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ABSTRACT

The use.of cellular polyurethanes either as microporous foams
in shoe upper materials (poromerics) or in closed cell form as séling
ma£erials has increased rapidlf during the last few years in the
footwear industry. Compared with vulcanised rubbérs, théée materials'
have high strength over an extended temperature range, high set and
good resiétancé to cut growth.' The researqh now presented has been
concerned with determining the-reasohs for these mechanical
properties of polyurethane.as compared with compo;nded conventicnal
vulcanised rubbers.

.The supplementary contribution to the thesis presents a review
of earlier work on the strength and reinforcement of crystalline,
amorphous and filled vulcaniéed rubbers and includes a short section
on the effect of érosslinking on ultimate failure properties of
natural rubber, This study has been extended by the author inté the
effect of chain branching in polyurethane elastomers on the failure
properties. .

The viscoelastic properties of natural and artificial leathers
are also discuSSéd in ofder to demonstrate similarities hetween the
different materials éﬁdtshow hoqia céllh}ar polyurethane sheet‘has
hysteresial propertieg'similarhté.£hoég of a natural materi?I of
fibrous structure; o

It is shown that a cubical lattfce médel can be applied to
explain the differences between such mechanical properties as modulué,
tensile and tear strength of a cellular polyurethane and the
corresponding solid material of the same polymer, This model, which
“has previously been applied to the mechanica} properties of a

natural rubber latex foam,‘ihgiéates that the strength of cellular

polyuréfhanes is due to the very high strength of the solid.material.



An extensive investigation into the effect of time and temperatufe
cn the tensiie properties of cellular and soiid polyurethanes is
presented in_order to show that polyurethanes of the type used in
poromerics have a very broad relaxation spectfum éxtending over 18
decades of time. Because of this response to deformation, the f%ilure
propertiesl remain fairly constant over the tempera’.turc; range from
21 - 160°C. Above-iGOOC, fhe tensile properties fall quite markedly.
Stress softening in these polyurethanes is very high éq?lcan only be
reversed by heating to temperatures above 160°c. |

The cut growth and fatigue properties of cellular and solid
polyurethanes a;e considered. Following a brief review of the
investigation on cut growth and fatigue of vulcanised rubberé involving
the use of teéring energy theory, it is shown that cut growth and
hysteresis.properties of vulcanised rubbers Ean be cofrelated. The
‘lower limit of teafing energy (To)'below which no cut-growth takes
place in the abseﬂce of chemical effects is found-to be higher for

' {faclnse
polyurethanes than for vulcanised rubbers. Fatigue life of cellular
polyurethanes is found to be due to cut groﬁth from the‘iaygest pore
in the sample. These data are also compared with measurements on
other two phase elastomer systems such as styrene butadiene copolymer
vulcanisatgs with high styrene content and polystyrene-polybutadiene
thermoplastic rubhers.

From an extensive review of the literature on the structure of
polyurethane elastomers, it is deduced that polyurethanes of the type
used in poromerics consist of a segmented structure of long polyester
chains connected to very minute (253) hard urethane segments. The
cohesion of the hard segments is primarily due to hydrogen bonding

and other physical forces.

-
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It is concluded that the high strength, good cut growth
resistancé.ahd broad relaxation spectrum of polyurethanes are due to
the reinforcgment given by the hard urethane segments which act as
weil dispersed minute fi;ler particles in the polyester rubber mafrix.
The hydrogen bonding between tﬁe hard segments diésociates at
approximately 1700C so giving a degree of thermoplasticity which
produces‘a very high permanent set.

" An appendix discusses some of the practical applications in the
- footwear industry of the work presented, such as forming of poromerics,

tearing from stitch-holes and flex cracking of solings.
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----------------- appropriate)
an ‘Time-Temperature Shift Factor_
AKZ Moment of Inertia
c Volume concentration
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Co Initial flaw size cm
dc/dn Rate of cut growth cm/cycle
D Diameter of struts in Model (Chap.
L)

e Extension of foam
et Extension of solid
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Eeo \ Equilibrium Modulus kgf/r.:m2
E. - Breaking energy/unit vol. J/cc
Ep . Energy density at failure in foam J/cc
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f(e) Strain function
F _ " Force ‘ ‘ kgf
F(t) . Constant strain rate modulus kgf/cm2
g Numerical Factor
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R ' Gas Constant
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CHAPTER 1

INTRODUCTION

1.1.. USE OF POLYMERIC MATERIALS IN FOOTWEAR

The traditional material used fof ceﬁturies in the manufacturé
of footwear has been natural leather. 1In recent years leather has
also been increasingly used in the manufacture of gloves, clothing
and uphoistery. The success of leather in these applications is due
to the good comfort and hygiene properties offered to the wearer. It
is also vefy fough yet feasonably flexible and has good durability.

Despite'theée good properties, however, it suffers from é number
of disadvantages. It cannot, for example, be obtained-in uniform
continuous sheets and this has delayed automation in these industries.
Variations in leather quality arise from the techniques of husbandry,
environment type and age of the animal. Serious faulfs, for example,
within leather.are-caused by insects and fungal infections. These
faults however can he masked by the tanner but not always
satisfactorily. A certain amount of wastage must result from this
treatment and this is the main reason why footwear and clothing
manufacturers have increasingly turnedrto synthetic materials yhich
can be obtained in continuous sheets and also have fairly uniform
physical properties.

Another reason for the emergence of synthetic leathers is the
possibilitonf a supply gap existing in the next few years. By‘taking
igto'acgount the increase in world population and also the increésing
number of pairs of shoes pef,person, it is thought that the world
output of hides will be at least 30% less than potehtial demand by
1980. These figures exclude the increasing use of natural leather
in clothing. In 1960, 75% of total leather usage in Britain was in

footwear, whereas in 1970 this figure was reduced to 58%.
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Polymers1 have been widely'used as replacement materials for
leather‘during {he,last 20 years. Only 7% of the footwear produced
in the U.K. gt present has leather soles. The rise in the use of
pelymeric baéed upper materials has not been as faé£ as soling
materials but in 1970, 29% of the dress shoes produced in the U.K.
had synthetic uppers.

1.1.2. Soling Materi;li

NSRS TR ST S =T =aE

Polyﬁers have been used as shoe soling materials for the last
40 years but the most successful have been resin rubber soling sheets
and direct moulded rubber soles which were introduced around 1950.
Resin rubber was founa to be the first material that looked like
leather but in addition was more durable, completely waterproof and
cheaper. In order to produce a lighter sole, microcellular rubber was
later introduced. During the i960's the use of PVC increased as a
soling materiallmainly due to the relativé ease of processing but it
offered little in improved performance in wear. During the last few
years, however, microcellular polyﬁrethane solingsi—é have been
introduced which have improved performance in wear over both rubber
and PVC and are quite light in weight,

pper Materials

Thé first group of materials to be used as substitutes for leather
uppers in shoes were coated fabrics. Solid or cellular polyvinylchloride
(PVC) coatings on a woven, non-woven or knitted base are the most
widely used materials and are shown in the scanning electron microscope
('SEM) photographs5 in figures 1,1. and 1.2; PVC coated fabrics are
satisfactory for use in certain types of footweaf because the general
appearance of leather is simulated and they also possess some similar
properties, Theif main disadvantéée, however, is that thej lack the
abiiity to 'breathe' or transﬁire water vaﬁour and air which is

characteristic of leather and their use has therefore been restricted



Figure 1.1.
=========:==

SEM Cross~Section of Coated Fabric consisting of Solid
PVC on woven fabric base. Magnification : 42 (After Hole

and Whittaker?).

SEM' Cross-Section of Coated Fabric consisting of Cellular
PVC on non-woven fabric base. Magnification : 40 (After
Hole and Whittaker3). '
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~to women's footwear of fairly open construction where these properties
are not so important.

The outstanding moisture absérption and permeabiiity proﬁerties
of leather are due to the molecular and physical structure of its
protein pre-cursor, collagen. Collagen is the main constituent of
all structural tissue and is convertgd into leather by tanning with
such agents as chromium salts, vegetable tannins aﬁd aldehydes,

The most hydrophilic man-made polymer yet manufactured, however,
does not absorb mofe water than does leafher itself. This fact.has
led manyﬂmanufacturers to the idea of using collagen or leather fibres
as a possible raw material for the manufacture ;f artificial 1eather6.
This class of materials is known as collagenous poromerics. Since
1964, however, large financial investments have been made in the
developmenﬁ and production of a completely man-made poromeric5—7. Up

to present these have had bettér proberties than the leather-based or

collagenous types.’

1.2. POROMERICS

The manufacture of a completely synthetic material with moisture
absorption and permeability properties similgr to the natural leather
was starte& in the late 1930s by E. I. Du Pont de Nemours Inc., U.S.A.
_Commercial’production of the Du Pont product, under the trade name
'Corfam' was not started however until 1964, but as early as 1942, a
U.S. patent8 was taken out to describe a shoe upper.material composed
of flexible fabric coated with a synthetic linear polyamide. They
initially used the term 'poromeric!' to describe the material and
defined it as 'A microporous, permeable, coriaceous sheet material

comprising polyurethane reinforced with polyester'.



A number of néw poromeric upper materials have come on to the
market in recent yearsS-?. In view of the development of these
materials, the Shoe and Allied Trades Research Association has had
to widen the‘first definition given by Du Pont and now defines a
poromeric material used in footwear as 'a man-made shoe upper material
which ié_generally similar in nature and appearance to leather and in
particular has a comparable permeability to water vapourt,

Most of the developments of pbromerics have been based upon an
attempt to imitate the fibrous structure of leathér. This is shown
by the comparison5 qf the scanning electron microscope photographs
in figures 1.3. and 1.4. Figure 1.3. shows the structure of side
leather and figure 1.4. shows the structure of poromeric 'Corfam' which
has a highlfibre density in the substrate. Leather consists also of
a tightly packed fibre system but in contrast to the poromerics shows
no large void spaces nor has any form of binder material between the

fibres.

1.2.2. Structure of Poromerics

Poromerics in general have at least two discrete layers and some
of the fibrous tjpes such as 'Corfam', shown in figure 1.4. may have
as many as five layers.

The layers are:

a) Finish (or top) layer

This is a fery thin film applied to the otherwise complete
poromeric. These finishes are commonly acrylic polymers but may
sometimes be transparent polyurethane.

b) Surface skin -

0 o et ok s 4 A ko8

This is usually an integral part of the'microporous layer, being

formed as a result of fusion_of the outermost cells. In some
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Figure 1.3.
EaERENEEEERS

SEM Cross-Section of Side Leather. Magnification : 35
(After Hole and Whittaker3)

SEM Cross-Section of "Corfam" poromeric.
50 (After Hole and Whittaker”).

Magnification
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instances this surface is formed during a film felease process and in
others as part of the grain embossing process; The thickness and
 'broperties of this skin are very imfortant because they affect the
resistance to.water penetration and the water vapour peréeabilities
of the poromeric, also its resistance to scuffing and snagging.damage;
in combination with the microﬁorous coating, the skin determines the
type of 'break' (wrinkle formation) that the material will form when
folded.

c) Microporous layer

The thickness of the combined surface skin and microporous layer
can vary from 16.— 419% of the overall thickness in commercial materials’ .
The microporous layer is generally & permeable polyurethane foam of
small cell dimensions. The density is usually about 0.5 gm/cc and
therefore amongst polyurethane foams would be coﬁsidered as a high
density material.

~d) The interlayer

S el g T P e P s A LD St o et et

'This is ‘commonly a woven fabric which separates the microporous
layer from the non-woven substrate in some materials. This component
serves several purposes, e,g. increases tensile and tearfstrength
(but reduces breaking extension); controls stretch and creep; masks
surface unéveness effects when material is strained; placesg the

"neutral plane of the material close to the surface skin.

Thé interlayer fabric is polyester in 'Corfam!, but other fibrés

are used in other poromerics. Although such interlayers provide the

benefits listed above their use creates the problem of delamination

which has caused some difficulties in shoe manufacture,

e et g S e ik

This can be a non-woven, woven or knitted fabric all of which

“are impregnated to various extents with a polyurethane elastomeric
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binder. However, in one instance, discussed below, the substrate
is cellular ﬁolyurethane only.

In general, the impregnated substrates tend to behave like the
"fabfic reinférceﬁent which they contain, thus substr#fes wifh a
non-woven matrix have a high breaking extension aﬁd tend to creep,
wheréas those substrates with woven fabrics have lower breaking
extensions and tend not to creep; knitted substrates come somewhere
between the two. The mahufacture of poromerics has beén discussed
in several recent publications7’9.

The five layers discussed above can be seen in''Corfam' shown
in figure 1.4. The density of fibres in this material is very much
higher than in any other poromeric and approaches that found in
natural leather. The polyurethane microporous layer in 'Corfam'
differs from most of the other poromerics in that it is 5ased on a
polyether polyurethane rather than a polyester.

Figure ;.5. sﬁows the strucfure of the poromeric 'Clarino' which
is characteriséd by the absence of aﬁ‘interlayer. The ofher major
difference between 'Clarino' and 'Corfam' is the much larger amount
" of foam elastomer in the substrate. It can be clearly seen from

figure 1.5. how little adhesion is apparent between the fibres and
~the foam, an interesting departure from the usual non-woven structure.
It is'fhis.absence of adhesion_that contributes to the relatively
‘Qood hqndle properties of 'Clarino'. The othef significant feature
in this connection i=s the small proportion of fibrous component in
the substrate; it is much smaller in 'Clarino! than in ény other
fibrous based poromerié. The fibres in this material are nylon and
viscose rayon.

Gradual development of poyoﬁeriés has moved away from the "let's

imitate leather'" look and recently a new type of poromeric has appeared
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Figure 1.5.
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' SEM Cross-Section of "Clarino! poromerice. Magnification :
90 (After Hole and Whittaker”).

-,%'; J‘.. ;
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Figure 1.6

-
EmmERmIRIas

SEM.Cross-Section of "Porvair" poromeric. Magnification :
50 (After Hole and Whittaker”)
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which consists of just a surface skin and high density microporous
polyurethane foam as shown by the scanning electron microscope
photograph of 'Porvair' in figure 1.6. This material opens up a
10,11 . .

number of possibilities for process developments within the

' rat od
footwear industry. The modulus of 'Porvair' is lower than wetd the

Poruair .

fibrous poromerics,and—it has good surface abrasion properties.
The mechanical properties of this material are those of a polymer,
and thereforé are viscoelastic in nature, (i.e. dependent on time

and temperature).

1.3. THE PROBLEM TO BE INVESTIGATED

The remarkable feature in the use of polyurethanes in.footwear
" is that they are tough enocugh to replace a completely fibrous
material. This is more particularly surprising when it is coﬁsidered
that the polyurethane is an unfilled cellular polymer of fairly low
cross link density. |

The strength of normal vulcanised elastomers hés been the subject
of a considerable amount of published work in recent years; in
particular, reinforcement of rubber by the inclusion of filler
particles such as carbon black. This subjeﬁt has been partly

investigated by the authoriz_i?

prio; to the work presented in this
thesis and a review paper on the strength and reinforcement of
elastomers.is included a; arsupplementary contribution.

Iq particular it has been found that the strength of a rubber
is dependent on the hysteresis in the vulcanisate and quantitative
{Flationships have been derived befween energy input to break and
hystgresis at break and secondly energy input to break and strain
at break for both filled and unfilled elastomers. The addition of
filler particles such as carbon black to rubber causes a shell of

immobilised rubber to form around the filler particle. This results

in the bulk rubber acquiring additional characteristic response times
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which increasei the viscoelastic hysteresis exhibited by the rubber
in addition to the hydrodynamic increase in hysteresis caused by the
'addifi;n of hard spherical particles to a viscous medium.

The subiect under investigation in this thesis however is the
strength and other mechanical properties of cellular polyurethanes
used in the footwear industry, particularly the microﬁorous foams
used in poromerics. These results are compared with those of both
unfilled and filled %ulcanised rubbers in order tolprovide an
e#planation for the high strength and abrasion resistance and good
"cut growth prbperties of cellular polyurethanes.

One of the.other characteristic features of the high density
cellular polyurethanes used in the footwear industry is thét in
contrast to vulcanised rubbers, the high strength of the material is
maintained ove? a fairly wide tempergture range (from 21°C to
approximately 170°C).

By the applicétion of heat during conventional manufacture of
shoes, it is possible to shape and coﬁpletely sét poromerics to a
mould (last) shape. This would indicate that the golyurethanes ﬁsed
have a fairly wide distribution of relaxation times and this
particular feature is studied in the present.work.

If the cellular elastomeric polyurethane is heated to
temperaturés of approximately 160°¢ or above, the material can be
.shaped-to a mould by the application of pressure or vacuum. This
behaviour indicates that the material is also thermoplastic in
gature and this is further investigated in the thesis.

When used in footwear applications, cellular polyurethanes
require a high resistance to cut growth. Inrthe case of soling
matérials, polyurethane has to resist the growth of cracks from

the penetration of sharp stones and flints whereas when used as
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upper_materials, the polyuretﬁane has to rgsist'the growth of cuts
from stitch-holes and surface abrasion. The cut groﬁth properties
of these materials are discussed in this investigation in terms of
the téaring énergy theory deveioped for vulc&nised rubbérs;
Practical applications of some of tbis work are considered in

Appendix I.
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CHAPTER 2

EFFECT OF CHAIN BRANCHING ON FAILURE
PROPERTIES OF POLYURETHANES

2.1. INTRODUCTION

12-1% in recent years that quantitative failure

It has be;n foun
relationships can be obtained for amorphous rubbers between the energy
input te break #nd hysteresis at break and sécondly betﬁeen the energy
input and strain at break in a uniaxial tensile stress-strain test.

These failure relationships have also been applied to amorphous
rubbers filled with carbon black when it was Showp that under conditioﬁs
of constant énérgy input, both the strains at break and the hysteresis at
break of the filléq rubbers could be corrected and unified with the gum
rubber by use of a hydrodynamic factor. |

Another investigationi? showed that a strain-crystallizing rubber
such as natural rubber diverged from the hysteresis failure law between
80 and 13000. This divergence is due to the material 5etWeen tﬁese two
temperatures being in neither a uniformly crystalline nor totally amorphous
state. Natural rubber was, however, found to obey the failure relationship
between energy inpﬁt to break and strain at break. This latter
relationship17 was also dbeyéd by several dicumyl peroxide-cured natural
rubber vulcanisates of differing crosslink densities. Under conditions
Vof constant energy input to break, the strains at break of the different
crosslinked mixes, when corrected by a parameter from rubber elasticity
theory become coincident.

Apart froﬁ this small study on NR vulcanisates, there has been little
investigation into the effect of changing the degree of branching or
crosslinking of the rubber on these failure relationships. As the

polyurethane used in poromeric materials is generally reportedwto have
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little crosslinking, an investigation by the author of the effect of
changing the degree of branching associated with the polyol component
.in a range of knouwn polyurethane elastomers is presented in this chapter
in order to provide a more satisfactory base on which the properties of
the elasfomeric prolyurethanes used in poromerics caﬁ be compared.

2.2. CAST POLYURETHANE ELASTOMERS

The elastomers used in this study were identical with those

previously considered by Buist et a118'19.

A usual procedure for the
preparation of cast polyurethane elastomers with a lightly crosslinked
structure is to use formulations éontaining at least one component with
‘more than two reactive end-groups, such as the reaction of a diisocyanate
with a lightly branched, or mixture of linear and branched, polyester or
polyether. The properties of the elastomers are determined mainly by the
chain structure and degree of branching of the polymeric intermediate and
‘by the stoichiometric balance of the compbnents.

- Processing characteristics and properties of the products can be
varied by use of more than one polyol component. This allows not only
the degree of branching associated with the polyol component to be varied
but by varying order of interaction of the polyols with the diisocyanate
it is possible to vary processing factors such as temperature of reaction,
viscosity and cure of casting mixj3 this also facilitates the incorporation
of fillers. In addition to using polymeric polyol cemponents, low
molecular wéight polyols may be included and branching can be introduced
by use of a polyoi such as glycerol or trimethylolpropaneiS'ig. This

system was adopted for the cast polyurethane mixes used in this

investigation which are shown in Table 2.1.
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DéltorollPRi* is a slightly branched polyester based on adipic
acid and Suprasec PR* is toluene diisocyanate (TDI). The reaction of
Daltorol Pﬁi* with somewhat less than an equivalent of Suprasec PR*
yields.a soft elastomer but by includiﬁg trimethylolpropaﬁe in the
fornmulation, the hardness and tensile strength can ﬁe increased. Small
amounts of trimethylolpropane incre;se_resilience but high propﬁrtions
give resinous products of low resilience and low ultimate elongation
rather than elastomers.

The procedure used for preparation of the polyurethane sheets was
to add trimethylblpropaﬁe‘to Daltorol PR* at the start of the dehydration
stage. At the end of the dehydration periocd before additions of the
Suprasec PR* the mixtures were cooled to about 40°C. The sheets were
supplied by Imperial Chemical Industries Ltd. (Dyestuffs Division) and
_ were frepared by a simple casting technique. |
.TABLE 2.1.

FORMULATIONS OF CAST POLYURETHANE ELASTOMERS

Compound A B c - D
Daltoroel PRL* 100 100 100 100
Trimethylolpropane 3.5 7.0 10 13
Suprasec PR* (2,4 - 2,6/80/
20/TDI) 15.27 22.9 29.0 3L4.9
Cure (hours at 110°C) 3 3 3 3

2.3. EXPERIMENTAL

The test pieces were in the form of rings with inner diameters of
23 mm and wall thickness of 2 mm. They were cut from sheets of rubber

of. approximately 2.5 mm thickness by use of a twe blade rotating cutter

shown in the photograph in Figure 2.1. Soap solution was sprayed on to

* Registered I.C.I. Ltd. Trade Names.
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the ruﬁber surfaée during cutting to obtain a clean cut.

Each ring‘test piece was weigheé so that its cross-sectionai area
could be accurately calculated from the ring circumference and density.
The samples were extended on a Table Model (IM-M} Instron Tensile
Testing méchine. The Instron was regularly serviced:and checked
tﬁroughout the whole of this work described in the thesis.

The fest pieces were supported on déuble roller bearings shown in
the photograph in Figure 2.2., one pair was attached to the load ceil
and the other to the crosshead. This type of support ensured that the
ring test pieces were in a state of uniform tension and aveoided the
normal frictional forces that occur betwéen a ring shaped.test piece
and support. Any differences in tension around the circumference of
the test piece during extension wefe immediately removed by one or more
of the rollers rotating.

The crosshead travelled in a chamber maintained at a constant
' temperatﬁre by air blown into it through a thermostatically controlled
heater. The variation of temperature throughout the chamber was lass
thanli 1°C. The samples were tested over a temperature rangé from
21 ~ 120°C and the rate of strain was 250% per minute in every case.

The test pieces remained in the constant temperature enclosure 5 minutes
before straining at each temperature.

The experimental procedure to determine the energy inpgt and hysteresis
at break was to obtain, at each temperature, three tensile stfess-strain
curves up to failufe on new samples. A fourth sample was then extended
and the crosshead reversed just below the average breaking stress of the
three samples. The energy input was‘obtained\from the area uﬁder the

extension curve and the hysteresis from the area between the extension
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Two blade rotating cutter used to cut ring samples from the
-rubber.

[

Figure 2.2.

-3+
Double roller bearing supports used for ring samples when
strained in the Instron Tensile Tester.
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- and retraction curves directly by use of an integrator unit attached to
the Instron tester.

2.4. EFFECT OF TEMPERATURE

The tensile strength_and hysteresis of all thg mixes were found to
be very low. The hySteresis ratio at break (fatio of hysteresis at
break to energy input to bfeak) at 2100 was found to be'10.9% for mix D
-and approximately 4% for mixes A and B. The hysteresis was negligible
at temperatures above SOOC and hence a full study on the effect of
.branching in polyurethanes on the energy at break/hysteresis at break
failure criterion could not be carried out.

The effect of temperature on energy input to break for all the
mixes is shown in Figure 2.3. where the average value of energy.input
to break for each of the four rubbers is plotfed on semi-logarithmic
paper against the reciprocal of absolute temperature.

121 on normal crosslinked amorphous rubbers showed

‘0
Earlier studies"O
that 1the energy input to break was related to the reciprocai of absolute

temperature by an equation which was considered analagous to the van't

Hoff isochore:

U, = Dexp(G/T) 2.1.

wheré D and G are constants.

Straight lines have been drawn through the experimental points in
Figure 2.3. and hence equation 2.1. ig shown to be obeyed. The lines
for the.different compounds are also approximately parallel indicating that
the constant G is independent of the degree of branching.in the polyurethane
and hence must be a parameter associated with the base constituents of the
rubber. Similar resultsz1 were found on a series of SER vulcaniéates of

differing crosslink densities.



20~

10
.1 oMix A
s Mix B
o Mix €
+Mix D
£
210
2
o
]
5
[=]
~
P
g
=
= o1
[ vl
g
001 N e
25 , 30 35
03 k)
L .
Figure 2.3.

_—=RRSooommT

Variation of energy input to break with reciprocal of absolute '
temperature for branched polyurethane elastomers.

;00 o.) o ' , B)
1 o MixA |
.8 MixB -
@ MixC -
. . Mk 0
Sp ‘
<
gbﬂ-
g
-
b
s .
g | .
.
z
=
5
&£
. 2 .04
2
[
a
2
00 0 07007 ST
STRAIN AT BREAK 2 £ Ve2 (motesfex) 72
Figure 2.4,

Variation of reduced energy input to break for polyureth@ne elastomers
with a) strain at break b) straln at break nultiplied by VeZ2.



2.5. STRAIN AT BREAK

2.5.1. Experimental Results

on both amorphous and strain-crystallising vulcanised
rubbers has shown that the energy input to break (Uﬁ) is related to
the strain at break (QB) up to the maximum extensibility of the network

(EB max) by an equation of the following form:

Ug. 20k = A EB2 2.2.
T

where A is a constant and T is the temperature of test. The energyris
reduced by the term 294/T to allow for the temperature dependence of
rubbérlike elasticity as predicted by the.kinetic theoryzz. This

" relationship is a medification of the tfailure envelope! approach of

Smith23’24

and othérs25 who plot stress or real stress at break against
the strain at break. The use of the parameter, energy‘input to break,
allows, however, a quantitative relationship between the failure
parameters to be derived.

The variation of energy input to break with strain at break for the
.four polyurethane.rubbers is shown in Figure 2.4a. The results as
predicted by equation 2.2. produce a square law relationshiﬁ, ﬁp to the
maximum extensibility of the network (EB max), but are displaced along
the strain axis,

17121

Earlier work on natural and styrene-butadiene rubber has shown

that at the éame energy input to break, the strains.at break are in the
ratio of-their respective Ve% values provided that the strains are below
the maximum extensibility of the network. Vé represents the number of
ne?york chains per unit volume of the rubber network and' is usually

. expressed in mol/cm3.

At very high temperatures, the amount of hysteresis for the
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polyurethane';as negligible and hence the rubbers could be considered as
Vthough‘they were in an equilibrium condition. The modulus at these high
temperatures was therefore assumed to be the equilibrivm modulus and was

measured from the initial slope of the stress-strain curves.

The classical theory of rubberlike elasticity specifies26—29 that the
equilibrium shear modulus (Ge) is given byt
Ge =g V RT . 2.3.

e

vwhere R is the gas constant and ¢ is a numerical factor having a value of

2
approximately unity. The factor g includes the ratio To / 2 where
r

<

re2 is the mean square end to end distance of a strand and roz is the mean

square end to end distance which strands of the same length would assume

30,31 32-34

"if not constrained by crosslinks and other possible contributions
In an idealized network Ve is the density of stténds that are
terminated both ends by éhemical crosslinks, but it is rarely if ever
possible to determine Vé accurately By independent means, hence the exact
rvalue of g remainé in doubt. If it is assumed for the present study that
g = 1 and that the equilibrium tensile modulus Ee = 3Ge, then‘equation 2.3.

becomes:

E =3 VRD 2.4,

it

Values of Vei were therefore obtained by use of equation 2.4. from measured
values of equilibrium modulus and these are shown in Table 2.2. It is
usually assumed for branched polymers that Ve includes chains between the

branch points.

TABLE 2.2,

1
- VALUES OF ve2

T
Mix Ve2 (mol/cm3)%
A 1.39 x 10~2
B 1.66 x 1072
c 2.07 x 10~2
D 2.36 x 1072
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_ The- strains at break of mixes A-D were multiplied by their respective'
' Ve% va}ues and the resulting graph is shown in Figure 2.4b. -Thg agreeﬁent
between thé four mixes on this type of graph is shown to be remarkably

good and therefore the equation to the line for different crosslink‘

densities can be expressed as

 (29k) ~ 2 |
Upe By = BV EBL 2.5,

vhere B is a constant.

A similar graph to that shown in Figure 2.4a. was found in an earlier

investigation17 into the failure properties of natural rubber vulcanisates

-and this is shown in Figure 2.5a. It is found that a square law

relationship predicted by equation 2.2. is obeyed for three vulcanisates

cured with 1, 2 and 4 phr (phr.= parts per hundred) dicumyl peroxide.
-Values of Ve for these mixes was obtaiﬁed from the data of Porterjs.

In this early investigationi?, agreement betweén the vﬁlcanisates on this

type of graph was ébtained by'multiplying the strains at break for the 2 and

. 1
L phr dicumyl peroxide vulcanisates by the ratio of the respective V‘e2

value to the value of Ve% for the 1 phr dicumyl peroxide mix.

The results shown in Figure 2.5b. have, however, been obtained by
multiplying the strain directly by Ve% and hence can be used as a direct
comparison with branched polyurethane rubber results shown in Figure z;éb.

A similar graph was obtained from work21 on styrene-butadiene rubbers
of differing crosslink densities and the composite plots for the three
systems ;re'compared in Figure 2.6. It is séen that the generalized failure
relationship, equation 2.5., is appfoximatelylthe same line for the three

different polymer systems, amorphous, crystalline and branched, and is

given by:

26k

UB 5 = (L.1 x 103) Ve €B

if UB is expressed in joules/cc.
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Thé earlier‘ﬁorkiz-lé on SBR and natural rubber showed that
fulcanisates filled with various concentrations of carbon blﬁck could
aléo‘be correlated on the energy input to break/strain at break graph '

by multiplying the strains at break of the filled vulcanisates by a
hydrddynamic factor, (X) first derived by Guth and Gold36 for expressing
the viscosity of a liquid containing small spherical particles to that
of the liquid alone and given by:

X =1+ 2.5¢ + 1h.1c2 2.7.

The general failure relationship then can be expresséd as

i 3 2 ' ’
U = (k.1 x 203) V_ (x EB) 2.8.

which is obeyed by amorphous, crystalline and branched polymefs at
different degrees of crosslinking, whether filled or unfilled.

2.6. CONCLUSIONS

The tensile failure properties of a typical branched polyester
polyurethane have been compared with earlier work on natural rubber and
styrene-butadiene rubber vulcanisates.

Although the low values of hysteresis-at break excluded from the
present investigation a comparison of the hysteresis properties and their
effect on failure, a similar type of relationship to that found in
vulcanised rubbers betﬁeen energ& input to break and reciprocal qf
absolute temperature has been established. The constant in this
equation appeared to be independent of the degree of branching of the
pelyurethane.

The-square law relationship between energy input and strain at
break was found to be obeyed by po}yufethane elastomers aﬁd correction
by-a parameter from rubber elasticity theory unified the results as
found for both natural‘and styrgne—butadieﬁe rubber. The.relationship
was found, however, to be the same for the three polymer systems and hence

must represent a basic material property.
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CHAPTER 3

VISCOELASTIC PROPERTIES OF NATURAL AND
ARTIFICIAL LEATHERS

3.1. INTRODUCTION

The study described in the . previous chapter complements the earlier
investigations into the strength and reinforcement of‘rubbers (reviéwgd
in the supplementary contribution to the thesis) and this provides a
firm basis for c&mparison with the experimental results on polyurethanes
which are presented in Chapters & - 6.

Before studying inrdetail however, the mechanical properties of
the polyurethanes used in poromerics, it is necessary to consider the
properties of the various poromerics as a whole and compare these with
the natural material, leather. |

Because both leather and poromerics have to undergo similar shaping
and setting operations in the manufacture of footwear, some similarities
in their viscoelastic properties would be expected and this subject is
considered in this chapter,

Measurements of the viscoelastic properties of leather fibres

were reported as early as 1945 by MittonS?

38

Hall”", They found that the extension of the fibres under constant

and in 1946 by Conabere and

load increased sharply with increased humidity. Subsequent drying of the
fibre produced contraction but did not produce completerreéovery of the
samples to their original dimensions. The load-extension curve of
leather fibres was, however, found to be independent of temperaturé.

39

This latter result was confirmed by Grassman and Zeschitz””’ who
measured the load-extension curve for leather fibres from ~70° to 6000.
The effects of moistire and temperature on the viscoelastic

properties of leather were extensively studied and reviewed by Butlin

vwhilst developing the SATRA moist heat setting process in the early 1960's,
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Following-Butiin's~work, Ward and Popplewell41 showed in.1963 that the
stress relaxation of leatﬁer was eXponentially related to time, a result
very simiiar to that obtaiﬁed‘with vul canised rubber. More recently
stress-soffeniné effects have been observed in both leather and

12,42,43

poromerics but no quantitative work has been presented up to

present.

5.2. EXPERIMENTAL

Tensile test'samples were cut parallel énd perpendicular to the
backbone in the usually accepted sampling area41 of a standard full
chrome willow side leather and a double buffed full chrome pearl split
leather.

Tensile test samples were also cut pérpendicular and parallel to
the roll direction of a number of commercially available poromerics;
'Clarino*, 'Corfam', 'Hi-Telac', 'Patora' and 'Porvair's. The structures
of 'Corfam'; 'Clarino' and 'Porvair! 323 described in Chépter 1.
'Patora'’ contains a woven interlayer and ;; similar in structure to
'‘Corfam!' whereaé 'Hi-Telac' is a 2=layer poromerice.

The test specimens used in the majority of the tensile tests for
leathers and poromerics measured 100 mm i 10 mm. To achieve greater
accuracy in tests where the materials were stressed to strains of less
than 10%, the size of the test specimens was increased to 200 mm x 25 mm.

Tensile test results were obtained by use of-an Instron Tensile
Testing machine in a conditioned atmosphere of 65% r.h. and 21°c. In
view of moisture and temperature effects on the tengile properties of
-1eather; all the samples were placed in the conditioned atmosphere at
least 24 hours before the tests were performed. Load-extension curves
vere automatically recorded'on the chart recorder and hysteresis and

energy density measurements were obtained by use of an integrator unit

attached to the Instron chart recorder. The values of stress and strain
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reported are referred to the original (before stressing) dimensions
of the samples as is normally the convention with polymeric materials.

3.3. STRESS-STRAIN PROPERTIES

The Stresé-strain curvés in Figure 3.1.(a) show three cycles
obtained with double buffed full chrome pearl split leather cut
parallél to the backbéne; similar curves on 'Clarinb' poromeric which
is cut along the roll direction are shown in Figure 3.1.(b). In both
cases, a coﬁsiderable amount of energy is lost“in the first cjcle and
a considerable amount of residual extension or set is retained in the
material. Energy loss also occurs on the second and third cycles in
both cases. Similar curves were found on the second leather and other
poromerics. The curves illustrate the viscoelastic character of both
leather and poromerics.

A number of recent investigations have been concerned with the
shape of the load-extension curve for leathers up to about 2% strain in
an attémpt to relate these tensile properfies to foot‘comfort. Upstone
and \wrau-cll’cl!t found that at extensions up to é% leather gave a non-linear
stress-strain curve althoﬁgh they claimed the response of the material
was almost entirely elastic. Mitton and P:r‘ice‘!15 reported similar
experiments but found that in contrast to Upstone and Ward, the stress=-
strain curve showed considerable viscoelastic behaviour up to about 2%
extension. Théy further exﬁlained the non~linearity of the stress~strain
curve in this region as due to.inherenf stresses in different layers of.
unstrainéd lééther. |

. Figure 3.2.(a) and 3.2.(b) show three tensile cycles up to 2%
extension for a full chrome willow side leather and for the homogeneous
poromeric 'Porvair' respectively. It is seen that in both cases a

measurable amount of hysteresis occurs in the first cycle of both,

materials which results in a certain residual extension or set.
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(a) Stress strain curves up to 2% obtained for a full chrome
willow side leather.

(b) Stress strain curves up to 2% obtained for the poromeric
Porvair.
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Considerable stress softening {difference betweeq(first and second

extension curves at éame strain) is also found in both materials at
strains even as low as 2%. These results demonstrate the large

viscous component in the tensile properties of leather and poromerics

and hence support the conclusions reported by Mitton and Priceés.

3.4. ENERGY MEASUREMENTS

The energy inl.buts to the first, second and third stress-strain -
cycles vhen taken to the same stress for all the poromerics and leathers
ﬁzg'obtained from curves similar to those shown in Figures 3.1. and
3.2. This.procedure Yas repeated at a number of sfrains. The'energy
input to the first cycle is plotted against the hysteresis in the
first cycle at each particular strain on double logarithmic paper
in Figure 3.5. for the five poromerics and two types of leather. It is
secen that the results fall on a fairly good straight line which is
common to all fhe poromerics and leathers. Some of the points at very
low energy values arise from cycles taken to strgins less than 2%
whereas to obtain thosé at the very higﬁvenergies strains up fo abdut
LOO% were hécessary. The points on Figure 3.3. also include results
from samples taken, in the case of leather, parallel and perpendicular
to the backbone of the animal and in the case of poromerics both along
and across the roll directions. The equation to the line shown in
Figure 3.3. is given by: _ .

U= 1.5 H,_?'BB - 3.
where Ujis the energy input to the first cycle and Hiis the energy

lost or hysteresis in the first cycle.

It has been foundiz-ih for amorphous vulcanised rubbers such as

B2BR that the energy input to break IUB) ig related to the hysteresis
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Variation of energy input to first cycle with hysteresis in first
cycle for a number of leathers and poromerics. Dotted line represents
results for styrene butadiene rubber12,
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at break (HB) by an equation of the following form

. .
20k 7
Up S5 = K, Hp  3.2.

where K1 ;s a constant and T is the temperature of test in oK. This
relationship is dﬁtted on Figure 3.3. for comparison. The interesting
feature noticed here is that at any particular value of eﬁergy input,
the hysteresis obtained in leather and poromerics is much larger than
that Obtéined in vulcanised rubber. It is well known that normally
croéslinked vulcanised rubber is toc elastic to be used as a shoe

upper material and hence it would appear that the relation represented
by equation 3.1. is a necessary conditién fbr all shoe upper materials.
. The materials shown to follow the correlation in Figure 3.3. #aryAin
structure from the natural totally fibrous material to poromerics such
as 'Corfam' and 'Patora' which incorporate a microporous polyurethane
foam layer, a woven interlayer and a densely packed fibre base to the
non-fibrous poxjome.ric, 'Porvair' made entirely of cellular polyurethane.
The corrélation shown therefore is cbeyed irrespective of thelcohposition
of the artificial leather material.

A similar correlation is found betweeﬁ the energy input to the
second extension curve and hysteresis in the second extension cycle as
shown in Figure 3.4, The equation of to the line is given by

0.86

‘.I2 = 1.8 Hz . . ) 3.3.

The correlation shown in Figure 3.%. again indicates the basic

similarity in viscoelastic properties of natural and artificial leathers.

The energy difference between the first and second extension curves
vhen extended to the same.stress, which represents the amount of stress
softening, was also measured for all the leather and poromerics considered,
The variation of stress éoftening with energy input to the first cycle

is shown in Figure 3.5. for double buffed full chrome pearl split leather,
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full shrome willow side leather, the fibrous based poromefic fPatora'
and the homosenous poromericl'Porvair'.

- It is shown that the two leathers follow tﬁe same straight line
on the logarifhmic plot. .The results for 'Patora' and 'Porvair' also
follow reassnable straight lines but are slightly disﬁlaced from the
line for leather., There is a slight departure at very high strains
(absve 35%) for leather and poromerics but these strains are well
‘above those encountered in shoe manufacture or in wear.

The interesting feature here, howefer, is that at any particular
value of energy input in the first cycle, the stress softening is
much greater in the case of leather than the poromerics. The other
fibrous poromerics considered in this study follow a very similar
curve to that obtained with 'Patora' and thess materials show slightly
larger values of stress softening at the same energy input than the
homogenous poromeric, 'Porvair's

The difference is stress=softening properties between the two
extreme materials of the range considere&, i.es leather and 'Porvair’
is illustrated more clearly by the graph on linear scales shown in
" Figure 3.6, where the variocus parameters are plotted against energy
input to the first cycle. As shown by Figure 3.3.; the reiationship
between hysferesis and energy input to the first cycle for leathers
and poromerics is similar. The difference between values of
hysteresis and energy input give the amount of energy stored in the
materials.

The major sources of hysteresis in footwear materials are firstly

12=1%

-viscoelastic effects and secondly stress softening. Work on rubbers
has shown that a number of other contributions to hysteresis can ocecur
including crystallisation of the polymer and breakage of weak cross

links but these factors are thought to accountkfor little hysteresis
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in leatherlike materials. In leather some of the loss of energy
attributed to stress softening wbuld probabiy include contributions
due to glip at fibre junctions and breakage of the individual leather
fibres.

If it is assumed that the hysteresis for leather and poromerics
can be separated into two components, viscoelastic and stress softening
.effects, Figure 3.6. shows that although hysteresis at the same energy
input is the same for both leather and poromerics, the amount due to
viscoelasticity is much greater in 'Porvairt' than in natural leather.
Converéely the amount of stress softening is greater in leather than
'Porvair'. Thé amount of stress-softening.in the other fibrous based
poromerics lies between the values for leather and 'Porvair' as shown
in Figure 3.5.

3.5. TENSION SET

¥When a viscoelastic material is extended to a particular strain
and then retracted, the material does not return to its original length
but retains a certain amount of residual extension. For the purpose
_ of this investigation, the residual extension has‘been divided by the
origiﬂal length of the unstrained. sample and termed "tension set'f.

This particular property is considered important as it affects the
shape retention and comfort of footwear.

Tension set is plotted as a function of strain on double logarithmic
scales in Figure 3.?; for the double bufféd full chrome pearl split
leather, the full chrome willow side leather and the poromeric 'Porvair'.
The two leathers follow a common straight line but the set at any
ﬁarticular strain for 'Porvair' is less than for leather. The set for
'Porvair' however still follows a logarithmic relationship with strain.

The set results at any strain for the other fibrous poromerics fall
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between leather and 'Porvair' and they have therefofe, not been draﬁn
on Figure 3.7. in order to aid clarity in presentation.

" Figures 3.5. and 3.6. showed that stress softening at the same
value of energy input was greater for leather than for poromerics and
on comparison of the results shown in Figures 3.5, and 3,7. it would
appear that tension set could be related to stress softening. The
"variation of tension set with stress softening for the two extreme
materials of the range considered in this investigation, full chrome
willow side leather and the cellular polyurethane poromeric_'PorVair'
is shown in Figufe 3.8. Over the range of strain boﬂsidered in
Figure 3.8. it appears that a reasonable correlation is ﬁbtained
between tension set and stress softening.

3e5.2. Variation with Time

The tension set or residual exiension developed in a material which
displays some viscoelastic effects is partially recoverable with time.
This section considers the variation of tension set for leather and

poromeric upper materials with time of recovery.

Samples of full chrome willow side leather, 'Clarino' and 'Porvair!

were stressed to various strains and then'fgtrécté&:‘ The residual
extension was measﬁred off the stress strain curve and was considered
to be the tension set 1 sec. after the end of the test. The length of
the strip was continually measured for about 4 weeks (over 107 secs).
During this period they were left in a conditioned atmosphere at 65%
roh. and 21°C.

The variafion of tension-set with time of recovery for samples
of full chrome willow side leather is shown in Figure 3.9. After an
initial period of fairly rapid recovery the tension set remains fairly

steady with time and appears to reach a constant value. Similar

Lk
results from stress relaxation measurements have been reported by Butlin 0
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In.one case he showed that even over a recovery period of two years,
the amﬁunt of set remained fairly constant.

A graph similar to Figure 3.9. is shown for 'Porvair' in Figure 3.10.
As notéd in the earlier graphs, a larger strain is required in 'Porvairt
to.obtain the same amount of tension set.

In o?der to compare the recovery rates of different materials, the

7

recovery in residual extension between 1 and 10" secs. after straining‘
is plotted against the actual strain in the cycle in Fiéure 3.11. for
leather, 'Clarine'’ and 'Porvair', Althoﬁgh the results for 'Porvair!
are slightly displaced from leather and 'Clarino', the rates of

recovery of these materials are not greatly different.

3.6, CONCLUSIONS

In this chapter, a number of common relationships between
viscoelastic properties have been shown to occur in natural and
artificial leathers. There is a general correlation between energy
input and hystereéis in a sfress—strain cycle and it would appear that
this defines a condition for viscoelastic properties for all upper
materials which are used in footwear., A second correlation has been
found between the stress softening in a stress strain cycle ana tension
set. Some similarity is also shown between leather and poromeric
materials in the recovery of tension set with time.

The most interesting feature in this analysis is that the various
correlations between the viscoelastic properties are obeyed by materials
vhich differ widely in structure from a natural totally fibrous material
to a homogéneous cellular polyurethane elastomer. A more detailed
igvestigation into.the viscoelastic and mechanical properties of

cellular polyurethahe elastomers used in poromerics is presented in

Chapter 4 - 6.
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CHAPTER 4

RELATIONSHIP BETWEEN MECHANICAL PROPERTIES
OF SOLID AND CELLULAR POLYURETHANES

L.i. iNTRODUCTION

In the frevious chapter, the mechanical proﬁerties of a
homogeneous cellular polyufethane‘elastomer which is used as a
poromeric have been compared witﬁ fibrous b;sed porom;rics. Before
considering further the mechanical properties of polyurethane
elastomers, it is necessary to determine how these properties are
affected by the cellular sztructure.

The study of the mechanical properties of cellular or foamed
polymers as disfinct from solid materiﬁls was started in the late
1920's with the development of blown or expanded rubber, A number of
early papersit&-l*8 discussed the physical properties such as density,
hardness, tensile, hysteresis, damping, cell size, and insulation
properties of these materials.

Latex foam rubber was developed in the early 1930's, and a number

Lg-52

of investigations have been undertaken into the tensile and

compression properties of these materials. Most authors showed
fhat the load-extension curves of foamed materials were sigmoidal,

but little theoretical work analysing such deformations was reported

53-55

although an extensive analysis of the elastic properties of cork

was made in 1946 and showed that the sigmoidal load-compression
" curves obtained with cork could be interpreted on the basis of
collapsing of cell walls.

It was not until 1959 that a theory to describe the mechanical

. properties of foamed elastic materials such as modulus, compression,

© 56.58

tear, and tensile was developed by Gent and Thomas . This theofy

59

has now been developed further to describe viscoelastic and

i1.,. 00 .
permeability = properties of open-cell foamed materials and elastic
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58 and has been successfully applied

behaviour of closed-cell materials
to measurements on natural rubber foams. Little work, however, has
been reported on the application of a theoretical model to the

mechanical behaviour of cellular polyurethanes.

4,2, THEORETICAL MODEL

58

The fairly simple model proposed by Gent and Thomas for a foamed

material is shown in Figure 4.1., it consists of thin threads of

unstrained lengthlo and cross~sectional area Dzljoined together to form

3

a cubical lattice. The intersections of cubical regions of volume D

are assumed to be essentially undeformable.

.

! parallel to one

A fractional extension of the foam by an amount e
set of threads is therefore aésociated with a larger exténsion e of the’

fhreadé tgemSeIVeé, as_follows:

e lo o :

The threads in the model occupy, for ény cross section perpendicular
to one set of threads, a fractional area of the total given by

2 A2 e
(D +10 )2 = (1 +4)=

The fractional volume Vr occupied by the solid material can be
evaluated by considering a cube of side (D +10) centered on one
interseétion, so that

| 3 2 . 43
30 .’ P ep
A ¢ v R o1 ¥ 473 k3o

The parameterf?therefore gives a direct measure of the foam density,

and the relationship is shown graphically in Figure 4.2,

4.3, EXPERIMENTAL

) Sanples of polyurethane foams were obtained from.two commercially
availéﬁle poromerics: foam 1 was approximately.0.17 cm thick, while
foam 2 was only 0,014 cm thick. It was necessary in the analysis of

the restlts to obtain certain measurements on the .solid polyurethane
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Variation of parameter P with foam density from equation 4.3.



.used in the foam. Unfortunately, it was not possible to obtain the
solid polymer direct, and hence it was obtained by solution of the
cellular material in a suitable solvent and casting a solid film.
The solvent was then removed by heat treatment. The densities of
the foam and solid were measured in both cases. Tensile, tear, and
c‘ompression data on the materials were obtained by use of an Instron
" tensile testing méchine using suitable jaws and attachments for each
particular experiment.

The type of cell structure found in the polyurethane foams can
be seen in the scamming electron photomicrbgraph shown in Figure 4.3.
The cells are reasonably spherical, with the average diameter about
3 c

10~ m, and can clearly be seen to be interconnecting.

L,4, YOUNG'S MODULUS
Thé tensile stress=strain curves of foam 1 and the corresponding

solid material are shown in Figure 4.4. The tensile stress for the
foam is based on the cross-sectional area of rubber, including holes.
The results for a typical unfilled solid natural rubber vulcanizate
from previous studie51?-14 are also shown in Figure 4.k, for comparison;
and it can be seen that the initial modulus of the polyurethane foam
is higher, although the actual tensile strength is lower than the NR
vulcanizate, The modulus of the solid polyurethéne is extremely high
vhen compared to the corresponding foam, and its tensile strength is
considerably in excess of that found iﬁ the natural rubber vulcanizate.
The iniéiallinear part of the stresse-strain curve for both the foam aﬁd
the solid polyurethane allows a value of Young's modulus to be obtained.

) It is possible to determine theoretically a falue for Young's
modulus of the foam, YF’ by considering the extension ?f the'model shown

in Figure 4.1. If a small strain is applied parallel to one set of threads,

YF can be obtained from the produc# of three factors: (i) Young's modulus



Scanning electron microscope photograph of polyurethane foam
used in poromerics showing type of cell structure (Magnification : 3,200).
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of the solid material, Y; (ii) the strain magnification factor, eq. 4.1.;
(iii) factor representing the true load-bearing area, eqe %4.2., hence
producing the equation

2
Y. =Y
F (1 +ﬁ). ,z.l'.lt.

Using a more complicated yet more realistic model of a system of n

randdmly disposed threads entering each intersection and approximating

56 found that the

these by spheres of surface area nDz, Gent and Thomas
density of the foam was given by the same relation, eq. %4.3., and the
equation for Young's modulus was only different by a factor of 2 from that

given in eq. kok.

Hence, Young's modulus can be obtfained from

Yo=Y __ A2 7 ks,
2(1 +,5)'

The ratio YF/Y from the experimental results of Young's modulus for
the two polyurethane foams and solid materials are plotted in Figure 4f5.
against the volume rubber fraction Vr detefmined from meaéured densities
oﬁ the materials. Alsc shown on Figure 4,5. is the theoretical line
- obtained from eqs. 4.3 and 4£.5. The values obtained for Young's modulus
are therefore in reasonable agreement ﬁith theory. There is likely to be
some error in the measurement of Young's mpdulus of the solid polymer in
view of the difficulties involved'in obtaining the material.

4.5, TEAR PROPERTIES

The most convenient method of measuring tear properties of rubber=like
materials is to use the "tearing energy" approach developed by Rivlin and
T‘homa561 from the classical theory on the strength properties of glass
developed by Griffiths62 in 1920. Tearing energy T is defined for a
strained test piece contéining a crack as.

T= -'3%. ' a 77711‘06.‘
where U is the total elastically stored energy in the tést piece and A

is the area .of the cut surface. The derivative must be taken under



conditions that the applied forces do not move and hence do no%® work.:x
It thus represents the rate of release of strain energy as the crack
propagates and can therefore be considered as the energy availab;e to
drive the crack through the material. It has been found that if tear
or crackngrowth.measurements are expressed in terms of T, the results
obtained from test pieces of different shapes are the same, and;hence
values of T are characteristic of the material and not of the form of

63

the test piece ~. The "trouser" tear test piece shown in Figure 4.6.

was used for the present investigation, as the value of T can readily

be calculated from the applied force F by the relationship 61,64
F . _
T = '%’ ‘_ "7 . 4‘7‘

where h is the test piece thickness.
Measured values of tearing energy from both foams are shown
in Table 4.1. A considerable difference was noted between the values
of initial tearing and those for steady propagation of the tear. A
‘similar difference in tearing energy values was also reported for latex
58
foam rubbers by Gent and Thomas™ .

TABLE 4.1.

VALUES OF TEARING ENERGY

Foam T (initiation), T (steady),
kg/cm kg/cm /5
-1 12.7 43,5 0.816
2 20.3 54.7 1.35

The minimum theoretical value of tearing energy, TF, for the model
" foam shown in Figure 4.1. is given by the energy required to break all

the threads crossing a plane of unit area. The proportion of these

threads to the total area of the foam structure is given by eq. 4.2.,
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Trouser tear testpiece used in tearing energy measurements.

Figure 4.7.

Scanning electron microscopé photograph of polyurethane foam used
in this investigation showing that some pores can be of the order of
10~2¢em,  (Magnification : 100).
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and hence the'tearing energy of the foam is given by

TF = Er.lo é 2 4.8,

(1 +ﬁ)

vhere Er is the breaking energy per unit volume of the bulk materials,
The quantity lo (i.e. one thread length) is assumed in the theory to be
the effective "width" of the tear tip and is obviously.the minimm
. possible value. Assuming that the model shown in Figure 4.1. can be
applied to polyurethane foams, it is possible to calculate lo and
compare this with the average and largest pore diameter obtained from
microscopic mgasurements. The Value/g was found from the curve shown
in Figure 4.2, by measuring the densities of the solid and foam
polyurethanes. Values for}g for foams 1 and 2 are listed in Table 4.1.
The values for Er were found by graphically integrating the stress-strain
curves for the two samples of solid bolyurethane. On subsituting these
values in eq. %4.8., 10 was found to be 4 x 10-2 cms for both foam 1 and

3

foam 2.  Although the average pore diameter is about 2 x 10 - cm for
both foams, odd pores as shown in the scanning electron microscepe
photograph in Figure 4.7. cm can be up to 2 x 10-2 cm in diameter.

Hence it can be considered that values for initiation of a tear can
be obtained from eq. 4.8. by assuming that the effective width of the
tear tip is about two times tﬁe largest pore diameter. This difference
is probably due to imperfections in the foam causing local deviations
of fhe tear from a linea£ path which gives rise to a corresponding larger
effective tear width.

Gent and Thomas57 found that the effective width of the tear tip
for natural rubber foams at similar densities to the polyurethane foams
in this paper was about five times the average pore diameter. Average

pore diameters in their case, however, were a factor of 10 larger than

those of the polyurethane foams used in this studye.
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4.6, TENSILE FAILURE

Following the tearing energy criterion developed by Rivlin and
6 - ' |
Thomas 1 it can be assumed that tensile rupture occurs by catastrophic
tearing from a flaw in one of the test piece surfaces. 'Ihe tearing energy
63 -

of the foam, TF can then be expressed as

TF = 2kEFL o N 4.9. .

for a test piece strained in ;imple extension vhere EF is thelenergy
density at failure in the bulk of the test piece for the foam, L is the
depth of the flaw, and k is a numerical constant which varies slightly
ﬁith strain65 but caﬁ'be taken for the purposes of this’§Fudy as having a
Valﬁe éf 2.

The depth of flaw can then be calculated by measuring the tear
strength and energy &eﬁsity to failure of the foam and suﬁstituting

these values in eq. 4.10,

T
= F .
L o . e !.l:. 100

EF
The EF value was obtained by megsuring the area under the stress-strain
curve of the. foam, Using values of tear strength at initiation listed in
Table 4.1., L was found to be 1.72 x 'J.O-2 cm for foam 1 and 2.3 x 10_2 cm
for foam 2, These values are very close to the la}gest pore diameters
measured from scanning electron microscopy photégraphs. Tpelnumerical
agreement suggests that tensile failure occurs by catastrophic tearing
from a flaw of the Qrderlof tﬁe largesﬁ pore in length. This conclusion
is in agreement with the work by Gent and Thomas on.natural rﬁbber foams
and hence accounts for the relatively low values of tensile strengths
found in foam materials in general.

I 2 ko1
L.7./ COMPRESSION

The type of stress-=strain curve obtained in compression for the

polyﬁréthane foams used in poromerics is shown in Figure 4,8, Similar
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results have been reported previously_for compression of polyurethane
foams66’67. The type of curves obtained resemble those for the
-classical treatment of the buckling of a simple strut in compression.
For foam 1, the ratio of fhread length to width of the threads (i.e.y
/é "3) is 1.23, and hence the amount o buckling of the threads would
be minimal., The classical Euler theory for buckling of gtruts can
only be applied68 if the length of the struts is at least 3.8 times‘
their thickneéss, but it is informative to ascertain whether the
assumed point of buckling (i.e., point af}which curve changes slope)
can be correlated with accepted "shape factor!" theories of buckling
from rubber engineering.
The critical compressive strain, e, of the individual threads of

the model is given by69

oo e
% =TT (ix 25 beate

vhere Ci:is the critical compressive stress, Y is Young's modulus of

the solid material, and S is the shape factor of the strut in compression

70

69 . . .
as discussed by Payne and others ? in rubber engineering theory and

defined as the ratio of the one loaded area to the total force-free area,

and giveﬁ by

2
S = 2 £ - 4,12,

—

LDlo ~ &

for 5 single rectangular strut such as thosé comprising the model structure
shown in Figure 4,1.

For foam 1, S thereféré has a value of 0,204, The value of stress
at .which the compression stress-strain curve in Figure 4.8. shows departuré
ffbm 1ihearity is L.,05 kgf/cmz. The effective stress, however on each
strut in the model will be much higher, as they only occupy a fractional
area of the total as given by eq. %4.2. For{é?bf 0.816, as in the case

with foam 1, the threads occupy only 0.2 of the total cross-sectional
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‘ aréé of the foam; hence the criticél buckling stress O; for each
thread in the model is 20.25 kgf/cm .

Us1ng this value for CT' and the value of 387 kgf/bm predlcted
by eqe 4.5. for Young's modulus of the solld material from measurements
of Young's modulus on the foam, a value for critical compressive strain
e, of the struts of 0.05 is obtained, ihe actual effective buckling-
strain of the foam, €. will be lower, however, due to the undeformable
regions at thread intersections as predicted by eq. 4.1. Hence the
critical compressive strain of the foam from theory is 0.03, which compares
reasonably well with fhe experimental value of 0.056 obtained from the.
compression stress strain curve in Figure 4.8.

58

An alternative approach adopted by Gent and Thomas™ is to include
in the classical Euler strut theory an unknown function of strain, f{e).
The compression is assumed to be directed parallel to one set of threads
in the model. structure shown in Figure 4.1. and to take place by buckling

of these threads., The force F on each thread is given by

YAKS£(e)

102

vhere AK is the moment of inertia of the thread cross section. For

F = 4013-

| - . 2 A i

threads of similar cross section, AK = mD", where m is a constant. The
number of threads per unit cross sectional area is given by (10 + D)-z,

and hence the average compressive stress t is given by

. F
t = W = Yf(e) Té-!-—: b1k,

bylsubstitutingff for IV&O and absorbing the constant m in f(e).

Bulk compressive strain e’ is, however, influenced by two factors which
can be cgnsidered additive: firstly the incompressibility of thread
intersections as predicted by eq. 4.1. and secondly a contribution from
simple compression of the threads by an amount t/YF. Hence the bulk

. . I . .
compressive strain e will be given by

I_ e 1
e = -1 +ﬂ + YF. 4-15.
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The application of such a theory to polyurethane foams is
difficult, for, as can be seen in Figure 4.8., they display a large
amount of energy loss or hysteresis and also a considerable amount of
strgsé softening (i.e., the reduction in stress on the second
extension curve). Although stress softening has been extensively

- 4 -
12-1 in tension, little work appears to have been reported

studied
on stress-softening effects in compression.

Despite the large amount of hysteresis, the analysis along the
lines suggested by Gent and Thomas has, however, been also adopted
in this paper to ascertain the form of the function f(e).

By substituting measured values for bulk compressive stress.(ii
and bulk compressive strain (¢’) from Figure 4.8. it is possible, using
the derived value for ‘and eXPerimenta; values of Young's modulug for
the solid polyurethane and foam, to obtain corresponding values of f(e)
and effective strain e of the threads in the model by use of eqs. f.1L
and 4.15. The relationship derived is shown in Figure 4.9, It is of the
general form expected for a buckling process and is very similar to that
obtained for natural rubber foamssa, althoughldompression tests on the
latter were only reported fér foams with Vr less than 0.2.

Lk,8., CONCLUSIONS

The theoretical model proposed by Gent and Thomas which has been
applied here to the‘mephanical behaviour of cellular polyuretﬁane is a
very idealised representation of an actual foam, which in practice must
be far from homqgeneous; The actual threads and intersections are of
a wide range of shapes and sizes, as can be seen from the scanning
eiéctron microscopé photographs. The apparent good agreement therefore
obtained between experimghtal values of Young's médulus and theory is
very satisfactofy; ﬁarticularly in view of the difficulties that occur

with obtaining a reasonably good sample of solid material.
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The measured values of bresking energy are in good agreement with
those calculated on the assumption that tensile failure occurs by tearing
at the tip of the largest pore, vwhich is the same criterion as that
found for ﬁatural rubber foams.

Values for tear strength at the initiation of a flaw can be obtained
from the theory by assuming that the effective width of the tear tip is
-about twice the largest pore diameter. Tear strength results on poly=-
urethane foams thus appear to differ from those on natural rubber foéms
as Gent and Thomas found that tear strength was much more dependent on
the average pore diameter. In the case of the polyurethane foams examined
in this paper the. average pore diameter was at least a factor of 10 lower
than the maximum pore diameter,

The shape of the compression stress-=strain curve is similar to that
obtained from.the buckling of a strut in simple compression and.cén
reasonably be described by the model proposed on the assumption that the
threads in the model buckle under a compressive load. The arbitary function
f(e) provides a measure of the.inhomogeneity of the foam structure, and
the variation of f(e) with strain is of the samelform as that found for
natural rubber fpaméa An alternative approach by use of shape factor
theoriés predicts within a factor of 2 the value of the compressive
buckling strain as compared with the value shown by tﬁe deviation in
linearity of the comﬁression stress-strain curve,

Thus, the fairly simple'model of a collection of thin threads of equal
length joined together to form a cubical lattice appéars to preﬁict reason=
aﬁlf well the mechanical behaviour of cellular polyurethanes. These
materials therefore follow similar relationships to those between foam
and solid vulcanised rubbers and hence the high strength of cellular
ﬁolyurethanes is ve;y dependent on the very high strength of the solid

polyﬁer.
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CHAPTER 5

EFFECT OF TIME AND TEMPERATURE ON
THE TENSILE PROPERTIES OF POLYURETHANES

5.1. INTRODUCTION

As shown in thé previous chapter, the mechanical proﬁerties of
a cellulaf polyurethane can be related to the corresponding solid
material by use of a fairly simple model. This model was initially
found to relate similar properties in cellular and solid vulcanised
rubbers. The high strength of the cellular polﬁurethanes referred to
in Chapter i is therefore due to the very high strength exhibited by
thei#qlid polyuréthane ﬁaterial. The reasons for this high strength
are discussed in this and sbme_of the later chapters of the thesis.

A number of other features with regard to the properties of
cellular polyurethane elastomers in poromerics were noted.in Chapter
1 such as high strength over a wide temperature range, the high set
and shape retention, which indicates that the ﬁaterial has a broad
distribution of relaxation times, and the indication of some
thermoplastic behaviour at temperatures above 160°C. . In view of the
importance of time and temperature in the final use of these

[
polyurethanes and in order to elucidate more clearly the reason for
their good mechanical properties, a full investigation into the effect
of time and temperaturé on the tensile properties of both the celiular
and solid polyurethanes is presented in this chapter.

The first part of the chapter reports an investigation into
determining the relaxation spectrum of polyurethanes. The second
part discusses the effect of time and temperature on the failure
parametefs of polyurethanes and compares these resulis with those

obtained from vulcanised rubber and the third part of the chapter

discusses the high temperature recovery of stress-softening.



69~

5.2, EXPERIMENTAL

Ring saﬁples of the same diameter as the samples described in
Section 2.3.'of the thesis were cut frbm the cellu;ar po;yurethane
used in poromeric méterials (foam 1 from Chapterié) and the
corresponding solid material. Tensile stress strain curves were .
obtained for both materials by use of an Instron Tensile Testing
Machine at six crosshead speeds from 0;05 cm/min. to 100 cm/min,
(strain‘rate from 0.013 to 25 per min.). This procedure was repeated
at 20 degrees centigrade intervals between 2106 and 180°C. The
tensile measﬁrements for the cellular polyurethane were based in all
cases oh the cross sectional area including both rubber and cells.,
Hysteresis and stress-softening were also measured on a number
of samples where the initial extension curve was reversed before the
bpéaking point and these are reported in section 5.7.3. The testing
procedure uééd for all these tests was the same as described in Section 2.3.
of the thesgis.
For comparison with thesé results, ring samples of the same
diameter were cut from the crosslinked polyether microporous layer'
of the fibrous based poromeric 'Corfam' and similar tensile stfess
strain curves were obtained,

5e3. VISCOELASTIC PROPERTIES

oo s st e e e S m T T ey

A’variety of methods have been used to study the viscoelastic
properties of polymeric materials in terms of the relaxation or

retardation spectrum. These methods include the response to

73,74

sinusoidal stress (dynamic measurements71’72) stress relaxation
75 and constant stress76. Most of this

27

and creep under constant load
work has been reviewed by Ferry
The viscoelastic properties of a polymer when subjected to a

" constant rate of deformation have been discussed by Alfrcy7?, Sips78
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‘and .Smith « The stress straln curves of a linear viscoelastic
material can be convenienlly‘related to a generalised Maxwell model
which is characterised by the relaxation spectrum H(Y) and the
equilibrium ﬁodulus (Eg). 1If the model in its relaxed state at
zero.time is subjected to a strain which increases linearly with
time, the resulting strain and time dependent stress o(f,t} is given

by the equation
oo

. ) .
2{-?‘1-‘-‘1 = Eg.t +fr.n(“t).(1 -e t/'r)d.ln.'t-‘ 5.1.
-0
where Rq1 is the strain rate and Tis the relaxation time. This

O‘(E,t)/R

equation shows that 1 is a function only of time. Stress-
strain curves measured at different strain rates will superpose to
. . . o(€,t) .
yield a single composite curve on a graph of log /R1 against
log t provided the data are reasonably linear viscoelastic. The
slope of the stress-strain curve at t = E/R1 equals the stress
relaxation modulus E(t). This interrelation results from
differentiating equation 5.1. with respect to strain (&) to yield.

oD

doo 1 do “tfe | '
—— = — s ‘t - T: 02.
3E R, dt Eq jﬂ( ) e d.1ln E(t) 5

-

The major problem however with this analysis arises because
polymers only exhibit linear viscoelastic behaviour at ver& low
deformations. The stress-strain curves shown in figure 5 1. for the

v sap et _
cellular polyurethane tested at siza:a rates from 0,05 cm/mln. to
50 cm/win. show.nyn-linear viscoelastic behaviour. Similar results
were also found in the case of the solid materials.

This non-linear dependence of‘stress on strain is due firstly
to the fact that under most test conditions, relaxation of stress
takes place continually during'a test and secondly even in the absence

of stress relaxation, the stress-strain is non-linear as_predidted by

the statistical theory of rubber elasticity.
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Smith has éhown that iﬁ the case of polyisobutylene and
styrene butadiene rubber (SBR), equations 5.1. and 5.2¢.arelapplicable
fo stress-strain data up to 100% extension provided that stress o
is replaced 5y real stress or the stress based on the actual cross
sectional area of the stressed sample which for elastomers is equal
to o (1+£€) or oA .

Before attempting to derive a relaxation gpectrum for polfurethane,
it is necessary to ascertain whether (1+£) is a suitable strain

function which can be introduced into equations 5;1. and 5.2. to take

account of this non-linear viscoelastic behaviour.

A number of :'m\re-stigators&B1-85 have found it useful in tensile’
creep and stress felaxation measurements to express the stress o (g,t)
occurring after a time t at a constant exteqsion rate from zero time
as a product éf a strain function and a time function which are
mitually independent. A convenient method of expressing o (E,t) in
a tensile stress-strain curve is by the followin relationship.

o (E,4) = F(t) E | | 5.3.
' g(€)

vhere F(t) is the time function which is referred to later as the
constant strain-rate modulus and g(€) is a function of strain which
approaches unity as the strain goes to zero,

In qrder to determine whether the stress-strain curves of
cellulér polyurethaﬁe could be.reéfesented by equation 5.3., values
of stress at strains of 0.25, 0.50, 0.75, £.OO and at further 0.50
ihtervals wére recorded at every strain rate and temperature.

For each temperatu}e, a g?aph was drawn oflthe stresslat a
particular strain agaiﬁst the time to reach the particular straine.

An example of these graphs is shown in figure 5.2. for the results

o
at 60 C. The lines through the points are approximately parallel
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and.thés indicates that eguation 5.3.‘15 obeyed. Each parallel curve
is displaced'along the log 0" axis, by the amount log g(EJ/t . A
simiiar set of curves was found at each of the fest temperatures.j‘

This procedure indicated that a function g(E) existed ﬁhich was
independent of time over the range considered. If woﬁld be expected
therefore that if g(£) was independent of time, it would alsé be
independent of temperature but as an extended temperature ;énge
corresponds with many decades of fime at a single temperéture, it was
necessary to investigate the possible temperature'dependence of g(€).

Isochronal values of stress and strain were taken from plots
similar to those in.figure 5.2. for several temperatures and plotted
as log o‘agalnst logéias shown in figure 5.3. for data at 1,000 sec.
It is ohserved that apart from a sllght departure at higher strains
for the data at ZO_C, the résults lie again on parallel lines‘as
predicted by egu;tion'S.B. and demonstrates that g(f£) is temperature
independent. The data between two temperatures are therefore displaced
along the log o axis by an amount which equals the difference between
the logarithms df‘the‘constant stfain rate modulus F(t) at the two
temperatures, |

Having shown that equation-SaB; is applicable to the fensile
data obtained on cellular polyurethénes, it is neéessary to consider
the fgiue.for g(?). One of ﬁhe éimplest analytical expressions is the
- modified Hooke's Law equation,

oA =E¢ _ : 5.k

so that the function g(€) is given by,

g(€) = 1+ £ S ' : V 5454
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_.By multipiying isochronal values of stress from graphs similar
to those sho;ﬁ‘in figure 5.2, by ¢g(f) as def{ned in equation 5.5. and
plo#ting this as a function of strain as in figure 5.k., it is seen
that the modified Hookds Law gquation is a reasonable appféximation
to the isochronal stress strain-curve up to about 150-200% extension.

In order to take account of non-linear vis;oelastic behaviour,
it would appear appropriate therefore to put the term o‘(E;t) equal
to o)A as s!;own by the followiﬁg equation,

o {€,t) = o (t), g(€) = of(1+€) = o=A 5.6.
in the calculation of the relaxation spec£rum from equations 5.1. and
5.2;

S.k. RELAXATION MODULUS

S5.4.1. Introduction

ERNESSSSSNTEomEasS=nE -

.In order to calculate a relaxation 5pectrum‘for'polyurethanes,
it is necessary to determine the va;iation of relaxation modulus E(t)

s ' . 79,80

with time. Two methods for obtaining E(t) were used by Smith - in the
analysis of tensgile data of SBR and polyisobutylene. Both these methods
. have been applied to the tensile data on polyurethanes and are described
in this section of the chapter.

5.4.2. Method I

ERADPETZIXTXINASSNESX

The first method used by Smith79 for analysing the stress-strain
curves of polyisobutylene made use of the fact predicted by equation

R -/ . . € | i
5.1. that /R1 was only a functien of time or /Rl' Data obtained
therefore at different strain rates should superpose to give a single
o ‘ o : £ .
curve on a graph of log /R1 against log /Ri' Data obtained at
‘different temperatures can be combined bj use of the time-temperature
2

reduced variable scheme of Ferry 7’86.

This scheme is based on the assumption that all the relaxation

times have the same.temperature dependence and that the modulus of
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"~ each spring in the generalised Maxwell model is proportional to
absolute temperature. By including this medification and the strain

function given in equation 5.6., equation 5.1. becomes

. o0 - S/
RyarT = Ee-'ﬁiaT + H(T)of1 - e d.InT. 5.7.
: -0

‘where T, is an arbitrary reference temperature, T is the temperature
at which ¢ and A are measured and anq is the ratio of any relaxation
time at T to its value at T,.
Data measured therefore at different temperatures and strain
_ o’T . .
rates should superpose on a graph of log ( °/R1aTT) against log
( £/R13T)' These quantities are termed reduced stress ;. and
reduced strain Er respectively, A graph of 0} against Er therefore
'is a hypothetical stress-strain curve measured at unit strain rate
and temperature T,. Equation 5.7. can therefore be expressed as:
. , oo 'Er |
6. = E €. + j‘t'.H(t).(l - e /")d.ln.’r ' 5.8..
. =00 _ .
By differentiating equation 5.8. with respect to reduced strain,

the stress relaxation modulus E(t) can be obtained as predicted by

equation 5.2. By using reduced stress and strain, equation'5.2.

becomes
do. w £
T = Be + |H(M. &7 ¥/T d.1nTa E(t) ©5.9.
r
-

For c§;cUlation purposes, .the equivalent equation can be usetz9 .

E(t) = °T gd In of) . 5. 10.
£y (dlnﬁr) '

thus providing a method for obtaining the relaxation modulus-time
Eurve for polymers from which the distribution of relaxation times or

relaxation spectrum can be calculated.
(- AT,)
Yalues of stress function(*Eiﬁf——) and strain divided by rate
: (1" ) ' .
(E/Ri) up to 150% extension were evaluated from the experimental

results for both the solid and cellular polyurethanes at the nine test
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temperatures. In order to show that'streés—strain data obtained at

different strain rates superposed as predicted by equation 5.7., a
. o\ T, -
against log E/R1 was drawn as shown for the

gréph of log RyT
cellular polyurethane in figure 5.5. The value of the standard
reference temperaturé To was taken as 294°A.

The results as shown in figure 5.5. follow a very shallow curve
which departs at higher times from a unit siope.’ The data for each
temperature is slightly displaced along the reduced stress axis.

| ' ' Q-A To
Values of log ap were obtained by shifting the graphs of log —ﬁz¥——
against log e/R1 up a line of unit slope until all the curves for
thg differént temperatures coincided. .The distances the curves were
shifted relative to the standérd reference temperature 294°A gave the
actual values for ;og aqe These values are plotted against temperature
in figure 5.6. |

Measurements by Thermal Mechanical Analysis showed that the glass
transition temperature of the polyurethane was approximately _360C.

’

Using this value for Tgy values of ap have been calculated by use of

the Williams, Landel & Ferry (WLF) équationz7 given below.
' -8.86 (T - Ty)
101.6 + T = Tg

log ag = 5.11.

where ? is the test temperature and Ty = Tgq + 50.

It is seen that the WLF equation agrees with the experimentéll
points_only over a very small temperature range and this is discussed
further in Chaﬁter T e

Similar éurves té those shown in figure 5.5. were obfained for
the solid polyurethane and by using the values of log ap calculated
for the cellular polyurethane material, composite master curves of
reduced stress (0}) against re?uéed strain (ﬁ/Rl) were obtained for

both the cellular and solid polyurethane and these are shown in
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figure 5.7. It is seen that the mastercurves for tﬁf_éellular and
solid materials extend.approxiﬁately for 20 decades of time and the
reéults for the cellular material are, over the majority of the time
scale, parallel to those for the solitholyurethaﬁe.

The slope of the lines inlfigure 5.7+ were measure& graphically
at a number of values of E/RiaT and by multiplying th; slope by the
ratio of reduced stress oy to ;educed étrain Er at the respective time,
it was possible by use of equation 5.10. to obtain valués of relaxation
modulus E(t) at each particular time. The relaxation modulus - time

.relationéhip.for Ech méterials is plotted in figure 5.8..on a double
logarithmic scaie. It is seen that the lines for the solid and foam
polyurethane are approximately parallel with a factor of 4.2 between
the results. It would appear therefore that the properties of the
cellular polyurethane are dependenf_on the corresponding solid -
material even at very long times.

5.%.3. Method 2

An alternative approach to the problem of analysing stress-
strain curves was suggested in a later paper by Smith80 who used it
in caiculating a relaxatiqn spectrum for SBR and polyiscbutylene.

If the strain rate R1 is replaced in equation 5.1. by the

équivalent function (E/t), the rearranged equation becomes,

, co -+
d_seﬂl. = B, +% .[:r.H(’t).(l - e /"')d.ln't 5.12.

The ratio a(Eyt

} s, which is a function of time alone, is called
the constant strain rate modulus F(t) which is related to the stress

relaxation modulus E(t) by the following equation:

E(t) = F(t)r Qe R s

The relaxation modulus - time curve was recalculated for the

cellular polyurethane by this method as a check on the initial
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calculations, Section 5.3.2. showed that it was possible to separate
the stress into a time and strain function and that the strain function
g(€) was equal to A for strains at all temperatures up to 150%.
Using the same experimental data for the foam as used in the
. . oﬁ/ . . e as
first method, the time dependence of /£ (which is F(t) by definition)

at temperatures between 21 and 180°C is shown in figure 5.9. by plots

of log E%Aug%é against log t. The curves in figure 5.9. were shifted

along the log t axis to effect superposition as shown in figure 5.10.
It was found that the shift distances (log af) we;e in agreement with
the results obtained earlier and shown in figure 5.6.

Values of E(t) were calculatgd at various times from the results
in figure 5.10. by use of equation 5.13. and these are compared with
results obtained from the first method in figure 5.8. The agreement
of the results between the two methods is very good and therefofe the
line drawn through the points in figure 5.8. can be taken as a
reasonéble description for the relaxation modulus - time curve from
which the relaxation spectrum can be calculated.

5.5. RELAXATION SPECTRUM

It is possible to calculate the disffibution of relaxation times

H(?) from the relaxation modulus E(t) by using various approximation

77

methods. The most common method is due to Alfrey' ' who assumes that

instead of multiplying H(7T) by the kernel function e-tﬁras in equations
S5.1. and 5.2, that this is approximated to by a step function going

from O to 1 at T= t, so that
: oa
E(t) -fH(’t).d int 5.1k,
in+y
The integral in this case would not be grossly different from

equation 5.2. and hence by differentiating equation 5.1k. with respect

to the limit 1ln7’, equation 5.15. is obtained.

d E(t) )

T in T ) == H(T) ' ‘ 5.15.

t =%
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This equation provides a method for obtainind the relaxation
spectrum at Tat frdm the negative slope of the relaxation modulus -~
leg time curve. |

This equation is énly applicable to solid materials and hence
can only be used to etaluate the relaxation spectrum for the solid
polyurethane ﬁut as the modulus of the foam was‘relatéd to the
solid material by a common factor at every time, on@_spectrum
representiné the properties of both the cellular and solid
polyurethane can be derived.

The relaxation spectrum calculated from the curve shown in
figure 5.8. bj use of equation 5.15. is shown in figure 5.11. and
compareﬁ in figure 5.12. with other typical spectra for elastomef

- systems from Ferry27. The most interesting feature of the relagafion
spectrum for polyurethane compared with crosslinked amorphous rubberé
is the very flat plateau which extends for over 18 decades of time.
This particular rélaxation spectrum is similar in shape but slightly .
less in magnitude than that of an amorphous polymer below its glass
transition temperature or a highly crystalline polymer. 1In fhe.case
- of @hg‘po;yurethane,”hqweyer, the material_islilex%ble gnd above its

"féiésé"%raﬁsitipn Fémperaturg which_pccurs at approximately -3000.

5.6, YOUNG'S MODULUS

5.6.1. Variation w1th“Temperature

The normal form of stress-straiﬁ curvés obtained for the cellular
polyurethanes at various strain rates at 21°C are shown in Figure 5.1., -
the curve has an initial relatively steep slope and then flattens out
at.higher strains. Similar shaped curves were obtained for the solid
~material as shown in figure k.k. The slope of the initial portion of

the stress-strain curve permits a value of Young's modulus for the
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polyurcthane to be oﬁtained. This v?lue was ﬁeasured off the stress-
strain curveé obtained at every strain rate and temperature for both
.the solid anq cellular polyure£hanes. The vériation of the logarithm
of foung's modulus with temperature for both the solid and foam
polyurethane‘at a strain rate of 10 cm/min, is shéwn inlfigure 5.13.
Up to about 160°C, the lines through the poinés for the foam and
solid materials are pdrallel. The constant factor between the

lines drawn through the results for the foam and solid mé%éfials isg
6.1. This value is the same as found between the mechanical properties
of the cellular and solid polyurethanes at 21°C in Chapter 4 and is
approximately that predicted by the cubical model theory of Gent and
Thomas. Figure 5.13. shows that the properties of the cellul&r
polyurethane are dependent on the properties of the corresponding

" solid material and a similar medel can be applied to the difference
in Young's modﬁlus‘even at elevated temperatures up to approximately
1600C. Above 160°C, the values of Youﬁg's modulus for the solid
polyurethane begin'to fall and thé parallel behaviour is no 1onger.
apparent. |

5.6.2. Variation with Strain Rate

Values of strain rate at which Young's modulus was measured were
multiplied by the respective shift factor (log aT) at each temperature
from figure 5.6. and a composite mastercurve was drawn of the logarithm
of Young's modulus with strain rate as shown in figure 5.14; Over the
majority of the time scaie considered, the results for the solid
polyurethane are parallel to those of the cellulaf material. The
factor between the éwo lines drawn being.6.1. as found in the constant
strain rafe graph {figure 5.13.). The data at the higher two

" temperatures (160°C and 180°CY appear to show a divergence from the

parallel behaviour at very low rates (i.e. long times) similar to
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Figure 5.13.

Variation of Young's modulus with temperature for cellular and solid
polyurethanes tested at a crosshead speed of 10 cm/min.
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that shown on the temperature graph in figure 5.13; In general the
data for the'solid polyurethane shows more scatter than that for the
foam and thie is presumably due to the difficulties in obtainingfa
coﬁpletely unifofm solid sheet of the material, It would appear
however that the Gent/Thomas model is applicable £0'VQ1ues of'Young's'
modulus for polyurethanes over a iarge time scale as well as over a
renge of temperatures.

5.7« TENSILE FAILURE PROPERTIES

Se 7_1. Stress and Straln at Break

The variation of tensile stress at break (o5} and strain at break
(6 ) for the foam and solid polyurethanes with temperature from O to
o) epmat’ S ‘
180 C at a strein rate of 10 cm/mln. iz shown 1n flgure 5 15. The
stress at break for both the foam and the solid is'fairly high and
slowly decreases with temperature until about 160°C when it drops
suddenly. The strain at break rises to a maximum at about 100°C but

again drops quite markedly above 160°C to a value of 1.40 and 0.42

for the foam and solid respectively at 180°%¢.

A more useful measure of the strength of a polymer is the
toughness or energy input to break as it combines both the contributions
due to stress and strain at break. The variation of energy input to
break with temperature for both the foam and solid polyurethanes at a

§av cepasahion :
BtPedn rate of 10 cm/min. is shown in figure 5.16. The energy input
to break values for both the foam and solid polyurethanes remain fairly
hlgh and parallel up to approxlmately 160 C when the failure values
drop quite markedly. 1In order to 1nd1cate the high strength and
temperature stability of the polyurethane used in this investigation,
typical results for styrene-bﬁtadiene rubber (SBR) with O and 30 phr

13

HAF carbon-black from earlier investigationslz’ are also shown for
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Variation of energy input to break with temperature for cellular and
solid polyurethane materials compared with results for filled and
- unfilled SBR vulcanisates, ‘



comparison in figure 5.16. It is clearly seen that even the
polyurcthane foam has higher strength properties over the majority

of the temperature range considered than the solid reinforced rubber
. ¢

* vulcanisate.

To determine whether tensile failure data can be shifted on a
time-temperature scalé‘ values of energy input to break were plotted
against time to break (tg) for.each temperaturé. The time to break
(tp) was divided by the shift factor (ap) at each temperature
obtained from figure 5.6. and the resulting mastercurve is shown in
figure 5.17. .It is seen that the data superimposes remarkably well
and the parallelism of the foam énd solid results up to very long
times is-still apparent as well as the drop in energy to break at long
times (or high temperatures).

Harwood, Payne and Whittakeriz_ik found for unfilled and filled

amorphous vulcanised rubbers that the energy input to break - in a

 stress-strain cycle was related to the hysteresis at break over a

s

temperature range from =40 to 140°c by a £ power law relationship
(equation.j.z.). The experimental results in Chapter 3 however showed
that the enerﬁy input and hysteresis at and up to failure for a range
of poromeric materials both with and without a fibrous base and also
natural leather obeyed a 0.88 power law relationship. The variation
of energy input with hysteresis for the cellular polyurethane
considered in this chapter is shown in figu}e 5.18. This material

was also included in the study reported in Chapter 3. ‘As found in the
earlier investigation, the hysteresis valueé up to and at break fall
on a common line. The experimental results for the solid polyurethang
also fall on this line. The straight line relationship shown in figure
5.18. for cellular and solid polyurethanes only_is‘given by:

0.90
U1 = 1.6 Hl 5-160
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. A typical % power relationship between the failure parameters
for é vulcanised amorphous rubber (SBR) is dotted on figure 5.18.
for comparison.

One of fhe fibrous poromerics (Corfam) used in the earlier
experiments in Chapter 3 had a very thin microporous polyurethane
film'as the surface layer. Although when tested in total (i.e.
polyurethane film + fibrous layers), this poromeric showed similar
hysteresial 'properties to the other poromerics; it waé known that
tﬁe miéropo?ous layer was chémically crosslinked and based on a
polyether'polyurethane whereas the majority of cellular polyurethanes
used in poromerics including the 6ne considered in Chapters 4 and 5
are polyester polyuretﬁanes with low crosslink depsity.

The variation of energy input with hysteresis for the crosslinked
‘polyether polyurethane is shown in figure 5.19. bedh for’yglues ot
strain at break and at strains up to rupture. It is seen that the
. reéuits-up to bréak fall on a different line from those at break. Thé
slope of the 1iné through tﬁe failure points is 0.79. It would appear
therefore that as the amount‘qf chemical crosslinking is increagedl£he
slopg‘on logarithmic scales of the line between enérgy input at break
and hysteresis at break is decreased. This effect has also been
noticegiin amorphous vulcanised rubbers such as.SBR.‘ The dotted line
tﬁrough tﬁe‘experimental points up to failure on figure 5.19. .is the
same line ;s drawﬁ through the points for the polyurethane foam and.
solid ;aterials shown in figure 5.18.

3sl:ks_ Strain at Break

Workla_ié on both amorphous and strain crystallising vulcanised
rubbers described in Chapter 2 and the supplementary contribution to

the thesis showed that the energy input to break (ug) is related to

the strain at break (€g) up to the maximum extensibility of the network '



100;.
o FAILURE POINTS (21C-180'C)
o UP TO FAILURE 21C
101
//0
e
6
/
g ‘%
= €/
1 /
5 S
= %//
> %
05 o
= /
o-H -
Ve
/)
/
0-01'551 o0 i 10 100

HYSTERESIS J/cc

Figure 5.19.
ISt~

Variation of energy input with hysteresis for crosslinked polyurethane
microporous layer of poromeric "Corfam". Results both up to and at
failure.



~100~

(€; max.) by a relationship of the following form

- 294 2 ' "
Up =25 = A (&) A 5.17.

The variation of energy input to 5reak with strain at break for
the cellular polyurethaﬁe is shown on figure 5;20§ and for thé solid
polyurethane in figure S.ZOb. The results at femperatures above
16000 are shown by open circles.and it is seen that the square law
relationship between the two parameters is only obeyed at these high
temperatures. As éhown in figures 5.15. and 5.16,, the strain at break
and energy at break values are fairly high except at very high
_ temperatures. The maximum extensibility (€B max.) of the cellular
polyurethane for example remains at a fairly constant value.from BOOC'
to 16000 as shown in figure 5.15. This is in contrast to a normal
vulcanised rubber such as a SBR which has its maximum extensibility at
about OOC.

The éffect of crosslinking on the variation of energy input to
break with strain at break is shown in figure 5.21a where the
experimental results for the crosslinked cellular polyurethane layer
of the poromeric 'Corfam' used in the previous section of the chapfer
are compared with the cellular polyurethane and solid results from
figure 5.20. As found in the earlier investigations in Chapter 2 on
branched polyurethane rubbers, increased crosslinking or branching
results in the strain at break at a particular energy input to bréak
being reduced. |

Section 2.5. showed that the strains at break at the same energy
input to break for various crosslinked rubbers were in the ratio of
their respective Ve% values provided thaﬁ the‘strains were below the
maximum extensibility of the network. Vg is termed the number of
network chains per unit volume of the rubber network and is usually

. expressed @n moles/cc. Values for Ve were obtained from the
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equilibrium modulus E, by the following relation;hip (equ. 2.4.).
E, = 3V, RT - | Lr 5.18.
vhere R is the gas constant.

A value of equilibrium moduius‘(Ee) for the solid polyurethane
was obtained from the limiting value of the relaxation modulus - time
'curfe shown in figure 5.8. This value was 20 kgf/szland occurred at
a temperature of‘about 180°¢. By using equation 5.18., the value, of

1 -2 N
V.® was found to be 1.33 x 10 = (moles/cc)®.

The strains at break for‘the'solid pelyurethane shown in
figure 5.21a were multiplied by fhis value of Ve% and the results are
plotted in figufe 5+21b. The line plotted through the pointslon
figure 5.21b is the line for the combined results of SBR, NR and
branéhed polyurethane elastomers from Chapter 2 (figure 2.6;) which
appears to be a good approximation to the results for the solid
polyurethane used in this investigation.

The equation to the line shown in figure 5.21b is given by

(294) '

294 3 @
UB(T)=(1£-1x10)Ve 8B 5.19.

if UB is expressed in joules/cc. This equation therefore which was
previously found applicable to branched, crystalline and amorphous
polymers at various degrees of crosslinking (Chapter 2) nbw appears
to be applicable to the type of polyurethanes used in poromeric
materials. These latter materials therefore despite their very high
strength and other special features appear to obey similar laws to

normal rubberlike materials.

5.8. STRESS SOFTENING
The results presented in Chaptér 3 showed that stress softening
occurred in both nafural and artificial leather materials. This is

illustrated further in figure 5.22, where the cellular polyurethane,
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used in tﬁe earlier sections of this chapter, has been répeatedly
cycled. Each stress-strain cycle has been taken to a higher maximum
stress.thanlthe previoﬁs cycle. In all cases lower stress values are
obtained atrfhe same strain on the second extension curve than on
the initial curve provided that the extension was lower than that
previously applied., At strain levels higher on the sécond extension
curve than that applied on the initial curve, the stress-strain curve
was unaffected by prestraining and folldwed the normal (uncycled)
stress—sﬁrain curve for the material which is shown by the dotted
line in figure 5.22, This behaviour is very siﬁilar to that observed

. o ]
in an amorphous vulcanised rubber1 14. The earlier work on stress

17,87

softening in vulcanised rubbers whicﬁ crystallise on extension
such as natural rubbef showed that although the rubber could be cycled
in a similar manner, the second extepéion curve when taken past the
reversal point on the initial stress~strain curve did'not coincide
with the uncycled curve,

The earlier-sections of this éhapter have shown that ﬁolyurethane
retains a high strength up to about 1609C. Above this temperature the
strength‘dropé quité markedly. In order to infestigate this change in
properties more thoroughly and to understénd the mechanism which
resulted in stress softening, some experiments were undertaken where
the polyurethane foam was allﬁwed to recover at various temperatures
after s}ress softening. Several stress-strain curves were obtained at
every 50% extension up to 300% where the second extension curve was
tfken up to the same initial strain as on the first extension curve.
Each group of samples (taken to strains from 50 to 300%) were then
left at a number of temperatures up to 170%¢ overnight (16 hours) and

then recycled to the same initial extension. Energy under the initial

first and second extension curves and recovered stress-strain curve
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was measured and figure 5.23. shows the variation of energy input with
strain both before aﬁd after recovery at a nﬁmber of récovery
iémperatures. Leaving the samples overnight at the testing
temperature (2000) shows only a small amount of recovery of stress
softening. The amount of recovery increases as the overnight.recovery
femperature is increased. Even at 1&00C, the stress softening is not
completely recovered. At 170°C however, the étress softening is over
recovered. Tﬁis témperéture is above the temperature at which the
sharp change in mechanical properties noted in the earlier sections

of this‘chapter OCCUrs.

This anomalous behaviour when the polyurethane samples were heated
to 17000 suggested that some stress was already put in the material
during manufacture and as a check on this phenomenén, some un;tressed
samples of the cellular polyurethane were heated up to 17000 and then
cycled to various strains. ;t was found that the material appeared to
be stiffer after this treatment and as shown by the dotted line in
figure 5.23., the results were alﬁoét identical with those samples
which had been prestrained and allowed to recover at 170°C. It was
concluded therefore that the over-recovery noted with the cellﬁlar
polyurethane is due to inherent stresses puf into the material during
manufacture.,

5.9. CONCLUSIONS

The two methods used bf Smith to determine the rel&iation spectrum
of SBR.and polyisobutylene from tensile stress—strain data have been
shown to yield the same result and provide ; satisfactory method for
éetermining the reléxation spectrum for polyurethane elastomers. The

time - temperature shift factors have been found to be higher than

.those predicted by the WLF equation. The relaxation spectrum for
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polyurethane is a very flat plateau which extends for over 18
decades of time. The shape of the spectrum resembles that of an
amorphousr polymer below its glass transition temperature and is
only slightly less in magnitude. The polyurethane however is still
flexible and above its major glass transition temperature which
occurs at aﬁout -BOOC.

The cubical model relationship between the foam and solid
polyurethanés described in Chapter 4 has been found to be applicable
to values of Young's modulqs at very high temperatures or long times.
The high strength of polyurethane is shown to be reasonably temperature
independent until about 16000, when it drops quite markedly which
indicates some structural change in the material. This particular
feature is discussed further in Chapter 7.

Due to.their essential linear or non-chemically crosslinked
structure, polyurethane elastomers used in poromerics are highly
hysteresial in character and their properties apart from strength
rgsemble those of a very low_crosslinked vulcanised rubber. The
normal square law relationship for vulcanised rubbers betwéen energy
input to break and strain at break is obe&ed by these polyurethane
elastomers only at very high temperatureé (above 160°C) when the
sharp drop in strength occurs. By obtaining a value for equilibrium
modulus, it is pOSSible to correlate measurements oﬁ this graph with
the ge?eral relationship applicaﬁle to qrystalline, branched amorphous
and filled vulcanised rubbers at various degrees of crosslinking
4éscribed in Chapter 2.

Stress softening is also not completely recovered in these
polyurethanes until the temperature is raised to about 170°C (i.e.

above the point where the large drop in mechanical properties occurs). -



-108-
CHAPTER 6

CUT GROWTH AND FATIGUE PROPERTIES

6.1. INTRODUCTION

Thelearlier chapters of this thesis have described differences in the
tensile properties of polyurethanes compared with vulcanised rubbers. One
of the most impoftant properties of cellular polyuréthanes for their use in
the footwear industry is that they have a high resist;nce to cut growth.

It is therefore important to consider this particular property separately
and compare the cut growth resistance of polyurethane with vulcanised
rubbers.

A number of investigations have been undertaken in recent years into
the cut growth and fatiéue properties of vulcanised rubbers. Mbst of the
investigators have expressed these properties in terms of a parameter termed
tearing energy (T). This approach has been used in determining the cut
growth and fatigue properties of polyurethane and is described in this
chapter.

6.2, TEARING ENERGY THEORY

. 6.2.1. Introduction

Cut growth in polymers, like that in metals, begins at individual

points or flaws where the stress is locally very highBB_90

« The determination
of the magnitude of the stresses at and around the tip of a flaw in a piece
of highly strained rubber is a complex problem. It has been shown, however,
for wvulcanised rubbers thﬁt the consequence of this high stress concentration
can be aSSessgd by use of a simpler parameter known as Tearing Energy (r).

Thg concept of "Tearing Energy" for polymericlmaterials was originally
developed to describe the tear behaviour of rubber by Rivlin and ThomaSG1
and is an extension of the élassical theorf for the strength.prOPérties of
glass developed by Griffith562 in 1920. The theory was briefly discussed

in Chapter 4 when it was used to: express the tear properties of cellular

polyurethanes.
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Tearing energ& (T) is defined, for a strained test piece containing.a

crack as:

 where U is the fotal eiastically stored energy in the test piece.and Ais
the area of the two sides of the cut surface: The derivative must be taken
unde; éonditions that the applied forces do not move and hence do no work.
The suffix e denotes that the differentiation is carried out at constant
ﬂeformation. It thus represents the rate of‘release of strain energy as
the crack propagates'and can, therefore, be considered as the energy
available to drife the crack through the material. It has been found that
if tear or crack growth méasuréments are expressed in terms of T,.the
results obtained from test pieces of different shapes éan be correlatedG&.
The dépendence of T on flaw size, applied force or Qeformation can be.
deduced for variousg types of test piece. For example the tearing energy

' for the 'trouser' tear test piece shown in Figure 6.1(a). is approximétely

given by:
T =. — . : 602-

where_E is the appliéd force and h.is the tesf piece thickness.

For a test piéce in the form of a strip with a small cut of length
. 'C!' in one edge, deformed in simple extension, as shown in Figure 6.1(b).,
the tgaring energy is given by: |

T = 2KUC - | | 6.3-

vhere U is the straiﬁ energy density in the bulk of the test piece (i.é.
awvay from the éut) and K is a slowly varying function of strain whiéh has
been determined empiricallyss for strains up to 200%. Values of K are

" shown in Table 6.1.
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'Trousers' tear test piece

Tensile strip
(cut growth test piece)

/C
O

Dumb-bell .
{fatigue test piece)

()

Figure 6.1.

Cut growth and fatigue test pieces.
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This.latter fype of sample was used for the cut growth results
described in this chapter. It has the advantage that the stress-concentrating
effects of both flaw size and deformation.(ﬁhich govern K and U) are ekprgssed

in terms of the single parameter T.

TABLE 6.1.
VALUES OF PARAMETER K (AFTER GREENSMITHGB)
Strain K
0 uil
0.10 2.85
0.20 2.66
0.40 2.43
0.60 2.27
0.80 2.15
1.00 2.05
1.50 ~1.85
2.00 _ 1.67
> 2.00 1.67

The tearing energy theory has been successfully applied to teérgi, cut

8-90 92

' . 8 - ' . - :
growth, fatigue and to a limited extent to tensile failure”  of

conventional vulcanised rubbers.’

It has been found for vulcanised rubbers that when the tearing energy
exceeds a minimum value denoted by T,, the amount of cut growth per cycle

(dc) 88-90

(@) for a tensile test piece containing an edge crack (Figure 6.1(b).)

in repeated extehsion test at a particular frequency depends on the maximum
value of T attained in each cycle and can be expressed by an equation of

the following form

de 1 6.4
dn = G e

vhere G is a constant. This is illustrated for a number of rubbers in
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Figure 6.2. The acfual value bf the power m is unfortunately dependent on
the type of polymer89; for natural rubber, p = 23 fér a rangé of synthetic
rubbers {e.g. bufyl, polychloropfene, polybutadiene), m = 3; and for styrene-
butadiene copolymer rubber, m = 4. This type of equation has also only been
shown to‘hold for measurements carried out at room temperature (approximately

21°c). It has been showngs-go

that a minimum value of tearing energy (T,)
exists below which there is no mechanical cut growth, and hence this defines

a fatigue 1limit for repeated stressing below which the life can be indefinite

in the absence of any chemical effects.

Failure of rubber.test pieces containing no artificially inserted cracks
can be deduced from the cut gfowth behaviourg9 by assuming that naturally
occurring flaws of length C, are present in the rubber.. In the case of a
cellular material, C, would be.expected to be in the same order as the
largest pore size.

It is possible to eliminate from equations (6.3.) and (6.4.), the
parameter T and hence form the differential equation:

dc m m o m
G- = T = (2KU)" C 6.5.

The differential equation can be solved to give the number of cycles

n to increase the crack from C, to Cq.

G (_1 1)
(m-1) (2Kku)m (. c @+ = ¢m-T)

When failure occurs the final crack length will be much greater than the
initial flaw size (Cy) and hence the number of cycles to failure N (e) is
gifen by

' G 1
AR = 6.7-
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Variation of rate of cut growth per cycle with Tearing energy for
a number of vulcanised rubbers., ' (After Lake and Lindley 8-90)
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Equation 6.7. expresses the fatigue life N (e) of a fubber when sﬁbjected
tg continuous cycling at constant temperature but at varying strains (e)
in terms of,fhe cut_growth constant G, initial flaw size Co and maximum
strain enérgy U in a cycle vhich can be derived from the maximum strain.
Good agreement has been found88 between the predicted fatigue life ffom
equation 6.7, and experimental data provided that the correct value of m

for each particular polymer considered is substituted in ‘the equations.

6.3. INTER-RELATION BETIWEEN FATIGUE AND STRENGTH/HYSTERESIS THEORY
Before discussing the cut growth and fatigue propefties.of cellular
polyurethanes, the author has attempted to correlate the energy input to
break/hysteresis at break failure relationship for vulcanised rubbers,
discussed in sections 3.4.1. and 5.7.3. with the cut growth and fatigue
theory discussed in the previous section. Up to the ﬁfesent these two
approaches to the failure of rubber have been considered separately.

93

Recent work”™™ has also shown that if fatigue tests are carried out on

amplituele :
synthetic rubbers at a fixed strain/but over a variable temperature range,
then the fatigue life is dependent on the amount of hysteresis exhibited by
dmpirrudt . . :
the rubber at that strains For SBR at 175% extension and over a temperature
range of -40°C to +80°C and over a frequency range 0.008 Hz to 8Hz, the
fatigue life N(t) can be expressed as
h* '

N(t) = B o 6.8.

vhere h is the hysteresis ratio raised to the power p, which was found
approximately to be 6, and A is a constant.
If it is assumed that the total fatigue life N over a variable temperature

and strain range can be expressed as

- . N = N(e) N(t) ) .6-90.

then by combining equations (6.7.), (6.8.) and (6.9.) the following relationship



can be derived

G 1 nP
(m-1) (2KU)™ Com~1 A

N = 6.10- .
Ifp=256 aﬁd m = 3 which is normally the case for amorphous polymers

and N = 1 which is the case for a normal tensile test

( G ¥ 2 3
(2 (K3 aczZ) *° | 6.11.

This equation can then be directly comparedﬁiththe hysteresis at
break failure criterion for vulcanised rubbers which when expressed in terms

of hysteresis ratio at break (hB) is given by
U =K h , | 6.12.

if the small temperature correction factor is omitted.

K3

The constant. 1

in equation 6.12. is therefore identified with constants
derived from the fatigue failure equations:

3o ¢ a3
1 7 (2(2K)° A C,°)

6.13.

If it is assumed that the parameter A remains constant for a number of
amorphous polymers, then for rubbers where m = 3, Ki is proportional to

i
(G/C°2)3. Values of K3 from the data of Harwood and Payneéé and values of

1
89,95

C, and G from the data of Lake ana Lindley are shown in Table 6.2.

The variation of Ki with G/Cg is shown in Figure 6.3. for the rubbers

listed in Table 6.2. with the exception of NR which crystallizes strongly on

extension and does not obey either equation 6.11. or 6.12. A line of slope

1 predicted by equation 6.13. is shown in Figure 6.3. to be a reasonable

approximation to the results. Apart from experimental error, the difference
) frogy i o

between the experimental points and the % power law e be e*ﬁ}ainedﬁby-(a)

\

the slightly different mixed compounds used by Harwood and Pa&ne and -Lake
and Lindley,.(b) the likely variation in the constant A between different

polymers; (c) for some rubbers, m = 3 is only an approximation, and for SBR
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1.0
6/Co? (arb. units)

Relatjonship between K 3 from equation 6.12. and G/C02 from equation

6.11.

Dotted line of slope 3 predicted by equation 6.13. is also shown.

Actual values are shown in Table 6,2,
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in particular, a value of m = 4 in equation 6.11. should be used. The
hysteresis failure criterion, equation 6.12. however is obeyed for SBR as
well as for all other amorphous rubbers and also to a limiting extent for
a strain-crystallising rubber such as natural rubbery and this possibly
indicates the usefulneés of the equation compared with fatigue equations
vhich vary considerably between the different polymers.

TABLE 6.2.

COMPARISON OF TENSILE AND FATIGUE FAILURE PARAMETERS

_ Kg Co ' G ) G/C°21

Rubber Joem=3 cm X 103 arb. units arb. units
(Ref. 94) (Ref. 95)  (Ref. 89)

Butyl 49 . 5 . 0.091 0.036
SBR 61 5.5 0.056 0.019
BR . 88 2.5 * . 0.031 0.050
NBR 97 L 1.100 ~ 0.690
NR 124 2.5 2. 200 | 3.500

* Assumed same as NR as shows evidence of strain crystallisation
.on extension. ' .

6.L. CUT GROWTH OF CELLULAR POLYURETHANES

6.4,1. Experimental

The cut gfowth experiments were carried out on tensile strips (shown in
Figure 6.1(b).) of approximate dimensions 15 cm x 2.5 cm and about 2 mm
thick. A cut about 0.5 mm long was made in the centre of one edge of the

sample by use of a razor blade and the test piece was then clamped into

¢

position on a repeated extension machine and extended to a suitable strain
.\ \

and cycled., ~
The repeated extension machine which was designed for the project is

shown in the photograph in Figure 6.4. The machine consists of twelve

testing stations arranged six on either side of a central bar. The clamps
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Repeated extension machine used for all the cut growth and fatigue
measurements, ’ :
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on the central bar oscillate backwards and fo;wards ﬁetween stationary
clamps which could be adjusted to give extensions on the test pieces from
0 to 16 cms. The machine speed was approximately 120 cycles per minute.
A six figu}e counter was attached to the side of the machine. Metal
collars were alsé attaqhed to the stationary clamps which allowed the
samples to remain unloaded when the machine was left off overnight.

At each strain selected, three samples were placed on the repeated
extension machine and during the test the length of cut was measured with
a magnifying micrometer eyepiece. The test piece was slightly strained to
facilitate observation. Readings were taken at interﬁals corresponding to
approximately a 10% increase in cut léngth. Razor cuts tend to have very
sharp tips and a small amount of rapid growth often occurs before the tip
of the cut roughens to its steady state. This period of initial rapid
growth was usually ignored. A typical example of the va;iation of cut
length with number of c&cles is shown in Figure 6.5. for a cellular
polyurethane testi piece strained to'?O%;

6.4.2. Experimental Results

By measuring energy inputs at various strains along the stress-strain
curve and using published values of 2K shown in Table 6.1., it was possible
to determing the variation of 2KU with straiﬁ for the cellular polyurethane
and this is shown in Figure 6.6.

Several éht growth tests were carried out at a number of extensions up
to 100% maximum %pitial strain for the polyurethane and a number of graphs
similar to Figure 6.5. were produced. For each graph, the rate of cut growth
(%&) was determined from the difference in cut length divided by the numbef
of cycles between the two experimental readings. This ratelwas then referred

to the tearing energy calculated from the average of the two cut lengths and

the 2KU value obtained from Figure 6.5. at the maximum initial strain of the
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'cycle. The tgst wvas stopped when the cut reached about 20% of the test

p;eée width as the theory is ipapplicable above this cut width. It was
possible, however, to cover a decade of tearing energy values with one test
ﬁiece. A differept range of T was covered by cycling another sample to a
.different maximum strain, hence changing 2KU.

In_all the experiments no correction was made for permanent set

developed in the test piece. Provided that all the measurements were referred
to the initigl stress-strain curve of the material the correction was
'unneéessary. (This procedure.differs slighfly from the published work88«99

on solid rubbers where set is usually allowed for in both the cut growth

and in the stress-strain measurements).

de

dn) with tearing energy for

_The variation of the rate of cut growth (
the cellular polyurethane is shown in Figure 6.7. The lowest recorded value
of tearing energy at which sone ;ut growth was observed was 2.4 kgf/cm.

Cut growth samples put on the repeated extension machine at a tearing
energy value of 1.7 kgf/cm showed no cut growth after repeatedly being .
stretched for 3 million cycles. It was therefore assumed that the value 6f
T, for the cellular polyurethane was approximately 2 kgf/cm.

Above T,, however, as shown in Figure 6.7. a relationship to the power

6 is obeyed between cut growth rate and tearing energy and hence equation

6.4. can be written for this material as?

6, .
?_‘:1 = 'é— ) 6-14.

This power is much.higher than is normally found in a solid rubber
88-90 . .
polymer but can vary according to the cellular structure as discussed

later.

In order to confirm whether equation 6.14. was correct for the cellular

polyurethane used in poromerics and secondly to obtain a value for the minimum
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flaw size C, at which cut growth occurs, conventional fatigue tests where
no cuts were placed in the sample were undertaken and the results of these

experiments are described in the next section.

6.5. FATIGUE PROPERTIES OF CELLULAR POLYURETHANES

6.5.1. Experimental

Dumb-bell samples of the type shovn in Figure 6.1(0)..were cut from
the cellular polyurethane used in the cut growth investigation. The.samples
with no inserted cuts were then placed on the repeated extension machine'
shown in Figure 6.%4. The number of cycles to failure for each of the 12
" samples repeatedly strained té the same initial strain was then recorded.
The sfrains were calculated as a function of the original length of the
parallel side centre section.of the dumb~bell with no allowance being made
for set in a similar manner to that described for the cut growth‘experiments.

The whole experiment was repeated at a number of strains between 2Dd and 350%.

6.5.2. Experimental Results

The-variation of the average number of cycles to failure for the 12
samples with strain is shown in Figure 6.8. 1In order however to confirm
vhether equation 6.14. and the cut growth theory outlined was applicable to
cellular polyurethanes, £he avérage number of cycles to failure of the
ﬁwelve samples used at each straiﬁ was plotted as a function of 2KU on
logarithmic écales as shown in Figure 6.9. A sixth power line has been drawn
througﬁ the results in Figure 6.9. to give the relationship from equation
6.7.

) G 1

_ From the intercept (N*) of the line on the 2KU = 1 (log 2KU = O) axis,
it is possible to derive a value for the effective flaw size Cy from

. N*te) = 5 g ) 6-160

0
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Variation of average fatigue life of twelve test pieces with 2KU
for cellular polyurethane, Dotted lines indicate maximum and minimum
fatigue life of 12 samples at each 2KU value. -
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The value of G = 2.86 x 1010 ¢gs cycle units is obtained from the line
shown in Figure 6.7. Using the value of N* = 4.6 x 102 from Figure 6.9.,
the value of Co‘is found to be 6.6 x 103 cms.

The‘scanning electron microscope photograph of the cellular pelyurethane
shown in Chapter 4 indicated that the average pore diameter was approximately
2 x 10~3 cm but a few cells of up to 2 x 10~2 cms in diameter were present;
The calculated value for C, appears therefore to be well within the range of
céll diameters found in the cellular polyurethanes used in poromerics in
practice.

The resulis shown in Figures 6.8. and 6.9. are the average number of
cycles to failure for 12 samples of the cellular polyuretnane at‘various
strains but the actual number of cycles for the first and last samples of
the twelve to fail were very different. A sixth power law has been détted
on Figuré 6.9. through the maximum and minimum number of cycles to failure
of the twelve samples. From the respective N* values and‘equation 6.16.,
an iﬁdication of the maximum and minimum flaw size could be obtained and
these are shown in Table 6.3.

TABLE 6.3.

VALUES OF EFFECTIVE FLAW SIZE C, FROM FATIGUE DATA

No. Cycles to N* c
Failure o
‘ . cms
Max. 102 5.6 x 107
Av. L.6 x 1020 6.6 x ‘].0."3
Min. 8 x 1019 _ 9.3 x :I.O“3

” These values of effective flaw size are therefore within the range

of cell diameters found actually in cellular polyurethanes in practice.
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It is concludgd therefore that the tearing energy theory developed for
vulcanised rubbers appears to be applicable to cellular polyurethanes of the
type used in poromerics and that fatigue failure of these materials under
repeated straining is due to cut growfh from the largest cell in the sample.
The fafigue behaviour of cellular materials is therefore ;imilar to that
found in solid vulcanised ruﬁbers with the size of tﬁé largest hole in
cellular materials taking the place of the size of natural flaws in solid
rubbers.

6.6, COMPARISON CUT GROWTH RESULTS WITH OTHER MATERIALS

6.6.1. Solid Polyurethane Elastomers

Similar cut growth measurements to those reported in Section 6.4, were
also undertaken on the solid polyurethane of the same composition as the
cellular material. The variation of the rate of cut growth with tearing
energy for the solid polyurethane is shown in Figurg 6.10.

The line through the results for the cellular polyurethane froﬁ
Figure 6.7. iz also dotted én Figure 6.10. for comparison. The line drawn
through the results for solid polyurethane has a sloepe above To on the

double logarithmic scales ofgs/ ) to give the relationship

2)
>/
dc . T 2
an (solid) = P} | ‘ 6.17.

which is different from that for the cellular polyurethane (equation 6.14.).
This is observed by the difference in slope of the two lines in Figure 6.10.
The higher slope in the case of - the foam polyurethane would be expected as no
allowance has been made for the effect of the cells. The cut growth process
in solid materials is also different as it is a continucus growth éf a crack
whereas in the foam polyurethane it is a repeated process of crack initiation

through the polyurethane solid strands and rapid grbwth through the holes.
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Variation of rate of cut growth with fearing'energy for =solid
polyurethane compared with cellular polyurethane results from Figure 6.7.
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The lower limiting value of tearing energy (TO) at which no cut growth
occurs for the solid matérial ié 1.5 kgf/cm which is approximately the same
ag found for the cellular‘bolyurethane in the earlier sections of the paper.
The effecé of generating a cellular structure in a polyurethane material
used in poromerics appears to have little effect on T, but increases the

rate of cut growth with tearing energy.

The mibroporous polyurethane coating of the fibfous poromeric 'Corfam!
was stripped away from the base and some cut growth measurements were made
on this material. As discussed in Chapter 5, this particular polyurethane_‘
coating was different from the previous foam and the majority of poromerics
in that it is based on a polyether polyurethane rather than a polyester and
it was also chemically crosslinked.

The variation of rate of cut growth with tearing energy is shown in
Figure 6.11. compared with the cellular polyurethane used in the earlier
sections of this chapter. Although a 6th power law between cut growth rate
#nd teafing energy is still obeyed, the effect of chémical crosslinking is
to decrease the value of T,.

6.6.3. Vulcanised Rubbers

The majority of the publishedag-90

cut growth test fesults which are
expressed in terms of the ﬁarameter *tearing energy' have been confined to
vulcanisedlrﬁbbers such as natural rubber (NR) and styrene butadiene rubber
(SBR). 1In general these test results have been calculated on a slightly
ﬁifferent'basis from the measurements discussed in this chapter. In the
work on vulcanised rubbers, account has been taken of tension set developed

during an experiment when calculating strain. Tearing energy values are

therefore lower than those normally quoted.



~130~

16° CELLULAR P U.
X-LINKED
CELLULAR PU.
10}
10°
g
- 10%
cm/Mc
0l
] [ o
0 $
|
|
t
|
10°L % L . .
10 1 0 10° 10’
TEARING ENERGY- I(gf/cm
Figure 6.11,

Variation of rate of cut growth with tearing energy for chemically
crosslinked microporous polyurethane surface layer from poromeric
"Corfam" with cellular polyurethane results from Figure 6.7.
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The cut growth results for the solid and cellular polyurethane materials
were however re-calculated in this manner and are compared with solid NR and

8-90 in Figure 6.12. Although the slope of

SBR data from published papers8
the raté of cut growth - tearing energy curve is similar for solid
bolyurethane and‘NR indicating as found in practice fhaf both materials are
. highly hysteresial in character, the polyurethane is displaced along the
tearing energy axis resulting in a far higher value for T; for polyurethane

than normally obtained for vulcanised rubbers. The reason‘fdr this behaviour

is discussed later in the thesis.

The variation pf rate of cut growth with tearing energy for a typical
styrene-butadiene thermoplastic rubber is shown in Figure 6.13. The tests
were performéd oﬁ a'2.5 mm thickness.moulded sheet of the material. Careful
preparation of the sheet was undertaken to reduce anisotropy in the material
to below 3%.- The most interesting feature of tﬁe results.shown in Figure 6.13.
is that.the value of T, appears to be high comparéd with con;entional
vulcanised rubbers and is similar in magnitude to the polyurethane rubbers.

A number of investigation59§’97 have shown that the structure of
thermoplastic rubbers consists of long f;exible polybutadiene chains attached
randomly to hard ﬁolystyrene blocks of approximately 300 R diameter. The

o bt o '
same thermoplastic rubber was also pkepased by using 2.0 phr dicumyl peroxide
as a crdssiinking agent‘and the cut growth results for this material are also
shown in Figure 6.13; It is quite clearly seen that the introduction of
crosslinks: considerably reduces £he value of T,. This is thougﬁt to be due
to the crosslinking preventing the formation of the domain structure of the
polystyrene in the polybutadiene ;etwork. This effect of crosslinking in

reducing T, is analagous to the behaviour exhibited by polyurethane described

in Section 6.6.2.
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Variation of rate of cut growth with tearing energy for NR and SBR
from published data88-90 with solid and cellular polyur-thane results
from this investigation. (Results for polyurethane corrected to take
account of tension set developed during course of test).
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styrene~butadiene thermoplastic rubber and for same rubber crosslinked

" by 2.0 phr dicumyl peroxide.
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Variation of rate of cut growth with tearing energy for styrene
butadiene copolymer with approximately 80% styrene compared with
conventional vulcanised styrene butadiene rubber,
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Limited cut growth experiments were also undertakén on a styrene
butadiene éopolyﬁer with approximately 80% of styrene. The variation of.
rate of cutlgrowth with tearing energy for this material compared to a
conventional vulcanised styrene butadiene rubber (5BR) is shown in
Figure 6.14. It is seen that the introduction of a high amount of styrene
resin to the rubber increases the value of Ty. It is intéresting to note
that the usual type of microcellular rubber soling is manufa?tured from
a styrene butadiene copolymer with a high styrene content and this has
excellent resistance to cut growth in wear.

6.7. CONCLUSIONS -

Up to the presént, two main approaches to fhe failure of rubber have
been developed, Harwood and co-workers have found quantitative failure
relationships between energy input to break, hysteresis at break and strain
at break. This work has been extended by the author in Chapters 2 and 5.

The second appraach from investigations by Lake, Lindley énd Thomas into

the cut grdwth and fatigue properties of‘vulcanised rubbers has been by u;e

of the tearing energy theory. The author has attempted in Section 6.3. of

this chapter to bring these two theories together and has derived a relationship
between the parameters from the hysteresis failure criterion with those from
the tearing energy theory of fatigue failure.

The tearing energy theory has been shown ito be applicable to cellular
polyurethanes.- The main point emerging from this investigation is that the
lower limit of tearing energies (To) below which no cut growth occurs in the
absence of chemical effects is far higher for polyurethanes than for the
méjopity of vulcanised rubbers. The tearing.energy theory is also shown to

be applicable to the fatigue properties of cellular polyurethanes. The
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calculated initial effective flaw size from where the cut would appear to

start is of the same magnitude as the largest hole in the cellular material.

Chemically crosslinking the polyurethane is shown to decrease the value of

Tge
Experimentai results on a styrene~butadiene block copolymer thermoplastic

rubber alse show T, to be fairly high compared with conventional crosslinked

vulcanised rubbers. The thermopléstic rubbers do show some similarity to

pélyurethanés,'in thaf when the thermopléstic rubber is crosélinked, the value

6f T, decreases. Similarly a styrene-butadiene copolymer with a large

styrene content has a higher value of T, than a conventional crosslinked

SBR vulcanisate. It would appear therefore that the introduction of some

form of domain structure into a material increases the value of minimum

tearing energy (To). The structure of polyurethane elastomers is considered

in Appendix 2.
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CHAPTER 7.

GENERAL CONCLUSIONS

\
fi Ry %Pthe mechanical properties of cellular polyurethane elastomers

used in poromeric materials have been measured experimentally and the
results aré presented in this thesis. This work is supplemented in
Chapter 2 by other experimental resuits obtained by the author on
branched polyurethane elastomers. All these results are compared
with those found in normal commercial vulcanised rubbers.

The major conclusion to be drawn from this work is that the
polyurethanes used in poromeric materials exhibit superior mechénical
properties to those found in both filled and unfilled vulcanised
rubbers. A general explanation is now put forward in this chapter
for these superior properties.

A number of relationships between various parameters for vulcanised
rubbers such as the cubical model theory to explain the difference in
mechanical.properties of the foam and solid materials or secondly thg
variation of energy input to break with strain at break or hysteresis,
have been found also to be obeved by polyurethanes. In some properties,
however, there are some large differences in magnitude, the most
important being with respect to strength, hysteresis, temperature
stability and cut growth resistance.

In order to provide.an explanation for the goocd mechanical
properties of polyurethanes, it is essential to refer to the structure
of these elastomers. A review of publishéd literature is given in
Appendix 2. It has been shown by a number of investigators into the
structure of polyurethane elastomers that they are composed of
alternating hard and soft segments. The hard segments are approximately
25 - 503 in diameter and contain urethane or urea grdups whereas the

soft flexible segments are in the order of 100 - 2008 and are formed
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from the linear polyether or polyester chain segments. The hard
. 1

segmerits are held together by hydrogen bonding and other intermolecular
ﬁhﬁsﬁ;;i éttractions.

The har& urethane segment presumably acts as a filler particle
within the polyester or polyether rubber matrix. Introduction of a
fi;lér such as carbon black into an amorphous Vulcaniéed rubber
lincreases the modﬁlus, hysteresis and abrasion resistance. The higher
level of these pererties in polyurethanes is presumably due to the
very small size of the hard urethane segment. The mechanical properties
of vulcanised rubbers improve as the particle size of the filler is
reduced, as thefe is a larger particle surface area for polymer

r

attachments and a smaller inter-particle distance. Both these effects

-~

considerably modify the relaxation behaviour of a large volume of the

rubber. In vulcanised rubbers, the carbon black particles however
SAF ' . ) .

{(e.g. 37, ISAF) are about 300ﬂ in diameter whereas the size of the

hard segmentgs in polyurethanes are a factor of ten smaller than this;

hence the degree of reinforcement is far greater thus resulting in a

-

high medulus and tensile strength.

The work of Harwood et a112’?4’98

showed that the introduction of
30 phr HAF carbon black into styrene butadiene rubber increased, not
ocnly the strength and hysteresis but also the temperature stability
and caused a broadening ;f the relaxation spectrum. These features
have a}so been demonstrated iﬁ.polyurethanes as shown in Chapter 5.
The iﬁtroduction of a filler into an amorphous rubber resulted in the
filled rubber no longer obeying the Williams, Landelland Ferry (WLF)

equation and this was observed in polyurethanes, The presence of the

hard segment in polyurethanes leads to additional characteristic

99

response times as described in the theoretical work of Radok and Tai

on hard inclusions in viscoelastic media and produces a wide
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distribution of relaxation times as found in filled vulcanised
rubbersiz’ié’gg. | |

One further important feature of the physical structure of
poiyurethanes is that the filler particles (the hard segments) form
a well dispersed molecular arrangement. Because fhe hard segments
are formed chemically they will in general be better dispersed in
the rubber matrix than the fillers (carbon black) in normal vulcanised
rubbers. This is a secondary factor which must contribute to their
good mechanical properties.

In a number of polymers such as natural rubber, crystallisation
of the material is a main process in rendering high strength. Although
some polyurethanes are known to crystallise, no evidence either from
their mechanical properties or b; comparing their IR spectrum with a
crystalline polyurethane adhesive has been forthcoming to show
crystallisation effects in the type of polyurethanes used in this
invéstigation. Their superior mechanical‘propertiés must therefore
arise mainly from their unique molecular structufe.

High hysteresis at a particular energy input is a necessary
condition for all materials which are to be used as artificial leathers
in footwear as shown by the results on viscoelastic properties of all .
the fibrous poromefics and leather in Chapter 3. The hard segment
arrangement in the homogenequs cellular polyurethane poromeric appears
to result in the required mechanical properties which are comparable
with semi-fibrous or totaily fibrous materials which are used in the
same application. - The brcad relaxation spectrum of polyurethanes is

also ideal for their use in footwear where high set and hysteresis

is required to give good shape retention over a very long time scale.
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Studies into the high temperature transitions of polyurethanes,
reported in Appendix 2 show that at about 160 - 1?O°C, the hydrogen
bondiﬁg which no}mally acts as a physical crosslink Between the ha;d
segments in fhe polyurethane elastomer dissociates. This is the
reasén for the large drop in mechanical properties noticed at about
these temperatures.r This particular feature can be used to advantage
in the footwear industry as it allows a permanently shaped article to
be produced.by conventional plastics fabrication techniques such as
pressure or vacuum forming as described in Appendix 1. If the
,homogenéous cellular polyurethane is strained at 17000, at whicﬁ
temperature dissociation of the hydrogen bonding between the hard
segmeﬁts occurs, then on cooling the hydrogen bonding reforms to
vhysically crosslink the material in the stretched statg,iin&ucing'A
a permanent set. The polyurethane is therefore to some extent
thermoplastic inrnature.

Unfortunately 170°C is too high a temperature to use in the
conveﬁtional manufacture of footwear and therefore some further
investigation is required into the possibility of modifying the
pelyurethane to reduce the temperature at which the hydrogen bonding
dissociates. The reduction of this temperature to 120°C without
altering any other properties could have a profound effect
commercially aﬁd completely.change footwear production methods.

IF was shown inVChapters.3 and 5 that poromeric materials of all
types display stress softening effects similar to those found in
Yulcanised rubbers. Before stresé softening can be fully recovered
in arcellular polyurethane, the materiallhas to be heated to a
temperature of approximately 17000. it is necessary therefore to
disrupt the hydrogen bonding between the hard segments before stress’

softening in polyurethanes is fully recovered.
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One of the most remarkable features of the‘polyurethane used in
poromerics is their very high resiétancelto cut growth and for this
reason, this particular property has been fully investigated and
reported in Chapter 6. The tearing energy theory developed by

61,88~90

investigators at NRPRA for analysing the tear, cut growth

and fatigue properties of vulcanised rubbers has been fouﬁd to
satisfactorily describe the cut growth and fatigﬁe behaviour of
cellular poiyurefhanes. For example, tensile fatigue measurements on
cellular polyurethanes using teSt-pieces with no inserted cuts, showed
that fajilure of the cellular polymer was caused by cut growth from

the largest cell in the sample. The measured large cells in the
fest-pieces agreed satisfactorily with those calculated theoretically
from the tearing energy theory.

The most interesting feature of the cut growth results on beoth
the foam and solid'polyurethanes was the large value of To (i.e. the
minimum value of teariné enefgy under which no cut growth takes place
in thé absence of»chemical effects). Values of T, are at least a
factor of ten higher than found in vulcanised rubbers. The high value
of T0 reflects the good cut growth properties of cellular pol&urethanes
found in ﬁractice. These measurements can be directly applied to
practical problems such as flex cracking in 'solings as shown in
‘Appendix 1.

Limited work has been published on the cut growth properties of
filled vulcanised rubbers but it hgs been 'shown89 that T, is-increased
by about 50% with the addition of a reinforcing carbon black to a
vulcanised rubber. Non reinforcing fillers have been found to have
little effect on the value of T, but they also do nothglter the

relaxation spectrum of the rubber. T, is also high in a styrene

butadiene block copolymer which consists of a well dispersed filler
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system of polystyrene domains in the polybutadiene network, Crogslinking
the block coﬁolymer reduces the value of T . Similarly To is also
increased in‘SBR vulcanisates when a high amount of styrene resin is
intfcduced. It would appear therefore that the value of To is related
to the hysteresis in the material and it is thougﬁt that the high
hysteresis resulting from the "built in well dispersed filler system"

in polyurethane elastomers causes the high value of Ty

Theoretical value5100 of To ﬁave been derived for vulcanised
rubbers from equations based on chemical boqd strengths and these
values agree well with those found in practice. However these
theoretical equationg have been derived for_essentiglly elastic
systems. Some further detailed study is now required to introduce a
factor into these equations which takes account of viscoelastic effects
and therefore extends the theory to filled rubber systems including
polyurethane and thermoplastic eléstomers.

Other investigators, as aescribed in Appendix 2, have found that
chemically crosslinking the polyurethane reduces the strength of the
polymer as the crosslinking prevents the formation of the molecular’
arrangemenﬁ of the hard and soft gegments. A limited amount of work
in Chaptér 6 showed that T, was lower for a crosslinked cellular
rolyether than for the linear cellular polyester urethane. This
particular study should be extended however preferably using the-same
polyurethane and exémining the actual change in mechanical properties,
especially To’ with increased crosslinking. Highly branched
polyurethane rubbers as described in Chapter 2 are very weak in
mechanical properties.

Although abrasion resistance has not begn considered separately
in this thesis, Schallamach101_hés shown qualitatively for vulcanised

rubbers.that wear decreases as the mechanical damping or hysteresis
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of the rubber increases. The exceptionally high hysteresis in
polyurethanes must contribute to the very good abrasion resistance
of pol&urethane elastomers used in poromerics as found in practice.
The whole'fiéld of abrasion resistance of polyuréthane however is an
ideal subject for further investigation.

The high strength, abrasion resistance and good éut growth
properties of the high density cellular linear polyurethanes useq in
the footwear industry is due to the hard urethane segmgnts in the
polyether or polyester rubber chains. These hard segments act as
well diépersed minute filler particles in the rubber matrix to

produce a very effective "self reinforced" elastomer.
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APPENDIX 1

PRACTICAL APPLICATIONS

A1.1. TFORMING OF POROMERIC UPPER MATERIALS

| The high set that can be obtained in polyurethane materials by
heating them to 1?0°C so that the hydrogen bonding between the hard
segments dissociates, then stretching and subsequently cooling the
material to reform the physical crosslinking (hydrogen bonding) has
been utilised recently in process developments in the footwear
industry.

This thermoplastic type of behaviour of poromerics which are
made entirely of cellular polyurethane allows conventional plastics
fabrication techniques such as vacuum and. pressure forming to bé used
in the shaping of shoe uppers. This significant change from
conventional shoemaking has potential material and labour cost
savings.

The vacuum forming process developed at SATRA consiS#s of heating
to 1?0°C a sheet of the poromeric upper material and then forming the
material over a nest of moulds by applying a vacuum. All stretching
and compression of the upper fakés place during moulding so that when
cool, the material is permanently set to the mould shape.

Pressure forming is a further developmeﬂt in the preforming of
- shoe uppers which uses positive air pressure by which greater forces
can be.applied during formihg than in the case of vacuum forming. In
pressure forming a slightly different process concept is used, upper
components are assembled in the flat prior to forming. The preclosed
upper is then clamped in a jig and heated to about 17000. A cold
mould as used for vacuum forming is then forced into the hot upper
to give a mechanical stretching ﬁction. Air pressure of up to 5

atmospheres is then applied to finally conform the upper to the
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mould shape. The upper is cooled to set it to the mould shape by

the action of the cold mould and cold air being blown on to it.

Ai;é.. FLEX CRACKING OF SHOE SOLINGS

One of the most common problems with shoe soles is flex cracking
and a typical example is shown in figure Al.1. Tﬁis pérticular sole
was made from an experimental cellular polyurethane compound and
" failure has resulted from the growth of one or more cracks which
either were initially present in the material or were introduced by
the environment and imposeé deformation on the shée. It is interesting
10 note that failure has occurred at the flexing poinf of the sole
where the imposed strain is the highest. It has been.obserVed that
the growth of these cracks is generally quite slow at first but then
accelerates rapidly as the flaw size increases.

Using the same procedure ag described in Chapter 6, a value of
T, {(i.e. the minimum value of tearing energy under which no cut growth
takes place in the absence of chemical effects) was obtained for a
polyurethane soling cﬁmpound. This was found to be 1 kgf/cm.

. The minimum tearing energy (Tg) is a function of strain energy
density (U) and initial flaw size (C_ ) and hence as shown in Chapter 6
can be expressed as

T, = 2KUC,

Provided therefore tha# values on the right hand side of the
equation remain below 1 kgf/cm, no cut growth will occur and the sole
will not fail in wear. 2KU is however a function of strain as shown
in Chapter 6 and therefors as the strain increases, the critical flaw
to initiate failure of the sole will decrease.  This relationship
for the polyurethane soling material is shown by the solid line in

figure Al.2,
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Figure Al.1.

Typical example of flex cracking in shoe soles
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Figure Al1.2.

Variation of eritical flaw size to initiate failure of sole,
calculated from Ty, with strain for the polyurethane soling material.
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At strains less than 10%, fairly large flaws in the material can
' be tolerated and will show no cut growth as the line in figure A2.2.
is an asymptote to the strain axis. This is observed in practice as
flaws well ofer 1.0 cm will not generally grow in the heél or waist
of a shoe sole as the strain on these parts of the sole in wear is
generally less than 10%.

The critical area is in the flexing point of the sole and this
is where flex cracking generally occurs. Strains on the sole in this
region are often in the order of 25%, but this deﬁends very much on
the type and thickness of the sole and its pattern., Figure AZ2.2.
predicts that flaws above 2 mm will show evidence qf cut growth.

This value f;r critical flaw size compares well with the results
obtained from wear trial results on solings.

Standard tests on solings place a 2 mm cut in the sole across
thé flexing point and it is expected that in a satisfactory sole, no
growth of the cut will occur after a reasonable period of wear.
Similarly, the standard physical test to determine flex cracking of
soles known as the Ross test, flexes a sample of the material with a
2 mm cﬁt through 9000 so that strains induced in the position of
maximum strain where the cut is placed are of the order of 20%.
Satiéfactor& shoe soles are expected to show no further growth of the
cut after 150 kilocycles,

If it is assumed that a.cut in a shoe sole when flexed grows in
a similar manne; to a cut in a tensile test piece, then the teariné
energy approach appears to predict a reasonable value of maximum cut
iéngth whiéh the shoe sple can withstand in the flexing point without
showing any evidence of cut growth. The critical value of 2 mm has
been found from numerous wear trials on soling materials to be the

acceptable standard length of cut which should show no evidence of
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further growth after a reasonable period of wear and this size of cut
has subsequeﬁtly been used in the establishment of test methods and
procedures.

The formation of cracks in a shoe sole in wear is due mainly to
sharp objects such as nails, thorns, flints, drawing.pins or pieces_of
glass getting embedded into the sqle. A typical example is shown in
the photograph in figure Al1.3. of a cross~section of a polyurethane
sole which has flex cracked. The initiating flaw was obviously the
piece of sharp glass which was embedded in the poéition of failure on
this particular sole. The length of the piece of glass across the
cutting edge when removed from the sole was 3.2 mm and hence failure

would be expected from consideration of the cut growth theory.

A1.3. INCILUSION OF LARGE HOLES IN SOLINGS

One feature of early expanded polyurethane soles and some
experimental compounds'was the inclusion of large holes in the foam
structure, The prob}em, although not completely eliainated in the
polyurethane solings produced at present, has however significéntly
decreased.
| One particularly bad example is shown in the photograph in
figu;e Al.4k, where a cross-section cut across a cellular.polyurethane
sole shows some very large holes, the diameter of these holes beihg
up to 50% of the thickness of the sole. The important feature with
this particular example is that the holes are at the flexing point of
the sole and hence are large enough to cause cuf growth and ultimate
failure of the sole as shown in the previous section. One slight
difference between this type of flaw and that arising from the
inclusion of some sharp glass is that, in the latter case, the flaw
has a sharp tip which often cqpsés a short perio@ of rapid growth

until the tip roughens to a steady state. Hence, possible propagation
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Cross-section of sole at point. where it had cracked in wear show1ng
piece of glass which had initiated failure.

Experimental polyurefhane soling compound showing large holes at
flexing point of sole,
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of the flaw will be slightly less likely in thercase of the large
hole than in.the.case.of the flaw from the cut glass. Nevertheless,
flaws.such as those shown in figure Al.k. could be a major caﬁse of
failure of solings. Flex cracking failure of a cellular polyurethane
of the same compound as that shown in figure Al.%k. is shown in
figure_Ai.S. The position of cracking on the sole has been opened uﬁ
and a hole measuring 4 mm in diameter is seen. Although it cannot be
éonfirmed iﬁ this particular example that the large hole has induced
crackiﬁg, it is certainly true that the holé has contributed to the
weakness of the material in this area and hence the subsequent failure
of the shoe sole.

In order to determine the reason for the holesg, scanning electron
microséope photographs were taken on samples which contained some large
holes. A general photograph of the hole is shown in figure A1.6. and
an enlarged photograph of the edge of the hole in the same sample is
shown in figure A1.7. The regular cellular structure of the
polyurethane is apparent up to the edge of the large hole and no evidence
of collapsed cell structure can be seen around the hole., The most
probable mechanism of hole formation is, therefore, that they are due
to inclusion of air during the mixing process which results in holes
being retained when the sole is moulded.

Gent and Tompkin5102 have recently suggested that a hole can be
formed_ from a bubble of air which is trapped during tﬁe mixing and
shaping processes. This is thought to be 'the case with the large
bubbles found in the polyurethane soling compounds, During the mixing
stage the rubber is a soft, highly viscous liquid, and the dominant
forces on the trapped bubble would, therefore, arise from surféce
tension forces. The gas contained in the bubble would then dissolve

into the rubber under increasingly large local pressures as the bubble



Cross=-gsection of polyurethane soling material across flex cracked
edge showing large hole in this area.

Scanning electron microscope photograph of cross-section of typical
polyurethane soling material showing a large hole. Magnificatiun : 34,
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Close up on edge of hole shown in Figure A1.6. Magnification : 525.

3

Scanning electron microscope photograph at edge of a large hole of
a second polyurethane soling material of lower density than the sample
shown in Figure A1,7. Magnification : 120.
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becomes smaller, As gas diffusion is relatively slow in rubbers, the
bubbles may ﬁot have completely disappeared when crosslinking eccurs
and the rubber is transformed into an elastic selid. Theirrtheory
predicts that if holes have reached a small initial radius at the
fime of crosslinking, they decrease in size after crosslinking, but
if large holes occur at the crosslinking stage, they are retained in
the final product with little decrease in size.

Further confirmation that the large holes are due to air
inclusions is shown by the scanning electron microscope photograph
in figure A1.8. of a‘different polyurethane soling compound of lower
density than the material shown in figure A1.7.

The photogréph in figure A1.8. shows the edge of a large hole
similar to that shown in figure-éi??i_ No sign of any collapsed cell
structure around the large hole can be seen. This was also found with
the eariier polyurethane compound. Another feature shown in figure
A1.8. is that the normal cellular structure of the polyurethane
soling which is formed during the reaction stagg by either a reaction
between the water and isocyanate or by the incorporation into one of
the compounds of a volatile solvent has penetrated inteo the large
hole. This would indicate that the large hole existed before the
reaction stage of the process and would confirﬁ the view that it was
due to an air inclusion in the mixing stage which was retained in the
final product.

At.4h, GROWTH OF CUTS FROM STITCH HOLES IN POROMERIC UPPER
- MATERIALS

" One of the problems which is common in unreinforced or non fibrous
polyurethane poromerics is growth of cuts from stitch holes in wear.
A typical example is shown in figure A1.9. where failure of the shoe

i .
has resulted % cut growth from stitch holes at the tab point.
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Figure A1.9.

Growth of cuts from stitch holes at tab peint in a cellular
polyurethane poromeric upper material. '
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The results are reported in Chapter 6 on the cut growth
properﬁies of the homogeneous cellular polyurethane poromeric
showed that T, was about 2 kgf/cm. Using the variation of 2KU

~with strain for the polyurethane shown in Chaptef 6, it has been
possible to determine the variation of critical flaw size for cut
growth with strain and this is shown by the dotted lihe on figure
A1.2.

The size of a stitch hole in a poromeric upper material can be
up to 1 mm in diameter. The critical strain therefore for the start
of cut'growtﬁ from‘figure Al1.2, assuming a 1 mm flaw would be 25%.
Measurements at.SATRA on upper materials in wear‘have shown that
surface strains on shoe uppers in wear can be up to 40% on the tops
of folds and up to 25% at tab.pqints. The tearing energy theory
therefore appears to predict to a rgasonable.degree of accuracy the

type of conditions that cause failure in wear.
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APPENDIX 2

REVIEW OF THE STRUCTURE OF
POLYURETHANE ELASTOMERS

A2.1. INTRODUCTION

The major part of this thesis has reported experimental
investigations by the author into the mephanical properties of
polyurethane elastomers and has compéred thesglproperties with those.
obtained from vulcanised rubbers. In order to provide a satisfactory
explanation for some of the superior properties of polyurethanes, it
was necessary to understand their Structure and a literature sufvey
was undertaken. A brief review of this literature survey into the
structure of polyurethane elastomers is presented in this Appendix.

A2.2 POLYURETHANE ELASTOMERS

The basic research work on polyurethane elastomers was carried

out by Bayer and COmefkers103,104

at Leverkusen in West Germany in
1937 when they discovered the di-isocyanate addition polyme;isation
process, This resulted in the production of several different types
of.polyurethaneg and polyureas and was extremely.suitable for the
planned build-up of elastomers with segmented structure. Although
there are a number of textbooks and papers which deal with thé
production and properties of polyurethane elastomers in general, it
is only in the last few years however that fundamental research work
into the physical strucfufe of tﬁese materials has been reported.
There are a large number of methods whereby polyurethanes can
: pe produced but the most widely uéed production method is the
reaction of a di~ or polyfunctional hydroxyl compound, e.g. hydroxyl-
terminated polyester.or pol&éthers with di~ or polyfunctional
105

isocyanates. . The general structure of a linear polyurethane

derived from a dihydroxyl compound HOROH and a diisocyanate OCNRYNCO
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can be represented by the following general formula:
( o )
( ﬁ )
(—R—O-C-NH-R' ~NH-C~0-}

The functionality-of the hydroxyl-containing'component as well
as of the isocyanate can be increased to three or more to form
branched or cross~linked polymers such as the rubberé considered
in Chapter 2. Other structural changes can also bé made. The
néture of R for example may be changed drastically in molecular
weight or type (polyether, polyester or simple glycol). The nature
of R' may also be altered (HDI, NDI, TDI or\MDI).

Mainly for these reasons, polyurethanes are.unique in that
crosslinking, chain flexibiiity and infermolecular forces can be
varied widely and almost independently so that the class of materials
known as polyurethane include fibres, soft and hard elastomers,
flexible and-rigid foams,m%?@g{{gnépus cdatings an& highly crosslinked
plastics,

Urethane elastomers are usually prepared from a long chain diol
such as linear polyester or polyether of molecular weight 1,000 to
2,000, a diisocyanate and a low molecular weight chain extender such
as a glycol or diamine, One of the mpst successful reéction sequences
used is that of the prepolymer methggs.‘ In the first stage of the
process, the diol is caused to react with an excess of diisocyanaté
to produce either a moderate molecﬁlar weight liquid or 1ow'melting
solid termed the prepolymer.

- The second step in the process is the addition of a low molecular
weight glycol or diamine. The final curing step involves the reaction
of the terminéi isocyanate groups with active hydrogen-containing
grou?s in the polymer chain, e;é; urethane groups to give allopbanate

branch poigts.
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A large variety of structures can be built into the polymer
chain‘@epending on.the nature and molecular weight of the diol and
ratios of regctants. The interpretation of the chemistry of
elastomer structure was made by Bayer and co—workersioB’ioé’106’10?.
One of the first references to the physical structure of urethane
elaétomers was by Saunderé and Frisch105 in 1962 who suggested thét
they should be considered as block‘copolymers where the length and.
structure of each block could be controlled within certain limits.

A typical elastomer is represented by figure A2.1, in which E
designates tﬁe repeating ester unit, A the aromatic portion qf the
isocyanate, U tﬁe urethane group, G a glycol extender and UU the
allophanate branch pdint. Thus, the polymer contains a moderately
flexible, long, linear polyester ségment, then a relatively stiff
segment composed largely of aromatic and urethane groups. Branching
can occur only at these stiff segments (if the polyester or polyether
is linear).

The average length of the stiff aromatic-urethane segment can
be controlled, as can the number of branch points. Furthermore,
the flexibility of the linear portion may be controlled by the choice
of a very flexible polyether or polyesters of moderate to low
flexibility., The stiffness of the aromatic-urethane portion may be
controlled in part by the choice of isocyanate, e.g. 1, 5-naphthalene
diisocyanate providing greater rigidity than 2, h-tolylene diisocyanate
(or, in an extreme case, than 1, 6-hexamethylene diisocyanate). The
urethane portion may also serve as a means of control, with greater
figidity being obtained from glycol extenders:ﬁhich contain aromatic
nuclei, cbmpared to aliphatic glycols.‘ Even greatér rigidity is
obtained if an aromatic diamine is used as an extender, giving urea

groups in the chain. The amount of crosslinking may be controlled by
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Structure of Urethane Elastomer (After Saunders and Frischios)
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adjusting the ratio of isocyanate groups to the total of all active
hydrogen groﬁps.in the reactants, or by using tri (or higher)
functional chain extenders, such as triols.

In terms of polymer interactions, Saunders and Frisch considered
that the probertiés of these elastomers were the resu}t of a
combination of segment flexibility, chain entanglement, orientation
_ of segments, hydrogen bonding and other van der Waals.forcgs, the
rigidity of aromatic units and crosslinking; The urethane elastomers
differ from the more familiar olefin-~derived elastomers in that
hydrogen bonding and other van der Waals forces play a much more
pronounced role in the urethane éystems.

One further difference noted iﬁ polyurethane elastomers initially
by Pigott et alio8 was that increased chemical crosslinking caused a
reduction in modulus and strength whereas in hydrocarbon elastomers
an increase in degree of crosslinking results in increased modulus.
Saunders and Frisch105 suggested that this was due to a reduction in
orientation of the chains and hence a reduction in the probability of
obtaining hydrogen bonding and benefit of other intermolecular
attractive forces. Therefore with increased chemical crosslinking,
a spatial separation of the chains occurs which reduces effective
intermolecular attractions. A similar interpretation of the
phenomenon has been given by Quantlog. This observation supports the
view that the major portion of the strength of urethane elastomers is
" due to forces other than primary valence bonding and was confirmed by

Schollenberger et allio.

. . ) 11 . .

More recently Dieterich and co-workers 1 at Bayer when discussing
the basic chemistry of polyurethane ionomers have suggested that the
anomalous increase.in permanent elongation with increasing degree of

crosslinkipg is due to the breakage and reformation or slippage of
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hydrogen bonds between the hard segments when the polyurethane
elastomer is stretched.
Following these early investigations, the physical.structure of

polyurethanes was discussed by Rink9112’113 114-116 - 117-120

y Oertel and others
which led to the general picture for the structure of a segmented
urethane elastomer shown in figure:A2.2. of hard and soft segments.

The soft segments were formed from the linear polyether or
polyester chain segments about 100 -~ 2008 long which at service
temperatures are sufficiently high above their second-order transition
eemperature, or in the case of crystallisable soft segments above
their melting temperature; to give the material an extensibility of
several hundred per cent.

The hard segments originate from a diisocyanate and a chain
extender or crosslinking agent {(e.g. diol or diamine) and hence contain
urethane or urea groups. These hard segments are at service
temperatures below their second order glass transition point and
cause physical interchain reaction which prevents the material from -
flowing so that elasticity is maintained.

A2.3. X-RAY INVESTIGATIONS

In 1966, on the basis of a fairly detailed study, Shimanskii et
a1121, using a range of polyfunctional alcohols and isocyanate noted
a specific X-ray diffraction band cdrresponding to angles of
diffraetion between 10° and 12° which originate from the hard segments.
They went on to postulate that the diffraction band was caused by
urethane bridges.

Shimanskii et al also considered the orientation of the
macromolecules {presumably hard segments) during the extension of the

elastomer and made reference to earlier work by Kazarayan and

. 122 . y
Tgvankin™ . They made X-ray studies at zero, 300% and 500%
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extension and found an increased ordering of the macromolecules with
increﬁse in éxtension of thé polyester urethane.
S fran Hlat 4L

A similgr but more detailed study E? Shimanskii et al was made
independently by Bonart120 in 1968 who studied the phys%cal structure
of crosslinking in two polyurethane elastomers: a-mixed polyester and
a polyether using the chain extenders ethylene~diamine and hydrazine.

Both in the case of the polyether-based material which showed
elongation crystallisation of the soft polyether segment and in the
case of the polyester polyurethane which showed a.paracrystalline
chain arrangement of the soft segments when stretched, an intense
12} interference line was found. The crystal reflexes associated
with the soft segments were only of low intensity. When both
polyurethane samples were streféhed to about 500% and placed in warm
water at 80°C for about 30 minﬁtes, the 128 interference line still
remained fairly intense while the cfystallinity in the soft segments
disappeared completely. Bonart concluded that the 128 interference
line must be associated with the hard segments and he then proceeded
to demonstrate that the interference line was due to a system of
hydrogen bridges between the hard segments.

Some of these conclusions were confirmed in the work of Heikens

123. They found that when using diamines as chain extenders, an

et al
alternatibn of the elastic properties occurred corresponding to the
number n of the CH2 groups of the diamine. This led £o the
conclusions that physical crosslinking between the hard segments not
only depends on the concentration of urethane or urea segments but
also on the spatial characteristics which either favour or hinder

the intermolecular action thus indicating a structural problem which

was not only chemical but also physical.
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-'Bonart,'Morbitzer and Hentzelzk followed these studies by
considering the structure of the crosslinking which results from the
use of butanediol - 1, /i chain extender. By varying isocyanate
content, they found from their X-ray measurements that the higher 7
the hard segment content of polyurethane, the less was the likelihood
of the soft segment showing stress-induced crystallisation. They
postulated that the hard segment content of the material acted as a
crystallisation~inhibiting filler.

A2.4k, ELECTRON MICROSCOPY INVESTIGATIONS

Considerable attention in recent years has been directed to
-using the electron microscope for studying the rather complex
morphology of block copolymers. Some electron microscopy has been

125=-127

done using surface replication techniques but the most

extensive work has been done using transmission electron microscopy

128-130

through thin films. Kato's technique of using osmium tetroxide

as a chemical staining agent has been applied by many authors studying

block copolymer5131-135.

Koutsky et al136

reported in 1970 some transmission electron
microscopy measurements on thin films of segmented polyester and
pelyether urethane elastomers. They found dark domains of 30 -
1003 width in polyester urethanes and from 50 - 1002 in polyether
urethanes which they presumed to be due to the hard aromatic-urethane
microphase. The dark domains were similar to those observed in |
styrene~butadiene block copolymers but thé latter were about BOOR
in size,

"This Qork provided direct evidence for the existence of a
domain s£ructure in polyurethanes which was in agreement with the

results discussed above on X-ray, thermal scanning and mechanical’

properties.of polyurethanes.
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A2.5, HIGH TEMPERATURE TRANSITIONS
,waﬁ08,110,137—140

on the modulus-temperature relation-
ships was reviewed by Saunders and Frischms. Of particular
importance wés that the modulus-temperature curves showed two marked
transitions, one occurring below room temperature and one well above
100°C with unusually high modulus values (approxf 108 dynes/cmz)
. between these temperatures. The low temperature transition is

_ P
presumably due to the onset of rotation in the flexible polyester
or polyether segments whereas the high temperaturé transition has
been ascribed to the dissociation of secondafy bonding between the
hard segments. The high modulus between the two transition
temperatures has also been ascribed to the intermolecular hydrogen
bonding between the hard segments.

Clough and S.c:hne:‘u:ierit*1 in 1968 made a study of structural
ordering and transitions in both polyether and polyester~based
compounds by use of rapid scanning thermal methods, light scattering
and X-ray diffraction. As well as finding a transition T4 at -10 to
~20°C and the normal transition at about 140°C which they termed TB,
they also found A transition at about 80°C nearer the middle or upper
end of the rubbery plateau region which they termed Tz. The Ty
transition had not been shown up in any mechanical measurements
reported earlier.

T1 is usually taken as £he major glass transition temperature

which is related to the onset of rotation about bonds in the flexible

pelyester or polyether chains., This has been shown in volume

138 105,142;143

expansion measurements as well as in mechanical measurements

) . L
as discussed later, although Mlllerié has suggested that the true
glass transition actually occurs-at a lower temperature and T1 only

reflects the change from viscoelastic to elastomer mechanical behaviour.
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Clough and Schneiderﬂ*1 considered that T2 and ‘I‘3 should be

interpreted in terms of a dissociation of intermolecular secondary

145

k]

Tanaka et a1146, Boyarchuk et alﬂ*7 and Cooper and Tobolsky142’143_

bonding. This suggestion is supported by the work of Andrews

The T2 transition occurring at 80°C is associated with H-bonding
between the urethane secondary amine group and the ester carbonyl or

ether oxygen of the prepolymer, while the T_ transition occurring at

3
about 140°C or above is ascribed to interurethane H-bonding. Clough
and Schneider141 suggested that the extent of intérurethane bonding
and domain structure was higher in polyether than in polyester
polyurethanes. They further suggested, however, the larger amount of
H-bonding between the urethane and the groups of the polyester chain
leads to higher but more temperature-dependent modulus values than

in the equivalent polyether~based polyurethane. This they suggest
would lead to greater hysteresis in the stress-strain curve in the
polyester qrethanes compared with the polyethef types.

In a later paper, Clough, Schneider and I_{ingilk8 confi;med by the
use of small angle X-ray scattering techniques, the conclusions found
in the study above. They found that samples which exhibited é strong
T3 showed relatively strong scattering between T2 and ‘I‘3 which did
not diminish in intensity when measurements were made between these
two temperatures. They also‘found that longer urethane segments led
to‘a more intense scattering and thus to a higher degree of domain
structure.

A note added to the proof of Clough et al‘s148 paper confirmed
the view that the tfansition T3 was associated with the dissociation
of urethane struc#ure. They found a 80% reduction in scattering

intensity at 25°C after an Estane 5707 sample had been heated to

180°C for 1 minute compared with that obtained before heating.
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Bonart, Morbitzer and Hentze124 found in their differential
thermal analfsis (DTA) studies on urethane elastomers using
butanediol - 1, 4 és.the chain extender that an endothermal
transfdfmation at approximately 23000 indicated the melting of the
hard segment crystallites whereas the heat distortion temperature
(HDT) occurred at about 1?000 well‘below the hard segment melting
points and hence was connected with the thermal instability of
physical crosslinking in agreement with the work of Clough et al.

| In a study of modulus-temperature behaviour, Cooper and

143

Tobolsky in 1966 compared two polyester urethanes with a
ﬁolystyrene—butadiene block copolymer. For comparison the modulus-
temperatﬁre behaviour of a typical linear amorphous polymer is shown
in figure A2.3. Above the glass transition temperature (Tg), the
modulus decreases by a factor of one thousand and approximately at
1O7Idynes/cm2, there is a slight plateau region due to entanglement
interactions. The plateau region generally is strongly altered by
changes in molecular weight of the polymer and by crosslinkiné, A
semi~crystalline polymer as shown in figure A2.3. retains a very high
modulus until the crystallites melt at T,. The linear polyester
urethanes examined by Cooper and Tobolsky, however, have a high

“value of plateau modulug as shown in figure A2.3. which was
unaccounted for by either crosslinking or primary chemical bonds or
the presence of a crystalline phase. The modulus-temperature profile
is similar to that found in the polyurethane elastomers in Chapter 5.

Similar results to those obtained on the polyester polyﬁrethane
were found in pelybutadiene-styrene block copolymers whén a high
amount of styrene was incorporated and this led Cobper and Tobolsky143
to conclude that in both syétems a similar physical interaction takes

place which reinforces the structure until the T_ of thé higher

g
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C.CRYSTALLINE

D. POLYURETHANE

107 B. CROSS um@__l___
 LINEAR AMORPHOUS
\  POLYMER

400 500 50 100 150 200 m
TEMPERATURE (°C)

Characteristic modulus~temperature relationships for a number of
polymer systems (After Cooper and Tobolsky142,143),
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modulus block is reached. Moreover, they suggested that hydrdgen
bonding could no? alone account for the general phenomenon but also
a proper molecular association of hard and soft regions must occur
in émorphouslsegmented systems in agreement with the earlier work of

03 and other5105’123

Bayer1 referred to previously. The association
of the hard segments in the solid state is required for the occurrence

of the second higher temperature T, which is responsible for the

g
reinforcement of the system, whereas a similar asséciation of the
flexible polyester segments influences the low teﬁperature properties.
A similar study on a range of polyurethanes ﬁroduced by different
isocyanates and differjhg composition and structure of the hard and

149 in 1968, Their

soft segments was reported by Williams et al
conclusions agreed in general with those presented by Cooper and
ToBolsky of the soft segment having its greatest effect on the
transition region vwhereas the hard segment influenced the rubbery
plateau and flow behaviour. They found, however, that the modulus-
temperature profiles for various linear chain extenders in the MDI
capped polyurethanes were different.and hence it was thought that
hydrogen bonding could not be the only mechanism which held the hard
segments together and acted aslthe points for the soft segments or
"pseudo crosslinks". They suggested that the proper molecular
association of the hard segments-musf also be relevant to explaining
the pr?perties. They compaged the properties obtained from thé
polyurethane system with those of styrene-isoprene block copolymer
?n a similar manner to that of Cooper and Tobolsky.

A2.6. STRESS SOFTENING AND BIREFRINGENT -MEASUREMENTS

The experimental results presented in Chapters 3 and 5 showed

that linear polyurethanes of the type used in poromerics displayed

stress softening effects similar to that observed in vulcanised
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rubbers. As early as 1960, Trickiso showed that the modulus of a
lineér diamine-cured poelyurethane decreased on repeated extension
vhereas a similar system containing c¢rosslinking via triol linkages
shoﬁed no such effectisi. This latter matefial had much lower
modulﬁs and tensile properties. These observatioﬁs have been cqnfirmed
~in this thesis as the branched polyurethane elastomers referred to in
Chaptgr 2 showed negligible hysteresis and streés softening in direct
contrast with the linear polyurethane from poromeric materials.

An interesting investigation into the effect'of crosslinking on

the stress softening characteristics of Styrene—butadiene—styrene and

polyester-urethane block copolymer elastomers was made by Cocoper et al152

-

in 1968. They found that crosslinking had little effect on the ‘stress
softening characteristiés of these materials until‘the crosslinkiqg
disrupted the aggregated hard segments of the block copolymer. Ai high
levels of crosslinking, reversible stress—strain curves were observed.
They concluded that the "modulus enhancement'" observed in these block
copolymer elastomers appears to lessen as the materiallexhibits less
stress softeﬁing.

Birefringence techniques have in recent years been applied to

153,154

studying styrene-butadiene and styrene-isoprene block copolymers

Puett155

in 1967 used birefringence-stress measurements to demonstrate
that the stress—sirain behaviour of polyurethanes is partially influenced
by the presence of ordered microcrystalline regions.

Estes et al156

in 1969 showed typical stress-softening behaviour
in a polyester-urethane and compared these results with birefringence
measurements. The main conclusions from their work were; (1) The

birefringence-stress curves were non-linear making the stress optical

coefficient stress~dependent; .(2) The birefringence-strain curves

were remarkably linear up to high strain levels and (3) Considerable
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stress softening occurred causing hysteresis in the stress~strain,
birefripgénce-stress and to a smaller degree in the bireffingence-
strain curves; The similarity inrmechanical and optical properties
of poiyurgthanes with other known block copolymer’systems led to
the overall conclusion that polyurethane elastomers possess a
segregated domain structure comparable with that observed in
hydrocarbon block copolymers by electron miéfoscopy,

A2.7. CONCLUSIONS

*

A number of investigations by X-ray diffraction patterns, rapid
scanning therma; methods, differential thermal amnalysis, biref{ingenCe
and mechanical data have been referred to in this review to show that
polyurethane elast&mers are composed of hard and soft segments. The
hard segments are approximately 25 - 50X in diameter and contain
urethane or urea groups while the soft flexible segmepts are in the
order of 100 - 2008 and are formed from the linear polyether or
polyester chain segments. There are therefore similarities in the
structure of polyurethane elastomers with other block copolymers such
as butadiene-styrene although the size of the hard segments in the
latter are of the order of 300%.

Crosslinking in polyurethane elastomers is obtained by the
aggregation of the hard urethane segments through hydrogen bonds,

Van der Waal's forces and other intermolecular physical attractions.
To obtain high sfrength, a proper melecular arrangement of hard and
soft segments must occur in addition to the hydrogen bonds and other
forces between the hard segments. Chemically crosslinking the
polyurethane appears to disrupt the molecular arrangement and over
a certain critical level, significantly decreases-fhe strength of

the material,
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'Various.measurements a; high temperatures have shown that two
‘major transitions occur in polyurethang elastomers. The first occurs
.arouﬁd ~10°¢ to -20°C and is due to the onset of rotation in the

flexible polyether or polyester chain, whereas the second transition
at about 160°C ig due to the &issociation of the interurethane
hydrogen bonding. Two further transitions have also been noted. One
at BOOC is ascribed to hydrogen bonding between the urethane secondary
amine group and ester carbonyl or ether oxygen of the prepolymer, and
the other at 2300C to the melting of the hard urethane segments.

The aggregation of the hard segments also accounts for the high
modulus of polyurethanes in the rubbery plateau region. The transition
at about iSOOC due to the diésdciation of the interurethane bonding

gives the material a certain degree of thermoplasticity.
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- Particulate Reinforcement

of Polymers

By J A C. HARWOOD
Avon Rubber Company Ltd.
and A. R. PAYNE
and R. £. WHITTAKER ‘
Shoe and Allied Trades Research Association

Synopsis

This paper mainly reviews the studies of the authers into the
mechanisms of strength, reinforcement and hysteresis of fillers in
polymers. The subjects discussed include low strain amplitude
dependence of modulus and hysteresis, stress-softening effects,
the energetics at rupture over a wide temperature range and rate
of straining, energy failure envelopes, as well as proposing a
physical interpretation of the phenomenon of reinforcement by
small particles.

Introduction

Over recent years, studies have been undertaken by many
investigators including the authors, into the reinforcement of
polymers with fine particulate fillers.

The authors believe that the behaviour of filler particles in rubber
at low strains is a completely different mechanism from that
occurring at high strains. Moreover they contend that stress-
softening in filled vulcanizates, an energy dissipative mechanism
at high strains is not to be associated with any rubber-filler
breakdown, but can be explained by changes that take place in
the rubber phase of the filled vulcanizate. The effect of adding
the filler particles to rubber has been to increase the hysteresis
exhibited by the rubber both hydrodynamically and visco-
elastically. The total hysteresis exhibited by a rubber has been
shown to influence greatly the strength, and quantitative relation-
ships between hysteresis and strength have been derived,

This paper presents a review of these studies which previously
have only been presented in separate publications, and shows how
the combination of these separate studies has led to confirming
a previously proposed theory of reinforcement.

Hysteresis Effects at Low Strains

The application of low amplitude sinuseidal oscillations on a
rubber vulcanizate results in the ensuing strain lagging behind
the stress. This is because of the viscoelastic nature of rubber,
The complex shear modulus (G*) of rubber can be expressed in
terms of an elastic (in-phase) shear modulus (G') and a viscous
(out-of-phase) shear modulus (G”) which for low amplitude
sinusoidal strain are related by the following two equations . —

G*=G" +iG" (1)
and
Tan § = G"/G’

where § is the phase angle between the sinusoidal stress and
strain and tan § gives a measure of the hysteresis exhibited by a
rubber at low strains.

The variation of these dynamic parameters for rubbers containing
carbon black filler with strains up to about 10% in s. 2ar has been
the subject of numerous papers by Payne'~®. The in-phase
shear modulus (G’) decreases with small sinusoidal strain
oscillations as shown in Fig. 1 for butyl rubber containing
increasing concentrations of HAF carbon black. The effect
increases with increasing concentration of carbon black and is
associated with properties of the filler particle.

The in-phase shear modulus appears to have a limiting value both
at low strains (G,) and at high strains (G’ ). The difference
between these two limits (G',— G’w) has been shown to
correlate with dispersion of the carben black filler within the
rubber vulcanizate. {G',— G’ } decreases with improvement in
dispersion® as estimated from electron microscope and con-
ductivity™ * measurements on filler-loaded vulcanizates.

The variation of out-of-phase shear modulus (G™) with strain is
shown in Fig. 2 for a typical series of vulcanizates. G" passes
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Fig. 1. Variation of in-phase shear modulus (G') with double

strain amplitude for a series of Butyl vulcanizates containing HAF
carbon black

2:0

28-8% VOL HAF

-
e

ot
el

DOUBLE STRAIN AMPLITUDE

Fig. 2. Variation of out-of-phase shear modulus (G”) with
double strain amplitude for a series of Butyl vulcanizates contain-
ing HAF carbon black



through a maximum value (G” max.) in the region of strain
where G’ changes most rapidily. Values of G" max. correlate well
with resilience and heat build-up data and are linearly related to
the modulus change (G, — G'= ) by an equation of the follow-
ing form

G"max=A+B (G',—G'w) {2)

The value of B ranges from 0-1--0-2 depending on the type of
mix being used and A is assumed to be the “out-of-phase”
modulus of an ideally dispersed vulcanizate. A recent study®
showed that A had a value of 5x10* dynes.cm~2. This effect.is
the result of a mechanism causing energy dissipation and is
attributed to the breakdown and reformation of the three-
dimensional or aggregated carbon black structure during the
imposed oscillation.

The breakdown and reformation of the carbon black structure has
been more clearly demonstrated in a recent papert®. It is found
that the hysteresis-strain behaviour exhibited by filled rubber
vulcanizates can be described by a domain theory proposed by
Everett and co-workers'-!'2 which was applied by them to
adsorption hysteresis. Fig. 3 shows typical sequences of
boundary loops and ascending and descending scanning curves
which demonstrate the existence of independent domains within
carbon black filled rubber vuicanizates. It should be noted here,
however, that there is evidence of stress-softening in the first two
cycles at these low strains, but the effect is small and can be
neglected compared with the overall effect of the carbon black
particle, Stress-softening is much more important at higher
strains and will be discussed-separately in the next section.
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Fig. 3. Typical load-deflection boundary and scanning loops for
NR vulcanizate with 60 phr HAF carbon black

Filler agglomeration effects have also been recently demonstrated
in other two-phase systems such as carbon-black in low viscosity
paraffin®® and bentonite and stockalite clays in both rubber!t and
water'®, Fig. 4 shows the effect of bentonite and stockalite clays
in water. The shape of the curves are similar to those shown in
Fig. 1: G'y-— G'w increasing with increasing concentration of
clay as observed in the carbon black filled. rubber results.
Bentonite and stockalite clays are known to form three-dimen-
sional structures when suspended in liquids and the shape of the
curves in Fig. 4 is most certainly due to this effect and gives
credence to the hypothesis that this effect is the same as that
encountered in rubber-filler composites.

A more striking example of this effect was obtained by swelling
crystals of phenyl-B-naphthylamine (PBN) into rubber and
evaparating off the sclvent!® Y. The PBN formed fern-like
crystal structures within the rubber as shown in Fig. 5 and, on the
deformation of this material, produced effects (Fig. 6} analagous
to those obtained in the other two-phase systems considered
above.

The magnitude of the energy lost (hysteresis) results from the
breakdown of this filler structure is difficult to measure accurately
but, for an NR vulcanizate containing 50% by volume of carbon
black, it has been estimated to be less than 1 joule em=2. This
energy loss, however, is of great importance in the heat build-up
of filled rubbers when undergoing rapid flexing at these small
strains. Improved methods of dispersing the filler particles
within the vulcanizate reduce the effect and measurements of
the modulus change at these low strains is being used increasingly
intechnological development work as a reliable index of dispersion
in rubber-filler composites.
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Stress-Softening Effects

All rubbers, vulcanized or unvuleanized, filled or unfilled, require
a greater stress to produce a given elongation in the first extension
curve than during subseguent extensions. This well-known
phenomenon called stress-softening, which causes an appreciable
amount of energy dissipation, is often referred to as “Mullins
Effect” in view of the study by Mullins®. '* to the phenomenon
in filled rubber vulcanizates.

One of the first references to stress softening was by Bouasse and
Carriere®® in 1903 and many investigations into the phenomenon
have been reported since. Several recent theories have been
proposed to explain stress-softening behaviour in filled rubber
vulcanizates. Dannenberg®, Boonstra®® and co-workers?: 2
envisage a slippage of the rubber network chains over the surface
of the carbon black particles whilst Kraus et 2/2* consider the
effect to be the result of several mechanisms, thixotropy involving
transient carbon black structures, rupture of network chains
connecting filler particles and disruption of the “permanent
structure” of the carbon black. Harwood and Payne, however,
in a series of recent papers?®-%, claim that most of the stress-
- softening occurs in the gum phase of filler-loaded vulcanizates
leaving little to be explained in terms of breakage or slippage of
rubber to filler bonds. The various theories will not be considered
in great depth here as the whole phenomenon of stress-softening
was the subject of a fairly comprehensive review recently®.

A typical set of stress-strain cycles are shown in Fig. 7 for NR
gum and NR containing 60 phr HAF carbon black, When the
curves for the gum and filled rubbers are taken up to the same
stress level, it is shown that the amount of stress-softening
between the first and third extension cycles (curves 1 and B) is
remarkably similar. Stress-softening in NR has been attributed to
crystallisation®® but the same effect has also been shown to
occur in amorphous polymers such as butadiene-acrylonitrile
rubber®! (NBR) and styrene-butadiene rubber®® {SBR) and in a

whole host of other non-crystallising materials.
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Fig. 7. Stress-strain curves for gum NR and NR containing
60 phr HAF carbon black showing similar stress-softening
behaviour

Stress-Softening in Other Materials

Stress-softening has been observed i a wide range of--other
polymers and fibres, Puett et a/.22 showed the normal characteristics
of stress-softening occurring in nylon, certain wool fibres and in
unfilled, uncrosslinked ethylene propylene block co-polymer
films of different degrees of crystallinity.

Recent studies™ have shown that stress- softenlng is exhibited in
certain shoemaking materials. Fig. 8 shows both the virgin stress-
strain curve and a cycled stress strain curve for full chrome leather,
Clearly the Mullins Effect or stress-softening is evident here and
in this respect leather can be regarded as showing similar
properties to polymer. Leather consists of a network of inter-
laced protein (collagen) fibres® which are made up of various
interconnected sub-units known as fibrils, photofibrils and
filaments. In addition to molecular bonds connecting the
molecules in the fundamental chains, other bonds known as
hydrogen bonds tie the chains, fibrils, photofibrils, ete. together.
These bonds are not as strong as the molecular bonds but they do
provide sufficient cross-ties between the sub-units. In the
presence of moisture the interchain H-bonds being fairly weak
often rupture. On drying in an extended or distorted condition,
there is reformation of the interchain H-bonds and hence a new
secondary network is produced. This behaviour is completely
analagous to the labile crosslinks obtained in a polysulphide
vulcanizate as discussed below.
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Fig. 8. Stress-strain curves for full chrome leather sﬁawing stress-
softening behaviout

The stress-softening effect has also been demonstrated in a
poromeric material® such as "Corfam”* or “Clarino”* shown in
Fig. 9. These materials exhibit similar properties to leather and
are being used increasingly in the shoemaking industry. These
materials are based on viscoelastic polyurethane but are different
from rubber in that they have a non-uniform structure, Corfam,
for example, consists of a polyurethane foam layer, a fabric inter-
layer consisting of mainly polyester fibres with a little cotton and a
base layer consisting of randomly orientated polyester fibres held
together by a polyurethane binder. The energy losses observed
in a poromeric material are associated with the movement of
polymer chains, crosslinks and entanglement points when tha
poromeri¢ is stressed. The permanent set obtained is due to the
very wide distribution of relaxation times exhibited by the visco-
elastic response of the polyurethane molecule and the presence
of hydrogen bonds between neighbouring c¢hains which break
under mechanical stress* and in ptesence of moisture as discussed
for leather.

Mechanism of Stress-Softening

Harwood and Payne® have shown that stress-softening in
unfilled rubber vulcanizates can be partially recovered by heating
the samples in vacuo for about twenty-four hours. They further
found that it was possible to recover completely the stress- -
softening in unfilled vulcanizates containing predominantly
monosulphide crosslinks and carbon-carbon crosslinks. How-
ever, only partial recovery was observed in polysulphide cross-
linked rubbers. The recovery of stress-softening indicates that no
basic breakdown process has occurred and is hence attributed to
quasi-irreversible rearrangement of molecular networks due to
localised non-affine deformation. This results from shott chains
reaching the limit of their extensibility leading to a relative
displacement of the network junctions from their initial random
state, The incomplete recovery in the case of polysulphide
vulcanizates is attributed to the breakage of crosslinks and their
reformation in the extended state to create a secondary net-
work3—4, Similar behaviour is expected in poromeric materials -
due to the weak hydrogen bonds in polyurethane.

The recovery of stress-softening in filled vulcanizates by both
heating and swelling treatments is demonstrated in Fig. 10. The
stress on the second extension curve and on the curves after
heat and swelling treatments is plotted against the stress
occurring at the same strain on the initial extension curve, hence

*Registered Trade Marks



providing a convenient method of comparison for an NBR
rubber filled with 60 phr ISAF carbon black. At low stresses
recovery is complete and in fact in the case of NBR, over-
recovery is obtained but at the higher stresses there is only partial
recovery and permanent stress-softening still remains.
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Fig. 9. Stress-strain curves for Corfam Lodestar showing stress-
softening behaviour
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Fig. 10. Partial recovery of stress-softening by heat and solvent
treatments for NBR filled with 60 phr ISAF carbon black

The recovery at low stresses is presumably the recovery of
the carbon black aggregates referred to previously. The recovery
of the molecular network after rearrangement at the higher
stresses is very likely hindered by the presence of the filier
particles and complete recovery is not obtatned. The formation
of the filler structure in the extended state limits recovery
presumably in a similar way to the secondary network produced
by labile crosslinks.

Stress-softening, therefore, in filler-loaded wvulcanizates with
weak crosslinks, can be accounted for by three main mechanisms :

1. Rearrangement of the rubber network associated with slip
of entangiements and non-affine displacement of net
junctions in the rubber matrix. This occurs in gum vulcani;
and the gum phase of filler-loaded vulcanizates.

2. Structurat changes of the carbon black aggregates. Tt
associated with the possible breakdown and reformatic
filler domains.

3. Breakage of weak crosslinks such as hydrogen bonds,
type links and polysulphide crosslinks.

The other mechanisms proposed by Boonstra and Dan
berg® - of the slippage of rubber chains on the carbon |
surface or breakage of rubber to filler bonds proposed by Beu
Kraus??, therefore, can only account for a very small fraction ¢
energy losses and are hence thought unlikely.

Fig. 11 shows a photograph of a network of string which pror
an interesting model for stress-softening in unfilled vulcaniz
Knots have been tied between two pieces of string so0 that a
acts as a tetrofunctional crosslink point. The lengths of =
between the knots are randomly varied so that some piec
string between the crosslinks are short whilst others are

lengthy. The network of string was inserted between the
of an Instron Tensile testing machine and stress-cycle
produce the curve shown in Fig. 12. The type of curves st
in Fig. 12 are clearly similar to those obtained on material sys
referred to earlier,

Fig. 11. Moaodel system of knots tied in string to demon
stress-softening effects
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Fig. 12. Stress-strain curves obtained from model system of
in string shown in Fig. 11
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Effect of Fillers on Strain at Break

T. L. Smith** and others*® over recent years have developed the
concept of a ““failure envelope™ which is a unique curve peculiar
to each polymer relating the stress at break {(og) or real stress at
break o (1 + ep) to the strain at break {eg} over a wide range of
temperature and rate of strain. It was found by Harwood and
Payne' 4 that a quantitative relationship between the failure
parameters could be obtained by using work done (or energy
density) to break (Ug)} instead of stress at break.

Fig. 13a shows the ensrgy input to break plotted against the
strain at break for SBR containing increasing amounts of HAF
carbon black. The energy input to break is multiplied by the ratio
between the chosen reference temperature (294°K) and the
experimental temperature to allow for the temperature depen-
dence of rubber-like elasticity as predicted by the kinetic
theory'®. It is found that as the temperature is increased, the
failure points for the gum rubber move clockwise around an
envelope passing through a maximum Strain (e. (max)) at a

. temperature of about 0°C. The results for the filled rubbers lie
along lines parallel to the gum rubber.
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Fig. 13. Varation of reduced energy input to break with fa) strain
at break, (b) strain at break corrected by hydrodynamic factor for
SBR with 0, 30, 60 and 80 phr HAF carbon black

Mullins and Tobin*? have shown that Young's modulus of carbon
black filled rubber vulcanisates can be expressed in terms of tha
modulus of the unfilled rubber by use of an expression from
hydrodynamic theory developed by Guth and Gold* refating the
viscosity of a liquid containing hard spherical particles to that of
the liquid alone ’

X =1+ 2:5¢ + 14-1c* (3)

where c is the volume concentration of filler.

It was found by applying this factor X to the strain axis in Fig. 13a,
the gum and filler loaded results coincided as shown in Fig. 13b
for strains up to eg (max.). The slope of the graph on the log
scales was found to be 2 and hence the relationship between
energy input and strain at break can be expressed as

(-2%)u5= A(x eg)z‘ )

where A is a constant. This type of relationship has also been
found to hold both in other amorphous peolymers such as NBR
and also in crystalline polymers such as natural rubbert®.

Mullins and Tobin*’ have suggested that when the factor X is
applied to filled vulcanizates, it takes account of both the
disturbance of the strain distribution and the absence of deforma-
tion in that fraction of material composed of filler. It is shown in
Fig. 13b that the results at low temperatures do not ¢oincide and
this indicates that the hydrodynamic correction factor X is too
large when the moduli of the filler and rubber approach parity®®.
The bulk strains at break, therefore, of the filled and unfilled
rubbers are related by a factor X under conditions of constant
energy input. It must be remembered that when this type of
agreement is obtained, the temperature of the filler loaded rubber
is always higher than that of the unfilled rubber.

Effect of Changing Degree of
Crosslinking

In view of the apparent good agreement between data from filled
and unfilled rubbers by using the failure envelope approach

outlined above, it was decided to investigate'” the effect of
changing the degree of crosslinking on this type of graph.
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at break, (b) strain at break mulftiplied by crosslinking correction
factor for NR vulcanized with 1, 2 and 4 phr dicumyl peroxide

Fig. 14a shows results of energy input and strain at break for three
NR gum compounds vulcanized with 1, 2 and 4 phr dicumy!
peroxide {“dicup”) to produce carbon-carbon crosslinks tested
over a range of temperatures from 21°C to 140°C, The crosslinks
in a dicup vulcanizate are non-labile and have no extra linkages
such as the cyclic sulphides that occur in polysulphide vulcanizing
systems. The results as in the case of the polysulphide rubbers
shown above produce a square law relationship up to the finite
extensibility of the network eg (max,) but the individual lines for
the three vulcanizates are displaced along the strain axis. It has
been shown®! that the maximum elongation of the rubber net-
work is proportional to N1 where N js the number of links in a
monomer chain and is, therefore, inversely proportional to
¥ et whereY e is the number of chains per unit volume of the
rubber network. As the lines in Fig. 14a are parallel up to the
maximum elongation of the rubber network, their strains up to
his position should, therefore, be in the ratios of their respective

et values. Porter’ has obtained values of ¥ et from measure-
ments of C, in the well-known Mooney-Rivlin equation and the
ratios for the three dicup rubbers used there are given as

Nee, = 308

Qeg/\}el,= 1-67

where™ e, refers to value of e for the 1 phr dicup’vulcanizate.

The strains at break for the 2 and 4 phr dicup vulcanizates were
multiplied by the square reot of this ratio -and the results are
shown in Fig. 14b. The agreement between the vulcanizates on
this type of plot is good and the equation of the line for different
crosslink densities can be expressed as

@u-cf)s o

when the rubbers are referred to the 1 phr dicup vulcanizate and
where Cis a constant.

This type of relationship was also found to hold for polysulphide
vulcanized NR and hence by combining equations (3) and (4) it
can be shown that the equation

oo @) )

is applicable to all vulcanizates of different degrees of crosslinking
of one curing system both filled and unfilled with carbon black
when referred to the 1 phr vuleanizate and where D is a constant.

Effect of Fillers on Total Hysteresis

When a viscoelastic material such as rubber is deformed by the
application of a force, some of the mechanical work required is
stored in the material and the remainder is dissipated as heat.
This energy dissipation or hysteresis results from several different:
mechanisms which are dependent on the type of material and the



experimental conditions. A measure of this quantity can be parity. The relationship therefore for gum and filier-loz

obtained from the area of the loop between the extension and rubbers can be expressed as ' -

retraction curves in a single tensile stress-strain cycle. 294\ ¢ TRY

The major sources of hysteresis in filled rubbers can be listed as ( T ) Ug = K( X )

fono‘.NS: Values of energy density and hysteresis measured before fa

1. Viscoelasticity have been shown not to obey any of the above equations
This'becomes increasingly important as the temperature of and hence equations (6} to (8) have been found to represer
test is lowered. excellent description of failure. ‘

2. Crystallisation
This occurs in some rubbers (e.g. natural rubber) when they
are stretched and the molecules align,

3. Breakdom.rn of filler aggre.gates‘ ) (To) can be expressed as the energy required to produce
4. Changes in network configurations (stress-softening) area of new surface and defines a fatigue limit below which

5. Changes in network structure (i.e. the breakage of weak fatigue life under repeated stressing can be virtually indefi
crosslinks such as a polysulphide crosslink).

The lowest values of Uy recorded agree with values rece
given in a theory by Lake and Thomas®? for a lower limit of tea
energies (To).

(To) has values ranging from 1—5x 10! ergs and is related

The last three processes have been discussed in the previous minimum value of energy input to break (Ug (min.}) for a tel
sections. Processes (1) and {2) are well documented®®-** and test piece by the following relationship®® 5
will not be discussed further in this review. To
It has been found that the strength of a rubber vulcanizate is not ‘ Ug (min) =355,
dependent on any individual contribution to the energy dissipa- . - s o L
tion but is dependent on the combined effect of all the processes C% '51 glf cha;_alactenstflc féag:z s'zp] andf fL']J' SBR is aivel
which are applicable to the particular rubber and experimental 9:5x cm. Hence tor . values of Ug (min) range
conditions used 0-04 to 0:15 joules cm~. The lowest experimental value
o . . SBR gum has been found to be approximately 015 joules ¢
The energy input to break (Ug) is related to the hysteresis at The failure equations, therefore, appear to represent a
P inld, 58 1 r 13
break (Hg) for amorphous polymers by the relationship criterion of failure between the upper limit of a totally hyster
_29_4)& Ug = K Hgt (6) system and a lower limit which is in accordance with calcul
T values of other limiting parameters.
where K is a constant. "

L I 204 3T -
This is demonstrated in Fig. 15 where log UB'—T_ is plotted X '§ .
against log Ha-ng—4for SBR containing increasing amounts of ? 7
HAF carbon black. =
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REDUCED HYSTERESIS AT BREAX |Hg 23] Joutesice in the temperature range §0°C—140°C as demonstrated in Fi

Within this temperature region, the hysteresis at break has

Fig. 15. Reduced energy input to break as function of reduced found to be less than predicted. This anomalous behavio
hysteresis at break for SBR containing 0, 30, 60 and 80 phr HAF not obtained in non-crystallising isomerised natural rubber
carbon black indicated by the dotted failure line on Fig. 16, and is h
attributed to the ability of NR to crystallise at high strains ii

Equation (6) can be rewritten in terms of hysteresis ratio (hg) region 80°C—140°C. The bulk of the polymer remains a
where phous' whilst the highly s;ramed regions around the inh
hg = Ha/Us flaws in the sample crystallise®®. Qutside this temperature r:

the rubber is either predominantly crystalline (fow temperat

to yield or predominantly amorphous (high temperatures). The re

(294) Up = K3 hts (7) for NR with 30 and 60 phr HAF carbon black show si

T vo4 anomalous behavicur'® and only follow curves of slope app

The maximum value of Up=3~, therefore, occurs when all the mately § at temperatures above 100°C. The addition of &

carbon black in natural rubber appears to suppress or col
the anomalous crystallisation behaviour and yield a line of :
% similar to that obtained in amorphous polymers.

The correction factor X can be eliminated by combining equa
(3} and (8) to yield

work done in stretching the rubber is dissipated (hg = 1} and
is, therefore, equal to K. This is thought to occur at the glass
transition temperature of the polymert,

The results for the filled rubbers are displaced from the gum
rubber, the displacement increasing with increasing concentration

of carbon black and it was found that by dividing the hysteresis (.&L)i Ug = F(He )*

by the factor X used in the previous section, the results for the T 8

gum and filler-loaded rubbers coincided™ 4, Some disagree- where F is a constant. This equation unlike equations (6) t
ment is noticed at higher energies (low temperatures) and this is is not a sensitive description of failure but is applicable !
presumably due again to the hydrodynamic correction being too rubbers both filled and unfilled and eliminates uncen

large when the moduli of the rubber and filler particle approach associated with a hydrodynamic correction factor.



The Application to Reinforcement Theory

At the same reduced energy input to break, the bulk hysteresis of
gum and filler-loaded rubbers are related by a hydrodynamic
correction factor as indicated by equation (8). This can also be
expressed by the fact that at the same reduced energy input to
break, the bulk hysteresis of the gum rubber and the hysteresis
of the rubber phase of the filler-loaded rubber is the same, An
important point, however, is that this relationship only applies
when the temperatures of the gum and filler loaded rubbers ars
different. This is demonstrated in Fig. 17 where the temperature
difference between SBR gum and SBR with 30 phr HAF carbon
black to obtain the same energy input to break is plotted against
the temperature of the gum rubber. Hence it is shown that in
aorder to obtain agreement by the hydrodynamic correction
factor both in the case of the strain at break {equation 4) and in
the case of hysteresis at break (equation 8), the temperature of
SBR with 30 phr HAF carbon black must be at least 40°C above
that of the unfilled rubber.

—
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Fig. 17. Temperature difference between SBR gum and SBR
containing 30 phr HAF carbon bfack as function of temperature of
the gum rubber when both vulcanizates exhibit the same energy
input to break

The effect of temperature is better demonstrated in Fig. 18 where
log energy input to break (Ug) is plotted against temperature for
SBR gum and SBR filled with 30 phr HAF carbon black. At
temperatures above roocm temperature the energy input to break
of the filled rubber is approximately an order of magnitude above
that of unfilled SBR. Similar results have also been shown' to
occur when stress at break is plotted against temperature,
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Fig. 18. Energy input to break as function of temperature for-

SBR and S8R containing 30 phr HAF carbon black at a strain
rate of 300% per sec.

Because of the interdependence of time and temperature® in
viscoelastic materials, the curves shown in Fig. 18 were of
necessity obtained at one extension rate {300% per minute),
The behaviour of filled and gum SBR vulcanizates with respect
to extension rate, or time as distinct from temperature is illustrated
in Fig. 19. Reduced energy input to break is plotted as a master
function of the logarithm of reduced time to break (log ty/ag)
in a tensile test. To obtain the master function, isothermal curves
relating reduced energy to break to log time at break () obtained
by stretching the rubber at different extension rates, were shifted
along the log time axis to produce a master curve for the reference
temperature 294°K. The shifts along the log t, scale (log a;)
wera similar to those predicted by the well-known WLF equa-
tion®l. Again it is noticed that the difference between the energy
input to break values for the gum and filler loaded rubbers at
the higher times to break are an order of magnitude.
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Fig. 20. Hysteresis at break as function of temperature for SBR
gum and SBR containing 30 phr HAF carbon black

These results suggest that the rubber phase of filler loaded
vulcanizates exhibit more hysteresis than the corresponding gum
vulcanizate when compared isothermally. Fig. 20 illustrates this
point more clearly where the bulk hysteresis of the two
vulcanizates are plotted as a function of temperature. Unification
of the isothermal gum and filler loaded results by the hydro-
dynamic correction factor does not succeed, After correction by
equation (4) the filled rubber still exhibits more hysteresis at
break than the gum rubber at the same temperature of test,
although the difference does decrease as the temperature of the
test is raised. A small correction could be applied to take account
of the breakdown of the filler structure but this would by no means
unify the results. The hydrodynamic correction factor, therefore,
can only be applied in cases where the rubber phase of the filler
loaded vulcanizate is in the same viscoelastic condition as the
gum rubber. This necessitates the temperature of test for SBR
with 30 phr HAF carbon black to be at least 40°C above the
temperature of test of the unfilled SBR.



In an attempt to investigate more clearly the role of time and
temperature in reinforcement of rubbers, Harwood, Payne and
Smith** have considered a more fundamental approach. The
tensile strass of a rubber (0) can be factorized® ® into a strain
factor f{e} and a time-dependent madulus function o (1)

o= f{e}.x o (t) : (11)

This type of analysis has been applied to SBR gum and filler
loaded vulcanizates by using an empirical relationship due to
Martin, Roth and Stiehler’® (MRS equation) which has been
shown to be applicable to SBR by Smith®® and landel and
Stedry®®, The MRS equation is given by

H(e) we A—1 oxp A[l-——ﬂi] {12)

12
where A is the extension ratio equal to (1 + £} and A is a constant.

Harwood et al. have concluded from their investigations that the
strain function for filled rubbers is the more temperature-sensitive
parameter. It is found that the constant A is independent of
temperature for the gum rubber but does increase very slightly
with increasing temperature for the filled vulcanizate. There is,
however, at least a factor of 2 between A for the filled and
unfilled rubbers. This increase in A for filled rubbers is similar to
the increase in A obtained with increasing crosslink density®
and implies that the presence of the filler particles tightens the
network but that the “tightness” decreases with increasing
temperature. Two possible explanations of this behaviour are:

1. The rubber chains adhering to the surface of a carbon black
particle, desorb from the surface of the filler particle as the
temperature is raised
or

2. There is a shell of rubber chains immobilised around each
filler particle, which decreases in thickness with increasing
' temperature.

It is conditional, however, to the derivation of the hydrodynamic
correction factor (equation 3) by Guth and Gold* and Small-
wood?® from the initial findings of Einstein® that there is complete
wetting of the filler surface by the rubber. This correction factor
has been shown to be applicable to the ultimate strains and
hysteresis at break provided the test conditions are favourable
and this, together with the conclusions from stress-softening, of
there being strong adhesion between the filler particle and the
rubber discussed earlier, and the electron microscope investiga-
tions by Hess®, confirm that rubber-filler breakdown can be
neglected with reinforcing fillers,

It is thought, therefore, that explanation {2) is the more probable
mechanism which is compatible with the widely-held concept of
a region of restricted rubber surrounding the filler particles.

Conclusion

This review has discussed in some depth hysteresial mechanisms
that have been studied in recent years. Others such as crystallisa-
tion and viscoelasticity have been widely discussed previously,

The most interesting feature of the work is the influence that the
combined hysteresis due to all the mechanisms has on the
strength of rubber. The finding of a unique relationship between
hysteresis and strength is of great importance and the general
applicability of the relationship to filled rubbers by use of a

hydrodynamiec correction factor when test conditions are suitable -

is most useful.

Hysteresis is increased by the presence of fillers viscoelastically as
. well as hydredynamically but it is not until data are expressed
in terms of time or temperature that the viscoelastic contribution
is noticed, The concept of a filler particle surrounded by a layer
or shell of rubber, with properties different from that of the
rubber continuum, is not a new one, but the approach to reinforce-
ment by the consideration of bulk energies is novel. Other
evidence for rubber chain hindrance ¢lose to the filler surface is
forthcoming from the investigations of Westlinning™, Schoon™,
Grosch™ and Smit™. Radok and co-workers™ in a series of
papers on the theory of inclusions in viscoelastic materials have
shown that if the conclusions are non-rigid but possess a
modulus differing from that of the bulk rubber, then the bulk
rubber acquires additional characteristic response times which is
equivalent to increasing the hysteresis exhibited by the rubber.

This approach, therefore, provides a physical explanation of why
the strength of amorphous polymers with 30—60 phr carbon

black filler can be anything from 10 to 20 times greater
the corresponding unfilled amorphous polymer at ox
temperatures, ’
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