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ABSTRACT

To modify the rheologicﬁl.behaviour of rubber compounds, in crder
to improve their processing behaviour, lubricants based on fatty acid
derivatives are added at the mixing stage. This research-has been
directed towards ‘1dent1fy1hg ‘the modes of.'action of commerclally
" available lubricants in .a_ number of: elastomers and elastomer
ccmpounds, with the objective of proQiding a raticnal‘basis for the
further development cf lubricants. The primary tool for rheological
meaéurement was an advanceq-biconical rotor rheometer (Negretti TMS
ﬁhecmeter);' and' a ‘capillafy rheometér' waé“ used to provide' an -
1ndependént verification of results.. Conéeptual and matﬁemétical
models have been proposed which provide a rational explanatidn aﬁd
simulation of lubricant actibn. The conceptual.model takes accoupt.of
elastomer morphology, relative solﬁbility éarameters.of elastomer and ‘
lubricaﬁt and chenical reactiohs between the 1ubricant and elaétomér
in order to explain 1nterhal lubrication, chaiﬁ extension/cross—
linking, solvatlion and external 1uSrication5 The mathematical.mOAel
simulates the primary 1ubricant.actions of internal.lubricatidn and

chain extension/cross-iinking.
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ABEREVTATIONS AND NOMENCLATURE

Natural Rubber

' Chlorosulphonated Polyethylene

Ethylene propylene terpolymer
Intermadiate super abrasion furnace
Semi-reinforcing furnace 7

High abrasion furnace

Viscosity

- Apparent viscosity

Shear siress
Shear rate
Angular velocity (radius/second’

Thickness of the gap'between the rotor and the walls of

" the testing cavity

Radius of rotor or capillary

Radius less than R

The cone angle of the Biconicél rotor

Torque | |

Torque due to rotor's surface

Torque at edge of the rotor

Thickness of the rotor's edge

The pressure difference between the twc ends of a
capillary tube '
Caplllary lengths _

Shear stress at wall of capillary tube

Shear rate at wall of capillary tube

Volumetric flow rate

Free energy change

The enthalpy

The entropy

Sclubllity parameter 7

Concentration at which chain extension/éross-linking
sfarts to occur | _

Concentration at which external lubrication starts to

occur
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CHAPTER t

INTRODUCTION

Proceésing “aids have been used for mqﬁy years in the rubber
industry'_fo _solvé' problems encouhtered in .mixihg. calendering,
extrusion,ibuilding“oéerations and mouldiﬁg{ 'Gné group qf materials
ihat fallé undéf tﬁé processing alds .category is ‘iubricants. A
lubricant can ge_defined as any materiél that is added to the fubber
compound to meodify its rheological properties in order to improve iis
processing behaviour. The rubber industry requires that additives
such - as . lubricants should have minimalzreffect en- the cure
characteristics and the final physical properties of the.pro&uct. The
‘tyfe .industrf in particular has strict'.requirements tﬁat interply
adhesion and’ éord reinforcement should not be affected by the
migration of.wlubricants to the rubberl surface. Being of chemical
nature, lubricants are prone to affect the various chemical reactions
leading to the final physical properties of the product. This implies
that lubricants should be added in small conceﬁtrations to. rubber
compounds - in order to minimise any adverse effect on the final
physical properties of the compound that{ could result from its

presence.

The :presént. éfaté of understan&ing of lubricant acgion is very
limited and.directedrtowards particular'applications. In order to be
able to satisfy the different requirements presented by the various
rubber companies, the modes of action of lubricants on elastomers and
elastomer compounds should be understoﬁd. Having 1identified the

various functions that can be accomplished 5y.a lubricant, a certain




requirement in a particular process can then be obtained by specifying

the right lubricant.

The aim of this study 1is to provide a basis for the rational

development of new materials,

In view of the foregoing, the objeétives of this study are:

1) To identify the different modes of action of lubricants in

elastomers and elastomer compounds.

11y To examine the vérious‘factérs that affect the modes of action of

_ lubricants. |
iii) To develop a conceptual model fhat will-explain ;hé varidﬁs hodes

of action of lubfiéants on the fheolpgical propérties of
élastomers and elastomer compounds.

iv)_ To examine the effect of commercially avajilable lubricants on
rubber compounds used iﬁ the rubber industry.

v) To develop & phenomenologicai mathematical model .that will
describe the dgpendence of the apparent viscosity of a rubber
compound'on lubricant concentration.

Chapter é of this stud} reviews rheological behaviour of polymers
and the effect of additives on 1t. The different mechanisms of
‘lubricant action proposed in earlier publications are also pbesented.
.Chapter 3. presents the  fheor§ ~underlying the var;ous 'heasurement
- techniques uéed. In chapter 4, the équipment- development and
opefétion methods are présented, as well as the mixing and sample

preparation techniques. Chapter 5 deals with the preliminary

experiméntal results from which a conceptual and a mathematical model




~are developed in chapter &. Chapter 7 pfesénts the results of
éxperiments developed to validate the conceptuai model proposed in.
chapter 6. In chapter 8, the various conclusions about the tﬁo
models, the 1lubricants used. and the measuring techniques ére

presented., Also, Eecommendations for further work are suggested.




CHAPTER 2
'LITERATURE SURVEY.

2.1, RHEQLOGICAL BEHAVIOUR OF POLYMERS

Today the concept that polymers-coneist of veryjlong chains of

covalently bonded atoms is almost universally acceptedfl]f It is also

.‘recognized that régardless of whather & polymer 1s natural or

. synthetie, it consiete of a backbone of 'multitudinous covalently

~bonded atoms. The difference between the physical preperties of the

different polymers depends to a large extent .on the regularity of

polymer structure and the relative strength of the intermolecular
secondary valance bonds. The latter may be strong hydrogen bonds,

moderetely strong dipole-dipole forces, or London forces.

A polymer chain in isclation will take up a wide variety of

' stereoscopic conformations, governed by three factors{2l:

8) The statistics of random processes.

5) A preference fer eeriain sequences of bond arrangement because of
steric and energetic restraints Qithin'the molecule.

ci_ The_rexelusion‘ of._some hypotheticel conformations’ whieh would

require parts of the chaln to octupy the same volume in space,

If tensile forces are applied-at the ends of a polymer‘chain, it
‘will sssume a somewhat oriented conformation, but when the tensile
forces are removed, the chain will reeoil'to one of its more stable

conformations[3] (see Figure 2.1.). ~ Unvulcanised rubber, 1in its
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(b)

Figure 2.1 : a) Random elastomer chain

b) Oriented eldstomer chain.

Figure 2.2 : Elastomer chain entanglement.



éimplest morphology, is made up of such polymeric chains. The ability
of the chains to move pést each other when a tensile force 'is applied
'.gives‘it its viscous properties; and their ability to recoil when the

stress is removed gives 1t its elastic properties,

V;scosity,,is the meééure of the résiéfénce of fhe liquid to flew
.and 1s‘moré exactly:definéd as tﬁé ratio of_the_sheéring'stressftl to
the rate of shearing[?]" | o

M= | " | | -
' . o o - . veve (20000

~ For a Newtonian 11qu1d,:the‘vis§§sity is a constant regardless of
- the rate of shearing(f). This 15 not thé‘case in most real liquids
ﬁnd eséecially not with polymers. 'Gﬁe cnly has to imaginé the
different conformations taken by the polymefic chains at.differeht
levels of stress to know that the resistance of a polymer to flow when
the chain is in its random ‘c0nforma£ion (see Figure 2.1.[8)) is
different from 1its resistance to flow wheﬁ .the _chéin is in its .
oriented conforﬁation (see Figuré .2.1.{51)._ This 1s the problem
eﬁcounteréd in the simpleét éase, ~where the lEyring .activation

_theoryl4) is applicable. .

Eyring states that the activated moving units in a flowing liquid
are either the molecules of the liquid; or the chﬁin segﬁents of the
- molecules if the material 1s a high polymer. .Héwevér, there are both -
theoretical and.ekperimental.reasons for believing'thét, at least in
many cases. theré are coherent masses, containing many molecules of
thé iiquids,:which move and rotate essentiéily'ns cocherent units{5].

'In_organic 11Qu1ds of low molecular weight, such units are suggested by




the x—ray evidence of cybotax1s[6]. Glasses are generally suppose&fﬁo
contain regions of higher and 1owér order 1in 6;5m1c_arrangements[7L

' Mooney({ 8} revised the Eyring:theory té bring it into harmeny with the
lérgé size of the rheological units in.elastomers. In fhe revised
théorf the ﬁacroscopic viscosity is assumedf_to result from the
‘friction of‘the rheoiogiéal‘units'as they slidé o?er each other.  The
frictional_force is treated.as a consequence of‘temporary moleculdr
attachments across the boundﬁries of thé unitﬁ. Mooﬁey[ﬁ] suggested‘
that the existance of the rheological units was dﬁe to entaﬁglement or
‘thigotrop;c atiachments; These units would'move and rotate as elastic -
solid :bodies.n_. The diameters for a series 6f different elastomers

tested in his paper lay in the range from 1 to 3% microﬁs.

The concept of chain entanglement first arose more than fifty-five
yearé ago. In 1832, Bussel9] distinguisﬁed Between the weak Van der
Waals forces cccurring over most of the molecule's length which
6ffered’almost-no resistance to motion, and a few widely-separated
stfong 1nterﬁctions which served, for shert times_a@_least, td bind

the structure into a three-dimensionél network.

Treloar( 10} pointed out that such physical coupling orjentanglement
migﬁt indeed be expecied, glven fhe?long flexible nature of 1ndiv1duai
molecules and random, interpenetrating arrangements in the solid.
Regions where molecules were looped through one another (see Figure.
2.2.) might offer ﬁigh fesistance to defermation for a time. bu£ the
loops would eventually slip or be removed and reformed by random

thermal motion.




. Graessley(11] discounted the past theories attempting to explain
fhe- nature of entanglements in flexible non-polar polymers in

'topological terms, eg..lloops. kinks, etc... .No matter what the

' explanation of the entanglement phenomenon is; 1ts existance is widely

accepted,
2.2, ELASTOMER COMPOUND RHEOLOGY: FILLERS AND PROCESS QILS

Filléréélprocess_oils_and'oiher édditives should be qompounded with'
raw rubber in order to obtain a rubber compound_witﬁ useful physicai
'“ propert;es.ﬁ:The addition of fillers and process olls to an.elastomer‘
has a major 1nf1uence_onrits rheo1ogi§ai-prope;éiés;'

2.2.1, Filler:

Carbon‘black is the preferred rubber filler and is used for the

- majority of situations where reinforcement is reqﬁired.l _ Fér fhe

reinforcement of white or light coloured mi#es, silicon and cther
‘white ‘fillers can be used. The nature of the interaction of
elastomers with.pafticular fillers is complex and can be divided in
fWo categories; chemical interaction and physical interactioﬁ.

The chemicai 1nteraﬁtion coﬁe§ 1n.two forms: ﬁdsorbtion and free
radical associatién. It has long- been kﬁown that rubbér can be
adsorbéd:from éolufions Onio carbon black and -activated cﬁrbon£12].
In-addition, Whtgonf13]; has.shown that when carbon black compounds

 are masticated;'the black surface acts as a free radical acceptor,




The physical interaction was obvioos when experimental stodies of
the influence of fillers on the viscosity of the rubber ‘compound
showed extraordinary behaviour thel does not obviously follow from any
_hydrodynamic theory. . For small particles (Diameter < 1000 &), the
vlscoslty is strongly depeodent upon porticle size. Tﬁe smaller the
size of particles, the larger the viscosity at any volume loading.
The reason for the enhanced contribution to the viscosity of the very
smoll carbon black particles has been the subject of considerable -
discussion through the years. One view which has gained atteotion and
some acceptance 1sr that given by Medalio[14] and .Kraus[15] | They
7 suggested that the carbon black consists of complex primary aggregates
- of fused small particlestlﬁ] and the effective volume of the black.
- includes not only the black volume itself but that the _polymer
occluded onto the 1nternol'void volume associated with.the'primary
aggreéate. This makes carbon black a soeclal case, Ey adding a

- physical interaction to its chemical interaction with the polymer.

| Generolly, filler-reinforced polymers exhlbit' an lincreese 1h
.viscosity, an apparent decrease in elastic memory and toe development
of thixotropy. Filled polymers exhibit unusual viscosity - shear rate
dependence._ At low volume loadings, the behaviour is similar to that
of oure oolymers, but at moderate and high volume loedings; yield
values are observed. = Thus the_viscosity is very large at loﬁ shear
rates and decreases rapidly with 1ncreasing sﬁear-rate. As for the
effect of fillers on the viscoelsstic'properfies'of polymers,.it has
long been realized by rubber technologists that fillers, especially
carbon black "deaden" rubber and other polymers and give improved

extrusion characteristics such as decreased extrudate distortion and




extrudate swell. The elastic recovery in rubber compounds measured in

a Mooney viscometer decreases with black loading.

Extensive studies on fillers were presented by Vinogradov et al(17)

and by Nakajimal18}). .

2.2.2. Process Oils

Process oils are the sacpnd .major additive in' rubber compoands
after fillars. At 1evéls of 5;20‘Phr; process oils are considéfed'aa
protessing aida and at'highef levels they are considered as extendera.
‘Process oils ara divided . into _thraé major categoriesi aromatic,

paraffinic and naphthenic.

The typical oll molecule contains unsaturated rings (aromatic),
saturated rings (naphthenic) and side chains which impart paraffinic

characteristics.

In aromatic oils, tha_predominant fing strucfure\is aroaaaic while
in. naphthenic oil . there 1is a predominance ~of saturated rings
contaiaing no double bonds. - In paraffinic oils, saturated naphtheni¢’
' rings predominate but tﬁere are.fewer rings per molecule and there are
larger numbers of hydroaarboﬁ chains attachéd to. the rings than in
naphthenic olls. The aromatic moieculea are impoatant. sinca they
probably affect rubbef baapérties' mofe than any other constituent.
Saturated materials afe basically inert and. impart good colour and

- stabllity(23].

“10



When used. as précessing éids,‘the ﬁrocéss oils reduce the.bverall'
viscoéif? of.the compound to a workable level, reduce process power
cOnsumptidn,-help Control heat generatiénrand faéilitate dispersion of
.l‘éigmenté.'.'fhe influehcé;df viscous arbmgtic, naphtheniq and other

oils on rheological Sehaviour of rubber‘and.rubber compoﬁnds has been
cbnsidéfed _by Kraus .and: Gruver{19], Col;ins  and OetzelﬁZO],

Derringer{21] and Nakajima'and'Harrélltzal.

2.3, RHEOLOGICAL FACTORS WHICH LIMIT PROCESS PERFORMANCE

 The_commqn and important subjects concerning the rubber industry

are:

1> To desigﬁ compounds ' which are £roﬁble—free-in mixing and down
.stream operations.

©2)  To achieve consistency in the rheocloglical properties of the mixed

‘compound. | |

3)  To reduce costs by achieving a higher unit?production rate.

The mixing of rubber with other 1ngredients can present two major

problems, These are melt fracture (or crumbing) and temperature rise..

With some compounds and mixing_cénditions theré is a tendency fof
the rubber tb_undérgo.melf fraétﬁre where the rubber bresks up into
crumbs and becomes coated with particuldte additives, such as fillers,
which act as effective partitioning agents, wﬁen this  oc¢urs,
‘effective mixing ceases and is very difficult to recover, although an

oil addition will sometimes remedy the situation by wetting the loose



‘filler and providing & nucleus from which viscous flow can

" recommence{24). Crumbing of a batch is a phenomenon which is usually.

encountered with narrow molecular-weight distribution rubbers of low

green strengthl25].

Temperature-rise due to shear heating while'mixing can become a

problem since. rubber in general is a poor heat conductor. In some

¢ases,. such as 1nterna1 mixing. the rubber can rise to temperatures

: high enough to start up the vulcanisation process in localized sareas

of the compound ~even though the overall temperature is still ouite
low, thus alterlng its rheological properties The same problem can

also be encountered in down stream process operations like extruaion |

Practical extrusion dies sare normally short in comparison with
their aperture size and are often required to impart a complex shape
- to the extrudate. An abrupt lead-in taper to a dle, or a design

gi&ing a nonuniform exit velocity distribution, will severely limit

the output ‘rate which can be achieved before the onset of melt -

fracturel 261. 'This in - appearance can range from a slight, but
unacceptable roughness on the surface of an extrudate to an extreme

distortion.

Many other problems are encountered doring.the.different processes

that make the final'product. Process machine designers.aﬂd.factory

process engineers, compounders and raw material suppliere. including

producers of rubbers, fillers, oils and  other _materials, are

continually making efforts more or less towards the objectives

‘mentioned at the beginning of this sub-section.
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Consisiency'in the rheological properties’of the.mixed compoundo'
mighf.heip us to ovoio some problems encoontered in the down stream
process operations. It may be achieved by single sourcing the raw
rubber and other ingredients; or by having a proper understanding of
_ the effect of different ingredients in the rheological properties of
the compound. The latter gives us the ability to design a compound to

the particular process's rheological property requirements.

- 2.4, PBROCESS AIDS

. Any inéredient.added to a rubber compound designed to improve the
handling characteristics of the compound during any of the processing
steps.can be'included in the process aid category. It is obvious that
this clase of materials covers qoite a long ond interestingllist of
products. The various processing steps which may benefit from the use
of process alds are: |
17 Mixing: In mille or Internal mixers,

2) Calenderingn |

3)  Extrusion.

4) Building Operations.

5) .Mou}ding: Compression, transfer, injection.

6 Release from molds.

The first ‘'step in the compounding sequence 1is mixing. Most
elastomers are not easily fabricated and must usually be plasticized
or softened to enable easy incorporation of compounding 1ngredients

- An  elastomer can be softened by mechanioal breakdown, chemical

13



bfeakdown or by addition éf a physical softener i.e. lubfiqant.I_Some
polymers, most hotably natural rubber, show significant decrease in
viscosity under shear forces such as those encountered during mill
mixingl27] while others such as CSM (chlorosulphonated polyethylene)
undergo only minor changes. Chemiqal_breakdown can be achieved by

adding chemical peptizers‘to the. rubber.

Chemical peptizers fit the dgfinitiqn of a processiﬁg aid énd wouid ‘
be used during the initial cqmp&unding operation. Thesg are generally
radical éccep£ors cor oxidation catalysts which effectively remove the
free radicals formed during milling or mixing of the polymer, thué,-
preventing recombination - and resulting in the ‘softening of the

'polymen

Physical softening of.polymeré can be achieved by adding lubricants
at the mixing stage. The major 1lubricants currently in use are
metallic stearate, stearic acid, natural and synthetic waxes, low
molecular weight poiyethylene, amorphous polypropylene, - powdered
- fluorocarbons, fatty acids and fatty acid derivatives and a large
number of proprigtary products whose compositions are not disclosed.
We can also say thai'process olls are lubricants to some extent. We
will 1look 'at lubricants more closely in the next section (Section.

2.5.).

Other process alds are ‘made of resinsl28]. Resins have been

separated from softeners and extenders becausé, although they may be

used‘as_softenefs and/or extenders, they can often be used in other




applications. They can act as cure agents and tackifiers to improve

the building operations of the final product.

Silicones are well knﬁwn_in'the rubber industry for their use as:
release agents in molding operations. Due to thelr incompatibility
with most organic'materials, they form'an excglieni‘barrier between a
rubberrpart and the éurface'of a nmoeld. In additioh,_bécause of their
excellent heat 'régistance,' they minimize build-up and fouling ﬁf

molds. They are used in small concentration levels of 0.1 to 0.5 Phr.

2.5. MECHANISMS PROPOSED FOR LUBRICANT ACTION

Many fypes of lubricants have been used over the years to overcome
the basic problem in processing rubber compounds, némely, the.shaping
- or molding of a high viscbsity rubﬁer compound with maximdm'autput and
minimum time or energy input, The products mentioned in Section 2.4,

are only an example of the types of lubricants that we can encounter.

C' Connor and Slingéf[ZS] classified lubficénts'as éither external
lubricants or internal lubricants. External lubricants function to
eliminate friction between the polymer and the metal surface of
'processing;and molding equipment. .Internal'lubricﬁﬁts Ere a&ded io
‘affect the flow characteristics of polymers,.to ihprove.knitting of
‘the compound arid to_reduhe éxcéssive heat build-up in process and to
.'improve the wetting properties_of the compounding 1ngrédients with the
polymer system. Many preoducts pérform both functions simulténeously

in a specific compound. In this research, lubricants are defined as
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'any material that 1is added to the rubber compound to modify its

rheologiéal properties..

The theory behind lubriqants and their correct application is still
one of the~ill-defined.areés of:rubber technology._ The old adage "Try

it; iou will ‘like it!" is often the only significant positive

performance data'_whibh can be offered.  The main _objective of a 7
lubricant manufacturér is to produce a material, which, when added to

. a rubber compound at relatively low loading levels (0.5 to 10 Phr) .

will improve processability without adversely affecting the physical

_;properties__of the final product. Most of the products mentioned:

‘earlier, as well as affecting the flow  properiiéér 5? the. rubbéé
compound, are known to affect propertiles such aé hardness, tackiness,
ageing,lcoméression set, etc... The most effective product willfbe
the one that will work at very low éoncentratiﬁns where the.side
~ effects aré minim&l_and can be neglected. Such products are mainly

mixtures of fatty acid derivatives,

_In a recently published paper, LeBlanc and Lloydf29] considered the

mechanisms by which such lubricants can influence rubber processing
and proposed three models depending -upon the compatibility of the
lubricant with the compound.

*

Model 1: The lubricant has low compatibility -

Such. a product was thought to bloom at the rubber/metal interface
and behave as an External Jlubricgant, thus inducing slippage in

processing-equipment.
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Model 2:.The lubficant has mediﬁm compatibility

Providing 1its concentration was kept below a certain limit, the
material was fhought te act as an Internal lubricant; favouring
sliﬁpage betweén the flow units (Section 3.1.) of the compound.. If
the limit lof _concentration' is exceeded, then an external

lubrication action (Model 1) is added which may become dominant.

'Modélrs: The lubricant has high comggtibilifv
Such materials were thought to modify the rheoiogical properties
of rubber compouﬁds in a compietely diffefenf manner, As no
blooming was observed by LeBlanc _aﬁd Lloyd, they developed the
| concept of Bulk viscosity Modifiers.  Such materials with high
compatibility with the rubber compound were thouéht to éct via two
proposed mechanisms,
Model _ 3a: Through. intermacromolecular action, to pfoduce .a.
reduction in 'the magnitude of entanglement between polymer

‘molecules.

Model 3b: Through intramacromolecular action, diffusing between

the polymer molecules and conSEquently softening it by sweliing.

So, Lloyd and LeBlanc's definition of a Bulk Viséosity_Modifier is
Cthat it is a rheological chemical which modifies the processing
behaviour of rubber coﬁpounds thrﬁugh action at the macromolecular
level, rather than by a change in slippage at .£hg rubbet—metal

interface of the processing equipment used.

)
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In their papef they compared the effects of a light o1l (CIRCOLIGHT

RPO) and a material of ‘polymeric origin, having the capability to

cross-1ink (BVMOO1) as a bulk visceosity modifiar,  Both products were

added at levels 2, 3 and 5 phr to a natural rubber tread compound in
the internal mixer. The physical properties of the final product

showed minor.losses, generally within test reproducibility, except at.

the highest level of additives (5 phr) for which the 300% modulus was
decreased by around 8% versus the control. . Hardnéss'and'compression
set were essentlally unéffected, while the resilience was slightly

 decreased with BVMOOL.

Using the capillary rheometer - (Section 3.3.), they- plotted the

variation in the apparent viscosity (Eq. 2.2.) versus rheochemlical

level for the light oil and the BVMOOL,

ezt .2
Y
where T = Shear stress at the wall of the capillary-
¢ = Shear rate at the wall of the capillary
= The apparent viscosity at the wall of the capillary.

n-

At low Ievelé, both the bulk' viséosity ‘modifier and the oil
produced a;most the same decrease 1in appérent viscoéity (around'.S%).
_'As fﬁe level increésed, the BVM gave a contihuoﬁé decrease in apparent
viscosify with concen;ratioﬁ (around 13% viscosity drop with 5 phr),
whereas the oil plateaued out when fhe additive concentratlion exceaded

3 phr.
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The light oil, below a critical concentration, remained essentially
dispersed within the rubber compound and produced mainly internal
lubrication. Above this cri;ical concentration, the oil exuded at the

_ rubber-metal interface and acted as an external lubricant.
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CHAPTER 3

MEASUREMENT TECHNIQUES AND SUPPORTING THEQRY
3.1. INTRODUCTION -

The underlying‘theory and calculations for the different measuring

‘techniques used in this research are summarized in this chapter.

3.2. FLOW IN A BICONICAL ROTOR RHEOMETER

In & rheclogical instrdment of the rotational type, such as the
biconical rotor rheometer, a sample can be ma;ntained'in a state of
continuous shear until a‘stéady or quasisteady state is attained. in
1936 M; Moonef[SO] dgveloped the earliest rqtational' rheologicai
instrument suitable for rqbbers.: Iﬁ his design the outer cylinder, or
stator, 1s in the form of a split block, which opens up for eaéy

insertion of the sample. = The inner cylinder, or roter, is mounted on

a hollow shaft which 1is driven by weights. Another rotaticnal.

instrument, in which the rotor is a flat disk and the stator a shallow

cup enclosing the disk,_wasldeveloped by M Mdoney[31] for routins

~ control tests.

A variation of the.disk_viscometef was intfoduced by Piper and

Scott{32]; who‘ substitﬁted a biconical rotorr for the flat disk

(Figure 3.1.).

The biconical form has the advantage that the rate of shear in the

sample 1s approximately uniform over the face of the rotor, which is
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Figure 3.1 : Modified Mooney viscometer with biconical rotor.
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Figure 3.2 : Mooney viscometer.

Figure 3.3 : Anular section of rotor.
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not the case with the disk rotor. Hence, the biconical rotor permits

a calculation of the true viscosity at a known. single rate of shear,
ek;ept for edge effects; while the flat disk rotor gives only an

average viscosity over a range of shear rates.

With the- disk‘ viscbmetér{ better known as Mocney Viscometer
(Figure 3.2.), the shear rateron;the surface of thé disk at sny radius
r is given by: |

¥ (r) = Wr/t . o ' ;..(3.1J
where W is the angular velocity éf the rotor in radians/seconds.
r is any radius less than the radius of the disk rotor R
t is the thickness of the gap between the rotor and the walla of
the cavity

¥ 1s the shear rate in 1/seconds.

To get a uniform shear rate between r = O and r‘ = R, it is
necessary for r/t = constant. This is achieved by using the biconical
"rotor fof which r/t = a,_where a is tﬁe cone angle in radians (Figure
3.1;).'pfovided that ﬁ<6°. The shear rate is then:

¥ = Wa . @2

The total torque on the rotor (T) is the sum éf the torque due to
the double surface of the cone (2 x Tc, and' the Couette flow at the
édges {T-)J' The torqug en the rotor due to flow over and under the

'.conical surfaces can be evaluated by éonsidering a typical circular

element of width dr at radius r (Figure 3.3.).
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" The torque applied by this section is:

@ Te
r . . _
t.e. d Te = 2rr=dr)T e (38D

where T is the shear stress

= (2ar.dr)LC = . vaes 3.3

Integrating between r = 0 and r = R we get

Tcz_f_ ﬂ:RST " . .-.-(3.5) :

3

Thé torque due to the'region of Couette flow, assuming;a Newtonian
behaviour at the corners, can be approximated-to:'
T. = 2nR2 YL | e (3.6

‘where Y is the thickness of the rotor at the edge (Figure 3.3.).

The total torque will then be egqual to:

T=2Te + Te= 4 fLR= (R + 3V) - o el (3070

3 2

The errors resulting .from the assumptions made here can be
minimized by reduclng the edge thickness of the rotor as far aé

possible.

Equation 3{serves to derive the shear rate from the meaéﬁfabie
angular velocity and equation 3.7. can be written in the following
formﬁ o

T=3 T : _ L e (3,80
4 ARZR + 3 Y

-2
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This will give the shear stress() from the measurable torque

'appliéd‘on the rotor(T).

‘Another assumption was made during these calculations, that the
. material inside the cavity is completely . attachéd to the ﬁetal
surfaces, That is £6 say, that no slip?ége will occur 6n the metal
surfaces when a torque is applied.. The slippage of rubber compounds
on hot metal surfaces,is:known to_occur ' Mooney and Black{331 made
slip'ﬁeasurements using extruéioﬁ.measuremehts with dies of.differént o
lengihs and diameters. Decker énd Rothl 341 made.medsurements Qith the
Mooney viscometer using a standard'serrated rotor and a smooth rotor.
" Lower torgue readingé.with the smooth rotor, when observed, can. be
attributed torsurface slip. The likelihoéd of slippage depends on
both the kind of rubber and the kind of mefal on the surface of the

rotorsl 35].

‘Whén slippage occurs 1in a bicoﬁical rotor rheémeter, the angular
velocity W resulting from a glven torque is the sum of the viscous
shear cbmpoﬁent Wr and the angular slip component Ws.

te. Wy =W-W. | L (3.9
Using equation 3.2, the shear rate will be:

y=w-w - oo (3,100

o

Transposing the angular slip velocify to a linear veloclty presents
problems since the latter quantity is dependent on the radius.
However, it can be argued that the peripheral region of the rotor will

make the greatest contribution to slippagel361, giving the approximate
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relation:

VM=W“R . . .. . 5 ’ .0110(301]”)-

- The slip velocity is often found to be related to shear stress by
the empirical equation

V. = ROv | P | s Bo120)

It is thdught that slippﬁge is due to a bdundéry iayer providing
lubrication between the rubber and the metai surface. Mocre and
Turner(37} report that angular velocitles differiné by a fﬁctor of 180
"have been observed between grooved and polished rofors operating at

similar shear stresses.

3.3, FLOW IN A CAPILLARY RHEOMETER

The capillary rheometer (Figure 3.4.) 1s one of the oldest and most
widely used experimental methods for measuring the viscosity of
fluids. -1t was used by Marzet£1[38], the pioneer of rheological
testing in the field of‘rubﬁer technology, and has been widely used in

1

recent years, eg. [391[ 401,

The baéic idea of the instrument is to relaté the pressure loss fof
exthsion 'thrdugh: a ‘small diameter tube of a‘ certain 1length and
diameter to the shear stress at the éapillary-wall;'and the extrﬁsion
rate to a wail shear rate. However, in deriving the expressions for
 shear stress and shear rate, the following assumptions are made:

1 The-flow must be steady

2) There are no radial and tangential components of flow velocity
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3) The axtal velocity is a function of the distance from the axls
alone | : | _

4> Tﬁere is no slippage at the wall (le. véiodity at the ﬁali =0

5) The fluid is 1ncom§ressibie | |

6) There are no external forces

%5 isofﬁérm&l cqnditions preva1l tﬁroughéuf

8) Viscosity does not.'change appreciabiy' with fhe'.change .in

'pressuré down the tube,

| Consider a fluid 1ﬁ laminar flow in a tuhe of rfadius, R, and '
length, L, with a pressure difference; AP, betweéh the énds of the
'capillary {Figure 3.5.): For steady fléw, the viscous force tending -
to fétard‘the flow will be exactly balanced by ;he force resulfihg
from the preésure differen#e between the two ends.
“ie. for a circular column of radiﬁs'f we will have:
(2rrLIL = nr=aP

T = oPr e (31309
2L

The shear stress at the centre of the capiliary is zero and becomes
a maximum at the wall. The shéar;rate also varies with ihe radius,
and the mode of variation depends on the velocity distribution which,

' in turn, is determined by the nature of the fluid.

~ Since both the shear stress and shear rate vary with the radius, it
1s essential that the flow curve be constructed by wusing shear
stresses and shear rates for the same point in the capillary. The

most convenient location is the wall of the capillary. The shear
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stress at the capillary wall 1is:
Tw = &P R/2L v €3, 14. >
The shear rate at the wall -is 'ﬁ more difficult quant;ty to
determine from the_experimentél déta. - For. a Newtonian fluid, the
shear rate at the capillary wall isgiﬁen by:
Yo = 4Q | | | ,..,.'.<.3.15.>

" nR®

where Q is the volumetric flow of fluid.

To obtain the true rate of shear at the capillary wall using only
the assumptions listed above we have to correct that obtained for a
Néwtonian fluid by a factor derived by Rabinowitschl{41].  The wall

shear rate for a pseudoblastic material is:

Y'w=3n.+1 ' Q - . caae (301600

n nRe

where n is the slope of a log-log plot of T, vs 4Q/nR

The transitidn.frbm-the reservoir Qr barrel of the rheometer to the
capillary results in a region of conQérgent flow being fofmed which
must be eliminated or accounted for, fo enable the pressure drop AP
resulting from the fully developed laminar flow ih the éapiilary to be
determined. . fhére is alse a transition région at the capillary exit

whiéﬁ must be taken into account., It is customary to treat the “end-

effects" in terms of effective capillary length (L;+'eR). which 1s

greater than the actual capillary length. The effective shear stress.

at the wall can be calculated from equation 3. 10:

""Cw = APR" . N vl 301700

C2(L + R




The simplest method available for making the end corrections is to

se two dies of similar radius but of different 1engths. ._under
similar conditions of volumetric flow rate and temperature. The shear
stress at the wall of the first die will be: -

To= PR P ¢ IRt
2(L, + €R) ' '

and for the eecond die:

L= AP2R - SRR C RT3
2(L, + €R) B

If we eliminate € using those two equations we get

Tw = (AP, = APLIR o ' . (3.20.)
2¢L, - L) '

. However, this two-point method does not give any indication of the

compliance of the material to the general assumptions for capillary

flow. The technique due to Bagley[42] is more reliable and useful in

this respect, since a number of dies of similar radius but of
different lengths are used. If the general assumptions are valid,
: plotting AP vs L/R gives a straight 1line with € as -intercept.

However, 1if significant wall slip, thixotropy, or viscous dissipation

effects are present the AP vs. LIR plot will not conform to a:

straight line, indicating that the capillary rheometer is unsuitable

for the material.

3. 4. GEL_FERMEATION CHROMATOGRAPHY

‘Gel permeation chromatography (GPC) 1s a special form of 1liquid

chromatography. Elution is carried out on a rigid porous 5upport. and

separation is based on molecular size and shape. The smaller the
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hydrodynamic volume the steeper a particle penetrates into -the

suppdrt. Conseqdéntly, the largest particlés are eluted firsf,'

The method was originally used to separate biopolymers in aqueous
solution on cross- linked dextrane 5els The introduction of solvent;!
.resistant support materials made 1t possible to fractionate synthetic_
polymers. Suitable products are now -available to carry out
separations of qomponents in any molecular weight range. However,
mosﬁ.bf'the.work is presently dohesqn systems.in'the molacular welight

rhngé of a few thousands to a million.

GPC is a recently developed method of fractionation(1850). It has

the major advantages of provliding good fractionation in a relatively o

short time; the data on the fractions can be collected automatically.
Because of these advantaées, it 1s now the most widely used method for
 the separation and isolation of high-molecular-weight fractions and
for“ détérmiﬂihg_ pblymer molécular” wéight‘ distributicns. A. vastly
siﬁplified model of the separation mechanism is fhat smaller polymer
molecules.can enter freely into all the pores of the column:packing
while'very large molecules cén enterAnone of these pores, Molecules
of 1ntermediate size have access to varying amounts of the availabla
_pore-volume. Early work on GPC showed that synthetic polymers which
were soluble in organic solvents were not so readily fractionated by

GPC.
" In 1962, * Moorel 43] reported'on two major 1improvements on GPC: A

method for producing cross-linked gels with a wide range of pore

siZés,‘ and the use of a differential refractometer for continuous
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detectioﬁ;'many workers soon repbrted on éxtensive_applicatioﬂs of the

téchniquef
3.5, SOLUBILITY PARAMETERS

Probably the most ﬁséful théory of solﬁbility is that.proposed by
Hildebrandf 451, . This 1s based on the thermddynamically sound
principle that the free energy change upon dissolutign of‘a polymer in
a solvent must be negative. The free energy chaﬁgé can be calculated
'from the equation: |

AF = AH - TAS S L (3.21.)

where AH 1s the enthalpy, AS is the entropy and T is the

temperature.

A polfmer molecule, 5eéause of its size and %hape, does not have
much freedom of trans}ation past 1its neighbouring ﬁo}eculéé; it is
also so thoroughly entangled with its neighbours that the freédom of
rotation and even of segmental motion is inhibited.  When émall
solvent molecules arélmixed with large polymer molecuies, the latter
accept a great increase in entropy. Théy are now more free to move
about as a whole (depending on viscosity), but in. additicn their
configqratioﬁal entropy 1s greatly increased. because the newly
obtained freedom of‘rotation'abou£ carbon~to~carbon bonds allows a
molecule to conforf into ﬁany_different shapés.f‘The AS term in the
abo?e equation is therefore réiatively 1érge. and since the term 1is

negative, the product of femperature time entropy tends to make the
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free energy (AF) negative. The reétricting.factor therefore is the AH

term which measures the heat of mixing.

'In a.mixing procass, ihe melecules 6f_éacﬁ_component are_#épafated
by the interposition of a molecule .from the second component.
Hildebrand reasoned that the energy §f this sepafation (to.an infinite
distance) could be measured by the heat:df vapourization. If the
enefgy to separate the molecules of component A 1s sufficientl?
différent 'froﬁ the energy reqﬁired ‘to 'sebarate the molecules of
component B, each species of mélecﬁle will prefer its 1ike neighbours
and will refuse to mix with the molecules of the other componeﬁt. On‘
the other hand, if the energies required to separate these two species
are relatively gimilar, the molecules of component A will tolerate the
prokimity of B molecﬁles and vice-versa. Hildebrand, therefore,

proposed that the square root of the energy, .1n calories per ce,
required to separate the moleéules of a given substance be designated

as solubility parameter, "“&".

if the solubility parameters of téo substances were ldentical, then-
they would ba ﬁiécibie in all'proportioné. Because the entropy term
in the free enérgy equation has a finite nesative value, there would
be an allowsble difference.in'solubility pérameters which would still
permit mixing. When thié theory was used to predict the solubllity of
polymers in a variety of solvents, 1t was only partially successful.
It was apparentfthat othgr-intermolecular forceé.were at work whicﬁ
couiﬁ.not be calculated b} this simple procedure. Hydreogen bending,
ﬁrobably' tﬁe strongest type of intermolecular force in a

nonelectrolyte, was the clue for making the solubility .parameter
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~theory unsuccessful. No satisfactorylmethod for calculating hydrogen
- bond 1nteractions was available The .eerly application of this
principle depended on the qualitative arrangement of solvents into
three hydrogen bonded classes: Alcohols, acids and amines (strongly
ﬁydrogen bondedf' esters,. keytones and ethers (moderately hydrogen
bonded); - and hydrocarbons {poorly hydrogen bonded) In spite of the
crudity of this procedure, the prediction of solubility based on

solubility parometers within each class is 90% successful.

"Because the energy of vapourization of polymers cenoot be obiained
without decomposition, the solubility paramefer is most .easiiy
‘obtained by testing 1in solvents with different "g* values. This
procedure led to the second pragmatic ‘extension of Hildebrand's
concept.  Namely, theldetermination of a solubllity parameter range
rather than a single value. By this procedure the actual values of AH
ahd AS do not need to be known. The point ot' which AF oecomes

positive is determined by experimental observation of insolubility.
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'CHAPTER 4
EXPERIMENTAL

4. 1. INTRODUCTION

‘The basic means chosen for the‘charﬁcterisation of lubricant action
was the apparent viscosity versus lubricant concentration relationship
at constanf shear stress.(Sections 4.2.1.1. and 4.2.1.5.). All the
other experimental methods were directéd towards exp}aining of
.validating ‘the observed apparent viscoslty,_versus' concentration

relationships.

Measurements for the influence of lubricants on the processability
df a rubber compound depend to a large extent on the partiéular_
testing eqﬁipmant considered. Each instrument .has a different
geométry that can impart a different stréss history on different-
elements of the rubber coméound tested. A caplllary rheometer
(Section 3.3.), althcugh it .can achieve the 'high shear rates
encouﬁtered in some processing equipment,. it has the disadvantage of
subJecting the rubber compound sample to a range of shear stresses
along the radius of its cepillary. | The shear stress profile
encountered in the capillary can cbmplicate the interpretation of the
-experimental-6bservations. Also, the Mooney Qiscoﬁgter. which uses a
disk shaped :rotor " (Section 3.2.), has. the same disadvantage éf
subjecting the rubber compound sample to a range of shear stresses.
The Negrefti TMS biconical rotor .rheometer (Section 4.2.1,) was

selected as the main testing instrument for the investigation.
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4,2, EQUIPMENT DEVELOPMENT AND OPERATIONAL METHODS

4.2.1. The Negretti TMS Rheometer

The Negretti TMS biconical rotor rheométet (Figure 4.1.) has the
following features which ~made 1t particularly, appropriate for the

investigation.
4.2.1t.1. The Biconical Rotors

A biconical rotor rheometer (Section 3.2.), has the advantage of
imparting an approximately constant shear stress throughocut the test

sample.

During the research both smooth and groovéd fotors were used with
the TMS rheometer. The two rotors had similar dimensions (Figure
4.2, and were made from the same nmetal (EN8Y.  Substituting the
dimensions given in Figure 4.3. into equation 3.2. (Section 3,.2,), the
sheér rate '(f' t/sec) was found to be equa} “to the rotor speed
({rev/min), From eqdation 3.8; {Section 3.2,), the relation between
the_ shear stfess {C Kpa) and‘ the meésured toréue (T N.m)> was
calculafed”(Aﬁpendix 4> and found to be:'.

T (KPa) =17.87 x T(N.m) R CTE

The smooth rotor was used in conjunction with the grooved rotor to
detect the occurrence of wall slip at the rubber metal interface
(Section 3.2.). ' The grooves on the surface of the grooved rotor

(Figure 4.2.) were assumed to inhibit the deveiopment of the thin
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lubricating film at_the.rubber_metél surface that might:ocquf in the

_ presence of an external lubricant.
 4.2.1.2. The Transfer Cavity Filling

].HThe Negréﬁti‘Tﬂs:rﬁeometer uséé‘a.trgnSfer ca§i£y_fi111ng méthod_
- (Figufe €30, 3U§1ng tﬁié aFrangéﬁent;ihe sam§1e_which.ié placed in  .
_the tfanéfer cavity can be:heatgd up-¥0'a ﬁniform, prédefermiﬁéd mixed
'__fémbérature befﬁre being £njec§éd 1ntb thg teéﬁ Cavit?{ Thié haé.thé '
-'foliowing éannfagesiovérltﬁé.cbmpressibn mo1ding filling'méthd uséA'

_“in the Mooney viscometer (Section 3.2.):

1) The rubbe_.f in conta_cf. c_.}_ith the rotor has a freshly generated
:-.surface,:compared with the compréssién_ﬁéldedJSurface of tﬁé sﬁmple o
: in a Mooney viscometer.  The effectsj:of_ éﬁrface 'o2idation _anq
contamination of fhe samplg‘fo-be tésteq can be el#minated.
_2)_The‘ élosed cafitylzénd' transfer cylinder arranéement permits. a
precise contfol.of.hjdrostatic pféssufé,-whichVEan be'alteréd:by
,'changing the air pressure controlling the ram  With the.Moongy. 
.viécomeﬁef thélﬁmounf'bf-sample pﬁf iﬁ_thelﬁévityiinfluences the
' preésﬁfe.' . | | | |
- 3 ﬁaving. the’ t_ést. ca'v:ity" shot:. prior to filling gives a _“_flé's.hl_e;s's.“_
: mbiding-of thé tést;gaméle;‘ With thé'éompréséion molding:techniqué_
”..u#ed with'thérMoong§ viscoﬁet§r; “0péﬁ ﬁlash“ 1s‘bbuﬁd tojoccur if
we  éfe;_to be ‘sure that the  testiﬁg cavity  w§s filled. _  The .-
flaghlgsg'qoldfng enéufes that the.clearanée ;eﬁéeén the éavity énd

[

",réfdrlis:constant from test to test.
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4.2.1.3. The Negretti MPC 84:

The  Negretti TMS rrheomefér is .controlléd by =& progfamméblé
" controller, the Negretti MPC B4 (Figure 4. 1.), The MPC 84 controller
is .a'.flexible process contrbl .syétem which can be configured to
control complex systems with_ﬁp to eight control loops 5nd éixteén
simulténeous Séquente programs.. Continuous control schemes can be
programmed- using the .Negretti ‘devéloped 1néerpretive“ language
WSENZTROL". In our case, the MPC 84 was configured to control #he
followiné functions: | |
1>: The témperatures_bf the ram, uppér die and 1ower.die (Figureu
4.1, |
2) The opening and closing of the dies.
3) The raising and lowerling of the ram
4) A switch for changing the pneumatic pressure applied to the ram
| between two gdjustable véives. | o
5).The opening and closing 6f‘thé safety window (Figure 4.1.).
6) The speed of.the‘stopper'motor driving the rotor (to any value
between 0;1 rev/min and 100_rev7ﬁin. ie. from 0.1 to 100 1/sec

- ghear rate’.

- The éampling perisd of each sequence prosram éan be gdjustéd to any
value between O.i sec and 25 sec, to glve priority to 1mpoftant tasks.
The sampling time of a control.block can be adjusted between 0.5 sec
\and 25 SéCf making the MPC 84 a very slow controllerf. Aﬁother
 disadvantage of the MPC 84 is that its Random Access Memory (RAM) 1s
-only 16K for Database énd éequence editing and is, therefofe.very

limited for the storage of the collected data.
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4.2.1.4, The IBM PC Interface

In order to overcome the limitations of the MPC 84, the controller

was connected via an interface to an IBM Personal Computer “XT*. The

" results obtalned from the TMS rheometer were transferred to the IBM PC

where they were collected and stored in a file on a floppy disk

4.2.1.5. The Scoftware:

PC,

of

an

of

‘Using the TMS rheometer in conjunction with the MPC 84 and the IBM

an experimental routine was needed in order to observe the effect
1ncreasing amounts of lubricants ocn the rheological properties of
elsstomer compound. this could be done via three different routes:
1H n set of shear rates (y) could be applieq on the elastomer
sample and their. corresponding shear stresses " measured.
Dividing the shear stress by the shear rate would give the
apparent viscosity Ma? (Egq. 3. 1 ) of the test sample
10 A set of shear stresses (I could be applied on the test sample
- and their corresponding shear rates (y) measured. - The apparent
viscosity (M.} could then be calculated. using equation 3. 1.
iiii The test saﬁple could be stressed to a certein level‘eﬁd effer
stopping the rotor, the time it takes for the sheaf stress
-value to drop to x% of its original value could tﬁen be

measured. (Stress Relaxation).

It is essential, for comparison purposes, that the stress history

each of - the elastomer samples 'containing ‘different. levels of

lubricants i1s the same. In the first case, levels of shear rates
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" applied on -elastomer samples with different rheological' properties

‘will  generate’ different levels of shear stresses 'from sample to
sample. This will make each sample's stress.ﬁistory different from
' ihe reét; .This wili also ocbur with the séme sampie when tested with _
.smooth.ﬁhd grooved rotors. If_wall slip is occurring on the sufface
qf the‘smdoth rotor, the shear stréss méasﬁred Qill be.much fpﬁer,than
that.measured with the groo?éd rotor (which is shppoée&.to inhibit
wall slip), For this rea#on,_it was found more logical to.apply a set
of shear 'stresses and measure theif corresponding  shear rates .to
provide épparent viscosities that can be compared .from.sample to -

sémple;'

Using the Negretti TMS rheometer with the MPC 84 and the IBM PC, a
set of three interactive programs was dévéloped to control the
rheometer to do the three types of experimental routines desgribed

earlier.

Program 1 | .

The program naﬁed-"TESTER“ (Appendix B) was developed to apply a
prédatermined sat of shear rates on an‘elastomer-sample and collect a
set of corresponding shear siresses. Ffbm'the IBM PC. TESTER uses one
oflthe sequences (Appéndix C) in the MPC 84 coniroller and operates as
follows: | | | |

‘When called TESTER shéws.the following.menﬁf

A) Cféate a new file | -

B; Run.fhe.newly createdlfile

C) Run an old existing file

D) Run the newly created file on the same sample
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E) Run an old existing file on the same sample
F) Printout a result file .

G) Escape

1) Setting the test conditioens:

Option 'Af on the menu opens a sequential file on a floppy disk in
: which all.the details of the new experiment would be storém ~ The
" program starts by asking for the referesnce name of the héw file.
Then, 1t.asks for the teﬁperaﬁure required.for the‘e#perimehf and‘the
time needed to preheat the saméle. Then, it asks for the number of
steps required-to be programmed. Finally, 1t asks for the details.of
those stepé to be entered. Each step consists 6f a.shear‘rate and the

time for which it would be applied.

11) The filling procedure:

To start the filling of the téstléavity'(Fig 4,4) with the test
sample, 0ption§ ‘B' or 'C' in the menu could be chosen. In all caées_
the filling précedure is.standard except for the sample's temperature
and prehe;t time which _could be altéfed from one experiment to

another,

.If optioﬁ ‘B' is pressed, the test-cohditions_éntered into the
.éequeﬁtial file'cregteé using oﬁt;on "A' will be loaded onto the MCP34 -
controller. This 1n.turn will control the temperatures of the rém and
the upper and lower dles (Fig 4.1) to the'required vélue. Wheﬁ'this
is done, the.IBM PC will produce a message on its VDU aékihg the -
operator to fill the transfer cavity with the test sample, to depress

the rotor to activate a switch to ensure thdt the rotor'is in 1its
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correct position before the filling procedure 1a started and finally

to stay . away from the safety window and press the spare bar. . When

that is done, the following steps will be carried qut:\ |

- The protective window will shut

- The dies will close-up |

- The ram will be positiocned en the test sample ..

~ The preheat timing will start | |

- At tﬁe end of the preheat time, the hydroetatic'eressere‘in ;he'
ram will switch to 85 psi | |

- The rotof speed will be set to 0.5 rev/min clockwise

- The stepper motor will-be switched.on

- After 36 seconds, the motor will be switched off

- The pressure applied by the ram will switch back to 45 pai

- After allowing 10 seconds for the air entrapped in the testin&

.cavity to escape, the.rotor speed will be set to 0.5 rev/min’

" anticlockwise ‘ |

- The stepper motor will be switched on again

- After 30 seconds, the motor will be switched off

- After_lo eeconds, the rotor speed wili be set te 0.5.rev/min

'.ciockwise | _ |

- The preseure epplied by the ram Qill switch to 85 psi

- The stepper mdtoe will be switched on

~ The torque applied by the rotor will be measured after intervals

| of 20 seconds | | |

- The latest torque value will be checked against the previous one

\

|
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- if the latest value is smaller or equal'to the previous one,
the motor will be switched off
< The hydrostatic pressufe in the ram will switch back to 45 psi,

thus completing the f1lling routine.

111> The testing procedure

Ten ssconds after the filling pfoeedﬁre is completgd, the fesfing
procedure can be carried:but; The prefﬁrogramméd shear raﬁes cén_be
implémented one after the other for pre-prograﬁmed times. The first
eighteen results will be collected at intervals of 0.1 sec. The rest
 of‘the resulté will be Collected:at'various time intervals depending
on the»sampling speed 6f tﬁé confroilef._rThe results Aré obtained in
'shear stress vaiues (kPa) and recofded, togethér with thé time on a
sequential file on & floppy disk. At the end of the experiment the

result will be closed and the menu displayed.

iv) Printout of results

- To printdut the results stored on a floppy disk, option "F* from
the menu should be pressed. The program willlaék whether the opefator
wanted the results displayed on the monitor or not. Three different

 printout formats are available:

1) To printout the last fen shear stresses obtained for each shear
rate applied. These can be averaged fo give fhe shear rate versus
shear stress felationship., i |

2) To printout selectively some of the results of each shear rafe;

3) To printout the whole result file.
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Program 2 -

" The-program named "SLIPPER® (Appendi'x.D) has ba;icaﬂy the same
structure as TESTER. ._ It was ‘developed 1in order to apply a.
predetermined -set. of shear stresses on an elastomer sample and to

collect a set of cerresponding-eheer rates.

SLIPPER has the -came filling procedure as TESTER. When ruﬁning.
the pre—programmed shear stresses will be transferred from the IBM PC
‘to the MPC 84 where they will be used as set values for cne of the MPC
‘84 inbuilt three term‘PID control loops: The output is controlled
'from the change of.error to glve an 1n;remente1 proeortional action,
with an 1ntegral action added to gain zero error steady—state, plus a
) derivative term from the change of input rate to give stability In
order to control the whole range of rotor speeds avallable
tcee Section 4.2.1.3.), two sets of proportional, integral and
derivetive gain terms were ﬁeeded. The output from the control loop
will then be implemented on the stepper motor to give the'righf shear

rate needed to create the presef.shear stresses.

Having the Control.loop set to its faetest sampling speed of 0.5
'secs, snother 0.5 sec was needed to implement the'oﬁtput'term on the
TMS making the overall sempling-ﬁime of the order of 1 sec. This is a
very slow sampling time and the response time to attain quilibrium
wes found to.ee of the order of two minutes; depending on the level of
shear stress required and on the elastemer compound, The. results
obtained were " collected as shear rates (lfsec) with thelr
correspondiﬁg offsets from the setpoint (shear stress error). This

was found to help the operator %o check whether the required shear
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stress 1s reached and whether werhave control or not.‘_HeQing stored
' the resulte on a floppy disk they can be retrieved and printed out
later on. The - printout routine in SLIPPER is similar to that in
TESTER where the results can be printed ‘out in three formats. The
results are printed out as shear rates with their corresponding shear

strass errors.

‘Program 3
SLIPPER had to receive minor alterations.in order to give the time
at which each result was taken. This 1s essential in order to sllow a

_ stress relaxation experiment to be carried out.

For this type of experiments, two steps are needed to be programmed'

into the routine. the first step stresses the test sample to a

predetermined value. = The " second step stops the stepper motor and

messures the decline in shear stress with time. The results obtained

are collected and can be printed out later on as shear stress versus

- and time of measurement.

4,2.2., The Davenport Cagillarg Rheometer

4.2.2. 1. Instgument‘s Deteils

The Davenport capillary rheometer was used in conjunction with two
dies of similar diameters (2mm) and .different lengths (10mm. and
20 'mml. The diameter of the barrel (Figure 4:4.) is 19mm. = The
pressure in.the‘barrel 1s measured using a pressure transducer and the
data is collected on a chart recorder. The.speed of the ran can.be

varied.manually.
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' 4,2.2.2., Testing Procedures

The elastomer compound should be placed into the barrel of the
rheometer and heated up-tb the required temperature for five minutes.
Then, a set of ram speeds can be applied on the sample and the

resulting pressure in the barrel recorded. Finally, the same
ram_épeeds.

The ram speed was translated into flow rates (Q mm¥/sec) using the
following equation: | .
Q=VsxmnxR cree (4.2,
where.V is the ram speed {mm/sec) | |

'R is the radius of the barrel (mm)

Equatioh 3. 20, of Section 3.3. which sllows for the correction due
to the transition.regions at the entry and exit of the caplllary;, was
used to calculate the shear stress at the capiilary wall G:,_KPaL
The Rabinowitsch correction (Eq. 3.16.) was then implemented in ordef
to calculate the true shear rates at the capillary wall (f, 1/sec).

procedure should be repested with the second die using the same set of -
~ (Appendix E, for sample calculation). -
|

4.2.3. The Gel Permeation ChromatORrabhv Equipment

Gei permeation chromatography (GPC) equipment, supplied by Poiymer
Labs Ltd;; Qas used in this .study to monitor the change in the |
‘ moleculéf_weight distributiﬁn of the eléstomer due.to the presence of
the lubricant. The equipment set-up is'illﬁstrated in Fighre 4. 5.

The pump is a Knauer HPLC PUMP 64 and the column 1s a PL gel (Polymer
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Laboratories) column containing highly cross—-linked Foly
‘(styrene/divinylbenzine ) macroporous particles of particle size equal
to- Sum.  Its internal diameter is_ 7.5mm and length 30cm. The H
 detection equipment is a Knauer Differeetial Refractometes and resuits

~“are collected by a BBC microcomputer (64K).

To run the_experimehty}ihe operater.has te dissoive.the sample in
tetrahydrofuran (THFY (~ Img of elestomer 15.5m1 of THFSQI After
complete dissolution, a small sample should be injected through. the
-injection point (Figure 4.5.) into the column, At the same instant a
button -on the microcomputer should be pressed to start the timing and
data collection mechanisms. This haS‘to be done very accurately in
order to obtain an accurate molecular weight distribution, since the
-molecular weight of a sample is related to the time it takes to travel
through the gel column (Section 3.4.).. The sample is-then.weshed
through the column.by the eluant (THF)>. A change in the refracfive
index of the eluant due to the presence of a foreign maferial will
then be picked-up by the differeqtial refractometer .and the data

collected, analysed, stored and plotted by the microcomputer.

4.2.4. The Swelling Test

A swelling test was developed for the purpose of checking on the
entanglement and cross-link density changes due to the presence of a
lubricant in the elastomer. A reletively weak solvent was chosen to

swell the elastomer without dissolving it completely.
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The swell#ng test was carried. out on .EPDM with différeﬁt
concentrations of 1ubri;ants.' The solvent ﬁsed for ﬁhis purposé was
1-1-2-2-Tetrachloroethane. A small Samplg of the order of 50mg was
immeréed for a considerable period of time (~ 48 hours) in the solvent
at room tempefatﬁre. Aftef taking thé'sample out of the solvent and
-drying 1t carefully.with a tissue, thé pércent Ehange in thé weight of

the sample was measured.

The immersion  of the sample for a long period of time in the
‘solvent was done to ensure that the diffusion of the solvent into the
sample had_feached_equilibrium. Other sources of error still exist.

though. These are:

:15 ~ The sample on which the test is carried cut may not represent
the state of the bulk elastomer. |
11) The possibility of sample.ﬁorosity.
.111) The time it takes to measure tﬁe weight'bf tﬁe swelled sample
| cﬁn be cf1t1c315 "The solvent enfrapped into the elastomer will
. evaporate at ‘roomrtempergture while the sample " 1is  being

welghed,

4,2.5. The Solubility Parameter Measurement

It has already been stated in Section 3.5. that the square root of
the enefgy per.unii'volume required to separate the molecules of 2
given substance was designated by Hildebrand(44] as the solubility

parameter, "g",

8 ={AEY =/!.\H - RT\“ | . el (8.30)
v A\wp T
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where & 1s the solubility parameter
AE is the eneréy of vépourisation
V 1is the molar volume
"AH ié tﬁe latent heat of vapourisation.
R is thelgas constant | |
T 1is the temperéture-
M is the molecular weight

D is the density.

Because Qe are dealing with a range of materials that might
'décompose Eefore their enefgy of vapoﬁrisation was -obtained, a
practical method'for determining the solgbility psrameter range was
proposed in'Section 3.5. The solubllity barameter range was obtalned
by testing the compound in different' solvents of known solubility
parameters (8). The solubility parameter range of the compound would

then be that of the solvents that partially or totally dissolved the

compound. The technique was very simple bul effective, The accuracy -

~of the solubility psrameter range depended on the number of solvents-

used.

4.3, SAMPLE PREPARATION

- In order o study the effect of lubricants on the rheclogical

'properties of elastomer compounds, it was necessary to ensure that the
differences in behaviour observed during our experiments were due to
the lubricant's actlon and not to different preparation technidues.

Fectors such as mastication, stress history and uniformity of
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dispersion could affect the results and this was taken 1into

consideration during the preparation and mixing of the various

samples.
4.3.1. Materials Used:

4,.3.1. 1, Elastomers:

Natural rubber (SMR 20 & 10) and dhloboéulphonated polyethylene
. {Hypalcn 40).were first chosen to be‘the two main systems in which the
~effect of thé'lubricants were to be studied. Natﬁral rubber is non-
‘pelar, it hqs unsaturated bonds; its fheological pr0perfies change
with masticatien, it is.pfone to oxldation and it 1s'compat1ble.with 8
large range ‘of 'process oils and materials. Qn the other hand,
chlecrosulphonated polyethylene is polar, ;t has saturated chain bonds,
it is resistant to mastication and oxidation and is poorlyréémpatible
with most'process cils. Other elastomers were also used when it,was
reélised that those differences were not nécessarily.thé cnes that
wbuld gi§e the 1nformatioﬁ needed for éhis study. Ethylene propylene
terpolymer (EPDM) and polisobutylene (Vistanex> of four aifferent

average molecular walghts (Table 4.1.) were also used.

. Grade . _ Flory Molecular Weight

M- M5 - LC : . 42600 to 46100
LM - MH - LC _ - . 50400 to 55800 -
MM - L - 80 750000 to 1050000
MM - L - 100 1060000 to 1440000

Table 4.1.: Polyisocbutylene grades used in _this studg
: supplied by Exxon Chemicals Ltd, ‘
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The molecular weight distribution curves for the two grades of
Vistanex LM - MS - LC (Figure 7.28.) and LM - MH - LC (Figure 7.29.)

were.obtained using the GPC équipment (see Section 4.2.3.).

4.3.1. 2. Lubricants
Most of the observations made during this study were made using

three commer;ially available lubricants of fatfy aciﬂ origin: 

1) Struktol WB212 (m p.50 to 60°C)#: Emulsion, with constant wafer'
COnient{rof high holeculér-fatty
acid - esters and condensation
,pfoducts, bound to chemica11y 
indifferent fillers.'

2) Struktol WELS im.p.97 to 107°C)%: Mixéure of fatty acid soaps,
predominantly'caicium.

3 St?uktol AS0P (m.p.IOO to 105°CH#%: Zinc s08pS of.unsaturated'fatty
acids. |

* Melting points supplied by Schill and Sellacher (U.K.) Ltd.

Also, some pure fatty acid derivatives were used as lubricants.

These ware:

1) Sodium oleate: CH, (CHz)» CH = CH (CHa)y CO2 Na, m. p.=235°C

i

2) Zinc Hexanoste: {CHa (CHa)a CO2)z Zn, m.p. = 144.9°C

3) Zinc Decancate: [CHs (CHzde COxlz Zn, m.p. = 136.99C

4) Zinc Stearate: [CHs (CH.),s COalaz Zn, M. p. = 132,6°C
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4.3.2. Mixing Equipment

The following equipmeht was'used‘fﬁr thé mixing 6f fhé elastomer
compounds tested during.this study:
1> Farrel Br;dge ER Banbury internal mixer having two-wing rotors and
& mixing chamber volume of 1.57 litres. |
2 Eridge (300mm x-150mm) two-rolllmilL
3) Brabender Plastograph having Banbury type two-wing rotors and a

mixing chamber volume of ~ 25ml.

4.3.3. Elastomer Compounds,

In this study, the effect of lubricants was observed on 'pure

elastomers and on some elastomer compounds.

The eiastomerlcompounds used had the following compositions:
D I Cdmpbund 1t 100 phr natural fﬁbber_(SMR 20y, €0 phr carbon black
ISAF (N220), 10 phr process oll {(Dutrek 729),
2 phr Stearic acid; 3 ﬁhr zinc oxide, 0.5 pﬁr Nonox .
ZA, 1 phr paraffin wax.
11> Compound 2: iOO phr thordsulpﬁonatéd polyethylene (Hypalon 407,
| 80 phr carbon blacleRF—HM (N770)> and 20 phr

process oll (Dutrek 729).

s .

111) Compound 3: 100 phr natural rubber (SMR‘IO); 60 phr carbon black
- HAF (N330), 2 phr stearic acid, 0.5 phr Permanax

TPPD, 1 phr paraffin wax, 10 phr process oil (Dutrek

729) and 2.5 phr sulphur.




4,3, 4, Mixing Techniques and Conditions

4,3.4.1. Raw Elastomer Sdmples:

_.For raw elastomer sampleé. mixing was used to inéorpofate différent
léQels of lubricants into the raw.elastomér. Two techniqueé were used
for this purpoese: | |
D Thé Brabender Plastogrgph was used at two temperature (100 and
15050). The rotor speed was set to 55 rev/min. The mixing time
'wés 2 minutes. |
TS After sheeting the raQ.elast§mer on tﬁe two—rélllmill different
.levels of lubricants were incorporated. The tempefatﬁre was set

to 10Q°C,

4.3.4.2; Elastomer Compound‘Sample{

The elastomer compound éamples were prepared either by mixing the
elastomer compound compqﬁents as a first 'staéé fellowed by the
incorporation of different. levels of 1lubricants or .by mixing two
batches of the elastomer compound, cne of them contalning the highest
level of lubricants, then, intermixing the two.baéches to give samples

of different lubricant concentratiens.

The basic elastomer cbmpounds were mixed in the following way{
1) Compound 1 was mixed in the. Banbury internal ﬁixer; The rotor
spéed was 45 rev/min, the temperature was set to 40°C and the fill

. factor was 0.7. The mixing procedure 1s described in Table 4.2.
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Material Addition Time
‘ . Cmin)

SMR 20 and Zinc Oxide 0 .

Half the carbon black,
Stearic acid, Nonox ZA
and the paraffin wax

Rest of carbon black
and process oil '

(Batch dumped)

Table 4.2. Mixing Procedure for Compound 1

Compound 2 was also mixed in the Banbury internal mixer. The
rotor speed was 60 rev/min, the temperature was 60°C and the 111

factor was 0.7.. The mixing procedure is described in Table 4.3.

Material Addition Time

Carbon black and
process oil

Hypalon 40

(Batch dumped)

Table 4. 3. Mixing Procedurs for Compound 2

111> Compound 3 was prepared in the internal mixer. The rotor speed
was 45 rev/min, the temperature'was controlled at 40°C and the

fill factor was 0.7. The mixing procedure is described in Table

4. 4.




Material _ Addition Time

SMR 10 and Zinc Oxide 0

Half the carbon black,
Stearic acld, Permonax 2
TPPD and paraffin wax

The rest of the carbon _ :
black, process oil 4
and sulphur

Table 4. 4. Mixing Procedure for Compound 3

4,3.5. Sample Conditioning -

s

After mixing, the‘samples Q@re usually left for at least 24 hours
befﬁre testing for rhedlogical properties ;n‘the TMS rﬁeometer. Thié
was found to bé essential for the consisténcy and relevance of the
results, Experiments carried out on polylscbutylene after mixing and
before the elapse of the relaxﬁtion period gave a large scatter in the

results obtained.

© 4.4, TMS RHEOMETER EXPERIMENT DETAILS AND CONDITIONS

4. 4.1, Shear Rate Controlled TMS Rheometer Experiments

The software “"TESTER" (Section 4.2.1.5.) was usea frequently during
‘this research in order to'obtaiﬁ a shear'rafe vefsus shear stress
relationship. A set of preprogrammed shear rates was applied on a
sample which was firét preheated for a éténdard 4 minute perlod to the

required temperature and injected into the testing cavity.
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A typlical plot of the shear stress versus time relationship when a
higher level of constant shear rate was applied on an elastomer

‘compound sample was found to have the features presented.in Figure

4, 6.
A
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‘Figure 4.6: Shear stress observed when a higher level of
shear rate is applied by the TMS rheometer.

Figure 4.6. Shear stress observed when a higher level of shear rate

s ed by the eometer

In tﬁe transient region, a stress overshoot wés somet imes observed

"~ depending on the 1eve1.of‘éhange 15 thé ;pplied shear rate andIOn.the |
type of elastomer compound used. A stress undershoot was more
difficult to observe aqd in some cases did not.occur.' In ghe plateau
fegion of the curvse, ﬁ-levelling in the measured shesr stress was
_sometimesnobtained; it Qas notedithat at high levels of shear rates
o 10.'llsec depending on the elastomer compound), ihe plateﬁu in
Figure 4.6. tended to have a negative slope. The measured shear

stress was decreasing with time due mainly to two reasons:
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1) Shear heating: This would be noticeable if no adequate means of
-dispensing of it were available,
i1y Mastication: This would occur to different degrees depending on

1

the elastomer.

Each shear rate level was ﬁpplied for a period of time long enough
to reach the plateau stage. The corresponding shear stress was
chtained from the average of the last ten shear'stress measurements

6btained at each‘applied ghear rate.

4.4.2. Shear Stress Controlled TMS Rheometer Experiments

.The software "“SLIPPER" (Section 4.2,1.5.) was used during this
research where a set of constant shear stresses can be applied on the
tested sample. The advantages of this technique were discussed in

Section 4.2.1.5.

In order to apply a set of shear stfesées.oﬁ a saﬁple witﬁout
exceeding the mechanical limits of the TMS rheometer (0.1 1/sec <
Shear rate < 100 1/sec), TESTER was used to do a preliminary
 experiment in order to gét an idea about tﬁe shear rate versus shear
,-stress:relationship in that pafticular sample. | |
After preheating the sample to the required temperature for a
: standgfd 4 minute period, the samplé was injécted into the testing
.cavity and éach.sﬁear gtress was:applied.on 1t_fbr ?'minutes.' The
éorrespénding Sheér rates were_obtainea ffom‘thehaverage of the last

ten results collected.
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CHAPTER 5

EXPERIMENTAL RESULTS PART 1:
DETERMINATION OF LUBRICANT ACTION -

- 5.1, INITIAL EVALUATION OF LUBRICANT ACTION-.

With the intention of characteriéing_the'effecté of commercially
available iﬁbricants.on coméounds typiéal of those used in tﬁe“rubber
industry, three commercially avalilable 1lubricants (Struktol. WB16,
 WB212 and AS5CP) Qere 1ngorporated‘in a natural rubber compound, at
different  levels of lubricant cdncentrationsﬂ - The firét. set of
‘results was obtained on the nqtﬁral rubber coﬁpound, (compoqnd 1
(Section 4.3.3.)) aftef mixing in the manner described 1n.'Section
4.3.4.2. and having incorporated different levels of Struktol WB1fS (0,
0.25, 0.75, 1.5 and 4 phr lubricent) on the two-roll mill at 100°C,
The software useq/for the'experiment was TESTER (Section 4.4.1.). A
- get of'shéar rates (0.4, i, 2, 4, 10{ 20; 40 ahd 100 1/sec) Qas"
~applied on the sample. The smooth rotor was used for the experiment

and the temperature of the experiment was set at 1009C.

Having obtained-the shear stress vergué sheaf.rate reiaticnship of
_eacﬁ-of fhe five iubricant concentration mixes, the apparent viscosity.
(Eq. 2.2.) versus lubricant cancentration at constant shear rates
curves were then plotted iﬁ Figure 5.1. The curves shéw the appafent
viscosity of the natural rubber compound decreasing exponentially from
-its coriginal yalue with lubricant ;oncentrations of 0.2% and 0.75 phr..

An unexpected increase in the apparent viscoslity was then obgerved at
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" FIGURE 5.1: Apparent viscoslity versus
fubricant concentration for STRUKTOL WB16
In compounded Natural Rubber (Sectlon 5.1)
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FIGURE 5.2: Apparent viscosity versus
lubricant concentration for STRUKTOL WB16
In compounded Natural Rubber (Section 5.2).
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'1.5 phr lubricant, followed by a .further decrease at 4 phr. “This was

consistently observed in most of the shear rate levels looked at.

" It was considered that the results at 1.5 phr lubricant could be
due to 1nconsisten¢y-in mixing on rheological measurement. Réplicated

measurements showed that any inconsistency 1lays with the miting

treatment.
5.2. EXAMINATION OF THE INFLUENCE OF MIXING TECHNIQUES ON EXPERIMENTAL

- RESULTS

Being satisfied that the results observed in Figure 5. 1. weré not
due to‘some méésufing'inconsistency,.andther sample was'prepared ﬁsing
a diffefent mixing technique from Lthe previﬁué oné. In this case,.two
batches of the natural rubber coﬁpound, icompound i (Section 4.3.3.>L
were prepared in the ﬁanner described in Section‘4.3.4.2. The second
batch was mixed with 4 phr lubricant, Struktel WBIG{ added.in the
final stage of mixing. The two batches were then intermixedlin the
-3anbury internal mixer for'one.and a half minutes to give batches with
différent lﬁbricant concentrations (0, 0.5, 0.75, 1.5 and 4 pgr
1ubricaﬁtL The blending conditions in the'Banbury'mixér ware the
same as those used for hixing'the'ngtﬁral rubber compound - (Section
'4.3.4.2.(1)L ' This was done in Qrder to make sure that the mixing

technique was not responsible for the trends observed in Figure 5.1.
The apparent viscoslty versus lubricant concentration relationship

at constant shear stress values plotted in Figure 5.2.. was obtained

from the TMS rheometer at 1006°C with the:SLIPPER software (Section
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4.4.é.).and the sﬁooth rotor. In order to check the accuracy of the
réadings, 8 set‘ﬁf.seven.experimeﬁts was carried out on‘ihe.sample
:contaihing 0.5.phr lubricant, .The percent error was.fhen calculated
(Appendix F? shdwing‘that the‘errpr'ih the répqrted viscosities was of.

the order of * 11%.

The plots in Figure 5. 2. shéw the sﬁme trends as those.bbserQed in
the previous experiment. At 0.5 and.0.75 phrllubficant the.apﬁaréﬁt_.
'  viscésity was_decreasing with increasing.lubricant concentfations; but
at 1.5 .phr lubricant  an 1n§rease in the apparent 'viscosity3 was

_obsérved,-followed by another decrease at ¢ phr lubricant,

Héving'established that the unexpected apparent viscosity tncrease
at 1.5 phr lubricant conéentration was not due to a measﬁrement
inconsistency or to séﬁe factof related to the mixing tecﬁn;que or to
whether we ﬁsed constant shear rﬁte or constant shear stress for our:
measurements, it became apparént that thé lubricant Struktol ﬁBlG Qas
responsible " for fhe_intrease‘in the apbarent'uiscosity-at 1.5 phr

lubricant, even though the mechanism was not yet understood.

The other features of the fesults plofted in Figufe 5.2. can be
- seen more clearly by plotting the pgrcent decrease 1ﬁ the:apparent
viscosity due to the addition of Struktol WB16 (Figure 5.3.5._ The
perceﬁt decrease 1ﬁ apparent viscoslty was calculated using the
fﬁildwiug-equation:' | | |

% decrease = Wa.{(at Ophr lubricant) —“1,(at.xphr lybricant)... (5. 1)
M« (O phr lubricant)
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'FIGURE 5.3: %Decrease In apparent viscosity versus

lubricant concentration for STRUKTOL WB16

~In compounded Natural Rubber (Section 5.2)
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The plots 1n Figure 5.3. show a large decrease in the apparent -

viscosity (~ 50%) with a very small amount of lubricant (0.5 phrd

follbwed by a sméllér decrease with later additions,

The results obtained from equation 5.1. wheﬁ plotted against
lubricant concenfration would be useful to show the type of response
resulting from the additioﬁ ofja'lubricant;to‘an:elastomer compound,
but 1t wéuld'ﬁot be a'good way of representing the data.due to the'
loss in accufacy resulting.from.the pfopagating errof'in equatianS.l.

The error was found to be about 23%. (Appendix Hj.
5.3. EVALUATION OF THE AGTION OF ALTERNATIVE LUBRICANTS

- Having established in the previous section that the lubricant
Struktoll WB16 was responsible for ~the increase in the apparent
viscosity of the ‘two differently mixed natural rubber compounds
(Sections 5.1, and 5.2.) at 1.5 pﬁr lubricant concentration, two
natural rubber compounds, (compound 1 (Séction_4.3.3.)), mixed in the
ménnef _described in Section 7 4.3.4.2. (1), were prepared Dby
inéofporating Struktol WBziz and_AsdP on thé two-roll miil at 100°C.
The appafent_ viscosity versus lﬁbricant_ concentratién relation§h1p§

for the tﬁq ‘samples plotted in Figures 5.4. and 5.5. for Str;uktol
WB212 and ASOP respactivaly were obtained ffom the TMS rhecmeter at

100°C with the SLIPPER software (Sect;on 4.4.2.> and the smooth rotor.
Figure 5.4., obtained for the natural rubber compound containing

d;fferent levels of Struktol WB212 (0, 0.5, 1.5, 3 and 6 phr), shows a

similar trend to Figures 5.1, and 5.2., obtained for the same ﬁatural o
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rubber compound contalning WB16. The plots éhowed a large decreasé in
the gpparen; Q;é;osiﬁy of the alastomer compound with the addition of
only 0.5‘phﬁ lubricant. At 1.5 ﬁhr lubricant.'the_appareﬁt viécosity'
~of the elastomer comﬁound appeared to 1ﬁérease'on its previous value,
This was followed By ahdthef decréase.with.S_phr and_G.phr.igbricaﬁt.
‘On the other hand, -Flgure.'S.S.,' obtained for the natural rubber
#ompcgnd.conta;ning différent 1eve1§ bf Struktbl ASQP (O, 0.5;;1.5,.4 '
and 7 phr), shows a smocth exﬁoneptiﬁl decay in the apparen;:viscosify o
.with increasing lubricant goncéntration. .No inéreasé in the apparent
1.viscosity was observed at any of the tested lubricant concent;atibns.

" This could be dus éitne} to the fact that such an increase did not
occur or that the increése in apparent viscosity was not deteéted.
The reasons for not defecting an increase in the apparent #iscositﬁ.
could be because: | |
i The increase occurred at a lubricant concentfation that was not

| inﬁestigated.
11) The 1ncréase was too weak and contributed only in reduéing the__‘
rate of decreése.iﬁ apparént viscosity with respect to lubricant

concentration.

‘The other trend of Figures 5.4. and 5.5, is that at low lubricant
concentrations (Q.S phr) a large decrease in the apparent viscosity

(~ 50%) was observed.

At the end of the experiments carried out on the natural rubber
compound, (compound 1 (Section 4.3.3.)), the adhesion between the

rubber and the metal surface of the smooth rotor appeared to be

complete and undisturbed, indicating an absencé of wall slip.
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" FIGURE 5.5: Apparent viscoslty versus
lubricant concentration for STRUKTOL A50P
In compounded Natural Rubber (Section 5.3)
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FIGURE 5.6: Apparent viscosity versus
- lubrlcant concentration for STRUKTOL WB212
- In compounded CSM (Section 5.4).
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5.4, EVALUATION OF LUBRICANT ACTION IN A DIFFERENT RUBBER COMPOUND

All the observations made in .Sectioné 8.1, 5.2. and 5.3, were -
obtained from expéfiments carried out .oh the same natural rubber
compound with' ‘differént levels  of  various | lubricants.
Chlorqsulpﬁonated pblyethyleﬁé (Hypalon 40) was chosen as our seﬁond
elastomer to 5e tested because 1t has opposite physical and_chemical

properties to natural rubber (Secticn 4.3.1.1.). . .

. Ausimplé Hypalon 40 cbmpound,'(compoundlz (Section 4.3.3.)5, was
mixed in tﬁe manner déécribed in Section 4.3;4.2{(11). The apparent
viscosity versus 1lubricant ‘éoncentration_ relationéhip plotted in
Figufe 5.6, was obtalned from the TMS rheometer at 100°C with the
SLIPPER software (Section 4.4.2.) and the grooved rotor. The plots
indicate that a similar mechanism aé that observed with the natural
rubber compound was occurring. An 1nitial decresse in the apparent
viscosity of the elastomer compound was followed by an increase,
followed then by anothef more gradual decrease,

5.5. EVALUATION GF LUﬁRICANT ACTI@N IN_THE ABSENCE OF ALL FILLERS

AND ADDITIVES

.In"érder to elimiﬁate'the possibility‘of.an unexpected 1nteractioh
betﬁeen th; iubricant and components of thg rubber com#ound 6thér than
the elastomer (eg. Fillérs'and process olls) that may be the cause of
the unexpected increase in the apparent viscosity of the CSM compound
{(compound 2 (Section 4.4.2., at 1.5 phr Struktol WB212), raw CSM

(Hypalon‘ 40) was .dompounded with different levels of the same
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lubricant (0, 0,5, 1.5, 3 and 6 phr using'the two-roll mill at 100¢C

(Section 4.3.5.1.),

The apparent viscosity versus lubricsnt concentration relationship
- plotted in Figure 5.7. waq obtéined ffom the TMS.rheqméter at 100°C
with the SLIPPER softwaré (Sect@on 4.¢;2.)uanq the grooved rotor. The
piots show that .the 1ncre§se .1n the aépqrent_ viscosify was' still
existanf, but with a sfight shift to a higher lubricant concentration
(3 phr lubricant instead of.1.5 phr_with the compounded Hypalon 40
Figure 5.6). An exponential decay was observed with 0.5 and 1.3 phrm

"~ lubricant follﬁwedlby a‘1arge increase at 3 phr where the épparént

viscosity appeared to level up.

This experiment confirmed that the increase in the apparent
viscoslty is a }esulg éf an interaction with'the elastomer compsneht
of the compounds teéted previously. The other ingredients, such as
carbon black and process oil, appeared only to affect the region in
which this interaction occurred (Section 7.9.). The increase in the
apparent viscosity observed in the majority of the cases studted could
be due either to an unexpécteq. physicai. interaction between tﬁe
lubricant and the elastomer or té a chemical reaction resulting in

strengthening the resistance of the elastomer compounds to flow,

- 5. 6. EVALUATION OF LUBRICANT.ACTION MECHANISM WITH GEL EERMEATION
CHROMATOGRAPHY

To check for a possible chemical reaction between the elastomer

molecules and the 1ubr1cant' molecules, " the molecular - weight
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" FIGURE 5.7: Apparent viacosity versus

lubrlcant concentration for STRUKTOL WB212

In raw CSM (Sectlon 5.5).
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FIGURE 5.8: GPC trace for CSM at O phr STRUKTOL
WB212 (Sectlon 5.6)
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distribution of raw chlorosulphonated polyethylene was measured at a

nuﬁber of lubricant concentrations. After compounding Hypalon 40 with
.0, 0.5, 1.5, 3 and 6 phr Struktol WB212 on the two-roll mill at 100°C,-
shall samples were dissolved in tétrahydrofuran (THF) and GPC traces
were_obtainéd'in.the maﬁner described'in‘Section 4.2.3  The.traées'

are shown in Figures 5.8., 5.9., 5.10., 5,11, and 5. 12, respectivély.

Figures 5.8., 5.9.- and 5.10., show similar molecular weight
distribution curves. The changes:in the calculated avefage molecular
welght shown oﬁ the gfdphs weré not significant and could be the
.reéults_of measurement errors arising ffom lack of synchronisation of
the Sample-injection into the gel cqlumn with the start of the time
recording device (Section 4.2.3.). On the other hand, Figures 5.11.
and‘5.12.; obtaiped for Hypalon 40 containing 3 and 6 phr lubricant
resﬁectively; show a‘change 15 the shépe'of the GPC tracé. A shoulder
followed by a bump on the high molecular.weight side of the curve
appéared on both traces suggestiing an increase in the molecular weight
of some of the CSM elastomer molecules, either through chain extension
or through cross-linking. This was taken to be a clear indication of

a chemical reaction bought about by the presénée of the lubricant.

-The_reéults obtained with the naturél rubber compound.and those
obtained with thé'CSM compound and rag elastomer appeared to éuggest
that the_@hemical reabfion did not occur until a certain lubricant
concentratioﬁ{ in this case 3 phr, was.reéched. Th;é was confifmed by
the GPC tréces, where an increase was only apparent aftef a lubricant

concentration of 3 phr was attained.
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FIGURE 5.9: GPC trace for CSM at 0.5 phr STRUKTOL
WB212 (Section 5.6) . '
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FIGURE 5.10: GPC trace for CSM at 1.5 phr STRUKTOL
WB212 (Section 5.6)
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FIGURE 5.11: GPC trace for CSM at 3 phr STRUKTOL
wB212 (Section 5.6)
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The 'sudden increase in the molecular weight of some of the
‘molecular chains of the elastomer resulted in a higher degree of
enténglement‘which prééented a higher resistance to flow and thus a

higher apparent viscosity.

5.7. VALIDATiON OF LUBRICANT ACTION BY CAPILLARY RHEOMETER

MEASUREMENTS

A set of results was obtained for raw EPDM containing different
levels of lubricant Struktol wB212 (0, 0.5, 1.5, 3 énd-e phr}. The
samples were mixed on a Brabender Plastograph for 2 minutes at 100°,

The rotor speed was set to 55 rev/min,

Tﬁe TMS rheometer was used_witﬁ the smooth rotor at 1005. The
software used was SLIPPER (Sectioh 4.4.2.), The appﬁrent viscosity
versus lubricant concenfrationlrelationshié is plotted in Figure 7. 14,
The plots show an increase in the apparent viscosity with the first
additions of lubricant (at 0.5 and 1.5 phr). Later additions ¢ 3 and

6 phr lubricant) ‘appeared to reduce the apparent viscosity

| exponentially.

The same.sahple was tested using the éapillafy rheometer (Saction
4.2.2 ) at 100°C with two dies of siﬁilar diémeters_butﬁof different
lengths {(Section 4.2ﬂ2.). After applying the end correctibn using the
- two die technique and tﬁe ﬁabinowitsch dorre;tion (Section 3.3.) to
_the results obtained <(Appendix Eﬁ, the apparent viscosity versus
lubricant concentration relationship was plotted'in Figure 5.13, Only

a limited numbher of results was obtained before the onset of melt
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FIGURE 5.13: Ahparent ilséoslty versuk
STRUKTOL WB212 concentration In EPDM using
caplilary rheometer (Sectlon 5.7)

250

200

150+

APPARENT VISCOSITY (kPa.sec)

100 /E/ ~
F?/ : N1 S'RATE(1/sec)
50- o ——— "0
s -
' | O3
0- - . - : —] e ____

0 3

1 2
LUBRICANT CONCENTRATION (phr)

' FIGURE 5.14: Stress relaxatlon for raw
EPDM contalning varlous concentrations
- of STRUKTOL WB212 (Section 5.8)

50

LA -h
=] o
—t e

- RELAXATION TIME (sec)

(]
o .
M B N

10- S—— .
0 : ' 2 4
LUBRICANT CONCENTRATION (phr)
| 15

6




fracture (Section 2.3.). The ploté show the same trends observed 1in
Figure 7.14. An increase in the apparent viscosity at 0.5 and 1.5 phr

lubricant was followed by a decrease at 3 phr lubricant.
5.8, STRESS RELAXATION TEST

In order fto tesf the éfféct ‘of lubricants on the wviscoelastic
pro?erties of_elastomers,.a set ‘of results was obtained using-the-TMS
biconical rotorr.fhedmeter with the grooved rotor ‘at 100°C, The
software used fbf_this purpose Qas_fhe modified vers{dn of SLIPPER
(Program 3 Section 4.2;1.5.)._ A shear stress of 190 kPa.séc  was
applied-fér_two minutes on raw EPDM containing different levels of
Struktol WB212 (Q, 0.5, 1.5. 3 and.6 phr) mixed on the two-roll mill
_at 100°C.  After stépping the rﬁtor of the TMS rheometer, the shear
stress was measured at different_time intervals and stored in a‘file.
on a floppy digk. The time it took'fof the shear stress to drop to 2%
of 1ts original value (180 KPa) was collectea for each of the test:
samples at different lubricant concentratlions and plotted in Figure

5.14.

- The plots show similar trénds to thoée:observed in Figure 7.14 from
the'saﬁe'compound using the constant-sﬁéar7stress SLIPPER routine
(Section 4.4.2.); an'inifial increase in the'appareﬁt viscosi{y at 0.5
and:1{5 phr 1ubr1§6nt was foliﬁ&ed by a decrease Qith 3 and & phr
lubricant. Having observed thaf the dependence of stress.relaxation
on lubricant concentration follows similar trends to those observed
for apparentnviscosity. it Was.decided that no further investigation

of stress relaxation would be undertaken.

16




5.9. DISCUSSION OF LEBLANC AND LLOYD'S MODEL_[ 29)

- The résults obtained with vafious elastomer compoundé ét different
levels of various lubricants showed characteristics and trends that
could not be explained by the simple model proposed by LeBlanc and

‘Lloyd and described in Section 2.5. The proposad model does not take
into consideration the chain extension?crosé-linkiﬁg effect.dbserved
with various syétems (Section 5.6.). It also can not explain the
variations in.the ap?arent viscosity responsés ohserved with the first

additions of‘lubricants'ét very low concentrations (~ 0.5 phr);

A new model was needed to-acgouﬁt for these and other discrepancles

in the LeBlanc and Lloyd model.
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CHAPTER 6

A _THEORY OF LUBRICANT ACTION

6. 1. INTRODUCTION

The theory pfopoéed in this section was developed and refined from
cbservations made on rhedmetfy results but it ié presented in this
section so ﬁhat.the_following chapter (Chapter 7) Ean then deal with
‘the wvalidation of the theory, with reference to a range of

experiments,

Earlier, in Section 2.5., an outline.of the current theories for
the meodes of action by which lubricants can influence tﬁe elastomer's
rheblogical properties Qas given. Basically, - thesé descrihed two
major modes of action for lubricants; namely external lubrication and
internal lubricétion. External lubrication occurs when the lqﬁricant
exudes t6 the interface betwéen.the metal and the elastomer compound
and forms a boundary lubricating film. Internal lubrication 1s 5 more
complicated mods of action and can involve more than one mechanism. A
third mode of actibn'that has to be taken into consideration, éé we

have seen in the pravious chaptér. is the chemicai reaction Between thé
lubricant aﬁd the'elqstomér molecules, fesﬁlting in the adversé effect

of increasing the apparent viscosity of the compound.

In this " chapter a conceptual model 1s propcsed to aid the
understanding of the modes of action of lubricants. Three major
factors that can affect the type of response observed from the

addition of lubricants to an elastomer compound are considered:
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1> The compatibility of the lubricant with the elastomer compound.
11) The morphology of the elastomer compound.

* 111) The chemical reactivity of the lubricant molecules.

Also, a phenomenological mathematical model for simulating the
~primary action of internal lubrication and the acticn due to chain

extension or crosé-linking is proposed.

6.2. A CONCEPTUAL MODEL OF LUBRICANT ACTION

'6.2.1, The Effect of the'Comgatibilitg of the Lubricant with the

'Elﬁstbmer Compound

The compatibility of the lubricant with the elastomer compound wés
identified as one of the factors that determined the type'of response ’

observed, To i1llustrate thlis we look at three situations:

6.2,1,1, The Lubricant is Incompatible with the Elastomer Compound.

During storage tﬁe.lubricant will diffuse to the surface of the
rubberiover a period of time to form1a.tﬁin la§er.' The siiuations
encountered during rubber processing and rheological teéting are not
static. Structural alteration of the elastomer compound sample dué to
fiow will help the entrapped molecules to migrate with less
‘obstruction than in a static situation. In the TMS rheometer, the
shear flow of the test sample' will help the formation of a tAin

lubricating layer at the rubber/metal interface of the roter (Figure
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'6.1.). This will lead to wall slippage by a mechanism named external

lubrication.

A second factor that will affect the occurrence of external
lubrication is the affinity of ‘the rubber compound to the metal
surface of the processing or testing equipment. A rubber compound
with high affinit? to the metal sufface will not allow the development
‘of a lubricatihg layer at its intérfaée.and.the 1ncompatib1e lubricant
will stay entrapped in the rubber compound and in certain cases may

form an internal layer (Figure 6.2).

A third.facfof affecting the oécﬁrrence‘of externai‘lubrication is
thé roughness of the metal's.éurfaga Tﬁis can be exaggerated 5y
'putting grooves on the metal surface (Fiéure 6.3.>. The grooves wili
serve to maintain a certain degree of contact between the‘rubber and
the metal surface of the testing or processing equipment and gill
‘therefore - inhibit wall slippage. With the TMS biconicql rotor
rheometer, 1f_ external 1lubrication occurs, the rotor. speed for an
~app11ed shear stress using a smooth rotor wil; be much higher than
'that 6btained for a grooved rotor (~ 180 times.higher as reportedlby:
Moorg and.Turnef[37]). This can only be trué if the grooves on the
rotor's surface will maintain some form of contact with the elastomer

- compound even after the development of a lubricating film.

_The fourth factor affecting the occurrence of external lubricaticn
is the concentration of .the incompatible lubricant compared to the
surface area of the interface between the elastomer compound and the

metal. The external lubricant is usually added in very small amounts,
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Figure'G.l : Lubricant. exuding to the rubber/ metal
: interface where s thln lubrlcatlng film
had developed.
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Figure 6.2 : Lubricant prevented from exuding to rubber/metal
interface. Thin lubricating film developed
between two rubber layers.
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‘Figure 6.3 : Prevention of wall 'slippa.ge by the grooves ;
on the metal's surface. :
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therefore a certain concentration must be exceeded for s continuous
lubricating film to occur. Partial external 1lubrication, where

patches or rings of lubricating films (Figure 6.4.) debelop st the

metal/rubber interface thus lowering the contact area and therefore.

the flow resistance of the sample, can occur, but will be more

difficult to detect than complete lubrication.

6.2. 1. 2. The Lubricént is Highly Compatible with the Eastomer

. Compound

Elastomer molecuies which consist of a backbone of multitudinous
covalently bonded atoms might contain a variety of groups of different
pqlaritieé and .abiiity to hydrogeh bend. A highly compatible
lubricant will have very strbng attractive forces with at least one of
- the groups on the elastomer chain. These forces can be:

i Hydrogen bonding |
ii) Dipole-dipole atfraction_

111) Van der Waals or London forces.

When the highly compatible lubricant molecules are mixed into the
elastomer compound, they will attach themselves to sites on _thé

elastomer chain that will offer the highest aﬁtraction'(Figure 6.5.3.

Flow resistance of elastomers and elastomer compounds can be

attributed mainly to secondery valence bonds and molecular chain

entanglements (Section 2.1.). A highly compatible molecule of

lubricant will ideally have the same attraction characteristics as

those presented by the groups on the elastomer chain]iﬁ is attracted
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Figure 6.4: Partial external lubrication, where a ring (a)
or & patch (b) of lubricant has developed at
~ the rubber/metal interface lowering their
contact area.

CAttraction™Ngsite _ “Lubricant molecule

Figure 6.5 : Dissolved lubricant molecules in elastomer.
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to and will offer simiiar éttradtion forées to neighbouring molé;uieé.'
At low lubricant concenirations, the efféct of such ﬁighly.compatible_'
lubricant molecules will be barely noticeable. At hilgher
conééntratidns, the lubricant will start to swell the elastomer
compﬁund and a.lowering in the 6pparent Qiscﬁsity will be observed due
to the disentanglement of thé elastomer moiecules (Sectionizﬂx.) 1if

- these were present.

In this case, the lubricant is acting as a solvent rather than as a
iubritant changing the structure of the elastomer or elastomer
'compound through. disentanglement. .Fof this reason, this meode of

action was termed "Solvation®.

6.2.1.3. The Lubricant is of MédiumﬁCoﬁpatibilitv with the Elaétomer

Compound

Most of the practical lubricants seem to fall under this categery,
' Th1s is underétandable, since elastomers and elastomer compounds‘have
a range of different types of 6ttraétion sites. If a 1ubriéant is
cdmpatible with one type of.groqps on fhe élastoﬁer molecule it does
not . follow that it would be compatible_with the others. A medium
compatibility lubricant will be able to attqch_itself te an attr&ction
site on the élastomér molecule,.'but will not have the abillity to

maintain the saﬁe leQel of aftracti?n.gehérated by the site toward
neighbouring .moleculés,‘ | Thus,_ £; this gitdation, _the meaium
compatiblility lubricant.molécule is écting és an attraction site mask,

reducing the intermolecular attraction forces and the flow resistance

of the elastomer or elastomer compound, which results in the reduction.
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of the apparent wviscosity. This mode of action is termed "Internal

’

lubrication".

Interﬁal lubrication is only one of tﬁe hodeS‘of action tha; a
medium compatibility _1ubr1cﬁnt' cﬁn exért. External lubrication
(Seﬁtion 6.2.1.1.» ;nd solvatioﬁ _(Section‘.5.2.1.2.)"can alsb take
place.depending on the degree:of compatibi11t§ of the quricant with
the elastomer or.elastomer'compound. Two cases within the medium
. compatibility range are_examined;to 1llustrate the type oflresponse_
obtained with the TMS biconical rator'rheometer (Sectionl4;2.1;) when

a lubricant is added to an elastomer or an elastomer compound:

Case 1: A lubricant of 1oﬁ compatibility.

Being a low compatibility lubricant,.only emall amounts pf it can
be dissolved 1nto_the test sampie. A?ilow lubriéént concentratidns,
thé few luBricant melecules that attach themselves to some of the
attraction sites on the elastomer molecule will mask_its attraction
forces very efflciently, reducing its apparent viscosity'considerably.
If ﬁ§re 1ubricant-i; added, an excess amount of unwanted lubricant
molecules.will start to develop in the test sample without having much
9ffeqt on the apparent viscosity, ‘After a certain concentration “Cr*
6f lubficant is attained, there will be Enough undissolved lubricant
molecules in the test sample to exude to the interface between the
rubber and the surface of the smooth rotorg and externalllubricgtion-
will accﬁf if -the. conditioné for this (Section 6.2.1;1.) are
favourdble (Figure 6.6.). The existence and position of “Cr* will
depend on all thé factprs that’ would influence the occurrence of

extérnal lubrication.
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Case 2: A lubricant of high compatibility.

If a highl.compatibility lubricant 1s added ié the elastomer
compound the apparent viscosity will start to drop due to a reduction
in the attractive fﬁrces,in the compound; .This.drop will hof be as
steep ‘as 'in tﬁe previous: case, since the attractive forces in the
elastbmer  combound are 1on1y‘ slightly ‘feduced: due to -the 'high
compatibility of the lubricant (Sectioﬁ 6.2.1(2.). At  higher
1ubrican§ concentrafions, éwelling will occur, accompanied 'by' the
disentanglement of fhe elastomer molecules, ie,fsblﬁatioﬁ( After a
certaln lubr;cant concentration "“Cr¥, éince the lubricant is not fully
'.compatiﬁle. with the elaétbmér, external 1lubrication will occuf"
provided all the conditions for a lubrication film to develop (Section.

o6.2.010 are favourable (Figure 6.7.),

6.2. 2. The Effect of the Morghologﬁ of the Elastomer Compound

‘It was mentioned in Section 2.1., that the type of flow in an
elastomer cdmpound will depend to a large extent on its morphology.”
The existence of chain entanglementsl8] is widely acceptédp_ If the
structure of a raw elastomer 1s considere& to consist of high
.entanglement regions surrounded by low entanglement regions (Figure
6.8.) and .if a shear stress 1is applied on the surface of a
rebreseﬁtative sampie ﬁnit (Figure 6.9.) of the glaétomer'the applied
'shear stress Qill be translated into shear flow. accompanied by axis
rotation of the high entanglement Qnit. ﬁhich is termed a flow.uﬁit
(Figure - 6.10.). ' Mboney[&] suggested that in such a caée the
macroscopic viscdsity woﬁld be the result of the friction of the flow

units as they slid over each other.
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~In an elastomer 6dmpound containing fillers and procesé"oils

(Section 2.2,), the flow units will consist of filler aggregates with
strongly attached molecules and the low entanglement region will

consist of elastomer molecules swollen by the process oil.

The variation in size and concentration of the flow uﬁits will

affect the type’of response to the addition of lubricants observed in

‘the TMS biconical rotor rheometer meaéurements. This is illustrated’

in threer'Cases where the change in the apparent viscosity of an
elastomer compound 1s monitored against the increasing concentration

of a medium compatibility lubricant.
6.2.2.1. Low Concentration of Small Flow Units

This case is mainly encountered with low molecular weight, raw
elastomers. The small number of flow units will be barely noticeable
and the main flow resisting forces will be the friction and attraction
forces._between"the individuyal elastomer. molecules; Thus, a lérge
lubricant concentrétion wiil be needed to mask all the attraction
sites on the elastomer moleculés (Section 6.2.1.2.). The response
observed in this case will be a small decrease in the apparent
viscositj; with 1ncreésing lubricant concentration uﬁtil the stags
Qhere the elastomer .compound beconmes saturated' ﬁith undissolved
lubricant; then, external lubrication will develop 1f the conditions
for _a. thin lubricating film af the rqbber/metél interface were

favourable (Section 6.2.1.1.)(Figure 6.11.,),
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6.2.2.2. High Concentratidn of Large Flow Units

* When lubricant is added to an elastomer compound that has this type '

of morphology, the 1lubricant will dissolve mainly 1in the low
entanglement reglons where the elastomer molecules will be less

tightly packed. Only small amounts of lubricants will be needed to

facilitate the rotation of the flow units (Figure 6. 12.). The

lubricant in this case will be acting on a gfoup of molecules instead
of acting on individual elastomer molecules as was the case in Section

6.2.2. L.

The response .observed will be a large decrease in the apparent

viscosity with relatively small concentrations of the 1lubricent

(Figure 6.13.)., With further additions, the lubricant will start to

infiltrate into the flow units sweliing and disentangling them and:

‘thus dividing the flow units into smaller units, ~altering the

morphology of the cbmpound, ie. Solvation (Section 6.2.1.2.). After a

certaiﬁ concentration "Cr" is attained, the lubricant will exude to

the rubber/metal interfabe and external lubrication will occur under

favourable conditions (Section 6.2.1.1.) (Figure 6.13.).

6.2. 2. 3, High Concentration of Small Flow Units

This case differs from the previous one (Section 6.2.2.2.) by

having a higher total surface area of flow units.. A larger amount of

lubricant.will be needed to facilitate the rotation of the flow units.

Thus, the drop in‘the'apparent viscosity due to the addition of the

lubricant will be slower than that observed in the previous case




(Figure 6. 11.). At higher lubricant . concentrations, external
" lubrication might occur if conditions were favourable (Section -

6.2.1. 1.,

6.2.3. Modification of Lubricant Action by Chemical Reaction

The previous sections of this chapter have exagined the physicai
effects of the lubricant moiecules' in éiaétomersw and-_elastomer
compounds. In addition,:a chemical reaction between the lubri;ant
'molecuies anﬁ thé eiastomer molecules resulting in cross%linking or
chain extension hés beeﬁ found to occur (Section 5.6.) with some of
the lubricants. |

.A reactive lubricanf Qill have tﬁo cbncurrent effécts when added to
a test sample:
1y A lubricating effect that includeé internél lubrication, exterﬁal

lubrication and solvation resulting in .the ldwering of tﬁe
apparent_viscosity.
i1) ‘A‘chemical eifect'that will result in chaih extension or cross-

linking which will increase the apparent viscosity in some cases,

- depending on the morphology of the compound.

For the effect of the chemical reaction to be significant enough to
affect the apparent viscosity of the test sample, a certain lubricant
concentration "Cc" must _be reachéd.' With increasing lubricant
conceﬁtration the chemical effect will_be greatér t11l equilibrium is

‘reached (Figure 6.14). The observed chénge in the apparent viscosity

will be the result of the two opposing actions (Figure 6.15.),
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6.3, A_PHENOMENOLOGICAL MATHEMATICAL MODEL OF LUBRICANT ACTION

lA matﬁematicﬁl model 15 bresented in this section to fit the'_
observed . apparent  viscoslty versus lubriEant : cohcentration
" relationship. In this way thé lubricating action can be separated
from the chain ektension/crdss-linking action of reactiﬁe_ lubricants
¢Section 6.2. 3..) and. evaluated 1n.depende.nt1y.. The pmpcasen.:l model does
" not extend to describe the external lubrication region (lubricant
concent.ration > Cr Figure 6.15.) due to the 1aék of experimental
'_lli.nformation and the discontinuity of the curve which woﬁld'increase

the number of parameters used in the model.

The 1lubricating effect brought about by. the presence of the
lubricant acting tﬁr‘ough 1_ntérnal lubrication (Sectioh 6.2.1.3.) or
solvation (Section 6.2.1.1.) can be expressed mathematically as a
factor reducing the initial apparent viscosity of the test sample.
This factor is a function of. the lubricant concentration in the test
sample and can be expressed as:.

MNom =”1,. f {conc.) g creas £ LD
where . is the apparént viscosity of the test sample at a certain
l_t_.\bricant concenfration. | |
M1 le the apparent viscosity of the test sample at zero .
lubricant concentration.

(conc.) is a factor'fimction_ of the lubricant concentration.
The chain extension/cross-linking effect resuvlting from the

chemical reaction between the lubricant molecules and the elastomer

molecules in the test sample (Section 5.6.) can .be ex'pressed
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: mathematically by a factor 1ncrea§ing the 1ntiai apéarent viécosity 6f
the test sample. This factor 1s also a fuﬁ&tion of  the lubricant:
concentration in the - test sample and would.”only apply under the
constraint that the,iubricant.concentration should be gfeater‘than the
concentration where the chain extensioﬂ/cross-linking effect becomes
significant, C. (Section S;Z.S.L The non-continucus équation will
have the following format; o
For 1ubricant_c6nceﬁtration { Cet _
q\..:‘*\i-. A o - ..'...<5.2.>
Fer lubricant eoﬁcentration BVCc |
Na =Ma g(coﬁc.) o _ N (6.3.)

where g{conc.,) is a factor function of lubricant concentraton

In the case where both actions are_occurriﬁg simultaneously the
equation representing the joint effect of lubricants can be written
as: |

For 1ubrican£ concentration < C_

"’1,.=‘11 .‘f(coné.) | o venes (B0 10D

For lubricant concentrations z‘cc

Na =My - f(conc.) . g(conc.? o veess (6. 4.).

_Tﬁe results obﬁaiped throughout this study showed.the lubricating
effect reducing ihe apparent viscosity of the test sample in a form
that can bE'describéd as exponent;ﬁl. The first ;daitions shdwing the
sfrongest effect.followed.'at increasing lubricaﬁt concentrations.’by
an.atcumulatibn in the excess lubricant to the'point where externa;:

1ubr1cation occurs and ‘the mathematical model fails (Section 6.2.).

To translate these observations into a mathematical equation, the




interhal lubricating effect fgctor f (conc.) Eq.[6.1.]1 can be expressed
as an exponential equafidn that will have a .valﬁe‘ of 1 at  zero
lubricant concentratioﬁ and a,valﬁe §f B (constant <A1) at infinité__
lubricant concentration. Applying these_conqitions'qn'
f(conc.) = a exp{(bConc. ) + ¢ S ereas €6, 5L
wheré a, b and ¢ are éoﬁstants. |
we have: f(conc.) = B at Conc. = »
le,

B = aexpb.o) +C

" If b was positive the exponential term would be infinite and B
woﬁld also be infinite. . Therefore, the constant b should be negative.
This means that the exponential term 1s equal to-zero at infinite
concentration and the constant ¢ is the equivalent %o B.

The second‘condition is to have f{conc.) = 1 at conec. = 0

ie.

-
1]

a exp(b.0) + B

19- a 1 = B
'Replacing'constants a and ¢ by their values and constant b by (-A)
where A is a factor that determines the steepness of the exponential

curve we get:

flconc.) = (1 - B) exp(-A cohc.)_+ B ..... (6.6.?

Since . the factor A. represents the steepness of the 'exponential
decay in the apparent viscosity of the test sample, 1t will be
dependent on the compatibility of the lubricant with the elastomer or

elastomer compound (Section 6.2.1.) and on the morphelogy of the test

sample (Section 6.2.2.).




The résults‘obiained throughout this study showed:that the chaiﬁ
extension/cross-linking effect of the lubricant occurs after a certaln
lubricant éonéentration is reached, :and tends to‘ diminish with
incfeasing concentration when .the reactibn reaches _equilibrium
(Section 6.2.3.) with thé resulﬁ that a decrease in the apparent
viscosity reappears‘at higher concentrations. Tﬁese observations cﬁn
be translated into a mathematical equation byl replacing the. chain
éxtension/cross;lipking effect .factﬁr glcone. ) (Eq. 6.3.) by an
exéonential equation of the format: | | |

glconc.) =.a exp(b.conc.) + ¢ B - )

where a, b and c are constants. -

This.equation has the constraints that.at 1ubricant'concéntr§tion
equal to C. the factor should be equal to 1 and a%t infinite ;ubricént
‘concentration the factor should be equal to T (constant > 1),

le. T=a1a expfb.m) + ¢ |
Hefe tco, b should be negative otherwlise T would be 1nfiﬁite. This
means that the equnential‘term is equal to zero and ¢ = T at infinite
poncentratiohs. The other condition is that: gtconc.) = 1 at conc.=
Ce's

ie.

-~
il

a égp(b.cc) + T

4 a=<(1-T expl-b C)

‘ Réplacing fhe negative constant b -by -1y wheré I is .a positive
paraﬁeter: - 7 | | | |

| a= (- Ts pr(I.C;)

Replacing the values of the constants a, b and c into equation 6.7, we

gét: '
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(1 = T exp(I.C.) exp(-I.conc.) + T

glcone. )

fe. " glconc.) = (1 = T) explI(Ce = conc.)] + T ... (6.8.)

iThe factor T in equation 6.8. can be related to the effect that a
- limited amount of chain'extension/cross-linking, due to the presence
~of the lubricant, has on the morphology and thus on the rheological

behaviour of the test sample.

_Replaciﬁé fhe values of the two opposing'factors f(conc.)(Ed. 6.6.)‘
:'and.g(conc.)(Eq; 6. 8.2 iﬁto equations 6.1. and 6. 4. simulgting the
- response of the apparent viscosity of a test sample to additions of
‘1ubficaht, we get:
For lubricant concentrations ¢ C_
‘1, = Tb .‘(17—.B) exp(-A.conc.)_+ B o (Bﬁg.)
Fof lubricant concentrations ? Cg . |

“\’ = ﬂé.[(1~B)ekp(-A.conc.)+B].[(l-T)exp{I(Cc-conc.))+T]...(6.10.)
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- CHAPTER 7

EXPERIMENTAL RESULTS AND D;SCUSSION PART I1:

EVALUATION AND VALIDATION OF PROPOSED THEORIES

7. 1. INTRODUCTION

.While the conceptual theories for lubricant action prqposed in the .

' previous chapter provide a rational explanation of the mechanisms
involved, no direct evidence of their validity has yet been presented.
This chapter will be concerned with. work undertaken to provide that

evidence.

7.2. DISCUSSION OF PRELIMINARY RESULTS (CHAPTER B)

7.2.1. Lubricant Action on Natural Rubber Compound

The apparent viécosity versus lubricant concentration: results
obtained for the natural rubber compounds (Sections 5.1., 5.2, sand
5.3.) will be interpreted here with reference to the models in the

previous'chapter.

The trends observed in Figures 5.1. and 5.2. obtalned for the

naturgl rubber compound:conﬁaining different levels of Struktol WBIS
-indicated the occurrence of internal lubrication (Section 6.2.1.3.)
where a small éoncenfration'of.lubricant is sufficient t§ facilitate
the rotation of a group of entangied‘elastomer molecuies {flow units)
thus decreasing the apparent ﬁiscosity of the tést sample bf reducing

tts resistance to flow. ' This effect was shown more clearly in Figure

-
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5.3. where a drop of Soz‘inrthé apparent viscosity of the NR compound
was observed withlonly 0.5 phr Struktol WBIS. . Internal lubrication
was accompanied  by"chain extension/cross-linking (Section 6.2.3.)
which manifesféd -1tseif at 1.5 phr by 1ncreasing‘ thé aﬁparent
viécosity of'tﬁe test sample. At'higher lubricant concentrations the -
reaction legdipg tﬁ' chain e#tension/cross-linking .appears to have
.reachedf equilibrium and the lubricéting effeét_ of Struktoi WB16
resumed its aétion'by decreasing-the appareht viscosity of the test
sample more gradﬁally than at 16wer concéhtfatiohs,.due to the lack‘¢f

unoccupied attraction sites of fered by the elastomer.

| Tﬁe trends obserﬁed in Filgure 5.4..for the natural rubber compound
containing different levels of Struktol WB212 also showed an initial
internal - lubricaticn at 0.5 phr lubricaﬁt;.decregsing the-épparent
viscosity by ~ 50% by acting on clusters of elastomer molecules (flow
units) facilitatiﬁg_their rotation (Sectiocn 6.2.2;2L).and reducing-fhe
flow resistance of the test sample.' This was followed by a chain
exténsidnfcross-linking effect at 1.5 phr  lubricant, where the
concentration was high enough for. sﬁ&h a reaction to occur to a
'significanf degree. At higher lubricant Concent}ations, the reaction
leading‘fo chain e#tension/cfoss;linkiﬁgVhaé reached equilibrium and
the 1ubficant molecules resumed their internal lubricating action
which appeared as a gradual decfeasa'in the apparent viscosity at 3

and 6 phr.
The trends observed in Figure 5.5. for the natural rubber compound

containing different levels of Struktol ASOP did not show any increase

in the apparent viscoéity of the test sample at any of the tested
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concentrations. This could be because elther the increasse was not
) détected for the reasons mentioned in Section 5.3, or Struktol ASOP
was not reactive and 1ts effect was only.to lubricate the_elastqmer's
" flow. The plots in Fiéure 5.5, suggesf that Struktol ASOP was acting
through 1ntefnal lubrication, decreasing the apparent viscosity of the
compéund by faciiitating the rotation of ihe flow units. This gave a
large decresse in the apparent viscosity with only 0.5 phr lubricant

followed by a more'grédual decrease with further additions.

None of the three lubricanté (Struktol WELB, WB212 and A50P) showed
any evidence of external lubrication in the natural rubber compoung,
unless partial external 1ubricatién, where a paﬁéh lor a ring of
lubricating film develops at.thé_netalfrdbber interface lowering thé
contact area aﬁd therefore the resistance felt by the rotor (Seétioﬁ
6J2,1.1.), was occurring. Visual observation made at the end of each
éxperiment showed that complete adhesion ‘was ﬁresént Setween the

rubber and metal surface of the rotor.

7.2.2. Testing for External Lubrication:

The TMS biconical rotor rheometer with the grooved rotor was used
- at 100°C to determine whether external lubrication was dccurring with
the natural rubber compound (Compound 1 (Section 4.3.3.)) containing

.different levels of lubricants Struktol WB16, WB212 and ASOP.
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'7.2.2.1. Preliminary Checking

_The batch of naiurallfubber compound contailning 0.25 phr Struktol
WB16 compoqnded.on.ﬁhe two-roll m111'5t7100°c and usednin Section 5.1;
to‘bbtain the resuits plotted in Figufe 5.1, waé tested on the TM;
rheometér at 100°C with tﬁe grooved rotor using the softwafe TESTER at
the same shear rates used with the smooth rotor (SecfionVS.I.). ~ The
reqults obtained with.the grooved and smooth.rotérs:are plbtted in
Figure 7.1, as apparent viscosity versus log shear rate. "The plots
:shéw ihat the.résults obtalned with the grooved rotog at different
levéls of sheér rate were generally lower than thoée obtained with the
smooth rotor, Ifrwall slip'waé‘occﬁrring'with the smooth rotor and
1nﬁib1ted with the grooved rotor (Séction 6.2;1.1.),‘we would expect
therapparent vigcosity obtained w;th the smooth rotor to be lower than
that obtained with the grooved'one. Figure 7.1. suggesfs that ﬁall
slippage occurred with the grooved rotor and not with the smooth
rotor, The test was repeated three times to check for measurement

errors.

7.2.2.2. Ihvestigation of the Validity of the Externai Lubrication

Measuring Technique

A possible reason for the unexpected resulis obtained in Figure
7.1. can be the use of the software TESTER (Section 4.4.1.) which

applied a different stress history on each sample (Section 4.2.1.5.).

" The batches of natural rubber compouhd contalning different levels

" of lubricant Strukiol WB212 and ASOP used 1n Section 5.3. to obtain
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' FIGURE 7.1: Apparent viscoslty versus Log
shear rate for STRUKTOL WB18InNR
using smooth and grooved rotors (Sectlon 7.2.2,1)
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the results shown in Figures 5.4.and 5.3, respectively were tested on
the TMS rheometer gt 100°C uéing the grooved rotor and the software
SLIPPER (Sectiﬁn 4.4.1.). The results ébtained’and plotfed iﬁ Figures
7.2. and 7.3, respeétively show generally lower apparent viscosities
~than fhb;e from the smboth rotor with the same stress history (Figures
5.4, end 5.%5.0. .Since it was lnconceivable that wall slip was
occurring with the grooved rotor and not with the smooth rotor, it was
considefed that the présence of thé'grooves“on'the rotor's surface had

affected the observed results in an unexpected manner,

A possible explanation 1s that the natral rubber compound ‘wag
flowing inteo the grooves.on the rbtor's surface in the manner.shown in
Figure 7.4, (a) 1instead of flowing in the expected manner (Figure
h7.4{(b>). ~ The consequences are that the natural rubber compound was
'seéing' a smaller rotor, with an imaginéry'surface lying somewhere
between the top and the bottom of the grooves (Figure 7.5.). The
positfoh of the new imaginary surface will depend on the depth of the
penetration of elastomer flow into the grooves. The.change_in the
position of the new interface will result in a change in the apparent
dimgnsions of the rotor, rendering the th;ckﬁess "Y"* (Figure 7.5. (b))
smaller than expected and the clearénce between the cavityfs surface
and the rotor's.surfaCe "t" larger. When the TMS rheometer applies an
angular ﬁelocity W) en the test sample;‘the actual shear rate can be
calcutated by equation 3.1.: | |

¥y (r) =W r/t - cees 3010

In the case of the smooth rotor, all the dimensioné are known and

equation 3.2. cen be safely used to calculate the shear rate applied
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FIGURE 7.3: Apparent viscosity versus
lubricant concentration for STRUKTOL A50P
In compounded Natural Rubber (Section 7.2.2.2)
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by the rotor at a certain angular velocity, but in the case where the
érooved rotor 1s used the clearance "t" is not knpﬁn and can be
greater than the one used for our caléulatloné .depending on the
' positién of the Imaginary surface (Figure 7.5.(a)). A gfeater

clearance “t“_will‘imply a8 shear rate smaller than the calculated one,

Due to elastomers being strongly ‘non-Newtonian, a typilcal éhear
stress.versus shear réte relationship‘for'élastomers:and elastomer
coﬁpounds will have the characteristics éhown in Figure 7.6.‘ At low
shear rates a small change in the shear rate will result in a large

change in the shear stress. This will result in a change in the

apparent viscosity of the test. sample, which is calculated using the

uncorrected dimensions of the rotor. " At higher shear rates a small
change in the shear rate will not change the shear stress of the test
sample to the same degree as at low shear rates and the effect on the

.apparent viscosity will be insignificant.

This was observed 1in Figure 7.1. where at low shear rates the
apparent viscosity results obtalned with the grdoved rotor were lower
than those obtained with the smooth one and at higher shear rates the

apparent viscosities were similar in both cases.

'In the cﬁse where SLIPPER (Section.4.4.2.) was used, a larger shear
~rate was needed to achleve the required shear stress since the test
sample 1s effectively thicker with the grooved rotor than that tested

with the smooth rotor. . This explains why a lower apparent viscosity

was obtalned with the grooved rotor than with the smooth rotor

(Figures 5.4., 5.5., 7.2. and 7.3),
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..In_any case, wéll‘slip,.sucﬁ_as the one observed by Mooré énd
Turner(37) where the angular velocity obsarved with the smootﬁ rotor
was 180 times greater than thatr observed- with the grooved one at
.similar shear stresses, was not 'observed  with the natural - rubber
‘compounds cbntaining‘the 1ubr1taﬁts Struktol.WBlﬁ, WB212 and ASOP.
Despite the uncertainty of the grooved rotor measureménts, 1it was
© clear that no external lubrication was occurring Qith any of the

natural rubber compouhd test samples studied.

7.2.2.3, Investigation of the Effect of the Apparent Viscosity of

Natural Rubber on the Performance of the Grooved Rotor

The b%tches oflnatural rabber éompounds céntaining dif ferent leveis
of lubricant Struktol WBi6 incérporated by intermixing two batches of
natural rubber <{(Compound 1 (Séction.4.3.3.)) containing 0 and 4 phr
lubricant into different lubricant concentration (0, 0.5, 0.75, 1.5
and.A phr).samples were tested in Section 5.2. on the TMS rheometer

with the smooth rotor to glve the results plotted 1n'Figure 5.2,

A set of results das_obtained from the same natural rubber batches
using tbe TMS rheometer at 100°C with the grooved rotor. The results
obtained and plotted in Figure 7.7f'wer§ not_significantly diffefent
from those obtalned with the smooth rotor indicating that the
phenomenon observed with the . other na£ural compound mixes was not

cccurring in this case.

The results obtained with the natural rubber compound where the

lubricant had been incorporated on the two-roll mill had an apparent
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_ viscosity in the region of ~ 7 KPa.sec at ;‘130 KPa shear stress. the
ﬂresglts pbtained_wifh the natural rubber compoﬁnd, having different
-‘1ubricaﬁt concentrations obtained by intermixing in 'ther Banbury
internal_miﬁer, had an épparent viscoéity of ~ 57 KPa.sec at ~ 150 KPa
shear stress, indicating ﬁ much more viscous compound. From this
~ observation, 1t was aésumed'that fhe test sample resisted significaht
flow into the'grqoves of the rotor.makihg'its flow &oﬁpafablé to that

on'a smooth rotor (Figure 7.4. (b)),

The two Figures 5.2, and 7.7. obtained for the test sample using
the ‘smooth and fhe gfooved roior respectively indicated that no
__ekteknal 1ubricat16n was occurring on the smooth rotof's-surface ahd
‘that the mode of acfion of the lubricant Struktol WB!B was as

 described in Section 7. 1. 1.

7.2.3. Lubricsnt Action on Chlogbsglp‘hgnated Polyethylene

The results obtéined for the chlorosulphonﬁted 'poiyéthylene
compound (Compound 2 <{(Section 4.3.3.)) with the TMS rheometer using
the smooth rotor and thé software SLIPPER at 100°C were plotted in
i Figufe's.ﬁ. {Section 5.4.). The plots sﬁow that internal lubrication
.was dccufring.with 0{5 phr Struktol;WBz;zg.décreasing_ihe appérenf
viscosity of the test sample.<Section‘6.2.1.3.h'f At 1;5 and 3 phr
ldbricant the concentration had reached a significant level for the
Chemical'reaction leading to chain extensioﬁ/cross-lihking (Section
6.2.3.) to increase the apparent viscosity of ihe test'sample. At
'highef'lubricant concentrations thefreéctiﬁn'hadlréached eqﬁilibrium"

allowing the internal lubricating action of Struktol WB212 to resume
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its effect by reducing the apparent viscosity of the tesi saﬁpie at 6

phr lubricant.

The original decrease in the apparent viscosity at 0.5 phr

attributed to internal lubrication was not as sharp as ‘the one

observed with all the natural rubber compounds studied (Figures 5.1.,

5.2., 5.3., 5.4, and 5.5.).

This could be due to cone or more of the followlng possibilities:

1

i1t

The morphoiogy'of the chlorosulpheonated polyethylene compound 1is

comprises of a high concentration of = small . flow units

{Section 6.?.?,3.) presenting a larger surface area to be
lubricated than that presented by the larger flow units of the
natural rubber compounds. = This will require a  higher
coqcen:ration of lubricants to.mask all fhe attracﬁion sites on
the surface of the flow units in order to facilitafe their
rotafion and thus decrease the' apparent viscosity of the
compound..

The lﬁbricant Struktol WB212 ﬁas a higher coﬁpatibility with the
chlorosulphohated polyethylene compound than with the natural
rubber compound; le. when & lubricant molecule is attached torone

of the sites on one of the CSM molecules 1t will presént higher

-attraction forces to the neighbouring CSM molacules than when

present in the less compatible natural rubber compound (Section
6.2.1.3.). This explains why the lubricant Struktol WB212 was a

better lubricant in the natural rubber compound decreasihg-ﬁhe

. attractive forces between the molecules more efficiently.

111)

The lubricant Struktol WB212 has a low compatibilityAwith the

elastomer compound and only a small amount of the added lubricant




~was acting on.the CSM compound as an internal lubricant, masking
a small number of the attraction sites that are compatible with

the lubricant.

It was ‘noted . during this ,experimenﬁ that in -somé cases a
- lubricating film had developed. This was very inconsistant and
occurred between two layers of ﬁhe test sample in the-manner described
in Section 6.2.1.1. (Figure 6.2.), It was also noted when the CSM
compound was being cleared out from the rotor and the‘testing cavityl
of the TMS (Flgure 4.3.) that the coﬁpound had a véry high affinity to
- the metal surfaces of the rotor and testing cavity, manifested by its

strong adhesion to those surfaces.

It appears from the foregolng, that the lubricant Struktol WB212
had a low compatibility with the CSM compound; énd after saturating.
the sites availabie for the lubricant molecules, the excess lubricant
was bullding up, with increasing lubricant concentration, with 1little
effect on the apparent viscosity of the compbund._ The excess
lubricant was prevented from exuding to the‘rubber!metal-interface due

to the affinity of the rubber to the metal surface of the rotor. -

Results were obtained on the same compound under similar conditions
using the TMS rheometer with the grooved rotor to check for sany
undetected external lubrication at the smoqﬁh rotor's surface, but the

results were found to be identical to those obtained with the smooth

rotor, within experimental error,




| The results obtained on raw chlorosulphonated.polyethylene (Hypalon
40> containing .different levels of 1lubricant Struktol W8212
incorpbréted_on the two-roll mill at iOO“C were presented 1h.Sectioﬁ
5.5, and ‘plogted in Figure 5;7. The ploté show fhat iﬁternai
lubrication was occurring at 0.5 and 1.5 phr lubricant in the same
-mannér as with the CSM compoumi At 3 énd_ﬁ pﬁr, the lubricant
concentration was high enough for the chemical reaction leading to
chain extension/cfcss-linking- to. increase the apparent viscosity.
Here too, the same cbservations about the océufreﬁce of an occasicnal
lubricating ,film‘ between two layefs of elastomer and the ~strong
-adhesioﬁ between the fubber and metal surfaces of the TMS rheometer
Qere ﬁadé. The only differénge befweeﬁ the type §f Eésponse'obsérved
with raw CSM (Figure 5.7.) and thét'with compounded CSM (Figure 5.6.)
was the retarded_inﬁrease in the apparent viscosity of fhg compéunded
CSM which affected the balance in the chemical reaction 1éading to
chain extension{cross-linking. "Here t&o, a set of results was
obtained with the TMS rheometer ‘using the grooved rotor and rthe
results were fbﬁnd.tO'be 1dent£cal to those from the smooth rotor

within experimental error.

7.3, IHVESTIGATING THE EFFECT OF THE ROTOR MATERIAL

Two batches of the natural rubber compound (Compound 1(Section
4.3.3.)) were mixed in the manner deécribed in Section 4.3.4.2. The
second batch was mixed with 4 phf lubricant, Struktol WB16, added in
fhe final stage of mixing. .Samples from the natural compound mixes

were tested using a TMS biconical rotor rheometer made available by

the Avon Rubber Company Ltd. and equipped with rotors made from a




;rénge'of éteelé. A set of shear.stfesses was épplied at 100§C on the
-different test samples preparedf__The rotors Qsed were: groovéd EN8,
smooth ENS, smooth- IMPAX and smooth chrome plated. The results
obtained for the hétural_ rubber compoﬁnd with -0 phr "and 4 phr
.lubricant ware plotted in Figures 7.8, and_?.g; respectively as shear

stress (KPa) versus shear rate (machine units).

The plots show a significant difference betﬁeen the results
obﬁained ‘with diffefent .rotors emphaéiéing tﬁe importance- of the
rubber metal interaction: w;th respect' to the observéd data.,  The
arrangement of ﬁhe results obtalned with different rotors did not
change when 4 phr lubricant was added to the originallcompound. If
slippage was occurring at the surface of any Qf the rotors due to the
pfeéence of the lubricant, an incresse in the shear rates would‘be
observed, changing the position of the rotor's curve compared to ths
others. - This could be taken as further evidence that no external

lubrication was cccurring due to the presence of Struktol WB1E.
7.4, MATHEMATICAL MODEL FITTING

A mathematical model was developed (Eq. 6.10.) in Section 6.3. to
mimic the response of the apparent viscoéity of elastomers - and
elastomer = compounds to ' the additions' of lubricants until the

development of external lubrication, where the model fails to apply.

The model has six parameters, the apparent viscosity at O phr

Iubricant‘being one of them. The other five parameters have to be

calculated from the data collected . at various lubricant




FIGURE 7.9: Sheat stress versus shear rate for
‘compounded Natural Rubber with 4phr STRUKTOL WB16
: using different rotors (Section 7.3)
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concentratlons. ﬁost of.the results obtained throughoﬁt fhis study"'
offer only four dafa points, at any one shear stress, other than that
obtained at O phr lubricant. ‘The fivé parametefs of equation 6. 10.
can not be calculated by using only four data points. A ninimum
" number of five data points 1s required for this pufpose. For this,' a
sei of results was pbtaihed for raw natural rubber (SMR 10} containing
thirteen different‘ concentrations. of luﬁFicént Strukfol wWB212 (6,
O;éS, 0.5, 0.75, 1, 1.25, 1.5, 1,75,. 2., 2.5, 3, ¢ and 6 phr)
ﬁompounded f&r two minutes in the Brabender Plastograph at a rotor_
 speed'-of 55revfmin_ and mixing chamber temperature of 100°C. Tha
results (Figure 7.10.) were obfained on the TMS rheometer with the
gfooved rqfor at'100°C'using the software SLIPPER (Section 4.4.2.).
Thé plots show an 1initial increase in apparent.viscosity with the-
fifst additions of lubricant Struktol WB212, indicating the occurrence
of chain e#tension/crOSS*linking. After the reaction had reachedlan
equilibrium ievel (~ 1,25 phr lubricant), the lubricant started to
decrease the apparent wviscosity of the elastoﬁer through internal
lubrication by maéking the attraction sites that resisted flow in the

test sample (Section 6.2.1.3.). -

In order to calculate the parameters that would best"fit the.
résults reported in Figure 7.10. an 6ptimizatipn program was needed
(Appendix G>. The program'developed was made to minimize the ieast
squére.error.criterion{46] expressed as;

minimize ER = 3 (W, E, (Conc,)}= e (7.1.)

1eF




Qherg Wi, Wo,..... W, are termed.weights_or‘penalfieé and have‘the-'

| effect of emphasizing errors of importance in the formulation of
thé problem.
Ey, Esy ....E. are the errors at each of the tested lubricaht
concentrations calculated by:

E({conc.) = Measured . - Caléulatedﬂl, R

Measured '11,,,

where M. 1s the apparent viscosity of the test sample at a particular

lubricant concentration.

Thé optimization technique used to minimize the least square error
“criterion _was‘ the pattern search[46}.:; .This technique takés
incremental steps after suitaﬁle direﬁtions have been found byllocal
exploration. If the search progresses well in‘ferms_of decrementing
.the objective function the step size is 1ncréased.' If it is not
progressing, elther because .the minimum is neér. or becausé of
‘difficulties (eg. a narrow valley), the steplsize is reduced. VWhen
the step size 1s reduced below a set figure the search is ended.

Using the optimization program developed (Appendix GJ, fhe five
paéaheters_iﬁ équation 6. 10. Qefe obtained for the raw natural rubber

test samples (Figure 7.10,) and reported in Table 7.1

Shear Stress |[Ma, A B 11 T Ce
KPa kPa, sec
70 348. 26 0.55 | 0.006 | 1.25 3.69 0.
100 132,63 0.6 0.01 1,27 3.86 0
120 70.18 .65 | 0.012 | 1.3, 3.9 0
140 ‘ '37.33° ] 0.7 o -} 1.13 4.24 o

Table 7.1. Mathematical model parameters for raw natural rubber
with Struktol WB212 :
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An example of the calculated curve compared to the méasuréd one 1s
piotted:for 70 Kéa-éhear stress in Figﬁre 7.11, Thé:plﬁt‘shows é
.}gasonable'fit over the wﬁole‘lubriéant concentrqtioﬁ range. Taking -
into considerétion the calculation er;ors' encountered in the
optimization routine, the parameters presenfed in Table 7.1. appeéred.
"to be changing very little with increasing applied shear stress. -The--
small differencés observed betweén the_pafaders at different.shear
stresses are insignificant end can be. attributed to experimental
errors, computatioﬁal efrors énd‘ sﬁear heating. at higher sheﬁr

stresses,

Having obtalned the parameters for the raw natural rubber
elastomer, the type of response observed if cﬁain extension/cross-
‘iinking was not occurring. can now be examined. ' Subsfituting the
paramters A, B and 7, (Tablel7.1.) into equation 6.9., the.lubricating :
effect of Strukfol WB212” on  raw naturall rubber = without ‘the
interferance of the chemical reaction can be calculated. The
cglcﬁlated droé in the apparent viscosity at 6;5 pﬁf lubricant, if no
feaction was occurring, wouldibe_ground 25% of the oriéinal value
c«bi. ‘We can compare fhié to the results obtainéd with the compounded -
natural rubber'_compouhd (Figure 5.4{) ‘where a drop 1of ~ 60% .was
observed at the sgmer cbﬁcentration. The pfesehce éf‘_fillers and
proceSs oils in the naiural 'ruﬁbgr compouhd not oniy affects the
equilibrium of the chemical reaction leading to chain extension/cross-
linkiﬁg, but also changes the morphology of thé elaétomer to make its

response to internal lubrication more effective by increasing the

concentration and size of the flow units (Section 6.2.2.)



" An attempt was made to fit the proposed model on the results

obtained for the chlorosulphonated polyethylene compound (Figure 5.6.)

where only five results were‘obtained at various shear stresses. To

3

l do this, the twenty results qbtained at different shear stresses were
fitted with one set of parameters. This did not solve the situation
even though the problem was changéd to fittiné twenty_results with six
parameters. :The fact is that the results obtained at different shear
sfresses are near multiples of each other, ie. if tgé.results obtained
.at 110 KPa shear streés.were all.mqltiplied by & single‘value they
would fit the results obﬁained at 85 KPa (Figure 5.6.). This makes
the. situation an. 111-conditioned one;. where a large number’ of

solutions can be found for the problem,

In order to simpiify _the problem for the optimizaéion progranm
(Appendix G, the parametefrbc, which defines the concentration at
which chain extension/cross~linking starts to occur, was made constant
" at 1. The least square error criterion was then minimized to obtain a
preliminary set of pafameters. The other_parameters were then made

constant in sequence until a satisfactory set of parameters was

obtained. The parameters obtained are not the ones that will give an

optimum fit to the results of F;gﬁre 5.6.. but appear to be adequate,
as can be seen from Figure 7,12, The parameters obtained are:

A=0656 B=0078 I1=079 T=6.63andC. = 1.256.



7.5, THE EFFECT OF ELASTOMER-LUBRICANT COMPATIBILITY ON THE MODES -
OF ACTION OF LUBRICANTS

'In order to study. the éffect of compatibility on the modes of
-action of lubricants,  ethylene propylene terpolymer (EPDM) samples
containing different lévéls of étruktol ‘wB212; AS0P . and WB16 were
prépared on the Brabender Plastograph. The temperature in the mixing
chamber was cbntroiled at 100°C and the rotor speed was set to

‘55rev/min, The mixing time was two minutes.

7.5.1, Investigation of the Compatibility of EPDM with Lubricants

Five solvents of known solubility parameters (Table 5.) were used
to determine the solubility parameter ranges for EPDM and the
lubricants Struktol WB212, AS0P and WB16 in the manner described in

Sgction 4,2.8.

Solvent Solubility Parameter
' 8 (Cal/c. o) :
Dlethyl Ether 7.4
Cyclohexane 8.2
Lylene 8.8
Chloroform 9.3
0.0

Acetone | 1 1

Table 5. Solvents used for determination of solubility garametef
ranges

A lubricant was confirmed as being positively soluble in a solvent
of known solubility parameter when partial dissolution was observed.
None of the solvents completely dissolved any of the lubricants. This

is underétandable since Struktol WR212, RSOP and WB16 are blends of
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jh different fatty acid. derivatives (Section 4.3, 1 2 ). The results-

= obtained are shown in Figure 7.13.

The rough test used showed some - differences between the different'

lubricants = Struktol WB212 shared only one solvent with EPDM

'j[(Chloroform){.'while Struktol ASOP shared two 'of--the solvents that

dissolved or swelled EPDM from ‘the opposite ends of the'"range*"

'(Cyclohexane.and Chloreform). Struktol WBIB .on the other hand; was

partially dissolved by all the three’ solvents_ that dissolved‘ or

swelled EPDM (Chloroform,TXylene and CYclohexane).,

7.5.2. Shrukhol WB212 with Raw EPDM -

- A set of results was obtained for EPDM containing different levels'

of lubricant Struktol WB212 (0, 0.5, 1.5..3 and 6 phr) using the TMS

rheometer at 100°C with the smooth rotor. The results'obtained‘are |

plotted in Figure 7. 14,

The plots show an increase in the apparent viscosity'withnthe first
two additions of lubricant.<0'5‘and-i 5 phr):indicating the occurrence

“of chain entension/cros -linking (Section 6. 2. 3 ). After the reaction

- had reached equilibrium lavel, the lubricant'resumed its lubricating .
1action by decreasing the apparent viscosity of the test samples either-

through internal (Section 6. 2. 1. 3. or external <6 2. 1. 1 ) lubrication

' (3 and 6 phr 1ubricant)

- To investigate the possibility of external lubrication due - to the-jf o

formation of -a thin lubricating film ‘at the rubber/metal interface,

%




-'FIGURE 7.13: Solvents that dissolve or swell EFDM and
the lubricants STRUKTOL WB2l12, WB1l6 and

ASOP.
EPDM
WB212
A50P ASOP
: { —
WB16 '
{
— t t | B —T -

7.4 8.2 8.8 9.3 10

' " Solubility parameter

{cal/ce}

FIGURE 7.14: Apparent viscosity versus
~_lubrlcant concentration for STRUKTOL
WB212 In raw EPDM (Sectlon 7.5.2)
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the same tesf was carried out with.the TMS rheometer under simiiar
conditions, but this time .with the grocved rotor. The results
obtained and plotted in Figure 7.15. show similaf values to those
obtained with the smooth rotor (Figure 7.14.) suégesting that no
 externa1 lubrication'has occﬁbring.with'the smooth rotor.: The medium
compatibility 1ubricant.Struktul_WB212 was still acting as an internal
lubricaﬁt at 6 phf, suggestiﬁg thag the critical concenfration "Cr*
(Section 6.2.1.3.) was not reached. Thé large decreasé in the apparent
viscosity observed at‘3 phr lubricaﬁﬁ_could.be'duerto the good masking
" abilify'of.the 1ow-compatibili§y molecules of the lubricant Struktol

WB212 (Section 7.5.1.)._

7.5.3. Struktol ASOP with Raw EPDM

The results obtailned for EPDM cantain;ng different levels of AS0P
o, o,S, 1.5, 4 and 7 phr) using the TMS rheometer at 100°C with the
smooth rotor were élotted in Figure 7.16. In this case, the plots
‘show aﬁémobth e#ponential deca& in the apparent viécosity'with 0?5.and
- 1.5 phr lubricant followed by a sharp drop at 4 phr where the apparent
Qisc&sity apéeafed to have settled. —Two explanations can be glven:
1) At 0.5 and 1.5 phr lubricant the two opposing.actions_of internal
| 1ubr1cgtibh and chain exﬁension/cros%-linking were occurring
simultaneously with the lubricating acfion being the étrongest
Chain extehsion/cfoss-linkipg was limited and served only to
deérease the flﬁbricéting action of the internal lubrication
(Séction- 65,2, 1.3.). At 4 phr lubricant, the chaln

eﬁtension/cross-linking reaction reached equilibrium and the

internal lubricating effect was decreasing the apparent viscosity
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" of the test sample without iﬁterférence. At 7 phr lubricant,

most of the attraction sites on the elastomer chains‘have already

been masked and the excess lubricant is contained in the'test

sample without much effect on 1ts rheology.

i1 At 0.5 and 1.5 phr lubricant the medium compatibility Struktol
AS0P (Section 7.5.1.) acts as an 1n£erﬁal lubricant, decreasing
the apparent viscosity of the test.sample by masking.attractioh
sites ﬁf elastbmer chains (Sectlon 6.2.1.3.). At 2 phf
lubriqant, the lubricant exuded to the rubber/metal interface of
the smooth rotor where a thin -1ubficat1ng film déveloped,
reducing the méasured apparent viscosity by external lubrication
(Section 6.2.1.1.). The critiﬁal lubricant concentration “Cr" at
which wall slip developed was between 1.5 and 4:phr.1u$ricant

(1.5 < C, ¢ 4 phr).

In order to‘check for external lubrication, the grooved rotor was
‘used on the same .sample under simiiar conditions.  The results
obtained and plotted in Figure 7.17. appesr to be similar to those
obtained witﬁ the smooth rotor (Figure 7.16.) except for those
obtained with 4 phr lubricant  at 35 kPa  shear rstresé‘ where a
significantly higher apparent viscosity was observed‘with'the grooved
rotor. The apparent viscosity results obtéined ps1ng the smooth and
the grooved rotors at 0.5, 1.5 an¢ a phr lubricant were plotfed
against the appiied shear stress in Figures 7.18., 7.19. and 7.20.
respectively. At 0.5 phr iubricant fFigure 7.18.3 the grooved and

smooth rotors gave simllar results within experimental error. At 1.5

phr lubricant (Figure 7.19.) the smooth rotor showed generally lower




- FIGURE 7.17: Apparent viscosity versus
lubricant concentration for STRUKTOL A50P

| In raw EPDM {Sectlon 7.5.3)
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FIGURE 7.18: Apparent viscosity versus shear
siress for EPDM at 0.5 phr STRUKTOL A50P
using smooth and grooved rotors (Sectlon 7.5.3)
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FIGURE 7.19: Apparent viscosity versus shear | -
- stress for EPDM at 1.5 phr STRUKTOL A50P
using smooth and grooved rotors (Sectlon 7.5.3)
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app&rent viscﬁsities. This could 1imply that. bartial external
lubrication <(Section 6.2.1;1.) was ‘occurring, but the effect was
insignificant and within experimental.error. _At 4 phr lubriéant, the
-resulté obtained with the grdoved'and the smooth rotors at 35 kPa
shear stress show a large difference (~ &3% in their apparent
viscosities indicating tﬁat a.thih.lubricating film.had developed‘af
the smooth rotor®s éurface, daecreasing the measured.apparent v1scosify
considerably. At higher shear stress (?_65 kPa)'fhe two rotors showed
similar results. - The large decrease in the apparent viscosity, when
thé.shear stress was increased from 35 to.Ss'k?a and the conéistency
of the results with those obtained with the smooth rdtcr.at higher.
sﬁear .stresses appeared to 1ndicaté' that extefnal_ }ubricﬁtion had
developed with the grooved rotor in one of the folloQing ways:
1Y A thin lubricating film had ‘&evelopéd between .two '1ayers of
elaétomer in the test sample,
11> . A lubricating film thicker than the groo§es' on thg rotor's:
surface had developed (Figure 7.21.).
iii) A lubricéting filﬁ had develeoped at the rotor's surface aﬁd oVér ,

the elastomer within the grooves (Figure 7.22.).

' The oﬁsefvatioﬂs made on samples removed from the rheometer at the;
end of the experiments carried out on EPDM containing 4 and 7 phr.
lubricant appeared to support the th;}d_explanation. In this case,
the presence.of the groéves on the rotor's surface served only to
éhift ﬂhe- position of the critical concentration “Cr* at which

external lubrication occurred from 1.5 < C. ¢ 4 phr to 4 < C. ¢ 7 phr

lubricant for shear stresses less:thén 65 kPa.
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= = = Lubricating film
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Figure 7.2l : Lubricating film thicker than grooves on
' rotor's surface.

Flastomer

Lubricating film

Figure 7.22: Lubricating f£ilm on grooved rotor's
surface with grooves filled with elastomer.




To 'sdmmarise;. the 1lubricant - Struktol ASO? was internally
lubricating the test sample with 0.5 and 1.9 phr, but was externally
lubricating it at 4 and 7 phr lubricant.r No increase in the apparent
viscosity due to chain extensionfcros#-linking.was observed as was the
case whén Struktol ASCF was addad to fhe natﬁral rubber‘ compound .
_ (Seetion 5.3,)f. This could be dﬁe'to'any of the réasons mentioneg for
the natural rubber compﬁund, but it.was becoﬁing more énd more.evident

~that the lubricant Struktol AS0P did not react with elastomers.

A reason why external lubrication was observed with.Struktolla50P:
and not with WBZ}Z could be attribufed to the fact that ASOP and WB212
are blends of different materials, with ASOP having hbre‘incompatible
constituents thaﬁ WB212, which makes it more able to develop a film Qt

‘the interface (Section 6.2.1.1.).

7.5. 4, Strukto)l WB1S with Raw EPDM

Tﬁe results obtained for EPDM containing  different 1levels of

1ubricﬁnt Struktel WBi6. (0, 0.25, 0.75, 1.5 ahd 4 phri ﬁsing_ﬁhelTMS
rheometer at 100°C witﬁ the grooved aﬁd emooth rotors are plotted in
Figures 7.23. and.7.24. respectively. :The two plots show similar
results where a small incresse in ‘the apparent viscosity_was obsefved
at 0.5 and 1.5 phr lubricant followed by a small, almost unnoficeable

decrease with further additions.

In this case, the highly compatible' lubricant Struktol WBi6
(Section 7.5.1.) was acting as a solvent (Section 6.2.1.2.). The

lubricant molecules had very high atiractive forces to some of the
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FIGURE 7.23: Apparent viscoslty versus
lubricant concentration for STRUKTOL
_WB1B In raw EPDM (Sactlon 7.5.4)
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FIGURE 7.24: Apparent viscosity versus
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sites on the elastomer ﬁhain offering a large attractioﬁ force t§
neighbourihg elastomer chains, _therefore. not affecting the‘ flow
behaviour of the test sample.. The effect of solvation can enly be
:feit witﬁ large concentrations of lubricants;(wheré disentanglement

Qill occur as a result of swelling.

At 0.5 and 1.5 phr lubricant, a small increase 1in thelapbarent
viscoslty was observei. This indicéted that chain extension/cross-
linking was occurring due to the_presence of #he lubricant..aslwas the
case fof Struktol WB16 with the natural rubber'compound fSections 5. 1.

and 5.2.),

- 7.6, CHAIN EXTENSYON/CROSS-LINKING EVALUATION BY SOLVENT
SWELLING MEASUREMENTS

In order to check the bccurrence.of a chemical reaction with the
three process alds ‘(Struktol WB212, WB16 and ASOé)‘ and EPDM, an
attempt was made to'obtain.GPC traces of the compounds in the manner
- described in Section 4.2.3. The attempt failed for the folldwing
- reasons: | . _'

1)  The solvent uséd by - the GPC equipment - (THF). was unable to
B dissolve  the EPDM. completely . at lro&m .femperature.._ After
occasiocnal heating of.the soclution, compigte dissolution of the
EPDM was attained. | | . .‘ |
" 11) * When injécted into the column the pressure gradient across the’
column started to build-up, ihdicating & blockage 1h the column,
111) The results obtalned at fhe_end bf the“ruQIShbwed a wide and

unsymmetric ‘distribution curve, making the detection of chain




- extension/cross-linking in-  the manner observed  with

chlorosulphonated polyethylene (Section S;B.S impossible.

While trying to dissolve a small amount of EPDM containing
different levels of Struktol WB212 in THF for the gel permeation
chromatography experiment, 1t was noticed that 1t was becoming
increasingly difficult to dissolve tse sample as the lubricant
concentration increased. To verify this observation, the swslling
test described: in éection 4. 2. 4 was carried out on samples of EPDM
containing different levels of Struktol W8212 A5S0P and WB1G6. The
experiments were repeated three times on each_of the samples. The
results obtained were very scattered, but & trend could. still. be
distinguished. The results were plotted as pércent.wsight‘increase %
sweiling) versus lubricant concentration and hand fitted curves were
drawn ‘to "the observed trends 1in Figures 7.25., 7.26. and 7.27.

respectiveiy.

The results obtainsd for EPDM containing Struktol WB212 and WBIE
show a decrease in the % swelling of the test sample with increasing
lubricant concentrations. - 0n ths other'hand no change was observed'
due to fhe presence of Struktol ASOP. This appears to be consistent
with-the observations made with the TMS rheometer on EPDM (Sections
7.5.2., 7.5.3. snd 7.5. 4. and _on the natural rubber compounds
(Sectioos 5.1., 5.2, and 5.3. ) where Struktol WB212 appeared to be
the most reactive lubricant followed by WBi6. The lubricant Struktol

AS0P did not show any increase in the apparent viscosity of the

compounds used suggesting that it is inert in this respect.
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FIGURE 7.25: %Swelling of EPDM In
tetrachloroethane versus STRUKTOL
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'FIGURE 7.27: %Swelling of EPDM In
tetrachloroethane versus STRUKTOL
. WB16 concentration (Section 7.6)
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7.7. INVESTIGATION OF THE EFFECT OF ELASTOMER MORPHOLOGY ON

LUBRICANT ACTION

7.7.1, Molecular Weight Distribution of Test Samples

In order to study'the modes of action of lubricants on elastomer
compounds of different morphblogies; four grades of polylsobutylene
from Exxon (Section 4.3.1.1.) wera mixed with different levels of

lubricant Struktol WB212 (0, 0.5, 1.5, 3 and 6 phr)uin the Brabender

Plastograph (Section 4.3.2.). The temperature in the mixing chamber

was controlled at 100°C and the rotor speed was set to 55 rev/min.

The mixing time was two minutes.

The four grades of polylsobutylene had different molecular weight
ranges, which were supplied by the manufacturers (Table 4. 1.0, fn
order %to obtain a better understanding of their molecular waight
.distributions,'géi permeation chromatography (Section 4.2.3.) traces
were obtained for the two lqwer molecular weight polyisobutylene

grades, LM-MS-LC and LM-MH-LC (Figures 7.28. and 7.29. respectively).

 Attempts to obtain GPC traces for the other two grades (MM-L80O and MM-

-L100) falled because, after injecting the elastomer solutions into the
column, & pressure build—up was observed across the column, 1ndicafing

blockage of the pores in the matrix.

The two traces obtained (Figures 7.28. and 7.28.) show similar

characteristics withithe only difference being that the one obtained

for the grade LM-MH-LC has generally-higher molecular welght.



FIGURE T7.29 ; GPC trace for polyisobutylene
LM-MH-LC (Section 7.T7.1)
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7.7.2. Mode of Acticn of Lubricants on Liquid Polgisobutglene

The TMS rheometer was used at 100°C with the grooved rotor to
determine‘ the apparent viscosity wversus lubricant concentration
'reiationship for. the two liquid polyisobutylene grades, LM-MS5-LC and
LM-MH-LC, containing different 1levels of lubricant Struktol WBZIZ?
After repeating the experiment three times the results were plotted in

Figures 7.30. and 7.31l. respectively,

The two .grades showad a large difference in their response to
lubricent additions The lower molecular welght sample chowed a g
gradual decrease in the apparent viscosity with increasing lubricant
concentration. whereas the higher molecular weight sample (LM-MH-LC)
.showed an increase with the first two additions of lubricant (0.5 and
1.5 phr), followed by a decrease with 3 phr lubricant where the

apperent'viscosity appeared to have stabilized.

- The increase in apparent viscosity observed with the grade LM—MH-LC_
”can be ettributed to chain extension/cross-linking (Section 6.2, 3.
brought about by a chemical reaction between the lubricant and.
" elastomer. Since there are no differences in the chemical composition

of the two grades studled, the difference in the responselobserved can
only be attributed to their molecular weight.distributions (Section

7.7. 1),

It can be seen from the GPC traces of the samples (Figures 7.28.
and 7.29.) that the higher viscosity polyisobutyiene contains higher

molecular weight chains that do not exist in the lower viscosity




FIGURE 7.31: Apparent 'vlscoslty vorsus lubricant
concentiration for STRUKTOL WB212 In
polylsobutylene grade LM-MH-LC (Sectlon 7.7.2)
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concentration for STRUKTOL WB212 In
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material. A pdssible explaﬁation for not observing an in&rease in the

lo&er ﬁolecular‘wéight grade of polylsobutylene would bé that even
though chaln éxténsion/_cro;s~linking was occurring, 1_t was not enoﬁgh
to affect the flow of.the sample. In the higher moleculaf waight
polylsobutylene case the chain extensiqn/cross—linking-effect of the
chemicai reacticen affeéted the'entanglement ratio of the sample enough

to increase its resistance to flow._'

7.7.3., Modes of Action of Lubricants on Sclid Polyigobutvlene

A sef of three experiments was carried out on each of the two sollid
polyisoﬁutylene gradéé,'NWFLSO.and MM*LIOO (Figures 7.32. and 7.33.
‘respectively) . A large inconsistency‘was obsérvéd with the results
obtained for the high moiecular welght polyiédbutylene grade MM-L100.
This was attributed to the onsef of melt fracture (Section 2ﬂ3.)
indicating that grade MM-L100 was unproceséabie under tﬁe test
conditions of the experiment. To make this argument clearer, the
observed apparent viscosities 6btained at O phr lubricant for.grade
‘MM-L100 were about five times lower than thoéerobtained for_thé lower
.m§1§cular weight‘MM—Leo. lThis dfop in.the appafent viscosity was'dﬁe
" to the crumbing of the MH-L100 sample inside the test chamber. This
| was observed at the ehd of each of the experimentslcarrieﬁ out on

grade MM-L100.

The fesul{s obtalned for grade MM-L80 (Figure 7.32.) showed a large
decrease in the apparent ﬁiscosity of the test sample (~ 45%) with a

small addition of lubricant_(OJS phr) followed by a smaller decrease

‘with 1.5 phr lubricant, At 3 and 6 phr lubricant the results




FIGURE 7.33: Apparent viscosity versus Iubricant
concentration for STRUKTOL WB212 In '
polylsobutylene grade MM-L100 (Sectlon 7.7.3)

200

150

100+

APPARENT VISCOSITY (kPa.sec)

LUBRICANT CONCENTRATION (phr)

FIGURE 7.34: Apparent viscoslty versus
lubricant concentration for Sodium
Oleate In raw EPDM (section 7.8.1)
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collected dufing the tﬁree repititions of the experiment wefe very
inéons;stant and fhé'decrease was attributed to external lubrication
(Section 6.2.1.1.), where a thin,lubricaﬁing film had developed on tﬁe
surface of the grooved rotor after the grooves on the rotor's surfaée

have been filled with the elastomer (figure 7.7},

The difference in the response observéd for the three gfadés LM-MS-
"LC (Figure 7;30.), LM-MH-LC (Figures 7.31.) and MM-L80 (Figure 7.32.)
to additions of lubricent Struktol WB212 cen be explained if the
morphology of the samples 1s taken into consideration. The morphology
of the lowest grade of 'liquid polyisobutyléne can b.e .described' as
comprising of a low concentration of small flow units since it 1is made
up of law moleeular weighf elastomer chains, where‘entanglement is
less likely to occur. The morpholégy of the solid polyiscbutylene
grade (MM-L80), on the other hand, will have a much higher
entanglement concentration since it is made of higher molecular weight
elastomer chains which are more prone to entanglement. Tﬁis_ will
encourage the formation of flow units (Section 6.2.2.).. The size of
the flow units will determine the 1ntensi£y of the drop in the
-apparent viscosiiy observed at the first additions of lubricant. The
high ﬁolecuiar weight 11quid grade pol&iéobutyiene (LM-MH-LC) appéared
to be in the critical region where a small increase in the molecular

weight of the sample will affect its mode of flow to a large extent.

At 0.5 phr lubricant the two grades LM-MS-LC - and MM~-L80 showed s
decrease 1in the apparent viscosity due to internal 1ubrication In

the first case (Figure 7.30.), the lubricant was acting on individual

molecules masking some of the attraction sited and reducing flow




reéistivity. ~In the sécond case (Figufe 7.32.),.pn the other hand,
'the.lubricant was acting on clusters of elastomer chalns entangled .
into flow unité; A smalllcéncentration‘pf lubricant (0.5 phr) was
needed in this case to decrease the apparent viscosity considerably (~
45%) by facilitsting the rotation of the flow units. The increase in
the chain length of some of the elastomer molecules of grade LM-MS-LC,
due to chain extension/éross-linking..wés hot'sufficienf to increase
the entanglement in the elastomer to a degree.wﬁe;e it would affect
its mode of flow in the ménner observed with grade LM-MH-LC (Figure
7.31.0. In the case of the;highly entangled grade MM-L80, a small
increaaé ;n the entanglement raéio gave little change to the structure

. of the already‘highly entangléd'sample; and ahy gffecf resulting from

1t was suppressed by the lubricating action of Struktol WB212,

7.8. INVESTIGATION OF THE MCDES OF ACTION OF PURE _FATTY

ACID DERIVATIVES

In ordér to fully'understand the effect of a lubricant's chemical
structure on_its mode bf action on elastomers and elastomer compounds,
several factors should‘be'taken-into consideration: The lubricant's
chemical“compositioﬁ, 1ts‘ chain 1length, the bhancﬁing of_ its
moleculeé, its saturation degree, etc... This will require a long and
_detéiléd study pf the luﬁricant.an& the elastomer it will berused
‘ witﬁ, taking 1into consideration the varlous factors affecting. the

lubricant's mede of action. This s beyond the scope of this study.

A small step' into this direction was made in this study by

examnining the effect of three straight chaln saturated fatty acid zinc




. salts of differéqt chatn lengths and a sodium salt derivative of an
unsaturated straight chain fatty acid on the rheological behaviour of
EPDM. When tested for compatibility with EPDM (Seétion 7.5.1.}), the
four fatty acld salts {Sodiﬁm O}eate, Zinc Hexanoate, Zinc Decanoate
and Zinc Stearate) (Section 4.3.1.2,) were found to be 1nsoluble.1n
any of the solvents ihat_either dissolved or swelled E?DM indicating
that the lubricants and elastomer were of very iow compatibility with

each other.

7.8.1. The Effeét of Sodium Qleate on the Rheclogy of EPDM

Different levels of fatty acid derivative, Sodium oleate (Section
4.3.1.2.), were Incorporated 1in raw EPDM using the Brabender
Plastograph’ at 100°C. The rotor's speed was set to 55 rev/min. The

mixing time was two minutes.

The_appareﬁt viscosity veréus lubricant concentration felationship
was measured using the TMS rhecometer at 100°C with the grooved rotor. .
The results obtained (Figure 7.34.) éhdw a small decrease in .the
épparent viscosity at 0.5 phr lubricant followed by no further change

with further additions.

The decrease in the apparent viscosity at 0.5 phr lubricant can be
attributed fo internal lubrication, where a small number of attraction
sites on the EPDM chains were.compatible with the sodium‘salt which

acted on them by masking their effect. This had very little effect on

the apparent’ viscosity of the test sample due to the limited number of

compatible sites on the EPDM molecules. The excess lubricant in this




case, instead of exuding to the rubber/metal interface to act as an

external lubricating film (Section 6.2.1.1.), was entrapped In the

elastomer as an inert filler since the test temperaturs (100°C) was
lower than its melting point (235°C),  In order to make sure that the
grooved rotor was not inhibiting the occurrence. of external
lubfidatioﬁ, the smooth rotor was used with the same samplé uﬁder the
.samé conditions.'  The results obfaihéd were identical. to those
ﬁbtéined wifh the grooved rotor, within éxpefimenfal erfor, confirming

" that no external lubrication was occurring.

7.8.2. The effect of Zinc Decanocate on the Rheology of EPDM

Zinc decanoate was incorporated into EPDM in different levels (o,
| 6.5, 1.5, 3 and 6 phr) using the Brabender Plastograph at 100°C. The
rotor's speed was set to 55 rev/min and the mixing time was two

‘minutes.

The results obtained using the TMS rheometer at 100°C with the
grooved rotor were plotted in Figure 7.25. The plots showa decrease
in the apparent viscosity at 0.5 phr lubricant followed by an increase

with the low shear stress and a Igvelling with the highér shear

stressas. Even though.the slastomer and zinc decanocate were found to .

be incompatible, thgre' exists a number. of attraction sites on the
elastomer which will attract some of the zinc decanoate molecules,
Thése will mask the ability of the attrdction sites to resist flow,
thus reducihg'the apparent viscosity of the test sample. This was

observed at 0.5 phr lubricant where a drop in the apparent viscosity

occurred, At higher lubricant concentration the excess lubricant,




FIGURE 7.35: Apparent viscosity versus
lubricant concentration for Zinc _
Decanoate In raw EPDM_ {(Sectlon 7.8.2)
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FIGURE 7.36: Apparent viscoslty versus
lubricant concentration for Zinc Decanoate
In raw EPDM at 150°C (Sectlon 7.8.2)
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which was in its solid state since its melting point (136.9°C) was
- higher than the test temperature, was acting as a reinforcing filler,
- which increased the apparent viscosity of the compound. The plots
obtained at higher shear stresses did hot show thé reinforcing effect
of £hé solid lubricant, proﬁably due to the fact that at high.sheér
stresses.the.temperafure in the tést caQ;ty was higher than expected
due- to shear heating, thus melting the solid 1lubricant particles

(Section 4.4.1.).

Another set of.test samples éf EPDM containing different levels of
zind'décanoaténwas mixed in the same manner ﬁs the prefious set, but
this time the mixing temperature was 150°C, The results obtained
using the TMS rheometer at 150°C with the grooved~rotor were plotted
in %1gure 7.36, In this case, the reinforcing effect observed with
the resulfs obtaiﬁed at 100°C had disappeared completely. The plots
show a decrease in the apparent viscosity of the elastomer at 0.5 phr
which was attributed to internal lubrication. At higher
concentrations (IfS phr lubricant) the few attraction sites.on the
elastomer chains compatible with the lubricant were already masked and
" zinc decanoate was not affecting the rheology of thé test sample in
' any way.‘ At 3 phr lubricant, the excess lubricant exuded to. the
rubber/metal interface..after some of the elastomer had filled the
grooves on the rotor (Figure 7.6.) and external lubrication had

developed. This was noted at the end of each experiment when the test

cavity was cleaned.




Comparison of the lubricating ability of zinc decanocate at 100%C
" (Figure 7.35.) with that of sodium oleate (Figure 7.34.) at_0.5lphr

" lubricant showed no significant differences betwsen them.

7.8.3. The Effect of Zinc Hexanoste and Z Stearate on_the

Rheology of EPDM

Different levels of zinc hexancate and zinc=ste§rate <0, 6.5, 1.5,
3 and 6 phr) were.incorpbrated into EPDM in the Brabender Plastograph
at 1509C. The rotor speed was 55 rev/miﬁ.and mixing time wﬁs two
ﬁinutes. The résults-obtéined with the TMS rheometer at 150°C Qith
the grogbed rotor are plotted in Figure 7.37. and 7.38. respectively.

The plots show similar trends to those observed with zinc decancate at

150°C (Figure 7.36.) indlcating that the same mechanisms apply.

A compariéon between the results obtained with the three zinc salts
at 0.5 phr lubricant concentration appeared to indicaté fhat the most
effective internal lubricant of them was zinc decanoate followed by .
zinc hexanoate with zinc stearate being the least éfficient. The
'observatioﬁé made with all the pure fatty ;cid derivatives did not
provide enough  information for a cbrrelafion  to be made 1in this
respéct. : Mo}e work_ is needed in this diéedtion before any firm

conclusions can be drawn.
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FIGURE 7.37: Apparent viscosity versus
lubricant concentration for Zinc Hexanoate
In raw EPDM at 150°C (Section 7.8.3)
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FIGURE 7.38: Apparent viscosity versus
‘lubricant concentration for Zinc Stearate
In raw EPDM at 150°C (Section 7.8.3)
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7.9. INVESTIGATION OF THE EFFECT OF FILLERS, PROCESS OILS AND OTHER

ADDITIVES ON THE MODES OF ACTION OF LUBRICANTS

fhe results obtéinéd throughoﬁt_this étudy.showed a definite chaﬁge
lin the mode of action of lubricants with the change in the composition
df-the,elastomer cempound., The resqlts obtalned for compouhded‘and
. raw chlofosulphonafed pblyethylene samples .<Figures_ 5. 5. and S5.6.
~respectively) showed dnly a. small shift in the _position  of cha;h
exténsion/cross4Qinking effectwdue'to_the addition of éﬁfbon biack and
-pfocess oil. A more pronounced difference was observed between the
résults,obtained for raw natﬁral fubber (ﬁigﬁre_?.lo.) ahd a natural
rubber compound (Compouﬁd-1:<Section'4.3.3.)), containing the.samE'
lubricant Struktol WBZi2 (Figure 5, 4.), An§ther.set of natural rubbef
ﬁompound test samples (Compound 3 (Section 4,3.3.)) containing all the
ingredients of a compound typical of ‘those found in the rubber
industry was mixed in the manner described in Section 4.3.4,2, (111),
The lubricant Struktol WB212 was then incorporated into fhe compound
in different 1e§els 0, _0;5; 1.5, 3.and 6 pﬁr) on the Bréﬁgnder
Plastograph for two minutes at a rotor speed of 55 rev/min and mixing
temﬁeréture of 100°C. The results obtained with the.THS rheometer at
100°C wifh the'gr§oved rotor were plotted in Figure 7.39. The_results.
obtained show_the_éame.modes of action'obsefvgd with thé preyious'
natural ruﬁber compound.; (Comﬁound { (Section 4.3.3.3, sfudied .in
Section 7.2.1. Internal lﬁbriCatidn of the test sample was
interrupfed. at 1.5- phr lubricang' by chain  extension{crqss-linking.

The presence -of fillers, process olls and other ingredients had

shifted the critical. concentration "Cﬁﬁ (Section 6.2.3.) at which the




FIGURE 7.39: Apparent vlscdslly versus
lubricant conceniration for STRUKTOL
WB212 In STRUKTOL NR (Section 7.9)
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FIGURE 7.40: Apparent viscoslty versus Jubricant
concentration for STRUKTOL WB16 In .
compounded Natural Rubber at 80°C (Section 7.10)
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chain éxtension/crOSS*linking effect started to affect the apparent

viscdsity of the sample.

7. 10. INVESTIGATION OF_TEMPERATURE EFFECT ON THE MODES OF AQIiON

OF LUBRICANT

Two batches of a naéural rubber compound, (Compound.'l (Section
4.3.3.7), mixed in the manner descriﬁed in Sectiqn 4.3.4.2. (1) with
the second 5atch contﬁining 4 phr'Struktol_WBlﬁ added to the mix 4in
the final stage were 1ﬁfermixe¢ on the twe-roll miil at ibODC to give
test samples containing differént levels of lubriéant (0{ 0.5, 0.75,
1.5, aﬁd'4 phr). The results obtained oﬁ the TMS rheometer at 100°C
with the smooth rotbr'were reported in Section 5.2, and'blotted in

Figure 5.2,

The. results obtained for the same sahple and using the same
technique at 80°C and 125°C were plotted in Figure% 7.40, " and 7.41..~
respectively.-  The differences 1ﬁ the results obtained at three
éifferent ﬁempergtures were: |
1> The initial drop 1in the apparent viscosity observed at 0.5 phr

lubricant had increased Q;th 1ncréa$1ﬁg test tempefature. 7
i1) The chain 'extension/cross—linking effect of the lubricant
increasing the apparent viscositf of the test.sample-appéared to
6c§ur at earlier stagés and with gréater‘intensiff ét higher test

temperature.

The 1latter observation can be related to the fact that the

intensity and equilibrium of the chemical reaction leading to chain
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FIGURE 7.41: Apparent viscosity versus lubricant

- concentration for STRUKTOL WB16 In

compounded Natural Rubber at 125 C (Sectlion 7.16).
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extension/cross-linking depend on the temperature of the sample, as do
ﬁost 6thér themital reacfions. The foregoing observation'appears'to
~ indicate ﬁhat the'mgrpholﬁgy of the'élastomer compound was changlng,
producing an increase in the average size of the flow unit with

increasing test temperature (Section 6.2,2.2. and 6.2.2.3.).

. Other chénges ih thgfmodes_of'action'bf_lubricants dué'tq test
temﬁerature were obsérved in Section 7.8, with'EPDM containing_Zinc
decanoate (Section 7.7,2.). The results were obtained at i00°C and
1150°Q (Figures 7.35. and 7.36. respectively). The first temperature
was lowar than the melting point of ;he lubr;cant, which stopped the
excéss lubriéanﬁ present 1in the elaéhbmér froﬁ exuding, to the
rubber/metal interface. At 150°C thé excess 1ubricént.ﬁas able to

exude and external lubrication was observed.

Another factor:that can be affected'by the test temperature 1s the
affinity of the elastomer to the metal surface of thé rotor. Higher
temperatures will increase the adhesion of tﬁe elastomer to.the metal
surface. The large decrease in the apparent viscosity observed with
the natural rubber compound at 80°C (Figure 7.40.,) at 4 phr lubricant,
which was not observed with the:‘results' obtained at higher.
temperatureé; was due to external 1u55£;§tion. Af'higher fémpefatures

this was inhibited by the increased affinity of the elastomer to the

rotor's surface,







7.11. RESULTS OBTAINED BY LeBLANC AND LLOYD(28]

- A set of results was obtained by LeBlanc and Lloyd(29] using the
.capillary rﬁebmeter for a natﬁral rubber compound‘coniéining different
lévels\bf a light oil (CIRCOLIGHT RPO) and a lubricant of polymeric
1origin fBVMOOl).l The. results were obtained at 2, 3 and 5 phr
lubricant concentrations (Sectien 2.5.). The light_oil was thoﬁght by
LeBlanc and Lloyd to be acting as-an internal lubricant with'2 and 3

'phr lubricant. At 5lphr the oil was in excess but_did not exude to
act as an externa} 1ubricaﬁt. In contrast the BVMCO! was thought fo
be acting as. 5 Bulk Viscoéity Modifier, which 1is equivalent .to
solvation (Section 6.2.1.2.), decreasing the apﬁarent viscosity by’
:diéentangling and swelling the test éample over .the whoie‘ range

tested.

The model proposed in this study <{(Chapter 6) would explaln the
observétions made by LeBlanc and Lloyd to be due to _internal
lubrication in both the light oll and the BVMOO1 cases. - The only

.difference bet@een.ﬁhe two lubriéants being that BVMOO1 has a higher

concentration of compétible materials in its compositien than the

light oil.




CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS
8.1, CONCLUSION

The apparent viscosity measurements made on elastomers and
‘elastomer cémpounds' cont;ining  d1fferént leQels of lubricants have
been the source for a conceptuél and a mathemafical_model‘déécribing
the modes of action of lubricants. The.following.conclgsions about
the prbposed models, the lubricants used and the'measuring techniﬁues

are pertinent:

1>  The model proposed :by LeBlanc and leyd[29] was not able to
explain all the characteristics of the apparent viscosity versus
lubricant concentration relationships observed throughout this

study.

22 ‘The qoﬁceptual model proposed, expiaining the different modes of .
action of lﬁbricants, was found to be capable_of rationalising
all of. the situations encountered throughout  this study. The
various trends _énd Ehéracteristi;s‘ of the ‘apparent viscosity

- versus lubriéént concentration cufves fo} the vérioué'elastomers
and.élastomer compounds uséq could be explained by reference to
éhe 1ubr1cant's compatibility with .the test sample, the

morphology of the test sample and the chemical reactivity of the

lubricant with the test sample.
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The .proposed mathematical model was shown to fit all the-
~experimental apparent viscosity versus luﬁricant 'concentration.
relationships which it was possible to utilise for this purpose.

-The model has six parameters, implying that a minimum of six

significant data polnts should be collected before the model can

be used. The model 1s not wvalid in regions where external

lubrication 1s occurring.

The lubricants Struktol WB212 and WBI6 were found . to be

" chemically reactive with all the elastomers used in the study,

leading ‘to chain extension/cross-linking. On the other hand, the

lubricant Struktol A50P did not show any signs of reactivity.

The major reduction of 'apparent ‘viscosity of the compounded
elastomers wused in this study occurred at 1low lubricant
concentrations (¢ 1 phr lubricant). At such low concentrations
the final physical properties of the rubber compﬁund ére unlikeiy

to be adversely affected..

The excess lubricant existent in an elastomer or elastomer
tompound can act as a filler or it can exude to the rubber/metal
interface . and provide external 1lubrication, depending on

processing temperature in relation to lubricant melting point.

The shear stress level applied was found to'change the critical

concentration at which externa) lubricafion occurs. An 1increase

in shear stress will encourage the development of a lubricating
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film at the rubber/metal interface leading to external

lubrication at a lower lubricant concentration.

The test femperature was found to. affect the type of résponse

observed with additions of lubricant by chénging the morphoiogy

of the_test'samplé.

The test temperature and the test sample's composition were found

to affect the concentration at which thel chemical reéction

leading to chain extension/cross—-linking occurs and the intensity

" of its effect.

In order that a lubricant changes the rheological properties of

an elastomer or elastomer compound without changing its physical
properties, such as tackyness and adﬁesion, a lubricant has to be
acting as an internal lubricant without exuding to the rubber's
surface, Thelchemical composition and structure of the lubricant
molecgles are an important factor that will determine its.mode of
action on an elaétomar or’eiastomer compound. The conclusions
that can be derived about the lubricant molecules chemica;'

composition and structure are:

1) The 1ubricant'molecule-should coﬁtain attréction sites that will

make it compatible with the elastomer molecule. Without such

- compatibility the lubricant will exude to the rubber's surface.

11} The lubricant molecule should not be able to compete with the

 elastomer molecules for the attraction sites on a réinforcing
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~ filler. 1If this occurs, the apparent viscosity of the compound

‘will decrease, but it will also have an adverse effect on the
final properties of the product for decreasing the efficlency of

the reinforcing filler.

The lubricant molecule should have a structure that will enable
it to mask attraction sites on . the élastdmer molecules
efficiéntly. An added quality would be that a lubricant molecule
is able to mask neighbouring attraction sites as weli as the

primary site to which 1t is attached.

The lubricant molecule should be inert with respect to the other

ingredients in an elastomeér compound. . If a lubricant reacts with

one or more of the additives it will 1nhibit their performance.
Also, 1if the lubrlcant reacts with the elastomer, asz observed
throughout this study, it will increase its apparent viscosity by

chain extension/cross-linking.

Several characteristics of the grooved rotor of the Negretti TMS

biconical reotor rhecomater were noted:

The rotor torque measurement was influenced by the ability of a
sample to flow into and through'the grooves, thus change the
"apparent size" of the rotor,

A lubricating film could form on the material contained in the

grooves resulting in the rotor failing to inhibit slippage.




12) The capillary rheometér showed. the same apparent viscosity versus
- lubricant . concentration trends as those observed with the TMS

" rheometer.

- 13) Stress felaxafioﬁ measurements with the Negretti TMS rheometer
gave similar trends to those observed for apparent viscosity

versus lubricant concentrationrresults.

- 8,2. RECOMMENDATIONS

The study. 1él an explora£ory ‘investigation sf' the nature of
: lubricant action on elastomer compounds.. It provides the basis of
more detailed studies of the mechanisms proposed and, hobefully.
provides assistance for the development of new lubricants for
pérticular processes. Some of the proposals made are spéculativé and

further work 1s needed in the following areaéz

1) Investigation should be carried out on the nature of the chemical
reaction leading to chain extensioh/cross—liﬁking of the elastomer

chain.

2) Experimentation with the effect of different lubricant molecules'
structure and composition can give an indication about the optimum

chemical characteristics of the lubricant molecule.

3) An 1investigation of the effect of lubricants on a particular
industrial process should be carried out in conjunction with the

rhéological studies. This will explain. whether a direct

16)4




- correlation between the rheological changes and- the process

improvement is justified.
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Rerlacing and R=0.00%5m into eauation 3.8

(Section 3.2). the shear stress was found to he

to 17.87 x the toraue(kPa). The tor quE (kPa) ig equivalent

to D.087 w the torgue given in machineg units (Table A1),
therefore the shear strezs (BPa) eaual 1.4&6% x to

raue

W



%%%%*%%%%%w+}-%%M%ii”¥d¥¥%%¥

THE SOFTWARE "TESTER'

‘»“k
#
b I
o

e % ¥
% Define the kev Fi1 fo act asz o @ﬂergzﬁr?'nLap. *
EHERERSFRERBEERFFEER B FFE LY RS F S E LRSS LR RS H R R SRR BN R R R E RS
10 ON WEY(1) GOSUB 2630 |
e Y S L E T T T R R T
of array and communication messagez with the #
1% will transfer op receive data to or from ¥
ry o addresses i VST NEOZGHIOININE . FI13D and #
g
AN AN RN N B NN
YL TEMPET(Z TEMPIU{(B)Y JTEMPS ! (8] TE PR,
VLTEMPEI A JTEMPR ! (B) (TEMPLG! (2) , TEMFLL I {B)
By TIMEOLOY (TRAOS (403
8, TEMPIA (&1
17 ¢ N30Z N30 NIOL FLIGD F101#7

Nu—u—-

[ i P

LD Nﬁ lﬁm”

3””“ﬂ1 Flﬂ& V7Hfg 30
#

80 MEZG4E="

-
MEGETE=
4
MELAE=
MEQTPE=

MEG11%=

1md o~

ME&T.;. =

n-a %"P

|§. 1 f"d r]o-u.[:;r.l
LAY M3 N:ﬁ’*”
SEn

F1ﬁ” 1tdqr1

Mﬂrﬁkwn%i jlﬂ ?1:#”

-_.r..-. q
!:r].l r“'.4|5|:.‘1.!1
il_.‘II
l!ﬁ.-l |':.1“3;.!.u
Tl Fi0aEn

l!Lle' 1(‘}{.{#!!

#1 L F1108"

MEC1 38 LvIa3, Y334, V335,V335,V337,V340, V341, VIAZH"
MEG14%=""#1 V343,V344, V345,346, V347, VISC, Y351, VIS T

MEGTGE

Zero al

ERELLELY

=M1 L F100,.7 1”11.&ﬁ:g“1”una1”%1r1q5 Flos.F1O7#"

'-E--H-%%x'-‘é-“&“?%%%-““*@?—%&é%%%%%%% EFEFRERERLTELRREER !-. EEEELFEEREY

flags ysed and display the Menu. #*
e E Er T IR E R E R T T e L L R L L

EMPLON (Y =0 TEMPIO (2 =0 TEMPLO T (3) =03 TEMP1O T (4) =02
TeMPi0l (5 ﬂ:TFﬁ”'U'ib} =0 TEMPLONM{T) =0 TEMPIOQ! (B2 =0
CALL MTYPE (ERRETW.MBLI0ETEMPIO! (1))
CL§

CATE Z-301PRINT"MENUY
LDC%TE A SGERRINT e —me®

LOCATE
LOCATE
LOCATE

LDL'TF
HEYy
LOCATE
ey

LOCATE
LOCAT

10, SOIRPRINTAY CREATE A& MEW FILE"™

12«20 F’QEHTHW RUN THE NEW !.._Y CREATED FILEY
14,200 PRINTHCY - CRUN AN DLD E I':i IN‘J FILE™"
AL ZUIRRIMT

RUN THE MellLY CD:ATPﬂ FILE ON THE
1820 PRINT

RUN &M OLR EXISTING FILE ON THE SAME SAMPLE"
0 ZTIPRINTYFS PRINTOUT A RESQULT FILEY

FR A ZOTPRIMTYAY EElarE! '

A

il
o

§
AMPLE"

i
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J00 L0CATE 24,101PRINT"PLEASE ENTER YOUR CHOICE:"
310 LOCATE 25.10:PRINT ' :
Co M{USE MFLY FOR EMERGENCY EXIT FROM PROGRAM AT ANY TIME)"
L2320 XE=INPUTE (1) : : -
330 IF Xe=UAT THEN 410
- 340 IF XE=UEY THEN 730
350 IF Xs="0" THEN CALL MTYPE (ERRGSTX.MEGIOS, Tcﬂﬂiﬂ'(‘))

C EDT0 TR0
L0 IF ¥z=0pn THEN 1750
700 IF Xe="E" THEM 1520
C3BO IF X&=UF" OTHEN 1810 _
90 IF Xe="G" THEN TFHP&‘(?)—HN : a

SALL MTYPE (ERRETY.MEGES, TEMPB! (1)) 1 CLSIEND

ERFFEEFRERRRLURRER RS e R e L R S R Y L

%  Whan choice ‘““'ia'used, start probing for details of %
the egxperiment and save them in a zequential file #

EEREEN LR A L ELT UG R ARE L BT RS A NS LS USSR LA R LR R L E SRS LR EEY
A0 GOTO 00 .
410 QL5
420 LOCATE 2.30:PRINTMCREATE A NEW FILE"
420 LOCATE 330t PRINT——me e e e — "
3403 -CFQTE Sa100 i - ‘ ' o
© - INPUT MENTER THE MNaMz OF THE MEW FILE TO BE CREATED:
yDATAE : ‘ o
4540 DATA%—"%="+DATA$
450 OPEM DATA% FOR CQUTRUT AS #1
"1?{:} LPCIAITL. l...ni'-)' .
S INPUT MENTER THE T“WPEQHTUQE aF TP EXFERIMENT Y TEMPRY
480 LOCATE 10.10: '
PRINTVENTER THE. FREHEAT TIME OF THE SPECIMENzH
A0 LOCATE 41450 IMPUT "MINUTESIV.MINY
500 LOCATE 12150 INPUT ““:LJHDE'“.SEC/
510 CLS:LGCATE &.10
520 PRINT "THE EXPERIMENT 15 70 BE FRG’RHFMED IN BTEFRS.
EACH STER COMTAINS THE" o
530 PRINTYREGUIRED SHEAR RATE IN RECIPROCAL BECS AMD THE
. : DURATION IK MINUTED" |
540 PRINT "THEN SECONDS. FIRST,ENTER THE N”FDER OF STEPc
. TO BE PROGRAMMED:"
B30 INPUT "N= ",NUMZ o
5460 PRINT #1. TFMP”‘“ TAMINK 'y T EBECHT ”'WUM/'”,”
S70 FOR I=1 TO NUMA _
DEQ PRINT "STEPRP Y313

TR0 IMPUTSY SHEAR RATE @ "gSFEEﬂl
A0 IMPUT:Y - MINUTES: ", MINY
S a10 INPUT ¢ SECONDS: M.SECY

420 IF SPEED!'=0 THEN SPEED1!=Q:SPEEDZ!=0: GD;D A50

L300 IF SPEEDR!'>{0Q THEN SPEEDT '=2:1GPEEDZ =312 ! /CSPEED ! #
CGOTO &50 , :

440 SPEEM =201 SPEEDZ'=312301/ FFED!;iG -

50 IF SBECY=0 AND MINX>O THEM SECYE=&0IMINU=MINYZ-1"

- hH0 PRINT #1, P"ED"”1”.SPEED1""_“.SPE:D”';",”;Mlmﬁi”,”:'
. CEC?.”A“. . - . .

7O ONEXT . _ o :

430 FRIMT "FILE Iw MNOW CREATEDR.. PRESS SPACE BEAR TO GO BACK
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TO MERMU.LT
490 FE“INPU*¢{§) . _ _
700 IF ¥g=" " THEN CLOGE #1:G0TD 200
7ia GOTO &90 ' : ‘
ﬁii%%¥{%*i+wr*3‘4%¥4§§%%%§3%§*%w%%%$%ﬁ%%*%M%#%%*%“i #%f&%*x%
% When choice "C" is pressed,load the file containing the
#sexperimental details and l“étﬁ a sﬁ;ucnt141 file for the *.
#collected data. o %
FREERRERRERLRERTERORRE LR RR RN LAY HEREEAEFFERER R BN SR LR LR L H
L 7En CLB:LOCATE &.10 ‘ '
Ta0 IMNPUT HENTER THE HNaME OF THE FILE TO BE UEED:-”gﬁéTﬁﬁ
?4G_WHT**“”*:”'DQ*AV '
70 O OPEN DATAE FOR INPUT AS #1 :
FEO OINPUT ““HTEP THE MaME OF THE FILE IN ‘«IPH FETU’T: AR
OING TO BE GTERVB'“ y RESULTS
7O RVE”’T*““Q‘”FDF”ULT*
TEO OPEN RESULTS FOR QUTPUT a5 #2 '
750 IMP”T B CTEMPA Y {4y W TEMPY Y (2) T"MPi'(TE,Tﬁwri'(ﬂ)
200 IHRYUT 9F%TE” YOUR COMMENTS mEGUT THE RESULT FILE:" A%
E10 PHRINTHI,AES","ITEMPL I {1y '
R T Ty e T LT E PP R L L PSP EEE TS LT SRR L
% Btart seauence 4 (Appendiy ) in MPCE4, tranzfer the
#preprogramed set temperature to the HPCE4 and wait for
#fjazg Fi0Z7 in the MPLBE to bhe raisad indicating tH 2t the
#tamperature has reached squitibrium.
R AR R R EREE RN R R R E RN A AR AR SR AR NSRS R EER R B R AR
%EQ TEMPLV(S)=1:TEMPL ! (&) =1
BZ0 CALL MTYPE (ERRSTY.MSG1%,TEMPI Y (1))
40 CLSLOCATE 10.10
850 CALL MACPT (ERRSTY MEEX anﬁP:!(i)B
840 IF TEMRZ' (D) =0 THEN PRINT ' :
CMWALIT FOR TEMPERATURE TO REACH SET POINT'M:
TLOCATE 10,10:60TO 8Z20
870 CLS:L.OCATE 10,10:PRINT
TTEMPERATURE HaS NOW REACHED CET POINT."
ga0 SOUND 10004140
T Y e h A bt
¥ Dizsplay messace for operator to start the execeriment
#after ensuring that the rotor is in its position.
#*%%3%¥11i?%ﬁ““%¥%%M*¥*wﬁ%*¥#¥*%§%%%&*“%*%ﬁ%%*ﬂ*%%x%%h¥*%n%*
890 LOCATE 1Z2.15:PRINT "1} MSERT GPECIMEN TO BE TESTED"
?ﬂﬂ LOCATE 13,15:PRINT "2 IMSERT‘RBTDR".
940 LOCATE 14.15:PRINT "2y PRESS ROTOR TO ACTIVATE SRITOH®
20 CALL MACPT (ERRSTY, HSGZ%»TFW,h!(‘))
Q30 IF TEHPZI(1)y=1 THr‘ 20
240 CLSILOCATE 2043038 DHIHT"%T&Y CLE&Q DE WINDOW!
950 LOCATE 22,32:PRINT “LHEN READY PRESE SPACM BAR"Y
Q&0 XE=TNPUTE(1}
@70 IF dEL3" M THEN 280 ,
QB0 TEMPI' {1y =1 S S LOCATE 20,301
PRINT "EXPERIMENT IN PROGRESS!"iFLAG=QI1CHNT!=0
GO0 INPUT #1.TEMPIV(ZY . TEMPITIZ) L TEMPE! (4], TERPE {5),

TEMRI! (6}

oo Wk e o

LY

*#

1000 CALL MTYPRE (ERRBTLMEGIE . TEMP3I{1))
2y

F
1010 PRINT #2."/"3TEMPZ! St
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1020 CALL ﬁ#? T (ERRSTY MSGA% . TEMPA! (1))
1030 IF TERPSU(Z)=1 THEN PRINT '?’umTF" TR TEMPIN(EY S

GOTH 1240

1040 G0TO 1020

1090 CaLlL MACPT {EREETE,MEG4$,TEHP4!{1})

10460 IF TEMPRA! (1) =1 THEN 1400

1070 IF TEMP4A'(Z3=1 THEN 1470

1080 IF TEMPAN{(2¥=1 THEN 1200

1090 G070 1050 '

1100 INPUT #1qTEﬁP3!(EE;TEHPS.(E}QTEWP3‘<ﬁ). EMP3INIB),
TEMRPIV (&) ' _

110 CALL MTYPE (ERRSTY,MSG3S,TEMPI! (1))
120 CALL MACPT (ERRSTY.M5GSS . TEMPS! (1))
130 PRINT #2.TEMPS! (1) 3", "3 TEMPS (2350, 05 /0y

TF‘;\.-:Q:-!!{; :u/‘u‘n.na

1AA0 TEMRIT (1) = Tfﬂ“”irﬁ‘"ﬁ FLAG=110NT =

1180 CALL MTYPE (ERRSTH. w“cmmu.tmv'*fies

1140 CALL MTYPE (ERRSTZ.MSG7E,TEMPT! (13

1470 RRIMT "TIME= "3TEMFS!{1),"8'STERG= "3 TEMRS! (2}

1180 PRINT "G’ RATE= "-Trwﬂalf?3

1420 GOTO 1050

1200 IF FLAG=1 GOTO 12460 .

1710 CALL MACPT (ERRSTY.MESES.TEMPS! (1))

1220 PRINT #2.TEMPS (1) s, s TEMPS {2y 31,

1230 PRINT “TIME= “'TEWPS’(i),“S’q REES= "3 TEMPS ' (I}

1240 TEMR7' (1)y=0:CALL MTYPE (ERRSTYL.MSG7S.TEMPTI (1)}

1250 G0TO 1050 ' -

1260 CALL MACPT (ERRSTY.! SuiZ:aTFPP13!(1})=

. CALL MACPT (E EPQTﬁnHuuL £, TEMP441 {1})

1270 PRINT #2,CNT !+ 11", "3TEMPLIZ (1Y 5" s ONT V257, g
TEMPLZ! (2) 3" "1 CNT 1+, T;“g”'TFMF13‘{3)'“,“ cn*'+ LRI
TEMFLZt (4) 17, “TCNT' ST I TEMPAZI (S 3, M CNT -, é;“q”f
_TEHPiE’(é)““.”'

1280 PRIMT #2.CNT'+.731", "=TEw913'(?3-"_"-ch*+ U,y

' TFHPiS'(&E;',“'CMT‘+ 2, "ITEMPL4 (135, “'CNT‘+1'"‘“
TEMP14! (2) 3%, " CNT 1 +1. 1-" TITEMPLA () 5", "'CNT‘+1.hs
Hl.II?TL'MPAlA_| (4} ...n nu

1790 PRIMT #2.CNT!+1 3:“ NETEMPL4! (B 5 i CNT I +1 .45 "5

C TEMPAAT(AY sy i CNT 1.5 s TEMPLA Y (7Y 5", "3 ONT 1 +1, &,
HOMATEMPL4 T (B) 17, M

1300 PRINT "TIME= "iCNT!+,1."S'STRESS= ";TEMP13' (1)

1340 PRINMT “TIME= “3;CNTiI+.2,"S’ STRESG= "sTEMP13! ()

1320 PRINT "TIME= ";CNT!+.3,9S'STRESS= ";TEMP13! (I}

1330 PRINT “TIME= "3;CNT!+.4,"S'5TRESG= “:1TEMP13! (4)

1340 PRINT "TIME= "$CNT!'+.5,"S' STRESS= "'TEHPiE’(J?

1350 PRINT "TIME= "3ONT!+. & "G STRESS= "3 TEMPAI! (4)

CAZAD PRINT “TIME= "3;CNT!'+,7,Y5’ STRESS= ”'TE EER N

1370 PR;NT PTIME= "1ONTI4,8,"5'STRESS= "1 TEMP13! (8)

1380 PRINT UTIME= "iCNT!+.9,"S’STREES= ":TEMP14! (1)

1390 PRIMT "TIME= ":CHT!'+1!."8'STRESS= ":TEMP14!(2)

1400 PRINT “"TIME= ":CNT!+1.1,"S'STRESS= ";TEMP141(3)

1410 PRINT “TIME= "iCHT!+1.2,"S'8TRESS= ";TEMP14! (4)

1420 PRINT YTIME= ";CHT!+1.3."5'STREGE= "iTEMP14!(5;

1430 PRINT "TIME= "$CNTV+1.,4,"8'STRESS= "i1TEMP14! (&)

1440 PRINT "TIME= ":1CNT!+1.5,"8’ STRESS= ";TEMP14'(7)
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14540 PRINT "TIME= "3CNT!+1.46."3'ETRESS= "JTEMF14! (&)
1440 FLAG=0:G0TO 1050 * : ' B '

1470 PRINT ™ END OF EXPERIMENT"

1480 PRINT " PRESS SPACE PAR TO GO BACK TO mEnNuv '

1490 XE=INPUTZ(1)

1500 IF Xd=v " THEN CLQFE 10OTH EGQ

1540 GOTO 1490 '
_%*%%%%F%%**%é%%%i**%%*%“i%#%K%**%%*%%P%*%¥¥§%%ﬂ%¥%§%§%%%i¥%%
* When option "EY is pressed ancther experiment is lozded®

#to be arplisd on the sams test szample ¥
**%%id%%%¥#¥¥ii“@%%%%&*%%§¥§§%%%é*&1%%”%1%+w%%}%¥§“%i SEFEERF
1520 TEMPU {4 y=410ALL ﬂ?f_. _HRST3_1SC?$,TtﬂP?F(1))

1830 CLE:LOCATE &.1. T
S40 IMPUT MEMTER THE MAME OF THE FILE o BE U?ED: ", DATA
1280 DATAE="Ar"+DATAS
1540 OPEM DATAS FOR INPUT AT #1 :
1270 INPUTUENTER THE NAME OF THE FILE IM WHICH RECGULTS
ARE GDIHG 70 BRE CTGR“ﬁ'”qH SULTS
1580 RESUH Te="A1"+REGUE TE.
1540 OFEN PYQULT¢ FOR OUTPUT A8 &2 '
1400 INPUT #1TEMPLI!' (1) S TEMPL' (), T ,Pi‘(7¥ TEMRLNS)
4410 INPUT "ENTER YOUR COMMENTS ABOUT THE RESINT FILE:t, A3
1420 PRINTHZ.AEI""STEMRII (1Y 3,
1430 TEMPL! (S =1 TEMPi‘(:inu
1640 Calll, MTYPE (ERRSTY%.MSG1%,. TEHP*'{aB)
14530 CLS:L0CATE 10.10 '
1660 TEMPSI Y =0:CALL WTYPE fFQPBT..H“GQw.TE“P?E(i))
1670 RRINT "WAIT FOR TF’PERATUR: TO REACH SET POINT!Y
AASS CALL MACPT (ERESTAHSGUIE.TERPA1! (1)
1570 IF TEMPL4 1 (1Y=0 THEN 1430 ' .
1700 PL% LOCATE 20.30:PRINTUEXPERIMENT IM PPQS“ iR
l 1.1 G_” CMT!—") . )
1710 TEMP41 ! (1) =0:CALL HMTYPE (ERRSTY,MSG114 ,TEﬁﬂii”i)}
1720 TEMPA N {1 Y=0:TEMPAT () =0ITEMPE! (Z)=0 '
1730 CALL MTYPE (ERRSTL.MEG44%,. TEHP4‘(1))
1740 GOTO 990
1750 TEMPS! (1)=1:1CALL MTYPRE (ERRST ,HSG?E TE PS (1))
780 CLSILOCATE &.10
1770 QPEN DATAS FOR IMNPUT AS ﬁi
1780 GOTA 1570
1790 TEMPS! (11=0:1CALL ﬁTYPE (ERRSTY.M3G8%, TEMPS! (1))
1800 G0TD 180 : :
FEEFE S A AR EF RS SRR LA F AN R R B S R SR AU F T LR AR LA F RS L F LR EF
#  When ortion "F" is presseds the results collected and %
#ztored in a seausntial file car be printed out in various *
#formats. o *
HFRFEAEFFELEFFF IR SR AL R LR RF S S A LR F LI R E B LR G HE TS F R F L EF TR EERL
1840 CLEBSLOCATE 10,20
1820 INPUTHENTER THE MNaME OF YDUR RESULTY FILE: "iRESULTS
1830 REGIL TE="A1"+REGQIUL TS
1840 OPEN RESWILTS FOR INPUT AR #3
1850 CLEILOCATE S5.201PRINT ' o
YO AN PROGRAM YOUR OUTRUT TO GIVE:"
1850 LOCATE 40.20:PRIN
A THE LAET 10 RESULTS OF EACH SHEAR RATE"

e

172




1880

1820

1900
1910

dqdq‘

10730

18240
1950
G
1970

1750

4290
FO0

TOT0
FOED
FO20
240

£ LB* TE 12,20:PRINT

=, THE FIRST X' REGULT OF EACH BMEAR RATE AT A"
LOCATE 13,28:FRINT : : :

"CERTAIN STEP VYALUE OF »¥',THEN THE REST"

LOCATE 14,28:PRINT

"= THE RESULTS AT & STEP ValUs OF ~Z2' .0

LOCATE 14.20:PRINT "O) AL OF THE RESULTS.M

LOCATE 20.Z:PRINT "DO YOU WANT TO GEE YOUR RESULTS OM :

- THE SCREEN FﬁFDP’ CHOOSING HOW YOU WANT THEM PRINTED

quT?Y

KE=INPUTE

IE Y&<RuN® GOTO 4575
L.GP;\TF ,,-'! _:_-:':-RIIH-.—

LDEﬁTE 20 PRINT "ENTER YIUR ””ﬁICh aF QuTRUT"
=INPUTS (1) '

Tl" !*w-lf"“i“ :-E,;-I-D "':ﬁq !

IF X&E="R" G070 2400

I Y#="C" 2070 2510

¢ GOT0 1970
) INPUTH#3,AS:PRINT "COMMENTS: "iAS

INPUTH3.ASPRINT "TEMPERATURE 0OF THE EXPERIMENT= "jA%

IR EOF(3) THEN CLOBE #3:G070 1240
INPUTHEI . AS '
BE:LEFT$KQ$$1}:EF Rt/ THERN 2100
TMPUTHI.C
RPRINT “TIWE: "I14%,1GBTRERE= MiCE

oTD 2040

2100 A=LEN (AS) 1A=A-1

2110
2120
2130
2440
250
2150
2170

2180

2190
FEOG
2210

COEREO
EEAN

wa2a0

oy -
A .a.fi-:‘iql

2250

Z270
TRAD

2X90

2300

A=l EFTE (AT A A=A~ TAS=RIGHTE (A% . A)

PRINT "S'EATE= "14%

InF UT#Q!#’]%‘ s

GOTO 2080

AY=10

INPUTHI AZLPRINT "COMMENTS: "iA% o
INPUTHEZASILPRINT "TEMPERATURE OF THE EXPERIMENT= “ijA$
INPUT#3IAR1GOTO 2320 '

) ,
IF daE=tyd GOTH ’3uq .l - .
IF EOF(3) THEN CLOSE #3:60T0 2360

INPUTHI, A
Be=l EFTS (A%.1) 1 IF Ba=/" G0TD 2280
IMPUTHZ,C% ' o ‘

FOR J=1 T a¥-1

TIME (D =TIMs (F+1V ITRGE(II=TRGE (J+1}
MEXT

TIME (AN =AEITRQE (AU =S

GOTO 2170

FOR J=1 TO A%

L TIMS Y500 THEM LPRINT"TIME
"SYLETREEE= "ITRG:LD)
TIM%(T)““U”’1PL (Iy=1on

PITIME(T) .



2310

Pt Lt

.r.\...’ il

330
TIA0
CE3S0

TRALD
ERTAE

380
2370
FAO0

2410
L 2ERG

T
s
2A30

a0
£450
S ED
ZATO
2A80
L EATN
2EO0
eA0
ll.':_ {';

Al

‘::""” .

et
ZE4D

TES0
TRED |
IRT0
THAN
a0 |
2EOD
2E10
2EI0
2h30
2 EA0

2645
THEEQ
TELD

INPUT#Z.A%:LPRINT"COMMENTS:

NEXT

A=LEMN(ASY 1 A=4—1
AS=LEFTS (A%+A) 1A=A=1 1AS=RIGHTS (A%, A)
LP4IFT"S RATE= 1A

INPUT#3., A%, C51G0TO 2230

FOR J=1 TB A% R
(F TIMS (1) <M0n THEN LPRINTUTIME= "“3TIMS$(J),
ngs GTRESE= "3TROS(J) . - .
NEYT

EOTn 200 :
LOCATE 20441 INPUT "B
A% - | |
PRINT! - _ o o . _ 1t
LOCATE 21.1:INPUT "Bi  PLEASE ENTER YOUR ‘Y’ VALUE:",
p,_.‘:‘ '
LOCATE 27.11INPUT "Bi
o

A1%=01B1%=0:C1%=0

ﬂ
=
m
I
4y}
in
[t

i

ENTER VOUR X’ VALUE:",

-0
r

m
3>
[}
M

o
m
I
£r3
im

SNTER YOUR *i* UALUE:

IHPUTHI, AL PRINT"TEMPE ﬁﬁTLFE
IF EQF{2) THEM CLOSE #3:6370 X
INPUTHZ A

&=L EFTE (A% () EIF E*‘“f“ GOTO 2370
WA SMALE Ci’ Ci% ‘
INPUTH3. (S

""l ] m

F
G
o

THE EXPERIMENT= "3iA%

IF AL%4AY AND B1¥=RY THEM ﬁ*?wm1f+1-uif“ﬂ GOTO 2560

TF al%=AY THEN Al%=a%+1:C1%s=0
IF C1Y%=CY THEN Ci%=0:G0TC 2560
GOTO 2470
LPRINTUTIME= "1A%,"S' STREGS= “iC$:GOTD 2470
A=LEN (A%) 1A=A-11A1%=02B1%=0 -
A%ml EETE (AS,A) 1A=A-11AS=RIGHTS (A%, A)
LPRINT S’ RATE= "jA3
EOTO 2470
A1Y=q tAY=0IR1%=11 CLY=01BY=01 C%=1
S0TO 2450
TEMP1Z! (1) =1 o
CALL MTYPE (ERRSTY,MSG122.TEMP1Z! (1))
fALL MTYPE (ERRSTZ.MSG108,TEMPLO! (1))
I=NUMZtI=A%ICLOSE
END -




APPEMDIX C

MPC84 SEQUENCE 4

HEREFEREHFRFREELE R R R AL R R R BB RREFE RS R R LR LA R AR L E LA ELRLNEY
¥ Clo 5@ %E:T F100 and steop the sedquence. o o
EEREEEEEFRELEFFREE R L PR B A E R LSRR LI L EL A S SRR FEF LR AR RHAAATRE
BTER: 000

OFCLIF100

G032 001

%4%amﬂ¥&#xyﬂ&ﬂ&asﬂ*@xﬂﬁ%yxx¥%#fﬁ AR EREGRL RS RS SRR EEE LR TR
¥ it the ayence is being run throwsh TRETER *
¥{Adrmendiy B) or Q-Ib-uﬁ (Appendix D1) and prepare the THS =
srhoometer by setting the temperature fed by the IBM PP &
#raising the urper die and ram and grerning the protect l”E *
*uindow. : %

PRI R PP X TS E S E I SIS ST T ST EE LS RSS2 AR ks
STER:1O04 ’
IFFL 00T F100

ERIPIOng

TYPE 20046, "EOZTIHCO3ITICOZIZIVE8Y

TYRE 1004, "THIS SEQUENCE CAR ONLY BE RUN VIA TEGTER"
WL De00d , 001

&0TO: 51851

NeETI003, 00347

DEET: ﬁ”E;ﬂﬂ;~u1?

GEFETIODT 00731

SRONT OO0

SOoF s J004

SFCLEFI00

STEP:QOY
BELY 1000, OO0« 00
ShOMs JOO3
SROF: I002

STERICOZ :
DELY $ 000, 000, GO2
ShoFsJoes

FEEESYAEES LT RF B SR RF R E R R R REHEH M*%&%x%x#%nn*a*%xx#%%£*+ﬁ%4%x
% Get the average temperature of the upper dis. the lower#
*die and the ram. If the averags tem;erature has reached
gthe reauired tevel, continue.

REFEAEEEEEFENEREASFF RS LR R R AR RERFH AR FH R R YRR EURR LR RN E AR

::k:;::

FLUT'?“ﬁ ﬂﬁﬁ.ﬁﬁ”
SETRIVIOD= (ROOO+ROOL+RO0L) /VIOL
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FLAT 2204 . 000, 00F
SETRIVINI=VIL T+
SETRIVIOL=YI1T7- UEWI
IFAMNIOO0 VI0Z ;‘V’EGE
AND :
CIFAMIOO0VIGE. V302
HOTOGO4

'EGTB=Qﬂ3

%*%%**&¥% %%%ﬁ%*%%%&&¥%%%%%%%%%%%%%i%%%%%%%%§%§ﬁwn%&¥%%¥%%¥*
#* Ch if the switch I4 has besen zctivated By the rotor #
%1ﬁdlua+ n” that it iz in position. ' *
FREREEFEERREREE R SRR L PR R LR R E R LRSS F RS ERRR R REREER R ERRRF RS
STERP: D4 ' '
et R ol K

JEDG00Y , T004

GOT0:0048
4"‘{"‘1 n;’."" r'. '

P LT T TSP P TR L TS FELLLERESERFR R R LB R R EERERHE

¥ If flas Fi06 is ralsed by the I8 PC. wlose dies, close#
$ram and start filling erocedurs. : #

UM E RN SR LEEERE RS A SR AR SRR EEEAREEE n‘.i-*‘-’!-fr%%%%%%%%*-‘%%*ﬁ R
%‘T':’j'i;{ }:'

IFFLOQ0FLa6

‘IIE" § D H ‘:,;':_.‘5

CEDON: TO04

A0 JOE

I_’ l -}":i“.'

BTER 004 _
DELY 2000, 000, 0072
SHOFE JOO0
SDOMIJOOL

STrP'ﬂﬂL

S Y s 000 NIDR W NI0TE
CUQT-ENIT :

CUST e COMD L OO0 . 000
CUST 1 COMD , 000,005
CELOT23200,000,0204
CUSTIGETO 300

FLOT 300,000,037
FLOT =301 ,000,014
CSETRIVIOO=YE002 I Z00sYEN
CUST:SETY (300

SnoF s J003

CUST s COMD . Q00004
STEPIOOA
ﬁELYSUQUqQGQnGEE
CUST s COMD L Q00007
SOONSTONS

STEP:OOS




DELY 1000, 000,024
CUST: COMD - 000, 004
LUBTICOMD. Q00,006

STERIOOL
DELY 000,000,034
CUST 1 COMD, GO0, 007
STERP D0,
DFLV.ﬂﬁﬂ 00, ni?

SDOOFJ003
CUST t COME (000 GO5

CUSET s COMD, SO0, 004
FLOT: 324000, 0010

QTEP;Qﬂé
DELY OGN, Q00,015

%Anxééa&xn EEEEEE R R R F SIS F A LRGSR EF S LS RS EE SRR FE R RLA SRR AL SRS S
% If the latsst t

%zrevious one. the filling procedure is stomped. _ #
EEERREFRERLHBRFRE x*%%%ﬁﬁ@%%n,%%ﬁ};%#%%%%%*%%%%*%%%%%%%*%ﬁ%%

CTERP:OO4
IFANIOOS,VIZ4 BOO3
r\;lg.”,!-‘-

EhTA- SEA=R003

WU IT

CUST 2 COMD. GO0, 007
SOON: JOO03 '

|
oraue value i1s less ar equal to the .

* If flag F120 is raised, @0 to sequence 5 (Aperendiy DY %
#to apply a set of shear ziresses gn the test sample. ¥
e L e Y e
STER: 006 | - |

TFF! ynn, 470

GOTO007

ETRT 005, GO0
RUN 200
SFCLiF1 20
HOLD 004,007

FERAEERFEREZ L REFNBRL AR I BRI R IR LR LR AR UL LR ER R RN ERE R LR EL R R RSE
|
|
|
|
|
|
|

e Y Y A e I ST AR EAEEEEERAEEEAEELEELE
¥  Apely the resuired shesr rate on the test sample and %
#read the first 18 toraue valuss at Gulsec intervals., ¥
%%%#@%%%%%%%%*%xﬁ%%&%b¥4¥+%h%%§§%%%%%%%%%%%%f%§%ﬁw%§%§%%%%h%
STEP:GG?

FLGT:Enﬁ,r}; Hiﬂ
FLOT 2353, 000, Q0
SETRIVIBRI=YIESI/VIND
FLOT 240,000,000

STERIOO o
00 N300, D001 NI0S




CREGN

FLOT 2200 . 000, 000
IFANS OO VI VEDL
SRIPIGO3
CCUSTIEETO . 304
CUSTIGET , 305
SBKIPIOOY

CU%T CGMD (30 uﬁ?
EKTPIO0d
CUST:CDWD,O&Q;GQ&
IFINIOOY MN3CH. BOOC
ERIPIGAS

STEP: 011
SETR:VIZZ=B003#Y344

CTER:014

SETRIVIZA=ROO3#VELS
C‘TEF' “
”E*P-v3”hmﬂnu3¥v 166
e
BETRIVIZL=RONI#VILE

STEPIOLY
GETRIVIZT=ROOT¥VILE

STEPIOL1
SETRIVIA0=R0033VI6E

STEP:IG11
SETRIVIA =ROO3I%VIES

ETEP:O14

SETRIVIAZ=ROGI#VILS

STEPIO11.

SETRIVIAE=RO03:V38

STERIO1Y

GETR:VI44=B00735345

- aTeER:atd o
SETRIVIAG= ENU? V755

STEP:OL1
SETRIVILE=R0033V3EE

ETEP:O11
SETRIVIA7=ROOI#VIsE

STEPIO11
SoTRIUISN=RONTEUTLS




STEP:011
SETR:VIS1=B00T4V364
STEP:O11

SETR:VIEZ=BOO3sVIb4
SBETRsVILG=VIL0+VIEE

-'%'-

AERLEARERBE AL B ERAEEFERBESSFFRSEF RSB FFRRRF ARG LB R RSN EERHLENE
Qu d mne toraue vaue at & time and raise flag F105 to ¥

I8 PC to collact the new toraue and time valugs.®

s %31%*%%%%%%%%%%%%%%%%%%*%%%*%%***%*%#%%%*%%**%%*%#%%%ﬁ%%
B . . _

STRIVIL0=VE10+V3I11

ReVI12=RO0Te 358

RSIF10S

O NE0S , MTERS

N:“H « MIEGD (NIGL
104

".'.'!
—
-—
e
m
0k

ERVEIES ) B T

1L

3
17571 7 T~ ok e

0

?U“-*F'*"_ZT]-—-{
‘m-a
1% ua

E

£

=
.

DO GO0 o GO

Df_ﬁ1
EU%"B

C'JT=uﬂﬁqufﬁ {17

PR TR RN L R TS TS SRR R T T Ty

#* &t the end of the time allocated to the rrevious shesar ¥
#rate. checl whethar it i3 the end of the sxperiment or if =

¥anoiher shear rate should be arplisd. ¥

HEXEZEE LR AL ER P L ER SRR L ELEEY 4%%&**%%&4%%%%*%%!*@»%%%%*%%%%%%%%

SGTEP:M 2

IFF 001 F163

AND

IEFLIOOO,F104

GOTOLOLZ

CIFFL OO F103 ‘ o : - . o

! {'—, - . |\

wwL 001, F104 | - | . =

EOTO:014

P P PP R PR R PR TR EAAEFAEEEAEEREE S
* If the surperim ent 1 Lﬂmw]ﬁt:dn ﬂp@n windows raisze ram #
#gpen diss. #*
%%%%%%aﬁ%ﬁ%%%%@%%%w%%w%%%%w&%&ﬁxﬁ%&&ﬁ%&&%%#*&w%hw%%%%%%%%%%%
ETEP:Q1Z

SLONITOOZ
SDON 2 TGO
SDOFs JOOL

STERPIO1Z
DELY 2000, 000,003

EDGF:JQ;Z

STEP:OL3




BELY 1000, 000 . 003

5 t JG04 ' -
CCUST 1 COMD. Q00,001
HaL D oG4, 000

GOTD 000 o

RN R B 000 B I I 0 0 0 0 20 00 306 6 0003
# If & new guperiment 1s required to be aeslied on the *
#same test sameles the new test temperature is arplied and

.?L
#the experimaent repsated. : C : #
.1_{\.

##333%4%3%%%%3§&#ﬁ%@éwi%%.%%%%%ﬁ%%%*%%ﬁ*%%%%%%%%%%*%%%%%%*%.
STER:IO1 '

IFF!.Gui.F1G4

GOTO: 012

FgET=u53,P'G.31?
DEET 2 002,00 131?
Ethnﬁﬁk1hﬂ2»31?

STEP:015
FLOT 301000, 003
SETRIVE ﬂ“"(Eva+.‘ﬂ"+ﬁvﬂ“\ AVt
FLOT 30 . 000, 000 _
SFTR:VﬁﬂzﬁJaif 201
SETR VAGL=Y317-V301
IFANTOO0 VIO, VI0T

Al o
TFANIQOG. VDA VIS
SKIPIOO

HOTO: 015
SFHS:F”ﬁ?
GOTOI00T7
EnDE
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APPENDIX D1

THE SOFTWARE "SLIPPER"

S X T T Ry 1 1 L LT LY T T gep gy

* Define the F1 to act as an emeragency stop. _ ¥

BAREHLIRERFERIRERFERRERERRRRERR LR EHR RS R I LR ORR IR SRS R R AR
10 ON BEY (1) G0BUR 1930
C20 KEY (1) ON

2T TR LR PP R R R Y R R R R ograngs

* Definition of arravs and communication messzagss with ¥
‘l@ MPLOEL . £g. the mescage FMSE34% will francsfer ar rocpives

*data to or fram the FPCAY memory addressest %35 s M3BT and ¥

%NS&&, o | : %

%%%%%%%%%%%%ﬁ%%%%%%%%%%%%%*%m*iuiﬁi”ﬁﬁX%E“%%wﬁ%%%@%§%%%%%*%%

S0 DIM TEMPLI(E) ,TEMPZUIB) s TEMPI N (8) JTEMPA! (8) , TEMPS! (B) .
TEMPE& (8) STEMP7 1 {8) , TEMPE! (& 3_TEMP?!€&.;TEMP1G!(8),
TEMPLI (2, TIME(10) S TROE (10) :

éﬁ MeGle="831.F100.FI01,F110,F10%  FLO&FIZ20.F121,FL1228"
SO OMBEES=YH1.VITT G NI NEOT, FA00, FL10L W FL208" -
0 MSGAE="#1.VISL.NIZT7 MNILOHY

TO HMSGas="#41, ,F1028"
ED MEQBE="#1.F1048"
A Mﬂg~%~"ﬁi.Fiiﬁ.F121#“'
100 MEET7E="14 ,F1 24"
140 HMEGAS="#1,VY3I55 . VI544"
1320 MEBGYE="184 ,F{ 24, F1234"
130 MESG10%="#1 ,F1244"
140 MSG1is="4%#1 ,F1238"
vﬁr1ﬁ%é%%%*4ﬁﬁ**ﬁ¢*4$%4ﬁ*%¥%d%3%%$¥¥%4¥ FEXLEFELERBLFH BB HFER
¥ . Zero all flags used and display the meniia *
?%%%v%#%%%%v*?*4***4?%4*4*4*%%%%%*%%wé*¥¥¥%%%%§%iiw%w&4*%¢%%
150 TEMPL V(D) =03 TEMPL 1 {2y =01 TEMPL 1 (3} =0 TEMP1! (4} =01
TEFMP1 1 (S)=01TEMPL ' {4) n:TE%P"(”)—ﬁ TEMRPL ! (B8) =01
TEMRR! (1) =0:1TEMPG ! (2) =0
140 CaLl, MTY®2E (ERRSTZ.WMGGEI%.TEMPi ' (1)) -
Call MTYPE (ERRETY.MSGIE . TEMPR1 {1})
170 CLS:LOCATE Z.2BiPRINTVTORGUE CDM?RDT”
180 LUCATE T.“5 PRINT e mim e o e
190 LOCATE S.30:1PRINT"MENUY
200 LOCATE &30 FRINT M et
10 LOCATE 10,20:PRINT®AY CQmATE A NEW EEPERI“E%T"

220 LOCATE iﬁqll PRINT B} RUM THE EXPERIMENT"
230 LOCATE 14,.20:
PRIMT™C) MOoAN OLD EXISTING EXPERIMENT™
40 LOLATE 16;ED=?EIhT“D; ' FRINT QUT A REBULT FILE"
250 LOCATE 18,Z0:PRINT'E} - ESCAPE"

260 Xe=INPUTS (1)

270 IF E%=UA"T THEN 330

280 IF Xg="B" THEN 640

220 IF x&="C" THEN 610 _ _
J00 IF Xg="D'" THEN 1110 :

310 IF X$="E" THEN CALL MTYPE (ERRSTY,MS Gls.TEMP1! (1))
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CALL MTYPE (EDPCT" MEE?%;TEHPO‘f*)) CLOSE tEND
ZZ0 GOTOD 280
*4“%w*%%%%*%%%*%*%”$34*§%1*¥%%§**#%¥‘%%“*Mxxﬁ%*¥%%§¥¥§%§§***

% Hhern option "A" is presseds. start probing for the #*
- #rasulis of the evﬁeriméﬂ* and save them in a :Equent141 3
#file,

w%%‘i4§%*%¥¥%§“i1*%%%ﬁﬁ4%%%%%““%%4*§%ﬁ%%%i4“**%§%¥¥%$$%%%%¥%
330 CLSILOCATE 2,30:FRINT "CREATE A NEW EXPERIMENT'
340 LOCATE 3308 PRINT = mm e e :
350 LOCATE &.10:INPUTUENTER THE NAME OF THE NEW EYPERIMENT
| TOD BE CREATED: " DATAS
360 DATAS="AT +DATAS | -
370 DPEN DATAS FOR OUTPUT A3 #1
380 LOCATE 8,107 | |
INPUTENTER THE TEMPERATURE OF THE EXPERLMENT: ", TEMPY
390 LOCATE 10,101 -
PRINTVENTER THE PREHEAT TIME OF THE SPECIMEN:
Aot LOCATE 11,45t INPUT"MINUTES: ", MINY

410 LOCATE, 12,151 INPUT"SECONRS: "\ SECK
420 CLOILORATE B,10

430 “PI“T“ THE EXPERIMENT 15 TO BE PROGRAMED IM STEPS.
EACH STEP COMTAIME THE®

© 440 PRINTREQUIRED SHEAR STREESS AND THE EURélTﬂH IN MINUTES

AND THEN SECONDS.M
450 PRIMNTUFIRET. ENTER THE NUMBEL 'R OF STEPS TO BE PROGRAMED:™
A&0 INPUT"N="  NUMY
AT70 PRIMNTHLTEMPLS M aMINA I s "iBECL " "5
4&9 FOR I=1 TO- NUMY :
490 RPRINTVETER “ili -
00 INPUTs® SHEAR STRESS: ', TRa!
A0 IMPUTY MINUTES " JMINY
SE0 INPUT O SECONDS: " .BECK
=30 TROLV=TRG! /71,4653
R4 IF SECY=0 AND MINXXD THEMN EECU=&0IMINY=MINL-1 .
EEQ PRIMTHL TRV, "iTRGL s " sMINKs " " EECK 1"y '}
SH0 NEXT ,
B0 OPRINTUFILE IS NOW CREATED.
PREEE SPACE BAR TO G0 BACK TO MENU."Y
RA0 X&=INPUTS{1) . o ‘ :
Q0 IF YE=" " THEN CLOSE#1:GOTO 170
C A GOTD 280
FELAAERERERFRE %i*¥%ﬁM%%w%%*&xmé%$§%%%*%ﬁ7¥}M*&w% CREREEERERRY
* When choice "C" iz presseds load the files containing %
@inh sxcerimental details and create a sequential file for #
*¥the collscted data. : . ' *
%%%%%«%¢*+*i“*“**%%%%%%%%%%%*%*%%%%%%*%%%%%%%%%ﬁ%*%*%%%*%%%%
1o CLu-LECﬁTE b#l“ ‘ '
&0 IHPUT“ HTER THE N*HE OF THE EXPERIMENT TO BE UBED: ",
DATAS
&30 ”AT%* AL DATAS
&40 QPEN DATAS FOR INRUT hS #1 .
&R0 INPUTPENTER THE NAME OF THE FILE IN WHICH RESULTS ARE
GOING TO BE STORED: © ﬁEaULT* :
S50 RESULTE="AI"+RESULTS
A7 OPEM RESULTE FOR CUTPUT AS #X
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SE0 IMPUT #4,TEMPZ! (1), TEMP2 1 ({2} ,TEMPZ (D) '

£90 INPUTTENTER YOUR COMMENTS ABOQUT THE RESULT FILE:",A%
-v(-“} DPIE\;T#:‘!I&!&.“ IllT HF} [ (i} . Ii ll: )
T A o SO S SRR KR A RS

¥ SBtart seaquence 4 (Appendix C) in MPCE4 and raise flag #
*¥F420 te tell sesuence 4 to switch to sequence 5 *
#{Appendixn D2 after the filling procedurs is comeleted. %
* Create a sequential file for the collected data. *
EFEEERAREER RS CR AR RRRR LD LA RN B LR R IR LR R LR EI R IR IR R IR S F R LR SR

10 TEMPZY (A) =1 TEMP2H (Sy=1iTEMP2! (&) =1

7‘” AL, MTYPE (ERRSTUHSGIE.TEMPZ2' (1))

TG CES LOCATE 1ﬁsTH :

740 CALL MACPT {EER S“ﬁaﬁqrqﬁaifﬁP”'(“W) : o

750 IF TEMP4! (1)=0 THEN PRINT"WAIT FOR TEMPERATURE TO REACH
SET POINT "L OCATE 10.10:607T30 740 _ '

760 CLESLOCATE G siﬁzPRINT”TEHPNQ&*UPh HAS HOW REA CHEQ SET
BOYTNT T .

"""}’,! fﬁ!!!x”“} 1.&:);3 11‘3 . ) .

ERERSEFEEEEE #43*4@ﬂw@wd&%ﬂﬁ%é%fw*#4%§%§*3%*%4¥%*%%%¥%3§x*%*ﬁ

x  [tiselavy waﬁwrh? for H#:rﬁtar m start the sxrperiment #

C#after ensuring that the rotor is in its eosition, ¥

h~mh&a&x&¥¥x§§3%%:5*%&%4%@&Aﬂxxéw;¢x¥4xxxxﬂ%§%=%%#xarw%i**%%“

Er

"RH LOCATE 12 1%1PRINT"1) - IMSERT EPECIMEN TO BE TESTED!
7R LOCATE 13.45:PRINTYZY  IMGERT RDOTORY
n” LOCATE 44, 15PRINTYE) PEESS ROTOR TO ACTIVATE SWITCH!
810 CALL MACPT (ERRSTY.MSGAZ,TEMPA! (1))
%"‘ I'_ TI—HD{LI ."i)—-“i '{'LI!’"M 61-") '
830 CLEILOCATE ZOS0IPRINTUSTAY CLEAR OF WINDOW!'™
840 LOCATE f“a3”’PrTMT“‘”Eﬁ READY PRESS SPACE BARY
a5 X&=INPUTZ(1)
SEGOIF MBI THEN 250
70 TEMPE! (Ly=1:CLEILOCATE 206,301
PRINT'EXPERIMEMT IM PROGRESS!M
880 LOCATE Z5,10% '
PRINT"(USE “F1' 70 STOP EXPERIMEMT AT ANY TIMED '™
820 CALL MTYPE (ERRSTYL,MOGDE.TEMPS! (L))
00 IF EOF{1) THEN 1040
P10 INPUTH1, TEMPI!{1). TEWDJ*(hquEMP3'(3) T;FPS‘(#)
920 IF EOF(1) THEN TEMPL1!(1)=1:
o CALL MTYPE (ERRETAMEGI1H,TEMPL1! (1) ).
930 CALL MTYPE (ERRSTY.MSGI5.TEMPI! (2))
Sa0 PRINTHZ."/"ATEMPIT O 3/, "
550 PRINT “5’GSTRESS= "iTEMPI! (1) :
Q53 CALL MACPT (ERRSTA.MEGYS,TEMPT7! (1} )1
CALL MACPT (ERRETH.MEGIO%,TEMPIO!N (1))
Q70 IF T_HPiU'(ilwi THEN TEMP1O! (1)=01 '
CALL MTYPE (ERRETUL.MEGIO&, TEMPIO! {1}Y)1GOTG 200
Q& IF TEMPT!(1)=0 THEN 260
B0 TEMP7 1 (1) =01CALL MTYPE (ERRETL.MSGTE,.TEMPT! (1))
1000 CALL MACPT (ERRETL.MSGES,TEMRP3! (1))
1040 PRINT"S RATE= "iTEMPS! (1) ."ERROR=" ";TEMPS&! (Z)
TOZD PRIMTHZTEMPEIILY 3", ITEMPE (Z2Y 3,
1030 G070 &0
1040 Call, MTYPE (ERRGTA.MSG1H.TEMPLIT (1))
CALL MTYFE (ERRSTY.MSGIS.TEMPF! (1))




1050 CLOSE : .
1060 PRINTY END OF ”XPERiH"Mf”
1070 PRINT'" PREES SRACE BAR TO GD BRACK TO MENU™
1080 YXE=INPUTS (1) . '
1090 IF Xg=" " THEN 170

A0 GOTO 1080
AR E RN R AR RN R R AN E AR R RN PR A SR SRS R AR RE R R AR R LRSS
¥ When oetion "D" is presseds the results collected and %
#gtored in a sesdential file can bhe printed out in various *
#*formats. _ : S
FEREFFEEF SR IR R AR LF R R LSRR SR E LR AR RFFF RSB F R RS F R RN EF LRSS
1440 CLSLOCATE 10,20 '
1120 INPUTUENTER THE HaMeE OF YDUR E__J!T EFILE: "3RCCULTS
1430 R %U’**"“"”LPFQ”LT+
1140 ﬂrrh RESULTE FOR INPUT éS #3

1450 QLSLOCATE S.200

PRIMTUYOL CANM PROGRAM YGUQ QUTPUT TO azv'-“
14460 LOCATE 16,208 o
_ PRIMT"&) THE LLAET 10 RESULTS (OF EACH SHEAR STRESSEM
CAT70 O LOCATE 12.20PRINTYEY - THE VIQ“ XORE U'T D EACH
SHEAR STRESE AT A" ‘
11860 LOCATE 13.Z8:PRINTYC ?TQIM “TEP VeLUE OF ”?’
- THEM THE RESTY
1490 LOCATE 14,283
PRINTYOF THE RESULTE AT A& STEP-UALUE aF ‘Z’.”
1200 LOCATE 14&.20:PRINT"C) ALL OF THE REBULTS.Y
1210 LOCATE Z0.2IPRINTYDO YOU WANT TO SEE YOUR RESULTS OH
THE SCREEM BEFQORE CHOOSING HOW YOU WANT THEM PRINTED
auTEn
1320 XE=INPUTSE (1}
1230 IF Xg="Y¥" GOTC 1320
1240 IF ¥$L3UNY GOTD 1220
1250 LOCATE ZO.21PRINTT "
1260 LOCATE 20,Z:PRINTVENTER YOQUR CHOICE OF QUTPUT:"
1270 X$=INPUT¢{*) o
1280 IF Xs="A" GOTD 1430
1290 IF X¢="B" GOTO 4700
1360 IF YX¢="C'" GOTC 1910
1310 GOTD 1270 ’
1320 IMPUTH#I,A$:PRINT"COMMENTS: ":iA%
13320 INPUT#Z,A$:PRINT"TEMPERATURE OF THE CYPER¢“FNT- "yAE
1340 IF EOF(3) THENM CLDEE#E GOTO 1140 :
b 1350 INPUTHS. A%
1360 Be=LEFTE(AZ,. 1) IF P;*”f“ THEM 1400
1370 INPUTHZ.CS
380 PRINTYS! RATE= "i1A%."ERROR= “:C$
1380 6070 1340
1400 A=LEN(AS) 1A=48—1
1410 A=l EFTE(AE.A) A=A~ T AE=RIGHTE{(A%,4)
1420 PRINT “Q’QTRFSC— HIAS
1440 GDT8,13BQ '
TASO AY=LO ‘
1450 INPUTH3,ASLPRINT"COMMENTS: "iAz2
1470 INPUTHIASILPRINTYTEMPERATURE G" THE EXPERIMENT= "jA%




1480
1490
1500
1510
1520
1830
AS40
1580
1540
1570
1580
18020

L &0
16140

4 pny

ER AR

r =
1630
1640

INPUT#3,A$:60TO 1420

IF EGF 3y THEN CLOSE #3:1607T0 14660

INPUTS3, A%

Pa=l FFTE (A%, 1) 3 IF BE="/" GOTO 1380
INPUTHI.CE

FOR J=1 TO A¥-1

TIMS (3)=TIMS (J+1) tTRES (1) =TRGS (J+1)
MEYT : R

TIHE (&YY =A% =TR£-‘."$(' A

GOTO 1490

FOR J=1 T0
IF TIMB(I) 42
"ERROR= "3T!
TIME(T)="0"
NEYT

Al T IASY TA=A-
SE=LEFTE Y a"—‘wuﬁ)
LPRINTYS' STRES

..’
: ]H "]" !E]\
E ()
TRE® ()=

&
ms
=t
Fa
B
"
H

50 INPUTH3 A !cz
&0 FOR_J=1 10

1F T*nﬁis){ﬁva" THEN |

| VERRORE "31TROE (D)

MO

el os’ v MEX
e G0TO 1760
700 LOCATE 20.11INPUT'BE  FLEASE ENTER YOUR ‘X' VALUE:",

"

PRINT"

1720 LOCATE Z1,1:1INM . EASE ENTER YOUR Y’ VALUE:",

. I“"JE‘!

1??@
1800
1810
1820
1830
1840
1851
1840
1870
1880
1820
1200
1910
1920
1930
1940

195C
1950

1 LOCATE 27.1:INPUT R: PLEASE ENTER YOUR 2 ValUp:',
o

Y AL%=0IB%=01C1%=0 '
INPUTHI . ASILRRINT"COMMENTS!
THPUTHI AS I LPRINTYTEMPERATURE
IF EQF{3) THEM CLOEE #3:G607TC 1
INPUTH3, AS ‘
RE=LEFTS (“% 1y:1IF Bg="/0 GOTO 1870
BiU=RBL¥+1:C1%=C10%H1

®
*

&%
GF = EXPERIMENT= "3AS%
70 :

¥EN”UTﬂ3q€$

IF ALZ€AY AND B1l%=RY THEN Ai%ﬁ%12+1uEi?mH CG;D 1840
IF aiu=48% THEN Al¥=aR+1:101%=0
IF C1%=CY¥ THEN C1%=0:G0T0 1240

O G0TO 1770

| PRINTVS? RATE= "3A%,"ERAOR= "31C$1G0TO 1770

A=LEN (AF) tA=A-1141Y=01010=0

aE=l EFTE (A%, A5 A=A-1 1 AS=RIGHTE (A%, 4)

LPRINT"E’ GTRESE= "3A% ‘

G070 1770 '

A=t 1 AY=0R1 =11 C1%=008Y=0: 001

S0T0 1730 ' ‘

TEMPST (1) =1t TEH“&'( 1y =]

CaLL MTYPE (ERRSTYL.MBEGLS, TEMPL! (1))

CALLL MTYPE (FPRQT? MBGEFE, TEMPS ! (1))
3}

v CALL MTYPRE (ERRETL.MEGLZ.TEMP&E! {1

CLOSEIEND




APPENDIY (12

MPC84 SEQUENCE 5

AR EFRERELEERFRERREEGRE S

148 EEEFET LTS LTS ELE AL ST FETE ST L)
% After comeleting the filling procedurs in seqgusnce 4 *
s{Avoendiy 0) flag FI20 indicatad that a szet of zhear *
#gtrocses 12 to he apslisd by BLIPPER {Appendiz D1). ¥
EEEARERAAHE R R R AR EF RS R ER RN AR R RS ER AR AR AR LR AL R SR SRR LR LR LR

STEP 000
HAN“E?“
FLOT 302,000,012
FLQT:JQJQU 0o D0

STEP 001
DEET 003,004,303
SETR:B304=U303

T T TP e PR P PR L LT TR TR T T EE RS TS PEEEET TP P T
3 A different set of coantrol raramsters will ke loaded *
#into contral laoe 204 derpending on the valus of the : *
#rgauired shear stress which will become the sel peint of #
#the looo, ' : :
HRLESEREESH &mﬁwﬁf%%% e I T E T S T T
STEPIQOZ : ' '
LY e 000, 000 005

DEETI 003,004,354

F"IN O00.V354.V332
SKIPIOGS

MOVRINOO. 003,004,017 4,385
MOVRIGOO, 003,004,025, 367
MOVR OO0 003,004,033, 374

ERIPIOOE
MOova: nnm‘zluacﬂ+.(1?.35?
mgﬁ:wwuuﬂvz.nt- OBy 361

|-1ﬂl.l[‘1-( iy GENR . ﬂ{’-':i-n" 33342
FLoT .EUunJUé |
TFAMIO00,\I0T, V304
CERIPIOOZ

SFRE:F124

CEOTO:O0Z

=

HEHEEEFFEF A AL LR LS L E LA LB RS IR RS LFRERLFEFRE SR SRR LS B R SRR LR
I Eﬁad the outpul value of the looe and implement it as %
#+he angular velocity of the rotor. Alsos read the error *
#valug from the loog. R o #
HHR SRR PR AR RE SRR R BRI R RS RS E R R AR LR R R R R R R ERRER R R FURRELH
STERIOOT




and
.@:.

3.
False pam

e T LT LT L S X
digg.

i
%
GREERN
:

i )
FEEREEAAL LA AR S LR LR SN LR E RS S S S F A S SRR E TR E LS SR SRR PR XLLLL LN

o
£
kS
o e
LT e
E "o b
B k. .
T M et e
T T £
W L A £ —
#oan g g «©
oW E B ~
S L e
L] B A T o
He o N o0, £
< = 1Y e %o e
il u #OL * e
Lo e e * o e ¥
o= -2 3 m W A
_m“.“.. st T * oz He 4 E
N Wy A Foaw Ak
Sl Y e £ Ty o e A i
= 7Y iy i3 ! e -0 = * Mo M e [
ﬁs._ i I =5 - £d > b L I3 . E E L] [ 3t] I3
D> x4 Cro e ) * O b A Lo ] r
LI S - P FAcH ) [ w » " # o + 3 T - P M o
=t = =1 0 = &F P~ oof w £f P ol L ES I MO e o L - i .
0 iy D DO o opmo o O N B ) * o ok L =k <
= T I S A I 0 B oo 3 v 5 S P 5 B B o B G S A i Kt I I I o Y-S o
e [ I b - DR Dl L S " e el e [ 1 Ao ok - Ll 1 LOI
T - o R e B e R I o s e T - E gl o el el = = .
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DELY 1000, 000,003
SDOFLTO04

CUST 1 oOMD, 000,001
HOLD OO, 000
GOTOIG00

ENDS




ADEENDIX E

CALCULATIONS AMD CORRECTIONS FOR

THE DAVENPORT CAPILLARY RHEDMETER

The rezilts ohtai

ied with the Davenrort capillary
rhesmeter {figure 5.13) were calculated from the data
ghtained from the rressure tansducer and from the rem speed

in the follawing manner !

_Tha F1gu rate (@) af_a particular ram zpéed w#a

ccatoniated using eauaiion 4.2, Having calculated the flow
rates. the shear rate at the wall of the tapi11ar§ tube can
ke calculated using equation 3.15. The shear rate (1/zsc)

"

was found to be squal to &0 timeé the ram spesd {(cm/min).

- The shear stirsss at ithe wall of the capillary tubke can be
caleultated from the pressure drops ohtained using ths two
capillary dies of differant lenoths and similar radii gsing

equation 3.20.

The Ln (shear siress) versus Ln (shear rate) relationship

was tlotted at the different lubricant concentrations

» 0O,

tested, The zloess of the curves were found to be saual to
a5 33. 0.24 and 0.134 far 0. 0.5, 4.5 and 3ghr

{:)'
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tubricant resrectively. Using the Rabinowitsch correction
the correctied shear rate at the wall of the capiilary tube

waz caleculated from equatiaon 3.16.
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APPENDIX F

ERROR_IN REPORTED APPARENT VISCOSITIES

4 set of seven exeerimental results was obtained from the
THMS rheometer at 135 C with the SLIPPER software (Appéndix
L1Y and thé'smqoth rotor. The test sampie was. a nétﬁral
_rubber'coméaund (Compound 1, (Secticn 4;3.4))cantainin§5
0.5 phr STRUKTOL WB16 (Sectiﬂn‘ﬁ.ﬁ}. The results ohtained
‘and their standard deviations of the mean are shown in table
F1. |

Table F1: Standard Deviations of the Mean at Different

Shear Strosses.

Eheéﬁ-étress Average shear Standardldev. Standardrdév; of
AkPa) rate (1/ssc) A1/zec) the mean (1/sec)
120 2.34 0.39° | 0.1
130 - 4.84 - 0,61 ‘  - 0.23
140 1 ses | oes | oz

yse | 1s.aa 1.8 | 0.8
| w0 | w03} 316 |tz
a0 | osea | 7 377

" Using the t-distribution curve and taking theitaﬁfidence




Timit to be- 95%. the dearees of fresdom are siy. therefors
t= 2.447. The error in the reported shear rates and % error
in the rerorted arcarent viscosities were calcoculatsd from

the standard deviation of the mean and gresented is Takle

Table FZ: Eprors in Reported Shear Rates and Apcarent
Viscozities,
b ctrpee | Frene . P e f Y e .
Shear siress | Error for | Averasge ark. | Error for| %XError for
: : av. shear | viscosity apps vis. | app. vis.
(kPa} rate{+or-3 (kPa.ssc) {+ar-) (+ar-)

420 0,37 51,3 7 C43.4
130 0.54 25,85 7.8 10.4

140 0.53 5.7 1.4 8.9
150 L. bb 9.7 0.93 9.4
160 2.9 6.4 G.67 | 10.3
170 | oezm | zaa | o3 | 15

~ The average % error in the reported apparent viscosities ™

was found to be equal to 11.4%.




ﬁPPENDIX G

PATTERN SEARCH OPTIMIZATION_ PROGRAM

EEEEEEREN SRR R LR A E R AL R E RS LR LR SR SRR L L RS
# - - Define 211 arrays and put the first pa
¥arprovimations in arravy X7 and the step s
R EE NSRRI AN RN AN E LR RS BB E S H

HRERRTWER o AR

10 DI XT5) ., Y5 N(D) s XaT{5:

A0 XT{1i=_011Y (1)Y=, 001 ‘

B0 O ¥XT{Zy=2.9Y (2 =05

0 XTIy =AY (3)=.5

Ty AT {4y= _BiY (4= 05

TH AT(RI=.5:1¥(Bi=.0

FEFFHSLEFFAHFFREAARELL R SRR AR E RS R IR EF R RSB EF R EF R R AR T FE 2D
# Set W1 = 4 indicating that after halving the step size %

£four times the search routine will he terminated. %
B L F R R OE RO T AT T I LR IERRRE LT REL L LT
A0 Bl=4 i K=01NUME=0
20 FLAGI=0:1FLAGZ=1
FEREEERFRERELBERELHERE ﬁ%%**%x%¥%%%*%§%x%4é*** FEELR LAY L LEEY
* Set the arravy A to be egual to zere in a1l dirsctions. ¥
L s s T R ST TI IR PR LSS EE
100 FOR A=1 TO Co
110 MNiaY=D
120 NEXT A
B T T S LI T T TR TR EE T PR
* Check for the end of the sesarch rovtine by laooking at =
#the counter K which will show the number of times the step®
*sire has been halved. : *
EABEEEE AL FELELLEERRBEE %%%&**?*%%%%ﬁﬁ%**%%**%&%*%*%*%*%*%%%*
130 IF K=K1 THEN &S0T0O 800 '
140 B=YT 1) s I=XT (2 s T=XT (3} NT—VTiﬁ} Cz =XT(5)

GOEUR 1000 - .
R I e P e LT E L LT PR E Ey e e s L

e ujg e ol

Search in the B direction for minimum error. If B was #
#faund to mive higher error valuess at B+Y{1) or B-¥ (1) then#
J:haage B to the valus that gives the lowest error and %
#etore the change in ths array N which then defines a #*
fsdirection for movement. S ¥

4%&&%%4%M%@&w%x%hwq%x%¥%%&%x%++%%?% RERFRERFEERELERERERFLRHER
150 MIN=ER '

160 B=XT (1)+Y (1) 1 GL5UR ’li""lﬂ

170 FXPI=ERIIF FXP1<MIN THEN MIN=FYP1

180 B=XT{4:-Y (1)} :1GOBUR 1000

1890 FYMI=ER:IF FYMI{MIN THEN MIN=FYM1
200 IF MIN=FYXPL THEN N{D)=N{1)+12XT (1)=XT (1) +Y¥ (1)
210 IF MIN=FEML THEN NAL)=NOD)-18XT Y =XT (1) -¥ (1)

215 B=XT(1}
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SEHEEEEEES SRR EL L %&%%%H%%***v*%*éiéi#*i%*¢¥éﬂ%%%%%%%%%%%%%%
¥ . Sparch in the I direction and save the changs made in N#
-%%%%%'%““¥¥%3¥§%§¥%%ﬁ¥%%“%%+¥%%#i%*%+¥3*i¥*+¥i*%%#%¥1%¥%¥4éﬁ
TEO OISYT (Y +Y (2) s GOBUR 1000

230 FYPI=ERIIF FYPI<{MIN THEN MIN=FXP1

240 I=XT(2)-¥Y(2)1GOSUR 1000

T30 FYMi=ER:IIF FX M'{HEN THEN MIN=FYFt

Fay
240 IF MIN=FYP1 THEN N{2¥=N{Zi+it XT(E}TXT(')+Y(
2700 IF MIN=FIiML1 THEN N(L)_Nilﬁw XT(:) =4 T {2 }*Y(L)
275 I=XT( ' - ,
v%%%¥§“4§%%wfﬁﬁﬁéﬁﬁ%%ﬁ% KL E Y %%*%%*%%%%%*%%%%%%%”%%%%%%%&%*
% Smaran in the T direction and save the change made in N#
R R R R a T E EEEE E E R R e e

.i"?)ﬂ :—nT 3-“‘!‘"{{ }-,.w U: -!’1\1"

wO0 FYRI=ERSIF FYP1aMIN THEN ﬂTN 2R

I00 T=XT{3y-=Y {3 ) EOELR 4000

F10 FYMAI=ER2IF FEMi<MIN THEM MIN=FXIM:

220 IF MIN=FEIP THEN N{S)=N{Z)+1:¥

330 IF MIN=FXM1 THEN r‘(3) =M{3) 18X

335 T=XT{3Y - \ \

HEBREEFEERERFERFSERERERF LR LR R R LR RE LRI RN L RS ERE R LSRR L LR

¥ Gearch in the NI direction and save thes change made in N#

B LI T e E Ly Y Y o

ZA0 NI=XT{3)+Y{43) 1GOEUE 1000

it FKPizER:IF FYP1aMIN THEN MIN=FAF1

ZA0 NI=XT{(4)y~¥Y (4) 1GOSUR 1JHﬂ

370 Fn‘ﬁ—"q IF FAMYIAMIN TH MIMN=FXMT

80 IF MIN=FX#EL THEHN m(w)t (AY+1 3T (MY =XT ()Y +Y (4}

280 IF MIN=FIHM{ THEN H{4)=N 4} -4 8 T{4)mnT’4} Y4}

"?E MI=sXT{4) ' :

TR P S R R R E e T I P A S I T T LT
Search in the Cro direction and save the change made in N¥

T R T R P T B A R R g Y S eI T 2o

400 Co=XT(SY+Y (5) 1G08UB 1000

410 FYPi=ER:IF FAP1<MIN THEN MIN=FiPt

420 Ce=XT{3)~=Y(3) 1GDEUE 1000

430 FXMi=ER:IF FYMI<MIN THEM MIN=FXH

A40 IF MIN=sFYP1 THEN NBI=N{R)+H1IXT{Si=XT{5)+Y (5}

ARG IF MIM=FYM1 THEN N(5)=N(5)~‘-X‘(5‘mXT(5)—Y{5}

454 Lr~nT(R¥ _

4%%%%”%%%£%*+%*%¥%“%L%%%r%%%%%¥%¥%%i%*3%“ﬁ¥@*é*4%%*ﬁi* EREEFE

#  Test for undefined direction i.2. N{1 to Si=(, #

T Attt s

A&0 FOR A=1 TO 5 '

470 IF MN{AY<X0 THEMN FLAGL=1

ARO NEYT & '

420 IF FLAGL=D T“ W OG0T OO0

R0 FLAGI=C

540 IF FLAGZ=1 THEMN FLAGZ=0:I1E0TO 530

Sas PRINT "MINY"IHMINIVFRATYIFXAT

R EE R RN AR AN RN SR LN LR AN E R R AR A SR SR AR RS F FAFREEE

#* Tazt for rejection of new base. If new base has higher #

geprror wvalye than the old ones go to the old hase and *

¥re—-start the rpattern search. _ ' #

FERFREFE RS S H S AR LR L L LS LI F LR AL FF RS S %%}%%%%*@*4@&%%4*3%%*%%&

A ofi L
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a20 IF WIN} FYAT THEN FOR A=1 7D SiXT{A)=XAT (A} INEXT A:
GOTC 90 '

R Y T PR e P R E R SR B X E L RO SRR gV v Ergnp e
* Make aattﬁrn maove tp the new base. Msw bas _
¥ptus N ¥ step size. #
FEREEEREREEEENFEAEEEEREARE *M*&&%% FELRERRERFREERBRERRAERRE RS
530 FOR &=1 TO =
540 XAT(AY=XT (A}
S50 NEXT A

BAH0 FYXAT=MIN
570 FOR &=1 70 3
R0 YT(AY=XTI{A)Y+
SR NEXT A

SO0 BUEMRE=pUIME
£10 PRINT P

o _.|.-
s
£ S
il e
e
O o
bl
L e
g
£ o
LTI 3
uioe
LI
E
ko

"OERROR="IFYATIY AT"iXAT(1D)

o
5
YAT (535" K="yl

i ook O
E

.
w
abe
#
e
e
-Qc
ale
F

EEEFERLER A AR S AL RS ER LS R LB E B F LR ERFHLERERR
} If h Was g res halve the step size and add onex
*to the counter K. ' o #
ER R R B R F R R RSN AR R SRR AR R R I N RN S R AR R RN FF AR SRR LR BB R R ERE
00 FOR A=1 TQ 5
710 Y(AY=Y (A /2
720 MEXT A
730 K=K+1PRINT "K='§K
740 GOTO 100 '
EREEEEEHEES %%4%&*4&%%v%%x%£4@%§x%%&+%4§%¥31%4w%
#  Print messages for orsrator. *
e Rt s A e i
00 PRINT "AFTER "iINUMRS '
"ITERATIONS THE MI JIVUH WAS FOUND TO BE "iMIN
803 LPRINT “AFTER "3iNUMB
"ITERATIONS THE %IN;PUH Wah FOUND TO BE "iMIN
810 PRINT " THE COORDINATEES ARE ”'kT(i?.XT f};XT{B)'XT(i)
PAT(Z) '
315 LPRINT " THE COORDINATES ARE "iXT{1)3XT(Z2)3} T(?), AT{4)
XT3 ' ‘
320 FRIN? "THE CALCULATED PROIMTS AREDY
825 LPRINT "THE CALCULATEDR POINTE éP.'“
827 B=¥T (1) :I1=XT(2) 1T=¥T(3) iNI= KT(") = .T‘E}

- B30 FOR ¥X=0! TO &' GTEP LE5

83’ HOSUR 2000
A0 LPRINT "COMNO=Y
ﬁ4 PRINT "COWC=
850 NEXT X
B&D END g . : , ,
e e PP PP P P EEEEEEE R E P E P TP A Y Y e A
*#  HBubroutine to calculate the least square error criterion®
4%%4§*K¥+i%#K%*%%%%*%*%ﬁ%%ﬁ#*$¥%%%%%%%%%?%ﬁ%+%¥¥%%%Fi%%*ﬁ%%k
1000 MO=75

At W F

:¥ 1 WISCOCITY="1Y
XEMVISCOCITY="Y

1010 X¥=.3:608U8 “ﬁﬁﬁ
1020 BEi={42.85-YY/12.83
1030 =1 .3:508UB 2000
1040 EZ2=(18.85~Y1/158.85
1050 ¥=311GRSUR 2000




10460
10740
1ORG
1080
1400 ¥=

.k
' 'lf:} F:;""{
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i
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i1
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il
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L
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i

v 1 "ﬂn &1t
1350 Blbs={77 34
1Z40 MO=180, 85
1370 ¥=.S1G088 "’3 I
1380 B17={130.77-YY/130.7
1350 K=1.5=ﬁQBU? 'ﬂﬁﬁ :
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¢ H %%%%%%%%%%%%*ﬁ*ﬁé%%*%%%¥%%*%%%é%%%%%%%%**%%**M%@&“%‘
Subroutine to calculate the apsarent wviscosity . ¥
'%%%%%%%*@%%§§%%¥§*#%%**%%%%%ﬁ%é%%%%%%%%%%%%%%4¥+%¥¥§4%}b
V=R
i FHE RN
IR XPCR OTHEN Y=NOU1-Ti#EYP{I#(Ce~X))+T)
'HmL YV { (1 -BI$ERR(~X3NIY+E) .
2040 RETURM
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APPENDIX H

ERROR_FOR % DECREASE IN _APPARENT YISCOSITY

firam the TME rh

JRUER RS - - A e
RESULITTR 1i P8 o POBEGH l:'l.+ VI L

' M A Hd » [ -~ R ", k{ . -

Pl : TEACTOE . WBRAL (Bection .9, 1 the srrorin the
ns

repncted 2 waz taker to be sauzal ta 11%,

- - - = - - - - R - R < - -
ths zrror in the Ydecrease in the aoparsnt visgosities can
b rcaloulated vsing the Yaw of oropsgation 5f grergrs D477,
P o= #1 - a7 waa (MG

L

The arror in P (sgquation H1) will he saual to the
square reot of the sum of sauares of the absolute errors

in A1 and &2,

r - A P 1"t
B bl -! Ao ) wow o AETED

The grror in P (esuation HZ) will be gaual to the

czadare roogt of the sum of saguares

b

in A1 and AX.



Table Hi: Caleculstion of the error in % decreze in the

apvarent viscosity at 1&0 kPa shear stress.

Conc.|Aor. vis |l AbsclutelNumerator| Numerator] Ydecrease
febrd | (BPaLsecd) ) error error. | rel.error{rel.error

0 e | as | - - -

2 - - = = >y
.75 B o3A .2 4.7 0,20 L
- o ’ . y . -
1:5‘ ‘11‘{ 115!’ 4-?‘2 c'u-z..., i.guﬁ:"?'
4 12,45 1,37 4841 .8 Gl
"The averags ralative error in the rero

rted Y decreass

i the apparent viscosity was fourd fo bhe eauzl to O.23.

4
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