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Abstract

Project Code: BRG43-8-0012
Project title: ‘Phase Bebavionr of Polyolefin Blends under Melt Flow'.
Investigator: Richard A. Venables

Tel.: 246-1358-74 Ext. 1309

Fax: 2477050

Email: frravi@mahidol.ac.th

Project Period: August 2000 to July 2003

Keywords: polyolefin, processing, morphology, toughness

Objectves:

Characterisation of the solid state morphology in the linear polyethylene / ethylene-a-olefin
copolymer blend that exhibits hiquid-liquid phase separation, over the practical range of
processing conditions used in fabrication, and comparison with the corresponding quiescent

conditions.

Detailed invesugaron of processing - morphology relatonships, physical characterisation, and

physical property determination.

Microstructure - mechanical deformation analysis of selected, novel, liquid-liquid phase
separation morphologies and immiscible blend morphologies through a fracture mechanics

approach.

Ultimately, it is hoped that processing-morphology-property reladons will be well established for
this system, leading to the preparation of compounds with optimised that possess enhanced

physical properties.

Method
To investigate the effects of thermomechanical history upon morphology evolution, samples
were prepared with a well-defined history through solution blending followed by shearing at a

range of temperatures. The morphology changes during subsequent annealing in the melt-state



were followed through quenching the samples from the melt and observing sectons or prepared

AU
surfaces through microscopy.

Results and Discussion:

The thermomechanical history of polyolefin blends has a pronounced effect upon
the morphology development, and therefore the physical properties of the materials. The effects
of temperature and shear history differ depending upon the inherent mutual compatbility of the
consttuent polymers.

In systemns that were deemed partially miscible, such as the polyethylene / poly(cthylene-
co-1-octene) blend, melt flow resulted in the formaton of a fine length-scale morphology
comprising intertwined polyethylene lamellae and poly(ethylene-co-1-octene) domains. The
morphology resulted from the concurrent liquid-liquid and solid-liquid phase separaton that
occurred upon cessation of flow and cooling.

In the parnally miscible systems, shearing was found to affect the superposition of time
and temperature upon the coarsening process that was observed for samples prepared without
sheanng. Shearing two-phase melts at 1 s' led to coarsening of the domain morphology at an
accelerated rate in comparison with unsheared samples and those sheared at 50 s''. In all cases,
conditioning of samples at elevated temperature resulted in reduced coarsening during
subsequent annealing. Morcover, the influence of elevated temperature was enhanced through
intenstve shearing during injecuon moulding. The short tme spent at the elevated temperature
has a critical effect upon the morphology that forms in subsequent operations. This effect was
not a consequence of changes in melt viscosity, as evidenced by the non-superimposinon of the
results data when the superposition of time and temperature was assumed. The complex, mulu-
layered phase morphology produced in the solid state during moulding, was the product of the
partial miscibility in the melt state and the phase separaton that takes place upon cooling and
crystalisaton. The resultant morphology has a marked bearing upon the toughness of the
materal under impact conditons at sub-ambient temperature. Coarser morphologies that are a
consequence of higher elastomers contents and less compadbility of the blend components at
lower temperature result in greater impact toughness at sub-ambient temperature.

In the isotacric polypropylene and isotactic poly(propylene-co-ethylene) systems that
exhibited poorer compaubility than the polyethylene formulations, the impact properties were
catically dependent upon the injection moulding conditons, with decreases in toughness
associated with increased elastomer domain sizes at higher moulding temperatures. For the PE
that exhibited pronounced miscibility in the melt-state, differences in the processing conditions

had a relatively minor influence upon impact toughness.

II



The presence of the branched copolymer affected the fracrure of PE differenty depending
upon the state of*the test specimens. For crack propagauon in the TD, the onentation of the PE
dominated the fracture process and hence the presence of EOC had litde effect. For crack
propagation in the MDD, the branched copolymer increased the non-essential work of fracture,

but had little effect upon the essennal work of fracrure.

Conclusions:

It has been shown that the processing history has a pronounced effect upon the
morphology development of polyolefin blends. The effect of shearing and temperature have a
critical effect upon the morphology that forms through subscquent processes, in some cases
resulting n a 200 to 300 % ditference in measured toughness. Moreover, the kev findings are that
it 15 viral to understand the mechanism of morphology development since this has an important
effect upon the morphology that is subsequently produced. This has parucular relevance in
polymer processing because polymer materials usually experience two to three stages of melt
processing in the production of a finished article. Fach step of the processing then must be

constdered to understand the morphology and properues of the finished arucle.
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4. PROPQOSAL BACKGROUND AND OBJECTIVES

Polyolefins, such as polyethylene (PE), polypropylene (PP), and ethylene / «-olefin
copolymers, consttute the most extensive group of industrially important polymers; moreover,
the manufacture and conversion of polyolefins is by far the largest sector of the Thai polymer
industry. Polyolefins may be blended together to give a wide range of matenals from tough
plastics to elastomers. Their use is expanding due to their low cost and ease of processing, in
particular into applications where the incumbent is poly(vinyl chloride), partly because of the
environmental hazards associated with the latter. The end-use properties of polyolefin blends
depend strongly upon the phase morphology of the solid state. Blend morphology i1s determined
principally by the thermodynamics of interacuon between polymer molecules with differing types

and quantites of chain-branches that control liquid-liquid and solid-liquid phase separaton.

Whilst phase separation in polyolefin blends in the melt-state has been suspected, and known
in some cases, recent work on model systems has increased the basic understanding of the
phenomenon [Crist and Hill, 1997, Weimnann et al, 1997]. Mechanical fracture studies, in
combination with phase morphology characterisation, have begun to reveal how phase separaton
in the liquid state has a pronounced effect upon the solid state properties {Rhee and Crist, 1994].
These studies were carded out upon statically annealed samples, and hence the phase
morphologies differ from those found in processed materials where the polymers are subjected
to melt flow followed by rapid cooling. Phase morphology is greatly affected by melt flow, and
hence it is necessary to extend these basic studies to the understanding of phase morphology-
processing relationships such that materials with controlled morphologies may be obtained under

realistic processing conditons.



The thought that melt flow affects phase behaviour thermodynamically does not seem to be
widely appreciated,\ rather it has been considered that only the thermodynamic quanutes
associated with the polymer architecture, such as the presence of specific interactions and
combinatorial entropy, are important. This 1s illustrated by a quote from the widely cited text

"Polymer-Polymer Miscibility’ by Olabisi et al. [1979]:

“.... the driving forces for the transition from the one-phase (miscible) to the two-phase
(tmmiscible) state are thermodynamic tn origin and do not depend, for example, on the extent

or intensity of miixing.”

The experimental work of Chen et al. [1995], concerning polystyrene / poly(vinyl methyl
ether) blends, and the theoretical analysis of Horst and Wolf [1997], however, has shown that
melt flow does contubute to the thermodynamics of mixing, most importantly through the
contribution of stored elastic energy to the free energy of mixing. Our own recent studies, after
collaboration with Prof. Takashi Inoue’s group at the Tokyo Institate of Technology (T1T) in
Japan, revealed that a linear polyethylene / elastomeric a-olefin copolymer blend exhibited
extensive miscibility under melt-flow conditions and was essentally immiscible in the solid state.
This was inferred from transmission electron microscopy results that revealed phase
morphologies associated with liquid-liquid phase separauon via the spinodal decomposinon
mechanism; thermal analysis confirmed that phase scparation was complete in the solid state.
Reports by Japanese polyolefin manufacturers have described similar effects in polypropylene-
based blends [Inoue, 1998]; moreover, it has been suggested that these compounds exhibit
enhanced properties over commercial blends possessing dispersed phase morphologies. The
results show that flow contributes significantly to the thermodynamics of phase mixing.
Additionally, Inoue [1998] has shown that even very low levels of flow induced miscibility may
have significant effects upon end use properties.

Flow enhanced miscibility in polyolefin blends may prove to be an important mechanism to
obtain novel morphologies and enhanced performance from these materials. Thus, a fuller
understanding of this phenomenon and its effects under realistic processing conditions is needed.
With this goal, a detailed study of the melt-flow / phase separation / morphology / property
relationships was undertaken. It is envisaged that the work will elucidate the relationship between
basic polymer architecture via melt processing to the final phase morphology in the solid state,
and ulumately to the physical properties of the material. The insight gained is expected to aid in
the development of new polyolefin blends with controlled morphologies and enhanced

properties.
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Outline of Report

This final report 1s presented as sections as the work has been published or is in preparation
for publicaton. In part one, preliminary investigation into the mechanism of morphology is

discussed. These results were published in the following journal:

Tabtiang T, Parchana B, Venables RA, Inoue T. Me/t Flow Induced Phase Morphologies of a High-
Density Polyethylene/ Poly(ethylene-co-1-octene) blend’. J. Polym. Sci.: Part B: Polym. Phys., 39(3),
(2001)

Part two contains a more detailed investigation of the effects of temperature and shear rate under
controlled shear strain using well defined conditons in a cone-and-plate rheometer. Moreover,
the effect of shear and thermal history upon subsequent morphology evolution is addressed. In
part three, the influence of real processing conditions in an injection moulder upon the
morphology and umpact toughness of the blend systems is described. Results from these

experiments have been published in the following journal:

Tabuang T, Parchana B, Venables RA, “The relationship between processing history and the morphology of
injection monlded toughened polyolefins’. Polym.-Plast. Technol. Eng., 40(4), pp.423-436 (2001)

Part four centres upon the effects of thermal history upon the morphology and toughness of the
melt-processed blends. Part five is a detailed investigation of the influence of melt-flow induced
orientation upon the plane stress fracture of the blend systems m which the mechanism of the

influence of the two-phase morphology upon toughness is revealed.
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Results Part 1

Melt flow induced phase morphologies of a high-density polyethylene
/ poly(ethylene-co-1-octene) blend

From the paper:

Tabuoang T, Parchana B, Venables RA, Inoue T. Melt Flow Induced Phase Morphologies of a High-
Density Polyethylene/ Poly(ethylene-co-1-octene) blend'. J. Polym. Scr.: Part B: Polym. Phys., 39(3),
(2001)

Abstract

A blend of high-density polyethylene and an elastomernc poly(ethylene-co-1-octene) resin,
containing 7 mol% of octene and long chain branching, was phase separated in the melt under
quiescent conditdons. After melt flow, the blend had fine globular or interconnected phase
morphologies that were interpreted as onginating from the various stages of coarsening after
liquid-liquid phase separation through spinodal decomposition. It was inferred that the miscibility
of the blend was enhanced under melt flow. Upon cessation of flow, concurrent liquid-liquid and
solid-liquid phase separation took place, resultung in the formaton of an interpenetrating

morphoelogy comprising amorphous polyethylene, copolymer, and crystalline polyethylene.

INTRODUCTION

The miscibilities of polyolefin blends are strongly affected by the extents of short and long chain
branching in each polymer. Short chain branching is principally controlled by the types and
quanutes of the comonomers present. For example, propylene confers methyl, butene provides
ethyl, and octene gives hexyl branches. A number of studies have described the partial miscibility
of polyolefin blends, containing polymers with different branch levels, upon annealing under
quiescent conditions.!? In some instances, olefinic copolymers have been shown to exhibit partal
muscibiity with polypropylene due to the entropic repulsion created in the copolymer, caused by
the dissimilarity of the co-monomers.>*5 Melt processing profoundly affects the morphology of
polymer blends, partcularly when the polymers approach the limits of miscibility.® At higher
shear rates, flow enhanced miscibility has been observed, whilst demixing has also been observed
at lower shear rates. These phenomena have been reported for the polystyrene / poly(vinyl

methyl ether)” and polycarbonate / poly{styrene-co-acrylonitrile) systems.® More recently, flow



enhanced miscibility has been observed in polyolefin blends under injection moulding
conditions.? Theoties explaining these experimental data tnclude the additive effect of melt
elastcity to the free energy of mixing.'' changes in the specific interaction contacts, where
relevant, and the alteraton of the entropy of muxing.” In most of the previous studies light
scattering was used to follow changes in the cloud-point of blends under quiescent and shear
flow conditions.® Several studies have reported upon the morphologies resulang from the melt-
processing of parnally muscible blends. Okamoto et al® showed highly interconnected
morphologies involving both phases in injecuon moulded blends of polycarbonate with
poly(styrene-co-acrylonitrile} that possessed regular domain spacing. It was inferred that this was
the hallmark of spinodal decomposiuon; dissolutnon of the blend components was reported at
the barrel temperature of 260°C that was 37°C above the lower critical solutdon temperature at
223°C. Upon cessation of flow, phase separauon took place. Sano et al” reported upon the
morphologies in the skin region of injection moulded polypropylene / high-density polyethylene
(60 / 40 w/w) blends, prepared at 240°C. In these samples, a regularly phase-separated structure

compmsing stripes with a periodic distance of around 0.15 wm was observed through
transmussion electron microscopy of ruthenium tetraoxsde stained secdons. In the micrographs,
the bnght areas consisted of crosshatched polypropylene lamellae whilst the darker areas
comprsed polyethylene lamellaec of 10 nm thickness. It was inferred that this morphology was
the result of depression of the upper crdcal soluton temperature and / or the elevatuon of the
lower critcal solution temperature of the immuisable blend under the extreme flow condinons of
up to 20,000 s! found in the injecuon moulder. Whilst increases in the lower cnucal solution
temperatures of around 50°C have been measured through light scattering studies,? the results of
Sano? suggest that greater changes may be obtained for polyolefin blends. The direct study of
polyolefin blends through light scattenng is hmited, however, due to the simiarity of the
refractive indexes of the constituent polymers. Indirect studies through microscopy of quenched
samples may offer an alternauve route to invesugate polyolefin systems.

In terms of volume of producton, blends containing polyethylenes may be viewed as the
most important commercial group. Commercial linear-low density polyethylenes are
heterogeneous mixtures of lightly branched and highly branched copolymers of ethylene with a-
olefins, most often 1-butene and l-octene. Phase separation in these materials under quiescent
conditions in the melt-state has been reported.!! The morphologies in the solid state, and hence
propertes, especially toughness, may be affected by the mixing and phase separation during
processing. To investigate these phenomena under processing conditions, the work presented
herein was carried out. In this report, the solid state morphology of a high-density polyethylene
(HDPE) / poly(ethylene-co-1-octene) copolymer (EOC) blend is presented and some inferences

concerning the scenario of phase behaviour in the melt state under flow are drawn.



\

EXPERIMENTAL

The HDPE used from Thai Polyethylene Co., l.td.,, Thaland, had a melt flow index of 18
g/ 10min. The EOC, manufactured by Dow-Dupont Elastomers using a single site catalyst, had a
melt flow index of 0.5 g/10min, melting point = 50°C; it contained 7 mol% of octene and long
chain branching.!? Further details of these resin are documented in table 1. HDPE / EOC blends
(72:28 wt%) were prepared either through melt blending using a Prism 16 mm twin screw
extruder, employing a barrel temperature of 180°C and screw speed of 175 rpm, or through
solvent blending. In the latter case, the resins were dissolved in boiling toluene under nitrogen
and then precipitated by pouring into excess methanol. The BS 2782: Part 3, method 320A
tensile specimens were prepared from the melt-blends using a Dr Boy 22S injection moulder,
with barrel temperatures of 170 or 230°C; the screw speed was 100 min‘!, the back pressure zero,
and the cycle time was approximately 30 s. Selected mouldings and the solution blends were
annealed in an o1l bath, after wrapping in aluminium foil, for 15 min and 6 hr, respectively; the
temperatures used were 170 and 230°C. Specimens, = 15 pm in thickness, for dynamic
mechanical analysis (DMA) were sectioned from the skins of the injecuon mouldings using a
microtome. Analyses were carried out in tensile mode with a frequency of 10 Hz and heating rate
of 5°C/min using a DMTA mkIl thermal analyser from Polymer Laboratonies. Differential
scanning calorimeter (DSC) data were obtamed with a Perkin Elmer DSC7 instrument:
specimens (10 mg * 0.1 mg) were cut from the central core of the mouldings and dipped in
silicone oil to ensure rapid heat transfer to the specimens. Fusion endotherms were obtained at a
heating rate of 30°C/min, to limit annealing during heating, under a nitrogen atmosphere.
Transmission electron micrographs (TEM) were obtained from material at the skin and cores of

the mouldings. The samples were flattened using an RMC Ultramicrotome at —100°C and then

stained in sealed tubes above a RuOj soluton at 60°C for 1 h. The staining procedure was
repeated three tmes using fresh reagent. Finally, secuons of around 70 nm thickness were
obtained from the stained samples through ultramicrotomy at room temperature. Sectdons were
floated onto copper grids and were observed using an Hitachi H-300 microscope. Light
micrographs were obtained of microtomed sections taken from the annealed solution blends
using a Nikon E400 transmitted light microscope. Surfaces that were flattened using the
ultramicrotome at —100°C were etched through immersion in permanganic acid for 24 h at 30°C,
coated with platinum-palladium alloy, and viewed using an Hitachi S-2360N scanning electron

microscope to obtain the number of spherulites per unit area in the cross-secion. Rheological



data were collected using a Rosand capillary rheometer and a Haake RT20 parallel plate

rheometer. Bagley and Rabinowitsch corrections were applied to the capillary rheometer data.

RESULTS AND DISCUSSION

Solution blends
Figure 1.1 shows light micrographs of the solution blends after annealing at 170 and 230°C for 6
hr under quiescent conditions. At both temperatures, distinct, large phase domains are visible.

Banded spherulites are seen in one phase identifying it as being HDPE rich.

Figure 1.1 Light micrographs of solution blends after annealing at (a) 170°C and (b) 230°C for 6 h

Einstein’s diffusion equation relates diffusion distance, x, to the diffusion rate, D;pp, and the time

for diffusion, t x* = 2DUWI. [f Dypp is 1.1 x 10" ecm?s!, then x = 0.3 um for a 5 s diffusion

tume. Given the rapid quenching, within 5 s, after annealing the morphology is too coarse for it to
result from phase separation during cooling, and hence it is inferred that the melt was biphasic.

Direct observaton of phase separation in the melt was not achieved, however, due to the
closeness of the refractive indexes of the EOQC and HDPE melts. In the solid state, the
difference in density berween the crystalline HDPE and the amorphous EOC provides contrast
between the two phases. The area fraction of the EOC rich phase is greater than that expected
from the 28 wt%, or 30 vol% at 25°C, EOC composition of the blend. Moreover, there is
connectivity between the phase domains, rather than discretely dispersed droplets. A probable
explanation 1s that a fracton of the HDPE dissolves into the EOC phase thereby increasing its
effective volume fraction resulting in droplet coalescence, and hence domain connectivity. These
observations suggest some limited miscibility in the melt at both 170 and 230°C. The extensive
branching in the EOC precludes its co-crystallisation with the HDPE, and therefore solid-liquid
phase separation will occur as the HDPE crystallises, leading to heterogeneity within the phase

domains observed in Figure 1.1.



Melt flow
\
An estimate of the flow history in the injecton moulder was obtained through the following

analysis. The power dissipated per unit volume during plasticisaton, P, was taken as:!¢
.32
—p*
2 = I] (7(:) b4

where N* is the complex viscosity at angular frequency, w. It was assumed that @ = y_, i.e. the

steady shear rate in the channel of the screw in the metering zone."’
y.=a(D-2h)N/h,

where D is the internal barrel diameter (24 mm), N the screw speed (100 min''), and h the screw
channel depth (2 mm); thus, }_= 52 s\ For the blend, n* = 1,296 and 585 Pa.s at 170 and
230°C, respecuvely. Specific mechanical energy input during plasticisation, S, was calculared
S, = Pr,, where t; is the plasticisation time (5 s); S, = 17.5 MJm3 at 170°C and §,= 7.9 MJm?

at 230°C. The shear rate at the wall of the nozzle, y, , was estimated from!'8

v =40/ )3n+1)/4n.

where n=dlgr/dlgy, O= VT,Pm/I; , Q is the melt injection rate, m the shot weight (15 g),
vrp is the specific volume of the melt at temperarure, T, and injection pressure, P (3.4 MPa), t; is
the injection dme (2 s), r i1s the radius of the nozzle onfice (1.25 mm), T is the shear stress at the

wall, and n is the non-Newtonian exponent. Both at 230°C and 170°C, 3, = 6,500 s-!, assuming

specific melt volumes of 1.27 and 1.33 cm3g! for melts at 170°C and 230°C, respectively, under
3.4 MPa of pressure.’” A description of the cooling process in the injection mouldings may be

obtained using the Fourier equaton for non-steady heat flow in one dimension:20
8T /ot = a(3°T /o),

where T is the temperature, t is time, ¢ is the thermal diffusivity, and x is the distance between

the part of the moulding in question and the mould surface. The thermal diffusivity is related to



k, the thermal conductivity, p, the density, and Cp, the specific heat capacity: & = k/pC, ; data
v
are given in table 1.

Table 1. Polymer charactenstics

Parameter Polvmer Blend
PE P10 EOC (70/30 VPE/VEQc)

Cw 7.00a 910 7.53b -

b (nm) 0.815 0.929 0.845 -

M. (gmol ) 45,000 - 162,700 -

Mo (gmol!) 28.054 112.216 49.095 -

n 3207 - 6,627 -

ns 802 - 1,657 -

Rg (nm) 94 - 14.0 12.1

r (nm) 23.1 - 34.4 29.6

L (nm) - - - 17.1

Vasgec {cm?mol ) 331 130.8¢ 57.5 -

Pasec (gcm) 0.9624 - 0.8684 -

o (m?s!) x 107 1.57¢ - 1.17« 1.46F

Do (cm?s-1) x 10W 1.28 - 0.22 0.30

Daoee  (cm?s'?y x 101¢ 2.82 - 0.71 1.10

ireference;!?
bdata for EOC calculated from the copolymer composition weighted average of the values for

PE and P10;

creference;!+

dtypical density at 25°C;

creference,'® assuming that o for EOC 1s equal to that of LDPE;

fcalculated from the mass fracton weighted average of the values for PE and EOC.

If the cooling of the melt at the mould surface may be described by the one-sided heat

conduction into a semi-infinite body and that @ is constant over the temperature change, an

estimate of the cooling rate may be made. Two-sided heat transfer was used to descrbe cooling
of the core. The dimensionless Fourier parameter, Fy, is calculated f = ar/xz . In the core, x is

half the moulding thickness (x = 3.2 mm / 2); in the skin region, x is the distance from the

mould surface to where the TEM sections were obtained (0.1 mm). A plot of the temperature

gradient, AT, where

AT =(T,,~T, (T, -T,,)



against Fy for a flat sheet was used to find Fu at AT, and hence the time to reach Ty, may be
found;?! T is the \ﬁould surface temperature (30°C), Ty is the initial melt temperature (230°C or
170°C), T, is the temperature at x after time t. Ty was taken as the estimated temperature where
the crystal growth rate of polyethylene is a maximum. This 1s*? 5,000 wmmin' at 112°C, that 1s
30°C below the equilibrium melting point of 142°C. Thus, T, = 112°C, and hence for a melt
temperature of 230°C, AT = 0.41, Fo = 0.46, and the time taken to reach 112°C is 8.1 s in the
core and 0.03 s at the skin. For the 170°C melt temperature, the corresponding values are: AT =
0.59, Fy = 0.31, and the cooling tumes in the core and skin are 5.4 and 0.02 s, respectively. The

crystallisation process in the core was assumed to be zeroth order three-dimensional spherulite
growth. The number of spherulite nuclei in the cross-section of the core, Na, was 1.06 x 102 pm-
2, This value was determined by point counting the spherulite centres in the SEM micrographs of

permanganic acid etched surfaces. The number average spherulite diameter in the cross-section,

Dna, was 10.6 wm. The number average diameter in volume, Dny, was:?
D, = (4/”)Dn4 :

The number of spherulite nuclet per unit volume, Nv, was

Ny =N,/D, ;

N, = 7.9 x 104 um-. To reach a maximum random packing fraction at impingement of the
spherulites, Pmax, Of Pmax = 0.7, from:*

¢ma.x =NVﬂD3V/6

n

at a spherulite growth rate of 83 ums! the ume taken was 0.07 s after 112°C was reached. The

time taken for the melt to solidify is the sum of the cooling time and crystallisaton time; at the

end of this period, the morphology is effecuvely frozen-in. For the melt at 230°C, the

solidification time was 8.2 s in the core and 0.10 s at the skin. The corresponding values for the

170°C melt were 5.5 and 0.09 s, respectively.



Flow induced morphology
\
Figure 1.2 displays TEM micrographs of the core regions of the as-moulded blends, prepared at

170°C and 230°C, together with images of the original HDPE resin processed under comparable

conditions.

Figure 1.2 TEM micrographs of the as-moulded specimens in the core region, prepared at two
temperatures;: HDPE at (a) 170°C and (b) 230°C and the HDPE / EOQC blend at (c) 170°C and (d) 230°C.

The near amorphous EOC constitutes the most heavily stained domains, whilst amorphous
HDPE is more lightly stained; the HDPE lamellae are unstained. DMA traces of the HDPE
resin, EOC, and the skin of a blend moulding prepared at 230°C are shown in Figure 1.3. The
blend exhibits loss maxima at -115°C and -32°C that may be assigned to the glass transitions of
HDPE and EOC, respectively. Whilst the T, of the original HDPE and the HDPE in the blends
were essentially the same, for all injection moulded blends, T, of the EOC was 5 to 7°C higher
than that of the original EOC, i.e. -37°C; moreover, the relaxation peaks were slightly broader. In
some locations in the blend, the EOC is pinned between neighbouring HDPE lamellae and
consequently this may hinder its mobility, giving rise to the slight increase in T of the EOC. The
peak broadening may result from the EOC being located both between the lamellae and in less

confined domains that result in a distribution of local environments, each possessing different



relaxation charactenistics. The solid state phase domains largely comprise pure amorphous

HDPE, pure EOC, and crystalline HDPE.
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Figure 1.3 Typical DMA traces for (a) HDPE, (b) HDPE / EOC blend, and (¢) EOC. The specimens
were microtomed from the skins of the injecuon mouldings; the loss modulus curves of the blend and PE

are offset from the EOC curve by +50 MPa tor clanny,

In the injecdon-moulded blends, the EOC appears as an interconnected arrangement of
globules that is intertwined with swathes of HDPE lamellae. The HDPE lamellae penetrate
extensively into the EQC domains, indicaung that crystals grew from, or into, 2 mixed phase

containing both EOC and HDPE.

Figure 1.4 Overview of the EOC domain morphology in the core region of 2 blend moulded at 170°C.

The length-scale of the EOC phase domains is very fine, with an average periodic distance in the
EOC-rch areas of 154 nm. This morphology is unlikely to result simply from the mechanical



work of dispersive mixing, since the dynamic equilibrium of droplet break-up and coalescence
confers a lower mean particle size limit for physical dispersive mixing in polymer blends of
around 0.5 wm, although smaller domain are possible in reactive systems. Thus, it is inferred that
the fine morphology 1s the product of concurrent liquid-liquid and solid-liquid phase separation
from a mixed, or partially mixed melt, and hence that the flow during injectton moulding
enhances the miscibility of the blend. Bi-continuous morphologies are evident in the image of the
core of a moulding prepared at 170°C, displayed in Figure 1.4.

The effects of the local cooling conditions in the mould are illustrated by the differences in

the skin and core morphologies of the blend moulded at 230°C, shown in Figure 1.5.

Figure 1.5 TEM micrographs of (a) skin and (b) core areas of a blend moulded at 230°C.

At the skin, the EOC is more evenly distributed, whilst in the core the EOC domains are larger
and more distinct from the HDPE rnich areas. Moreover, the HDPE lamellae are thinner and less
well defined in the skin.

A description of the morphology evolution may be obtained through the following

discussion. The statistical segment length, b, is given by
b= (Cm P‘ZLZ /ﬂ_‘ )/2 3

where n is the number of backbone carbons, n = (2M“_/M0)— 1, n, is the number of statistical

segments, based upon a four carbon unit, 7, = (M " / 2M, ) , M, is the weight average molecular

weight, My is the molecular weight of the polymer repeat unit, and L 1s the C-C bond length

(0.154 nm), and C, is the characteristic ratio. R and r are the root mean square radius of gyration

and root mean square end-to-end distance of the polymer chain:2 Rg =b(ns/6)h/ and

10



r .—.b(ms)’l"i or r=6" R, . These data are summarnsed in table 1; data for the ECO were

calculated from the mole-fraction weighted averages of the experimental data obtained for PE
and poly(l-octene) (P1O). The radius of gyrauon for a mixture of polvmer 1 and 2, where

polymer 1 1s PE and polymer 2 1s EOC, 1s given:%

b4

* z[n’“m"n(fl’zbf +b2))
] 6(¢1n-‘(|) + ¢2”.‘(2))

where ¢, is the volume fracuon of polymer j. The polymer-polymer interactdon length, L, ts

determined L = !‘/3’LI ; the kinencally favoured length-scale for demixing, A, is related to the

demixing temperature, T, and the temperature at the spinodal, T, from:?’

/T.)".

A, /L=2x(3|T -T,

The 70:30 vperveoe blend was found to be two-phase in the quiescent melt at all temperatures
investgated, that 1s in the range 150 to 350°C. Limited miscibility for EOC contents of 10 vol%

and lower were found at 350°C. The crincal point, ¢>° 18

-1
g5 =(1+ (vymy fyim, ) ' =035,

where v, is the monomer volume of component j. Extrapolation of the ‘cloud-point curve’ to ¢2¢
gave an approximate T, of 400°C, the corresponding A values for demixing at 230°C and 170°C
would be 95 and 82 nm, respecavely; that 1s A, decreases with increasing quench depth in 2
system with an upper crtcal soluuon temperature. The observed value of A in the blend

prepared at 230°C was 154 nm. The growth rate of flucruations, Ryy, at scattering vector, q, is

tncluded in the following expression:

Loy =10 €XP R,y

where ¢, =27/, and I, is the Fourier component, or scattering intensity, at q and time, t.

The maximum growth rate, R, is

11



The mutual diffusion coefficient, Dy, 1s found:

_ DD, (¢'|ns(l) + ¢2”s(3))

= I,
i ¢Ins(l)Dl + ¢2n.\-(2)D2

-2

where D is the self-diffusion coefficient of polymer j, D, =k M,

M is molecular weight, and

fis a factor that describes the slowing of diffusion as the spinodal temperature is approached. In

T - Tl > 200°C, and

the specimens described herein, the quench is relaavely deep; ie.,

consequently no slowing is considered. The temperature dependence of D is
— -Ep,r [RT
D, [T = Ae ™.

For linear PE,? Ep,/1 = 24 kJmol! and k = 0.26 cm?g?mol-2s-!. These values are not known for
EOC, thus values were estimated from the data of Bartels et al.?° for poly(ethylene-co-1-butene).

The calculated growth rates at 230 and 170°C are 23.9 and 10.6 s, respectvely. The growth

exponent is the product of R, and the ume allowed for growth, t; in this case t was taken as the
solidification time of the moulding. Rmt at the skin and core for the melt at 230°C are 2.4 and
196, respectively; at 170°C the corresponding values are 1.0 and 58. The early stages are

coarsening may be considered as R, <1.1.

Figure 1.6 Core region of a blend moulded at 230°C: (a) as-moulded and (b) after annealing at 230°C for

15 mun.
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Thus, the morphology observed in the core region may have coarsened beyond the early stage,
and hence g decrea\ses below qm, and A is greater than A, whereas at the skin, the texture may be
a consequence of the freezing-in of the early stage of phase separation.

Figure 1.6 shows the globular core morphology of the 230°C as-moulded melt-blend,
alongside the same moulding after annealing at 230°C for 15 min. In the melt under quiescent
condidons, the EOC domains coalesce and occlude some of the HDPE rich phase, suggesting
that this fracnon of the HDPE does not re-dissolve into the EOC under static conditions. Detail
of the domains in the blend moulded at 170°C and annealed at 170°C for 15 min, are displayed
in Figure 1.7. HDPE lamellae can be seen penetratng into the EOC domain, from which it is

inferred that some HDPE was mixed with the EOC under quiescent conditons in the melt.

»
=
¥

44"

SaXE
) &7

¥ Y

Figure 1.7 Detail of the phase domains of a blend moulded at 170°C: (a) as-moulded and (b) after

annealing at 170°C for 15 mun.

The extent of interpenetration is considerably less than that seen in the melt-blend, however, and
hence it is concluded that the melt flow in the injection moulder drnves the blend towards
miscibility. The spinodal boundary, which may be an upper and / or lower crtical solution
temperature type, may be shifted due to the melt flow. Upon cessation of flow and cooling,
phase separation occurred rapidly and was complete within the cooling stage of the moulding
cycle. From the connecavity of the minor phase and the rapidity of the moulding cycle, phase
separation s likely to have occurred through spinodal decomposition. Moreover, the shape and
arrangement of the EOC domains are conststent with this mechanism. The length-scales of the
observed morphologies are of the order of magnitude expected from phase separation, based

upon esumates of the molecular dimensions.
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LAMELLA MORPHOLOGY

In the moulded bl\cnds, the HDPE lamellae penetrate the EOC rich areas and extend into the
HDPE nch phase. Moreover, the highly stained regions at the edges of the lamellae show strong
contrast with the unstained crystalline matenial due to the concentration of the EOC at these
locations. The extensive chain branching in the EOC precludes its incorporation into the HDPE
lamellae, and consequently as the HDDPE crystallises from the mixed phase the EOC collects at
the edges of the lamellae. This 1s further evidence that the polymers were mixed in the melt. The
presence of EOC between the HDPE lamellae results in a distribution of the long period values,
ranging from around 18 nm in HDPE rich areas to 27 nm in EOC rich regions, although there 1s
little change in the average lamella thickness between the blend and the onginal HDPE prepared
at the same moulding temperature. This indicates that the melt was not homogeneous at the
onset of crystallisation, with the more closely packed lamellae forming from HDPE rich regions
and the thicker inter-lamellar regions the product of crystallisation from areas with higher EOC
concentranons. As the melt cools from above 200°C through the spinodal boundary, liquid-liquid
phase separaton will begin and wall continue unperturbed unul HDPE crystallisauon begins at
temperatures below about 120°C. At this point, HDPE lamellae grow rapidly from both EOC
rich and HDPE nich areas. With close tnspecuon of the PE lamellae in the melt-blends, in Figure
1.2, 1t 1s evident that the lamellae are not as straight as those seen in the orginal HDPE
mouldings, with some exhibiting an abrupt kink, whilst others have a more gende wave
conformauon. This may be caused by the presence of EOC impunty in the HDPE melt duning
crystalisation. The overall crystallinity of the HDPE, as determined through DSC, was
significantly affected neither by moulding temperature nor by liquid-liquid phase separation, since

all determinations fell in the range 62.4 to 62.8%.

CONCLUSIONS

Melt flow during processing of the HDPE / EOC blend that is partial miscibility under quiescent
conditions resulted in the formauon of a fine length-scale morphology comprising intertwined
HDPE lamellae and EOC domains. It may be inferred that the morphology resulted from the
concurrent liquid-liquid and solid-liquid phase separation that occurred upon cessation of flow

and cooling.
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Results Part 2

Effect of thermomechanical history upon the coarsening of

morphology in polyethylene blends

Abstract

High-density polyethylene (PE) / poly(ethylene-co-1-octene) (EOC) blends, prepared
through solution blending, were sheared under controlled conditions of temperature and shear
rate in a cone-and-plate rheometer using steady flow. Samples were also prepared through melt
blending and injection moulding at various temperatures. The evolution of the two-phase melt-
state morphology was mnferred through characterisaton of samples that were annealed in the
melt-state as a function of time and then rapidly quenched. At very low shear rates, of around 1 s-
L, it was found that the coarsening rate was increased relatve to the that of a sample prepared
through solution blending that had experienced no melt flow. At higher shear rates, around 50 s
', coarsening rates were slower than those found at the lower shear rate. Increased melt-
processing temperature was found to decrease the subsequent coarsening rate under quiescent
conditons. Samples that were injection moulded experienced the highest shear rates up to 10,000
s. Whilst differences in shear rate for high levels of specific energy dissipaton produced

insignificant differences in coarsening rate, increased processing temperature resulted in a

reduced coarsening rate that was proportional to the processing temperature.

INTRODUCTION

Physical properties are affected by the solid-state morphology. The interactions of
processing variables, such as temperature, shear rate, stress, shear stratn, etc. affect the evolution
of two-phase morphology in the melt state and therefore the morphology of the solid state. In
this phase of the work, the effects of thermo-mechanical flow history upon subsequent
morphology development were investigated. In earlier experiments, the direct influence of
mechanical work has been characterised. However, plastics compounds are usually processed
over several stages of heating and cooling so it is important to know the effects of the prior flow
and thermal treatment upon the subsequent behaviour of the compounds. To this end, samples
were sheared under controlled conditions of shear rate, shear stress, total shear strain, and
temperature to produce morphologies that were prepared under well-defined conditons. To

prepare samples with the intense shear and thermal histories experienced in real plastics
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processing operauons. samples were zlso compounded then injectuon moulded under various

conditions.

EXPERIMENTAL

The PE had a melt tlow index of 14 g/10min, weight average molecular weight, M.,
48,000 g/mol, and nominal density 0.962 g/cc. The copolvmer used, |, had a melt flow index of
0.5 g/10mun, M, = 162,700, M. / My = 2. and density 0.868 g/cc; it contained 7 moi® o octene.

Solunon blends. conraining 20 wt®o of EQC, were prepared through dissoluuon of the
resins 1n hot toluene followed by precipitauon in methanol. The samples were then filtered and
dried 1n air for one dayv tollowed by 3 hours under vacuum at 80°C. Samples were consolidated
and pressed into disks of 20 mm diameter and 3 mm thickness.

Controlled shear expenments were carried our using a Haake RT20 cone-and-plate
theometer under steady flow condiuons. The dimensions and geometry of this apparatis are

tllustrated in figure 2.1

Figure 2.1 Cone and plate rheometer geometry; distance ‘a’ is the gap between the cone and the

plate
Stress, T, was calculated:
T=AM,
where M, is the torque and A is geometry factor:
A=3/2nR]
where Rk is the cone radius. The shear rate, y, is determined:
y=Q/c
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where a is the cone angle, accurately calibrated for each cone, and €2 is the angular velocity that

is calculated :

Q =2m/60
where n 1s the speed of cone rotation. The total deformation, v, is then:

v=gp/a
in which @ 1s the torsion angle. Total stratn, @, 1s thus the following function:
o= (U ~ U )/Uo

where U is the given strain and VL. is the initial deformation. Expenments were carnied out by
shearing each sample under continuous shear at a given shear rate and at constant total strain.
The condinon of @ = 300 was arbitrarily chosen to give shearing times in the range of 6 to 300 s
for samples sheared at 50 and 1 s!, respectively. Temperatures of 170, 200, or 230°C were used.
Rotatgon of the shaft was then halted and the cone and plate was separated. Sampling was
subsequently achieved by removing the melt with a wooden rod and quenching the melt by
plunging the sample into and ice / water mixture. Pieces of the quenched material were annealed
for dmes between 5 and 30 minutes at 170, 200, or 230°C and then quenched.

Stubs for scanntng electron microscope (SEM) observation were obtained using an RMT

ultramicrotome. Surfaces were etched with permanganic acid reagent (1 % w/v) at room

temperature for 18 hours and were viewed after vapour deposition of a platnum-palladium alloy.

RESULTS AND DISCUSSION

Figure 2.2 shows the dispersed phase dimensions for the solution blends annealed at 170, 200, or
230°C without shearing. Apparently, the data are clustered around a single curve. This shows the
equivalence of the effects of time and temperature, that is a longer annealing time or higher
temperature results in proportionally coarser morphologies. Higher temperature decreases melt
viscosity and so coarser morphologies are attained for a given annealing time. Figure 2.3 shows
the domain sizes of the samples that were sheared at 1 and 50 s! plotted alongside the data for

the un-sheared samples prepared at 170, 200, or 230°C. Domain sized increased approximately
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linearly as a funcuon of the cubed root of time, and hence the coarsening mechanism 1n each

sample 1s consistent with the mechanism of Oswald ripening for spherical dispersed parucles.

D (um)

R (s

|-’3)
Figure 2.2 Etched domain diameter, D, versus annealing ume, t, of soluton blends annealed

without shearing at (4) 170, (O0) 200, and (A) 230°C

Apparently, shearing at 1 s' results in coarser morphology at every annealing time, in comparison
with the unsheared melts and those sheared atr 50 s-'. Unsheared melts and melts sheared at 50 s*!
gave essentially equal results. This result may be affected by the ume that the samples spent

under sheaning. The samples were prepared such that all the sheared matenals experienced the

same total strain of 300.
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Figure 2.3 Etched domain, D, of morphology of solutnon blends versus annealing tme, t,
annealed at (2) 170°C, (b) 200°C, and (c) 230°C: () un-sheared and sheared at (0) 1 s't and (A)
50 s

Thus, the samples were necessanly sheared in the melt for different times such that the same
total strain could be imposed. To account for this ume difference, annealing imes were corrected
for the time spent under shear; thus, the following 1s defined: t* = t + t, where t* 1s the corrected
annealing time, t is the actual annealing time, and t. 1s the dme spent under shear. The corrected

annealing imes, t*, are plotted in figure 2.4.
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Figure 2.4a Etched domain, D, of morphology of soluton blends versus total time in the
melt, t*. Samples annealed at (a) 170°C and (b) 200°C
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Figure 2.4b Etched domain, D, of morphology of solution blends versus total time in the melt,
t*. Samples annealed at (a) 170°C, (b) 200°C, and (c) 230°C: (4) un-sheared and sheared at () 1
st and (A) 50 s\,

After the annealing umes have been corrected, the samples sheared at 1 s sull show coarser
morphologies than the unsheared melts and those sheared at 50 s''. Since all samples started with
the same, onginal state the result shows that the coarsening rate 1s accelerated during shearing at
1 s, independent of the ume spent at this condition. Moreover, the slope of the annealing plots
in figure 2.4 are not greatly influenced by shear history indicating that the prior shearing
condition did not have a subsequent effect upon the coarsening rate upon cessation of shearing.
It may be speculated thart at the lower shear rate the stress of dispersion is relaaovely low and the

agitaton of the melt increases the probability of domain contact and coalescence.

Effect of temperature

Samples were prepared with a shear history comprising a strain of 300 at shear rates of 1 and 50
s'1, in additdon to unsheared samples, at 170, 200, and 230°C. The domain sizes of these samples
during subsequent annealing are plorted as functions of the corrected annealing time, t*, in figure
2.5. For the unsheared samples there 1s an equivalence of the effect of annealing time and
temperature, since all data fall largely upon a single curve. For the sheared samples, data are
separated around curves according to the shearing temperature, that is, there 1s no equivalence of
temperature and time. Apparently, there 1s an interacton between the effect of shearing and
temperature: shearing has a greater effect upon the subsequent coarsening during annealing when
shearing is carried out at higher temperatures. This may be a consequence of the partial

miscibility of this blend system in which enhanced compatibiity is observed at elevated
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temperature. Shearing may lead to greater homogenisation of the system resulting in reduced

coarsening rates.
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Figure 2.5 Etched domain diarneter, D, versus annealing time, t*, of soluton blends (a) no

shearing; (b) sheared at 1 s, and (c) sheared at 50 5! at (@) 170, (O) 200, and (A) 230°C

Melt extrusion and injection moulded compounds

To investigate the effects of melt temperature and flow history upon the subsequent

evoluton of morphology in melt processed samples, a series of blends were prepared through
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twin-screw extrusion followed by injection moulding. The annealing curves for samples prepared

through twin-screw compounding and injection moulding are displayed in figure 2.6 for

processing temperatures in the range 150 to 230°C; all samples were annealed at 170°C.
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Figure 2.6 Etched domain diameter versus annealing ume, t, of melt processed blends: (2) twin
screw compound [open symbols] and (b) injection moulded compounds [filled symbols] at (0,®)

150, (¢, ) 170, (CJ, ™) 200, and (A, A) 230°C

In this case, elevated processing temperature resulted in reduced coarsening in inverse
proportion to the processing temperature. Moreover, this influence of the processing history
persisted throughout the subsequent annealing in the quiescent melt-state. The coarsening curves
for each temperature are presented in figure 2.7 where the domain sizes are plotted in pairs at
different temperatures comparing the coarsening process of the compounds from the rwin-screw
extruder and the same compound after injecion moulding. For companson, the samples from
the twin-screw compounder were heated at the same temperature used to produce the equivalent
injection moulding for a tme equal to the tme spent in the melt durnng injecton moulding.
Thus, differences between these curves are caused by the influence of melt flow during
moulding, independent of the effects of temperature. Evidently, the action of shearing in the

injection-moulding step reduces the coarsening of the compound in subsequent processing.
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Figure 2.7 Etched domun diameter versus annealing ume, t, of melt processed blends: (a) 150,
(b) 170, (c) 200, and (d) 230°C. Illed symbols denote injecaon-moulded compounds whilst the

open symbols are for the annealed compounds.

The influence of prior processing temperature may be further considered by scaling the results
data assuming cquivalence of ume and temperature that was found true of the unprocessed
solution blends. To this end, the annecaling data for the extrusion compounds were scaled in the
time component such that the fitted trend lines superimposed at the early stages of coarsening.

To accomplish this the anncaling umes were divided by shift factors of 1, 1.15, 1.35, and 1.8 for
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the samples heated at 150, 170, 200, and 230°C, respectively. The shifted data curves are

displayed in figure 2.8.
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Figure 2.8 Etched domain diameter, D, versus annealing ume, t, of rwin-screw compounds: (0)

150, (©) 170, (1) 200, and (A) 230°C

Figure 2.8 reveals that when the data superumpose at short annealing umes, the curves diverge at
longer umes. There is not an cquivalence of time and temperature in this case. The effect of
heanng at different temperatures 1s to change the process of coarsening and 1s not simply due to

differences in melt viscosiry.

CONCLUSIONS

For the unsheared samples, there was an equivalence of ume and temperature upon the
coarsening process; that is, higher temperatures and longer annealing time led quantitatively to
coarser morphologies. Shearing two-phase melts at 1 s!' led to coarsening of the domain
morphology at an accelerated rate in companson with unsheared samples and those sheared at 50
s'. In all cases, conditioning of samples at elevated temperature resulted in reduced coarsening
during subsequent annealing. Moreover, the influence of elevated temperature was enhanced
through intensive shearing during injection moulding. The short time spent at the elevated
temperature has a critical effect upon the morphology that forms in subsequent operations. This
effect was not a consequence of changes in melt viscosity, as evidenced by the non-
superimpositon of the results data when the superposition of tme and temperature was

assumed.
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Results Part 3

\

The relationship between processing history and the morphology of
injection moulded toughened polyolefins

From the paper:

Tabtiang T, Parchana B, Venables RA, “The relationship between processing history and the morphology of
injection moulded toughened polyolefins”. Polvm.-Plast. Technol. Eng., 40(4), pp.423-436 (2001)

Abstract

The solid-state morphologies of three polyoletins, namely isotactic polypropylene (iPP),
isotactuc poly(propvlene-co-ethylene) (1PcE), and high-density polyethylene (PE), toughened with
an elastomenc poly(ethylene-co-1-octene) (EOC) have been invesugated. Morphologies ranged
from dispersed droplets with mean diameters 1n the range 0.2 to 0.6 pum, for iPP, to a fine
interpenetrating morphology comprising 17 nm thick lamella crystals and elastomer-rich regions
of length-scale 170 nm when the major component was linear PE. In the iPcE formulauens, 10
nm thick lamellar crvstals of the matnx polymer were observed in the elastomer domains.
Dynamic mechanical analysis and mucroscopy of quenched and annealed samples showed that
each system was phase separated in the sohd state and in the melt under quiescent conditons,
respectively. The differing solid state morphologies were inferred to result from the mixing under
melt flow of the partially muscible polymers during processing and by the subsequent liquid-hquid

and solid-liquid phase separanon upon cooling.

INTRODUCTION

The toughness of plastics modified with a minority elastomer component 1s criucally dependent
upon the domain size and morphology of the dispersed phase (1). These factors are influenced by
the extent of miscibility of the constituent polymers and the melt processing conditons. Melt
stresses and processing time affect the dispersion and coalescence processes; moreover, when the
blend components approach the limits of muscibility, the extent of mixing at the molecular level
may be affected. The work of Madbouly et al. (3) has shown that tlow affects the
thermodynamics of miscibility: it was determined that melt flow effected a shift in the glass
transition temperatures of polystyrene / poly(vinyl methyl ether) blends in comparison with the
same materials that were biphasic at the equal temperature under quiescent conditions. The
results were interpreted as an upward shift of the lower critical solution temperature. In the case

of polyolefin blends, the heat of mixing is small, and hence the entropy of mixing is relatively
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important, in comparison with blends that have enhanced miscibility due to specific interactions.

Melt flow may be :expected to alter the entropy of the system thereby affecting the mixing (3,4).
In this work, the influence of processing history upon the solid-state morphologies of

several injection molded polyolefins containing poly(cthylene-co-1-octene) as the minority

elastomer phase has been investigated. Evidence for muxing at the molecular level under melt

flow is presented.

EXPERIMENTAL

Details of the polymer resins used in this work are shown in table 1; MFI is melt flow index, and
My, Mn, and M, are the weight, number, and z-average molecular weights, respectively,
determined using a Waters gel permeation chromatograph employing polystyrene standards in
trichlorobenzene solution at 145°C. N. = M. / My ie, the weight average degree of
polymerizanon and M. s the relative molecular mass of the polymer repeat unit. The EOC was
compounded with each of the iPP, iPcE, or PE resins, in various weight ratos, using a Prsm 16
mm twin screw extruder at a barrel temperature of 180°C and screw speed of 175 rpm. Injection
moldings were prepared using a Dr Boy 225 machine, employing barrel temperatures berween
170 and 230°C; the mould temperature was 30°C. Plasticization energy, that is the mechanical
work applied through the screw was adjusted through control of the back-pressure, in the range 0
to 1.7 MPa, and screw speced, in the range 50 to 150 rpm. Small batches (60 g) were prepared
using a Haake Rheocord 90-torque rheometer at 170°C and 50 rpm for 5 min. These samples
were used for shearing using a custom-built parallel plate apparatus where the plates could be
rapidly demounted such that quenching of the sample in cold water could be carried out.

Shear flow data were generated using a Rosand capillary rheometer and a Haake RT20
parallel-plate rheometer. Charpy impact data were collected using a Zwick pendulum impact

tester; spectmens were chilled to —10°C in a water / ethylene glycol solution that was cooled

using a Neslab RTE111 liquid recirculator or to 0°C in an ice / water slush. Blends of varying
composition were annealed in an oil bath, after wrapping in aluminum fod, for 6 hrs at
temperatures in the range 140 to 270°C. For higher temperatures the specimens were heated in a
tube furnace under nitrogen flow. A thermocouple was inserted in the sample to monitor its
temperature. Transmission electron micrographs (TEM) were obtained from RuQy vapor stained
sections. Unstained sections were viewed with a Nikon E400 transmitted light microscope; the
fraction of hexagonal crystals in the iPP samples was determined from the area fraction of highly
birefringent spherulites viewed through crossed-polarizing filters. Flat surfaces, prepared with a
microtome at —100°C, were treated with a permanganic acid reagent (0.7 w/v% solution at 30°C)
(5), to selectively etch the amorphous material, or with toluene at 30°C and viewed using a

scanning electron microscope (SEM) after coating with metal.
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Scanned and calibrated micrographs were quantitatively analyzed using ImagePro software to
obtain lamella thi&kness, area fractions, and mean dispersed domain diameters. All microscoi)y
data presented herein refer to the cores of the samples. Differential scanning calorimeter (DSC)
data were obtained with a Perkin Elmer DSC7 instrument: specimens (10 mg + 0.1 mg) were cut
from the central core of the moldings and dipped in silicone to ensure rapid heat transfer to the
specimens. Fusion endotherms were obtained at a heating rate of 30°C/min, to limit annealing
during heating, under a nitrogen atmosphere. Wide angle X-ray diffraction patterns were
collected with a JEOL JDX-350 instrument. Dynamic mechanical analyses were carried out using

a Polymer Laboratortes DMTA mkIl instrument in tensile mode at a deformauen frequency of

10 Hz and heating rate of 5°C/min.

RESULTS AND DISCUSSION

Isotactic polypropylene homopolymer formulations

The Charpy impact properties, at 0°C, of the PP / EOC2 (70:30 w/w) compounds, injection
molded under vadous condidons are illustrated in figure 3.1a and 3.1b as functuons of mean
dispersed phase diameter (determined from micrographs of solvent-etched microtomed surfaces),

barrel temperature, and specific mechanical energy input, S..
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Figute 3.1 Charpy impact energies, Ic, at 0°C of toughened PP samples containing 30 wt%

EOC?2. Dara are plotted (a} versus mean elastomer domain size and barrel temperature and (b) as
a function of plasticization energy, S, during injection molding for samples molded at (®) 170°C,

0) 200°C, and (O) 230°C. Error bars are + the sample standard deviation.
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The power dissipated per unit volume during plasticization, P, was taken as (6):
\

P=n(F),

where 1 is the viscosity at shear rate, ¥ . Shear rate in the channel of screw metering zone was

estimated (7)
. aDN
Y n

where DD is the screw diameter, N the screw speed, and h the screw channel depth. S, was

calculated

where t is the plasticization tume. The impact energies are critically dependent upon the domain
size of the elastomer inclusions; a mean domain size of 0.3 pm separates low and high toughness
groups of samples. This effect in semicrystalline plastcs has been explained in terms of a critical

inter-particle distance (or ligament length), Iy, that is a function of the volume fracton of the

dispersed domains, ¢y, domain size, Dy, and packing geometry (8):

The model assurnes simple cubic packing, and hence the ligament lengths for the molded
samples are in the range 35 to 86 nm with a critcal value of 61 nm. The mean domain size in the
extruded compound, i.e. prior to injection molding, was 0.29 pm. Moldings prepared using the
higher barrel temperatures had lower impact toughness, due to the presence of larger elastomer
domains, and hence increased ligament lengths. This was presumably due to the enhanced rate of
interfacial tension driven droplet coalescence associated with the lower viscosity conditions
encountered at high temperature. Plasticization energy had little effect upon the toughness of
samples prepared at 230°C, most likely due to the dominance of coalescence at this temperature.
Higher plasticization energies, achieved through increasing back pressure and screw speed, when
the barrel temperature was 170°C led to enhanced impact toughness. The latter effect may be

largely traced to the influence upon domain size with the increased melt stresses counteracting
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the coalescence. It was determined through polarized light microscopy that typically the cores of
the iPP moldings comprised spherulites of around 10 pum in diameter, 18.0 area% of which were
made of the hexagonal and 82.0 area® of monoclinic crystal type. The presence of the hexagonal

form was confirmed through X-ray diffractometry; the triclinic form was absent. The average

crysta.llinity, %y, through DSC analysss, of all iPP samples prepared was 44.1 wt% from:

Wila) Wi
%y = AH o)+ 100,
I[AH(IOOQ) AH(]UOﬁ)

with a coefficient of variation (CV = standard deviaton / mean) of 4.3%; wq) and wypy are the
fraction of monoclinic and hexagonal spherulites. The heat of fusion for a 100% crystalline iPP
in monoclinic form, AHawg), was 207 J/g (9), and the corresponding value for the hexagonal
form, AHqwi), was 113 J/g (10). CV from replicate samples prepared at 200°C was 2.3%. The
average peak melung temperature of all iPP samples, by DSC, was 164°C with a CV of 0.3%;

replicate analyses gave a CV for expenmental error as 0.2%.

400 nm

Figure 3.2 TEM micrograph showing the detail of the morphology of a PP sample containing 40

wt% of EOC2. The sample was mixed in an internal mixer, sheared between parallel plates at
230°C, and then quenched. Micrograph shows a section taken at 5 mm from the centre of the

sample; at this position, shear rate was 10 s

Moreover, Scherrer crystallite size, Ls, calculations from (11) Lg :/ll/(ﬁhk{ COSB) were

qualitatively consistent with the melting data; where A is the wavelength of the x-ray radiation,
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