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ABSTRACT 

Rheological shear viscosity was obtained in a 
rotational viscometer with varying shear rates at 
different constant temperatures for a commercial linear 
low-density polyethylene. The viscosity was considerably 
higher than a comparable molecular weight and molecular 
weight distribution low density polyethylene. This 
indicated the absence of long chain branches in this 
particular polyethylene. 

The dilute solution properties, in particular the 
intrinsic viscosity is used to deduce the existence of 
many short branches on the backbone of this polyethylene, 
and also predict their number, which was found to be about 
18. 

The extrusion flow rate and energy requirement on 
a 1-3/4 inch diameter 24:1 L/D ratio were comparable to 
higher molecular weight low density polyethylene. 

x 



1. INTRODUCTION 

1.1 Polyethylenes 

Altnouyh the chemical notation for the 

polymerization of ethylene indicates a simple reaction, 

fnCH 2 = CH24 + -fCH2CH2^n (1-1) 

the properties of the polymer vary over a wide range, 

depending on molecular weight, the method of manufacture, 

and differences in structure. At one time these varia

tions in structure were thought to be minor, but they are 

actually of such importance that major areas of applica

tion are influenced. 

The rheological and dilute solution properties 

depend, among other things, on the polymer molecular 

structure, molecular weight distribution, and also on 

processing conditions such as melt temperature, pressure 

and flow rate. Therefore, a better understanding of the 

interrelationships between the rheological properties and 

molecular characteristics, and between the rheological 

properties and processing conditions, is essential for 

1 
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developing a criterion for evaluating the processability 

of the polymeric material. Figure 1-1 (Han, 1976) gives a 

schematic of such interrelationships. 

1. 2 Process Description 

In 1977 a low-pressure gas phase process for the 

manufacture of low-density polyethylene was announced by 

Union Carbide. The process is reported to require half 

the capital investment, one quarter of the energy, and 10 

percent of the space now required to produce equal amounts 

of conventional polyethylene by high-pressure processes. 

Because of the low-pressure reaction zone, energy 

use is reduced by 75 percent in that area of the 

process. For example, less piping is required. The first 

reactor, a 110,000 ton/year unit, consists of a single 

14-foot diameter tank. The reactor section requires one 

mile of heavy-walled pipe to produce an equivalent amount 

of polymer in a conventional plant. The new process 

eliminates or sharply reduces complex pumping and recovery 

systems, refrigerated ethylene streams, and heat and 

noise-producing rotary and reciprocating equipment. 

A conventional LDPE is manufactured by a high 

pressure process utilizing a free radical type reaction 

mechanism. Reaction conditions are variable but typically 

involve pressures of 15,000-60,000 psi and temperatures of 
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Processing Equipment 

Die, Screw, 
Mixing Devices, etc. 

j ,  

V 

Flow Property •« Processing Conditions 

4 Viscosity,) (Temperature, Flow Rate,] 
(Elasticity) (Stretch Rate, etc. j 

11 

Molecular Parameters < s» Mechanical Property 

(Molecular Weight, MWD,) (Tensile Strength, ) 
(Side Chain Branching J (Impact Strength, etc.) 

Figure 1-1. Schematic of the interrelationships that 
exist between the processing variables 
and flow properties, and between the 
molecular parameters and flow properties 
(Taken from Han, 1976). 
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150-400°C (Cook and Lepper, 1980). Ethylene monomer is 

conveniently used as the reaction medium since per pass 

conversion is limited to less than 40 percent. Reaction 

initiators commonly used are peroxides, hydroperoxids, 

air and molecular oxygen. Molecular weight control is 

acquired via the use of propylene and issobutane as co

polymers. Tne density is a function of the reaction 

cond itions. 

Linear polyethylene is produced by a simple low 

pressure process which enables resin manufacturers to 

obtain a much wider variety of polyolefins than can be 

obtained via the high pressure process. Temperatures 

employed range from 25-300°C, pressures range from atmo

spheric to 1000 psi, and per pass conversion of ethylene 

from 50-100 percent. Molecular weight is controlled by 

addition of proton donors such as alcohols, acids, and 

molecular hydrogen. Density is varied through the addi

tion of alpha-olefin comonomers. Catalysts are of the 

coordination type incorporating transition metal complexes 

as reaction sites. 

1.3 L-LDPE and LDPE Differences and Future Outlook 

The most obvious physical differences between the 

low "linear" LDPE resin and branched high-pressure LDPE 

having the same density include: 
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1. reduced chain branching, 

2. increased crystallinity, and 

3. narrower molecular weight distribution. 

These result in many property improvements. The advan

tages of the linear low include higher stress crack 

resistance, higher heat-distortion temperature, higher 

impact strength and flex life in injection molded and 

rotationally molded parts; higher puncture resistance, 

tear strength and tensile strength in blown and cast 

films; and superior low temperature flexibility, high-

temperature tensile strength and stress-crack resistance 

in wire and cable coatings and blown molded parts. 

Processability of L-LDPE compared to LDPE and HDPE is 

shown in Table 1-1. 

Although L-LDPE accounted for only 7 percent of 

the U.S. polyethylene market in 1981, by 1990 it is 

predicted to penetrate approximately 65 percent of the 

LDPE market and 15 percent of the HDPE market. It should 

be noted that L-LDPE became available commercially on in 

the late 1970's. L-LDPE will account for more than one-

third of polyethylene used by 1990, as shown in Table 1-2 

(MacBride, 1980). 

Conventional low-density polyethylene produced by 

high pressure process may never disappear entirely, but 



Table 1-1* Processability of L-LDPE Relative to LDPE and HDPE 

Property LDPE LLDPE HDPE 

Film Best Medium, better 
strength 

Most difficult 

Molding Flexible Stiffer, but 
warps less 

Rigid 

Pipe Flexible Better hoop 
stress 

More rigid 

Wire and 
cable 

Extrudes fast Better ESCR and 
temperature 

resistance 

Best temperature 
resistance, can 
cross linked 

Blow molding Good Parison 
strength 

Poor Parison 
strength 

Good stiffness 

Rotational 
moldiny 

Good flow Best flow More rigid 

Powder 
coating 

Low temperature 
flexibility 

Higher temper
ature needed 

Rig id 

Extrusion 
coating 

Low neck-in High neck-in Rig id 

Crosslinked 
foamed 

Easy to control Difficult to 

control 

Easy to control 

*Taken from Chem Systems, 1982:20-21 



Table 1-2.* Predicted Growth of Commercial Polyethylenes 

Billion lbs 

1981 1985 1990 

L-LDPE 0.8 3.9 6.5 

LDPE 6.2 4.4 4.6 

HDPE 3.8 6.2 8.0 

TOTAL 10.8 14.5 19.1 

*Taken from MacBride, 1980:14-15 
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much of the formidable quantity of so-called "linear" LDPE 

that will be coming of the new low pressure polymerization 

plants scheduled to be constructed over the next three 

years is intended to replace it. Thus plastic processors 

and fabricators must become knowledgable with new resin, 

which means both taking advantage of its unusual property 

ranges and accomodating some peculiarities in its pro

cessing characteristics. 

1.4 Research Objective 

The ob3ective of this study is to obtain experi

mental data and evaluate the interrelationships between 

1. Rheological properties, 

2. Dilute solution properties, and 

3. Extrusion properties. 

The L-LDPE in this study has a melt flow index equal to 

1.0, a weight average molecular weight equal to 137,000, 

and a number average molecular weight equal to 19,400. 



2. THEORY AND LITERATURE REVIEW 

2.1 Rheology 

Rheology is defined as the science of the flow and 

deformation of materials. In this work, however, the 

meaning of rheology will be restricted to fluid rheology. 

In addition to having complex shear viscosity behavior, 

polymeric fluids show elastic properties, normal stress 

phenomena, and prominent tensile viscosities. All these 

rheological properties depend upon the rate of shear, the 

molecular weight, the structure of the polymer and temper

ature . 

viscosity is independent of the rate of shear. The 

measurement of Newtonian shear viscosity is illustrated 

schematically by the top half of Figure 2-1. A liquid is 

confined between two flat plates of area A separated by 

distance D. A Force F is required to move the tope plate 

at a constant velocity related to the lower plate. This 

force is directly proportional to the viscosity of the 

liquia (Nielson, 1977). 

Ideal fluids are called Newtonian. Their 

shear stress x 
shear force F F 

(2-1) 
area A of shear face A 

9 
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Figure 2-1. Schematic diagrams for the measurement of 
shear viscosity (top) and elong~tional or 
tensile viscosity (bottom) (Taken from 
Neilson, 1977). 

10 
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shear strain Y = amount of shear displacement S 
distance between shearing surface D 

-g— = tan 0 

( 2 - 2 )  

shear stress t 
viscosi y n - rate of shear strain dy/dt 

(2-3) 

If the fluid is not Newtonian, a plot of shear stress x 

against the rate of shear Y is not a straight line but a 

curve such as the solid line shown in Figure 2-2. When 

the t - y curve is non-linear, the apparent viscosity 

n is the slope ot the second line from the origin to the 
cL 

shear stress at the given value of the shear rate, that is 

T n = . 
a Y 

In cases where the relative velocity of the 

shearing plates is not constant, but varies in a 

sinusoidal manner, a complex viscosity n is measured 

* 1 • 11 
n* = n - in (2-4) 

n1 is the dynamic viscosity and is related to the steady 

state viscosity. It is a measure of the rate of energy 

dissipation. The imaginary viscosity measures the 

elasticity or stored energy. 
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a 
« 

Rote of Shear f 

Figure 2-2. Measurement of viscosity from shear stress-rate 
of shear curves (Taken from Neilson, 1977) . 



Another viscosity can be measured in tension 

instead of by shearing tests, as illustrated in Figure 2-1 

the tensile stress o is 

F 
(2-5) a 

A 

while the tensile strain or elongation e is 

e = in (-£ 
L-L 

o ( 2 - 6 )  
L 

o o 

Lq is the initial length while L is the length at some 

later time. The tensile viscosity nt is 

Tensile viscosity is of great practical importance when 

polymers flow through channels or tubes in which the 

cross-sectional area is decreasing. 

Normal stresses are other rheological phenomenon 

encountered with non-Newtonian fluids. The first normal 

stress difference (^-q - 022^ tends to force the shear 

plates apart. The second normal stress difference tends 

to create bulges in the polymer at the edge of the plates. 

The normal stresses are schematically shown in Figure 2-3 



Figure 2-3. Schematic diagram showing the notation for 
normal stresses in a shear field (taken from 
Neilson, 1977). 

14 



for a volume element inside the fluid being sheared. The 

following definitions and relationships apply to normal 

stresses: 

11 + °22 + °33 U 

11 °22 = First normal stress difference 

22 °33 = Second normal stress difference (2-8) 

Normal stresses produce a number of phenomena not found 

with Newtonian liquids. For example, when a polymer is 

extruded from an orifice, a capillary or a slit, the 

diameter or thickness of the resulting stand is consider

ably greater than the diameter of the tube or capillary 

from which it came. This phenomena is called die swell. 

Another unexpected phenomenon due to normal stress is the 

ascending of polymer liquids up rotating shafts as illus

trated in Figure 2-4. In this study, however, we will 

deal mainly with apparent viscosity. 

2.1.1 Temperature Dependence of Shear Viscosity 

The viscosity of most polymers changes greatly 

with temperature. For Newtonian liquids and for polymer 

fluids at temperatures far above the glass transition 

temperature Tg or above the melting point, the viscosity 
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NORMAL STRESS 

F 

Figure 2-4. Creep of a polymeric liquid up the rotating 
inner cylinder of a coaxial cylinder rheo-
meter (taken from Nielson, 1977). 
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follows the Arrhenius equation to a good approximation 

(Mendelson, 1969): 

n = KeE/RT (2-9) 

K at a yiven shear stress is a constant characteristic of 

the polymer and its molecular weight, E is the activation 

energy for the flow process, R is the gas constant, and T 

is the temperature in degrees Kelvin. The energy of acti

vation for flow increases as the size of side groups in

creases and as the chain becomes more rigid. E, decreases 

with increasing rate of shear. For amorphous polymers at 

temperatures less than 100° above the T , a better equa

tion is the Williams-Landel-Ferry or the W-L-F equation. 

2.1.2 Shear Rate Dependence of Shear Viscosity 

Polymer melts have a non-Newtonian behavior, the 

apparent viscosity n decreases as the rate of shear 
a 

increases (Figure 2-5). This behavior is of practical 

importance in tne processing and fabrication of plastics 

and elastomers. The decreased viscosity makes the molten 

polymer easier to process or to be forced through small 

channels, as the filling of a mold. The energy required 

to operate a large injection molding machine or extruder 

is reduced by the same phenomena. Typical log n versus 
3 
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( 2 )  

o 
a 

( 4 )  

( 5 )  

M 

Figure 2-5. Melt viscosity versus molecular weight for linear 
polyethylenes at 190°C at various shear rates 
(sec"1) (46): (1) 10°; (2) 101; (3) 102; (4) 103; 

(5) 104 (taken from Han, 1976). 
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log y curves are shown in Figure 2-6. The melt has a 

Newtonian viscosity which is high at very low rate of 

shear. However, over much usual accessible shear rate 

range, the viscosity decreases nearly linearly with y on 

the log-log plot. In this linear range the power law 

equation holds in which 

• n—1 
na = Ky (2-10; 

where K and n are constants. For Newtonian liquids n = 1; 

K = n . The power law generally does not hold accurately 
a. 

for more than two decades change in shear rate, but in the 

range where the equation is valid the slope of the 

straight line relationship on a log-log plot is: 

d loq ? = n-l (2-11) 
d log y 

There are several theories and resulting equations 

which often are used to describe the shear rate dependence 

of the viscosity (Figure 2-7). Table 2-1 (from Rodriguez, 

1970, pp. 165-167) presents equations which have found a 

fair degree of acceptance for polymer melts. Models with 

two parameters are widely used. As stress or rate of shear 

becomes small, the viscosity of almost all polymer melts 



TABLE 2-1. Mathematical Models for Pseudoplastic Flow 

Equation 
number Formula 

Popular name and 

rcfcrence number 

Modals with two paramatars 

1 n = A.V'-1 = A." 

1 -iinlil i y  

1 ,'r »-i- .. 

k r  

I'.m it-I.-uv, 1 •"ttt'iilil-

•1,-U.irlr 

1 A riim 

.••jifticcr-1 'lilon 

no II  

l a  "»A'r 
:i - - 1 = — J-

1 4 

sitiK At 
•  i k ' r ~  T k ' t 3 k l r i  

4 ~ -:V ~ 12 

I'.m it-I.-uv, 1 •"ttt'iilil-

•1,-U.irlr 

1 A riim 

.••jifticcr-1 'lilon 

4  —' — I = At Ki-rrv  

6 

J7 

' '8 

I  =  At» 

1  =  ( (W)*'  (conc .  aoins . )  

— — 1  =  ( fy ) x i  (d i l .  so lna . )  

-(l/p'lSp'/Cp* + p»7») 
1, " [Zp7(p4 + *V)]« + 1 /(p4 + *V>|» 

(All summations from 1 to », 0 = $o) 

l )e  Haven 

Bucche I  

IJuL'che  I I  

I ' . io -Rouse  

log M 

log (17,0) 
0.68  -  0.32  erf  

log  (rV)  -  log B 

2.27 y/:l 

Modali with thraa paramatars 

n-° - 1 = kr-
1 

10 — 1 
k r >  

fcjri 

1 - T. 
10 — n 

1  —  1 m  

1 0 — 1  B  

1 — im s inh- '  (Bi )  

10 — n 
1  —  1 m  

B y  

Ell i s  

Reiner-Phi l ippolT 

KrieKer-Dougherty  

Eyring-Powel l  

Wil l iamson 

Taken from Rodriguez, 1971. 
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Figure 2-6 
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2 Shear thinning 
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STEADY STATE NON NEWTONIAN MODELS 

Figure 2-7 
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approaches a constant value n0> the zero shear-rate 

viscosity. It is common to use this nQ as one para

meter. Most of these equations can be used for pseudo-

plastic or shear thinning behavior, which is the most 

common. 

2.1.3 Role of Polymer Entanglements in Shear Viscosity 

The basic cause for the non-Newtonian behavior of 

polymer melts is the orientation of molecular segments by 

the flow field. Molecular entaglements with an appreci

able lifetime exist above a critical molecular weight, and 

they enhance the possibility of orienting molecular seg

ments in a flow field (Grubb, 1983). Entanglements act as 

a temporary cross link. A polymer melt at rest has a 

higher concentration of entanglements than a polymer which 

is flowing. Entanglements increase the viscosity because 

it becomes more difficult for flow to occur by relative 

motion of the molecules when they are entangled. At very 

high rates of shear practically no entanglements can 

exist; the viscosity reaches a relatively small value 

which becomes independent of the shear rate. 

2.1.4 Molecular Weight Dependence of Viscosity 

Among the structural factors determining the 

rheology of polymers, the molecular weight is the most 
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important (Figures 2-5 and 2-8). The zero shear 

viscosity nQ of linear polymers is proportional to the 

molecular weight M below a critical value M0 (Grubb, 

1983) . 

n = KM, M < M (2-12a) 
o e 

no = KM3'4, M > Me (2—12b) 

K = constant, depends upon temperature. 

The critical molecular weight is believed to correspond 

to a value beyond which molecular entanglements begin to 

dominate the resistance to flow. 

2.1.5 Molecular Weight Distribution 
Dependence of Shear Viscosity 

The distribution in molecular weight affects the 

value of the shear rate at which non-Newtonian behavior 

becomes apparent. The polymer with a broad distribution 

exhibits non-Newtonian flow at a lower rate of shear than 

a polymer with the same zero rate of shear viscosity but 

which has a narrow distribution in molecular weights, and 

they also have a lower viscosity (see Figures 2-9 and 

2 - 1 0 )  .  
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Log M 

Figure 2-8. Schematic of zero-shear viscosity 
versus molecular weight. 
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Locati and Garagani (1971) developed a relation, 

relating zero shear viscosity and molecular weight for 

polyethylene: 

M 
log nQ = log K + 3.36 log Mw +0.51 log 

w 
(2-13) 

where Mw = the weight average molecular weight. 

In terms of any population: 

EwiMi 

Mw = ~Tw~ ( 2-I4 ) 

ZW1M12 

Mz Ew.M. (2-15) 
1 1 

Bersted (197 5) modified the model for HOPE with 

very little short chain branching to calculate the steady 

shear viscosity at any shear rate for broad MWD. There 

will be assumed to exist at any shear rate a maximum 

molecular weight Mc, below which molecules contribute to 

the viscosity as they normally would. For M > Mc, a 

molecule will contribute to the viscosity in proportion to 

its weight fraction as though its molecular weight were 
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Mc. Bersted assumed that this partition is independent of 

the molecular weight or MWD. Consequently, the steady 

shear viscosity at any shear rate can be expressed as 

M* 
log nQ = log K + 3.36 log M* + 0.51 log [—•) (2-16) 

Mw 

where 

_ c-1 =0 
M* = £ w.M. + M I w. (2-17) 
w , 1 x c 1 1=1 i=c 

to* = 
Z 

c — 1 00 

y w.m.^ + (m )^ y w. 
l ii T c . ̂  i (2-18) 

C = 1 l=c 

M* 
w 

Mc is a shear rate parameter that partitions molecular 

weight. 

Mc = 540.000 y °-300 (2-19) 

Subsequently this model was modified by Pederson 

and Ram (1978) for application to highly branched low-

density polyethylene by using the unperturbed mean-square 

_2 
radius of gyration S0 instead of the molecular weight 

d istr ibution. 
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log n = -12.75 (- 1.02) + 4.25 (- .22) log (gM/w) 

( 2 - 2 0 )  

where 

c-1 °° 
(gM) = I w.g.M + gMe £ w. (2-21) 

1 c 

This distribution of LCB is expressed by gwhich 

was obtained by equating (gi)^/2 to the ratio of intrinsic 

viscosities of branched to linear polymers at the same 

molecular weight . Both MWD and LCB were obtained using 

GPC data (the ith elution volume having and g^). 

2.1.6 Chain Branching Dependence of Shear Viscosity 

Polymers can have a great variety of branched 

structures. The branches can be defined as being long or 

short. Long branches (normally with more than eight car

bons) have a larger effect on viscosity. They reduce it, 

if they are not so extremely long as to cause entangle

ment. The effect of Long Chain Branching (LCB) on 

viscosity, independent of molecular weight and molecular 

weight distribution, is shown in Figure (2-11). Branched 

molecules are more compact than linear molecules and have 

a higher shear rate dependence of viscosity. 
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COMPARISON OF APPARENT VISCOSITIES VS. SHEAR 
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(Taken from Bowles, Finger and Mendelson, 1970) 

MOLECULAR WEIGHT x 10~3 

SAMPLE [f|] dl/g M 
n 

M 
w 

M /M 
w n 

N 
w 

A 0.627 27.3 42.5 1.6 13.0 

B 0.708 27.0 43.0 1.6 8.3 

C 0.841 27.0 43.0 1.6 4.0 

D 0.951 26.8 43.0 1.6 1.5 

Figure 2-11 
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The determination test of Low LCB content in poly

ethylene was developed by Constantin (1982) It consists 

of two measurements and one calculation: Newtonian visco

sity measure as shown earlier, and determination of MWD 

The Newtonian viscosity calculation is possible with the 

composition law 

no = 3.99 x 10~14 Mt
3*482 (2-22) 

where nQ is the zero shear or newtonian viscosity in 

poises, and Mt is the rehological average molecular weight 

Mt
1,2 = X WiMi

1,2 (2-23) 

is the macromolecular concentration having as mole

cular weight average, is the weight fraction. If the 

predicted or calculated newtonian viscosity is close to 

that measured then there is no LCB. 

The first attempt to predict the number of short 

chain branches was in 1953 by Stockmayer (Billmeyer, 

1953), who calculated the function g, the branching index 

3/2 
where g is the ratio of intrinsic viscosity of the 

branched to the linear polyethylene, as will be explained 

later. 



g = -gij [1 + s (l-2f + 2f2 - 2 f3) + s2(-f + 4f2 - f3)] 

(2-24) 

where s is the number of branches per molecule and f is 

the fractional length of a branch. This model is for a 

monodisperse system and from it Stockmayer concluded that 

the reduction in viscosity due to branches four carbon 

atoms long is about 1/100 as great per branch as that 

indicated by the long chain branching index. 

Another approximating method (Franta, Sperati and 

Starkweather, 1953) using infrared measurement detecting 

methyl groups and relating the number of branches to 

density is 

Density = 0.9312 - 5.2 x 10~3 (CH3/100 C atom) (2-25) 

Axelson, Levy and Mandelkern (1979) recently pub

lished a definitive analysis of the branching character

istics of LDPE resins as determined by carbon-13 Fourier 

transform nuclear magnetic resonance (C-13 NMR) . Figure 

2-12 is a plot of the total side chain branching frequency 

Nb (branches per 1000 carbon atoms) versus resin density 

for ten of the LDPE homopolymer resins studied for which 

the resin density was available. The correlation obtained 
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BRANCHING FREQUENCY VERSUS RESIN DENSITY 

Nb=579.7(0.9455-Density) 

Figure 2-12 



Nk = 579.7 (0.9455 - Density) (2-26) 

the standard error, they estimated is 10.6 percent of the 

mean. 

Polyethylene with long chain branches offers more 

resistance to elongational deformation has a higher 

elongational viscosity (Daane, 1977, pp. 282-284), than 

polyethylene with only short chain branches. This can be 

visualized by considering that the more linear materials 

are more easily deformed from random coil configuration 

than branched molecules. The long branched material is 

more difficult to disentagle and flow in extension and 

therefore the strand breaks at a lower draw down ratio, 

as shown in Figure 2-13). 

2.2 Crystallinity 

Linear LDPE' s produced by the low pressure process 

are 10-20 percent higher in crystallinity, which causes 

the melting point to be 15-25°C higher, at the same 

density and the melting range smaller than conventional 

LDPE produced by the high pressure process (see Figure 

2-14) (Cook and Lepper, 1980). 

Directly related to the crystallinity of poly

ethylene is its stiffness or flexural modulus. LLDPE 

demonstrate a significantly higher modulus at the same 
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Figure 2-13. (Taken from Daane, 1977.) 



37 

o 
o 130 

c 125 
'o 
Cl 120 
cn 
•4—« 

115 
"aj 
E 110 

o 105 
Q_ 

100 

9 5 -

90 

Low Pressure 

High Pressure 

0.91 0.92 0.93 0.94 0.95 

Density (g/cc) 

PEAK MELTING POINT VS. DENSITY 

Figure 2-14, (Taken from Cook and Lepper, 19 80.) 



38 

density than does conventional LDPE (Figure 2-15). This 

particular characteristic of L-LDPE allows one to mold 

stiffer parts or parts of equal stiffness with thinner 

walls (lighter weight). 

Another property which undergoes tremendous 

improvement due to short branching is environmental stress 

crack resistance as shown in Table 2-2 (taken from Cook 

and Lepper, 1980). 

Taole 2.2* ESCR Properties of Polyethylene 

Resin 

Melt 

Index Density 

Bell ESCR, 125 mil 
V2 % Igepal 
Hours, 50% Failure 

LDPE 2.0 0.920 8 

L-LDPE 2.0 0.920 >1000 (no failures) 

*Taken from Cook and Lepper, 1980. 

As for mechanical properties, L-LDPE ultimate (Figure 

2-16) tensile strenght and tear strength (Figure 2-17) are 

superior to LDPE. 

2.3 Viscosity of Dilute Polymer Solutions 

The viscosities of even very dilute solutions of 

high polymers are greater than those of their solvents. 
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This is a consequence of the very large size of the 

polymer molecules, relative to those of solvents, and 

their extension in space. Parameters derived from 

measurements of dilute solution viscosity can be related 

to the molecular weight and chain dimensions of the 

polymer. They may also be used in studies of chain stiff

ness, chain branching, and polydispersity. Manipulations 

of dilute solution viscosities yields an important para

meter of a polymer in a given solvent, the intrinsic 

viscosity [ n] , which is a measure of the contribution of 

individual polymer molecules to the viscosity. It is 

related to the volume the polymer chains occupy in the 

solution and therefore to their shape and size (Miltz and 

Ram, 1970) (see Figure 2-18). We can define [ri] as the 

ratio of specific viscosity Tigp to concentration C at 

infinite dilution (Rodriguez, 1982). 

n-n n 
[ n] = lim = lim (2-27) 

c +o ns c -*o 

where ri and n are viscosities of solution and solvent, 
sp 

respectively. Relative viscosity 

nr = (2-28) 
s 
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INTRINSIC VISCOSITY VS MOLECULAR WEIGHT 
FOR PE IN TCB, 130ec 

Figure 2-18. (Taken from Miltz and Ram, 1970). 
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nsp ~ nr-l 
(2-29) 

iV / ncr, are dimensionless; intrinsic viscosity and 
L  O  

reduced viscosity have the dimensions of inverse concen

tration. C is usually expressed as grams of polymer per 

deciliter (100 ml) of solution. 

For very dilute flexible polymers, Huggins 

equation: 

—pP- = [ n] + k' [ n] ̂  C (2-30) 

K is called the Huggin constant. For other relations, the 

reaaer is referred to Moore (1967). 

2.3.1 Shear Dependence of Intrinsic Viscosity 

Equations relating [n] to chain dimensions and 

molecular weight refer to [n] at zero rate of shear and it 

is necessary to determine [ n] at different rates and to 

extrapolate to zero rate. Dilute solutions of polymers of 

low molecular weight are generally Newtonian. On the 

other hand, dilute solutions of high molecular weight 

polymers are non-Newtonian, their viscosities decreasing 

with increasing rate of shear. This is due to deformation 

and orientation of chains in the direction of flow and a 

finite concentration to disentanglement of chains (Cragg 
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and Van Oene, 1962a, 1962b). Shear effect are usually 

negligible for flexible chain polymers unless the mole-

cular weight is greater than about 1x10 . 

2.3.2 Temperature Dependence of Intrinsic Viscosity 

The intrinsic viscosities of flexible chain 

polymers may increase, decrease or be unaffected by an 

increase in temperature. The factors affecting such 

variations are summarized in these equations: 

l/0 3 
[n] = K M/2 (2-31) 

where 

K = 6.2 x 10"4 

a is the expansion factor in a good solvent; Mv:is 

molecular weight 

o 

—2 
where (r ) is the actual end to end distance and 

n 1/2 
(_rQ is that when a = 1. Values of a have been deter

mined experimentally and found to fit a theoretically 

derived relation 



5 3 „ , mV2 r, 0 f > 
a - a = c'M ̂  [1 - —J (2-33) 

where 0f is the Flory temperature. C" is a constant for a 

given polymer-solvent combination. M is the molecular 

weight. The Flory temperature of is approximately the 

temperature at which polymer of infinite molecular weight 

precipitates from the solvent. The Gf is determined by 

3 3 1/ \ 
plotting (a - a )/M'2 against ^ , intercepting the 

abscissa at 0 = T. For polymers as flexible as poly

ethylene variations in [rj] were of the order of 0.1% per 

degree C (Moore, 1967). 

2.3.3 Effects of Molecular Weight 
and Structure on Instrinsic Visocity 

[ri] is related to molecular weight for linear 

polymers by the Mark-Houwinck equation (Rodriguez, 1982): 

_a 
M = Km Mv (2-34) 

Km and exponent a are constants for a given polymer, 

solvent and temperature. It has been found empirically 

that over a wide range of molecular weights, from 20,000 

to 20 million the above equation is a good approximation. 

For lower molecular weight, some deviation from the above 
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equation is usually expected. For polyethylene (Hoeve and 

Wagner, 197 J): 

Km = 6.2 x 10"4 

a = 0.7 

a-1 

2 

«v = 
M„(ir) (2"35) 

n 

Mw = weight average molecular weight 

Mn = Number average molecular weight 

Intrinsic viscosities of polymers depend on the overall 

chain structure of the polymers and the most important 

factors affecting this are chain branching and the extent 

to which it occurs. The ratio of the intrinsic viscosity 

of the branched species [n]_, to that of the linear 
O 

species [n]r under the same conditions of molecular JLj 

weight, solvent and temperature can be related to the 

degree of branching. The intrinsic viscosity may be 

expressed in the form of the Flory equation (Rodriguez, 

1982): 

3  ^  2 x  3 
7 <()<s > -

E n] = 6Z ^ (2-36) 
w 
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where M is the weight average molecular weight, <j> is the 

Flory-Fox Constant 

<f> = 2.1 x 1021 

2 
<S > is square the mean radius of gyration as shown in 

Figure . The ratio of the end to end distance to the 

radius of gyration as reported by Tanaka (1982): 

R 2  

^ = 7.04 (2-37) 
S 

The ratio of intrinsic viscosity of a branched molecule to 

that of a linear polymer having the same molecular weight 

has been used to obtain g: 

_.b tn] branched _ 
g - U] linear (2-38) 

b has the value of 1/2 for branched polymers, and for a 

comb polymer with many short branches b is 3/2. However, 

for polyethylene it was found that when the ratio of the 

intrinsic viscosity of branched to linear polyethylene is 

about 0.3, tnen the power b in the above equation is 1.0 

(Hellman et al., 1971). 



3. EQUIPMENT AND EXPERIMENTAL PROCEDURE 

3.1 Shear Viscosity Measurements 

3.1.1 Shear Viscosity Equipment 

The shear viscosity data of L-LDPE was obtained 

using the Haake Rotovisco Rheometer, Model RV2. It is a 

Couette-type viscometer, where Couette flow is defined as 

flow in an annular space between two concentric cylin

ders. A schematic of the system is shown in Figure 3.1. 

The D.C. motor is to supply constant speed. The reducing 

gear reduces the speed of the motor by a factor of ten. 

The measuring head is connected to a torsion spring. The 

displacement angle of this spring is directly proportional 

to the torque acting on the measuring spindle. This dis

placement angle is converted into the dial reading, s, by 

a potentiometer. The measuring head used in this study 

has a torque of 49 Newton-centimeter. 

The rotor is screwed to the measuring spindle of 

the measuring head, while the cup is inserted into the 

temperature vessel concentric with the rotor. The temp

erature vessel surrounds the cup and rotor (referred to 

collectively as the sensor system) and provides a constant 

49 
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EEjotf*;' 

® -  -

Figure 3-1. Basic Haake Rotovisco Rheometer set-up. 
(1) Motor drive; (2) Reducing gear> (3) Basic 
unit; (4) Measuring head; (5) Sensor system 
(cup and rotor); (6) Temperature vessel; 
(7) Temperature bath; (8) Rotor; (9) Cup; 
(10) Sample. 
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temperature vessel and the temperature bath. A temper

ature range of 45° to 200°C can be obtained using the 

circulating fluid to +0.02°C. Finally, the basic unit 

supplies and controls the power to the unit and provides 

constant RPM. Moreover, it records the dial reading, s, 

which is related to the torque. The range of RPM, N, is 

0.01 to 72.4. In this Haake rheomoeter the inner cylinder 

(rotor) rotates while the outer cylinder (cup) is station

ary. Also, the RPM is set by the operator while the 

torque is measured. The sensor used in this study is 

grooved to prevent slippage at the wall. The character

istic of the sensor is shown in Table 3.1 below. 

3.1.2 Calculation Procedure 

The tangential flow between concentric cylinders 

has been studied extensively by Bird, Steward and Light-

foot (1960) and Schlichting (1979). The shear stress at 

rotor wall, T, in Pascals 

T = A x S 

A = Shear stress factor, in Pa/scale percent 

S = dial reding, in scale percent (3-1) 

The shear rate at the rotor wall, y, in 1/sec 



Y = 

M = 

N = 

M x N 

Shear rate factor, in min/sec 

rpm, in revolutions/min. (3-2) 

The characteristics of Haake Sensor System SVIIP 

are shown in Table 3.1 and the calculation factors are 

shown in Table 3.2. 

The values of the corresponding viscosity was 

obtained by the equation 

n = 1000 -f- (3-3) 
Y 

n = apparent viscosity, in mPa-s (ImPa-s = 1 centi Poise) 

3.1.3. Operational Procedure 

The operational procedure for the Haake RV2 

rheometer is fairly simple. It can be described as 

follows. 

1. The temperature bath was set to the desired temper

ature and then was switched on. 

2. The rotor and the empty cup were inserted in the 

temperature vessel. 



Table 3.1. Characteristics of the Haake Sensor System 

SVIIP 

Rotor 

Cup 

Radius Ri, Cm 1.01 

Height h, cm 1.96 

Radius, Ra, Cm 1.155 

Radii Ratio, Ri/Ra = K" 0.8745 

Gap Ra-Ri, microns 1450 

Table 3.2. Calculation Factors of the Haake Sensor 

System SVIIP. 

Calculation factors 

Shear rate factor, M, min/sec 0.78 

Geometry factor f, cm"^ 768x10"^ 

Torque Calibration Constant 0.478 

a = J/s, n-cm/scale percent 

Shear stress factor 

A* = fxa, Pascal/scale percent 367 .104 

Instrument factor 

a = lu^ A/M mPa-s/sale percent x min 470646.15 



3. After the temperature bath reached the set temper

ature, about one hour was allowed for thermal 

equilibrium in the temperature vessel. 

4. Once the temperature in the temperature vessel reached 

steady state, the cup was removed and filled with the 

sample. 

5. The tilled cup was immediately inserted into the 

temperature vessel and secured in position. 

6. After about one hour the temperature of the sample was 

measured using a thermometer. The thermometer was 

left in the sample for about 30 minutes to ensure that 

there were no temperature fluctuations. 

7. The basic unit was turned on. 

8. The thermometer was removed from the sample. 

9. After a few minutes, data acquisition commenced. 

Measurements were started at low RPM, N, and then 

higher RPM values were used consecutively. However, later 

on during an experimental run, data were obtained in a 

decreasing order of RPM. All experimental measurements 

were performed three times, in duplicate runs. 
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3.2. Experimental Procedure for Dilute Solution 
Viscosity Measurements 

3.2.1 Equipment Description 

For many years now the measurement of viscosity 

has been a powerful and much used procedure in the study 

of high polymer systems, and particularly of polymers in 

dilute solutions. In most of these studies, capillary 

viscometers have been used, because they are relatively 

inexpensive. Many different types of capillary visco

meters have been designed to meet special needs. One 

particularly convenient viscometer for our study is the 

Cannon-Ubbelohde Four-Bulb Shear Dilution Viscometer 

(Figure 3-2) which makes possible dilution in the visco

meter itself and so greatly facilitates obtaining the data 

necessary for the determination of intrinsic viscosities 

and limiting viscosity numbers (Gragg and Van Oene, 

1962a,b). 

Ideally the viscometer should meet the following 

requ irements: 

a. It should be rugged and compact. 

b. It should be simple and convenient to use. For 

example, it should not readily "clog"; it should be 

easy to load. 



Figure 3-2. 

o, 
£, 

FJ 

o. ----£. 
F• 

Cannon-Ubbelohde four-bulb shear 
dilution type for transparent liquids. 
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c. It should yield precise data. The flow times should 

not be too short, and the driving rpessure should be 

reproducible and steady. 

d. It should make measurements at a number of different 

shear rates possible. 

e. Its dimensions should be such that the kinetic energy 

effect, the drainage effect, and the effects of 

surface tension will be negligible at all shear rates. 

In the study of polymers whose dilute solutions 

could oe non-Newtonian, the quantity of greatest interest 

is the intrinsic viscosity at zero shear rate, a quantity 

that must be determined by extrapolation of data obtained 

at low shear rates. 

The basis of capillary viscometry is the poisuille 

equation 

ttF?4 P mV 1 . , . 
n 8VL ' " 8 ttL p ' t (3"4 

m as a constant depends on the shape of capillary ends and 

velocity of flow. Vvhere R* is the radius of the capillary, 

*3 

and L is its length (cm), V is the volume (cm ) of liquid 

flowing through the capillary in time t (sec), P is the 

driving pressure (dynes/cm^). in a viscometer in which 



the liquid flows under its own head, h (cm), the driving 

pressure is related to the head by the equation 

P = hgp (3-5) 

where p is the density of the liquid, g is gravity. In 

deriving this equation, certain assumptions are made. 

a. The flow is laminar. 

b. There is no slip at the wall of the capillary. 

c. The liquid is incompressible. 

d. All the energy applied to the liquid is used to 

overcome viscous resistance and is dissipated as heat; 

none, tor example, being used to start the liquid 

flowing (no yield value) or to overcome effects due to 

surface tension, or to impart kinetic energy to the 

liquid. Therefore, we can drop the second term in 

4— 
poiseuille equation and the quantity is known as 

the apparatus constant A. 



3.2.2 Calculation Procedure 

To obtain viscosity in centistokes, multiply the 

flux time in seconds by the viscometer constant to obtain 

shear rate at the wall of the capillary in seconds"^, 

divide the shear rate constant by the flow-time in 

seconds. The viscometer constant is the same at all 

temperatures. 

Viscometer Constant Size 50 

Viscometer Constant Shear Rate 

Bulb centistokes per Second Constant 

1 0.004014 168000 

2 0.003769 107000 

3 0.003798 66000 

4 0.003899 35000 

3.2.3 Operational Procedure for Ubbelohde 

Viscosity measurements were made in an Ubbelohde 

viscometer. The solvent used is decalin, whose density 

@135°C is .6887 g/c .c. The viscometer was rinsed twice 

with about 10 cm^ of the solution. The polymer was 

weighed accurately to the O.OOOlg. Dissolution of the 

polymer was accomplished by heating at 135°C with 



occasional agitation by vigorous stirring. Usually two 

hours of heating and stirring sufficed. 

The viscometer was put in a temperature bath where 

the temperature was regulated up to 0.5°C. It is believed 

that degradation of the polymer was negligible under these 

conditions, since little change in the flow times occured 

even when the solutions were left in the viscometer as 

long as overnight. Also, dilutions were not made, but 

rather a separate solution was used for each concentra

tion. Kinetic energy corrections were ignored (Bell, 

Cannon ana Manning, 1960). 

The operational procedure for the Cannon-Ubbelohde 

Four-Bulb Shear Dilution is as follows: 

1. Clean the viscometer using suitable solvents and 

vaccuum it dry. 

2. For dilution work., charge a measured volume of sample 

(10 ml) directly from the pipett through tube G into 

the lower reservoir of the viscometer. If dilutions 

are not made, it is not necessary to measure the 

volume of the sample. 

3. Vertically align the viscometer in a constant 

temperature bath. 
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4. Allow about 30 minutes to an hour for the sample to 

come to bath temperature. 

5. Place a finger over tube B and apply suction to tube A 

until the liquid reaches the center of bulb C. Remove 

suctions from tub A. Remove figure from tube B, and 

immediately place it over tube A unit the sample drops 

away from the lower end of the capillary into bulb 

I. Then remove finger and measure the efflux time for 

each bulb. 

6. To measure the efflux time, allow the liquid sample to 

flow freely down past etch mark D, measuring the time 

for tne mimscus to pass from etch mark D to etch mark 

F to the nearest 0.1 second. 

7. Without recharging the viscometer, make check 

determinations by repeating steps 6 and 7. 

8. Calculate the viscosity of the sample by multiplying 

the efflux time by the viscometer constant. 

9. Calculate the shear rate at the wall for each bulb by 

dividing the shear rate constant by the flow-time in 

seconds. 

10. Dilute sample by adding measured quantity of solvent 

from pipette directly into the lower reservoir of the 

viscometer. Mix the original sample and the solvent 



by applying slight pressure to tube B several times, 

and shaking the viscometer. 

11. Repeat steps 5 and 10. Additional dilution maybe made 

if necessary. 

3.3. Extr uder 

The Prodex extruder used in this research is the 

same used by Schott (1971). It is a 1-3/4 inch diameter 

model with a length/diameter ratio of 24:1. The detailed 

specification of the prodex extruder, geometry of the 

screw used, instrumentation, data acquisition system and 

operational procedure is described by Iregbulem (1982). 



4. EXPERIMENTAL RESULTS 

Two distinct phases of L-LDPE rheology were con

sidered. In the first case a series of experiments was 

described which provided a very general technique for pre

dicting polyethylene flow behavior as a function of shear 

rate over a wide range of temperatres. In the second case 

it was desired to learn the intrinsic viscosity of this 

l.inear-low pressure polyethylene in decalin at 135°C and 

the effect of shear and temperature on its value, and to 

interpret the dilute solution properties in terms of the 

molecular structure. 

4 .1 Shear Viscosity 

A plot of shear stress against the rate of shear 

Y is not a straight line but a curve such as shown in 

Figure 4-1. The melt may be Newtonian at shear rates 

lower than 2 S~^. This pseudoplastic or shear thinning 

behavior is due mostly to the large molecular weight and 

entanglements. 

Vve have determined the flow curves of linear low 

density polyethylene, that is viscosity (poise) versus 

shear rate (1/sec) at temperatures ranged from 135°C to 
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180°C as shown in Figures 4-2 and 4-3 (see Appendix 1). 

The shear rate is small, however, because L-LDPE possesses 

normal stresses, and as explained in Chapter 2 and shown 

in Figure 2-4, the sample escapes out due to the Wissen-

berg effect, at higher shear rates than those obtained. 

4.1.1 Effect of Temperature and 
Shear Rate on Melt Viscosity 

Figures 4-2 and 4-3 show the effect of temperature 

on viscosity at various shear rates. Various investiga

tors, including Mendelson (1970), showed that the tempera

ture dependence of the viscosity of polyethylene melt 

could be expressed in terms of the Arrhenius equation, as 

described in Chapter 3. It was found that the flow curves 

in Figures 4-4, and 4-5 at various temperatures could be 

shifted along the shear rate axis, to superimpose on a 

single master curve where the master curve corresponds to 

the flow curve for the arbitrarily chosen reference 

temperature of 145°C. The amount by which each curve had 

to be shifted in order for it to superimpose on the 145°C 

curve is known as the shift factor, aT. The values of aT 

Y w ( r e f ) .  .  .  / / i i '  
A = J - (const T ) (4-1, 
1 Yw (T) w 
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For each temperature, the values of aT were taken at 

several shear rates ana averayed to reduce errors due co 

reading yraphs. Values for aT as a function of temper

atures are yiven in Table 4-1. 

The temperature dependence of the shift factor 

as described by Mendelson is a simple exponential, or 

Arrhenius-type, equation of the form 

Where T is the absolute temperature and Ea is the "shift 

factor activation energy," the value of Ea is found to be 

2.545 Kcal/mole. 

Taole 4-1. Shift Factor Activation Eneryy for L-LDPE 

at bitferent Temperatures 

Temperature Shift Factor (aT) 

135 1.28 

140 1.13 

145 1.00 

150 0.865 

160 0.659 

170 0.575 

180 0.484 

190 0.361 



4.1.2 Activation Energy of Flow 

The energy of activation for flow for L-LDPE eval 

uatea at constant shear rate, at a wide temperature range 

from 135 to 180°C is plotted against shear rate as shown 

in Figure 4-6 (see Appendix 2). The activation energy 

decreases as shear rate increases, and it is lower than 

conventional LDPE. This means that L-LDPE variations 

with temperature is weaker than for conventional LDPE. 

4.2 Dilute Solution Properties 

Figure 4-7 shows a plot of viscosity number 

(nsp/C) versus concentration. The intercept as explained 

in Chapter 2 is the intrinsic viscosity of linear low 

density polyethylene (see Appendix 3), whose numerical 

value in decalin at a temperature of 135°C is: 

[n]L-LDPE = °-5052 (g/dl)"1 (4-3 

As shown in Figure 4-8, shear effects are negli

gible for L-LDPE in decalin, which means that L-LDPE is a 

flexible polymer, and there is no deformation or orienta

tion of the polymeric chain in the solution, and the 

solution is Newtonian. 
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Effect of temperature on viscosity number was also 

neyligiDie as snown in Figure 4-9. They were of order of 

0.3 percent for every 1°C. 

These experiments will enable us to determine the 

branching index (g) where g is the ratio of intrinsic 

viscosities of L-LDPE to that of an equivalent molecular 

weight linear polyethylene (E-LPE) of 107,777 as deter

mined from Equation (2-35). The intrinsice viscosity of 

the equivalent linear polyethylene is 2.07 (g/dl)-"^, then 

the branching index (g) = .2241. 

Another important results we will get from measur

ing the intrinsic viscosity and plugginy it in the Flory 

equation (2-36) is square the mean end to end distance 

<K^> (see Fiyure 4-10) of L-LDPE and the ratio of that of 

the equivalent molecular weight is equal to the ratio of 

intrinsic viscosity. 

[n] L-LDPE <R2> L-LDPE , „ „, 
™-s=Epir <4"4) 

< R2 > L-LDPE = 1.202 x lO"11 cm 

< R2 >E-LPE = 4.98 x 10-11 cm 
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The radius of gyration is related to the end to end 

distance by Tanatca equation (Tanaka, 1982: 1028-1031). 

k2 

= 7.04 (4-5 
S 

4.2.1 Extrusion of L-LDPE 

Linear low density polyethylene of melt flow inde 

(MI) = 1 was run on the 1-3/4 inch prodex extruder avail

able in the unit operation lab. The two major parameter 

flow rate (Figure 4-11) and power consumption (Figure 

4-12) were monitored and compared to a conventional low 

density polyethylene of MFI = 0.2 (Higher Molecular 

Weight) in the next two figures. L-LDPE pumped better 

through the extruder and consumed more power only at 

higher RPM or shear rates. 
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5. DISCUSSION 

5.1 Shear Viscosity and Processability of L-LDPE 

Figure 5-1 shows a comparison of flow curves of 

L-LDPE as we determined experimentally versus that of a 

comparable conventional LDPE (determined by Cipriani et 

al., 1982). We see that L-LDPE is about two to three 

times as viscous as conventional LDPE and its apparent 

viscosity does not decrease as rapidly with shear rate. 

Therefore the flow of LDPE is less pseudoplastic. This is 

because L-LDPE produced by low pressure process has a 

narrower molecular weiyht distribution than conventional 

LDPE produced at high pressure (as shown in Figure 5-2). 

The higher viscosity will affect the process-

ability of tne L-LDPE; it will consume more energy to 

extrude it (see Figure 4-12). The conventional LDPE used 

in our experiments had a melt index of 0.2 and higher 

molecular weight, therefore higher viscosity at lower 

shear rates. However, as shear rate increases, its 

viscosity decreases at a faster rate, hence conventional 

LDPE consumed more energy at lower shear rates. The 

difference in flow rate is minor; this shows that flow 
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rate is a weak function of viscosity. Figure 5-3 shows a 

plot power consumption versus output for L-LDPE compared 

to conventional LDPE of the same grades as above. 

5.2 The Structure of L-LDPE 

The absence of long chain branches could be easily 

verified by using Constantin method (1982) as explained in 

Chapter 2 by comparing the calculated Newtonian viscosity 

4 
nQ = 4.72 (10 ) poise and the experimental Newtonian 

4 
viscosity as shown in the flow curves, n0 = 3.0 x 10 , 

since long chain branching reduces viscosity by a much 

bigger margin than the one existing. Hence we can deduce 

that there are no long chain branches. However, from the 

dilute solution experiments we saw that L-LDPE is more 

compact and occupied less volume in solution. THerefore, 

we must have branching, but of a different kind, namely 

short chain branching (SCB). 

The number of branches predicted from Stockmayer 

equation (2-24) was over 150 branches/1000 carbon atom, 

whish is unrealistically high. However, the other 

approximating methods relating density to chain braching 

gave more realistic answers. The method developed from 

infrared measurements analysis gave 23 total branches, and 

13 
the equation developed from C , NMR measurement analysis 
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gave 15 total branches. These methods give the total 

number of branches regardless of the length of the branch. 

We can develop a simple procedure to predict the 

number of only SCB, that will depend on the length or kind 

of the side branch that is if is ethyl or propyl, etc. 

without using any extra equipment, but utilizing the 

results of the dilute solution properties. If we assume 

that the aitference in the mean end to end distance of 

L-LDPE and that of the equivalent linear polyethylene at 

similar conditions is the length of all the branches, then 

the number of branches for each kind could be predicted by 

dividing the total length by the length of one branch. 

Table 5-1 gives the number of branches for each kind, 

utilizing this procedure (see Appendix 4). 

Table 5-1. Number of Branches in L-LDPE of Different 

Types 

Branch Type No. Branches/1000 C Atom 

ethyl 22.9 

propyl 19.2 

butyl 16.6 

pentyl 14.8 

hexyl 13.2 



The structure of linear low density polyethylene is shown 

in Figure 5-4 compared to conventional LDPE and high 

density polyethylene. 

5 . 3 Theoretical Model 

Bersted's model (1975) for HDPE overestimated the 

shear viscosity of L-lDPE and Pedersen and Ram's modifica

tion (1978) of that model underestimates it. We suggest a 

slight modification of Bersted model that will not down

play the importance of MWD as Ram did, or will completely 

ignore the importance of the many short branches as the 

Bersted model for HDPE does. 

Suggested modification includes branching index g, 

* M7 
Log n (y) = 3.36 log (Mw)g + 0.51 log (—) + log K 

w 
(5-1) 

for this particular grade of linear low density poly

ethylene . 

Figure 5-5 shows a logarythmic plot of shear rate 

versus shear stress for the theoretical model and experi

mental values for a short range of shear rate, we obtained 

on the Haake rheometer. However, this model also fits the 

data reported by Luciani (1982, p. 220), as shown in 

Figure 5-6 (see Appendix 5). 
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Figure 5-4. Structure of polyethylenes. 



89 

5.0-

5>-

-  A.ot  
o 
o 

3.0-

2 .0 -

Q-
-n s-

—i 1 1 1— 

0.1 0.2 0.3 0.4 

LOG y 

LOGARITHM PLOT OF SHEAR RATE VERSUS SHEAR 
STRESS AT 1A5°c 

• Experimental 
Theoretical 

Figure 5-5 



Shear rate (1/sec) 

Literature value 
Theoretical model 

FLOW CURVE AT 1A5°c 

Figure 5-6 



fa. SUMMARY AND OONCLUSIONS 

The flow curve obtained from the viscosity exper

iment on the rotational viscometer indicated a high zero 

shear viscosity close to the theoretical value predicted 

from the 3.4 power law for linear polymers. Hence there 

is no long chain branching in this commercial linear low-

density polyethylene (L-LDPE). The flow curve was less 

sensitive to shear from a comparable molecular weight 

polyethylene due to the narrow molecular weight distri

bution. The activation energy of flow at constant shear 

rates was also lower. 

From the dilute solution experiments we found that 

the viscosity number does not change with temperature or 

shear rate and intrinsic viscosity is lower than a linear 

molecule of a comparable molecular weight. This indicated 

that low pressure low density polyethylene is a flexible 

polymer with many short chain branches. We used Flory's 

equation to predict the number of those branches. 

Low pressure low density polyehtylene will consume 

slightly more energy to extrude, but the existing extru

sion machinery for conventional low density polyethylene 

can extrude it successfully. 
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The structure of L-LDPE improved its physical and 

mechanical properties by increasing its crystallinity 

about 10 percent, and also has better thermal properties; 

that is, a narrower melting range and a higher melting 

point. 

This new low pressure low density polyethylene is 

predicted to take over the polyethylene film market, and 

enter new markets that were reserved for high density 

polyethylene up to this time. 



APPENDIX 1 

Sample Calculation of Apparent Shear Viscosity at 150°C 

Shear rate = RPMx0.78 (1/sec) (A-l) 

Shear stress = dial reading x 367.104 

(Pascals) (A-2) 

Apparent viscosity = Shear stress t shear rate 

(Pascal-sec) 

1 Pascal-sec = 10 poise 

Dial Shear Shear Viscosity 

RPM reading(s) rate (1/sec) stress (Pa) (poise) 

1.0 4.7 0.78 1,725 22,115 

1.41 7 1.1 2,570 23,364 

2.0 8.7 1.56 3,194 20,474 

2.83 12.5 2.21 4,589 20,765 

4 14.5 3.12 5,323 17,061 

5.66 16 4.41 5,874 13,319 

A plot of RPM versus dial reading (Figure A-l) does pass through the 

origin, hence the instrument is calibrated, and the data obtained is 

correct. The flow curves in Chapter 4 were plotted from tables 

similar to the one shown above. 

93 



20 

10 

3 4 0 2 / 

RPM 

Dial reading (S) on the Haake Rheometer versus RFM 

Figure k-1 



APPENDIX 2 

Activation Energy of L-LDPE Melt Flow 

For polymer melts far above its glass transition temperature 

the viscosity follows the Arrhenius equation 

n = KeE/RT (A-3) 

£n n = to K + -|y 

A plot of £n ri versus 1/temperature at constant shear rate as shown 

in Figure A 2 is a straight line and the slope is E/R where E is the 

activation energy of flow and R is the gas law constant. At a shear 

rate of 1.56 sec the activation energy of flow is 6,770 

cal/g-mole. 
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APPENDIX 3 

Sample Calculation of Specific Viscosity 

Concentration = 0.3170 g/dl 

Temperature = 135°C 

Viscosity (Centistokes) = x time (A-4) 

Shear Rate (Sec *) = (A-5) 

The values of Kj and K£ are given in Chapter 3 for each bulb. 

• ""1 
Bulb n(c-s) Y (sec ) 

1 2.0383 330.8 

2 2.0298 198.7 

3 2.0216 124.0 

4 2.0080 68.0 

The viscosity of the solution is plotted against shear rate and the 

zero shear viscosity is obtained. It is the true solution viscosity, 

n , \ = 2.0049 c*s 
s(c»s) 

-j . , . viscosity of solution /A 
the relative viscosity = — —14 (A-6) 

viscosity of solvent 
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2.0049 

0.6889 
= 2.9103 

specific viscosity = relative viscosity - 1 (A-7) 

= 2.9103 - 1 

= 1.9103 



APPENDIX 4 

The Number of Branches for L-LDPE 

The Flory equation will yield the radius of gyration 

o /n . 2 3/2 
f n i  —  i ^  ®  ^  In] - 6 <t> jj 

where 

[n] = Intrinsic viscosity (g/dl) * 

(ji = FLory-Fox constant 

M = polymer molecular weight 

<s2> L-LDPE = 1.70728 (10~12) cm2 

2 2 
The end to end distance <R > = 7.04 <s > 

<R2> L-LDPE = 1.20193 (10-11) cm2 

<R> L-LDPE = 3.4669 (10~6) cm 

for an equivalent linear polyethylene 

<R2> E-LPE = <R2> L-LDPE v g 

where g is the ratio of intrinsic viscosity as described in 

Chapter 2. 
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<R2> E-LPE = <R2> L-LDPE V 0.2441 

= 4.9239 (10-11) cm2 

<R> E-LPE = 7.0171 (10~6) cm 

The total length of branches 

Ltotal <R>E-LPE <R>L-LDPE 

= 7.0171 (10~6) - 3.4669 (10~6) 

The length of one branch is estimated using the Taylor (1948) 

equation: 

/ n2\ _ t2 r1+cos 0 ̂ 
(£ ) = J h rj n 

U-cos 9J 

Assuming free rotation 

J = the length of carbon-carbon bond 

J = 1.54 (10-8) cm 

9 = the angle between two consecutive bonds 

9 = 109° 

n = number of bonds in the branch 

for a propyl branch 

Z = 1.9026 (10~8) cm 



Hence the number of branches in the whole molecule is 

Ltotal = 3.5502 (10 6) 

1 1.9026 (10~8) 

nQ = 186.6 branches 

The number of branches is usually expressed per 1000 carbon atoms. 

The number of carbon atoms of L-LDPE of molecular weight of 137,700 

is equal to 

137700 , 
n c = — = 9835.7 
o 14 

Therefore the number branches per thousand carbon atoms is 

186.6 - Q , , 
n 0-c-, = 19 branches y • o J j / 



APPENDIX 5 

Shear Viscosity Calculation Using Bersted Modified Model 

The molecular weight distribution is divided into ten (10) 

or more rectangles (see Figure 5-2). 

Weight Average 
Rectangle Fraction MW 

1 .0043 2.1lxlO6 

2 0.140 1.38xl06 

3 .0280 7.81xl05 

4 .0462 4.39x10"' 

5 .0731 2.47xl05 

6 .1022 1.39xl05 

7 .1473 7.81xl04 

8 .1817 4.39xl04 

9 .2022 2.47xl04 

10 .1366 1.39xl03 

11 .0484 7.81xl03 

12 .0161 4.39xl03 

c/n ,.,.n • -0.300 
M = 540,000 y 
L 

c-l 
m * = y w.M. + M y w, 
w . L. i i c .L i 

1=1 i=c 
(A-ll) 
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M* = 
z 

c-

I 
i= 

1 2 

x "iMi + <MC>2 j 
1=C 

(A-12) M* = 
z M* 

w 

M* 

(A-12) 

Log n = 3.36 log M*»g + 0.51 log •p- + loS K 

w 
(A-13) 

g = .2441 

K = 3.0 x 10" '1L @ 145°C 

Shear Calculated 

Rate (7) M 
c 

M* 
w r 

Viscosity 

.78 5.81xl05 106.6xl03 206xl03 2.87xl04 

1.1 5.24xl05 104.4xl03 200.7xl03 2.67xl04 

2.21 4.26xl05 98.7xl03 175.8xl03 2.13xl04 

3.12 3.84xl05 95.35xl03 166.lxlO3 1.87xl04 

6.24 3.12xl05 87.9xl03 142.OxlO3 1.87xl04 

10.0 2.71xl05 84.5xl03 129.3xl03 1.37xl04 

40.0 1.79xl05 70.8xl03 98.87xl03 6.15xl04 

100.0 1.36xl05 63.6xl03 78.35xl03 4.03(103) 

400.0 8.95xl04 51.OxlO3 57.87xl03 1.84xl03 

1,000.0 6.80xl04 43.8xl03 47.54xl03 1.08xl03 

5,000.0 4.19xl04 34.OxlO3 33.lxlO3 4.35xl02 

10,000.0 3.41xl04 29.09xl03 26.82xl03 2.51xl02 

20,000.0 2.77xl04 23.98xl03 22.03xl03 1.31xl02 



NOMENCLATURE 

A = area of shear face 

A' = shear stress factor 

a = constant 

aT = shift factor 

b = constant 

c = concentration 

c' = constant 

D = distance between shearing surfaces 

E = activation energy of flow 

E-LPE = equivalent linear polyethylene 

ESCR = environmental stress cracking resistance 

F = shear force 

f = fractional length of branch 

g = gravity 

g^ = branching index 

HDPE = high density polyethylene 

h = height of rotor 

h = pressure head in a capillary 

K = Huggin constant 

K' = constant 

K" = radii ratio of rotor to cup 

104 



105 

km = mark Hovwinck constant 

t = length of one branch in a molecule 

L = length of capillary 

LCB = long chain branching 

L-LDPE = linear low density polyethylene 

M = molecular weight 

Mc = partition molecular weight 

= melt index 

= the ith molecular weight 

M^j = number average molecular weight 

Mrp = rheological average molecular weight 

My = viscosity average molecular weight 

Mw = weight average molecular weight 

M* = modified weight average molecular weight 

Mz = higher average molecular weight 

M* = modified higher average molecular weight 

N = RPM 

= branching frequency 

n = number of bonds in the branch 

nQ = number of branches 

9 = the angle between two consecutive bonds 

0f = Flory temperature 

P = driving pressure in a capillary 

R = gas constant 
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R! = radius of capillary 

Ra = radius of cup 

= radius of rotor 

RPM = rounds per minute 

—2 
<R > = square the end to end distance of a molecule 

S = number of branches per molecule 

SCB = short chain branching 

—2 <S q> = square the radius of gyration of a molecule 

T = temperature 

Tg = glass transition temperature 

V = volume of liquid in a capillary 

Wi = weight fraction 

Greek Symbols 

a = expansion factor 

Y = shear strain 

•y = rate of shear 

T = shear stress 

x = shear stress at the wall 
w 

n = polymer melt viscosity 

[n] = intrinsic viscosity 

n = apparent melt viscosity 

n = zero shear viscosity 
o J 

n = relative viscosity 



nSp = specific viscosity 

nsp/c = viscosity number 

n' = dynamic viscosity 

= imaginary viscosity 

= complex viscosity 

= tensile stress 

first normal stress 

third normal stress 

second normal stress 

= Flory constant 

= density 

11" 

n* 

0 

°11 ~°22 

all "a33 

0 22 "°33 



REFERENCES 

Axelson, P.E., G.C. Levy and L. Mandelkern 1979 A 
quantitative analysis of low-density (branched) 
polyethylenes by carbon-13 fourier transform 
nuclear magnetic resonance at 67.9 MHz. Macro-
molecules, 12, 41-52 (February). 

Bell, J., M. Cannon and R. Manning 1960 The kinetic 
energy correction and a new viscometer. Analytical 
Chemistry, 32, 355-358. 

Bersted, B.H. 1975 An empirical model relating the 
molecular weight distribution of high density 
polyethylene to the shear dependence of the steady 
shear melt viscosity. Journal of Applied Polymer 
Science, 19, 2167-2177. 

Billmyer, F.W. 1953 The molecular structure of poly
ethylene. III. Determination of long chain 
branching. Journal of the American Chemical 
Society, _75_, 6118-6122. 

Bird, S.L. 1960 Transport Phenomena. New York: John 
Wiley & Sons. 

Bowles, W.A., F.L. Finger and R.A. Mendelson 1970 Effect 
of molecular structure of polyethylene melt rheo-
logy. I. Low shear behavior. Journal of Polymer 
Science, _8_, 105-126. 

Chehab, M. 1982 Rheology of Concentrated SLurries. M.S. 
Thesis. University of Arizona, Tucson. 

Chem Systems. 1982 Plastic Newsfront. Plastic World, 
20-21. 

Christensen, R. 1972 The characterization of linear 
polyethylene SRM 1475. V. Solution viscosity 
measurements. Journal of Research. National 
Bureau of Standards, 76A, 141-149. 

108 



109 

Cipriani, C., G. Foschini and L. Luciani 1982 Linear-low 
density polyethylene by new economic slurry pro
cess. SPE ANTEC Conference Proceedings, pp. 220-
227. 

Constantin, D. 1982 LLDPE melt rheology: stretchability, 
extrusion deffects. SPE ANTEC Conference Proceed
ings, pp. 206-208. 

Cook, John A. and Steve Lepper 1980 Low pressure low and 
intermediate density polyethylene for injection and 
rotational molding. SPE ANTEC Conference, pp. 490-
493. 

H. and H. Van Oene 1961 Shear dependence in the 
viscometry of high polymer solutions, Canadian 
Journal of Chemistry, 39, 203-215. 

H. and H. Van Oene 1962a Shear dependence in 
solutions of fractionated dextran: a variable-shear 
capillary viscometer for use with aqueous solu
tions, Journal of Polyriier Science, 175-185. 

H. and H. Van Oene 1962b Shear dependence of the 
reduced viscosity-concentration slope constant, 
Journal of Polymer Science, 209-225. 

L., F. Schilling and L. Blyler 1977 Effect of 
branches on the flow activation energy and melt 
elasticity of polyethylene. SPE ANTEC Conference 
Reprints, pp. 282-284. 

Franta, W.A., C.A. Sperati and H.W. Starkweather 1953 The 
molecular structure of polyethylene. V. The effect 
of chain branching and molecular weight on physical 
properties. Journal of the American Chemical 
Society, J75_, 6127-6133. 

Garagani, Locati 1973 Dependence of zero-shear viscosity 
on molecular distribution. Journal of Polymer 
Science: Polymer Letters Edition, 11, 95-101. 

Grubb, D.T. 1983 A structural model for high-modulus 
polyethylene from entanglement concepts. Journal 
of Polymer Science: Polymer Physics Edition, 21, 
165-188. 

Cragg, 

Cragg, 

Cragg, 

Daane, 



110 

Han, C.D. 1976 Rheology in Polymer Processing. New 
York: Academic Press. 

Hellman, H., P. Maglia, E. Otocka and R. Roe 1971 
Distribution of long and short branches in low-
density polyethylenes, Macromolecules, A_, 507-512. 

Helmy, H. 1982 Optimizing equipment design for linear 
low density polyethylene blown film, SPE ANTEC 
Conference Proceeding, pp. 202-205. 

Hoeve, C. and H. Wagner 1973 Mark-Houwink relations for 
linear polyethylene in 1-chloronaphthalene and 
I,2,4-trichlorobenzene. Journal of Polymer Science 
II, 1189-1200. 

Iregbulem, I. 1982 On-line data acquisition and energy 
balance for a single-screw extruder. M.S. Thesis, 
The University of Arizona, Tucson. 

MacBride, Roland 1980 Move to LLDPE quickens as PF 

reindustrializes. Modern Plastics, pp. 14-15 
(October). 

Mendelson, R.A. 1969 Flow properties of polyethylene 
melt. Polymer Engineering and Science 9_, 350-355. 

Miltz, J. and A. Ram, 1970 New method for MWD 
determination in branched polymers. Journal of 
Applied Polymer Science _15_, 2639-2644 . 

Moore, W.R. 1967 Viscosities of dilute polymer solu
tions. In Advances in Polymer Science, A.D. 
Jenkins, ed. Great Britain: Pergamon Press LTD 
( 1967) . 

Neilson, E.L. 1977 Polymer Rheology. New York: Marcel 
Dekkar, Inc. 

Pedersen, S. and A. Ram 1978 Prediction of rheological 
properties of well characterized branched poly
ethylenes from the distribution of molecular weight 
and long chain branches. Polymer Engineering and 
Science, 18, 990-995. 

Rodriguez, F. 1970 Principles of Polymer Systems. New 
York: McGraw-Hill. 



Rodriguez, F. 1982 Principles of Polymer Systems. 
Second edition. New York: McGraw-Hill. 

Schlichting, H. 1979 Boundary Layer Theory. J. Kestin 
trans. Seventh edition. New York: McGraw-Hill. 

Schott, N. 1971 Analysis of Plastic Extruder Dynamics. 
Ph.D. Dissertation, The University of Arizona, 
Tucson. 

Tanaka, Genzo 1982 Intrinsic viscosity and friction 
coefficient of Flexible Polymers. Macromolecules 
15, 1028-1031. 

Taylor, W. 1948 Average length and radius of normal 
paraffin hydrocarbon molecules. The Journal of 
Chemical Physics 16, 257-267. 

Turley, R.R. 1979 Low density polyethylene film resin 
the future. SPE ANTEC Conference Proceedings,, pp 
499-502. 


