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Abstract

Physical properties and morphology of extruded semi-
crystalline polymers can be significantly affected by modi-
fication and change in die design and melt viscosity of the
molten polymer. Further modifications to physical
properties (i.e. density and open cell fraction) of foamed
material occur, following the modification of melt viscosity
by melt blending of polypropylene and high density poly-
ethylene).

The main object of this research project was to carry out a
systematic	 examination of rheological 	 properties	 of
polymer/gas	 mixture, affect of die 	 design,	 polymer
molecular weight (melt viscosity), and processing
conditions on density, open cell fraction, cell morphology
(i.e. cell size and cell size distribution) and micromor-
phology of polyolefin foams. Also attention was given to
method of stabilisation of extruded foam, where, it was
found support of the extrudated foam (by adding a specially
designed die adapter to the end of the die) prior to
entering the cooling tank could result not only to a
specimen with uniform cross section, but also due to drop
in melt temperature, the cell walls are to some extent
rigidized, hence, the collapse of bubbles are limited.
From commercial point of view control of cell collapse,
density and open cell fraction, will make these foamed
materials valuable for their filtration characteristics.

Microstructural analysis of polypropylene (unfoamed state)
by X-ray diffraction and Differential Scanning Calorimetry
revealed 13-spherulites are only formed in skin layer, and
beneath the thickness of 500 pm from the surface, the
crystal structure of this polymer is only consist of f-
spherulites. On the other hand, the chemical blowing agent
(Hydrocerol CF-20), was found to have nucleating affect on
microstructure of polypropylene, where, it has resulted in
reduction of size of spherulites together with a drop in
recrS'stallisation temperature and formation of P and a
spherulites through the thickness of extrudated foam. The
foregoing chemical blowing agent was found to have no
significant affect on the crystal structure of the high
density polyethylene.
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CHAPTER 1

INTRODUCTION



13. Introduction

The polymer foam extrusion process has been used

commercially for the past two decades. The most commonly

used extruded polymer foams in the market today are

polystyrene and low density polyethylene. Polystyrene

foam sheets are widely used In food packaging

applications (e. g . meat and fruit trays and fast food

containers), and polyethylene foamed products are used

in packaging applications (e.g. protecting	 fragile

electronic equipments and dishwares).

Because of their complex nature, polymer foams have been

classified in variety of ways (1). The most usual are;

the cellular morphology, the mechanical behaviour and

the composition. Structurally the material system can be

described as open cell or closed cell. With closed cell

polymer foam, the gas Is dispersed In the form of

discrete gas bubbles and polymer matrix forms a

continuous phase. In open cell forms the voids coalesce

so that both the solid and the fluid phases are

continuous. Schematic representations of the different

physical forms of cellular polymers are given in Figure

1.1.

These materials are also classified according to their

stiffness, the two extremes being rigid and flexible.

Skochdopole and Rubens (2) have defined a rigid foam as

1
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Figure 1.1. Two dimensional representation of idealised
cellular structures at different stages of
bubble expansion. (a) and (b) closed packed
structure, (c) and (d) cell drainage
morphology, (e) open cell structure (after 1).



one in which the polymer matrix exists in the crystalline

state, or if amorphous, is below its glass transition

temperature. Following from this, a flexible foam is	 a

system In which the matrix polymer is above the

crystalline melting point or above its glass transition

temperature.	 According to this classification most

polyolefin	 foams are rigid, whereas rubber foams,

elastomeric polyurethanes are flexible.

However, the published literature has very	 little

fundamental Information on the processing-property-cell

morphology relationships in foam extrusion. Most of the

publications deal with the type and choice of process

equIpment (3-7), the properties and choice of blowing

agents (8-10), and relationships among foam density and

mechanical properties (11-13).

A systematic study was therefore initiated to improve

current knowledge on the effect of processing conditions

and	 polymer molecular weight on the	 rheological

properties, foam density and macro and micro-morphology

of polyolefin foams. The effect of gas on polymer melt

viscosity has been studied in detail and it has been

shown, in order to Improve the polymer foam quality

(lower density with higher open cell fraction), the melt

viscosity of polymer should be modified. This has been

achieved by melt blending of polypropylene and high

density pol yethylene. It was therefore intended to

2



establish the role of melt viscosity on the foam

density, porosity and macromorphology of the extruded

polyolefin foamed rod.

This dissertation Is divided into nine chapters(as

introduction presented in chapter 1).

Chapter 2 deals with a comprehensive review of the

existing	 literature	 concerned	 with	 rheological

properties of polymer containing gas, technological

approaches to polyolefin foam extrusion, and the effect of

gas on the crystalline structure of injection moulded semi-

crystalline polymers. Within this literature	 review

aspects such as affect of processing conditions on mor-

phology of low density polyethylene and polystyrene have

been discussed.

Chapter 3 Is concerned with the selection and prepara-

tion of materials, instrumentation and control 	 of

extruder and methods involve	 in	 characterisation

techniques employed to study the macro and micro-

morphology of extruded foam rods of polyolef in.

Chapter 4 present the affect of processing conditions on

rheological properties of polypropylene and high density

pol yethylene in foamed and unfoamed states. In this

chapter it has been shown the reduction of melt

viscosity (with increasing gas content of polymer) can

3



severely affect the foam density. Also it has been shown,

how the addition of gas in polymer melt can affect the

melt fracture of extruded polymer.

Chapter	 5	 presents preliminary	 investigation	 of

extrusion of polyolef in foam. In this chapter the effect

of melt flow Index, processing conditions and blowing

agent concentration on foam density in both melt and

solid states and porosity of the extruded polyolef in

foam has been discussed in detail. This study revealed,

the melt viscosity and melt strength are strongly affect

the quality of extruded foam, mainly the solid state

density and open cell fraction content. It has been

shown when the melt viscosity was modified (by melt

blending	 polypropylene and high density polyethylene),

greater reduction in solid state density was achieved

with higher open cell fraction.

Chapter 6 and 7 present the study of macro and micro-

morphology of extruded polyolef in foam rod respectively.

The foamed specimens were characterised and cell geometry,

cell size, and cell size distribution have been studied

in chapter 6. In chapter 7 mIcro-morphology of these

specimens are characterised by means of optical micros-

copy, transmission electron microscopy (TEM), scanning

electron	 microscopy	 (SEM),	 differential	 scanning

calorimeter (DSC), and X-ray diffraction. It has been

shown that the crystalline structure of polypropylene and

4



high density polyethylene has been changed by introducing

gas	 In molten polymer. This study also 	 revealed

Interesting points in size and distribution of the two

polymorphs (in the case of polypropylene) through the

cross section of extruded foam rod. X-ray diffraction

revealed notable affect of blowing agent on the a-phase

nucleation in polypropylene foam.

The gained quantitative informations from the foregoing

chapters are presented in last chapter. The industrial

importance of this work and possibly 	 further

investigation of this project has also been highlighted

in the last chapter (recommendations).

5



CHAPTER 2

LITERATURE REVIEW



Literature Review
2.1.	 Literature Review .çf Pol ymer Foam
2.1.1. Rheoloical Review of Pol ymer Foam

Although work on foam morphology and stability has

been on going for a long time, it is only recently

that studies on its rheology have been undertaken.

David (14) was one of the first researchers to do a

systematic study on polymeric foams. He used a capillary

viscometer for his studies and observed considerable

wall	 slippage In foam flow. He determined the

viscosity of the foam and found it to be shear

thinning (pseudoplastic). Wenzel and co-workers and

Patton et al.(15,16) reported the same finding. These

authors used tube flow experiments, and also showed that

tube diameter affected viscosity. In addition, Patton

found that viscosity is inversely proportional to tube

length. This finding clearly indicates that Patton's

experiments did not Involve fully developed flow.

Another problem with these experiments was that tube

diameter was almost comensurate with the bubble

diameter. Further, the small diameter led to a consider-

able pressure drop and hence, to bubble collapse.

Conflicting reports exist on the dependence of

viscosity on gas volume fraction ($). Wenzel (15,17),

using cone and plate geometry, and David (4) found

no influence of gas volume fraction on 	 viscosity.

Beyer et al.(18) and Khan (19) worked on highly

expanded foam, (gas volume fraction greater than 95%)

6



and found viscosity to increase with gas volume

fraction.	 However,	 some	 investigators	 (20-22)

measured apparent viscosity of molten polymer con-

taining	 gaseous	 component (e.g.	 nitrogen	 and

carbon dioxide), using a plunger type viscometer and

reported that apparent viscosity decreases as the gas

volume fraction increases. However, these findings

are subject to some criticism, since plunger type

viscometers (e.g. an Instron viscometer) 	 cannot

guarantee foaming does not occur in the capillary as

the mixture approaches the exit of the die. Han et

al.(23-25), by using a cone and plate rheometer and

Introducing up to 15 percent physical blowing agent

Into molten polymer were able to measure the

viscosity and first normal stress difference for

different temperatures and gas volume fractions. They

also reported that as the gas volume fraction

increased, the viscosity reduction factor (VRF),

decreased.

Princen (26) developed a structural model for highly

concentrated emulsion(oll and water) and foam. He

used a two dimensional hexagonal cell geometry for

foam and derived a stress-strain relationship for shear

deformation up to the yield point. He extended his model

to Incorporate a finite liquid volume fraction, the

lower limit being determined by a hexagonal closed

packed sphere system(see Figure 2.1 ). His results

7



a) Closed-packed spheres 	 b) Hexagonal cells

00
4=o.90	 --------------------->

c) Increasing gas volume fraction

c.

Figure 2.1. Two dimensional foam cell models. a) Hexagonal
closed-packed spheres. b) Hexagonal cells having
D = i.	 c)changing	 cell	 structure	 with
increasing gas volume fraction (after 15).



show that the stress (and also yield stress) to be

some function of gas volume fraction,	 directly

proportional to surface tension ( a ) and inversely

proportional to hexagonal cell side length. This

Inverse dependency with cell size Is in agreement

with Wenzel's tube flow experiment (17).

In this model, Princen focused on only one specific

Initial cell orientation (Figure 2.1.b), namely that

where the vertices pointed upward. Furthermore, he

considered interfacial forces to be dominant, which

were assumed to act along the liquid films. Thus the

shear stress could be determined from the projection

of all Intersecting films on a horizontal shear plane.

In order to get the orientation of the films as

functions of strain, he used an iterative technique

and found the stress response to be non-linear in strain.

To verify the theory, Princen (27) has recently

focused on experiments with oil in water emulsion.

The alms of this study were to evaluate the effect of

gas volume fraction, surface tension, and	 cell

diameter on the yield stress of the foam and look at

boundary(wall slip) layer properties. He used Couette

device for his experiments where the outer cylinder

(radius R2) was rotated and the torque measured

at inner one. He characterised the slip layer which

8



he defined as

w x (Tw)	 h/p	 2.1

where	 4w	 is gas volume fraction

	

Tw	 is shear stress at the wall

	

h	 Is effective thickness of boundary layer

	

p	 is viscosity of fluid

Here $w is function of stress only. Thus, for flow

where I < Ty, the emulsion moves like a plug with

angular velocity(W). The stresses can be related by

	

Ti	 •wl	 x W x Ri	 2.2

	

12	 $w2	 x (W2-W)	 2.3

If one neglects end effects then
2	 2

Ti xRi :T2xR2	 2.4

Here 1 and 2 refer to inner and outer cylinders

respectively. The angular velocity W was obtained by

measuring the angular velocity of a pigmented radial

line on the emulsion.

2.1.2.	 Theory
2.1.2.1. Characterlsatlon of Rheology

The rheological properties of polymer melt may be

measured in a number of ways. One of the easiest and

widely used method is capillary rheometry, which is

Illustrated In Figure 2.2 By applying a specific

pressure (which can be measured by means of pressure

transducer) to the reservoir of a polymer melt, the

volume flow rate (Q) can be determined by recording

9
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Figure 2.2.	 Schematic repersentation of capillary
rheometer.



the speed of the piston, which is evaluated from

Q	 ii * R2 * V	 2.5

where R and V are the radius and velocity of piston

respectively. In order to carry out rheological

studies of a polymer containing dissolved gas,

special rheological equipment Is required to maintain

pressure on the melt, in order to so to prevent

premature expansion of the melt.

The density of polymer melt containing dissolved gas

In the die is less than that of homopolymer (28). One

way for the material In the die to have a lower density

Is If It were foamed. Han et al.(23) have shown that,

since pressure continuously drops along the axial

distance of the die, nucleation of bubbles will occur.

These bubbles will start growing as they travel towards

the die exit. Therefore, the material in the die appears

to be foamed. In order to verify this finding, Throne

(28) has suggested the following argument. The density

of the material in the die head (Pdie) can be given as

Pdi.	 ((Mgas + Mmelt ) / (Vgas + Vmelt)J 	 2.6

where M and V are mass and volume respectively.

or

(l/Pdu.)	 [(Vgas/Mgas +Mmelt) + (Vmelt/Mgas + Mmelt)] 	 2.7

since the mass of the gas is much less than the mass

of polymer melt therefore, one can assume

Mgas + Mmelt E Mmelt

10



so Equation 2.7 becomes

(1/Pdie)	 ((Vgas/Mmelt) + (Vmelt/Mmelt)]	 2.8

but

Vmelt/Mmelt	 (1/Pm.it)

also assuming that the gas generated from blowing

agent (BA) follows Boyle's law, then the volume of gas

can be computed as follows:

Vgas	 (Vg(stp) * MBA * (T/Tstp) * (Pstp/P)] + (1/Pmelt) 2.9

here Tstp 273°K,	 Pstp	 1 atm., and MBA is weight

of blowing agent. Substituting Equation 2.9 into

Equation 2.8 gIves,

(1/Pdis)	 A * B + (1/Pmelt)	 2.10

where

A = Vg(stp) * (MBA/Mmelt)

B	 (T/Tstp) * (Pstp/P)

also the Equation 2.10 can be further simplified by

considering (MBA / Msolld)	 (BA), the blowing agent

concentration, so Equation 2.10 can be rewritten as:

(1/Pdi.)	 C + (1/Pmelt)	 2.11

where

C = Vg(stp) * (BA)* (1 / 273*P) * (t4solld/Mmelt)

From Equation 2.11, It can be concluded that, for

finite temperatures, pressures, and blowing agent concen-

trations, the density of the material In the die must

be less than the density of polymer melt. This Is

11



always the case regardless of whether the gas is

generated from chemical blowing agent decomposition or

added physically as a gas or volatile liquid.

The rheological data obtained from the capillary

rheometer and extruder, namely the pressure drop AP

and mass flow rate measurements, can be related

to the wall shear stress (1w) and to apparent shear

rate ( )'ap) as follow:

1w	 (r * A P)/2L	 2.12

1ap	 (4 * Q)/ u * r3	2.13

where
r Is radius of capillary

L is length of capillary

Q is volumetric flow rate of polymer melt

The volumetric flow rate was obtained from

Q = m * 1/0
	

2.14

where m and D are are mass flow rate and density of

melt extrudate.

In order to minimise the end effect, an end correction

is applied by using two dies with same diameter (2mm)

and different length (29-31). The length/diameter (L/D)

ratio of these dies are 1 and 20 accordingly. The end

correction Is proportional to the intercept on the die

length/diameter ratio axis (30). Therefore using the

end correction the wall shear stress can be given as:

1w	 [r * (P1-P2)] / 2(L1 - L2) 	 2.15

12



where	 P1 and P2 denote pressure drop along the

die length of Li and L2 respectively. The results of

apparent shear were corrected for non-Newtonian flow

effects, using the Rabinowitsch 	 correction (31).

Therefore, the true shear rate ( 1 1) can be computed
from following equation;

1/4 * (3 + 1/n)	 2.16

where n is the slope of log 1w vs. log Yap.

for a non-Newtonian fluid n is less than unity.

However, the true viscosity according to Han (31)

can be computed from

p	 1w /
	

2.17

2.1.3. Characterisation of Melt Flow Instabilities

One of the common problems associated with extrusion

of molten polymers Is an instability in melt flow,

which is due to the elasticity of flowing polymer melts.

This phenomenon has been investigated for the past

two decades. It has not yet been properly and fully

explained and still presents an area of limited under-

standing in the polymer melts. During the extrusion

of molten polymers through the die, it is frequently

noticed that there is a critical shear stress, below

which the polymer extrudate has smooth surface, but

above which the surface and shape of the extrudate is

13



irregular distortion. This phenomenon has 	 been

explained as melt turbulence (32,33). Because the

extrudate often gives an Impression of being broken,

the term "melt fracture" was proposed (23). However,

this has the disadvantage of being used to described

many rheological phenomena some of which are not caused

by fracture, therefore, "extrusion defects" would be

a preferable term (34).

With decreasing melt flow index (increasing melt

viscosity) and increasing the molecular weight of the

polymer melt the number of extrusion defects increases

(32,35). It has been suggested, this is due to the

fact that relaxation process takes longer with

Increasing molecular weight, so that surface irregular-

ities remain visible for a longer period. A larger

number of explanations for melt fracture have been

proposed (36-47). It seems likely that in all cases

elastic phenomena is the cause, but a more detailed

investigation shows larger differences between

different polymers. These authors also show that melt

fracture starts at a well defined shear stress or

shear rate and defects become more pronounced as the

shear rate(or rate of output) increases. Spencer et

al.(36) pointed out that the melt highly oriented in

the capillary die must relax to a distorted state at

the die exit and suggested that this causes the

buckling of the extrudates.

14



The mechanism and severity of melt defects 	 is

strongly influenced by the structure of the polymer

and die geometry, especially the shape of the

entrance and the length of the capillary (34). Bagley

et al.(47) and Tordella (48), have shown that the

melt defect is closely associated with a disturbance

In flow pattern at the die entry. In other words, it

does not seem possible to maintain that these

disturbances originate at the die exit, particularly

in the case of a long capillary (LID 1OO) as used by

Metzer et al. (49).

Den Otter (35) has shown that the critical shear

parameters recorded at the appearance of distortions

In the extrudate shape are practically independent of

die length (L), radius (R), and shape of the duct

entrance and exit. However, the degree of disturbance

is affected by the change in the angle of duct

entrance and by lengthldiameter (LID) ratio.

2.1.4. Review of Technological Approaches to Pol yolef In
Foam Extrusion

Cellular polymers are multiphase material systems

that consist of polymer matrix and a fluid phase, the

fluid usually being gas. 	 Most polymers can be

expanded Into cellular product, but only a small
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number have been exploited commercially (50). In

terms of volume consumed, polyurethane, polystyrene,

poly(vinyl chloride) and polyolefins have dominated

the markets. However, over the last few years there

has	 been increased utilisatlon of engineering

structural foams for load bearing applications. The

polymers used In this application include 	 high

density polyethylene, polypropylene, modified	 poly-

phenylene oxide, polycarbonate and acrylonitrile/buta-

diene/styrene (ABS). In some cases an additional solid

phase may be present in the cellular system. Example

may Include fibre reinforced foams and syntactic

foams, which are composite materials consisting of

hollow glass, or plastic microspheres dispersed through-

out a polymer matrix.

Several widely differing techniques have previously

been developed for preparing porous polymer structures.

Such techniques Include:

(I)	 Expansion with chemical blowing agent

(ii) Expansion with physical blowing agent

(iii) Mechanical whipped emulsions

(lv) Leaching of soluble materials such as salt,

starch etc.

With polyolef In foams, all but (lii) can be used.

Today, however, most of polyolef In foams are produced

by expansion with physical and chemical blowing agents

(CBA). Chemical blowing agents are basically used In
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conventional extrusion equipment and foamed products

are made covering a range of different products e.g.

cables, sheet, film etc. There is no published

Information on the production conditions necessary

to produce very low density polyolef in foams using

CBA.

Due to the complexity of producing polyolef in foam most

of the information available for extrusion foaming

these polymers, Is available only under licence and

little detailed information exists in journals. How-

ever, it is Intended to cover these areas for

production of closed and open cell polyolef Ins.

Several papers by Han and co-authors(25,51-53) consider

an investigation on the effect of:

1)	 ProcessIng conditions

ii) Chemical structure and concentration of blowing

agent

iii) The geometry of the extrusion die on the density,

open cell fraction and expansion ratio of the foam.

The main conclusion from their findings are listed

below:

1) As the die temperature was increased the open cell

fraction decreased,	 but too high temperature

resulted In poor foam quality(i.e. high density

foams and excessive cell collapse). This was

attributed to the weak melt strength of resin at high
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temperatures.

11)	 As the pressure was Increased (by Increasing the

throughput) the foam quality improved and foam

density decreased. This Is due to an increased

solubility of gas In molten polymer and prevention

of premature foaming In the die.

III) As the die entry angle was increased the

expansion ratio was also raised. This can be due to

lower pressure drop for higher entry angle die, since

as the entry angle increases the length of the die

would decrease.

lv)	 The expansion ratio also increased as the L/D ratio

decreased. Therefore with Increase of LID ratio one

would expect an increase In foam density. A summary

of their findings Is listed in Table 2.1.

Schott and Weininger (54) carried out a paramatic study

which also Included processing as well as material

effects on the foam extrusion quality. Their findings can

be listed as follows:

1) The single screw extruder requires little or no

equipment modification and produces good medium

to high density foam (600-800 Kg m 3 ) via

chemical blowing agents. Better foam quality

and improved temperature control can be achieved

with a tandem system which couples two single

screw extruders and uses mostly physical
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Table 2.1. Tabulated results of investigation of Han et al.

(after 53) on PE foam extrusion

Blowing	 Concen-	 Pressure(PSI) Die	 Open	 Density
LID	 agent	 tration	 Temp. Cell

type	 of BA	 Upstream Die	 Frac. g cm3
wt%	 (°C)	 %

*	 **

8	 FC(112)/143	 15	 -	 -	 100	 .07
**

4	 FC(114)/143	 15	 -	 -	 100	 20	 .06
**

2	 FC(12)/143	 15	 -	 -	 100	 .035
**

0	 FC(12)/143	 15	 100	 20	 .1

- FC(114)	 3	 1700	 780	 120	 .15

- FC(114)	 4	 1500	 700	 110	 .128

*	 FC Is dlchlorotetraflouroethane blowing agent.

** The density also depends on the concentration of

nucleating agent. In the above cases 0.25 wt% talc has

been used.



blowing agents.

ii) Effect of Pressure

It was shown that an increase in pressure

resulted in an Increase in the number of cells

and foam density.

lii) Effect of Temperature

In order to control the foam quality precise

control of die temperature Is essential. Increasing

in die temperature could result in cell collapse

due to lowering the melt strength of the polymer.

Also a decrease in die temperature could result In

only partial decomposition of blowing agent, which

therefore, would increase the foam density.

iv) Take off Speed

Higher take off speeds moves expansion away from

the die and is less likely to give a torn skin.

Therefore, It was concluded that higher take off

speeds would result in lowering foam density.

v) Blowing Agent Concentration

Reduction in density is proportional to blowing

agent concentration up to a point where over

foaming results In loss of gas through the

extrudate wall.

There are only a few experimental studies published

In the literature dealing with the solubility of

gases In polymer melts (55-51). Durill and Griskey

(55,56) report that the partial pressure of given gas

19



dissolved in a given polymer can be calculated using

Henry's Law

X	 H* P
	

2.18

where
X is the concentration of gas in the melt

(cm3)
H is the Henry's Law constant (cm 3 at SIP,

(g atm)-1)
P is the partial pressure of the dissolved

gas (atm)

Therefore at any given temperature and pressure (I

and P) the solubility of gas in the polymer melt may

be expressed in terms of cm3 (STP)/g. Here SIP refers

to the standard temperature and pressure. Durill and

Grlskey (55) further report that for certain gas!

polymer combinations, the solubjlity parameter H follows

the Arrhenius behaviour with temperature

H(T)	 Ho Exp [ - Es! R (1-To)] 	 2.19

Where

Ho	 is the Henry's law constant at To (determined
experimentally) (cm3 at SIP (g atm)1)

Es	 is the heat of solution of gas in the melt
(KJ (g atm)1)

R	 is the universal gas constant (KJ (g mole OK)-l)

Equations 2.18 and 2.19 permits calculation of the

maximum amount of gas that can be dissolved in

polymer melt at any given temperature and pressure.

Figure 2.3 gives solubility information for nitrogen

in polystyrene and high density polyethylene of

selected melt temperature and pressure.

If we assume that the gas released by blowing agent

is completely dissolved in a polymer melt, foaming
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may not occur inside the die in foam extrusion as

long as pressure anywhere In the die is kept above

the vapour pressure of gas released from the chemical

blowing agent. This vapour pressure will depend on

the solubility of gas in the base polymer. However,

when gas above the solubility limit Is present in the

melt as microbubbles,	 the growth of these

microbubbles may depend on the magnitude of the

external pressure applied to the melt. When nucleated

bubbles (or microbubbles) have attained a certain

minimum size, they will continue to grow until the

pressure inside them, Pv, Is in equilibrium with the

apparent partial pressure of the gas dissolved in the

polymer melt, Pu.. That Is at equilibrium the

following force balance should hold

AP 2 * X/ r	 2.20

where Ap Pv - PL, ? Is the Interfacial 	 tension

and r Is the bubble radius. Note that value of J' is

approximately 0.03-0.05 N rn- 1 for most gas/polymer

melt systems (58). This equation Indicates that the

smaller the bubble radius r, the higher the pressure

of gas In the bubble. In other words, application of

the external pressure in excess of the pressure inside

the bubble will suppress bubble growth because the

pressure inside the bubble depends on the apparent

partial pressure of the dissolved gas, which in turn

is directly related to external pressure. It can then

be said that the external pressure needed to suppress

21



bubble growth is referred to as the critical pressure

for a gas/polymer system. Figure 2.4 gives plots of

critical pressure against blowing agent concentration for

different combinations of polymer and blowing agent

(23). It Is seen that at the same concentration of

blowing agent, the polystyrene/celogen chemical

blowing agent system has a critical pressure higher

than	 the	 polystyrene/NaHCO3 	 system.	 Upon

decomposition celogen CBA releases nitrogen and

NaHCO3 releases carbon dioxide. It can be said

therefore that the polystyrene melt containing

nitrogen requires a higher external pressure than the

polystyrene containing carbon dioxide in order to

suppress the growth of gas bubbles. This may be

attributed to the fact that the solubility of N2 in

polystyrene is lower than that of COz in polystyrene.

From the previous discussion, one can see how important

both the selection of blowing agent for a polymer and

optimising melt pressure are, in order to achieve

good quality foam during extrusion.

There	 is little	 information available In	 the

literature concerning the morphology of polyolef In

foams. Ahmadi (60) has shown the properties of

polypropylene structural foam, such as 	 impact

strength, and flexural stiffness are dependent on

skin to core ratio (hence, the density) and, to some
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extent, their surface texture. Also he has investigated

the effects of processing conditions on structural foam

density. In connection with this study, an examination

of the internal structure of cells in the core of

polypropylene structural foam mouldings has revealed

a network of troughs and funnel shaped holes covering

the	 cell	 walls and circumscribing what were

identified as flattened spherulites (61). In another

study Hornsby et al.(62) have proposed a model for

the formation of these flat top spherulites. It has

been suggested (see Figure 2.5) that the for-

mation of polypropylene foam cell wall spherulites

are formed In a series of stages. Firstly, the

spherulltes grow on cooling as the cells expand

during foaming of the polymer. 	 These growing

spherulites are pushed ahead of the expanding melt-

cell interface until they impinge on one another, so

limiting their movement. If the cell continues to

expand beyond the remaining spherulites it would

leave flat topped structures protruding into the

cell, a phenomenon which has been observed in higher

density polypropylene foam variants. Further expansion

would expose parts of any spherical spherulites,

which were growing below the melt cell interface when

the spherulitic movement was halted. When the melt is

sufficiently solidified to prevent further expansion,

shrinkage	 on crystallisation of remaining melt

results in the formation of funnel-shaped holes in
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the inter-spherulite boundaries.

2.1.5. Mechanism of Bubble Formation

This subject has been described thoroughly in books by

Frisch and Saunders(63), and by Bennlng (64), and

also it has been reviewed by number of authors(65-68).

Preparation of polymeric foam usually	 involves

firstly the formation of gas bubbles in a liquid

phase, and the growth and stabilisation of those

bubbles as the liquid matrix increases in viscosity

and finally solidifies as a continuous phase. Hence,

the colloidal aspects of bubble formation, growth and

stability are of prime importance.

A gas in a liquid can exist In two forms, in

interstices between polymer chains or as discrete

microbubbles. A microbubble, in order to resist collapse,

must have an internal pressure greater than that of

the surrounding melt. That Is;

Pc > P + (2 * D/r)
	

2.21

where
Pc is pressure in the bubble

P is the hydrostatic pressure in the bubble

D is surface tension

r is bubble radius

At very high pressures, gas will be dissolved in the
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polymer melt and it is likely that the amount of gas

dissolved Is linearly dependent upon imposed pressure

at a given temperature(68).

Gas diffuses from the initial sites into the

surrounding medium in order to achieve a uniform

gas-liquid mixture. Rapid bubble growth implies high

rates of gas diffusion to the bubble, and rapid

dispersal of gas in the extrusion zone of the

machine.

The formation of an internally blown foam proceeds

through several stages (63,64). Firstly the blowing

agent, in whatever form, generates a gas solution in

a liquid phase, with the gas reaching its saturation

limit in solution, then becoming supersaturated, and

finally coming out of solution in the form of a

bubble. A bubble of infinitesimal radius requires an

Infinite pressure difference between the gas in the

bubble	 and that in the fluid surrounding	 It.

Therefore,	 bubbles are undoutably nucleated at

reactive sites on CBA surfaces, or deliberately

introduced nucleants, or unmelted crystaliltes and/or

debris present in the resin (64).

Highly supersaturated solutions of gases in polymers

are extremely unstable and are relatively easy to

nucleate. Finely divided particles well dispersed are
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normally satisfactory.	 Materials less wetted by

polymer melt are most effective.

Since the foam expansion Is a dynamic process,

therefore, It Is Influenced by such factors as degree

of crystalilnity, molecular orientation, and cross-

linking. Viscoelastic character of the liquid can inhibit

both bubble growth and bubble collapse. Diffusion of

gas to the growing bubble (or away from collapsing

bubble) Is assumed to be very rapid when compared

with bubble growth rate.

When the bubble is first formed, it Is a sphere surrounded

by a relatively liquid phase. As more gas is generated

by the blowing agent the new gas may form additional

bubbles If Its concentration sufficiently exceeds the

supersaturation at which the first bubbles were

formed, or may diffuse from the liquid phase into

existing bubbles, causing them to become larger. It

may also diffuse to external surfaces. These three

processes are competitive and depend on the number of

bubbles generated, the amount and the rate at which

the gas becomes available and the volume to surface

relationships (65,66). As more bubbles form and as

the bubbles grow the foam volume increases, with the

result that the liquid phase becomes ever thinner and

distance between bubbles diminishes. The bubbles

eventually lose their spherical shape as the liquid
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phase becomes less than 25% of the volume of the foam

(64), wIth the bubbles finally assuming a structural

bounded by several flat planes or membranes.

The Initiation or nucleation, of cells is dependent

on the formation of bubbles of such size that they

are capable of growth under the given conditions of

foam expansion. According to the Equation 2.20, the growth

of a hole or cell in a fluid medium at equilibrium Is

controlled by the pressure difference P between the

inside and the outside of a cell, the surface tension

of liquid phase, and the radius r of the cell.

The pressure outside the cell Is the pressure

imposed on the fluid surface by its surroundings, the

pressure Inside the cell is the pressure generated by

the blowing agent dispersed or dissolved in the

fluid. If	 gas pressure is low, the radii 	 of

Initiating cells must be large. The cell acts as an

Initiating site and can be filled with either a gas

or a solid (chemical blowing agent residue) which

breaks the fluid surface and thus enables blowing

agent to surround it (65).

During the time of cell growth in a foam a number of

properties of the system change greatly, therefore,

cell growth can be treated only qualitatively. The

following considerations are of particular Importance.
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1) The fluid viscosity changes considerably, which

tends to influence both the cell growth rate

and the flow of polymer from cell walls to inter-

sections, leading to collapse.

ii) The pressure of the blowing agent decreases,

falling off less rapidly than an inverse

volume relationship, because new blowing agent

diffuses into the cells as the pressure falls

according to Equation 2.20.

iii) The rate of cell growth depends on the

viscoelastic nature of the polymer phase, the

blowing agent pressure, the external pressure

on the foam, and the permeation rate of

blowing agent through the polymer phase.

iv) As a consequence of Equation 2.20, the pressure

in the cell of small radius r2 is greater than

that in cell of larger radius ri. There will

thus be a tendency to equalise these pressures either

by breaking the wall separating the cells or by

diffusion of the blowing agent from the small to

large cells. The pressure difference	 P between

cells of radii ri and r is shown as:

AP	 2 * K * ( 1/r2 - 1/ri ]	 2.22

To disperse a given volume of gas in a unit volume of

liquid one must increase the free energy of the

system such that;

E:a* A	 2.23
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where
E	 is free energy

a	 is surface tension

A	 is total interfacial area

Clearly one can see that greater free energy is

necessary to produce fine rather than to produce large

cells, and also the coalescence of cells and foam

collapse is energetically favoured until the foam is

solidified by cooling.

2.2.	 LIterature Review	 Polyolef In Homopolymer
2.2.1. Historical Background of Crystallisation of

Pol ymer Melt

Historically the first knowledge of polymer morpho-

logy was that pertaining to crystal structure; i.e.

using X-ray crystallographic techniques. But the

reflections are found to be broad and diffuse and

measurement of crystallinity were	 intermediate

between those of a crystal and liquid. The

observations are interpreted by means of the fringed

micelle model(69), see Figure 2.6.

Another salient feature was the acknowledgement that

chains were regarded as contributing to more than one

crystallite, threading between each via the various

disorder	 zones. This was a seemingly	 logical

conclusion from the point of fact that of molecular
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Figure 2.6.	 The fringed-micelle model of polymeric
texture (after 69)..



chain length(the contour length), being anything up to

10 pm Is still the case today, scientific advance

often parallels technical innovation, so that had

these miceller structures existed they could not have

been observed until later developments involving

electron microscopy occurred.

By optical means, it was first appreciated that

ordering also existed on macrotextural scale. The

structure In question were so-called spherulites (see

Figure 2.7), and were subsequently the focus of intensive

studies proving the occurrence of crystalline units

arranged in a spherically symmetrical fashion(70-72).

These are now known to be a universal crystallisatlon

product of the polymer quiescent melt.

The lamellar nature of the crystalline unit is now

generally accepted even in the case of melt

crystallised (involving spherulltes) although accep-

tance of this phenomenon has been a gradual process.

As distinct from solution grown aggregates, where the

crystals are discrete entities, in a melt crystallised

polymer the lamellae exist as contiguous structure

which are Interconnected to form familiar spherulltes.

Detail investigation of spherulitic	 microstructure

(73-75)	 show that they are composed of readily

thin platelets of lamellae ribbon-like	 crystals,

which are very long in comparison to their thickness.
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The thickness of the crystal ribbon is in the order

of 100-500 A and since the thickness Is only a frac-

tion of the polymer chain length the polymer chain

may enter a given ribbon many times (see Figure 2.8).

The chains are oriented approximately parallel to the

thin dimensions of the ribbon and 'tie chains' connect

Individual crystal ribbons. The inter-ribbon region is

generally termed amorphous composed of tie chains, chain

ends, loose loops or even totally unicorporated chains.

The spherulite structure is often seen as a banded

structure under polarised light and this is due to

natural twisting of the ribbon like crystals about their

molecular axis. For further study one should refer to

the work of Keith and Padden (76,77), Price (78) and

Keller (79).

The development of a spherullte depends upon how it

Is nucleated. A typical progression of spherulitic

growth is presented In Figure 2.9, this starts with a

fibre and evolving through sheaf-like embryos before

attaining a spherical envelope. Upon further growth

the spherulltes impinge upon one another and they

become polyhedral. Mature spherulites have the same

crystallographic axis along their radius (80).
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2.2.2. NucleatIon and Growth

The polarising microscope has been used to study the

growth rates of spherulltes, I.e. the velocity of

radical advance. All studies show that this quantity

is	 remarkably	 linear with time	 at	 a	 given

temperature, except when spherulites near impingement

or when the viscosity of the melt is deliberately

reduced (81). ThIs is, in fact, a crucial point in

the	 understanding of	 spherulitic	 growth.	 The

variation with temperature typically takes the form

of Figure 2.10. It has long been recognised, however,

that the characteristic shape is a consequence of

growth being slowed by Increasing viscosity at lower

temperatures and by a diminishing thermodynamic drive

(I.e.	 supercooling)	 as the melting	 point	 is

approached. For polyethylene, growth is so fast that

only the higher end of this curve can be realised,

while for other polymers such	 as	 Isotactic

polypropylene and isotactic polystyrene the whole

range can be measured.

The extent to which growth rate can be measured

depends on spherulite size and this in turns depends

on the relation between nucleation rate and growth

rate. Another words, if nucleation is slow and growth

rate is fast by comparison, a few large spherulites
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will result. On the other hand rapid extensive

nucleation will lead to a profusion of spherulites,

which may well be Immature. 	 Polyethylene often

behaves In this way, resulting In a texture, recog-

nisable as very many small embryos. Therefore, the

control of spherullte size (for a desired form of

end product), can be achieved if one varies the

nucleation rate.

This phenomenon Is possible, since, almost always,

the nucleation In polymers is heterogeneous 	 in

origin,	 I.e. It Is Initiated on	 non-polymeric

particles. Were it homogeneous, forming on the

polymer	 Itself, many fewer possibilities 	 would

present themselves. However, in a bulk sample when

heterogeneous nucleation has started growth will proceed

through the entire sample. Therefore, this is the reason

why foreign particles are added to control the

spherulites size development.

No matter whether the nucleation is homogeneous or

heterogeneous It is still strongly affected	 by

molecular weight,	 with longer molecules usually

initiating crystallisation of the polymer. Presumably

this Is because the longer a molecules Is, the

greater the chance of being able to adapt a suitable

conformation.	 For Instance, as in the case of

polyethylene, If large spherulites are desirable, one
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has only to heat the polymer sufficiently to cause

degradation, which then, the loss of longer molecules

(also creation of additional very short ones) both

will help to grow fewer and more open spherulite

structure.

The growth of crystal is governed by diffusion, either

of heat or matter, yet the solution of the diffusion

equation for an expanding sphere is known to give a

surface area increasing with time (82). If diffusion

Is a dominant process, therefore, the implication of

constant growth rate is that local conditions are not

changing with time.

Keith and Padden (82) propose a theory which considers

a supercooled polymer melt within which the crys-

tallisatlon Is proceeding at finite rate. Although

there must be a local	 temperature gradient to allow

the heat of crystallisation to be dissipated, the uniform

linear growth rate shows that this must be small and

the system may be regarded as effectively isothermal.

Let there be an equilibrium concentration C of effec-

tive impurities at points	 remote from growing

crystals. The distribution of such impurities is

dependent on the rate of advance of the crystal surface

G and diffusion coefficient for 'Impurities' D. The

distance within which this concentration Is enhanced

by the length of 5D/G. The effect of this build up
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of impurities on further crystallisation, is to

depress the equilibrium melting temperature TL(liquid

temperature) for melt with Increasing concentration of

impurities, below what it would otherwise be. The

effective supercooling AT IL-I Is correspondingly

decreased and the thermodynamic drive for crystalli-

satlon to proceed, Is reduced.

2.2.3. Pol ypropylene Spherullte Morphology

The conventional and most widely occurring crystal

structure of polypropylene is the one determined by

Natta and Corradlni (83), with a monoclinic lattice

as illustrated in Figure 2.11, whIch later, when other

polymorphs became apparent was refereed to as the 'a

structure.

Soon after, another polymorph with hexagonal lattice

was recognised (84-87). The hexagonal lattice or '13

structure is known to be favoured by high shear rates

(88), fast cooling (89) and certain heterogeneous

nucleants (90-93). The 13 crystals if present, are formed

sporadically and In small quantities, 'admidst a sea'

of a crystals. A third type of polymorph with trlclinic

lattice has been observed in samples of either fractionated

or pressure crystallised polypropylene. The so called

structure was first identified by Addink et
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al. (94), from X-ray results concerning a low molecular

weight fraction, 	 while Tutner-Jones et al. (85)

found the ' ' structure in relatively high molecular

weight. The i-form in the latter case was virtually

isolated and pure, formed by a carefully controlled

cooling	 procedure following	 solvent extraction

between 35_700C in either petrol, ether or xylene.

The cooled sample was obtained at 60°C hr- 1 from a melt

maintained	 at 190°C. The proportion of ' -form

crystallising increases with Increasing	 pressure

(85,95). These authors hypothesise the stability of

(-form is due to decreased volume available for the

packing of helical chains into a crystalline lattice

at elevated pressure. Since the packing of the chains

Is very sensitive to the distance between CH3 groups,

this necessitates a modification of the unit cell in

order to maintain the most favourable inter-methyl

distances (85).

Samples that consisted entirely of 7-form, melt at

147°C	 (85),	 although by high temperature	 and

pressure annealing this could ultimately reach about

160°C; which presumably is due to defect elimination.

At the level of resolution using a polarising microscope,

there exist a variety of spherulite types classified

by their appearance between cross-polars, and the

sign and nature of birefringence. Four distinct
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spherulite types and some mixed forms were identif led

by Keith et al. (96) and Fujlyama et al. (97). Types I

and II, known as the a-modification are composed of

monoclinic	 unit	 cells.	 Their birefringence is

low, positive for the first and negative for the

second. On the other hand spherulltes of type III and

IV are composed of hexagonal unit cells and were

categorised as the 13-form of spherulites. They are much

more negative in birefringence and are easily distin-

guished by their	 luminous bright appearance In

polarised light, surrounded by much less bright

a-spherulites. The experiments carried out by these

authors have shown that type I and II will grow at

the same rate, whilst, spherulites of type III and IV

will grow on the average about twenty percent faster.

The properties of all the spherulltes discussed are

given in Table 2.2. In the bulk crystallised specimens,

the spherulltes are so called 'mixed types . These

spherulites exhibit random distribution of positively

and negatively birefringent regions where the

birefringence is of a low and often not measurable value.

The unit cell of the mixed category is the monoclinic

'a ' variety.

The lamellae morphology, resolved using the electron

microscope, is also complex. The monoclinic polypro-

pylene spherulites grown from solution , show a

tightly 'cross-hatched' dendritic habit, incorporated
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0.007	 0.007

	

-ye	 -ye

	

No	 Yes

	

<122	 126-132

Table 2.2. Characteristics of IPP spherulite types.

Spherulite Type	 1	 Mixed	 II	 III	 IV

Monoci inic	 Hexagonal

Crystal Structure

Magnitude of Birefringence 0.003 0.002 	 0.002

Sign of Birefringence	 +ve	 +ve/-ve -ye

Concentric Banding	 No	 No	 No

Isothermal Tc (°C)	 <134	 134-138 >138



within the usual	 spherulitic structure (98). This

unique morphology was noticed in melt grown specimens

of a-polypropylene (99-101).

The study carried out by Khoury (98) on isotactic

polypropylene(IPP) grown from solution, has shown the

dendrites are comprise "twinned crystals forming

an acute angle of 80.67°. The consequence of such

twinning provides an explanation for the change of

birefringence of the spherulltes of monoclinic 1PP.

The net birefringence depends on the 	 relative

proportions of twinned and untwinned components. The

change noticed in birefringence of IPP 	 spherulite

from positive to negative with increasing crystalli-

sation temperature may thus be interpreted In terms

of a reduction In the degree of twinned component

(99).

The cross-hatched texture is a unique feature intrinsic

to polypropylene.	 Khoury (98) made a proposal that

there Is an epitaxial relationship between parent and

twin. The basic structural unit is a lath-like chain

folded lamellar crystal (revealed by the electron micros-

cope). Three dimensional arrays of intercrossing

laths are thus formed in solution which are a

consequence of a particularly unusual mode of

lamellar	 branching.	 Khoury's detailed analysis,
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Figure 2.12. Schematic representation of cross hatching
indicating epitaxial branch angle and fast
groi'th direction.



Incorporating the measurement of 	 diffraction

patterns, proposes that the branching angle of 800 40'

corresponds to parallelism of the ! and axis in one

lattice with the -c and -a axis respectively of the

other. Figure 2.12 exhibit a schematic representation

of the cross-hatched morphology taken from Norton

(102). On the above mentioned figure R represents the

radial direction within the spherulite whilst the I

represents, the branched tangential direction of a

cross-hatched overgrowth.

Khoury's study concludes by discussing two points,

the first concerns the degeneration of the regular

'dendrite' into spherulite, the second looks for

mechanisms to induce branching. 	 Instances where

features such as curved lamellae being formed due to

lattice distortions by the fold plane (103) and environ-

mental factors such as cellation due to impurity

segregation are thought to affect the first

consideration. A form of epitaxial accretion is

thought to be involved in the second.

2.2.4. Thermal Behaviour of Polypropylene

The different crystal structure of polypropylene

discussed so far have different melting characteris-

tics. If the specimen is only an a-form, the results

of differential scanning calorimetry (DSC) shows only
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one melting peak at about 441°K (168°C), while if

both type of structures are present, then multiple

peak will be observed (89,104-106). While the 13 type

spherulites are usually scarce and occur under special

conditions. However, a double melting peak of 13-form

crystals has been observed (105), particularly at slow

heating rates. After the initial melting at about

145°C, still another structure showing a faint

positive birefringence, which according to Fugiwara

(105) the structure still has a hexagonal lattice.

This recrystallised 13 , melt at about 152°C and is

succeeded by a monoclinic a-form. 13-spherulltes are

also favoured by presence of some nucleating agents or

by crystallisatlon during melt shear (88-93).

2.2.5. X-ray Diffraction of PolyDrorwiene

As described previously due to different cooling rates

and different shear histories during processing,

polypropylene specimens sectioned from skin to core layer

may consist of different crystal structures. From the

Bragg angles, at which diffraction from a crystal

occurs, It is possible to obtain information concerning

the crystal structure as well as the unit cell

dimensions of the crystalline polymer. As stated previously

the a-form structure was first determined by Natta

and Corradini (83), comprising 	 molecular chains

ordered in a 3i helical	 conformation packed
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monoclinically, the dimensions of the unit cell are

a 6.65 ± .05 A	 b 20.96 ± .15 A	 cr6.5 ± .04 A

a 900	3 990	 90°

the 3-structure which was recognised by Keith and

Padden (84) and later by Turner-Jones et al.(85), has

the following dimensions;

a 19.08 A	 b 19.08 A	 c 6.49 A

a 900	 3 90°	 X 120°

Table 2.3 gIves the generally accepted Turner-Jones

indexed reflections for these three polymorphs

together with the observed intensities and calculated

reciprocal spacings.

2.2.6. Pol yethylene Morphology

The morphology of polyethylene is similar to the fine

morphology of polypropylene previously described.

Helse and co-workers (107,108) presented detailed study

of the morphology of linear and branched polyethylene.

In these works they have studied the degree of

orientation of molecular chains in injection moulded

specimens. It is shown that the degree of orientation

decreases as the thickness of the moulded specimen

increases from 1mm to 4mm.
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Table 2.3.	 Turner-JoneS index çf three polymorphs

diffraction (after 85).

*	 *	 *

Line No.	 Jobs	 dobs	 dcal	 Inde>	 Crystal
(hkl)	 phase

1	 s	 0.244	 0.246	 110

2	 s	 0.278	 0.280	 300	 B

3	 s	 0.291	 0.295	 040	 a

4	 s	 0.321	 0.322	 130	 a

5	 i..	 0.343	 0.348	 140	 7

6	 0.368	 0.371	 301	 B

7	 0.362	 0.371	 iii	 a

8	 s	 0.421	 0.378	 131	 a

9	 0.443	 0.425	 041	 B

10	 0.414	 0.425	 131	 a

11	 m	 0.48	 0.422	 060	 a

12	 i-	 0.489	 0.462	 200	 a

13	 0.494	 0.485	 330	 B

14	 m	 0.536	 0.491	 220	 a

15	 0.560	 0.560	 600	 B

*	 S	 Strong

m	 Medium

W	 LJeak



Kamal et al..(109,11O) also have studied the morpho-

logical zones and orientation in injection moulded

polyethylene. In this work a number of techniques

were ,used including	 polarised light	 microscopy,

infrared measurement and differential scanning calori-

metry. These authors report that four distinct regions

are present throughout the thickness of the specimen, a

nonspherulltic skin zone with a certain degree of

transcrystallinity, a second zone containing very

fine asymmetric spherulltes of almost uniform size

nucleated at fast rates, a third zone containing

asymmetric larger spherulites and fourth zone of

randomly oriented and nucleated spherulites.

Heckmann and Johnsen (111) studIed the orientation

distribution with depth in the case of injection moulded

polyethylene. It was noted, 	 with the processing

conditions used, the highest degree of orientation

was found about 200 pm under the surface. They have

also shown a strong maximum In modulus and in the melting

temperature at the same depth. Although the photo-

micrographic evidence was not given, it was suggested

that the surface showed a transcrystalline structure.

That is, nucleation of fibrillar entities occurs in

the most highly selected melt directly adjacent to the

surface of the mould.

The rate of cooling from the melt state is an im-
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portant criterion which governs the crystal structure

of a polymer, and ultimately the properties of the final

product. The crystallisation is a transformation that

occurs by nucleation growth. In general, the rate of

both	 nucleation and	 growth	 increases	 with

undercooling (the difference between the melting

point and instantaneous temperature). Thus, slowly

cooled areas will have sufficient time to transform

at higher temperatures while, during more rapid

cooling, the major portion of the crystallisation

occurs at lower temperatures. This is important, as

the rate of transformation determines the degree of

crystallinity and may also have a bearing on the

orientation.

Chivers et al.(112) has studied the crystallisation of

polyethylene from the melt at low degrees of supercooling.

they have shown that the lamellar thickness '1 ' depends

on the supercooling temperature at which the crystal-

lisatlon occurs. Elsewhere, this is interpreted in

terms of kinetic theories of crystallisation (113,114).

Also Hay et al. (115) have reported that there are

three basic habits of dominant lamellae In crystallised

polyethylene, which differing in the	 profiles, as

they are viewed down the b axis. In addition to

ridged sheets, there are planar, or slightly curved

and S shaped sheets. The crystallography of all three
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(a)
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(c)
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(b)
(a)

Figure 2.13. Crystallography of dominanat lamellae in PE
V 1 elAled doiin b and c ax 1 s vert i cal : a ) r 1 dyed
b) planar and c) S-shaped sheets. In (d) the
pattern of subsidary platelets associate iiith
an S is also dran (after 60).

Figure 2.14. Schematic representation of the orthorhombic
structure of polyethylene (after 80).



shapes is shown dlagramatically In Figure 2.13. The

sequence rigid, planar, and S shaped sheets occurs with

increasing molecular length (and thus growth rate) at

130°C and again, but Is shifted to a lesser length, at

128°C and slightly lower temperature (115). These

authors do not give clear reasons for formation of

these type of lamellae.

2.2.7. Thermal Anal ysis of Polyethylene

Processing of thermoplastics involves application of

heat and stress. Thereby, resulting in deformation of

the polymer, often at high shear rates. When the

polymer being fabricated is capable of undergoing

crystallisatjon, the removal of heat upon cooling to

room	 temperature	 may	 be	 accompanied	 by

crystallisatiori	 of	 the polymer,	 often	 during

deformation of melt.

Haas et al. (116) have studied the effect of shear

stress on the crystallisatlon kinetics of linear

polyethylene. They have shown that the application of

a sufficiently high shear stress to an initially

super-cooled melt leads to a large increase in the

number of crystalline structures formed and to the

formation of oriented morphologies. In another study

(117) they have suggested increasing the shear stress

from 5.4x10 5 dyns cm 2 (5.42x10 4 N m 2 ) to 43.6 x 10
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dyns cm 2 (43.6 X 10 N rn- 2 ) has changed the melting

point of polyethylene from 132.2°C to 133.8°C.

The author has studied the thermal properties of

low, medium and high density polyethylene and their

blends, prepared by compression moulding (118). It

has been shown the as moulded specimens of HDPE have

higher melting point (137°c) than , when the same

sample annealed at 90°C for 10 hours (melting peak

appeared at 134°C).

Datta et al. (119) have studied the 	 thermal

properties of low and high density polyethylene and

blends of LDPE/HDPE and LLDPE/HDPE by DSC technique.

They have shown when HDPE specimens cooled at fast

rate 10°C mm- 1 , the melting analysis showed two

peaks at 111.75°C and 133.25°C, whereas when specimens

cooled at slow rate (1°C mm- 1 ), the thermal analysis

shows 2 peaks at 120.0°C and 135.5°C. They have

suggested slow cooling results in more perfect

crystalline	 structure, the result of blend of

LLDPE/HDPE has shown 1 melting peak, which suggest

that , the blend of these two polymers are compatible

in the crystalline phase and very similar to a single

-compound system.
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2.2.8. X-ray Diffraction Studies of Polyethylene

As has been stated earlier on, one of the important

tools	 in studying the crystal structure of a

crystalline material Is the X-ray diffraction. Many

investigators have attempted to study the crys-

talline structure of polyethylene prepared at different

processing conditions (120-125).

From the Bragg angle at which diffraction from a

crystal occurs It is possible to obtain Information

concerning the cell dimensions, crystal structure,and

degree of orientation. In the crystalline state,

polymer chains are aligned parallel to each other.

Interchain distances correspond to bond distances at

free energy minima. Figure 2.14 shows the unit cell

structure of polyethylene. The chains are packed side

by side so that their long axis are parallel, but

zigzag planes are not all parallel.	 The whole

arrangement has an orthorhombic structure.

Hay et al.(115) have studied the relation between

molecular orientation and crystalline texture. A number

of samples at different angles, respective to

injection flow, were chosen in order to find the dis-

tribution of orientation in the specimen. The work

was restricted to identification of the maximum dis-

tribution in each sample. Also it is stated that
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owing to the large	 spread of orientation dis-

tributions, more than one of the three set of

reflections 110,200,020 could be present simultaneously

in a given photograph. Their relative intensities,

however, are largely variable In photograph taken

along x, y, or z direction.

t4oy et al.(123) carried out an investigation on the

orientation of molecular chain through an injection

moulded specimen of polyethylene. X-ray diffraction

results obtained, Indicated that the crystallographic

a-axis tends to orient in the flow direction, while

the b and c axis vary symmetrically about that

direction. Also with the aid of X-ray diffraction

techniques, Woebcken and Heise (125), attempted to

relate	 crystallite orientation 	 in	 polyethylene

injection moulding to mechanical properties 	 and

conditions. In their work, they observed significant

interaction between microscopic structure, on one

hand,	 and both processing conditions and the

properties of the moulded articles on the other.
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CHAPTER 3

EXPERIMENTAL PROCEDURE



3.	 Experimental Procedure
3.1. Introduction

The effect of processing conditions, die design and

chemical blowing agent on the density and porosity of

polyolef in foam were undertaken by selecting various

grades of polypropylene and high density polyethylene

with varying melt flow indices (MFI). Each grade was

mixed with Hydrocerol (CF-20) blowing agent, then

processed into foamed rod on a conventional single

screw extruder.

The expansion ratio of foamed polymer emerging from

the die was measured by using a cathetometer to measure

its maximum diameter. The density of foamed samples

produced in each run was measured and the cell size

distribution analysed by image analysis. Further

investigations were carried out to determine the

effects of processing conditions and concentration of

chemical blowing agent, on the percent of open cell

fraction of the specimen. This was undertaken using a

mercury intrusion porosimeter (Model 2000).

In addition, the microstructure of selective specimens

was studied by optical microscopy, scanning electron

microscopy and transmission electron microscopy.

Also the nature of the crystallinity was studied by
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differential scanning calorimeter. 	 More detailed

information on the state of order of crystalline

material was obtained from the analysis of specimens

by X-ray diffraction.

Materials

In order to study the effect of melt viscosity on the

cell morphology of polyolef in foam, six different

grades of polypropylene and four grades of high density

polyethylene with different melt flow indices were

chosen for this study. All grades of polypropylene

and two grades of high density polyethylene were

supplied In granular form, whereas the other two

grades of high density polyethylene were supplied in

powder form. The average molecular weight and mole-

cular weight distribution of these materials was

determined at the Polymer Supply and Characterisation

Centre at RAPRA by gel permeation chromatography(GPC).

These results of are presented in Tables 3.1 and 3.2.

Throughout this study Hydrocerol CF-20 manufactured

by Boehringer Ingelheim was used as the chemical

blowing agent. This compound Is a mixture of citric

acid and carbonate components under normal storage

conditions. The theoretical gas yield expressed as

liberated carbon dioxide, Is about 100 ml g 1 under

normal conditions (126). Hydrocerol CF-20 decomposes
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Table 3.1. Molecular Characteristics of Polypropylene*
Homopolymer.

Polymer Wt. average	 No. Average
	

polydis-	 MFI
Grade
	

Molecular	 Molecular
	

persity	 g/10
Weight*	 welght*
	

ml n.
10- s	10-i

GSE-16	 4.27	 5.35	 7.98	 0.8

GWE-23	 4.25	 5.19	 8.18	 2

GWM-22	 4.17	 5.17	 8.07	 4

GXM-43	 3.75	 4.77	 7.87	 9

GYM-45	 3.12	 3.86	 8.08	 15

LXF-52	 3.02	 3.76	 8.04	 22

Table 3.2. Molecular Characteristics of high density Poly-
ethylene**

Polymer Wt. Average No. Average Polydis- 	 MFI
Grade	 Molecular	 Molecular	 persity	 g/10

Weight*	 Weight*	 mm.

1O-

H020-54P	 4.27	 3.35	 12.74	 2

H060-45P	 3.00	 2.12	 14.19	 6

H110-42	 2.62	 1.68	 15.65	 11

Natene	 0.633	 0.302	 20.96	 18
54-180

*	 All grades of Pp were supplied by Imperial Chemical Industry

(Id) Co.

** All grades of HDPE were supplied by British Petroleum (BP) Co.



at temperatures between 180-220°C. Figure 3.1 exhibits

the endothermic decomposition of this compound, as

determined by DSC. As consequence of decomposition of

this compound, two endothermic peaks appear at 4600

and 492°K. It is believed these peaks are due to

decomposition of citric acid and carbonate components.

Hydrocerol CF-20 is a self nucleating blowing agent,

and has been claimed by the manufacturer its residues

are safe if the foam product comes In contact with

human body.

Throughout the study various combinations of resin

and blowing agent were used, as discussed below.

3.3. PreparatIon of Feedstocks

The ten different grades of polymer mentioned pre-

viously each were mixed with chemical blowing agent

(Hydrocerol CF-20) for about 5 minutes using a

Herschel high speed mixer.

In some experiments, polypropylene and high density

polyethylene were blended in different proportion to

modify the melt strength of the material, in order to

achieve a more uniform cell and cross sectional

structure in the final product. Melt mixing was

undertaken in a specially modified twin screw extruder
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(Betol IS 40-DV--L). The Betol TS-40 is a co-rotating

Intermeshing unit featuring modular screw and barrel

sections enabling flexibility in screw configuration

combined with twin barrel ports for devolatilizing

and! feeding additives. Table 3.3 shows the screw

geometry together with optimised processing conditions

used In this work.

3.4.1. DeterminatIon of Melt Rheology

In order to study the rheological characteristics of

polymer containing gas, it should be bear in mind, to

keep high pressure on the polymer-gas mixture to

prevent phase separation. For this reason, a capillary

rheometery was found unsuitable, instead a single

screw extruder (Betol Model 2520 EX) with the

following specification was used.

screw length	 600 mm
screw diameter	 25 mm
L/D ratio of screw 	 24:1
compression ratio of screw	 3:1
screw type:

- constant pitch
- single stage with feed, com-

pression and metering zone,a
conventional polyolefin type
screw.

Han et al. (25) have also applied similar method to

study the rheological characteristics of low density

polyethylene foam.

For the purpose of correcting for end effects, two
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680 mm

17:1

Table 3.3 TS4O Twin Screw Extrusion Conditions

Screw diameter	 40 mm

Screw length

LID ratio of screw

Flight pitch

-feed
-compression
-metering

24 mm
16 mm
16 mm

Screw speed
	

speed control
	

180 rpm
up to

Heater zone 1
	

160° C

Heater zone 2
	

170°C

Heater zone 3
	

190° C

Heater zone 4
	

2 10°C

Heater zone die adapter
	

200°C

Heater zone die
	

200° C



25c

i	 I

a

Fic)ure 3.2. Schematic representation of dies used for rheoloqicul
studies of polyolefin in foamed and unfoamed state.
a) die adapter b)die insert. All sizes are in mm.



42

j

2
L/D=20	 L/D=1

b



dies were designed, as shown in Figure 3.2. The melt

temperature was monitored to an accuracy of ±2°C

by manually Inserting a temperature probe into melt

emerging from the die exit. The melt pressure at the

die entrance was also recorded by a Dynisco melt

pressure transducer PT 422A.

In order to verify the accuracy of viscosity

measurements obtained from the single screw extruder,

rheological characteristics of polypropylene homo-

polymer in solid form was also studied on a Davenport

capillary rheometer model ER 406. As it will be shown

in chapter 4, the rheological results obtained from

single screw extruder, are in a good agreement (± 5%

difference) with those measured on Davonport rheometer.

The main source of this difference is believed to be

due to pressure fluctuation, which was found to be not

greater than ±68.95 KPa (± 10 PSI), together with melt

slippage and melt temperature variation (±2°C).

3.4.2. ExtrusIon of 	 Po1yolefin

Extruders are one of the most common Industrial manu-

facturing processes for converting plastics materials.

They are mainly used for melting compounding, mixing

devolatizing, melt pressurising and pumping polymers

prior to shaping through a die.
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In order to investigate the effect of processing

conditions on foaming characteristics of polypropylene

and high density polyethylene, a conventional single

screw extruder was used, with specification given in

Table 3.4. It should be pointed out that the tempe-

rature of the extruder In zone 1 and 2 through the

experiment, was kept constant, and only temperatures

in zone 3 and 4 of the extruder and die zone varied

In order to increase or decrease the melt temperature

of the extrudate.

It should be emphasised that the foam emerging from the

die exit has very low melt strength, therefore the

set up for cooling the melt, should be exactly in line

with the die exit, otherwise the cells readily will

collapse prior to cooling. Figure 3.3 shows a typical

set up which was used in this study.

3.5.	 DensIty Measurement	 Pol yolef In Foam
3.5.1. DensIty of Solid Foam

On selected samples from each run, five different

sample were chosen and their density measured in the

following manner:

i) the weight of each foam specimen was measured up

to 0.10 of mg (Wi). To minimise the error, the

samples were chosen in a way so that their

weight lie between 0.9-1.0 g.
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Table 3.4. Betol Single Screw Extrusion Conditions

Model	 Betol 5025

Screw diameter

Screw length

L/D ratio of screw

Screw type

Screw speed

Hopper capacity

Heating capacity

Heater zone 1

50 mm

125 mm

25:1

-Constant pitch
-Single stage with feed
compression and metering
zone

speed control	 5-100rpm

22 Kg

-Extruder:barrel 12 kw total
-Die	 1.5 Kw

Set Temperature (0C)*

-	 PP	 HDPE

150	 165

Heater zone 2
	

160
	

175

Heater zone 3
	

170
	

230

Heater zone 4
	

190
	

250

Heater zone adapter
	

185
	

245

Heater zone die 1
	

180
	

245

Heater zone die
	

170
	

230
land adapter

*	 Make a note, the above mentioned temperatures are for the

optimum processing conditions of PP and HDPE. The processing

temperature of PP/HDPE blends, are similar to those of PP,

except the temperature in last 5 zones was increased as much

as of 5°C to 20°C, depending on the PP concentration in

the blend.
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Ii) the weight of the specimen was recorded while

It was submerged in mercury with a help of a

pin (W2).

From W2, which Is the upthrust and it is equal to

weight of mercury displaced, the volume of foam,

hence,the density of foam specimen was calculated as:

W2

	

Vf------
	

3.1
pm

and
W1.pm

3.2
f	 W2

where:
Vf is volume of foam specimen

p.	 is density of mercury at the test temperature
pf density of foam specimen

It should be pointed out in order to prevent the

mercury penetration inside the pores, after weighing

the specimen a small amount of epoxy (approximately

15 mg) was applied on both ends of the foam specimen

few hours prior to testing. This method enables one

to measure the density to a high accuracy.

3.5.2. DensIty f Melt Foam

The density of foamed material in the melt condition

was calculated from measurement of the diameter of

the rod extrudate emerging from the die

((dp)/(dr)]2* Dp	 3.3

where
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Df Is density of foamed polymer.
Dp Is density of unfoamed polymer.
df is maximum measured diameter of

foam extrudate prior to cooling.
d	 Is maximum measured diameter of

unfoamed extrudate prior to cooling.

It should be added that allowance was taken of the

Influence of die swell effects from polymer in the

unfoamed state and drawdown effects due to the

necessity applied tension to the rod during haul-off.

3.6. DetermInation of Open Ce11 Fraction

In order to measure the open cell fraction of foamed

specimens, a Carlo Ebra Strumentazione Porosimeter 2000

was employed. In this technique, the volume of mercury,

which penetrates the pores of the sample, is dilato-

metrically measured and automatically recorded as a

function of applied pressure. The maximum reachable

pressure Is 2000 kg cm 2 (196.1 MPa). By applying

Washburn equation which relates the pressure needed

to force a nonwetting liquid into cylindrical pores,

Its diameter can be calculated as follow (127);

P 4 5 cos O/d	 3.4

where;
P is the pressure
o is the surface tension (surface

tension of mercury 0.480 N rn-1)

O is the contact angle of the ad-
vancing meniscus 140°).

d is pore diameter

The Instrument Is designed to measure the pores up to
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7.5 pm in diameter. Also the software is programmed,

such that when mercury emerging from a small pore and

entering a large one, the large pore will be considered

as combination of both large and small pores, therefore,

neither the cell size nor the cell distribution are

correctly measured by this Instrument. The only

valuable Information obtained by this machine Is the

percent of open cell fraction, which is taken as

the volume fraction of mercury penetrating into the

pores (this Is done automatically by the instrument

by pressurising the mercury to penetrate into the

pores) to the total volume of the specimen ( which is

calculated from the weight and density of the foam

specimen fed into the programme at the beginning of

each run).

3.7. QuantitatIve Characterlsation of Cell Morphology

y Image Analysis

The cell size and cell size distribution of foamed

samples produced under different processing conditions

was determined by Image analysis. The need to use an

automatic cell sizing equipment resulted from the

requirement for a large number of cells to be counted

In order to reduce statistical errors. Quantitative

Image analysers have been designed and developed

specifically to furnish various geometrical measurements

of microscopic patterns or particles, and to present
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these measurements in a meaningful form.

Several techniques can be use to measure the cell size

and cell size distributions of foamed specimen. One

method involves microtoming of the cross section,

and measuring the cell size by means of light

microscopy. Due to high porosity of the specimens, the

resolution was found to be very poor and the results

were not reproducible. Another technique involves,

measuring the cell size with the help of image

analyser, by transmitting light on the sample Itself.

Due to same reasons mentioned above, large error was

found In the results. Best method (in terms of low

percentage of error and reproducibility of the

results) was found, when, the cross section of the

specimens were scanned using SEM, and the pictures

produced were used to measure the cell size and cell

size distribution by image analysis. It should be

pointed out that the experimental error was found to

be less than ±5 In most cases. The source error is

believed to be due to the fact that In order to

measure all the size of the cells over the whole

cross section, It Is necessary to vary the position

of the specimen from left to right and/or top to

bottom. Therefore, some of the cells could be counted

more than one time.

57



The experimental procedure conducted on the image

analyser given below, was based on scanning electron

micrographs microtomed surfaces.

In order to measure the cell size and cell size

distribution by image analysis , the programme on

disk was loaded onto the computer. The central processing

unit(CPU) processed the image produced from a picture

of a microtomed surface (taken on a SEM). The raw

data measured by the CPU was processed by the computer

to the required form and this would be stored in the

disk drive or printed out by printer.

In most microscopic imaging except stereomicroscopy,

cells can only be measured in two dimensions and the

shape of the two dimensional cell would depend on the

location at which the cell is being sectioned.

For convenience the cell size was expressed in terms

of the diameter of a sphere having the same surface

area of cell measured or commonly known as equivalent

area spherical diameter or surface diameter, so that

irregular shaped cell sizes are comparable with

regular shapes. This raw data is expressed In terms

of the number of cells per unit area (Na) in the

computer software.

In order to transfer the two dimensional data to
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three dimensions, certain assumption and correction

are required. The software programme written for this

type of work is based on the Schwahz-Saltykov analysis

(128) which account for the probability of cutting through

cells at levels other than their mid-point(diameter),

and transforms the data into a number of cells per

unit volume (Nv). Here the assumption is taken so

that the view in two dimensions Is statistically

repeated in the third dimension. The general equation

for Schartz-Saltykov (diameter) analysis for number

of cells of any size group per unit volume is:

(Nv)j1/A ((ai(Na)1) - (aj+1*(Na)j+1 ) - (al+2 *
(Na)i+2 ) .....ak(Na)k ]	 3.5

where;
K	 Is equal to total number of

class interval
I and j are integer values from 1 to K

4	 is the ratio of Dmax. (diamet-
er of largest cell) to K

a	 is a coefficient relating I and
j (the values of	 are given
in Schwartz-Saltykov Table
presented in Table 5.3	 of
reference 128).

These data are expressed as a distribution of the

volume of cells per unit volume (Nv) in each diameter

size class from which the mean volume diameter is

measured.

3.8. Preparation of Samples for Optical Microscopy

Due to simplicity of its use and informative results
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obtained, the light microscopy has been used in

microstructural characterisation of the 	 unfoamed

polymers produced In this study.

In this research selected areas were microtomed to

provide thin layer (5-8 urn) which were examined in

polarised transmission light using a Reichert Zetopan

Nr	 365467 light microscope. Best results were

obtained when account was taken of the following

points:

1) Blade quality;

It was necessary to make sure that the blade was

In best condition to minimise damage on the surface

of the specimen. A conventional mild steel Glen-

Creston blade with a 37° facet angle was used

for this work. Where the blade was sharpen by

a Shandon and Southern Autosharp IV machine f it-

ted with soft copper alloy lapping plates and 3

urn diamond pastes was used, which took approxi-

mately around 2 hours to sharpen the blade.

ii) The cutting Angle to the specimen;

This was set at 45° to the direction of flow, so

that to distinguish the microstructure of the

polymer from damages caused by the knife (if any).

lii) In order to minimise the distortion of the mic-

rotomed sample one should rigidize the specimen.

A Mectron (Frigestor) microtomed cooling stage

has been designed for the sledge microtome to

60



control the temperature of the specimen down to

-24°C. The Frigestor microtome stage comprises:

a Frigestor module mounted on a water cooled

heat exchanger to which the adapter for the

specific microtome is fitted. In addition

harness water tubes and power leads run Into

the heat exchanger and module respectively.

3.9. ExperImental Procedure of Preparation of Samples
for Micromorphology

3.9.1 PreparatIon Specimens for Transmission Electron
Microscopy (TEP4)

In order to achieve best results in studying the

microstructure of the extruded samples various etching

procedures were utilised to enhance the polymer

morphology. The steps which have been followed for

preparing the specimens for TEM are similar to those

described by 011ey et al. (129). The procedure is as

follow:

1) A mixture of 2:1 of orthophosphoric acid and Analar

grade sulphuric acid (minimum assay 98 %) was

made In a dry flask. The two acids were vigorously

mixed by placing the mixture In an ultrasonic bath

for one minute.

11) 0.5 weight percent potassium permanganate was

weighed and then carefully added to the mixture

of acid. Care was taken when adding this strong
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and potentially dangerous " cocktail	 owing to

the sporadic production of unstable and explosive

component, manganese heptoxide. If at this stage

the colour of solution turns blue it indicates

contamination by water, and It should be discarded.

lii) After the surface of the sample was microtomed

and polished, it was placed surface side downward

into the etchant. From trial and error good

results were achieved when etching time was arr-

ound 20 hours and the temperature of etchant was

at room temperature.

After the etching time was over, the following cleaning

procedure was adopted:

1) The specimen was washed in a precooled(_200C)

solution of 2 parts sulphuric acid to 7 parts of

distilled water for one minute in an ultrasonic

bath. The above mentioned proportions of acid

and water are believed to be those which gives

lowest freezing point , which Is helpful in pre-

venting the heat of dilution of the original acid

affecting the sample (129).

ii) The specimen was then transferred in a 30%

solution of hydrogen peroxide for about 1 minute

In an ultrasonic bath. This step Is followed in

order to remove manganese dioxide.

iii) The specimen was then transferred to a beaker

containing distilled water and washed for 1 mm.
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in an ultrasonic bath.

lv) The sample was then rinsed in acetone for 1 minute

and

v) Finally, It was dried in a vacuum oven for about

1 hour at temperature around 40°C.

3.9.2. Replication Procedure

011ey et al.(129) examined the microstructure of poly-

propylene using a two stage replication method, where

the etched specimen Is Immediately shadowed with a

very thin platinum/palladium (Pt/Pd) 80/20 alloy at

angle of 20-40°C. Then followed by shadowing with

a thicker and vertical backing of carbon film. The

Pt/Pd-C layer Is then covered by polyacrylic acid (PAA)

and then allowed to dry for approximately 2 hours.

Afterward the Pt/Pd-C layer which now adheres to PAA

surface, can be easily removed by a razor blade. The

PAA can be removed by placing the sandwich layer

of Pt-Pd-C-PAA in distilled water with PAA side down-

ward. Sufficient time should be given (approximately

2 hours) to allow PAA to dissolve, then the replica

is floated onto copper grids for transmission electron

microscopy.

The same procedures as those of 011ey et al.(129) were

also applied In this project, mainly for unfoamed sped-

mens, since for foamed samples the PAA deposit was quite
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Impossible to separate due to high porosity of the

surface. Therefore, it was decided to use the method

devised by Norton (130), where samples were examined

using a standard two stage replication process. First

making an impression on cellulose acetate and then

shadowing this with gold/Palladium (Au/Pd), then

depositing a carbon film on the surface. The cellulose

acetate-AU/Pd-C sandwich was then mounted onto copper

grids and the cellulose acetate layer dissolved away

using acetone vapour.

Examination of the replica produced in this way was

performed using a Jeol 100CX transmission electron

microscopy.

3.9.3. PreparatIon Samples for Scanning Electron Mic-
roscopy (SEM)

In contrast to TEM, SEM is used extensively for the

study of polymer surfaces. It differs in that the

electron beam, rather being fixed, is rastered

across the sample. The image is produced by collec-

ting secondary electrons emitted from the exited sur-

face by means of a scintillator and then reproducing

the scintillator image in a cathode ray tube(CRT)

display, synchronised with the beam sweep. The beam

size C 100 A ) limits the resolution, but sample

preparation is usually easier along with extremely
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large depth of field. Images of higher contrast,

albeit lower resolution, can be obtained by collecting

higher energy back scattered electrons.

In order to study differences in crystalline

morphology by SEM, specimens were prepared using a

similar method to that used for producing the TEM

replicas, namely by permanganatic etching. Hence mic-

rotomed sections were etched and cleaned. But the time

consuming stage of replication was omitted. Instead,

after the specimen was mounted on an aluminium disk

with a double sided adhesive type, it was coated with

gold vapour for 6 mInutes (using Polaron Equipment SEM

Coating Unit E-5000), then the edges of the specimen

joined to the aluminium disk by coating with a solution

of silver particles suspended in amylacetate, in order

to minimise the risk of electron beam damage by SEM.

Afterward, the sample was viewed directly in the SEM.

In this study, the observations were performed on

Cambridge Stereoscan 250 scanning electron microscopy.

3.10. DIfferential Scannin g Calorimetry (DSC)

One of the most useful physical properties in characteri-

sation of any polymer, is Its thermal behaviour. The

temperature dependent properties undergo major

changes at one of two transition points. In crystal-
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line polymers the one of greater importance is the

crystalline melting point(Tm), while for amorphous

polymers, it is the glass transition temperature(Tg)

The property changes at Tm are more drastic, and are

characteristic of a thermodynamic first-order transi-

tion. Associated with such a change is an uptake or

emission of enthalpy-latent heat of fusion, which for

crystallisation Is an exothermic reaction and for

melting is an endothermic one. Therefore, by careful

consideration of the resulting endotherm or exotherms

useful information can be derived concerning the

phase change, i.e. in the case of polypropylene a and

13-spherulltes forms can be distinguished, in specimens

from their different thermal response (see Chapter 7).

DSC Is a technique designed to record the various heat

requirements of small specimen (1-10 mg) during a

heating or cooling experiment (at a constant rate), or

under isothermal conditions.

The essential design of instrument consists of two

calorimeters into which may be inserted small pans.

One pan contains the sample whilst the other is left

empty as a reference. Both the sample and reference

are heated separately by individually controlled

elements. The power to these heaters is adjusted

continuously In response to any thermal effects in

the sample, the point being to maintain sample and
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reference at exactly same temperatures. The differen-

tial powers required to achieve this condition Is

recorded as the ordinate on an x-y recorder, with the

programmed temperature of the system as the abscissa.

In the of case an Isothermal experiment the abscissa

equals time. In this work a Perkin-Elmer DSC II was

used for qualitative melting and crystallisatiori

analysis, where the Instrument was calibrated by

performing an experiment using indium a material with

a known and sharp melting point.

Amongst others Lovinger and Samuels (89,131) have

applied the technique of DSC to the investigation of

polypropylene. The first study was primarily concerned

with the melting of oriented isotactic polypropylene

fibres. In this study the major point to note is that

the polypropylene showed multiple melting peak from a

seemingly single phase sample. The samples were

considered	 to be solely monoclinic( a-crystals),

therefore, the peaks were Indicative of some crys-

tallite differences, within the spherulite structure.

After number of experiments It was found that,

a fast heating rate showed an abnormally high propor-

tion of the lower melting phase as a result of poor

heat transfer to the specimen. On the other hand at
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low heating rate(2.5° and 5°K mirn 1 ) showed different

melting behaviour (transformation of 13-type spherulites

into the forms). It is believed slow heating would

act similar to annealing of the specimen. Therefore,

it was considered most likely that a heating rate of

1O°K mm.- 1 will show a true picture of the morphology.

The DSC results relating to current work are

presented in chapter 7.

3.11. ApplIcation of X-ray Diffraction Techniques
to Study Crystalline Polymorphism in Extruded
Pol yolefin and Pol yolefin Foam

3.11.1. Basic Conce pt of X-ray Diffraction

The X-ray diffraction can be used to determine detailed

Information on the state of order or disorder of a

system. The diffraction of X-ray by gases or liquids

give rise to diffuse haloes, whereas the diffraction

of crystalline material gives sharp circles or spots

(In the case of highly ordered crystalline structures).

Also from the intensity and nature of the diffraction

pattern, more detailed information can be deduced on

the state of order of crystalline substances. In the

case of semi-crystalline polymers, the information

which can be collected from the X-ray analysis

includes:

1)	 identifIcation of material

ii) the relative orientation of the crystallites

ill) degree of crystallinity
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When a crystalline material Is exposed to a beam of

X-rays, three dimensional arrays of atoms in the crystal

scatters the radiation in a such a way that the

scattered waves reinforce each other In specific

directions. These directions, which are characteristic

of the crystal orientation with respect to the beam

and to the interatomic separation In the material,

are governed by the Bragg's Law:

2dhki sin e	 3.6

where;
n	 is integer denoting the order

of the diffraction

),	 Is the wave length of the X-ray

e	 is the angle of incidence and re-

flexion

dhkl Is the plane spacing designated
by Miller Indices

In this Investigation extruded specimens were sectioned

with a thickness of 500 zm along the flow direction

and through Its diameter. The sample was then mounted

on the spinning stage (with skin side up) of a Philips

PW 1050 diffractometer linked to a PW 1710 control

terminal and software. The crystallographic analysis

were made by scanning nickel filtered Cuka radiation,

collimated through a 0.2 m slit, from 10 degrees in

Bragg angle 2° up to 30° at a scan rate of 2° min1.

The reflections from the spinning surface were collected
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through a im slit to the counter.

As It has been stated before, from the Bragg angles at

which	 diffraction from a crystal occurs, it is

possible to obtain Information about the unit cell

dimensions of a semi-crystalline polymer. For instance

In this work the region between skin and foamed core

showed a much higher degree of orientation crystallites.

This also has been found to be consistent with

work done on extrusion of blown film reported by

UeJo (132).

Turner-Jones et al.( 85,86 ) proposed an index based

on the peak heights in the diffractogram to calcu-

late 13-phase concentrations. Recently Trotignon et

al. (133) have used this method to study the a-phase

orientation, 13-phase distribution and crystallinity

Index C in injection moulded tensile test bars of

Isotactic polypropylene. The mathematical equations

along with Informatlons from X-ray diffraction based

on peak heights can be used to determine the

following Indices:

I) a-phase orientation index A where

hai
A
	

3.7
hai + ha4

it should be pointed out the value of A for any

Isotropic samples such as granules or powder is
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equal to 0.57 (133).

ii) s-phase index B where,

h13
B----------------------3.8

hai + ha2 + ha3 + ha4
iii) crystallinity Index C where,

hai + ha2 + ha3 + ha4 + h3
C: ----------------------------3,9

5ha

where ha,, ha2, ha3, ha4, and h3 are the height

of corresponding crystalline peaks, taken from the

amorphous background, according to Turner-Jones (85,

86). ha Is the maximum height of amorphous background.

A typical X-ray diffraction of polypropylene is

presented In Figure 3.4 (133).

Also it should be noted that C can not be directly

related to crystalline fraction since this would require

accurate separation of the background curve as has

been reported by number of investigators (85,133),

which requires corrections for incoherent radiation,

thermal scattering, and polarisation.

In the case of high density polyethylene, the X-ray

analysis was applied to analyse the relative degree of

crystal orientation from skin to core layer by measuring

their degree of Intensity variations for both homo-

polymer (solid) and foamed specimens. Also from the

Bragg angle one can Identify the plane spacing desig-

nated	 by Miller Indices which can	 assist	 in
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Figure 3.4. X-ray diffraction of polypropylene and a method
of measurement of peak height (after 133).



Identifying the form of crystalline structure. A

typical	 X-ray	 diffraction	 analysis	 of	 semi-

crystalline polyethylene Is shown in Figure 3.5

(134).
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Figure 3.5. Intensity of X-ray diffraction in relation to
angle of diffraction (after subtraction of
background intensity). The curve is resolved
graphically into a broad amorphous peak and
sharp crystal peaks (after 134).



CHAPTER 4
REOLOGICAL PROPERTIES

OF
FOAMED AND UNFOAMED POLYOLEFIN



4.	 Rheological Properties of Foamed and Unfoamed
Polyolef in

4.1. Introduction

A uniform dispersion of gas bubbles in a given

amount of liquid in which the separation between

bubbles is no more than the bubble diameter is termed

a foam. Two extreme structural situations, depend

on the gas to liquid volume ratio, are possible in

a foam. The first type consists of spherical bubbles

separated by rather thick liquid films. Such foams

are term " wet " because of their low gas content.

The second type contains mostly gas. Bubbles are

polyhedral In shape separated from each other by very

thin liquid films between the faces (Figure 4.1)

these plane parallel films are called the lamella of

the foam (135). Host common polymeric foams fall in

the second category, and our study confined only to

such systems.

Like most dispersed systems, foams are unstable in a

thermodynamic sense. This is because the formation of

gas bubbles results in a concomitant increase in

surface energy, and the system tends to reduce the

excess free energy by phase separation. Nevertheless,

some foams can persist for a sufficiently long time to

be put to useful purposes. Articles made of solid

foams are examples of this. Here the liquid films

undergo crosslinking reactions before the foam had
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Figure 4.1. Schematic representation of a) real foam,
b) a pentagonal dodecahedron cell (after 1).



time to collapse. Pure liquids do not foam. Generally,

a surfactant, which can considerably lower the surface

tension of the liquid to be foamed, has to be added in

order to produce persistent ("metastable) foams. The

formation of foam is followed by liquid drainage and

cell collapse. Capillary pressure, present due to

different	 radii of curvature at the 	 gas-liquid

interface because of polydispersity, and Van der waals

attractive forces in the liquid films cause the

lamella to become thinner with time. For the foam to

be stable the liquid film must have some surface

elasticity opposing this localised thinning. The most

important source of this is the Gibbs Marangoni surface

elastic effect (136). Here the change in liquid film

area with drainage changes the equilibrium interfacial

tension ( Gibbs ) as well as sets up a surface tension

gradient ( Marangoni ), both of which provide a

restoring force. In addition, surface viscosity and

electric double layers resist drainage (137,138). A

balance between all these forces determines the life

time of a foam. Details of these, along with the kinetics

of bubble collapse have been investigated by several

researchers (139-141). This study, however, is restricted

to the rheology of polyolef in foams only. Particular

focus is given to the effect of gas concentration on the

density and viscosity of foamed material 	 during

processing parameters.
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4.2	 Results and Discussion
4.2.1	 The Effect of Molecular Wei ght and Molecular

Distribution on Melt Viscosity f Polyolefiri
Homopol ymers

Before attempting to present any of the rheological

measurement of polyolef in foamed and homopolymer, it

worth mentioning that the plunger type rheometer is

not suitable for polymer-gas solution, since it cannot

keep the gas generated from chemical blowing agent,

dissolved	 into the polymer melt . Therefore the

rheological properties presented in this chapter were

carried out on the single screw extruder. To show the

accuracy of rheological properties of 	 polyolefin

measured on a single screw extruder,	 rheological

properties of polypropylene (GXM-43) at various melt

temperatures were tested on both single screw extruder

and Davenport rheometer.

Figures 4.2 and 4.3 exhibit 	 relationship of true

viscosity and true shear rate for polypropylene homo-

polymer (unfoamed) at different melt temperatures. it

should be pointed out, by using two different dies, it

has been possible to correct for the end effect,

therefore,	 as has been stated by number of

Investigators ( 29-31 ) the shear rate and viscosity

calculated by using Equation 2.16 and 2.17, are true

shear rates and true viscosities. As it is noticed the
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Figure 4.2. Relation of melt viscosity and true shear rate
of PP (GXM-43) at various melt temperatures,
measured on Single Screw Extruder (SSE) and
Davenport Rheometer (DR).
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Figure 4.3. Relationship of melt viscosity and true shear
rate of PP (GYM-45) measured at various melt
temperatures measured on Single Screw Extruder
(SSE) and Davenport Rheometer(OR)



results are in a good agreement and in most cases the

difference Is less than 5 percent.

Figures 4.4-4.7 show plots of shear stress shear

rate relationships, for different grades of polyolef in

In foamed and unfoamed stage. These materials follow

a power law model of
n

twK* t	 4.1

where tw and t are wall shear stress and shear rate

respectively. For the range of shear rates used, in

which t is the true shear rate evaluated by use of the

Rablnowltsch-equation. K is the material consistency, and

n Is the flow Index. Table 4.1 presents the n values for

these materials, indicating the relative degree of non-

Newtonian flow behaviour. In the case of high density

polyethylene the values of n decreases as the

molecular distribution broadens. Similar results were

reported by Guillet et al (142).

Figures 4.8-4.10 presents the relationship of true

viscosity and true shear rate for high density polyethylene.

The data presented here are shown up to the point of

melt fracture. The effect of processing conditions on

melt fracture will be consider later. Comparison of

results presented in Table 4.1 and these figures

suggest that the viscosity of the sample having a

narrow molecular weight distribution is higher than that

of samples with broad molecular weight distribution.
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FIgure 4.4. RelatIonship of wall shear stress and true
shear rate for various graes of
polypropylene. Melt temperature 180 C.
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Figure 4.5. Relationship of wall shear stress and true
shear rate for various grades of high
density polyethylene. Melt temperature 245 C.
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Figure 4.6. Relationship of wall shear stress and true
shear rate for two grades of PP containing 5
wt.% chemical 0blowing agent (CBA). Melt
temperature 180 C.
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Figure 4.7. Relationship of wall shear stress and true
shear rate of HDPE (H11042) 0containing 5
wt. 96 CBA. Melt temperature 245 C.
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this is attributed to the greater degree of chain

entanglement and branching that occurs with a broad

molecular weight distribution. The second interesting

point which worth mentioning is, that the difference

in melt viscosity of these samples at low shear rates

Is more pronounced than the difference at high shear

rate. This is due to the fact that, the melt viscosity

depends on the weight average molecular weight at low

shear rate and on number average molecular weight at

higher shear rate. Similar findings were reported by

Bailman et al (143), where they study the melt

viscosity of polydisperse polystyrene at different

shear rates.

Table 4.1 presents the values of flow index n along

with number average and weight average molecular

weight	 and	 molecular	 weight	 distribution	 of

polypropylene grades. It can be seen that the polydis-

persity Is almost the same for all grades of poly-

propylene chosen for this study, but there	 is a

large	 difference in their viscosity as it	 is

presented	 in Figures 4.11-4.13. This can only 	 be

attributed to the difference in weight average

molecular weight of these polymers. Cogswell (144)

reported that a factor of two in molecular weight

produces a tenfold change in viscosity, n at a given

shear stress in the range of molecular weight, M, of

Interest for thermoplastics. He introduced following
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Table 4.la	 Molecular characteristics of
polypropylene*

Polymer	 Weight Average No. Average Poly- 	 n	 MEl

Grade	 Molecular	 Molecular	 dispersity	 Power	 g/10

Weight*10 5	Weight*104	 Law Index mm.

GSE-16	 4.27	 5.35	 7.98	 0.451	 0.8

GWE-23	 4.25	 5.19	 8.18	 0.439	 2

GWM-22	 4.17	 5.17	 8.07	 0.412	 4

GXM-43	 3.75	 4.77	 7.865	 0.408	 9

GYM-45	 3.12	 3.86	 8.08	 0.406	 15

LXF-52	 3.02	 3.76	 8.039	 0.40	 22

Table 4.lb Molecular characteristics of
high density polyethylene**

MFI
g/ 10
ml n.

2

6

11

18

Polymer
grade

H020-54P

H060-45p

Hi 10-42

Natene
541 80-AG

Wt.average	 No.average
molecular	 molecular
weight*10 5	weight*104

	

4.27	 3.35

	

3.00	 2.12

	

2.62	 1.68

	

0.633	 0.302

Polydis-
persity

12.74

14.19

15.65

20.96

n
power
Law Index

0.393

0.385

0.374

0.336

*	 All grades of PP were supplied by Imperial Chemical Industry

(ICI) Co.
** All grades of HDPE were supplied by British Petroleum (BP) Co.
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relation between viscosity and molecular weight.

3.5
n	 K * P4	 4.2

where K is the material consistency.

Figures 4.14-4.17 show the plot of wall shear stress of

polyolef In against apparent shear rate, for a capillary

LID ratio of 1 and 20. It should be pointed out in

order to show the effect of L/D, the data in these

figures are uncorrected for the end effect. Below a

critical shear stress shown by letter A in these figures,

conventional viscoelastic flow was observed. Viscosity

decreased with increasing shear rate, and a smooth

extrudate was produced. However at and above the critical

stress A, the emerging melt exhibited a surface rough-

ness. The severity of surface roughness varied from

one polymer to another and it depends on the molecular

weight of the polymer. Tordella (145,146) suggest that

the cause of the discontinuity is a fracture of the

melt in die land due to possible slip-stick mechanism.

Bartos (147) supports a slip-stick mechanism.

For all these materials the onset of melt fracture

(indicated by arrow) is accompanied by a change in the

slope of logarithmic flow curve or by a jump in the

rate of output. Three interesting points can be

deduced	 from these figures. Firstly at the same

temperature, the melt fracture of the polymers with higher
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molecular weights occurs at lower shear rates. This

phenomena is easily understood since longer chains are

less flexible, therefore they are more susceptible to

breakage than shorter chains. Den Otter (148,149)

believes the discontinuity is a result of breakdown of

the melt structure, this idea Is also supported to

some extent by Blyler et al. (150) and Pearson (151).

In	 particular, the change In	 molecular	 weight

dependence In the region of the discontinuity observed

by Blyler et al.(150), seems to indicate a breakdown of

the melt structure. Secondly it is evident that the capi-

llary length has little or no influence at all on the

position of occurrence of melt fracture. Thirdly the

rate of increase In shear rate (almost at constant shear

stress) tends to be more, for a higher LID ratio, as

denoted	 by letters of AB on the figures.	 An

explanation for this type of behaviour could due to

slippage at the capillary walls as proposed	 by

Westover	 (152). SimIlar results are reported by Den

Otter (35) and Tordella (146) where they have stated

that the	 capillary length has no Influence on the

position of occurrence of the deformation due to melt

fracture,	 but the LID ratio of	 capillary	 has

a pronounce effect on the melt fracture.

4.2.2 Effect pf Temperature on Melt Viscosity of
Pol yolef in Homopolymers

Figures 4.8-4.13	 exhibit plots of melt viscosity
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against shear rate for high density polyethylene and

polypropylene, at different melt temperatures. These

figures demonstrate that the viscosity of these polymers

are strongly influenced by melt temperature. This

phenomenon is due to the fact that the free volume

between the molecular chains increases with increasing

the melt temperature, which as a consequence the

molecules can rotate freely. At this juncture the

Doolittle's equation can be introduced, which relates

the melt viscosity to free volume. This equation is

based on experimental data for monomeric liquids and

gives (18).

n=aExp(b*V/Vf)	 4.3

where a and b are constant and V and Vf are the total

macroscopic volume and free volume respectively.

The flow behaviour of polyolefin homopolymers at diffe-

different melt temperatures using different die lengths,

can be studied from Figures 4.14-4.17. For the same

reasons mentioned before the apparent shear rate and

shear stress are reported here. The interesting points

which worth mentioning are, as the melt temperature

is increased the melt distortion due to melt fracture

has reduced, and melt fracture occurs at higher shear

rate. These figures also show that the die length has

no influence on the position of occurrence of melt

fracture and project the significance of knowledge of

rheological properties for choosing the optimum conditions
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for processing of polyolefin polymers.

4.2.3 Effect pf Gas Blowing Agent on Rheological
Properties of Polyolef in

4.2.3.1 Effect of Pressure and Tem perature on Density
of Molten Polymer Containin g Gas

Melt pressure is one of the most important processing

variables influencing the characteristics of polymers

during foam extrusion. Several authors have shown, that

gas bubbles, in form of microvoids are formed in the

die, due to the pressure drop in this region, which

tend to grow as they approach the die exit (22-25,

51-53). Studies of foam extrusion by Han et al shows,

under low pressure (in die) considerable growth of gas

bubbles have occur resulting in poor extrudate surface

quality (22,25).

Tables 4.2-4.9 show the variation of density with

pressure and apparent shear rate. At low shear rates

(low throughput and pressure) the residence time is

longer, therefore the microvoids have better chance to

grow inside the die. This phenomena has resulted in

lowering the density and apparently lowering the

viscosity of molten polymer inside the die. Also the

result presented in Tables 4.2-4.9 show the reduction

of density of molten polymer in the die, is greater

as the concentration of blowing agent is increased. This

suggests, that with increase of blowing agent there
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Table 4.2 Variation of density with shear rate for high density
polyethylene(H11-042) containing 5 wt. X hydrocel
CF-20 blowing gent at melt temperature 255°C. Die
dimension L/D1, D=2nin.

Shear rate	 Pressure
(5-i)	 M Pa

261	 7.24

321	 7.58

481	 9.24

517	 9.41

563	 9.99

Melt density
Kg m3

729

738

741

742

746

Table 4.3 Variation of density with shear rate for high density
polyethylene (H11-042) containing 10 wt. % (hydrocerol
CF-20) blowing agent at melt temperature of 255°C. Die
dimension L/D=1, D=lnin.

Shear rate
(S-1

235

343

474

529

620

Pressure
M Pa

6.83

7.45

9.00

9.31

9.65

Melt density
Kg m3

725

735

739

741

752



Table 4.4 Variation of density with shear rate for high density
polyethylene (H11-042) containing 5 wt.,% blowing agent
(hydrocerol CF-20). Die dimension (L/D1 , D2m),
melting temperature 265°C.

Shear rate	 Pressure	 Melt density

	

(S1)	 MPa	 Kg m3

	

250	 6.860	 721

	

340	 7.033	 726

	

424	 8.515	 736

	

520	 9.239	 739

	

600	 9.515	 743

Table 4.5 Variation of density with shear rate for high density
polyethylene (H11-042) containing 5 Wt.% hydrocerol
CF-20 blowing agent. Die dimension (L/D1 , D2m),
melt temperature 275°C.

Shear rate	 Pressure	 Melt density

	

(S- 1 )	 MPa	 Kg m3

	

225	 6.239	 716

	

331	 6.584	 719

	

485	 8.205	 733

	

580	 8.894	 735

	

622	 9.032	 737



Table 4.6 Variation of density with shear rate for polypropylene
(GXP4-43) containing 5 wt. X blowing agent (hydrocerol
CF-20) at melt temperature of 1900C. Die dimension,
L/D1 , D=2min.

Shear rate	 Pressure

(S- 1 )	 KPa

	

220	 344.7

	

378	 551.6

	

635	 965.3

	

847	 1068.7

	

1153	 1654.7

	

1278	 1861.6

Density
Kg m3

259

313

342

351

428

472

Table 4.7 Variation of density with shear rate for polypropylene
(GXI4-43) containing 10 wt. % blowing agent(Hydrocerol
CF-20) at melt temperature of 190°C. Die Dimension,
L/D=1 , D2m.

Shear rate
	

Pressure
	

Density
(S-1)
	

KPa
	

Kg m3

	120
	

206.8
	

173

	

343
	

275.8
	

182

	

563
	

413.7
	

194

	

644
	

551.6
	

207

	

732
	

620.5
	

226

	

1196
	

1447.9
	

390

	

1228
	

1551.3
	

404



Table 4.8 Variation of density with shear rate for polypropylene
(GXM-43) containing 5 wt.% hydrocerol CF-20 blowing

agent at melt temperature of 1800C. Die dimension,

(L/D1 , D=2min).

Shear rate
	

Pressure
	

Density

(S-1)
	

MPa
	

Kg m3

173
	

0.414
	

265

204
	

0.483
	

292

350
	

0.586
	

317

404
	

0.689
	

328

595
	

1.034
	

358

895
	

1.448
	

398

Table 4.9 Variation of density with shear rate for polypropylene
(GXI4-43) containing 5 wt.X hydrocerol CF-20 blowing
agent at melt temperature of 200 o Die dimension,

(L/D=1 , D2m).

Shear rate
	

Pressure
	

Density

	

(S-1)
	

MPa
	

Kg m3

	200
	

0.207
	

179

	

350
	

0.517
	

302

	

510
	

0.931
	

339

	

718
	

1.172
	

341

	

900
	

1.517
	

391



will be more sites available for nucleation bubbles.

These results are similar to the findings of Han et

al. (25), where he has stated, as the molten polymer

reaches the die exit and the pressure is reduced, the

gas which present in excess of the solubility limit,

comes off from the homogeneous melt, forming microbubbles.

Hence, these microbubbles will grow as the pressure is

reduced further, as more gas diffuses into them.

Another criterion which is important In processing

of polymer foam is the melt temperature.	 Tables

4.2-4.9 show the effect of temperature on the density

of polymer containing gas at various shear rate. As

was	 mentioned	 before an	 increase	 in melt

temperature will result in an increase in	 free

volume,	 thereby, the material will flow easier and

the melt pressure will decrease. This will cause phase

separation and formation of gas bubbles inside the

die.

Effect of Blowin g Agent on Helt Viscosity

of Pol yolefin Resins

Figures 4.18-4.21 exhibit plots of relationship of

melt viscosity and true shear rate for various grades

of polyolefin resins containing five and ten weight

percent Hydrocerol CF-20 blowing agent. These data are

compared with viscosity of their un-foamed state, at

various temperatures. The viscosity of these grades of
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polymers presented in these figures are shown up to

the point of melt fracture. The effect of blowing

agent on the position of melt fracture will be

discussed later in this section.

As It Is noticed from Figures 4.18-4.21, that the vis-

cosity of foamed polymer has reduced with addition of

blowing agent, this can be interpreted as the result

of solubility (or plasticizing) the polyethylene or

polypropylene molecules under the imposed extrusion

conditions. This interpretation of course, assumes

that the blowing agent Is dissolved and distributed

uniformly in the molten polymer. The extent to which a

blowing agent reduces the viscosity of a molten

polymer depends upon the processing conditions, which

in turn determines the solubility. For instance with

addition of 5 weight percent hydrocerol blowing agent at

melt temperature of 180 C C and shear rate of 130 S-1

the reduction of viscosity of polypropylene (GXM-43)

foam as compare with Its homopolymer is as much as

38%, but at shear rate of 1100 S 1 this difference

is as little as 16%. One should notice that the apparent

reduction in viscosity decreases with increasing shear

rate and it reaches a point where this difference will

stay constant.	 This critical point varies 	 with

temperature and gas volume fraction. Therefore, one

might conclude that at high shear rates (high pressure)
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and unfoamed states. Melt temperature 245 C.
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the gas bubbles are suppressed and dissolved in molten

polymer and form a single phase system, whereas, at low

shear rate the gas generated from blowing agent tends

to form a separate phase and form microvoids in the

die. Throne (28) has studied the effect of gas

blowing agent concentration on injection moulding of

thermo-plastics foam. He has shown with increasing the

pressure on the melt in accumulator	 region,	 the

solubility of gas in the melt has Increased, hence,

the reduction in melt viscosity decreased. Nikolaeva

et al.(153) have also shown, with increasing the extrusion

pressure on processing of low density polyethylene, the

reduction In melt viscosity has also decreased. At the

same time they have shown with increasing the blowing

agent concentration the melt viscosity of low density

polyethylene has decreased.

The influence of the blowing agent concentration on

melt viscosity may be explained from the standpoint of

the theory of free volume as is shown below.

For the purpose of comparing the viscosity of

homopolymer with polymer containing gas, the Doolittle's

equation can be employed which shows the viscosity of

polymer melt ( ) as
*	 *

=B*Exp(B*V/Vf)	 4.4
*

where V Is the occupied volume, Vf is free volume and B
*

and B are constants. A similar equation may be written
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for the viscosity of polymer containing gas (n'), so

that
*	 *	 *	 *

n'/ n	 Exp ((B * V I VF) - (B * V I Vf')	 4.5

in Equation 4.5 it is assumed that the occupied volume
*	 *

V , and constant B and B	 are not significantly

altered by the addition of gas to the polymer.

The free volume of polymer-gas solution can be given

from additivity law for free volume as,

( Xp Vp Mp + Xg Vg Mg )
Vf--------------------------4. 6

( Xp Mg + Xg Mg)

where X and 14 are volume fraction and molecular weight

respectively. Here p and g denote for the polymer and

gas respectively. Assuming the gas obeys Boyle's and

Charles' law, Vg may be calculated at temperature and

pressure of the experiment. Therefore one clearly sees

that, the viscosity of polymer-gas system is function

of operating conditions such as pressure and

temperature and also the gas volume fraction.

The viscosity reduction factor (VRF) was used by Han

et al (25) to find the effect of gas volume fraction

on viscosity polymer melt.

viscosity of molten polymer and blowing agent
VRF

viscosity of molten homopolymer

Using the above formula, VRF has been calculated at

various shear rates,	 for various combination of

polyolef In grades and blowing agent concentrations.
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Tables 4.10-4.12 show summary of these results. The

following conclusions can be drawn from these Tables.

Firstly at a given blowing agent concentration, the value

of VRF at low processing pressures, depends on shear

rate and at high pressure (approximately greater than

5.5 MPa) Is independent of shear rate. Secondly the

value of VRF decreases with increasing gas volume

fraction. In addition the values of VRF are smaller for

polypropylene than high density polyethylene. This is

probably due to the fact that the melt viscosity and

processing pressure of high density polyethylene is

far greater than polypropylene resins, and also it

Is likely that, the gas (e.g. CO2), is more soluble in

high density polyethylene than it is in polypropylene.

4.2.3.3. The Effect of Temperature and LLP Ratio t'
Apparent Viscosity of Pol yolef in-Gas Solutions

As long as the blowing agent remains dissolved in a

molten polymer over the range of temperature studied,

an increase in temperature 	 will lower the melt

viscosity of the polymer-gas solution, as may be seen

In Figures 4.18-4.21. Even though the solubility of

blowing agent increases (a lower amount of gas will be

available to form microbubbles) with increasing melt

temperature, it turns out for the situation under

consideration the extent of pressure decrease due to

Increase of temperature is far greater than the extent

of pressure expected from the increase In flow rate.
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Table 4.10 Viscosity reduction factor (VRF) for polypropylene
(GXM-43) foam at various melt temperatures and chemical
blowing (CBA) concentrations.

Melt temperature 1800C

Shear rate (S-i)

130

320

400

510

680

1100

Melt temperature io°c
Shear rate (S-i)

170

220

400

620

800

1000

VRF

CBA Concentration

5%	 10%

	

0.62	 0.59

	

0.68	 0.63

	

0.70	 0.65

	

0.75	 0.66

	

0.76	 0.67

	

0.84	 0.72

	

0.57	 0.54

	

0.59	 0.57

	

0.62	 0.61

	

0.65	 0.62

	

0.78	 0.74

	

0.81	 0.78



Table 4.11 Viscosity reduction factor (VRF) for polypropylene
(GYM-45) foam at various melt temperatures and chemical
blowing agent (CBA) concentrations.

Melt temperature 180°C

Shear rate (S1)

120

280

370

500

580

980

Melt temperature igooc

Shear rate (S-1)

130

200

290

380

540

700

900

1050

VRF

CBA concentration

5%	 10%

	

0.66	 0.62

	

0.68	 0.64

	

0.71	 0.66

	

0.74	 0.69

	

0.75	 0.69

	

0.82	 0.73

	

0.68
	

0.53

	

0.70
	

0.58

	

0.73
	

0.645

	

0.77
	

0.71

	

0.79
	

0.72

	

0.81
	

0.74

	

0.84
	

0.765

	

0.84
	

0.77



Shear rate (S-i)

180

240

320

430

580

800

1000

Table 4.12	 Viscosity reduction factor for high density
polyethylene (H11O-42) foam at various chemical blowing
blowing agent concentrations.

Melt temperature 245°C 	 VRF

CBA concentration

5%	 10%

	

0.867	 0.845

	

0.941	 0.912

	

0.932	 0.922

	

0.953	 0.938

	

0.952	 0.945

	

0.953	 0.947

	

0.963	 0.948



Therefore, the gas bubbles will grow as the melt reaches

the die exit. This phenomenon as mentioned before will

result In lowering the melt viscosity. It should be

added that the solubility of gas in polymer melt

depends upon molecular structure of both polymer and

gas. As stated by Throne (28), with increasing melt

temperature, the solubility could increase for one

polymer and decrease for another, and depends on

molecular structure of polymer and gas.

The effect of gas blowing agent on position of

occurrence of melt fracture at various L/D ratios can be

studied from Figures 4.22-4.23. It is apparent that the

gas blowing agent has similar effect on the viscosity

and melt fracture of polyolef in foam, as melt temperature.

Another point which can be deduced from these figures

is that, the position of occurrence of melt fracture

for high density polyethylene foam is similar to its

unfoamed	 state, whereas, the melt fracture of

polypropylene has occurred at higher shear rate as

compare to Its unfoamed state (compare Figures 4.14 with

4.22 and 4.17 with 4.23). This could be due to the

higher melt pressure involved in processing of high

density polyethylene. The high pressure in the die will

suppress the formation of gas bubbles, therefore the

solution will behave as single phase system.
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Figure 4.22. Schematic flow data of HDPE (H11042) con-
taming 5 wt.% CBA.
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CHAPTER 5
PRELIMINARY INVESTIGATION

OF
EXTRUDED POLYOLEFIN FOAM



Preliminary Investigation of Extruded Polyolefin
Foam

5.1. Introduction

In order to optimise the reduction of density as well

as achieving high open cell fraction during production

of polyolef in foam, a thorough understanding of effect

of processing conditions on the foam quality is

required. For this purpose it Is intended to study

the influence of the following prameters on the density

(in molten and solidify stage) and rheological charac-

teristics of polyolefin foam.

1) Die characteristics, such as die entry angle

and land length.

ii) Processing conditions, such as melt pressure

and temperature and cooling regime.

iii) Polymer type (effect of molecular weight,

[molecular weight distribution] hence, melt

viscosity
and,

iv) Concentration of chemical blowing agent.

Also it will be shown how one can optimise the

uniformity of the cross section and stabilisation of

cell walls, through refinement of the die geometry and

control of the crystallisation temperature and melt

strength of the material.
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Figure 5.1 gives an over view of the experimental

steps which will be followed in this chapter.

5.2. Some Aspects of Die Design

The function of extrusion die Is to direct the

molten polymer delivered by the screw into a required

cross section. The die is, therefore, a 	 channel

whose profile changes from that of the extruder bore

to an orifice which produces the required form. In

order to predict the behaviour of the melt in a such

a channel, one should characterise the viscosity	 of

the material over the shear rate and temperature

under study, in order to be able to correlate this

viscosity with the flow of the melt under pressure

through the different sections whIch define the

channel.	 The design and construction of dies is

complicated and, Is based mainly on experience. It

Is more difficult to design dies for foaming process

In general than it Is for compact unfoamed material,

since apart from cross sectional area, flow rate

f low resistance and viscoelastic swelling, one must

take Into account the expansion of the extruded strand,

as well as minimisation of premature foaming inside

the die.

The factors which influence extrudate characteristics
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Variation in die
entry angle and
die land ratio

Materials
variables
Polymer NFl
Blowing agent
coricentrat ion

Single screw
extrusion of
foamed PP or
HDPE rod

Operating
variables

- Screw speed
(pressure)

- Temperature

Estimated
Measurement of expansion
	 max. density

ratio
	 reduction

Measured density after
cooling

Determinat 10
of open cel
fraction

Selection die (entry angle),
L/D ratio, and a grade of PP
and HDPE which has given
optimum reduction in density
with open cell fraction.

Figure 5.1. a) Summary of first stage of the programme.



Variation in die
entry angle and
die land ratio

Materials
variables
Polymer MFI
Blowing agent
concentrat ion

Single screw
extrusion of
foamed PP or
HDPE rod

Operating
variables

- Screw speed
(pressure)

- Temperature

Estimated
Measurement of expansion
	 max. density

ratio	 reduction

Measured density after
cooling

Determinatio
of open cel
fraction

Selection die (entry angle),
L/D ratio, and a grade of PP
and HDPE which has given
optimum reduction in density
with open cell fraction.

Figure 5.1. a) Summary of first stage of the programme.



Constants

- Single screw extruder,
- Die entry angle
- Die land ratio
- PP&HDPE (one grade from
each and their blend ratios

Var jab 1 e S

- Screw speed
(pressure)

- Melt temperatur
- Blowing agent

concentration

Estimated density
	

Measurement of
reduction	 expansionS ratio

Measurement of density
after cooling

Determination of open
cell fraction

Figure 5.1. b) Summary of second stage of experimental
programme.



after the strand has left the die, are the rate of

drawdown, elastic effects and expansion behaviour.

In extrusion dies the zones of influence are the feed

zone, the inlet zone (performing zone) and the die

land	 (In	 the	 die	 orifice).	 The	 schematic

representation of these areas are shown in Figure 5.2.

The feed zone is the transition from the circular or

In the case of twin screws octagonal cross section at

the extruder exit where it meets the die inlet zone.

The melt stream coming from the screw is moved

to the die inlet with increasing speed. Since the

cross sectional differences between the die inlet and

die exit are great, the channel should be tapered

to avoid any stagnation. In the inlet or pre-forming

zone the melt stream must be controlled so that its

speed In the various cross section	 .ore flo'w cTrne'i

is as uniform as possible.

In converging flow, such as occurs in tapered entry

of a die, an extensional flow superposed on a

shearing flow (see Figure 5.3). The ratio of the

magnitudes of the two types of flow varies with the

angle of convergence of the taper, the elongational

flow component increasing with increase in angle of

the die (154). The total pressure drop changes with
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Figure 5.2.	 Schematic representation of an extrusion die,
I =die land, II = inlet zone, and IIIfeed zone.
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Figure 5.3.	 Extensional flow and shearing flow in a
tapered die entry (after 153).



convergence angle so as to give a minimum value as

the angle is increased.

In designing the optimum die a balance must struck

between too much and two little streamlining. If the

die has Inadequate streamlining, the stretching rate

may exceed that which the melt can accommodate

without rupture, the streamline pattern will break

down and extrudate becomes distorted. At the other

extreme, if convergence angle is too narrow, the die

becomes restricted so that the pressure drop unaccep-

tably would be high, as it is shown in the proceeding

sections.

For the purpose of investigating the effects of die

geometry	 (die entry angle and land ratio)	 on

processing conditions as well as foam quality (mainly

density and open cell fraction), of polyolef in, several

dies with different entry angle have been designed.

The schematic representation of these dies are shown

in Figure 5.4.

Method of Stablilsatlon of Cross Sectional Area

p1	 Foam Ext rudate

Polyolefins (in particular high density polyethylene

and polypropylene) have a moderately sharp melting point,
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hence, their melt viscosity decreases rapidly over a

narrow range of temperature above the melting point as

It was shown In the previous chapter. This phenomenon

makes It difficult to produce a low density foam with

chemical blowing agents or even any physical blowing

agent for that matter. The reason is that the foam

collapses before it can be stabilised. For several

years this problem has been approached by cross-

linking the resin (in the case of polyethylene),

chemically or by high energy radiation with X-ray,

before it is foamed. This method has its limitation,

especially if the foamed extrudate material is going

to be used for an application which will come in

contact with human body.

In an attempt to overcome the stabilisation problem

encanntesed with polyolef In foams a calibration sleeve

(the diameter of the tube should be large enough not

to prevent the expansion of extrudated foam) was

connected to the end of the die land adapter and the

temperature of this tube regulated to control

viscosity	 of the resin. In this way it was possible

to support the foam extrudate emerging from the die and

then to drop its temperature prior to entering the cooling

tank. Also it should be added, it was found by trial and

error, that a distance of 4-6 cm should be maintained

between the end of this tube and the cooling tank so

that a further drop in the temperature of extrudate
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partially solidifies the melt to some extent, prior

entering the sizing unit in the cooling tank

In addition to this procedure it was necessary to

pass the foaming extrudate through a calibration sleeve.

The sizing sleeve should be long enough to provide

sufficient time for cooling of the extrudate, whilst

the external geometry was controlled. Combination of

these two modifications helped to achieve more unifor-

mity in cross section of extrudated foam material,

and preventing premature collapse of foam.

5.4.	 Results and Discussion
5.4.1. Effects of Die Design Variables on Foam

Extrusion Characteristics of Polypropylene

The extrusion characteristics of foamable polypropylene

have been investigated by varying the die entry angle

(15°, 300 , 450, and 60°) and die land (capillary

length to diameter, L/D ratio). Over the range of

dies used through this investigation, it was found

that, both the die entry angle as well as the L/D

ratio play a significant role in influencing the foam

extrusion characteristics of polypropylene.

Tables 5.1-5.4 dIsplay the effect of die entry angle

on the axial pressure generated inside the die at

various screw speeds, using a single screw extruder.
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Table 5.1. Axial pressure profile of polypropylene (GXM-43)
foam prepared at various screw speeds.
Die entry angle 15°, melt temperature 195°C.
L/D=0, blowing agent concentration (BAC) 	 4 wt.%.

Screw Speed
(rpm)

10

20

30

40

50

60

80

Apparent Shear
Rate(S-1)

934

1495

1979

2366

3389

4113

5025

Axial Pressure* (MPa)
P1	 P2	 P3	 P4

1.172 0.905 0.689 0.620

1.654 1.31 0.827 0.620

1.93	 1.69 1.103 0.896

2.344 2.068 1.516 1.172

2.62	 2.275 1.691	 1.310

3.102 2.275 1.999 1.585

3.447 3.172 2.137 1.654

Table 5.2. Axial pressure profile of polypropylene(GXM-43)
foam prepared at various screw speeds.
Die entry angle 30°, melt temperature 195°C.
L/DO, BAC= 4 wt.%.

Screw Speed	 Apparent	 Shear	 Axial Pressure** (MPa)
(rpm)	 Rate(S1)	 P1	 P2	 P3

	

10	 981	 1.241	 0.965	 0.896

	

20	 1551	 1.654	 1.379	 1.034

	

30	 2037	 1.999	 1.858	 1.517

	

40	 2322	 2.48	 2.272	 1.827

	

50	 3425	 2.584	 2.346	 1.930

	

60	 4180	 3.206	 2.805	 2.413

* and ** The axial distance from the die entrance are given
in Figures 5.4.a and 5.4.b respectively.
Melt disturbance began to appear.



Axial Pressure** (MPa)
P

Screw Speed
(rpm)

10

20

30

40

50

60

80

1.310

1.723

1.931

2.517

2.757

3.137

3.723

Apparent Shear
Rate(S-1)

1111

1635

1994

2361

3502

4109

5121

Table 5.3. AxIal pressure profile of polypropylene(GXM-43)
foam prepared at various screw speeds.
Die entry angle 45°. Melt temperaturel95°C.

Screw Speed	 Apparent	 Shear
(rpm)	 Rate(S1)

	

10	 1035

	

20	 1626

	

30	 2008

	

40	 2344

	

50	 3482

	

60	 4081

	

80	 5077

Axial Pressure* (MPa)
P1	 P2

1.275	 1.034

1.723	 1.310

1.965	 1.827

2.550	 2.275

2.69	 2.413

3.10	 2.827

3.654	 3.412

Table 5.4. Axial pressure profile of polypropylene(GXM-43)
foam prepared at various screw speeds.
Die entry angle 60°. Melt temperature 195°C.

*and**, The axial distance from the die entrance are given
in Figures 5.4.c and 5.4.d respectively.
The melt disturbance began to appear.



The specification of the single screw extruder Is

given in the section 3.4.1. As it is noticed, as

the entry angle gets shallower (the length of the die

increases) greater pressure drop occurs inside the

die. As It has been described previously this pheno-

menon could result in a poor cell stability and,

therefore, will result in a product with higher

density. On the other hand a die with steep angle

(such 600) is much shorter in the length than the

one with smaller entry angle. Therefore, at high

shear rate the streamline pattern will break down at

lower shear stress and the extrudate becomes

distorted. The foregoing results show that, the die with

entry angle of 45° was identified as being most suitable

for this process. Another important point which should be

added is at apparent shear rate higher than 1500 s-i,

the behaviour of the pressure drop along the axial

distance of the die approaches to a linear relation-

ship as it observed in Figure 5.5. This change in

behaviour of pressure drop (dp/dz ) with apparent shear

rate is most likely due to the greater solubility of

the gas in the molten polymer with increasing melt

pressure.

Figure 5.6 shows the effect of L/D ratio on the

expansion ratio of the extrudate(df/dp), where df and

dp are maximum diameter of foamed and unfoamed extrudate

prior to cooling. Note that, the expansion ratio decreases
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Legend1.6

Expansion Ratio

/

1.7

L/D=O

I L/D2

*( L/D=4

0 L/D=6

1.5'-
0 1000	 2000	 3000	 4000	 5000

Apparent Shear Rate(S1)

Figure 5.6. Relationship of expansion ratio and apparent
shear rate of PP (GXM-43) foam. Die entry
angle=45°, melt temperaturel95°C.



with increasing L/D ratio. Also make a note that,

except for LID ratios of zero (i.e. a conical die) and

2 the expansion ratio shows little dependence on

apparent shear rate.

The effect of L/D ratio on the solid state density

appears to be rather complex as indicated in Figure

5.7. It was stated previously that, as the die

length Increases, the chance of premature foaming will

be enhanced. Therefore, with increasing the die land

ratio, the chance of premature foaming toward the end

of the die land would be greater, hence, the cell walls

will collapse prior to solidification. Effect of L/D

ratio on open cell fraction is also shown in Figure

5.8. Note that the open cell fraction goes through a

minimum at L/D ratio of 2 and then It increases for

L/D ratio of 4 and 6, in spite of the fact that the

die pressure increases with L/D ratio. This is attri-

butable to the fact that although there is less chance

of premature foaming occurring in the die section for

the dies of having L/D ratio of 4 and 6, but still as

is stated above, It is likely that premature foaming

could be taking place in the capillary section of the

die adapter (die land) as the mixture of molten

polymer containing gas approaches the die exit.

From the results of the foregoing figures a compromise
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Figure 5.8. Schematic representation of open cell fraction
and die pressure versus L/D ratio, for PP foam.
Melt temperature 195°C.
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can be made between open cell fraction and solid state

density.	 Such	 results are presented in Figure

5.9, where, the optimum die land for this process to

achieve lowest density Is found to be around 2.

Therefore, for the further studies In this section,

die with entry angle of 45° and L/D ratio of 2 have

been used.

5.4.2.	 Effect of Melt Temperature on	 Foam
Extrusion Characteristics of Polypropylene

The expansion ratios (df/dp) for different melt

temperatures and at various apparent shear rates are

shown in Table 5.5. These results show that the

expansion ratio goes through a maximum and then

decreases with further Increase of melt temperature.

This phenomenon Is attributed to the lowering of melt

viscosity with Increasing the melt	 temperature,

resulting In less restriction of bubble growth, but,

further reduction of melt viscosity (with further

Increase of melt temperature) will result in the

drainage of the cell walls and eventually to collapse

of the bubbles prior to solidification. This type of

behaviour	 was more pronounced	 when	 higher

concentration of blowing agent was used, as it will be

discussed later In this chapter. One would also

expect that a higher shear rate would have the same

effect on the expansion ratio as increasing melt
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Melt Temperature185°C

Apparent Shear Rate(S-i)

950

1343

2109

2388

3424

4300

4991

Expansion Ratio

1.72

1.75

1.83

1.89

1 .89

Unstable melt

Unstable melt

Table	 5.5. Relation between shear rate and expansion ratio for
polypropylene(GXM-43) foam.
Die entry angle 45°, BAC 4 wt.%.

Melt Temperature175°C

Apparent Shear Rate(S-'l)
	

Expansion Ratio

	

975
	

1.70

	

1386
	

1.75

	

2178
	

1.77

	

2345
	

1.83

	

3477
	

1.85

	

4089
	

Unstable melt

	

5155
	

Unstable melt



Table 5.5. continues

Melt Temperature195°C

Apparent Shear Rate(S1)

988

1465

2145

2305

3469

4421

5168

Expansion Ratio

1.72

1.75

1.79

1.82

1.80

1.79

1.79

Melt Temperature 205°C

Apparent Shear Rate(S1)
	

Expansion Ratio

	

963
	

1.65

	

1285
	

1.67

	

2236
	

1.70

	

2418
	

1.71

	

3469
	

1.70

	

4358
	

1.70

	

5138
	

1.69



temperature, but it is noticed the effect of shear

rate Is less pronounced than raising of melt tempera-

ture. The reason behind this behaviour is due to higher

pressure involved with higher shear rates which prevent

premature foaming of the material inside the die.

Figure 5.10 shows the relation of density of the

foamed material, In both the melt and solid states at

different	 temperatures.	 The density of foamed

material In the melt condition was calculated accor-

ding to the procedure described in section 3.5.2.

Due to the same reasons previously described, the

density of foamed polymer In the solid as well as in

the melt state, is dictated by the melt temperature

as It can be seen from Figure 5.10.

Also it should be pointed out that the density of

extrudated foam in the solid state is up to 43%

greater than its density in melt stage. This value is

far greater than what It actually was expected, mainly

due to collapse of the cell walls. It is believed that

this draw back can be rectified by optimisation of the

melt strength (melt viscosity) of the material, which

will be discussed later in Section 5.4.10.
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Figure 5.10. Relationship of density and melt temperature
of PP (GXM-43) containing 4 wt.% CBA. L/D=2.



5.4.3. Effects of Melt Flow Index (MFI) 	 Foam
Extrusion Characteristics of Polypropylene

Several	 grades of polypropylene with 	 different

molecular weights have been chosen for this study. The

general data on these grades are given in Section 3.2.

Figure 5.11 displays the relation of foam density

In melt and solid state for different grades of

polypropylene at various melt temperatures. In

general the maximum reduction in density (In solid

state) occurs at melt temperature between 185°C and

195°C depending on the grade of polymer used. The

main reason behind this phenomenon (beside the melt

viscosity previously described), is that the maximum

amount of gas available (In the die region) from the

chemical	 blowing agent is when the	 processing

temperature of the polymer melt is around 185°C. It

should be pointed out that, the chemical blowing

agent is more efficient when, it decomposes in the

last stage of the barrel of extruder or in the die

region, where the escape of gas to the hopper is

minimum, and also when Its decomposition temperature

Td ' Is close to melting point of polymer material.

Therefore, one can clearly see that the maximum

reduction In density should occur at melt temperature

of 185° C, which indeed is the case. Another point

which can deduced from these figures is that, the
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Figure 5.11. Relationship of MFI and density of 	 PP
containing 4 wt.% CBA at various melt tem-
peratures; a)175°C b)185°C	 c)195°C and
d)205°C.



density of the polymer foam (In the molten state)

decreases with increase of MFI of the virgin resin

(except for the melt temperature of 205°C where, a

continuous increase In density was observed with

increase of MEl of the material). This can 	 be

attributed to the fact that the resistance to

expansion would decrease with increase of MEl (decrease

of melt viscosity) of the polymer material, it

reaches a point where, further reduction in melt

viscosity will enhance the cell collapse as soon as

the material emerges from the die exit. Therefore, one

will expect density of the foam specimens increase

beyond this point (critical viscosity).

The density of the material in the solid state goes

through a minimum and then increases with a further

increase the NFl of the feed stock (except for melt

temperature of 205° C). As it has been explained

before, this behaviour Is due to lowering of melt

viscosity and enhancing the movement and growth of the

bubbles within the melt, but beyond a critical

viscosity the melt strength of the polymer will be too

low which can not withstand the external pressures

(such as residual stresses and surface energy upon

solidification). As with melt temperature of 205°C,

one should bear in mind that, not only the melt vis-

cosity of the material has been dropped (due to high
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melt temperature) but also in order to Increase the

temperature of the polymer melt, It was necessary to

increase the temperature of the barrel of extruder,

which, this phenomenon	 has resulted in activation

of the chemical blowing agent in the early stages of

the extruder, and enhancing the premature foaming of

the polymer melt.

The relation of open cell fraction of various grades

of polypropylene foam and melt temperature are

exhibited In Figure 5.12. As It was expected the

resin with high melt flow Index showed higher open

cell fraction at lower temperature, whereas at high

temperature (205° C and 215° C) higher open cell

fraction was noticed with high viscous material (low

MFI resin). As It has been mentioned before, 	 in

order the cell walls withstand the force exerted on

them by the gas pressure as well as the surface

forces upon solidification, the matrix should posses

enough melt strength to balance out these foreign

forces. Therefore, there Is a	 critical viscosity

below which the cell collapse are more readily and

beyond that the melt resistance would be so high which

will suppress the cell growth and due to thermo-

dynamic principle the cells will tend to join one

another. The foregoing results show that the resin

with melt flow index of 9 g (10 min) 1 has shown

highest open cell fraction with higher density
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reduction as compare to the other grades of polypro-

pylene used, but should be emphasised that the

density and open cell fraction still are far from

optimum condition.

5.4.4. Effects of Chemical Blowing Agent Concentra-
tion on the Foam Extrusion Characteristics of
Polypropylene

Figure 5.13 shows the relationship between expansion

ratio and weight percent blowing agent concentration

In polypropylene extruded at various apparent shear

rates. It is seen that, as the blowing agent concen-

tration increases the expansion ratio also increases

passing through a maximum. This trend is most probably

due to super-saturation of the molten polymer with

the excess amount of gas generated by the blowing

agent. This phenomenon not only reduces the melt vis-

cosity of the polymer, but also generates excess mic-

robubbles In the melt, which upon entering the die,

they will start to grow (due to pressure drop).

These bubbles collapse as they emerge from the die

exit and as it has been noticed during extrusion, the

gas escapes through the skin of the extrudate.

Figure 5.14 displays the influence of 	 chemical

blowing agent concentration on density (in the solid

and melt state), for various melt temperatures. It
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concentration at various apparent shear
rates for PP (GXM-43). Melt temperature
18 5°C.
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can be seen that at low melt temperature (175°C and

185°C), both the density in melt and solid state

decreases with increasing blowing agent concentration,

and it goes through a minimum at a blowing agent con-

centration of 15 wt%. But at temperatures higher than

185°C the density both in the melt and solid states,

increases with increasing the blowing agent concen-

tration. This is attributed to, not only the reduction

in melt viscosity as the temperature is raised, but

also to the lower efficiency of the chemical blowing

agent (It was explained in previous section, at

temperatures higher than 185°C, due to early activation

of blowing agent in the barrel of extruder, less gas

will be available in the die region, hence, the

efficiency of chemical blowing agent is expected to

drop, and also premature foaming would occur in the

barrel).	 It should be pointed out on the average

there Is a 43% difference between the density in the

melt and solid state, which still shows there is consi-

derable cell collapse upon cooling.

5.4.5. Effects of Die Design Variables on the Foam
Extrusion Characteristics of Hi gh Density
Polyethylene

The foaming characteristics of high density poly-

ethylene were investigated, using the same dies, which

were designed for processing of polypropylene foam.
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Tables 5.6-5.9 displays the effects of die entry

angle on the axial pressure at various apparent shear

rates, using a single screw extruder. As was expected,

as the entry angle increases the pressure drop

through the die decreases. It should be added that

due to high entanglement and chain branching the melt

viscosity of the high density polyethylene is far

greater than polypropylene. Also due to the same reason,

melt flow irregularities (I.e. melt fracture) noticed

in the extrusion process, occurs at lower shear

rate for polyethylene foam than for polypropylene

foam. Also it should be mentioned that the melt dis-

turbance with	 high density polyethylene foam is

effected by the choice of die entry angle, melt tem-

perature and blowing agent concentration, as can be seen

from the results presented in Tables 5.6-5.9. These

findings are in good agreement with the results obtained

in the previous chapter. It should be pointed out that

the relation of pressure drop within the die at different

axial positions, for high density polyethylene(foamed

and unfoamed) follows a fairly linear relationship as

it Is seen in Figures 5.15 and 5.16 respectively. It

is interesting to compare the foregoing results with

those of polypropylene foam presented in the Figure 5.5.

One can clearly see that even at low shear rate the

high density	 polyethylene shows a more linear

pressure drop through the die as compare to polypro-
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Table 5.6.	 Axial pressure profile of high density poly-
ethylene(H11042) foam prepared at various
screw speeds. L/D0, Die entry angle 15°. Melt
temperature 245°C. BAC=8 wt.%.

Screw Speed	 Shear Rate

(rpm)	 (S-i)

10	 910

20	 1425

25	 1789

30	 2078

40	 2411

50	 3496

Axial

P1

7.584

8.274

8.618

8.963

9.307

9.791

Pressure*	 (MPa)

P2	 P3	 P4

6.894 6.550 6.205

7.997 7.584 6.963

8.204 7.756 7.239

8.480 8.067 7.584

8.874 8.342 8.135

9.239 8.618 8.412

Table	 5.7.	 Axial pressure profile of high density poly-
ethylene(H11042) foam prepared at various screw
speeds. L/DO, die entry angle 30°, melt
temperature 245°C.

Screw Speed
(rpm)

10

20

25

30

40

50

Apparent Shear
Rate (_1)

955

1435

1798

2133

2496

3562

Axial Pressure** (MPa)
P1	 P2	 P3

7.722	 7.039	 6.756

8.273	 7.928	 7.653

8.687	 8.173	 7.791

9.101	 8.549	 7.997

9.514	 8.963	 8.549

9.997	 9.445	 8.897

* and ** The axial distance from the die entrance are
given in Figures 5.4.a and 5.4..b respectively.
Melt disturbance began to appear.



Table 5.8.	 Axial pressure profile of high density poly-
ethylene(H11042) foam prepared at various
screw speeds. Die entry angle 45°, L/D=0, melt
temperature 245°C, BAC8 wt.%.

Screw Speed
(rpm)

10

20

25

30

40

50

Apparent Shear
Rate (S-i)

962

1427

1812

2154

2514

3603

Axial Pressure* (MPa)
P1	 P2

	

7.722	 7.308

	

8.204	 7.929

	

8.756	 8.342

	

9.170	 8.584

	

9.584	 9.032

	

10.066	 9.480

Table 5.9.	 Axial pressure profile of high density poly-
ethylene(H11042) foam prepared at various
screw speeds. Die entry angle 60°, L/DO,
melt temperature 245°C, BAC = 8 wt.%.

Screw Speed	 Apparent Shear	 Axial Pressure** (MPa)
(rpm)	 Rate (5-1)	 P

10	 1002	 7.791

20	 1442	 8.274

25	 1818	 8.756

30	 2183	 9.238

40	 2669	 9.722

50	 3657	 10.135

* and ** The axial distance from the entrance are given in
Figures 5.4.c and 5.4.d respectively.
Melt disturbance began to appear.
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pylene foam. This suggest that, due to high pressure

Involved in processing of high density polyethylene

foam, less premature foaming has taken place in the die

than with processing of polypropylene foam.

The effect of L/D ratio on the expansion ratios of

high density polyethylene at various shear rates has

been investigated and these results are presented in

Table 5.10. It is noteworthy that the expansion ratio

decreases with increasing L/D ratio. This	 phenomenon

Is attributed to the longer relaxation time 	 provided

for molecular chains through a die with a 	 high L/D

ratio, which consequently, reduces the swelling ratio

of the melt.

The effects of L/D ratio on the foam density (in the

solid state) and open cell fraction of high density

polyethylene foam are shown in Figures 5.17-5.18,

respectively. Due to the same reasons mentioned above,

the solid state density increases with increasing L/D

ratio, whereas, the open cell fraction was slightly

increased with higher L/D ratio.

From these results the die with entry angle of 30° and

L/D ratio of zero is seen to give greater reduction

in density and achievement of higher open cell

porosity in high density polyethylene foam extrudate.

Therefore, for the further studies in this section,
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Table 5.10.	 Relation between expansion ratios of high
density polyethylene foam prepared at various
screw speeds. Die entry angle 30°, melt
temperature 245°C, BAC z 8 wt.%.

L/D0

Screw Speed
	

Shear Rate
	

Expansion Ratio
(rpm)
	

(S-1)
	

(df/dp)

10
	

955
	

1.51

20
	

1435
	

1.54

25
	

1798
	

1.55

30
	

2133
	

1.57

40
	

2496
	

1.62

50
	

3562
	

Unstable melt

L/D2

Screw Speed
	

Shear Rate
	

Expansion Ratio
(rpm)
	

(S-i)
	

(df/dp)

10
	

928
	

1.46

20
	

1469
	

1.49

25
	

1833
	

1.50

30
	

2188
	

1.53

40
	

2525
	

1.56

50
	

3632
	

Unstable melt



Table 5.10. Cant.,

L/D4

Screw Speed
(rpm)

10

20

25

30

40

50

Shear Rate
(S-1)

978

1455

1769

2141

2532

3589

Expansion Ratio
(d f/d p)

1.43

1.45

1.48

1.52

Unstable melt

Unstable melt

L/D 6

Screw Speed
	

Shear Rate
	

Expansion Ratio

(rpm)
	

(S1)
	

(df/dp)

10
	

948
	

1.40

20
	

1473
	

1.43

25
	

1845
	

1.44

30
	

2176
	

1.46

40
	

2554
	

Unstable melt

50
	

3596
	

Unstable melt
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Figure 5.17. Relationship of density (solid state) and L/D
ratio for HDPE (H11042) containing 8 wt.%
CBA at various apparent shear rates.
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Figure 5.18. Relationship of open cell fraction and L/D
ratio for HDPE (H11042) containing 8 wt.% CBA,
at various apparent shear rates.



the die with an entry angle of 300 and LID ratio of

zero has been used.

5.4.6. Effect of Melt Temperature on the Foam

Extrusion Characteristics of Hi gh Density

Polyethylene

Figure	 5.19	 demonstrate the effect of melt

temperature on the expansion ratio of high density

polyethylene prepared at various apparent shear rates.

It should be pointed out that, the apparent shear rates

specified in Figure 5.19 and Figure 5.20 are the

average values (since a small variation in screw

speed could lead to different output, therefore, it

was difficult if not impossible to set the extruder at

the same screw speed for the 4 different LID ratios).

The actual values of the shear rates could be ±30 S-1.

Figure 5.19 shows that the expansion ratio increases

with the melt temperature and then around melt tem-

perature of 255-265°C (depending on the shear rate)

it goes through a maximum, and then decreases with

further increase of melt temperature. Also it should

be pointed out, for each shear rate, the temperature

of the die and the screw in the last zone were altered,

in order to keep the melt temperature at a fairly

constant value (+4°C). It should be added that, the

results were reproducible, and standard deviation was

found to lie between 0.014-0.018. From the results
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described above one can clearly see how the processing

conditions (mainly the melt temperature and pressure)

are influencing the expansion ratio of the foamed

polymer. Also it is interesting to compare the above

mentioned results with those for polypropylene foam,

presented in Table 5.6. Clearly one can see, the

expansion ratio of polypropylene foam is far greater

than those of high density polyethylene which shows the

dependency of foam characteristics on the melt strength

(hence, melt viscosity) and molecular structure of

polymeric material.

The density of extrudated foam in the melt and

solid states have been measured and their findings are

presented In Figure 5.20. It is illustrated that the

relation of the density with respect to melt temperature

is similar to those of expansion ratio which had been

described previously. Also it should 	 be mentioned

that, the density of the foamed material in the solid

state is around 31% greater than its density in the

melt stage. Therefore, this shows, the extent of cell

collapse in the high density polyethylene is less

than that observed for polypropylene foam.

5.4.7.

	

	 Effects of !4f on the Foam Extrusion
Characteristics of Hi gh Density Polyethylene

Several grades of high density polyethylene with
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different melt flow indices were extruded on a single

screw extruder and the effects of melt viscosity on

the density and open cell fraction of the foamed

material was recorded.

Figure 5.21 displays the change in foam density, in

the melt and solid states, for different grades of high

density polyethylene, at various shear rates. In

general it Is seen that the density (In the solid

state) of foamed polymer decreases with Increasing

MEl and It reaches to a minimum level at MFI11

g (lOmin.) 1 , and Increases again for the grade which has

MFIl8 g (lOmln.) 1 . On the other other hand the

density In melt stage continuously drop with increase

of NFl of the virgin resin. The comparison of the

density of these grades of hg?i decs(ty poyet(yc

In the melt and solid conditions suggests that, the

optimum density reduction would be achieved when the

melt viscosity is optimised and its value lies between

the melt viscosity of the resins with MFI indices of

11 and	 18 9(10 min) 1 . Also it should be added

that with increasing temperature, the density ( in

solid state) decreased (except for the grade of Natene

54180 NFl of 18 g(1O min.) 1 and reaches to a minimum

value at melt temperature 265° C, beyond which the density

increases with further increase of the temperature (see

Figure 5.21). It should be pointed out, due to the

high temperature require for processing of high density
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polyethylene, the efficiency of the blowing agent would

be much lower than when the same blowing agent is

used with polypropylene. Therefore, the density of

foamed specimens in both melt and solid conditions are

far greater than those observed for polypropylene foam.

The open cell fraction for all these grades of high

density polyethylene	 was investigated and their

findings are presented in Figure 5.22. As it can

be seen the open cell fraction of all grades of high

density polyethylene foam (at various	 processing

temperature), increases with increasing MEl of the

virgin resin and goes through a maximum at MEl of 11

g(lOmin)- 1 , except for the resin with MFI of 18 g(1O

min)'	 (Natene	 548O) at	 met	 pro

temperature of 245°C. ThIs phenomenon is due to drop

in melt viscosity of the polymer with increasing the

melt temperature, which promote the growth of the

bubbles within the melt. It should be added further

Increase in melt temperature will result a drop in the

melt strength of the material and promote the cell

drainage, hence, the cells will collapse more readily.

5.4.8. Effects of Chemical Blowin g Agent Concentration
on the Foam Extrusion Characteristics of High

Density Polyethylene

The grade of polymer which showed optimum density
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Figure 5.22. Relationship of open cell fraction and MFI of0
HDPE containing 8 wt. 96 CBA. Die entry angle 30



reduction (Rigidex H11042 MFI11 g (10 min.) 1 was chosen

for further evaluation and Its expansion ratio was

determined with different blowing agent concentrations

and at various shear rates. The findings of these

results are presented In Figure 5.23. It is clearly

seen that as a consequence of over foaming of the

melt, at high blowing agent concentrations, the ex-

pansion ratio of high density polyethylene foam has

been dropped. This is due to premature foaming to-

gether with a drop in melt viscosity of the polymeric

material, which leads to collapse of the cell walls

as soon as the melt emerge from the die exit.

The measurement of density (in the solid state)

passes through a maximum at blowing agent concentration

of 15 wt.% and decreases with further increase of

blowing agent, on the other hand open cell fraction

exhibit similar trend as those of expansion ratio, as

concentration of blowing agent is changed (Figures

5.24 and 5.25 respectively. It seen that the drop

in melt viscosity of the foamed polymer, as well as

super saturation of the melt ( at high blowing agent

concentration) have resulted in premature foaming and

collapse of the cell walls prior to solidification.

It has been shown that the foam characteristics are

strongly affected by die design (entry angle and die

land length), melt pressure, melt temperature, MFI of
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Figure 5.23. Relationship of expansion ratio and CBA
concentration for HDPE foam. Melt
temperature 255°C.
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material, and gas blowing agent concentration. In all

cases It was concluded in order to prevent premature

foaming, the pressure should be maintained on the

melt in the die region. This can be achieved by

processing the material with a die angle of 45° with

Polypropylene, or 30° in the case of high density

polyethylene. Also it was shown for achievement of

low density and high open cell fraction L/D ratios of

zero and two are most suitable in high density poly-

ethylene and polypropylene foam respectively.

Melt flow Index also strongly affected the maximum

reduction In density and open cell fraction in

extruded foam. From the six different grades of

polypropylene	 and four grades of high density

polyethylene used, the grades with melt flow index of

9 and 11 g(lOmin.) 1 , were found to give optimum

reduction in density and high fraction of open cell

porosity. But still the density of these extrudated

foam in solid state Is far greater than their density

In the melt condition. As was discussed earlier,

this is mainly due to collapse of cell walls which is

the consequence of low melt strength of the material,

allowing premature foaming inside the die. It is

consider that the melt strength of the material could

be enhanced by physical blending of polypropylene and

high density polyethylene. To this end, the PP(GXM-43
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MFI9 g(1O min) 1 and HDPE (H11042 MFI11 g(1O mm)-1,

were blended and extruded through a die entry angle

of 45° and with L/D ratio of 2 at various melt

temperatures, pressures and blowing agent concen-

tration. The findings of this investigation are presented

In the following section.

5.4.9. Effects of Melt Temperature on Extrusion
Characteristics of Binary Blends of PP/HDPE
Foam

The two grades of polypropylene (GXM-43) and high density

polyethylene (H11042) were physically melt blended in

a co-rotating screw extruder. The extrudate was

granulated, and then tumbled mixed with chemical

blowing agent. The effects of processing conditions

on density and open cell content were determined on

foam prepared using a single screw extruder. The

specification of the extruder Is given in Table

3.3. The findings of this investigation are listed

below.

FIgures 5.26 and 5.27 display the effects of melt

temperature and apparent shear rate on the expansion

ratio, for various blends of polypropylene and high

density polyethylene. As It is noticed, the expansion

ratio Increases with Increasing the concentration of

polypropylene in the blend and then decreases when

polypropylene concentration Is at 100%. It should be

111



1.75

1.5

Expansion Ratio (df/dp)

0	 20	 40	 80	 80	 100

Weight Percent Polypropylene

Figure 5.26. Relationship of expansion ratio with concen-
tration of PP in binary blends of PP/HDPE foam.
CBA conentration 8 wt.%, L/D=2, die entry
angle 45
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Figure 5.27. Relationship of expansion ratio and concen-
tration of PP in binary blends of PP/HDPE
foam. CB	 concentration 8 wt.%, die entry
angle 45



stated that the concentration at which the expansion

ratio goes through a maximum depends on melt tem-

perature.

The effect of melt temperature on the density of the

foam, In both the melt and the solid states, has been

recorded and their findings are presented in Figure

5.28. Several Interesting points can be deduced from

this figure. Firstly, it is evident that the density

(in the melt and solid states) decreased with increasing

polypropylene concentration in the blend and it goes

through a minimum at the ratio of 80/20 PP/HDPE,

and then increases with	 increasing high density

polyethylene concentration. This effect is attributed

to the fact that below a blend ratio of 80/20 PP/HDPE,

the melt strength of the material is low, and upon

cooling some of the cell walls collapse resulting in

as much as of 43% dIfference between density in

the melt and the solid states. However, above this

blend ratio even though the difference in the density

in molten and solid state is lower than 43% but due

to a higher melt viscosity, the resistance to expansion

Is greater and therefore some of the cells are supp-

ressed and were not allowed to fully develop. Secondly,

at melt temperatures higher than 195°C, one can see

that with Increase of PP concentration, the reduction

in density (in melt stage) is less as compare to melt
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Figure 5.28.a Relationship of density (melt state) and PP
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temperatures of 185-195°C. This phenomenon is due to

decrease In melt viscosity together with premature

foaming of the melt in the die region, resulting in

collapse of the bubbles as the melt emerges from the

die exit.

Results for open cell fraction determined at ratios

of PP/HDPE blend and at different melt temperatures

are presented In Figure 5.29. Again as it is noticed

the open cell fraction maximised at blend ratio of

80/20 and 40/60 PP/HDPE (depending on the melt

temperature). This demonstrate	 that although the

cell walls have ruptured, they still have enough

strength to withstand the stresses exerted on them

upon cooling.

5.4.10. Effects of Chemical 	 Blowing	 Agent

Concentration on Foamin g Characteristics of

Binary Blends of PP/HDPE

The variation of density In both molten and solid states

and also open cell fraction of the extruded foam pre-

pared using various blowing agent concentrations and

polyolefin blend ratios have been studied and their

results are displayed in Figures 5.30-5.31, respectively.

As long as the blowing agent remains dissolved in a

molten polymer over the range of temperatures studied,

an Increase in Its concentration or an increase in

melt temperature decreases the viscosity of the mixture,
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hence, results in reduction of the density in the melt

state as may be seen in Figures 5.30a. The influence

of the blowing agent concentration on melt viscosity

of the polymer may be explained from the standpoint

of the theory of free volume for concentrated

solution of polymers. The free volume increases with

addition of gas Into the polymer, hence the melt

viscosity will decrease (20). However, if the, blowing

agent Increases beyond the super saturation of the

melt, the excess gas present in the melt tends

to form a separate phase (i.e. forms gas bubbles) and

lead to premature foaming and increase in density in

both melt and solid states.

The results of open cell fraction at various blend

ratios	 and	 blowing agent concentrations 	 are

presented In Figure 5.31. For the same reasons

explained above open cell fraction goes through a

maximum at blend ratio of 80/20 PPIHDPE.

The following points have been observed regarding the

effects of die entry angle, die land ratio (LID), melt

viscosity, processing condition and blowing agent

concentration on density (melt and solid state) and

open cell fraction of polyolef in foam.

I)	 It was shown the density and open 	 cell

fraction of polypropylene foam is affected by
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die design and die land ratio. Considerable

pressure drop was recorded for dies with entry

angle of 15° and 30°, whereas, die with entry

angle of 600 showed considerable melt fracture

at lower shear stress and shear rate as

compare to die entry angle of 450	 Due to

branching of high density polyethylene, hence,

higher melt viscosity than polypropylene, the

die with entry angle of 30° was more suitable

for processing of this polymer.

11) Over the range of L/D ratios studied, It was

found that L/D ratio of 0 and 2 were more

appropriate for achievement of low density and

high open cell fraction in high density poly-

ethylene and polypropylene foam respectively.

Ill) Melt viscosity also strongly affected the

maximum reduction in density and open cell

fraction. Grades of polymer with high melt

viscosity resisted the expansion, thereby, the

bubble growth was suppressed, and due to

thermodynamic principle the small cells will

join the large ones. This phenomenon has

resulted to a foam specimen with high density

and low open cell fraction. On the other hand,

resins with high MFI have lower melt strength,

therefore, the cell walls could not withstand

the stresses exerted on them upon solidification.
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From six different grades of PP and four

different grades of HDPE used for this study,

the grades with MFI of 9 and 11 g(10 min)1

were found to give maximum reduction 	 in

density and a high fraction of open cell

porosity, as compare to the other grades of

these polymers.

iv)	 in order to optimise the viscosity of the

polymer melt, PP (GXM-43 MEl	 9 g (10 min.)')

and HDPE (H11042 MFI	 11 g (10 min.) 1 ), were

physical	 blended in a co-rotating 	 screw

extruder. Results of this investigation showed

the blend ratio of 80/20 PP/HDPE, was more

suitable for achieving maximum reduction in

density with high percentage of open cell

porosity as compare to other blend ratios of

these polymers.
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CHAPTER 6
I4ACROI4ORPHOLOGY

OF
POLYOLEFIN FOAM



6.	 P4acromorphology of Pol yolefin Foam
6.1. Introduction

During the past few years, several theories (155,156)

have been proposed which attempt to describe the

mechanism by which cells are formed during the

extrusion of resin/foaming agent mixtures. These

theories all assume complete decomposition of foaming

agent prior to extrusion resulting In the formation

of small gas bubbles, well dispersed in the polymer

melt. Final cell formation and its structure is then

controlled by proper choice of processing conditions

such as melt temperature and pressure (screw speed)

and weight percent concentration of added blowing agent.

In this chapter the attention will be focused on

the effect of the above mentioned parameters on the

number of cells, cell size, and cell size distribution.

The number of cell per cubic centimetre of foam has

been found to be a very useful parameter for describing

nucleation efficiency of the blowing agent used, and,

also evaluation of overall foam quality (157). This

parameter Is a function of both the average cell size

and the density of extruded foam. The number of

cells per cubic centimetre can easily 	 be calculated

from the following relation (157);

Nc	 [ 1 - (Pf/Pr) ] / {(3.14 * Dc 3 )/6000}	 6.la
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or

Nc	 1910 * [ (Pr - Pf) / (Dc 3 * Pr) ]	 6.lb

where

Nc Is the number of cells per cubic centimetre

Pf is the density of foam in g cm-3

Pr is the density of resin in g cm-3

Dc is average cell diameter In mm

It should be pointed out that all cells were assumed

to be spherical through the whole sample.

	

6.2.	 Results and Discussion

	

6.2.1	 Cell Size Measurement of Polypropylene Foam
6.2.1.1. Effects of Melt Viscosity on the Cell Size and

Cell Size Distribution of Polypropylene Foams

In order to investigate the effect of processing

conditions on cell size and cell size distribution of

polypropylene foamed rod, the samples were prepared

in the form of disks. The cross section of the disks

were coated with gold-palladium according to the

procedure mentioned in section 3.9.3.	 The	 cross

sections of these specimens were examined by SEM. The

pictures produced from the cross section was used to

count the chord size by the Image Analysis (model

Optimax, System IV). The raw data measured by the

central processing unit was processed by the computer

and cell diameter was measured per unit volume using

the Schwatz-Saltikov analysis.

The tabulated results are shown in Table 6.1, and a
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Table 6.1. Cell size analysis of different grades of polypropylene
foam containing 4 wt% chemical blowing agent (CBA).

Polymer	 MFI	 Mean Cell Largest Cell Standard Area Fraction 	 No.

Grade 9/10 mm	 Diameter	 Diameter	 Diviation Occupied by	 of Cells
(mm)	 (mm)	 the Cells %	 per cm3

* 10-i

GSE-16	 0.8	 0.184	 0.330	 0.08	 29.4	 1.283

GWM-23	 2.5	 0.2912	 0.687	 0.1325	 33.59	 0.4215

GWE-22	 4	 0.3060	 0.650	 0.154	 34.37	 0.3732

GXM-43	 9	 0.162	 0.450	 0.0815	 58.187	 2.828

GYM-45	 15	 0.3465	 0.660	 0.1369	 38.88	 0.2502

LXF-52	 22	 0.4513	 0.75	 0.1508	 33.68	 0.1085



graphical representation of cell size distributions

exhibited in Figure 6.1. Furthermore, representative

views showing cross section of corresponding samples

are presented in Figure 6.2. Several interesting points

can be drawn from these results:

i) Generally	 large bubbles were observed for

grades of polymers either with very low MFI or

with very high MEl. It is also noteworthy that

for low MFI resins, the area fraction occupied by

cells is smaller than with polymers with high MFI.

ii) The bubbles are not uniformly distributed

through the cross section of the samples.

iii) The shapes of bubbles are not uniform through the

cross section, changing from circular to ellip-

tical form, from core to skin regions.

The first phenomenon could be due to the fact that with

very low melt flow index polymers, the melt viscosity

is very high which restricts the growth of the

cells within the melt, thereby, due to thermodynamic

principles the small cells will join the larger

ones (as It was described in chapter 2, the gas

pressure within the smaller cells is greater than the

large cells, therefore, the small bubbles will diffuse

into the large ones), and result in very non-uniform

cell distribution within the sample. On the other

hand, with high melt flow index 	 polymer, the melt

resistivity is so	 low the	 cell	 walls cannot

withstand the pressure generated within them by the
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Figure 6.1. Cell size distribution of various grades of
PP foam containing 4 wt% chemical blowing
agent (CBA). Melt temperature 195 C.
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Figure 6.2. Cross sectional area of various grades of
PP foam. Scale bar is equal to 1 nmi unless
otherwise is stated.

A) GSE-16 MFI	 0.8 g/10 mm.
B) GWP4-23 MFI	 2.5 g/10 mm.
C) GWE-22 MFI 4	 g/10 mm.
D) GXM-43 MFI 9	 g/10 mm.
E) GYM-45 NFl	 15 g/10 mm.
F) LXF-52 NFl	 22 g/10 mm.
G) Higher magnification of E
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chemical blowing agent. Therefore, the bubbles will

collapse prior to cooling and this will results in

formation of large holes in the specimens. For the

second phenomenon two explanations can be given.

Firstly, this can be caused by imperfect mixing of

blowing agent and polymer, which is partly due to non-

ideal mixing and also due to the fact that the polymer

as well as blowing agent used in this study were in

the form of granules hence, it reduces their contact

areas which can significantly reduces the over all

degree of mixing. Secondly, upon expansion of the

polymer from the die exit the thermal conductivity of

the extrudate will significantly decrease, therefore,

this will create a greater differential cooling upon

solidification, hence, the bubbles in the skin region

will be suppressed where the cells away from the skin

still have a chance to grow further. Bubble collapse

is also evident in the core region, particularly with

polymer of high MFI. This can be explained by diffe-

rential cooling within the material, causing lower

viscosity of melt in the core region than in the skin

layer, thus, the cells in the core region will go

through further expansion and eventually will result

in rupture of the cell walls and collapse of the

bubbles upon the solidification. The third phenomenon

can be attributed to the shear flow differences in the

cross section of the extrudate. Where the greater shear

flow in the skin region will change the geometrical
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shape of the cell from circular to elliptical. An

expected shear rate profile across the extrudate is

shown in Figure 6.3.

6.2.1.2. Effects of Processin g Conditions on the Cell
Size and Cell Size Distribution

Melt pressure In the die as well as melt tempe-

rature was altered and their effects were recorded (see

ch. 5). The results of cell size measurement are shown in

Tables 6.2 and 6.3. Their respective cell size distri-

bution are presented in Figures 6.4 and 6.5 respectively.

Melt pressure has significantly affected the number of

cells, cell structure and cell size through the cross

section.	 The results of Table 6.2 and Figure 6.4

show	 that the uniformity of cell distribution along

with area fraction occupied by the cells has increased

with increasing melt pressure (Increasing shear rate),

resulting in a corresponding increase in the number of

cells per cubic centimetre of foam (Nc). Han et al.(51,

158) achIeved similar results with extrusion foaming

of low density polyethylene and polystyrene using a

physical blowing agent. Two proposals can be given

to explain this type of behaviour. Firstly the solu-

bility of gas will increase with increasing melt

pressure, therefore, there will be less chance of pre-

mature foaming inside the die which can have an adverse
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Table 6.2. Cell size analysis of polypropylene (GXM-34) containing 4
wt% CBA at different apparent shear rates.

Shear Rate	 Mean Cell	 Largest Cell	 Standard Area Fraction No. of
CS- 1 )	 Diameter	 Diameter	 Diviation Occupied by	 Cells

(mm)	 (mm)	 the Cells Z	 per cm3
*10-5

950
	

0.224

1343
	

0.216

2109
	

0.612

2388
	

0.151

3424
	

0.253

	

0.331	 0.148	 41.25	 0.944

	

0.412	 0.132	 49.613	 1.081

	

0.450	 0.0815	 58.187	 2.828

	

0.489	 0.0959	 61.33	 3.323

	

0.439	 0.111	 51.11	 0.672

Table 6.3.	 Cell size analysis of polypropylene (GXM-43) containing 4
wt% CBA at different melt temperatures.

Melt Temp. Mean Cell Largest Cell S.D.
Diameter	 Diameter

C C)	 (mm)	 (mm)

175	 0.231	 0.311	 0.124

185	 0.162	 0.450	 0.0815

195	 0.165	 0.393	 0.0995

205	 0.255	 0.553	 0.131

Area Fraction	 No. of Cells
Occupied by the per cm3
Cells %	 *10-5

	

42.71	 0.821

	

58.187	 2.828

	

55.65	 2.432

	

46.75	 0.7616
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effect on the foam density and foam quality. Secondly,

the extrusion pressure can be at least qualitatively

explained in terms of the swelling phenomenon exhibited

by viscoelastic melts, such as polypropylene. Higher

extrusion pressure produces an increase in the flow rate

accompanied by a greater 	 degree of swelling of the

resin as It emerges from the die exit. This swelling

phenomenon causes a differential cooling effect in the

melt and thereby produces a greater temperature

difference between the nucleating " hot spot

(mainly the blowing agent residual), and super-

saturated gas/polymer solution. This situation could

favour more efficient nucleation. In addition, the

increased swelling assists in expansion of the foam,

thereby, partially accounting for the lower densities

observed at higher extrusion pressures.

As mentioned previously, the melt temperature has a

pronounced effect on the foam quality as can be observed

from Table 6.3 and also Figure 6.5. As it has been

explained in chapter 4, the melt viscosity of poly-

propylene decreases with increase of melt tempe-

rature, thereby, due to drop in melt strength of the

polymer the cell wall will collapse more readily

prior to cooling. Therefore,one can notice for a self

nucleating foamable mixture extruded near the decom-

position temperature "Td of the foaming agent, the
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number of cells per cubic centimetre of foam was found

to pass through a maximum with increasing melt tem-

perature as is displayed in Table 6.3. This effect

can be explained on the basis of the extent of foaming

agent decomposition and the corresponding gas/nucleant

ratio In the melt, as It leaves the extrusion die. At

a low melt temperature (175°C), the percent decom-

position is relatively low and therefore the gas/nucleant

ratio Is low.	 The result is fairly	 efficient

nucleation, but leading to foamed specimens with high

densities, as it was observed in the previous chapter.

As the melt temperature Is increased to and approaches

the temperature giving maximum rate of blowing agent

decomposition (185°C), the gas/nucleant ratio increases

causing a decrease In the foam density, but at the

same time cell size also decreases due to greater

degree of supersaturation in the gas/polymer solution

as it leaves the die exit. It has been suggested that

such gas solutions are less stable and therefore cell

nucleation is facilitated (157). Optimum foam quality

is reached often when melt temperature is close to

decomposition temperature "Td" of the blowing agent

and also when the number of undecomposed 	 nucleant

particles is just adequate to provide efficient cell

nucleation. Beyond this melting temperature (185°C),

further Increase serve only to premature decomposition

of blowing agent in the early zones of extruder. This

explains the decreasing trend in the number of cells.
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6.2.1.3.	 Effects of Blowing Agent Concentration j
Number of Cells Cell Size	 Cell Size
Distribution of Pol ypropylene Foams

The	 experimental	 results indicated	 that	 cell

structure is dependent on the concentration of foaming

agent. For a foamable mixture, it was found that an

Increase in the concentration (up to 15 wt%) of

blowing agent component produced a slight Increase in

the average cell size, whereas at concentration higher

than 15 wt.%, the cell size abruptly increased with

increasing blowing agent concentration as it is shown

in Table 6.4. This behaviour is due to decrease of

melt viscosity with Increasing blowing agent concen-

tration (as It was observed In chapter 4). The sudden

drop in melt viscosity in the die region, will result

In formation premature cell growth and rupture of the

cell walls (due to drop in melt strength). This

phenomenon will lead to joining of the bubbles and

formation of a few large cell through the cross section

of the extrudate. The over foaming of the polymer melt

can be minimised, by optimisation of the melt strength

of the polymer, either by selecting a grade of resin

with lower MEl or lowering the melt temperature of

extrudate. If the foaming agent concentration is too

high in relation to the nucleant concentration, the

pressure exerted on the melt by the expanding cells

can only be relieved by gas diffusion toward and

subsequently through the extrudate wall.

124



Table 6.4.	 Cell size analysis of polypropylene (GXM-43) foam at
different CBA concentrations. Melt temp.=185°C.

wt%
CBA

4

8

10

12

15

20

Mean Cell
Diameter

(mm)

0.162

0.161

0.519

0.163

0.254

0.333

Largest Cell	 S.D.
Diameter

(mm)

	

0.450	 0.08152

	

0.321	 0.088

	

0.373	 0.0925

	

0.356	 0.0836

	

0.542	 0.132

	

0.621	 0.1396

Area Fraction	 No. of Cells
occupied by the per cm3
Cells %	 *105

	

58.187	 2.828

	

63.161	 2.795

	

65.389	 2.877

	

64.89	 2.646

	

57.25	 0.6804

	

47.25	 0.294

Table 6.5. Cell size analysis of polypropylene (GXM-43) containing 4
wt% CBA and 1 wt% nucleating agent (talc).

Wt%	 Mean Cell

CBA	 Diameter
(mm)

4	 0.156

8	 0.147

10	 0.139

12	 0.150

Largest Cell	 S.D.
Diameter

(mm)

	

0.27	 0.0915

	

0.291	 0.108

	

0.307	 0.111

	

0.319	 0.107

Area Fraction	 No. of Cell
occupied by the per cm3
Cells %	 *10-5

	

60.25	 3.019

	

68.35	 3.71

	

68.25	 5.11

	

67.11	 3.365



For the purpose of studying the effect of increasing

nucleating sites, 1 wt% nucleating agent such as talc

was added to the composition, while holding the amount

of blowing agent concentration at a constant level.

The addition of nucleating agent resulted in the

formation of a greater number of cells with smaller

average diameter as it Is noticed from comparison of

Tables 6.4 and 6.5. ThIs effect is simply due to a

more complete fractionation of foaming gas between

the number of nucleation sites.

6.2.2. Effects of Processing Conditions on Number of
Cells. Cell Size and Cell Size Distribution
of Hi gh Density Pol yethylene Foams

High density polyethylene foam was prepared on a

single screw extruder at different melt temperatures

and pressures. The results of cell measurement and

cell size distribution are given in Table 6.6 and

Figure 6.6. The general view of cross sectional areas

of corresponding specimens are presented in Figure 6.7.

The effects of melt viscosity on the cell size and

cell size distribution are similar to those of

polypropylene foam, except that the uniformity in the

cell size distribution is lower in the case of high

density polyethylene foam. Also the open cell fraction

content is much less in the case of high density

polyethylene than polypropylene foam (see Figures
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Table 6.6. Cell size analysis of various grades of high density
polyethylene containing 8 wt% CBA.

Polymer	 MEl	 Mean Cell Largest cell S.D. Area Fraction No. of
grade	 g/1O mm Diameter	 Diameter	 Occupied by	 Cells per

(mm)	 (mm)	 the Cells %	 crn3*105

H020-54P	 2	 0.201	 0.35	 0.089	 21.49	 1.083

H060-45P	 6	 0.347	 0.75	 0.154	 28.31	 0.2276

H11042	 11	 0.1828	 0.35	 0.0893 42.32	 1.720

NATENE	 18	 0.3899	 0.59	 0.151	 34.46	 0.1635
54-180
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Figure 6.7. Cross sectional area of various grades of HDPE foam
containing 8 wt% chemical blowing agent. The scale
bar Is equal to 1 m unless otherwise is stated.

a) H02054F HFI	 2 9/10 mm.
b) H06045F MFI	 6 g/lD mm.
c) H 11042
	

MFI	 11 g/10 mm.
d) NAT EN E
	

14F1	 18 gilD mm.
54-180

e) Higher magnification of c
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6.2.G and 6..7.E). This behaviour can be attributed to

the different molecular branching of the macromolecules

of high density polyethylene obtained during polymeri-

sation. These macromolecules show a 	 tree type

branching which give rise to higher viscosity (159)

and also more resistance to stretchability of the

material during foaming action as compare to poly-

propylene. It is evident that increasing the branching,

the viscosity of polymer melt increases (159), there-

fore, this might suggest the reason for higher melt

viscosity as well as melt strength of the high density

polyethylene as compared to polypropylene resin. The

increase In viscosity will restrict the growth of the

cells, therefore, as explained In the previous section

due to thermodynamic principles the gas within the

small cells will diffuse into the larger ones and

a very non-uniform cell distribution will be formed

prior to solidification (see Figure 6.6).

Also with the less viscous resins, It was observed

that increasing the melt residence time (using lower

screw speed, hence, lower die pressure), has resulted

In more cell collapse and less uniformity in cell size

throughout the cross section of the extrudate, (Table

6.7 and Figure 6.8). It appears reasonable to assume

that with lower screw speed not only the pressure on

the melt in the die region is lower, but also due to

the fact that the material will remain for a longer
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Table 6.7.	 Cell Size analysis of high density polyethylene (H11042)
containing 8 wt% CRA at different apparent shear rates.

Shear Rate Mean Cell Largest Cell S.D. Area Fraction
(S- 1 )	 Diameter	 Diameter	 Occupied by the

(mm)	 (mm)	 Cells %

950	 0.241	 0.41	 0.121	 21.85

1440	 0.219	 0.408	 0.110	 32.48

1760	 0.1828	 0.35	 0.0893	 42.32

2130	 0.167	 0.37	 0.098	 45.65

No. of
Cells per
cm3 *10-5

0.685

0.945

1.720

2.3

Table 6.8.	 Cell size analysis of high density polyethylene (H11042)
containing 8 wt% CBA at different melt temperatures.

Melt Temp.

( C)

245

255

265

275

Mean Cell
Diameter

(mm)

0.228

0. 1828

0.175

0.171

Largest Cell S.D. Area Fraction	 No. of
Diameter	 Occupied by the Cells per

(mm)	 Cells %	 cm3*105

	

0.357	 0.0962	 21.89	 0.859

	

0.35	 0.0893	 42.32	 1.72

	

0.437	 0.112	 34.75	 1.994

	

0.319	 0.212	 29.63	 1.969



period of time in the barrel of extruder, the amount

of gas escaping from the hopper would be greater.

Therefore, premature foaming together with low gas!

nucleant ratios, are believed to be responsible for

non-uniformity of cell structure, lower number of

cells per unit volume and lower percentage of area

fraction occupied by the cells, in specimens processed

at low pressure (low screw speed, hence, low shear rate).

The number of cells per unit volume slightly decreased

with Increasing the melt temperature. At the same time

the area fraction occupied by the cells went through a

minimum at a melt temperature of 255°C, as is evident

from Table 6.8. As it has been mentioned earlier

In this chapter, gas,'nucleant ratio is one of the

phenomena which affects the cell concentration per

unit volume. Since high density polyethylene, is

processed at a temperature much higher than " tc" of

the blowing agent used, therefore, increasing the melt

temperature tends to activate the blowing agent at an

earlier stage in the barrel of extruder, resulting in

greater gas leakage from the hopper during the

processing (this was noticed visually).

The area fraction occupied by the cells reaches

a minimum at melt temperature of 255°C. This is believed

to be due to lowering of the melt viscosity, which will

result In less restriction of movement of bubbles
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within the melt, hence, less chance of bubbles joining

one another and forming a large cell. This phenomenon

will compensate for decrease of gas/nucleant ratio,

which was explained to be a key factor in obtaining

a low density foam with uniform cell size distribution.

Further increase in melt temperature, will promote a

reduction of melt viscosity together with a drop in

gas/nucleant ratio, which will tend In lowering of

number of cells per unit volume and a raise in density

of foamed specimen as it was observed in the previous

chapter.

6.2.3. Effects of Blowin g Agent Concentration on the
Number of Cells. Cell Size Cell Size
Distribution of High Density Polyethylene Foams

The results of the foregoing section suggest that the

high density polyethylene with HFI of 11 g (10 mm)-1

H11042, is most suitable for production of foam rod,

as compared to the other three grades which studied.

Further Investigation has been undertaken to show the

effect of chemical blowing agent concentration on the

number of cell per unit volume, cell size, and cell

size distribution of this grade of high density poly-

ethylene. The outcome of these findings are listed in

Table 6.9 and Figure 6.9.

It can be seen that as the blowing agent concen-

tration Increases, 	 the uniformity of cell dis-

tribution, as well as number of cells per unit volume,
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Table 6.9. Cell size analysis of high density polyethylene (H11042)
foam at different CBA concentrations. Melt Temp.255 C.

Wt%
CBA

8

10

12

15

20

25

Mean Cell
diameter

(mm)

0.1828

0.173

0.158

0. 149

0. 189

0.292

Largest Cell
Diameter

(mm)

0.350

0.373

0.365

0.391

0.575

0.619

S .D.

0. 0893

0. 0954

0.111

0.105

0.128

0. 135

area Fraction	 No. of
Occupied by the Cell per cm3
cells %

	

42.32	 1.72

	

47.19	 2.037

	

51.14	 2.95

	

53.85	 3.56

	

45.31	 1.72

	

38.85	 0.4235
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increases through the cross section and it reaches a

maximum at blowing agent concentration of 15 wt%. The

reasons behind this phenomenon are clear, since

increasing the blowing agent concentration tends not

only to decrease the melt viscosity (which can help

the movement of the cells), it also increases the gas/

nucleant ratio. It should be pointed out that it

reaches a point where the further increase in the

gas concentration supersaturates the melt and the

excess gas tends to rupture the cell walls and either

form a blister on the extrudate skin or escape through

surface of the extrudate melt. It should be emphasised

that the concentration at which this maximum uni-

formity in cell distribution is achieved, also depends

on processing conditions such as melt temperature and

melt pressure, which were kept constant to isolate

effects of the chemical blowing agent. It is interesting

to point out that due to the preceding reasons, the

area fraction occupied by the bubbles, as well as

the number cells per unit volume, also go through a

maximum with Increasing blowing agent concentration.

These results are in a good agreement with the ana-

lysis of the density of the foam specimens studied

in the previous chapter.
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6.2.4.	 Macromorphology Anal ysis of Blends of PP/HOPE
Foams

6.2.4.1. Effects of Blend Ratio of PP/HDPE on
Number of Cells, Cell Size and Cell Size
Distribution of PP/HDPE Foams

The results of the previous chapter and the foregoing

sections show that the density, open cell fraction

and uniformity of the extruded polyolefin foam, is

strongly dependent on the melt viscosity and melt

strength of the virgin resin. It has been shown that

due to chain branching of high density polyethylene,

the melt strength of this polymer Is very high as

compare to polypropylene homopolymer, hence, the

expansion	 of the bubbles within	 the melt	 is

restricted. This phenomenon has resulted in a foamed

specimen with high density and non-uniform distri-

bution of cells through its cross section. On the

other hand the molecular structure of polypropylene

comprises linear chains, which will lead to a lowering

of melt viscosity see (chapter 4) and lower melt

strength, compared to high density polyethylene.

For this reason the cell walls readily collapsed

upon cooling, which resulted in a foamed specimen with

high density as well as low open cell fraction.

Therefore, in order to achieve a foamed sample with

uniform cellular structure along with low	 density,

It was consider that the melt viscosity of the polymer

required modification. For this reason, the grades of

polypropylene (GXM-43) and high density polyethylene

130



(H11042), which resulted in more uniform 	 cellular

structure along with lower density and higher open

cell fraction (as compared to the other grades of these

polymers tested), were melt blended in varying ratios

using a co-rotating twin-screw extruder.

Table 6.10 and Figure 6.10 present the cell size and

cell size distributions of binary blends of PP/HDPE

foam prepared at various blend ratios. The general

view of cross sectional areas of corresponding specimens

are displayed in Figure 6.11. From the results presented

in the Table 6.10 and Figures 6.10 and 6.11 one can

deduce the following points:

1) As the weight percent of polypropylene increased

in the blend composition, the average cell

size slightly decreased. At the same time uni-

formity of cell size distribution as well as

area fraction occupied by the cells increased.

IMs phenomenon is attributed to lower melt

strength and lower melt resistivity which

is associated with the polypropylene melt.

Ii) Even though the average cell size has slightly

decreased with increasing the polypropylene weight

ratio, the change in number of cells per unit

volume become more pronounced. The reason behind

this behaviour is quite clear since, presence

of polypropylene in the melt resulted in higher

expandibility and at the same time presence of
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Table 6.10. Cell size analysis of binary blends of PP/I-IDPE containing 8
wt% CBA.

Wt% of PP
in the
Blend

0

20

40

60

80

100

Mean Cell Largest Cell S.D. Area Fraction 	 No. of
Diameter	 Diameter	 Occupied by the Cells per cm3

(mm)	 (mm)	 cells %	 *10-5

0.1828	 0.35	 0.0893	 42.32	 1.72

0.175	 0.373	 0.117	 47.51	 2.03

0.168	 0.385	 0.095	 57.14	 2.658

0.159	 0.345	 0.101	 64.35	 3.13

0.153	 0.407	 0.0779	 69.28	 3.547

0.162	 0.45	 0.08152	 58.187	 2.828
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Figure area of binary blends of PP/HDPE
8 wt% CBA.

6.11. CrosS sectional
foam, containing
a)20/80 PP/HDPE
b)40/60 PP/FIDPE
c)60/40 PP/HDPE
d)80/20 PP/HDPE
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high density pol yethylene increased the melt

strength of the molten polymer and limited the

prevention of cell collapse. Combination of

these two phenomena has resulted in a larger area

fraction occupied by cells as well as a foam

specimen with lower density, as compare to their

respective homopolymers (as it was observed in

the earlier sections of this chapter).

6.2.4.2 Effects of Chemical Blowin g Agent Concen-
tration on Binary Blends of PP/HDPE Foams

Figure 6.12 exhibit the effect of chemical blowing

agent concentration on the cell size distribution

of binary blends of PP/HDPE foam. As it is noticed,

at low concentrations of CBA, due to the low gas/nucleant

ratio the cells formed are very small. The result is

fairly efficient nucleation but as it was perceived in

the	 previous chapter, the densities of foamed

specimens are high. This situation is similar to

extrusion at temperatures just below the Td of a

self nucleating foaming agent. As the CBA concentration

increased the gas/nucleant ratio increases causing a

decrease in the foam density. Cells size also decreased

due to a greater degree of supersaturation in the

gas/polymer solution as it leaves the die. It has

been postulated (157) that such solutions are less

stable and therefore cell nucleation Is facilitated.

Optimum foam quality is reached at a critical blowing
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agent concentration, when the number of nucleating

sites (undecomposed BA or residual of CBA) are just

adequate to provide efficient cell nucleation. Beyond

this concentration, a further increase serves only to

deplete the supply of nucleation sites by premature

decomposition and a further drop in viscosity of the

polymer melt. This explains the decreasing trend in

the number of cells shown in Table 6.11. Ultimately

as the gas/nucleant ratio becomes very large, the

resulting lack of nucleation give rise to an over

foamed product.
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Table 6.11. Cell size analysis of binary blend of PP/HDPE (80/20) foam
at various CBA concentrations.

Wt% Mean Cell
CBA Diameter

(mm)

8	 0.153

10	 0.151

12	 0.147

15	 0.153

20	 0.211

Largest Cell S.D. Area Fraction	 No. of
Diameter	 Occupied by the Cells per cm3

	

(mm)	 Cells X	 *10

	

0.407	 0.0779	 69.28	 3.547

	

0.337	 0.0811	 71.28	 3.721

	

0.295	 0.0681	 73.38	 3.95

	

0.305	 0.0836	 72.65
	

3.547

	

0.419	 0.124	 62.46
	

1.33



CHAPTER 7
P4ICROSTRUCTURAL ANALYSIS

OF
EXTRUDED POVOLEFIN

AND
POLYOLEFIN FOAM



7.	 Hicrostructural Ana1 ysj of Extruded Polyolef in

and Pol yolef in Foams
7.1. Optical Characteristics of Extruded Polypropylene

(Solid)

The microstructure at the surface of extruded

polypropylene was analysed by polarised light micros-

copy. Thin films, 5-10 lAm, were prepared by microtomy

from the cross section of extruded samples. The

specimens were examined on Richert Zetopan microscope

and different regions which varied in width were

identified across the section.

Figure 7.1 Illustrate the typical banded morphologies

through the cross section of polypropylene. As it is

noticed the spherulitic structure has been poorly

developed In the skin layer. This structure less band

is probably due to rapid cooling, which do not allow

sufficient molecular reorganisation for development

of spherulitic morphology. Also the nucleation did not

occur at the skin layer as was originally expected,

but rather at varying distance into the bulk of the

polymer (see Figure 7.1.a). Also it should be pointed

out the bright spherulites appearing in the Figure 7.1

are due to presence of 13-spherulites, therefore as

one can notice these spherulites are only present in

the vicinity of skin layer, and from almost 600 pm

away from the skin layer up to core region the

morphological structure were mostly found to be
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Fig. 7.1. a) Morphological analysis of skin layer of
extruded polypropylene.

b) Morphological behaviour of core layer
of extruded polypropylene.



monocilnic (a-phase structure) as it is evident from

Figure 7.1.b. It is believed this behaviour is due

to slower cooling of the foregoing region as compared

to the skin layer.

The extent and width of structureless regions as well

as the type of spherulites strongly depend on the

processing condition such as take off speed as it is

noticed from Figure 7.2. The foregoing material was

processed at apparent shear rate of 1035 S- 1 (the

apparent shear rate is measured at the die exit), and

take off speed of 0.06 m sec- 1 . When the extrudate rod

was processed at high screw speed, hence, high take off

speed (.30	 m sec 1 ), the material	 beneath	 the

skin layer (less than 1 mm away from the surface) still

was in molten state and cooled at room temperature

(faster cooling rate). This effect is similar to

injection moulding of polypropylene at different

mould temperatures studied by Kamal et al.(109).

7.2. Micromorpholoqy of Extruded Pol ypropylene ky
Transmission Electron Microsco py (TEM)

The microstructural analysis of extruded rods of

polypropylene was also characterised by TEN. The

following studies were carried out on the skin and

core layer of (approximately 3000 p.m away from the

surface of the rod) the extruded samples A surface
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through the thickness parallel to the flow direction

was exposed by microtomy and then it was carefully

polished down to 1 jim finish (the microtomed surface

was mounted in epoxy resin to prevent any distortion

during	 polishing). Afterwards the 	 surface was

ultrasonically cleaned and then etching techniques

described in section 3.9 were carried out for 20

hours at room temperature. The temperature and time

of etching was determined by trial and error in order

to achieve the best results. After the etching

process	 the surface was cleaned	 ultrasonically

according to the procedure of Norton (102), then the

samples were vacuumed dried and two stage replication

was applied. The surface of replica was analysed by

TEM using a Philips EM3O1 microscope. Details of the

findings are listed below.

Figure 7.3 shows the spherulitic structure of skin

layer of extruded polypropylene. At high magnification,

some of fine features of Individual layers become

more noticeable. As it was expected in the skin

layer, mostly the lamellae have oriented in the flow

direction as shown in Figure 7.4. This layer most

likely consist of chain extended material, which is

typical of oriented melt. It is also interesting to

note that just below the skin layer, the spherulite

has	 cracks running perpendicular to the 	 flow

direction (see Figure 7.3 and 7.4). The presence of
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these cracks indicates that, amorphous material was

present on the surface prior to etching. similar

observation has been reported by Fitchmun and co-worker

(160,161) usIng aqueous chromium trioxide and chromic-

sulphuric acid etchants.

Microstructural analysis of the core of the extrudate

rod revealed the unique feature of cross hatched type

lamellae branching which occurs in all types of a-

phase	 monoclinic polypropylene (98,102,162). Figure

7.5 dIsplay a low magnification appearance of these

spherulltes which occurs up to 40 .im in diameter

towards the core of extrudate rod. This figure shows

how the branching affects the lamellar morphology

bestowing upon it what is essentially a bimodal

orientation, where radial lath like lamellae nucleate

tangential and cross-hatched overgrowths of lamellae

are	 oriented nearly orthogonally. 	 Cross-hatched

morphology is also shown in Figure 7.6, where in this

figure R represents the radial direction within the

spherulite	 whilst	 I represents	 the	 branched,

tangential direction of the cross-hatched overgrowth.

The intercrossing and shorter lamellae T,	 were

measured to be at angle of approximately 80°with

respect	 to radial direction which Is in 	 good

agreement with finding of Khoury (98). Norton (102)

in an investigation on the morphological studies of

isotactic polypropylene from melt, found that at a
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crystallisation temperature of 148°C the difference

in the respective thickness of the two components can

be identified, the radial lamellae being slightly

thicker ca. 50 nm for the radial component and Ca. 40

nm for the tangential component.

The effect of this twinning provides the explanation

for the change of birefringence of spherulites

of monoclinic polypropylene as observed by many

Investigators (80,82,102). The net birefringence and

its sign depends on the relative proportion of twinned

and untwinned components. Lamellae with radial growth

display negative birefringence (as with 13-spherulites)

whereas lamellae	 with	 tangential growth display

positive birefringence (102). In type I a-phase spheru-

lites the I and in type II	 3-phase spherulites the

R lamellae should predominate in the cross-hatched

(80).

7.3. Thermal Anal ysis of Extruded Polypropylene

Homopol ymer

Differential scanning calorimetry (DSC) was used to

characterise the thermal behaviour of extruded

samples of polypropylene along the flow direction.

Layers of 500 tm were cut and then tested according

to the procedure described in section 3.10. The

technique itself was found to be available and

convenient	 tool	 for	 comparative analysis of
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microstructure	 of crystalline polymers such 	 as

polypropylene, whilst the results indicated many

interesting thermal transitions.

Figure 7.7 exhibIt the thermal analysis of extruded

polypropylene carried out on the Perkin Elmer DSC II.

As it is noticed the melting curves of skin layer

display one major peak corresponding to an a-phase

melting endotherm at 437°K and one minor peak on the

shoulder of major peak at 422.1°K. The latter peak

agrees with	 a-phase melting endotherm reported by

Lovinger (101). It Is interesting to show that when a

sample from same layer was first heated to above the

melting temperature of polypropylene and cooled at

slow rate (5°K min 1 .) and then reheated, the first

peak which appeared previously in Figure 7.7.a 	 at

422.1°K was absent (see Figure 7.7.b) which proves

the point that -spherulites form due to fast cooling.

Beyond this point only one endothermic peak was

observed around 437°K.

From these results, it is concluded that with fast

cooling a two phase system is observed in the crystal

structure of extruded polypropylene and also due to

alignment of the chains (1000-2000 urn from the

surface), the degree of crystallinity is highest in

this region as it is shown in Table 7.1. A summary of

melting behaviour observed in skin and core layer is
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Table 7.1 DSC analysis of extruded polypropylene. Screw speed
60 rpm, temperature of cooling media 600C.

Thickness of
layer from
the surface
(rim)

10-500

500-1000

1020-1500

2000-2500

2500-3000

Melting peak temp. (°K) Degree of
super-

13	 a	 cooling
(°K)

422.1	 436.83	 46.28

-	 437.1	 44.55

-	 437.75	 45.25

-	 437.52	 46.15

-	 436.64	 45.38

*
Degree of
crystal.

x

34.14

37.56

36.27

35.88

33.03

* Heat of fusion for 100% crystaline polypropylene was taken as
247 J g-1 (163).



presented in Table 7.1.

Degree of crystallinity and crystalline structure of

extruded polypropylene were not altered by varying

the processing conditions such as melt temperature

and pressure, whereas cooling rate (temperature of

cooling media) has effected the degree of

crystallisation through the thickness of the sample

as	 it	 is evident from Tables 7.2	 and	 7.3,

respectively.

7.4. Scanning Electron Microscopy (SEM) Studies on
Extruded Polypropylene

From a practical standpoint the adaptation of the

permanganic etching technique for use with the more

easily used SEM should provide a tool for the rapid

identification	 of	 bulk morphologies at	 the

spherulitic level. Although the resolution is

decreased, and the possible effects of beam damage

may be present, an advantage of such method lies in

the ease and consistency of sample preparation. This

stems from the obviated need for replication.

The low magnification available using SEM proved to

be adequate in assessing the crystalline morphology

of extruded polypropylene. The following figures

typify the results.
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Table 7.2 DSC analysis of extruded Polypropylene. Screw speed
10 rpm, temperature of cooling media 600C.

Thickness of
layer from
the surface

(rim)

10-500

500-1000

1020- 1500

1500-2000

2000-2500

*

Melting peak temp. (°K) Degree of Degree of

	

super-	 cryst.
cooling

13	 a	 (°K)

-	 437.25	 43.55	 36.22

-	 437.9	 42.85	 35.05

-	 438.1	 44.83	 34.91

-	 436.25	 42.57	 35.54

-	 436.43	 42.78	 34.26

* The heat of fusion for 100% crystalline polypropylene was taken
as 247 J g 1 (163).

Table 7.3 DSC analysis of extruded polypropylene. Screw speed
60 rpm, temperature of cooling media 8Q°C..

*

degcee o c.rjt.Thickness of
layer from
the surface

(rim)

0-500

500-1000

1020-1500

2000-2500

2500-3000

Melting peak tep.

13	 a

438.1

437.45

437.7

436.9

436.25

38.37

39.73

35.68

35.2

33.83

* The heat of fusion for 100% crystalline polypropylene was taken

as 247 J g 1 (163).



An overall examination of Figure 7.8, which is a SEM

micrograph of an etched cross section cut perpendicular

to	 the extrusion direction, reveals a' texture

remarkably similar to that seen in polarised light

microscopy (see Figure 7.1). Figure 7.8 is interpreted

as	 showing crystalline material forming 	 poorly

defined spherulites beginning near skin layer and

ending in a well developed spherulite core. It is

noticed that the structureless layer is about 40 urn

thick. In the second layer the spherulites are

prematurely developed. This layer is about 200 urn

thick. The third layer which is about 2000 i.un away

from the skin layer is consist of only a-spherulites

(see Figure 7.8.b and T.8.c). The core layer is

basically consists of monoclinic (a-phase) spherulites.

It is interesting to compare the above findings with

the results of microstructural analysis of injection

moulded	 of isotactic	 polypropylene witness by

Fitchmun et al.(160), where he has noticed that the

size of the crystalline structures at boundaries

(transition between skin and core layer) are abruptly

changed and the spherulite close to the skin layer

appear to have developed in row as opposed to

randomness of spherulltes found above this layer.

This sort of pattern was not observed in this study,

mainly due to high shearing of molecular chains and

also	 different cooling process associated in the

injection moulding process.
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• The observation presented thus far showed that the

changed in spherulites size is continuous within each

layer and there are changes in type and perfection of

spherulites	 from	 one layer to	 another.	 This

phenomenon	 is due to the temperature gradient

existing	 within	 the	 sample	 upon	 cooling.

Crystallisation of polymer melt cooled by cold media

(In this case water with temperature of 600C) leads

to a transient temperature gradient near the surface.

This favours a higher nucleation rate at the surface

than in the core (163,164). If the gradient Is short

relative to the induction time for nucleation, the

morphology	 should	 be composed	 of crystalline

structure of approximately the same spherulite size.

This is because development of these	 rog

structures is produced at the same temperature and,

therefore, at the same rate. On the other hand, if

the extinction time for this gradient was longer than

the induction time, the morphology should consist

of spherulites having a size gradient with the

smallest being near the surface (Compare Figure 7.8.a-

7.8.d). Observation supporting this are common in the

literature for variety of semi-crystalline polymers

(98,161).
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7.5.	 X-ray Diffraction Analysis	 udeed Pol y
-propylene

7.5J, Introduction

A survey of extruded samples of polypropylene by

methods mentioned so far have enabled the

Identification of two forms of crystalline structure.

Since the nucleation of the 13 form is only few

percent as compare to a-phase, therefore it has not

been an easy task to assess their concentration or

distribution through the cross section. Therefore,

an attempt has been made to quantify the

concentration and distribution of 13-phase by X-ray

diffraction technique proposed by Trotingnon et al.

(133). The detailed analysis 0f 2-phase concentration,

a-phase orientation	 parallel to the surface and

crystallinity index are presented in section 3.11.

7.5.2. X-ray Diffraction Anal ysis Through the Thickness
of Extruded Polypropylene

The same samples (same areas) which were prepared for

the TEM and DSC analysis were used for X-ray

diffraction investigation. Layers of 500 urn thick

were cut parallel to the flow direction then their

surface were exposed to the X-ray beam in order to

determine the variation of crystallinity index and

direction	 of 13-phase and	 a-phase orientation

through the thickness (skin to core layer) of the
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extruded rod samples.

Figure 7.9 shows a typical diffractogram for extruded

polypropylene. The calculated results obtained from

these	 figures	 are presented in Table 7.4. The

following points can be deduced from analysis of

these diffractograms;

I ) The diffractogram of skin layer shows a weak

f3-phase of (300) plane and beyond this layer

there Is no indication of any 13 crystaThne

structure.

ii) For Isotropic samples, such as powder or

granules the values of A 0.57 (133), therefore

a slight degree of orientation of c-axis with

respect to the flow direction was only

observed up to depth of 2000 urn, and the

values of A dropped and reaches 0.57 as the

thickness approaches the core layer. 	 The

variation of orientation of the a-phase with

respect to the thickness is shown in Figure

7.10.

iii) The crystallinity Index C increases from skin

to core layer. The variation of C with respect

to the thickness is shown In Figure 7.11. One

should bear in mind that C can not directly be

related with overall crystalline fracture, but

it has been chosen for comparability with A

and B indices and suitably for manual routine
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Table 7.4 X-ray differaction analysis of cross sectional area of
extruded polypropylene by layer removal.

Thickness
from the
surface
(pm)

10-500

500-1000

1020-1500

2000-2500

2500-3000

Peak Hight(mm)

hal ha2 ha3 ha4 h13 ha

95 117	 47 49	 52	 35

	

107 122	 58 54	 0 32

75	 87	 63 47.5 0 26

61	 73 43 39	 0 22

69 79.5 46 49	 0 25

a-phase 2-phase Crys.
Index	 Index	 Index
A	 B	 C

	

0.659
	

0.169
	

2.04

	

0.664
	

0
	

2.13

	

0.612
	

0
	

2.09

	

0.610
	

0
	

1.96

	

0.595
	

0
	

1.94
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measurements.	 For	 instance,	 for	 some

representative	 samples	 the	 crystalline

fracture measured by DSC are Xc 34.14 % for

C 2.04 and Xc 33.03 % for C 1.948.

7.6.	 P4icrostructural Anal ysis f Extruded jjjg
Density Pol yethylene (Soli1

7.6.1. Introduction

In view of establishing an understanding of the

microstructure of extruded high density polyethylene

several techniques were employed.

In chapter 4, the analysis of melt viscosity showed,

due to high entanglement of the molecular chains,

the high density polyethylene possess higher melt

viscosity	 than polypropylene resins. 	 The	 high

molecular entanglement favours the fast nucleation

(80), and as it has been stated in chapter 2 this

phenomenon will lead to a profusion of spherulites

which may will be immaturely developed.

Due to foregoing reasons it was found the polarised

light microscopy was not suitable for studying the

microstructure of the high density polyethylene,

therefore, only differential scanning calorimetry,

transmission electron microscopy and X-ray analysis

results were found to be fruitful as discussed below.
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7.6.2. TEM Analysis of Extruded High Densit y Polyethylene

The surface of the extrudate was microtomed to a

thickness of 500 jim parallel to the flow direction.

As it has been mentioned previously the molecular

weight itself is important factor in crystallisation

of the polymer. This is related to the ease with

which the crystallisation units can be brought to the

lamellae face, complete growth stops, and eventually

advances the growth front. Crystal growth is usually

governed by diffusion, either of heat or matter, the

coefficient of diffusion is inversely proportional to

the square of molecular weight, the rate of advance

become progressively related, particularly to the

initiation rate for new lamellae (165,166). Thus, it

is both expected, and observed, that the lateral

extension of the lamellae will be significantly

reduced with increasing molecular weight at low

crystallisation temperatures.

The	 morphology of skin layer of high density

polyethylene	 is	 illustrated	 in	 Figure	 7.12.

Spherulites as small as 300 nm in diameter can be

distinguished (arrows) in this figure, which is an

etched cross section parallel to the extrusion direction.

In order to verify the effect of molecular weight on
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the crystallography of high density polyethylene, the

microstructure of a lower molecular weight grade of

high density polyethylene (Natene 54180 Mw 	 2.14*

10) was analysed as it is displayed in Figure 7.13.

This figure exhibits the top view of pyramidal

structure of spherulites with lamellae oriented in the

flow direction. It is interesting to point out, that

the diameter of these spherulites are almost twenty

times larger than the spherulites of high density

pol yethy lene (Rigidex H11042 grade).

Microstructural analysis of the second layer of

(Rigidex H11042 grade) has shown curved shape (S

shape) lamellae as It is presented in Figure 7.14.

Here dominant lamellae, running top to bottom (in the

flow direction ), are connected by subsidiary rod

like platelets. The material in the space between the

lamellae	 web	 crystallises	 upon	 cooling	 into

proliferous S-shaped sheets. Similar findings have

been reported by Basset et al.(167,168)	 for	 melt

crystallised polyethylene at temperature of 128°C (for

1 hour).

7.6.3. Thermal Anal ysis of Extruded High Density
]yethy1 ene

Samples at the surface of the extrudate were removed

by microtomy and the melting behaviour of these
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Figure 7.14 Core layer analysis of high density

polyethyl ene (Rigidex H11042) by TEM.



specimens investigated using a Perkin-Elmer differen-

tial scanning calorimeter. As with the polypropylene,

500 m thick layers were cut and tested.

The melting behaviour of the skin layer showed a broad

and low melting temperature (402 O K) as it is shown

in Figure 7.15.a. The summary of melting behaviour

of high density polyethylene is listed in Table 7.5.

The broad endotherm and a lower melting peak of the

skin layer at 402°K (the accuracy of these peaks are

within +10K, as three different samples were tested

and the results were fairly reproducible), appear to be

due to result of the melting of crystallites within

the lamellae, which differ In size and perfection. The

greater	 the perfection of	 crystallites	 being,

thermodynamically are more stable and therefore it

will melt at higher temperature as it is witnessed

from melting peak of the third layer (around 1000 pm

away from the surface) as it is shown in Figure 7.15.b.

Due to slower cooling of the material associated with

the core region, chains can relax and coil back to

their original structure. This phenomenon will result

in lower melting temperature as compare to the second

layer. The melting behaviour of this region is shown

in Figure 7.15.c.

From the foregoing results one can conclude that
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Table 7.5 DSC analysis of extruded high density polyethylene.
Screw speed 30 rpm, tempearture of cooling media 600C.

Thickness of
layers from
the surface

(tim)

10-500

500-1000

1020-1500

1500-2000

3000-3500

meltins temperature

(OK)

402.06

405.11

406.3

404.22

403.23

*

Degree of
crystallinity

54.90

58.93

60.80

57.72

54.53

* The heat of fusion for 100% crystalline polyehtylene was taken

as 276 J g' (169).
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three distinct layers exist in extruded high density

polyethylene rod, which second layer shows more chain

alignment, hence, more perfect crystalline structure.

k6.4. X-ray Anal ysis pf Extruded !itah Density
Polyethylene

In this section the X-ray analysis of longitudinal

surface of extrudate (parallel to the flow direction)

of high density polyethylene has been considered.

Similar to polypropylene samples of 500 pm thick were

tested and their results are listed below.

Analysis of the surface layer revealed two peaks

corresponding to hkl planes of 110 and 200. The

position and intensity of these reflection were used

as a measure of orientation distribution of

crystallites within each sample. Some investigators

have revealed that three maxima with hkl planes of

020, 200, and 110, and they found their intensities

are in ratio of 1:10:40 (115). Therefore with the

knowledge of intrinsic intensities for these planes,

comparatively the orientation distribution of skin to

core layer can be identified. The summary of these

results are presented in Figure 7.16. The results

show chain orientation occurs In layer around 1000-

2000 pm away from the surface. Calculated inter-

planar spacing for hkl plane of 110 and 200 are 4.2 A

and 3.76 A respectively, which represent the poly-
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Fig. 7.16. X-ray diffraction analysis through the cross
section of an extruded HDPE sample by layer
removal. (1) skin layer, (2) 1020-1500	 away
from the surface, (3) 1500-2000 pm away from the
surface, (4) centre of the extrudate, 2500-3000 pm
away from the surface.



ethylene orthorhombic phase.

7.7	 Microstructural Anal ysis of Binary Blend of
Hi gh Density p]yethylene and Polypropylene

7.7. 1. Introduction

Polyblends of	 high	 density polyethylene 	 and

polypropylene have been used commercially due to

synergistic effect on various properties such as

modulus, strength, and elongation (170,171). These

effects might be caused by morphological changes such

as nucleation of crystallisatlon of polypropylene by

presence	 of	 high density polyethylene and/or

formation of interpeneterating networks in the blend

(171). As it has been mentioned earlier on, blends of

these polymers were chosen in order to modify the

melt strength and melt crystallisation to stabilise

the cell walls within the foam.

Also as it been mentioned In the previous chapter, only

blend of 20/80 ratio of high density polyethylene and

polypropylene showed best effect in stabilisation of

cell walls as well as achievement of lowest density

with high open cell fraction in the final product.

For these reasons the microstructure of this blend

was examined in order to establish a good understanding

of co-crystallisation and/or segregation effects and

their effect on the recrystallisation behaviour of

the blend. In the first part, the surface of

150



extrudate was analysed by transmission and scanning

electron microscopy and the melting behaviour was

examined by DSC. X-ray analysis was ignored since the

positions of the peaks were difficult to identify each

crystalline phase and exact miller indices.

7.7.2. Microstructural Anal ysis of Binary Blend of
Extruded Hi gh Density Pol yethylene and Pol y-
propylene y SEM and TEP4

The skin layer morphology of extruded sample examined

by SEM, revealed the expected decrease in spherulite

diameter (mainly polypropylene), since at low magni-

fication, the spherulites of high density 	 poly-

ethylene cannot be observed as it has been mentioned

in the previous section (see 	 Figure 7.17). The

diameter of the spherulites varies from 15-20 pm,

which have dropped as much as four times compared

to Polypropylene Homopolymer.

Investigation of the core layer by TEM revealed

mainly two separate areas designated by A and B. At

higher magnification area A shows sheaves of radii

lamellae have been formed as shown In Figure 7.18.

Still at higher magnification it has been revealed

that the radial formation of lamellae at the edge

lath show various orientation about their length.

Area B has different texture from area A which it
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proves no co-crystallisat ion has taken place and upon

solidification two different phases are formed. Also

it should be pointed out that the spherulitic size

has decreased (as compare to polypropylene homopolymer)

as a consequence of nucleating effect.

7.7.3. DSC Anal ysis of Binary Blend of jflg Density
Pol yethylene and Polypropylene

The specimens were prepared similar to the previous

section and their thermal behaviour was 	 examined

according to the procedure described in section 3.10.

By characterising using thermal analysis, it was

Intended to assess the segregation and nucleating

effect of the constituents during the processing. If

segregation occurs, by whatever cause, a double or

multi-peaked endotherm would be expected to appear on

subsequent heating during DSC analysis, owing to the

greatly different melting behaviours of the blend

components (see Figure 7.19). Comparison of melting

behaviour of the sections cut from skin to core layer

taken from the blend, and those of polypropylene and

high density polyethylene homopolymer, reveals the

following points;

i) The skin layer has shown multi-endothermic peaks

at 400.27, 421.7, 435.6, and 451.06°K. The first

peak correspond to melting temperature of high
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density	 polyethylene,	 which	 its	 melting

temperature did not change significantly as

compared to its homopolymer. On the other hand the

melting behaviour of polypropylene have shown up to

four peaks, one major and one minor peak

corresponding to a-phase melting endotherm at

435. 6°K and 451°K respectively, and two minor

peaks on the shoulder of the major peak at 422.4°K.

As has been mentioned earlier, the peak of 422.4°K

agrees with 8-phase melting endotherm reported

by Lovinger (101).

ii) In the transition layer (around 2000 urn away from

skin layer), firstly the melting curve of high

density polyethylene appeared at 404°K (2°K

higher than endothermic melting peak of this

polymer in the skin region). Secondly

polypropylene showed up to three peaks. One major

peak at 440.2°K and two minor peaks at 437.2 and

456.6°K, which corresponds to a-phase (101).

iii) In the core region (around 3000 urn away from the

surface and where a change was noticed in the

melting behaviour), the thermal analysis of

polypropylene, showed one major peak at 436.5°K

and two minor peaks at 421.7 and 445.2°K. The

melting peak produced by 8-phase was less

intense as compare to that of and in the skin

layer.

iv) The overall degree of crystallinity measured
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across	 the	 cross	 section shows	 higher

crystallinity was appeared in the transitiol)

zone. A summary of the melting peak position anci

degree of crystallinity for extruded specimen of

binary blend of polypropylene and high density

polyethylene at different layers are shown in

Table 7.6.

v) Most important of all, as it is noticed from

Figure 7.19.c and Table 7.6, the degree of

supercooling temperature of polypropylene has

been effected by the presence of high density

polyethylene and has dropped as much as 8.36°K

(in skin layer) and 9.84°K (in the core region).

From the above results firstly one can conclude that

the	 blend	 of high density polyethylene and

polypropylene is not a single phase system. Secondly

high density polyethylene to some extent has effected

the crystallisation of polypropylene and provided a

nucleating site for crystallisation of polypropylene.

This phenomenon supports the idea that better cell

stability (in polymer foam) could be achieved with

blends of these polymers. Furthermore It can be seen

that, due to nucleating effect the diameter of poly-

propylene spherulites have decreased as much as of

four times.
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Table 7.6 DSC analysis of extruded PP/HDPE blend. Screw speed 40
rpm, temperature of cooling media 600C.

Thickness of Melting temperature(°K)
layer from	 HDPE	 pp
thesurface ------ ---------

(urn)	 al	 a2	 a3

	

10-500	 400.27 421.7 427.5 436.5	 -

	

500-1000	 401.71 422.4 428.1 436.1	 -

1020-1500	 403.11 422.7 429.1 437.3	 -

	

1500-2000	 404.1	 418.4 437.2 440.2 456.6

	

2500-3000	 400.1	 421.7 436.5 445.2	 -

Dth-ee of super
cooling of PP

(°K)

37.92

36.98

35.45

35.28

35.54



7.8.	 Microstructural Analysis of Extruded Pol y
-propylene Foam

7.8.1. Surface Analysis y SEM and TEM

The surface of extruded polypropylene foam normal and

parallel to direction flow were prepared according to

procedure of section 3.9J and 3.9.3 for SEM and TEM

analysis respectively.

The spherulitic structure of polypropylene foam can

be seen at even low magnification as it is displayed

in Figure 7.20. At higher magnification (see Figure

7.21) the micro structural analysis of polypropylene

revealed	 several interesting points which are

described below.

I) Comparison	 of	 spherulitic	 structure	 of

polypropylene homopolymer and polypropylene foam

shows that the spherulites of the foam sample

have	 flat tops. This phenomenon have been

explained In detail by Hornsby et al. (61,62),

where they have studied spherulitic morphology of

injection moulded polypropylene in structural foam.

They have suggested the spherulites which have

been developed close to a cell, form a concave

side where they are in contact with the melt cell

Interface. Due to surface tension effects the

cohesive force between the crystallites and the
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Fig. 7.21. a) higher magnification of above Figure.
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Fig 7.22. Core layer analysis of extruded polypropylene

foam by SEM.



melt,	 and	 molecular entanglement,	 these

spherulites will remain in the melt and also will

be pushed along by the expanding cell. Therefore,

upon further expansion it will reach a point

where their movement will be restricted and if

the cell continues to expand further the

spherulites will leave flat topped structure.

ii) At higher magnification it has been found that

the gas bubbles have penetrated through the

spherulites. It is interesting to add that the

position of microbubbles are either in the region

of interspherulitic or on the lamellae boundaries

(see Figures 7.22-23). In order to verify these voids

are not the artefact of bumbarment of electron,

by SEM, similar areas have been tested by TEM and

also porosimetry. The results obtained from these

analysis agrees with the above finding (see Figures

7.23 and 7.24). The size of these voids vary through

the spherulites and also through the cross sectional

areas of the extrudate foam. The largest micro-

bubbles are formed in the region, where the rate

of cooling is much slower than the skin layer.

iii) Due to low thermal conductivity associated with

the foamed sample, therefore upon cooling the

degree of crystallinity would be greater in the

core region. The consequence of this phenomenon

will be greater shrinkage within the sample. The

shrinkage of the material between the already
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Fig. 7.23. Skin layer analysis of extruded polypropylene

Loam by TEM.
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formed spherulites has resulted in the funnel-

shaped holes which has been observed at spherulltes

boundaries. Hornsby et al. (62) also found similar

results in the morphology of injection moulded of

isotactic polypropylene structural foam.

iv) Spherulites diameter varied from skin to core and

were to be around 15 and 30 urn respectively.

From further examination of the core layer by TEM

(see Figure 7.25), it was found the extremity of a

sheaf, showing a very important feature, namely that

in these regions one has assembly of more or less

equally spaced individual dominant lamellae. From

this figure, the central a splaying object can be seen

which has almost developed the well known feature of

eye	 or Popoff (172) leaves by encirclement from

opposite ends. The point which Is interesting to raise

here is at the edges, laths show various orientation

about their lengths. For an ideal axialite, they

would all be identical. It Is believed that such

variation facilitates the attainment of a three

dimensional	 envelope appropriate to a mature

spherulite.

7.8.2. Thermal Anal ysis of Extrude Polypropylene
Foam

Similar procedure as those of polypropylene (solid)
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Fig. 7.25. Sheaf-like or "eyes" appearance in mono-clinic
spherulite of extruded polypropylene foam (core
layer).



was employed to study the thermal behaviour of poly-

propylene foam.

The melting behaviour of polypropylene foam from skin

to core layer is presented in Figure 7.26. As it is

noticed since the polymer has strong memory, the

different cooling rate has effected its melting

history. The skin layer shows one major peak around

437.8°K corresponding to a-phase melting endotherm,

and one minor peak at 421.9°K on the shoulder of the

major peak which agrees with the 13-phase endothermic

melting peak reported by Lovinger (101). In order to

verify the presence of the 	 13-phase is either due

to the cooling rate or nucleating effect the chemical

blowing agent, a sample from the same layer was

melted and then cooled at slower rate (5°K min. 1 ) and

again reheated, which the results received	 are

presented in Figure 7.26.b. As it Is noticed again

too endothermic peaks appeared at 422.5°}( and 438.87°K.

The comparison of these results and the results

obtained for polypropylene homopolymer brings one to

a conclusion that the chemical blowing agent used has

nucleating effect on the polypropylene. Evidence

of this phenomenon is more clear when a sample from

the same layer melted and its recrystallisation

behaviour showed a reduction in degree of super-

cooling as compare to po1ypropyene homopolymer

(compare Figure 7.7.c and 7.26.c). Beck et al. (173)
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and Ronca (93) have studied the effect of nucleating

agent on the crystallisation of isotactic polypropylene

and they have shown that nucleating agent can decrease

the degree of supercooling and increase the concen-

tration of 13-phase in polypropylene.

When the melting behaviour of material in the core

layer was studied, it was revealed that the intensity

of the 13-phase as compare to the skin layer was

reduced, but still significantly present, as shown in

Figure 7.26.d and Table 7.7.

Calculated results of degree of crystallinity of

foam extrudate as compared to its homopolymer shows

it has not been altered significantly as it is shown

in Table 7.7.

7.8.3. X-ray Diffraction Anal ysis of Extruded Pol y-
propylene Foam

For the sake of comparison the foam specimens were

prepared for the X-ray analysis similar to those of

pol ypropy lene homopolymer.

The X-ray diffraction analysis of skin to core layer

are presented in Figure 7.27 and Table 7.8. The

following points can be drawn from these analysis.

1) The analysis of skin layer revealed a strong 13-phase

at plane of 300 and 221. It Is interesting to
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421 .9

422. 1

422.9

421.75

422.2

416.5

437.82 -

437.65 -

	

438.3	 428.1

457.33 451.78

	

436.4	 452.76

	

432.91	 437.38

37.82

36.28

38.29

36.78

36.42

37.77

31.18

32.23

36.36

37.1

34-49

32.37

Table 7.7.	 DSC analysis of extruded polypropylene foam. Screw
speed 60 rpm, temperature cooling media 60°C.

Thickness of
layer from
the surface
()

10-500

500-1000

1000- 1500

1500-2000

3000-3500

4000-4500

Melting peak temp.(°K) Degree of super Degree* of
cooling (°K)	 cryst. %

13	 al	 a2

* The heat of fusion for 100 Z crystalline polypropylene was taken
as 247 J g' (163).

Table 7.8 X-ray analysis of cross sectional area of extruded
polypropylene foam by layer removal. Screw speed 60
rpm. The temperature of cooling media 60°C.

Thickness	 Peak Hight(m)
of layers	 13-phase	 a-phase	 a-phase 13-phase Cryst.
from the	 ------------- --- Index	 Index Index
surface	 hal hu2 ha3 ha4 ht3l h132 ha 	 A	 B	 C
(tim)

10-500	 81
	

152
	

44	 39 64 23 43	 0.675
	

0.239
	

1.87

500-1000	 92
	

169
	

56	 40 42	 0 41	 0.693
	

0.117
	

1.95

1500-2000 90
	

75
	

36 47 36 0 29 0.656
	

0.152
	

L92

2000-2500 87
	

75
	

45	 56 22	 0 32	 0.608
	

0.096
	

1.78

3000-3500 61
	

99
	

42	 46 24 0 35	 0.570
	

0.106
	

1.55

4000-4500 54
	

68
	

32 46 15 0 32 0.540
	

0.089
	

1.34
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Fig. 7.27. X- ay diffraction through th c os s
extruded PP foam by layer rem v
layer,	 (-----) centre of xtru
away from the surface).



compare the intensity of these peaks with those

of polypropylene homopolymer shown in Figure 7.9.

Clearly foamed samples which suggested that the

nucleation of polypropylene by chemical blowing

agent in responsible for this behaviour. It

should	 be also added	 that	 (3-spherulites

appeared to be stronger in the skin region as

compared to core layer.

ii) The	 a-phase orientation of the c-axis with

respect	 to the flow direction	 is	 not

significantly changed as compared to those of

homopolymers. But still higher order of orientation

was observed in layers 500-2000 pm away from skin.

iii) Crystallinity index C also was not drastically

changed as compare with the polypropylene

homopolymer. These findings are also in a good

agreement with results obtained from DSC analysis.

79.	 Nicrostructural Anal ysis of Extruded High
Density Pol yethylene Foam

7.9.1. Surface Anal ysis of ifigh Density Polyethylene
Foam k

As it was mentioned earlier, due to fast nucleation,

the skin layer up to thickness of 1500 pm did not

show any spherulitic structure. Below this layer at

very high magnification the spherulitic structure was

more clear as it has been shown in Figure 7.28.

Several points can be concluded from this figure.
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Fig. 7.28. a) Skin layer analysis of extruded high density
polyethylene foam(Rigidex H11042) by TEM.

b) Core layer analysis of extruded high density
polyethylene foam(Rigidex H11042) by TEN.



Firstly, the chemical blowing agent did not induce

significant change in the size of spherulites. Secondly,

the dominant lamellae are composed of regular arrays

of the connected well defined curved shapes. Thirdly

the spherulitic structure to some extent look flatten,

which suggest the gas generated from blowing agent

has the same effect on the morphology of high density

polyethylene as compared to polypropylene.

The	 effect of chemical blowing agent on the

spherulitic structure of high density polyethylene

(Natene 54180) Is more clear as it has been shown in

Figure 7.29. It is Interesting to note that the

spherulites in the core region (Figure 7.29.b) have

flatten top similar to those noticed in PP foam. Also

funnel shape holes are observed on the spherulites

boundaries. Due to differential cooling and difference

in the degree of crystallinity the interspherulite

shrinkage is greater in the core region as compared

to skin layer (compare Figure 7.29.a and 7.29.b). It

should be pointed out, the black spot appearing on

the Figure 7.29.b is due to electron beam damage. The

fact that the spherulitic structure of polyethylene

under study has pyramidal shape, therefore, the top

part is more susceptible to electron beam damage than

other areas.
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Fig. 7.29.	 a) Skin layer analysis of extruded high density
polyethylene foam (Natene 54180).

b) Core layer analysis of extuded high density
polyethylene foam (Natene 54180).



7.9.2. DSC Anal ysis of Extruded Hi gh Density pol y-thykie Foam

Similar to the previous sections specimens of 500 im

thick were prepared and examined for their melting

behaviours.

The endothermic melting peak for each layer was

analysed and summary of their results are given in

Table 7.9. Similar to Its homopolymer the extruded

foam also consist of three layers, skin, transition,

and core. The thickness of transition zone (where the

melting point was found to be higher) was less than

the high density polyethylene homopolymer. This could

be due to the expansion of the polymer melt, where it

will decrease the rate of heat loss and the melt can

cool at lower rate, therefore, the extended chains

due to shearing action can go back to unperturb

state. Also from Figure 7.30 and Table 7.9 it is noticed

that the melting temperature as well as the degree of

crystallinity has decreased in the foamed sample as

compared to its homopolytner. This could be due to

faster rate of nucleation of polymer as a results of

addition of chemical blowing agent. Also due to this

phenomenon and differential cooling two phase system

are present in the skin layer crystal structure. The

first melting peak which appeared at 385°K most likely

is due to imperfect crystal structure and second
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Table 7.9 DSC analysis of extruded high density polyethylene foam.
Screw speed of 40 rpm, temp. of cooling media 600C.

Thickness of
	

Melting peak (°K) 	 Degree of
layer from the
	

Cryst. %
surface (aim)

10-500
	

384.8	 400.98	 50.96

500-1000	 -	 402.75	 57.02

1020-1500	 -	 405.75	 57.97

2000-2500	 -	 404.12	 56.53

3000-3500	 -	 403.33	 53.92

4000-4500	 -	 403.85	 52.70

* The hae fusion for 100% crystalline polyethylene was taken as
276 J g1 (169).



A

z

________________ -
HOPE (H11042) FOAM SKIN LAYER

V

z

TEMPERATURE (K)	 DSC

TEMPERATURE (K)	 DSC

Fig. 7.30. a) Melting behaviour of skin layer of extruded
high density polyethylene foam(Rigidex H11042).

b) Melting behaviour of transition layer of high
density polyethylene foam (Rigidex H11042).
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endothermic peak around 401°K (128°C) is due to

crystals that form under slower cooling rate, and is

typical	 of melting behaviour of	 high	 density

polyethylene (116). As the results of slower cooling

In the core region (same effect if one would anneal

the sample), the first melting peak disappears and

the	 second	 peak appears at	 slightly higher

temperature (see Figure 7.30.a&b).

For all intensive purposes the melting behaviour of

high density polyethylene (Natene 54180) is also

shown in Figure 7.30. As it is expected two melting

peaks appeared at 402°K (129°K) and 405.5°I< (132.5°C)

respectively. This could be due to the two different

crystal	 structure	 present in	 the	 crystalline

morphology of this polymer noticed in Figure 7.29.

These secondary crystallisation most likely are due

to differential cooling caused by foaming process of

the melt.

7.9.3. X-ray Analysis of Extruded Hi gh Density
Polyethylene Foam

The X-ray diffraction was used to determine the

orientation distribution of crystallites within the

cross section of extruded foamed samples.

The diffractograms of skin to core layers 	 are
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Fig. 7.31 X-ray analysis of cross section of extruded high
density polyethylene by layer removal. (1) Skin
layer, (2) 1020-1500 pm away from the 	 skin,
(3) centre of extrudate 4000-4500 pm away from the
skin.



presented in Figure 7.31. As it was expected the

intensity of the peaks for skin and core layer is

similar to those of homopolymer. The only difference

lies in the thickness of these layers. As it is

noticed the transition thickness decreased and core

layer increased. This phenomenon 	 was previously

explained and it was stated that the differential

cooling Is the main factor for this behaviour.

The Miller indices of these peaks were identified as

200, and 110 planes, with interplanar spacing of 3.78 A,

and 4.2 A respectively. As mentioned previously this

represent the orthorhombic structure of the polyethy-

lene unit cell.

7.10. Microstructural Anal ysis of Binary Blend pf
Pol ypropylene and Hi gh Density Polyethylene
Foam

7.10.1 Surface Anal ysis .y SEP4

Microstructure of skin and core layer was analysed

and their results are presented in Figure 7.32. The

microstructure of skin layer was found to be different

from core region.

From the microstructural analysis of homopolymer it is

believed the row nucleated spherulites presence here

can be identified as those of polypropylene. As one

can notice the diameter of these spherulites decreased

as compared to polypropylene homopolymer. This is
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Fig. 7.32. a) Skin layer analysis of extruded PP/HDPE foam
by SEM.

b) Core layer analysis of extruded PP/HDPE foam
by SEM.



believed is due to nucleation by foreign matters such

as chemical blowing agent and presence of high

density polyethylene. As it will be shown later, due

to this phenomenon the crystallisation temperature

(Tc) increased and as a consequence the degree of

supercooling has decreased.

It should be added that due to the interspherulite

shrinkage, funnel shaped holes are also formed as it

can be seen from Figure 7.32. Also make a note that

the presence of gas bubbles in the melt caused

formation of microvoids in the spherulites as it was

explained in previous sections.

The microstructure of core layer shows a different

structure with fibrilated lamellae toward the centre

of the spherulites. Two interesting points one can

raise here. Firstly due to higher concentration

and slower rate of nucleation of polypropylene no

spherullte of high density polyethylene can be identified

in	 this figure. Secondly the gap between the

spherulltes due to higher shrinkage associated with

this region is increased as it is noticed in Figure

7.32.b.
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7.10.2. Thermal Analysis of Extruded Binary Blend of

jjg Density Pol yethylene and Polypropylene
Foam

The extruded foams were sectioned through their

thickness for DSC analysis. As with the thermal study

of binary blend of unfoamed polymer, multiple peaks

associated with different crystalline structures were

observed. As it was expected analysis of skin through

core layer resulted in different melting behaviour.

Figure 7.33.a display the melting behaviour of skin

layer. As it is noticed one major peak appeared at

400.5°K and in addition a peak appeared on the

shoulder of major peak at around 399°K as a result of

endothermic melting point of high density polyethylene.

In general, the melting peak of a semi-crystalline

polymer is higher as the thickness of lamellae, 1, is

larger. Therefore, even though it was not observed

from microstructural analysis by SEM two crystalline

phase must be present in the crystalline structure.

The melting peaks which associate with thermal

behaviour of polypropylene display very interesting

results. Four peaks appeared at 414°, 421.5°, 431°,

and 437.5°K. The first two and last two peaks associate

with	 melting of	 and	 spherulites respectively.

The crystallisation temperature (Tc) measured for all

the layers were found to be higher than the Tc of
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polypropylene homopolymer, as it is noticed from

Table 7.10. Also due to the same phenomenon the

degree of supercooling was decreased.

When a sample from the skin layer was first heated to

above the melting temperature of polypropylene and

then slowly cooled (5°K min'), the analysis of its

melting behaviour gave following results;

1) Only one endothermic peak was observed for high

density polyethylene at 402°K. The minor peak at

399°K previously observed in Figure 7.33.a, as

the consequence of slow cooling has disappeared.

ii) The peaks corresponding to the melting behaviour

of polypropylene (the peaks associated with 13-phase)

were lower in intensity. This behaviour proves the

point that slow cooling diminishes the formation

of 13-spherulites, but due to nucleating effect of

chemical blowing agent and high density poly-

ethylene, the 13-phase still is present as it can

be seen from Figure 7.33.c.

From the foregoing results one can clearly see that,

the addition of high density polyethylene to the

blend, can result to better stability of	 cell

formation in the extrusion of polyolef in foam.
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Table 7.10 DSC analysis of extruded PP/HDPE (80/20) foam. Screw
speed 60 rpm.

Thickness of
layer from
surface (jim)

10-500

500-1000

1020- 1500

1500-2000

2000-2500

3000-3500

4000-4500

Melting temp. (°K)
HDPE	 PP

131	 132	 al	 a2

399.2 400.5 414.2 421.5 430.5 435.95

	

-	 400.95 - 421.5 436.85 -

	

-	 400.86 -	 421.3 437.47 -

	

-	 401.36	 -	 421.8 437.87 -

	

-	 400.73 - 423.4 437.36 -

	

-	 400.12	 -	 422.7 436.67 -

	

-	 398.6 -	 420.7 435.45 440.1

Temp. of.
crys.
T (°K)

402.26

401.81

402.26

402.75

400.85

400.35

399.63



CHAPTER 8

ONCLLJSIONS AND RECOMMENDATIONS FOR FUTURE WORK



8. Conclusions and Recommendations for Future Work

A systematic and comprehensive study was carried out to

investigate	 the effect of	 processing	 conditions,

molecular weight, and concentration of chemical blowing

agent upon rheological properties, macro and micro-

morphology of PP, HDPE, and blends of PP/HDPE foam. The

following conclusions have been made from the results of

this research;

I)	 The viscosity of polymer/gas mixture is strongly

affected by the melt temperature and the melt pressure

inside the die. It has been found at high processing

pressure (pressure greater than 4.14 MPa), the pressure

drop inside the die follows a linear relationships

with respect to axial distance (dp/dz is constant),

whereas at lower pressure the pressure Is function of

position which clearly indicates formation of two

phase system and premature foaming inside the die.

ii) Due to chain branching of high density polyethylene,

the processing pressure for this polymer is much

higher than polypropylene. Therefore, the reduction

in melt viscosity of HDPE/gas mixture is much less as

compared to melt viscosity of PP/gas solution.

iii) Addition of chemical blowing agent to polymer melt

has resulted in reduction of melt viscosity. The

extent of reduction is function of concentration of

chemical blowing agent, polymer molecular structure,
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and processing temperature and pressure. Addition of

5 wt.%	 Hydrocerol CF-20 to polypropylene 	 has

resulted in reduction of melt viscosity as much as

38% at melt pressure of 1.72 MPa, whereas at melt

pressure of 5.5 MPa the reduction in melt viscosity

is around 16% as compare to their unfoamed polymer.

iv) Melt fracture is strongly affected by addition of

gas in polymer. For polymer gas mixture the melt

fracture occurs at higher shear rate as compared to

its unfoamed state.

v)	 The density in both solid and melt states and

porosity of extruded polyolef in foam are affected by

die entry angle, LID ratio, processing conditions and

blowing agent concentration. It has been found with

low entry angle dies (15° and 30°) considerable

pressure drop has taken place inside the die, which

resulted	 in premature foaming,	 hence,	 bubble

collapse prior to cooling. On the other hand, die

with entry angle of 60° showed considerable melt

fracture at lower shear stress and shear rate. It has

been suggested that die with entry angle of 45° is

most suitable for processing of polypropylene foam,

where, due to higher processing pressure of high

density polyethylene, die with entry angle of 30°

was found to be more suitable for processing of this

polymer.

vi) Over the range of L/D ratios studied, it was found

that L/D ratio of 0 and 2 are more appropriate for
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achievement of low density and high open cell

fraction in high density polyethylene and polypropylene

foam respectively.

vii) To achieve low density foam with high open cell

fraction, the gas/nucleant ratio should be at its

optimum condition. It was found that melt tempe-

ratures of 185°C and 255°C are more suitable for

processing of polypropylene and high density foam

respectively. Addition of foreign nucleanting agent

has been shown can affect the cell size and cell

size distribution. Therefore it is suggested that

an in depth investigation of effect of nucleating

agent type and concentration on the cell size and

cell size distribution is required.

viii) Melt viscosity also strongly influence foam density

and open cell fraction. Grades of polymer with high

melt viscosity have higher resistance to expansion,

hence, the bubble growth will be suppressed. On the

other hand polymers with low melt viscosity, have

resulted in premature foaming inside the	 die,

thereby resulting in foam specimen with high density

and low open cell fracture. From the six different

grades of PP and four different grades of HDPE used

in this research, the grades PP with MFI of 9 and HDPE

with MFI of 11 9(10 min.) 1 were found to give max-

imum reduction in density and higher fraction of

open cell porosity, as compared to other grades of

these polymers. To explore the relationship between
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melt viscosity and foam density it is would be

interesting to extend this work by evaluating

the melt strength of each resin in foamed and

unfoamed state and correlate it to expansion ratio

and density of the foamed specimens.

ix) The melt viscosity was optimised by melt blending PP

(GXM-43 MFI	 9 g(10 min.) 1 ) and HOPE (1411042

MFI	 11 g(10 min.) 1 ) at various ratios. Results of

this investigation showed that the blend ratio of

80/20 PP/HDPE, was more suitable for achieving max-

imum reduction in foam density and at the same time

obtaining higher percentage of open cell porosity as

compare to other blend ratios of these polymers.

x) Cell size and cell size distribution were found to

be	 function of processing condition and melt

viscosity of polymeric material. Due to variation of

shear rate across the cross sectional area of

extrudated foam, the cell geometry varies from circular

to elliptical shape, from core to skin layer (where

the shear rate is at its maximum). The uniformity of

cell size increases with increasing the MEl of

polymer, and it goes through a maximum at MFI of 9

and	 11 g(10 min.) 1 for PP and	 HOPE	 foam,

respectively. The cell size distribution was found

to be more uniform when the concentration of PP was

increased in the binary blend of PP/HOPE. It has

been shown that the uniformity of the cell size

distribution is optimised when the blend ratio of
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PP/HDPE foam is 80/20.

xi) In extruded unfoamed specimens of PP, just in skin

layer 13-phase spherulltes were noticed, whereas with

addition of blowing agent, distribution of 13-phase

spherulite was noticed through the whole cross section.

Addition of gas In polypropylene resulted in network

of troughs and funnel-shaped holes covering the cell

walls and circumscribing what were identified as

flattened spherulites. Also formation of micro-voids

was noticed within the spherulites and in inter-

spherulites boundaries. The size of these voids varies

through the cross section of extruded specimen. The

largest micro-voids are found in core region where

the rate of cooling is slowest. It should be added

that the size of spherulite is found to be smaller

for foamed samples than for unfoamed specimens. In

future work it Is suggested that the effect of

different types of polymorphs structure such as

a and 13 spherulltes on the foaming properties of

polyolefin foam should be investigated.

xii) Due to differential cooling, the microstructure of

high density polyethylene foam (in the core region)

shows two distinct structures. The characterisation

of these specimen by DSC complements the results

obtained by TEN, and shows two different melting

peaks.

xiii) The presence of high density polyethylene in the blend

of PP/HDPE has a nucleating effect on polypropylene.
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It has been shown the degree of super cooling of

polypropylene in PP/HDPE foam specimen has been

dropped as much as 1O.2°K. This phenomenon 	 has

resulted in stability of the the cell walls and to

some extent preventing bubble collapse prior to

entering the cooling tank.

xiv) Microstructural analysis of PP/HDPE shows these two

polymers are not compatible, and two distinct

regions were found in extruded specimens when they

were studied by TEM. DSC results also confirm

these findings, were several peaks appeared as result

of melting of different crystalline structures.
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