the unified normal 
stress difference curves in Figures 8,9, and 10 form a set from which the visco- 
elastic property of a polyolefin melt can be estimated in the low shear rate region 
merely from the knowledge of its MFI. 

The steps involved in generating the viscosity and normal stress difference 
curves at  the temperature of interest are as follows: 

-The MFI value has to be obtained under standard temperature and load 
test conditions either from the polymer manufacturer or as determined through 
a measurement on the melt flow apparatus. 

-The loading condition of the obtained MFI must be the same as that spec- 
ified in the unified curve. If it is different, a new value of MFI ought to be cal- 
culated' using the following equation: 

(10) 
where L1 and L2 are the test load and the load at which MFI is required, re- 
spectively. The values of n to be used for the different polyolefins are given in 
Table V. 

-The temperature of MFI measurement should be checked with the tem- 
perature a t  which the viscosity and the elasticity curve is desired. Using one 
of the two following equations, the MFI at  the required temperature should be 
calculated: 

- _  

MFI( L 2)/MFI( L 1) = (L 2/L 1) 'ln 

Modified WLF-type equation': 

logMFI(T1) (11) 
8.86 (Ti - T,) - MFI( Tz) - 8.86 (T2 - T,) - 

101.6 + (Tz - T,) 101.6 + (TI - T,) 
Modified Arrhenius type equation? 

where T1 is the ASTM-recommended test temperature (OK), T2 is the temper- 
ature a t  which MFI is required ( O K ) ,  T, is the standard reference temperature 
(= T, + 50) (OK), Tg is the glass transition temperature of the polymer (OK), R 
is the gas constant, and E is the activation energy for viscous flow as tabulated 
in Table VI for the three types of polyolefins. 

The choice of eqs. (11) or (12) to determine the temperature dependence of 
MFI is mainly governed by whether T < Tg + 100 or T > Tg + 100. A t  tem- 
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peratures relatively nearer to Tg, free volume and its changes with temperature 
play a dominant role. Hence the modified WFL-type equation (11) would 
provide better estimates. At temperatures greater than Tg + 100, the temper- 
ature dependency of MFI is decisively affected by overcoming of the forces of 
intermolecular interactions. Hence the modified Arrhenius type equation (12) 
would give better predictions in such cases. 

-The molecular weight distribution should be known either through the 
manufacturer's grade specifications or through _ _  conventional measurement. The 
MWD value should be obtained in terms of MzIMw. If obtained in any other 
form like %&,,lZn or Z z Z z + J M w ,  then it should be converted to M J M ,  using 
eq. (9). 

vs. i/ and N1 vs. y2 under the required conditions can be 
readily obtained by substituting the correct value of MFI and M z l Z w  in the 
appropriate unified curve. 

_ _  

-The plots of 

CONCLUSIONS 

The inherent limitation existing in the unified curves presented by the au- 
t h o r ~ l - ~  has been overcome by using a correction term of (MzlMw)1.7 in order 
to account for molecular weight distribution during the coalescence of the vis- 
cosity curves. The unified curves presented herein are not only grade- and 
temperature-invariant but are also independent of the width of molecular weight 
distribution in the lower shear rate region, where such effects of MWD are seen. 
When using these unified curves, care must be taken to restrict their use only 
to low shear rate region (1OP2-1O s-l) as the correction term of (Mz/Mw)1.7 would 
not be effective for coalescence in the higher shear rate regions of 10-103 s-l. In 
such high shear rate regions, the original coalesced curves of the authors14 would 
be most suitable. 

- _  

_ _  
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