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ABSTRACT

This dissertation examines the drop weight impact behaviour and fracture of
poly (propylene — ethylene) copolymers at cryogenic temperatures. A
cryogenic temperature facility was incorporated into the existing instrumented
drop weight impact tester to allow for variation of the impact test
temperatures. Sasol Polymer grades with varying ethylene content (0 to 13.4
weight %) were comprehensively tested to determine their brittle-to-ductile
transition temperatures. The effect of melt flow index, melt temperature,
rubber particle size and distribution were also examined to determine their

effect on impact energy.

A cooling disk system was built and used to lower the impact test
temperatures down to -50°C within a tolerance of 2°C of the desired test
temperature. It was found that increasing additions of ethylene into the
polypropylene matrix suppressed the brittle-to-ductile temperatures of the
copolymers. Interestingly, the impact energy of the copolymers shows an
increase in impact energy with decreasing temperature until the brittle-to-
ductile transition is reached. It was found that the magnitude of crazing
decreases with temperature especially at temperatures below the transition.
A large amount of the stress whitening phenomena is observed in the
copolyme( above its brittle-to-ductile transition temperature. Brittle failure in
the form of radial and circumferential cracks dominates the impact behaviour
beiow the copolymer’s bri?tle—to-ducti!e transition temperature.
|

The effect of decreasing ethylene content at constant temperature is
analogous to decreasing the test temperature at constant ethylene. The
copolymers show a dramatic increase in impact energy dissipation at ethylene
contents above 11%. The impact tests also show that low melt flow indices
Ieéd to significant improvements in impact performance. At constant ethylene
content it is important for the rubber particles to have a narrow particle

distribution and be uniformly distributed within the matrix.
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2.3.2 Muitiple Shear Yielding

An additional energy absorbing mechanism is the occurrence of shear
yielding in the matrix. Unlike crazing or voiding, shear yielding is not a
dilatational mechanism and may be assumed to occur at constant volume.
For the shear yielding process to occur, the polymer must have a high crack
initiation energy but low crack propagation energy. The decrease in crack
propagation resistance energy is attributed to the inability of the material to
relax and absorb a significant amount of fracture energy. High test
temperatures or low strain rates favour the shear yielding mechanism of
deformation as opposed to the multiple crazing mechanism in bulk
polypropylene. However, the ability of sheet material to show chain flexibility
and mobility even at low temperatures permit deformation via stretching and
yielding rather than through crazing®".

Localised vyielding induces the formation of shear bands, which are
deformation zones of high local strain at 45- to the applied stress direction.

Their occurrence may also be atfributed to a region of high stress

concentration due to the presence of the elastomeric particles. A minimal
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amount of stress whitening is associated with this deformation process,
though permanent deformation occurs®®. It has been suggested that the
multiple crazing theory may occur simultaneously with shear yielding in
elastomeric modified polymers. The interactions between the two
mechanisms play a combined role in the reduction of crack size in the matrix
thereby toughening the copolymer. The shear bands formed during
deformation could act as barriers that limit the growth of the crazes since the
shear bands are orientated at an angle to the direction of growth of the
crazes. In addition, a reduction in the hydrostatic stresses required for craze
growth occurs when the shear bands originate at the craze tip. These
interactions arrest craze growth thereby reducing the craze size in the matrix
~ and in so doing avert the probability of catastrophic failure?.

The average interparticle distance as well as rubber particle size are
important factors governing the toughening efficiency of the shear yielding
mechanism. For matrices that deform by crazing the rubber particle size is
important, whilst for matrices that deform by shear yielding the average
interparticle distance is important. The propagétion of the crack is dependent
on the fracture ligament (plastic zone) of the crack. When the size of the
fracture ligament is greater than the dimensions of the modifier particles, the
particles cannot influence crack propagation and thus cannot contribute to
increasing the toughness of the material. However, if the particle is large
enough to hinder crack propagation, the material toughness is

improved81518,

The following equation known as Wu’s equation can be used to calculate the
interparticle distance present between the dispersed rubber phase®.

!

) )3
Interparticle Distance =d *k<{| —= | -1 m
partt @) wm
where d is the partide size diameter (nm)
k is a geometric constant dependent on the crystal lattice type (no units)

and V; is the particle volume fraction (no units)
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The particle volume fraction (V,) can be calculated by the following equation.

V, = W, * pn (no units)
VV: *Pmt (1 - Wr ) r
where W is the weight fraction of modifier particles (no units)
o, is the modifier particle density (g/em?®)
and 5, is the matrix density (g/cm?®)

2.3.3 Multiple Void Formation (Cavitation)

The concept of microvoid toughening in copolymers has also been proposed
by a number of researchers?>'3'7, Kim et al suggested that the deformation
mechanism of voiding in tensile tests comprises of three stages, namely®:

1) Stress concentrations due to modifier particles
During the initial stages of deformation, the inclusions (EPR modifier
particles) act as stress concentrators and the stress field is distributed
by the dispersed particles. Triaxial stresses develop in the rubber
particles due to the effect of the stress concentration, providing
adequate adhesion between the two phases exists. This leads to the
dilation of the matrix. With increasing strain, the particles elongate with
the matrix. Localised plastic deformation occurs within the ethylene
propylene rubbery shell and weak shear bands are formed. The
deformation proce'sses are initiated in the rubber particles and not in

the matrix or at the phase interfaces.

2) Void and shear band;formation
Due to the effect of stress concentrations, a higher hydrostatic stress,
which constitutes between 60 — 70% of the applied load, builds up
inside the particles. This leads to void formation through cavitation
inside the plastically deformed EPR particles to relieve the imposed

volume strain. These voids continue to grow in size with increasing
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strain. The hydrostatic tension at any point inside the elastomeric

inclusion can be given by:

= (1+v 1-v)
s (g)(m Hl 1

3 (% ) )(1 - Zv*o)
where , is the applied stress (MPa)
v Is the Poisson ratio of the elastic inclusion (no units)
1 is the shear modulus of the elastic inclusion (MPa)
vis the Poisson ratio of the matrix (no units)
1 is the shear modulus of the matrix (MPa)
and S is the hydrostatic tension (MPa)

3) Shear yielding

Void formation due to cavitation and debonding locally relieves the
triaxial stress state imposed on the dispersed particles, thereby
lowering the yield strength. Cavitation of the rubber particles changes
the stress distribution of the surrounding area causing a local decrease
in the hydrostatic component of the stress and a corresponding sharp
increase in the shear stress component. This change in the stress
state facilitates the yielding of the matrix. Following the initiation of
void formation, shear vyielding is greatly enhanced in the parent
polymers’ﬁ'm'w.

The cavitation of the rubber particles relieves the triaxial tension in the vicinity
of the crack tip allowing the matrix to shear yield, thus absorbing energy and
arresting crack propagétion. Large modifier particles can contain several
cavitation sites with the interface cavitation sites being more favourable than
at the centre of the rubber sphere. The different sites of cavitation can be
seen in figure 2.7 on the following page.
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criterion for the modifier rubber particles to possess a molecular structure that

has a high entanglement density to allow for craze termination®®'3"7

A requirement for the occurrence of the shear yielding deformation mode is
that the chains have sufficient mobility to allow for chain activity or movement.
Thus, as the chain rigidity is lowered, so too is the initiation stress for shear
yielding lowered, allowing yielding to occur. In summary, entanglement
density is the primary factor controlling the intrinsic crazing behaviour
whereas chain stiffness is the primary factor controlling the intrinsic yielding
behaviour. Therefore crazing dominates the failure mechanism when the

crazing stress is lower than the yield stress®®.

2.4 PRODUCTION OF POLYPROPYLENE IMPACT
COPOLYMERS

The production process for polypropylene generally make use of the liquid
monomer as the polymerization medium in order to maximise the rate of the
polymerization reaction by providing a high monomer concentration.
Processes using liquid monomer are often used to manufacture homopolymer
polypropylene and random copolymers with less than 5% ethylene content.
However, liquid phase processes are not well suited for the production of the
rubber phase of impact-modified copolymers due to the high solubility of the
rubber in the liquid monomer. Consequently a hybrid process is often made
use of during the production of impact copolymers. The hybrid process
consists of homopolymerization in the liquid phase followed by
copolymerization in the gas phase. One reactor is used for the production of
the polypropylene homopolymer and a second smaller reactor is used in
series for the production of the ethylene-propylene rubber component of
impact’ modified copo}ymers. This is a continpous and uninterrupted

process?.

]
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The process shown in figure 2.8 is known as the BASF Gas ~ Phase process.
In this process, the catalyst components and the monomer (liquid propylene}
are fed into a loop reactor for homopolymerization through the bottom seal
and into the top of each reactor. The product manufactured in the first reactor
is the isotactic homopolymer polypropylene that forms the matrix of the
ethylene-propylene copolymer. The molecular weight, molecular weight
distribution of the polypropylene is primarily influenced by the choice as well
as amount of catalyst employed and controlled by varying the reactor
temperature and pressure. Hydrogen is added to the reactor for the
termination of the polymer chain thus also controlling the molecular weight.
The use of spherical form catalysts with a narrow particle size distribution,
coupled with the high liquid velocities minimises reactor fouling. High
isotacticity grades require a suitable catalyst, co catalyst and stereo-modifier.
The process shown in figure 2.8 makes use of a PTK 4 high activity catalyst,
which is suitable for a wide choice of products ranging from the high stiffness
homopolymer to the high impact copolymers. Operating temperature
conditions are typically in the range of 50°C to 90°C and pressures ranging
from 35 bar to 50 bar are utilised. The polymerisation conditions are
dependent and based on the grade of polymer being manufactured. The
polymerisation reaction is exothermic and the reactor is cooled externally by
cooling the gas above the power bed in the reactor®?’.

Upon exiting the loop reactors, the polypropylene/propylene slurry is
depressurised and flashed at a pressure that allows for the recycle of the
vaporised monomer by condensation using a water-cooled condenser. The
pressure must also be sufficient for the gas phase copolymerization. In
addition to propylene and hydrogen, the feedstock consists of ethylene, which
is fed into the secondary reactor. A fluidized bed gas phase reactor is used to
produce ethylene-propylene rubber particles in the homopolymer produced
from the first reactor thereby manufacturing impact copolymers. The ethylene
and propylene react to form ethylene-propylene rubber (EPR), which is
established as the dispersed phase incorporated in the polypropylene
homopolymer matrix. Chain to chain linkage is achieved between the

20



dispersed phase and the matrix. The polymer exiting the polymerization
section passes through a low pressure separator where the residual monomer

is separated for recycling®320222,

Twin screw extruders are used during the extrusion process to allow for a
uniform distribution of the appropriate additives and stabilisers added to the
polymer powder. Pelletisation of the polymer occurs with the aid of
underwater die-face cutters. After the drying and classification procedure, the
pellets are passed through a degassing unit to deodorise the pellets. The
final manufactured polymer product is then stored in blending storage silos
prior to being packaged and sold®. The various stages described during the
manufacturing process of the copolymer product can be seen in a schematic
diagram of the process in figure 2.8.
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2.5 MECHANICAL PROPERTIES

The rubber content of tﬁe poly (propylene-ethylene) impact copolymers

primarily governs the mechanical properties of the final product. Several

other parameters are involved too, but to a lesser extent:

* Molecular weight, molecular weight distribution and isotacticity level of the
PP homopolymer matrix and the EP rubber phase

o Ethylene/propylene ratio of the rubber phase

e Concentration of the crystalline PE sequences in the rubber phase

e Size and uniformity of dispersion of the rubber phase domains

o Melt viscosity ratio of the matrix and the rubber phase components
2.5.1 Instrumented Drop Weight Impact Testing

The impact performance of a material is assessed by means of a drop weight
impact tester that can be instrumented to provide computerised information of
the impact event. This type of test involves a striker which is a guided
hemisperically tipped weight (tup) that is dropped under the influence of the
gravitational force onto a specimen positioned over a circular opening. The -
striker is instrumented with a force transducer that permits a record of the
force-time response continuously throughout the impact event. From this
information, data such as the load/energy-deflection can be derived. The
drop weight test imposes a biaxial stress state onto the specimen as opposed
. to the more severe ftriaxial stress state loading during an lzod test. Both
qualitative and quantitative information can be derived from the load/energy
-versus deflection curves obtained during the impact test. Figure 2.9 is a
schematic representation of the instrumentation of the drop weight test

system?.
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Figure 2.8: Layout of the drop weight test instrumentation method [after ref. 23],

The impact test results describe the complete impact event, including the
initiation of failure, crack propagation and collapse of the specimen when
sufficient damage is incurred by the specimen. The impact resistance of the
tested material is evaluated in terms of the energy absorbed by the specimen
during the impact process. However, the impact strength of a material is not a
fundamental material property and is thus dependent upon specimen
geometry, loading, test conditions and the particular test method employed.

The impact event involves high contact forces between the specimen plate
and the tup occurring over a short duration of time, which varies typically
between 2 to 30 milliseconds. The contact area on the specimen plate is
dependent on the tup diameter. The fracture event consists of both the elastic
and permanent plastic deformation.

Figure 2.10 below is a typical load versus displacement trace from an
instrumented test. The figure also displays characteristic information that can
be obtained such as yield load after which the specimen begins to plastically
deform, the maximum load sustainable by the specimen, the failure point of
the specimen as well as the corresponding deflections experienced by the
specimen during the impact event. The maximum force is associated with a
stage in the impact event at which the specimen has undergone sufficient
damage to facilitate further penetration of the striker under reduced
resistance. Thus, the large reductions in force thereafter are generally

associated with considerable crack development.
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The area under the load displacement curve represents the energy absorbed
by the specimen. The energy absorbed by the specimen till the point of
maximum loading (pre-maximum load energy) is known as the crack initiation
energy and initiates the formation of cracks in the specimen. The post-
maximum load energy is responsible for the propagation of the initiated crack
and is thus known as crack propagation energy. This is the portion of plastic
contribution to the total fracture energy and is strongly dependent on the
rubber content of the copolymer. The plastic component usually constitutes
approximately 70% of the final fracture energy and is primarily responsible for
the continuous increase in fracture energy as the EPR content increases to a

level limited by the deleterious effect on stiffness®™**.

Yield Crack initiation  Crack propagation
- point d energy energy
2500 -
22000 -
&
5
v ® 3
e 1500 Frictional
force
v
1000 -
500 4 | . /] Mot
0 0.002 0.004 0.006 0.008 0.01 0.012

Displacement (m)

Figure 2.10: Schematic showing a typical load versus displacement trace obtained from an
instrumented impact test [after ref. 8].
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2.5.2 Impact Strength

Impact copolymers have characteristic properties as a result of their hetero-
phasic nature but their impact strength is not a fundamental material property
and is dependent on the test method employed, specimen geometry, test
temperature and conditions used. The main end-use property of the
copolymers is their low temperature impact strength. The introduction of the
very low modulus elastomer in the polypropylene homopolymer matrix
increases the impact strength of the material. This increase is a consequence
of an improvement in the efficiency of the energy dissipation behaviour of the
material, which is correlated to the structure and morphology of the
copolymer. However, copolymerizing polypropylene with a rubbery elastomer
also detrimentally affects other properties such as a lowering in the stiffness,
hardness, and the tensile strength of the copolymer. Figure 2.11 illustrates
the decrease in modulus that is observed in the ethylene-propylene
copolymer as the rubber content present within a copolymer microstructure

increases.
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Figure 2.11: Diagram showing the effect of the ethylene content in polypropylene on the end-
use properties [after ref. 2].
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Other end-use properties such as the ultimate load bearing capacity and the
scratch/mar resistance also suffer to allow for an enhancement in the impact
resistance of impact copolymers. The factor governing the ideal compromise
between the impact strength and stiffness is the degree of dispersion of the
EPR component. The impact strength is related to the amount, particle size,
composition and distribution of the rubbery phase within the matrix. The
nature of the modifier determines the deformation behaviour of the copolymer
and its ability to absorb the impact energy, whilst the particle size and spatial
concentration define the possibility of initiating crazes and intercepting the

fracture propagation path?252627,

2.5.3 Tensile Strength

Investigations by Fernando and Williams using tensile tests to illustrate the
toughness behaviour of polypropylene copolymers at sub-zero temperatures
showed the results displayed in figure 2.12*. The results are obtained from
tensile tests done at —60°C. The homopolymer fractured in a brittle manner at
the test termination point as compared to the pronounced vyielding
accompanied by dense stress whitening at the ultimate tensile strength in the
copolymer specimens. The ultimafe tensile stress decreased with increasing
ethylene content for the impact copolymers. What is also noticeable, is the
decrease in the modulus of the copolymers compared to the homopolymer
thus indicating that the stiffness of the polymer is negatively affected by the
addition of the secondary phase ductile material due to a reduction in the
crystallinity present in the copolymer and a limited degree of contribution
through plasticization. The area under the curves shown in figure 2.12 is an
indication of the toughness of the material being tested. Thus the copolymers
show an increased toughness in comparison to the polypropylene
homopolymer. The yield strain, however, remained constant at 3.2% and is
independent of the ethylene content* 828,

i
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Figure 2.12: Stress-strain curves indicating the property difference between the rubber
modified polypropylene and the homopolymer [after ref. 4].

2.5.4 Young’'s Modulus

The Young's modulus of the copolymer is dependent solely on the volume
fraction of the rubber present in the polymer material. The relationship
between the volume fraction of the secondary phase material and the .
resulting Young's modulus can, for example, be described by the Kemel

equation for polypropylene as shown below®.

é - B {1 ~0.967(x )1+ 0.879(1))}

1+0.829(y)
where E is the Young’s modulus of copolymer (MPa)
Em is the Young’s modulus of the matrix polymer (MPa)
and y, is the volume fraction of the modifier material (No units)
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The Kemél equation does not have a variable to represent the rubber particle
size and is therefore independent of that factor. Figure 2.13 is a graph
showing the Young's modulus plotted against the volume fraction of the
rubber in the copolymer. A linear relationship is observed between the two
variables in which a constant decrease of the Young's modulus occurs as the
volume fraction of the rubber increases. Thus the rubber content presentin a
copolymer should be limited by a compromise between the impact strength

and modulus to allow for adequate polymer stiffness®.
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Figure 2.13: Graph of Young's modulus as a function of the rubber content for PP/EPR
system [affer ref. 8].

2.5.5 The Ductile Ratio

A parameter known as the Ductile Ratio (D.R.) is used to characterise the
plastic vielding and elastic deformation of polymers. The ductile ratio is
defined as the contribution or relative percentage of energy that is absorbed in
deforming the polymer specimen plastically with regard to impact energy,
which is the total energy absorbed by the specimen. The ductile ratio is used
as an indication or measure of the ductility of the polymeric specimen. It is
not an intrinsic material parameter and can therefore be used only fo rank the
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ductility of polymeric materials at the specific test conditions such as impact
velocity, test temperature and the test specimen geometry?®. It is calculated

by the equation:
. . U,-U .
Ductile Ratio = ﬁ‘——L) (no units)
Ut
where U, is the total impact energy (J)
Un is the initiation elastic deformation energy (J)
and (Uy— Up) is the energy of plastic deformation after yield (J)
Un>0 U=Unm Un=0 U0
® @ @ t
: : : |
. i I J
ol th FI
Uy i
‘A
: . i
Displacement Displacement Displacement
ideal slastic deformation Viscoslastic deformation ldeal plastic deformation
DR =0 DL=0 0<DR.<1 0<Dl<e DR.=1 Di=w

Figure 2.14: lllustration of the ductile ratios for various types of materials fafter ref. 29},

Figure 2.14 shows that an ideally brittle material that does not exhibit any
plasticity and has a D.R. value of zero because U, is equal to Uy,. Similarly,
ideal ductile materials exhibit minimal or no elasticity thus making U, almost
equal to zero and the D.R. value tends to one. Viscoelastic materials show
values of D.R. ranging from zero to one. Thus the energy supplied during
crack propagation in the impact event is a measure of the ductility of a

material*>,

2.6 THE GLASS TRANSITION TEMPERATURE
The glass transition temperature (T,) is defined by a change in the expansion
coefficient of the polymer material upon cooling from the liquid melt. it is an

important parameter relative to the in-service applications of the polymer and
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is indicated by a discontinuity in the rate of change of the specific volume with
respect to temperature. Crystalline polymers display a discontinuous specific
volume change at the melting temperature (T,,) whereas amorphous polymers
are show a continuous behaviour past the T, and a decrease in slope only at
the Tq. Intermediate polymers show a discontinuity at both the melting and
the glass transition temperature. This effect of specific volume discontinuity
arises due to the onset of enhanced chain mobility as the temperature rises
above the glass transition temperature. Thus the polymers experience a
transition from the rubbery to a rigid state at the glass transition
temperature®¥'.  Block copolymers consist of sequences of two different
polymers and form a phase separated polymer system. Thus two different
glass transition temperatures are observed and can be ascribed to the EPR
and polypropylene components, respectively. The compatibility of the
different component systems of an impact copolymer determines the
difference in the T4 of the components.

Ethylene-propylene rubber copolymers exhibit transition temperatures
identical to the pure components indicating total incompatibility and
immiscibility between the polypropylene and the EPR phases. This is also
evident in the microstructure of the impact copolymers as two distinct phases
are observed. Figure 2.15 illustrates this concept by the results obtained from
the dynamic mechanical analysis (DMA) of EPR toughened polypropylene.
Separately detected tan & peaks of polypropylene and EPR glass transition
temperatures indicate that phase separation does take place during

copolymerization.

Phase separation is essential for increasing the toughness of the rubber-
modified systems as a rubber that dissolves in the matrix acts only as a
plasticizer reducing the glass transition ternperature as well as the stiffness of
the matrix with only a moderate increase in its toughness’®. However, the
solubility parameters of the two components must be similar to achieve good
adhesion properties between the two phases®”*'. The mechanical response
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The BDT temperature can be defined to be the temperature reading at the
point of inflection in the impact strength temperature curve in regime 2 as
shown in figure 2.16. The BDT occurs within a temperature band around the
brittle-to-ductile transition temperature. The addition of a low modulus
elastomer to polyproperne shifts the BDT to lower temperatures, whilst an
increase in the crystallinity of polypropylene causes a shift in the BDT to
higher temperatures. Crystallinity effectively ihcreases the vield stress whilst
simultaneously decreasing fracture strain thereby promoting brittle fracture.

Since the ductility and brittle strength of polymers are both temperature
dependent, the fracture resistance is also temperature sensitive. A higher
temperature provides a more suitable condition for molecular relaxation,
thereby promoting the impact resistance of the polymer. The BDT
temperature for a poly (propylene-ethylene) copolymer shows a dependence
on the composition of the material and external variables such as temperature
and strain rate'®'®*%%  The test procedures used are in accordance with the
ASTM standards for determining the BDT temperature of plastics‘®.

2.8 THE EFFECT OF ELASTOMER CONTENT ON THE BDT
TEMPERATURE

Drop weight impact tests performed on impact modified polypropylene
containing an increasing % of ethylene-propylene-diene elastomer (EPDM)
indicate that the modified polypropylene shows an inadequate impact
performance at cryogenic temperatures until a critical amount of impact
modifier is reached within the modified polypropylene system. The effect of
increasing the EPDM content within the copolymer composition is comparable
to increasing the test temperature at which the impact event characteristics
are captured. In figure 2.17, an increase in the modifier content shifts the
transition to lower temperatures thereby extending the scope of use to
encapsulate cryogenic temperature applications®****”. The plasticizing effect
induced in the polypropylene copolymer upon the addition of up to 10%

{a) ASTM D746 — Brittleness temperature of plastics and elastomers by impact 34
ASTM D1790 — Brittleness temperature of plastic sheeting by impact



ethylene suppresses the occurrence of brittle-to-ductile transition temperature

to lower temperatures by decreasing the copolymer yield strength®®.
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Figure 2.17: Brittle-ductile transition temperatures of impact modified PP with increasing %
slastomer content [after ref, 30].

2.9 THE EFFECT OF RUBBER CONTENT ON SPHERULITE
MORPHOLOGY

Spherulites consist of skeletal crystalline lamellae radiating outwards from a
common centre. These lamellae fan out and branch out in a spherical entity.
Generally, the addition of a rubber elastomer in a polypropylene matrix results
in a change in the polypropylene spherulite morphology. The spherulites lose
their form and tend to shrink in size and as the rubber content in the
copolymer is increased resulting in smaller spherulites possessing irregular
shapes. The dimension changes or defects in the spherulite morphology
could be a consequence of the swift nucleation rate of the polypropylene
spherulites in the presence of the rubber phase. However, the growth rate of
the spherulites is not deeply affected by the secondary phase. This induced

change in the spherulites increases the fracture resistance of polypropylene
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which forms a inverse relationship between impact resistance and spherulite

size and number'3?"¥

2.10 CONSEQUENCE OF ELASTOMERIC CHARACTERISTICS
~ ON PROPERTIES

Impact enhancement is dependent on several factors concerning the

ethylene-propylene rubber modifier.

*  Amount of EPR added to the impact copolymer system

Generally impact or hetero-phasic copolymers contain up to 40% ethylene-
propylene 'intimately dispersed within the polypropylene matrix. The EPR
particle itself consists of 50% to 60% ethylene. Therefore approximately 20%
ethylene is present in the total final product. It is important to note that an
increase in the EPR content. affects only the degree of occurrence or the
density of the rubber particles in the matrix and not the shape or size®®.

* EPR particle size and distribution

Optimum partiéie sizes vary according to the type and chemical structure of
the matrix polymer and the secondary rubber phase incorporated during
copolymerization. The particle size determines the number and interspacing
of the particles for a particular concentration present in a system. The impact
behaviour is influenced by the EPR size principally through the effect of
initiation and termination of crazing and shear yielding. The molecular weight
of the EPR phase controls the size of the rubber particles in the matrix. A
critical particle size of 0.4 Hm for PP/EPR systems is found to yield optimum
toughness. Obtaining the correct melt phase viscosity ratio prevents
agglomeration of the rubber particles. Figure 2.18 shows the effect that the
rubber phase viscosity has on impact for a constant matrix viscosity®.
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Figure 2.18: Effect of EPR viscosity on the impact behaviour of hetero-phasic copolymer
[after ref. 2].

The degree of dispersion of EPR is also affected by the melt phase viscosity
ratio i.e. the viscosity of the dispersed phase/viscosity of the matrix.
Increasing the melt phase viscosity ratio by decreasing the matrix viscosity
induces a coarser distribution of the EPR phase. This is a direct result of the
inability of the matrix to transfer shear stress to the elastomer phase and
break it apart into smaller particles. However the EPR mode of dispersion is
independent of the EPR microstructure®’.

® T, of EPR and chemical affinity for the polypropylene matrix

Interfacial adhesion can be promoted by selecting components with similar
solubility parameters. Grafting agents can be used to assist in the adhesion
between the two phases. The ethylene (C,) and propylene (Cs) content of the
EPR also affects the blend. At high Cs contents, the T4 of the EPR phase
increases and the impact strength is limited. The polypropylene crystallinity in
the EPR reduces shrinkage stresses in the polypropylene matrix. In addition,
the interphase between the matrix and modifier particles is indistinct. As the
C, comonomer content increases, the polypropylene crystallinity decreases
and the Tg4 begins to drop. However, a decrease in the tensile strength is
observed. Further increases of the C. levels, typically above 50%, introduce
polyethylene crystallinity within the rubber phase causing the rubber particle
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to shrink more during cooling thereby reducing a build-up of stress in the
matrix. Thus impact resistance reaches a maximum. However interfacial
adhesion suffers as even more C, is introduced into the modifier particles.
This has a negative effect on the impact behaviour since the rubber particles
become stiffer. An optimum concentration of between 45 to 60 mole % of C;
is found in the EPR. Thus the dispersed elastomer phase is able to maintain
phase separation due to adequate immiscibility with the matrix and yet
provide strong adhesion between the two phases?®.

2.11 INFLUENCE OF MATRIX LIGAMENT THICKNESS AND
PARTICLE SIZE

The matrix ligament thickness (ID) is defined as the nearest distance of the
matrix between two neighbouring rubber particles and can been calculated by
the equation in section 2.3.2. The average ID increases with increasing
particle size and particles size distribution at constant volume fraction. As the
particle volume fraction is increased, the relationship between the average 1D
and particle size distribution becomes more sensitive. Figure 2.19 shows the
concept of matrix ligament thickness and the stress interaction between
adjacent rubber particles.

For every system, there exists a critical ligament thickness (ID¢) at which point
the system will undergo a brittle-to-ductile transition. The ID¢ is independent
of particle volume fraction, particle size and is a characteristic of only the
matrix for a given mode, temperature and rate of deformation. The ID¢
increases substantially as the testing temperature increases to the Tq of the
material and thereafter continues to increase with increasing test temperature.
The IDc value should therefore be reduced to ensure toughening in the
copolymer system in a low temperature environment. Strain rates and 1D¢
values have an inverse relationship between them indicating that the D¢
value increases with an accompanied decrease in the applied deformation
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rate. The IDc value is also strongly dependent on the testing method

employed to induce deformation®.
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Figure 2.19: Diagram of the stress interaction that occurs between the rubber particles. Tc

and Or are the compressive stresses imposed by the external load onto the particles and the

matrix respectively [afler ref. 13]

If the concentration of the modifier particles is sufficiently large due to an
increasing volume fraction, the adjacent particles A and B are positioned
closer together thus reducing the ID. The compressive stresses Oca and Oca
exerted on the particles under the action of the external load begin to overlap.
Thus the compressive stresses imposed on the matrix surrounding the
individual particles is reduéed {0 Oca - Ora and Ocs - Ora respectively, causing
the copolymer to behave in a tough manner when the average ligament
thickness, 1D, of the system is lower than its critical matrix ligament thickness,
IDc. However, if the ID is much greater than the D¢, there will be a low
concentration of rubber particles in the system. The imposed external stress
will then be borne mainly by the matrix, which renders the rubber toughening

effectively insignificant. Thus the copolymer would be brittie®'>.

Therefore, a greater number of matrix ligaments thinner than the critical
ligament thickness in a system is a key factor for toughening by interparticle

yielding. A value of 1.5 bm was found to represent the D¢ in polypropylene
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systems. The critical rubber content within a system induces a transition from
the brittle to the tough and ductile type behaviour as shown in figure 2.20

below.
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Figure 2.20: Diagram showing the occurrence of BDT at a critical rubber content [after ref. 8],

At particular conditions of temperature, modifier particle size and testing
method employed, the matrix ligament thickness becomes thinner as the
rubber content in a modified polypropylene system increases. The average
matrix ligament continues to thin with higher weight percentages of rubber
until it falls below the ID¢ value of that system leading to a transition in the
impact strength. of the material thus introducing the concept of critical rubber

content®,

2.12 THE MELT PROCESSING TEMPERATURE

An excessively high processing temperature leads to a significant degree of
degradation in the homopolymer with a deterioration in its mechanical
properties through an increase in brittleness. Moulding conditions such as
barrel hold time, melt and mould temperature affect the properties of the
copolymer by inducing changes in the rubber particle size. An increase in the
melt temperature results in coalescence and growth of the rubber phase
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leading to a larger average elastomer particle diameter. Increases in the melt
temperature also reduces the nucleation of spherulites. However, the
changes in the crystallinity, molecular weight and macro-morphology of the
copolymer due to modifications in the moulding parameters are not very
significant. Although the skin-core macrostructure formed during injection
moulding is not altered, the thickness of the skin layer decreases as the melt

temperature is increased®'%?’.

2.13 THE MELT FLOW INDEX (MFI)

The melt flow index a measure of the flow rate in g/10min of polymer flowing
through a die at a given temperature and dead weight on a piston. For
polypropylene, test temperature conditions of 230°C and a load of 2.16 kg are
used. The melt flow index is inversely related to the molecular weight (M) of
polymer. More specifically, it is known that there exists an inverse log-linear
relationship between molecular weight and MFI®. Thus to understand the
influence of MFI on the properties of the copolymers, one can look at the
influence of molecular weight and relate it back to the MFI of the copolymer.

Molecular weight is also important in terms of the material’s response té an
impact event. Low weight-average molecular weight samples have a brittle
behaviour whereas a higher M,, of the same sample would be comparatively
ductile. This is a result of an increase in the fracture stress of the material
thus allowing it to yield before failure and absorb more impact energy leading
to ductile failure. Also, craze nucleation is enhanced in the material within
amorphous interlayers primarily due to a lower degree of crystallinity as the
My increases. The critical fibril length before the breakdown of the crazes is

also extended as the M,, increases.
The peak force experienced by a copolymer also increases as its My

increases since there exists a greater amount of entanglements between the
crystalline blocks in the craze fibrils allowing a higher external load to be
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imposed onto the fibrils. " Thus, increasing the Mw of a sample would
effectively lower the brittle-to-ductile temperature. However, the effect of the
rubber phase molecular weight on impact strength is smali®>. Figure 2.21
shows the influence of the melt flow index of the matrix on the brittle-to-ductile
transition temperature of a copolymer containing 15% by volume EPDM. The
notched lzod impact test was used to determine the transition temperatures.
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Figure 2.21: Graph of various polypropylenes showing the effect of MFI on the brittle-to-
ductile transition temperature fafter ref. 33]. '

These results show an associated increase in the BDT temperature with an
increase in the melt flow index of the specimens. This effect is attributed to a
decrease in the fracture stress experienced by the specimen as their melt flow
index rises which would cause the specimens to fail prematurely below their
yield stress as is characteristic of brittle failure. The Mw of the matrix also
shifts critical rubber content required for ductile behaviour to lower

values 3741,
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2.14 THE EFFECT OF CRYSTALLINITY ON THE BDT
TEMPERATURE

Polypropylene with a high matrix crystallinity shows a low degree of ductility,
which is a consequence of a high yield stress and decreased fracture strain.
The influence of matrix crystallinity on the yield strength of the copolymer can
be seen in figure 2.22 at varying rubber contents. There exists a direct
relationship between polymer crystallinity and yield stress as shown in figure
2.22. However, the figure also shows that the yield stress decreases as the
rubber content within the copolymer is increased at constant matrix

crystallinity.
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Figure 2.22: Graph of the yield stress of the PP-EPDM copolymers as a function of the
polypropylene matrix crystallinity [after ref. 34].

The brittle-to-ductile transition temperature can be lowered appreciably by
lowering the crystallinity of the copolymer since the yield stress of that
copolymer would drop below the fracture stress inducing a ductile response
from the copolymer during an impact event. This can be seen in the results
shown in figure 2.23. The EPDM specimens maintained a constant particle
size of about 0.4 pm whilst increasing the rubber content to the percentage

level as indicated by the legends.
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Figure 2.23: Brittle-ductile transition temperature vs. matrix crystallinity [after ref. 34].

The strength varies inversely with crystallinity, since crystallinify introduces
brittleness in the material via a localised action of applied stress due to the
stress concentration effect of the crystallites. The crystallites also reduce the
action of the energy dissipative micro-mechanisms of the polymer matrix. The
crystallinity of the polypropylene matrix phase is noticeably suppressed by the
presence of the secondary EPR phase suggesting an interference between
the crystéllization process of the ethylenic EPR sequences and the
polypropylene. It is hypothesised that the crystalline domains of the ethylenic
sequences are entrapped within interlamellar amorphous regions of the
polypropylene phase hindering the polypropylene crystal growth whilst

increasing its thickness, thus lowering the crystallinity of the copolymera’z?"‘z.
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CHAPTER 3

CRYOGENIC APPARATUS DESIGN

3.1 DESIGN STATEMENT DEFINITION

Design a cooling rig capable of cooling the copolymer specimens clamped
within the in-house built drop weight impact tester to any specific cryogenic
temperature ranging from 40°C to -50°C. Due to the nature of the cooling
requirements, the cooling rig should be incorporated onto the existing in-
house built impact tester.

3.2 CONCEPT FORMATION OF THE COOLING RIG

Three different methods of cooling the drop weight impact specimens were
investigated. These are reviewed in terms of their method of operation in the
sub-sections that follow. Based on the advantages and disadvantages of the
various cooling designs, the most viable design will be selected. Factors such
as the ease of manufacture and operation are also considered.

3.2.1 Design A: Vapour Cooling System

The schematic shown in figure 3.1 is a possible design solution of the cooling
rig required. The operational mode of the vapour cooler system is as follows.
The compressed nitrogen gas tank acts as a storage unit containing nitrogen
at room temperature. Upon operation of this system, the nitrogen gas is
released from the storage unit via the regulator placed onto the tank. The
nitrogen gas flows through a pipe that is tightly secured to a hollow copper
tube.
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Figure 3.1: Schematic diagram of the vapour cooling sysfem

The copper tube is immersed into a tank containing liquid nitrogen. Thus, the
nitrogen gas is cooled as it passes through the copper tube positioned inside
the liquid nitrogen tank. Heat dissipation or transfer from the nitrogen gas to
the liquid nitrogen is the crucial step in this system. To improve the efficiency
of heat transfer, the copper tube should be mechanically coiled to allow for a
longer contact time period between the nitrogen gas in the copper tube and
the liquid nitrogen in the tank.

The cooled nitrogen gas then flows out of the tank and back into a flexible
rubber pipe. The pipe is required to have a very low glass transition
temperature, typically lower than -150°C, to maintain flexibility at cryogenic
temperatures. It is vital that appropriate steps be taken to ensure a good
degree of insulation in this section of the system thus minimising the
temperature rise of the cooled nitrogen gas. The pipe is directed towards the
clamped specimen allowing the cooled nitrogen gas to make direct contact
with the specimen. The gas is directed onto the specimen until it reaches the
desired testing temperature. The specimen temperature is to be measured by
means of a thermocouple located onto the specimen. The test commences
upon achieving the desired specimen temperature by triggering the release of
the impactor by a computer activated solenoid. The set-up of this system
allows continuous cooling of the specimen even whilst the impact event
occurs. The outflow of the cooled gas onto the specimen is controlled by
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means of a control valve attached to the open end of the pipe. However, the
nature of the design requires that the nitrogen gas be periodically replaced
and particular attention be given to the insulation of the pipes. Another factor
that may interfere with the impact results is the condensate formed on the

specimen surface which may react with certain types of polymers.

3.2.2 Design B: Coiled Cooling System
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Figure 3.2: Diagrammatic representation of the coiled cooling system

The coiled cooling system utilises the flow of liquid nitrogen. The liquid
nitrogen is stored in a dewar and is pumped into a flexible pipe by means of a
cryogenic pump. The pump should be capable of operation at cryogenic
temperatures and be able to pump cryogenic fluid. The pumped liquid
nitrogen passes through a hollow copper tube that is attached to the outflow
section of the cryogenic pump. The copper tube is coiled in order to enhance
the effectiveness of this design. The polymer specimen is positioned within
the circumference of the copper coils (point A), allowing the system to cool the
specimen irrespective of the impacting procedure. The impact specimens are
usually between 2 to 5 mm in thickness whilst the clamping plates generally
measure a length of 50 mm. The coiled copper section should therefore
measure a vertical length of approximately 70-100 mm. The diameter of the
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coils is dependent on the geometry of the clamping platens as the coils are to
be positioned around the specimen clamping plates of the impact tester. The
design of the coiled cooling system prevents direct contact between the
polymer specimen and the copper coils. Air is a poor conductor of heat,
rendering the cooling design less efficient and thus requiring an added
construction of an environmental chamber,

The temperature of the specimen can be regulated by means of an electrical
heat source located within close proximity to the specimen. Increasing the
temperature of the heat source would increase the temperature of the
specimen, thereby providing a method of controlling the specimen
temperature. The liquid nitrogen is pumped back into the dewar after passing
through the copper coils allowing for a continuous flow cycle.

3.2.3 Design C: Cooling Disk System
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Figure 3.3: Schematic illustration of the cooling disk system
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Unipump should be gently lowered into the storage vessel or dewar
containing the coolant. Power should be supplied to the pump only when

immersed into the coolant.

The thermocouple and the heating element should be properly located in their
respective holes in the copper disk. Moisture in the thermocouple locating
hole should be avoided toc attain accurate temperature readings of the disk.
Ensure that a ceramic hollow tube encapsulates the length of the heating
element exposed to the atmosphere for safety reasons as well as to allow for

better heat dissipation.

Once power is supplied to the pump and the impeller begins to rotate, the
coolant is circulating in the disk. The speed at which the impeller rotates can
be controlled by adjusting the voltage supplied to the pump which further
allows for ease of temperature regulation. The Gefran unit provides a digital
display of the disk temperature and the desired temperature which should be

set manually before the operation of the cooling disk system facility.

Care should be exercised during testing to avoid grotesque distortion of the
silicone tubing as it would fail in a brittle manner due to the temperature of the
coolant being lower than the glass transition temperature of the silicone
tubing. The dewar may need to be refilled with the coclant at certain intervals
depending on the coolant flow rate and the required specimen test
temperature. Upon completion of the use of the cooling apparatus, the
Unipump should be removed from the dewar only after the silicone tubing has
attained its natural flexibility and should be dried thoroughly. The disk must
also be thoroughly dried.
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

4.1 TEST MATERIALS

The copolymer under investigation in this research study is poly (propylene-
ethylene) copolymer, which consists of polypropylene as the matrix polymer
and the ethylene propylene rubber as the dispersed modifier particles.

4.2 TEST SPECIMENS

The polymer specimens are supplied by Sasol Polymers and are made by
injection moulding as pér the standards dictated in the ASTM D4101 and ISO
1873-2 procedures. The injection moulding process consists of molten
polymer being injected into a cold mould cavity with the geometry of the
desired shape. The cycle time period is around 60 seconds of which the
cooling in the mould lasts approximately 25 seconds. All the specimens were
tested in such a manner that the impactor (tup) penetrated the specimens at a
direction perpendicular to that of the polymer molecules injected into the

mould cavity. All the specimens were un-notched prior to the impact tests.
4.2.1 Test Specimen Dimensions

The initial circular test specimens of a 2 mm thickness were tested at room
temperature using the drop weight impact tester. The tests yielded erroneous
results due to excessive specimen vibration during the impact event. The
vibration was detected by means of a plot of voltage as a function of time.
This plot showed a deviation from the expected normal behaviour, which can
be attributed to the specimen being improperly clamped. The specimen

vibration was a result of two factors. Firstly, the specimen thickness was
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4.3 TESTING APPARATUS: INSTRUMENTED DROP WEIGHT
IMPACT TESTER

The impact tests were performed on an in-house built drop weight impact
tester that was modified to include cryogenic temperature impact testing. The
impact tester is instrumented to allow the impact data obtained during the
impact event to be recorded onto a computer. For each impact event, three
traces are recorded. Manipulating the acceleration history equations of the
impactor acquired from the tup force measurements derives the three traces
mentioned. The force imposed onto the specimen vs. the impact time, and
the total deflection experienced by the specimen during the impact event can
be obtained. The integral of the area under the force-deflection curve
provides information of the impact energy absorbed by the specimen as a
function of specimen deflection.

4.3.1 Impact Test Procedure

A photograph of the test apparatus shown in the figure 4.1 indicates the
different components of the instrumented drop weight impact tester used in
this investigation. The drop weight impact tester is calibrated according to the
procedure described in the Results Section to obtain meaningful results. Prior
to commencing of the impact test, a square test specimen is securely
clamped into place by the use of bolts located on the top clamp plate. The tup
and the cross-head beam should be hoisted to the required height by means
of an electronic pulley attached to the cross-head beam. The copper disk is
then placed onto the exposed section of the specimen surface and the coolant
is permitted to flow from the storage dewar through the disk and pumped back
into the dewar. The disk is placed onto the specimen ensuring direct physical

contact for a period of 15 minutes.
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peak particle size leads to a smaller interparticle distance as seen for the 5.5
ethylene % TPC grade in figure 5.46. The broader distribution curve of TPC
containing 5.6% ethylene has a higher average interparticle distance. Similar
trends can also be deduced from the higher ethylene containing copolymers
in figure 547. The DOW grade with 10.39% ethylene has a higher
interparticle distance compared to the DOW grade containing 10.62%

ethylene due to a broader particle size distribution.
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CHAPTER 7

CONCLUSIONS

Instrumented drop weight impact testing is a useful tool to provide a
means of characterizing and understanding the impact behaviour of
poly (propylene — ethylene) copolymers. This form of impact testing is
not limited to polymeric materials but can be used efficiently io
examine other material types e.g., composites and metals. It is
important to note that the results obtained from drop weight impact
testing provide quantitative results which are to be used for comparing
the impact properties of materials under specific test conditions.
Important consideration should be given to the testing technique as the
polymer may behave differently with different testing methods. The
instrumented drop weight impact test provides a detailed account of
the impact event. The rig was found to be reproducible to a confidence
level of 93%.

The cooling disk system was successfully incorporated into the in-
house built instrumented drop weight impact tester and implemented to
obtain impact energy results for the poly (propylene — ethylene)
copolymers down to cryogenic temperatures of -50°C. This system
was found to be advantageous over the vapour cooling system as well
as the coiled cooling system. The cooling disk system showed an
operational capability to within 2°C of the desired impact test

temperature.

Increasing additions of a low modulus elastomer such as ethylene
propylene rubber (EPR) in polypropylene increases the low
temperature impact toughness of the copolymer by suppressing its
brittle-to-ductile transition temperatures. However, rubber modified
polypropylene systems have a critical rubber content which should be
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exceeded to optimize the impact strength of the copolymer. Other
parameters such as the molecular weight of the polymers can also be
increased to improve the impact resistance of the polypropylene

specimens.

The brittle-to-ductile transition plays an important role in the damage
competition between the multiple crazing and shear vyielding
deformation micro-mechanisms. Prior to the occurrence of the brittle-
to-ductile transition, multiple crazing and shear vyielding are the
predominant modes of deformation. After the transition, only a limited
amount of the crazing micro-mechanism occurs due to the inability of

molecular chain relaxation at these temperatures.

Above the brittle-to-ductile transition temperature of a particular grade,
stress whitening is observed in the polymer specimen after impact. At
test temperatures much lower than the brittle-to-ductile transition
temperature, radial and circumferential cracks are observed. It is
noticed that a decrease in ethylene content of a copolymer is
analogous to the lowering of the impact test temperature. Thus, the
fracture behaviour of rubber modified polypropylene is dependent on
both the test temperature and the ethylene content.

Although a sensitivity analysis was not carried out on the melt flow
index and the ethylene content, this investigation shows that a
decrease in the melt flow index and an increase in the ethylene content
favourably influences the impact strength of the polypropylene
copolymers. The impact energies at below the brittle-to-ductile
transition temperature are similar to that of the polypropylene

homopolymer.
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No conclusive evidence could be found to substantiate the higher
impact strength of the low ethylene content specimens of the DOW,
TARGOR and TPC grades compared to that of the Sasol Polymer
grades. This may be due to different production methods with
concomitant changes in the microstructure of the ethylene propylene
rubber phase. The viscosity ratio and the compatibility between the
two phases may also be contributing factors to their higher impact
energy. However, the high ethylene content Sasol Polymer grades

showed similar energy absorption as the other grades.
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APPENDIX D

NORMALISED EPR PARTICLE SIZE DISTRIBUTION CURVES
FOR THE TPC, TARGOR AND DOW COPOLYMER TYPES












APPENDIX E

A DETAILED DESCRIPTION OF THE IMPACT EVENT

Figure 6.1 shows that the curve generated during the impact event can be
divided into four sections viz.,, A, B, C and D. Section A is known as the
dynamic offset and does not describe any useful information. This section of
the trace is representative of the disturbance of the loading response due to
harmonic oscillations that are generated during the initial collision between the
tup and the specimen surface. The end of section A in the trace indicates the
start of the linear load deflection deformation behaviour of the polymer
specimen. This behaviour is characterised by the specimen behaving as an
elastically loaded structure. The onset of plastic or permanent mode of
deformation starts at point B which is the yield point of the polymer specimen.

The first major deformation of the specimen occurs at point C. The
corresponding impact force is the maximum load the specimen can withstand
under an impact event before undergoing structural damage. This stage is
associated with the appearance of macroscopic deformation characteristics in
the specimen viz., cracks and tears. Stage C is followed by a conspicuous
reduction in the rigidity of the specimen as indicated by the gradual drop in
load after the completion of stage C. Point D is indicative of the end of the
drop weight impact test. This is the failure point at which the specimen loses
its structural integrity and therefore cannot sustain load any more. Some of
the force vs. deflection traces show a constant impact force at this point which
is a result of the frictional forces between the tup shaft and specimen.

The corresponding energy vs. specimen deflection graphs for the impact tests
(see figure 6.1) are shown in figure E-1. The impact energy absorbed by the
polymer increases continuously throughout the impact event. No reduction in
the deflection of the specimen is noticed at the end of the test. This indicates








