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Foreword

To those knowledgeable in the art, polymer blends is not a new subject.
For the last twenty-five years it has been one of the most treated topics of
pure and applied polymer science. The reasons for this continued in-
terest are mainly the following points:

e improvement of impact resistance of thermoplastics and thermosets

e combination of properties of both (or more) partners

e structural elucidation of compounded materials with the progress of
modern analytical techniques

¢ detection and role of phase boundaries and their influence on com-
patibility

e cost savings for expensive engineering materials.

In the realms of elastomers, on the other hand, blends are indeed much

older than in the above quoted plastics area — ever since the advent of

synthetic elastomers after the First World War we have tried to stretch

supplies of natural rubber (NR), in particular since its property levels

were initially vastly superior to the synthetic counterparts.

This has certainly changed during the last forty years and when
MRPRA proposed to the CFC a three-year research programme on NR
blends, it was geared to foster an increased utilization of NR by pene-
trating into new markets. Now one should not believe that the four blend
families which are outlined in this book are entirely newly invented
combinations. Rather, all of these copolymers, viz. NBR, EPM, EPDM and
ENR, have been proposed for combination with NR somewhere in the
scientific or patent literature.

The problem associated with such combinations is that usually the
property levels of a single species are not maintained in a blend, but are
below expectations; there are rare cases of synergism. It is here that the
expertise of a world-renowned institute like MRPRA comes into play and
it is their basic polymer science, the analytical skills, the compounding
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know-how and the processing experience which lead to interesting new
products.

As one reads the book, one must arrive at the conclusion that the CFC
was well advised to confer this project to IRRDB, INRO and their fellows.
Although not every question has found a complete answer, the blends
project might be called a great success.

Prof. Dr Hans Schnecko
Editor in Chief
Kautschuk Gummi Kunststoffe



Preface

The function of this brief Preface is to state the primary aim of the work
and to acknowledge the providers of funding, expertise and other as-
sistance. The principal objective was, and is, to increase the market value
of natural rubber, and thereby enhance the income of the producers of
natural rubber, the majority of whom are small farmers with low in-
comes living in the classical rubber-growing areas of southern Asia and
west Africa. There is nothing novel about this aim; for most of this
century the producers of natural rubber have sought to increase their
earnings by enlarging the markets for their commodity. A significant
secondary aim was to transfer new techonology to these same rubber-
producing countries to enable them to develop downstream manu-
facturing with appropriate materials, that is by limiting the amount of
material which needs to be imported.

The Common Fund for Commodities (CFC), who provided about half
of the funding, and the Malaysian Rubber Research and Development
Board (MRRDB) were the two major agencies involved, although it must
be stressed that other organizations had significant roles to play. The
Common Fund for Commodities was established in 1989 to assist in the
development of a wide range of materials. The Fund provides loans and
grants to finance research, development and marketing projects. The
Blends Project which forms the basis for this book was one of the CFC’s
first projects. It is generally agreed that the project was highly successful
in all its aspects, especially in that it was able to be completed within the
budget set for it.

It is a requirement for the CFC to seek projects which will bring
benefits to a group of countries rather than to a single nation, and it is
required to operate through an International Commodity Body. In the
case of the rubber industry there are two: the International Rubber Study
Group and the International Natural Rubber Organization (INRO). The
latter agency was involved in the Blends Project. The primary task of
INRO is to operate the International Natural Rubber Agreements which
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are designed to stabilize natural rubber (NR) prices to ensure acceptable
producer incomes and to enable consumers to be able to predict future
costs.

The International Rubber Research and Development Board (IRRDB)
is a far less formal organization than the bodies considered so far. The
IRRDB was established in the late 1930s to coordinate research and de-
velopment work. It was reorganized in 1961 and currently has Member
Institutes in fifteen NR-producing countries. In the case of the Blends
Project it formed a part of the channel for communication between the
CFC, INRO and MRRDB, and also acted as the major vehicle for tech-
nology transfer.

The bulk of the work was performed at the Malaysian Rubber Pro-
ducers” Research Association (MRPRA), which is a unit of the MRRDB.
Since the end of the project, MRPRA has changed its name to the Tun
Abdul Razak Research Centre. MRPRA provided the scientific and
technological expertise and a great deal of time; in broad terms the cost of
the project was borne equally by the MRRDB and the CFC.

The IRRDB organized a programme of fellowships for Member In-
stitutes in China, India, Indonesia, the Philippines, Sri Lanka and Thai-
land. The Fellows each spent five months at MRPRA and were integrated
into the research programme: their contribution is self-evident from this
book. They were not mere passive observers, but for a time became a part
of the research team. It is believed that this aspect of the project may be
worthy of study by other organizers of programmes which are seeking to
optimize the transfer of technology.

The majority of those involved are contributors to this book, and it is
hoped that authorship will be sufficient to demonstrate recognition of their
work. On the other hand, there were several major facilitators who would
remain unrecognized unless mention is made of them here. Dr Peter Allen,
the former Secretary of the IRRDB, had a major coordinating role and
ensured that the project remained firmly within its budget. He greatly
assisted with assembling the Fellows from across the world.

Mr Christopher Goldthorpe of INRO and Mr S. Olowude of the
Common Fund were closely associated with the project. Prof. Dr Hans
Schnecko was a consultant to the project and has contributed an in-
formative foreword. The project leader, Dr Andrew Tinker, is quite
properly and clearly both the senior editor and an author, but it would be
unjust not to recognize the role played by Dr Cris Baker, the Director of
the Tun Abdul Razak Research Centre (TARRC) where the bulk of the
work was performed and Datuk Aziz, Director of the Rubber Research
Institute of Malaysia.

The editors would like to acknowledge the considerable assistance
given by Dr Stuart Cook in the task of editing. The special contributions
made by the Physical Testing and Materials Characterization Groups at
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TARRC must be recorded, and in the case of the latter the expertise
provided by Kevin Jackson, Barry Gilbey, Katherine Lawrence and
Christine Lewan. Jayne Freund, who provided technical assistance to the
research team, deserves special recognition. Recognition also needs to be
made to the Power Synthetic Rubber Manufacturing Corporation in the
Philippines who released Rose Escolar for a lengthy secondment to the
project. The project concluded with a Workshop in Penang in 1995 which
afforded the only opportunity for all the participants to meet (as the
Fellows had been limited to pairs at any one time). The book has grown
from the papers presented at this Workshop, and it is hoped that those
who had hoped to read the proceedings earlier will consider that the
more balanced approach which a book provides will more than com-
pensate for any delay.

Kevin Jones
Secretary
International Rubber Research and Development Board
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1

Introduction — the book
and rubber blends

Andrew |. Tinker
Tun Abdul Razak Research Centre, MRPRA, UK

The origins of this book are described in the Preface and are important in
defining the form which it takes. It is neither an exhaustive treatment of
the subject — rubber blends — nor one of the oft-encountered collection of
seminar papers. Whilst the chapters have a number of authors, all have
worked as a team tackling a number of related topics in a defined pro-
gramme of work. Several consequences flow from this. There are com-
mon threads and a generality of approach. Only certain blend systems
are considered, even where an approach might logically be also applic-
able to another combination of elastomers. The work described was also
constrained by falling within a fixed time frame, and scope for further
advances remains in many of the more practical areas.

Some essential background to both the subject — rubber blends — and
the approaches adopted in endeavouring to make advances across quite
a wide front are given here. The wider applicability of some of the so-
lutions developed in this work is also highlighted.

The following two chapters (2 and 3) then describe characterization
techniques which are central to the work on blends and so provide the
background to experimental results presented in ensuing chapters. The
procedures covered in these two chapters were established before the
work on blends presented here was initiated. The next chapter (4) also
considers a characterization technique, but describes a new approach
undertaken as part of the programme of work — an attempt to extend the
principles of measurement of crosslink densities in vulcanized blends by

Blends of Natural Rubber. Edited by Andrew J. Tinker and Kevin P. Jones.
Published in 1998 by Chapman & Hall, London. ISBN 0 412 819406
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swollen-state NMR spectroscopy, described in Chapter 2, to solid-state
NMR spectroscopy.

The following chapters (5 to 17) then deal with the various blend
systems studied, generally taking the pattern of one or more chapters
dealing with the more basic issues associated with the particular blend
system followed by one or more chapters relating to applying advances
made within the context of specific applications. The chapters are es-
sentially synoptic, describing the advances made in sufficient detail to
inform, but without presenting all of the work and experimental detail.
That larger task is being undertaken through the normal process of
publication of a large number of detailed papers in appropriate scientific
journals.

Given the large number of elastomers, rubber chemicals and instru-
mental techniques mentioned in the book, a glossary is provided at the
end as an aid to those new to the subject.

1.1 SOURCES OF PROBLEMS — AND SOLUTIONS

The use of blends of elastomers is almost as old as the synthetic rubber
industry and generally stems from an understandable desire to combine
the best features — technical or economic — of two elastomers. In some
instances, this desirable outcome has been attained relatively easily to the
benefit of the industry and the end user - blends of the general purpose
rubbers in tyre treads, for example. In other instances more guile has
been required for a successful outcome, and there are a good number of
desirable combinations which have not yet proved successful. Blends of
general purpose rubbers with special purpose or speciality elastomers
often figure in this last category.

A good starting point is to consider first the factors which are peculiar
to elastomer blends and which are important in governing the properties
of the vulcanized blends. The scope for problems is then apparent — but
the same scope is available for control. These points are discussed within
the context of the blends considered in the following chapters. The re-
levance of these studies to real industrial problems is made clear. Finally,
the wider implications of the developments described here are explored.

1.1.1 Factors affecting blend properties

In addition to the normal considerations of compounding a vulcanizate
of a single elastomer for a particular end use — such as filler type and
loading, type of cure system and level, and antidegradants — there are a
number of factors which arise in blends of elastomers, primarily because
these almost always have more than one polymer phase. Truly miscible
elastomer blends are rare, particularly in commercial use, the most no-
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table exception probably being blends of poly(butadiene) with a high
vinyl content and natural rubber or cis-1,4-poly(isoprene).
These factors may be summarized as:

Polymer ratio

Phase morphology

Interfacial adhesion/crosslinking

Distribution of filler between the elastomers
Distribution of plasticizer between the elastomers
Distribution of crosslinks between the elastomers

An attempt is made to illustrate these in Figure 1.1, which is a re-
presentation of a section through a model vulcanized blend of two elas-
tomers. Reference is made to Figure 1.1 as each factor is considered further.

Polymer ratio, the relative amounts of each elastomer, is readily
controlled and is often dictated by the end use in mind. The blend de-
picted in Figure 1.1 has a polymer volume ratio of about 3:1. Phase
morphology has two aspects — type and size. Whilst type of phase
morphology — at its simplest whether one phase is dispersed within
another, as in Figure 1.1, or whether both are continuous - is largely
governed by the polymer volume ratio, other factors such as the relative
viscosity of the two elastomer phases can play a role.

Control of phase size is more complicated; obviously the conditions of
preparation of the blend have a major influence. Here, only mixing of

Figure 1.1 A section of a model blend of two elastomers A z and B © ,
containing filler (P, plasticizer (P) and crosslinks (X).
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elastomers is considered. In general, the higher the shear used in mixing,
the smaller the phase size attained, although some elastomers undergo
chain scission during mixing and there can be an optimum degree of
mixing before phase size increases again. In practice, there are often
constraints imposed on the extent of mixing which may be used — due
either to economic considerations or such pragmatic considerations as an
unacceptably high batch temperature.

Interfacial tension imposes a limit on the phase size which can be
attained under a given shear regime: the lower the interfacial tension, the
smaller the phase size. This is one reason that blends of the general
purpose rubbers, natural rubber (NR, cis-1,4-poly(isoprene)), cis-1,4-
poly(butadiene) (BR) and poly(butadiene-co-styrene) (SBR), present little
difficulty. The elastomers are all non-polar and have rather similar so-
lubility parameters (16.7, 17 and 17.5 MPa'/? respectively), and hence
low interfacial tension. When there is a large difference in solubility
parameters of two elastomers, there is high interfacial tension and phase
sizes will be large — unless some means of reducing interfacial tension is
employed. This is one of the difficulties facing blends of natural rubber
and poly(acrylonitrile-co-butadiene) rubbers (INBR), which have solubi-
lity parameters ranging up to about 22 MPa'/%

Interfacial tension also plays a role in the control of interfacial adhe-
sion and crosslinking between the two elastomers — high interfacial
tension means little mixing of the two elastomers at the interface. If there
is little mixing of the two elastomers at the interface, the opportunity for
crosslinking between the two is reduced, and this can cause a weakness
at the interface. Although there is no scale in Figure 1.1, the sharp phase
boundary suggests little phase mixing at the interface and hence also
relatively large phase sizes.

The remaining factors listed relate to distribution of entities between
the polymer phases of the blend. Distribution of filler has been con-
sidered often in the past. In Figure 1.1, the filler appears to be essentially
evenly distributed between the two phases. Distribution of the most
commonly used filler, carbon black, is generally readily controllable by
preparing well-mixed masterbatches of each elastomer containing the
desired loadings of black. The generally good interaction of the elastomer
with the surface of the carbon black, forming the so-called bound rubber,
ensures that there is little transfer of filler between the two elastomers on
crossblending of the masterbatches. Whilst a marked maldistribution of
carbon black may cause difficulties in some blends, the ability to control
filler distribution in this way can be put to good use — as will be seen in
Chapter 7 dealing with a practical use of blends of NR and NBR and in
the development of novel high damping blends of NR with epoxidized
natural rubber (ENR) described in Chapters 10 to 13.
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Distribution of plasticizer has not been considered so much in the
past, perhaps because many compounds do not contain large quantities
of plasticizer. However, when substantial quantities of plasticizer must
or may be used, the distribution of this ingredient can affect properties —
and can be used to advantage, as is evident in the development of the
high damping NR/ENR blends described in Chapters 10 to 13. The
idealized blend depicted in Figure 1.1 has a maldistribution of plasticizer
in favour of the continuous phase (A).

The possibility of uneven distribution of crosslinks between the pha-
ses of a vulcanized blend has long been seen as a potential cause of poor
physical properties, particularly within the context of blends of highly
unsaturated elastomers, such as NR, with elastomers containing only a
low level of unsaturation, such as ethylene-propylene-diene rubber
(EPDM), as described in Chapter 14. This represents one source of a
maldistribution of crosslinks — a substantial difference in the concentra-
tion of potential crosslink sites in the two elastomers, since the un-
saturation is necessary for sulphur vulcanization. An alternative source
is a difference in the concentration of the other reactants involved in the
crosslinking reactions: sulphur, accelerators and species derived from
these during the vulcanization process. Partition of these chemicals be-
tween the elastomers is to be expected when there is some mechanism for
preferential solubility. The large difference in polarity and solubility
parameters of NR and NBR provides a good example. The disperse
phase (B) of the blend depicted in Figure 1.1 is more highly crosslinked
than the continuous phase.

Systematic study of the distribution of crosslinks between the phases
of vulcanized blends has only become possible recently with the de-
velopment of a reliable technique for characterization of crosslink den-
sity in the individual phases of a blend. This is described in the
following chapter. The work on overcoming the difficulties which arise
in some blends described in subsequent chapters has relied to some
extent or another on the ability to measure and control crosslink dis-
tribution and this book represents the most comprehensive account of
the deployment of the technique for the benefit of materials develop-
ment.

The factors described above provide ample opportunity for difficulties
to arise in the practical use of elastomer blends, particularly when the
elastomers differ fundamentally in character. This is almost always the
case when attempts are made to combine desirable attributes of general
purpose and special purpose or speciality elastomers. However, under
favourable circumstances these factors also provide the means of over-
coming practical difficulties and may even be exploited to produce
blends which exhibit a new range of properties.
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1.2 BLENDS CONSIDERED

Four blend systems are addressed here, each recognizing the needs of
particular types of application:

¢ Blends of natural rubber and nitrile rubber (NR/NBR) for applications
requiring a measure of resistance to swelling by oils or of damping
combined with good physical properties.

* Blends of natural rubber and ethylene-propylene rubber (NR/EPM)
for applications requiring very high resistance to attack by ozone.

e Blends of natural rubber and ethylene-propylene-diene rubber (NR/
EPDM) for applications requiring a combination of good resistance to
attack by ozone and good strength properties.

» Blends of natural rubber and epoxidized natural rubber (NR/ENR) for
applications requiring a combination of high damping, good physical
properties and low dependence of dynamic properties on temperature.

Whilst general problems have been addressed for each blend, at least one
specific application has been targeted to focus the work. These have been
prompted by known needs on the part of the rubber product manu-
facturing industry.

1.3 STRATEGY
The strategy adopted for each of the blend systems was to:

¢ confirm general principles behind a new approach to overcoming
practical difficulties,

e identify technically and economically viable solutions to the difficul-
ties,

¢ establish rules of use of the solutions where appropriate,

e demonstrate the feasibility of the solutions in a target application.

The overall thrust was to enable the rubber product manufacturing in-
dustry to use its own knowledge and resources to elaborate the solutions
for particular problems within its market sector.

1.4 WIDER IMPLICATIONS

There has been considerable success in overcoming the problems posed
by the blends considered here, and in realizing some of the opportunities
to provide new alternatives for elastomers in a range of applications.
Whilst these developments have been made within the context of es-
sentially four specific blend systems, the solutions may be more widely
applicable.

Some care must be exercised in generalizing the particular solutions
found to the problem of obtaining even crosslink distribution in NR/
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NBR blends. It is evident that a cure system which is ideal for blends
with NBR at one level of acrylonitrile content may well be quite in-
appropriate for blends with NBR at a somewhat different acrylonitrile
content. Nonetheless, the principle of identifying cure systems which
will give near-even crosslink distribution should be applied to all blends
of elastomers differing in polarity. Furthermore, one general rule has
emerged - it appears that the very polar thiuram accelerators, TMTM
and TMTD, should be avoided in NR/NBR blends.

The reactive mixing approach which proved so successful in NR/
EPDM blends should also have wider applicability, and offers the pro-
spect of a solution to difficulties with other blends of highly unsaturated
elastomers and elastomers with low levels of unsaturation.

Again, the approach adopted to developing blends with a combina-
tion of high damping, good physical properties and a low dependence of
properties on temperature could be applied to other blends of elastomers
differing in polarity. However, the particular combination of NR with
ENR has the distinct advantage that both elastomers are inherently high
strength due to strain-induced crystallization.
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Measurement of crosslink density
in vulcanized blends

Andrew |. Tinker
Tun Abdul Razak Research Centre, MRPRA, UK

INTRODUCTION

Much of the work described in this book has been enabled or assisted by
the ability to measure crosslink densities of the individual rubbers in a
vulcanized blend. Indeed, for two of the blend systems, NR/NBR and
NR/EPDM, the problems were to some extent defined by earlier mea-
surements of crosslink densities. From these earlier studies, it was known
that preferential distribution of crosslinks in favour of one of the elas-
tomer components of NR/NBR blends, particularly the NBR, was likely
to occur to an extent sufficient to explain the generally disappointing
physical properties obtained [1,2]. The failure of EPDM to vulcanize
adequately in the presence of the highly unsaturated NR has been known
for many years [3-5], but measurements of crosslink densities of blends
of NR with chemically modified EPDM showed that good physical
properties could be obtained with only modest increases in crosslinking
of the EPDM [6].

The techniques which have been proposed for estimating crosslink
densities in vulcanized blends have been reviewed recently [7]. Of these,
only swollen-state NMR spectroscopy has been used by several inde-
pendent workers and thus received independent verification [8,9].
Swollen-state NMR spectroscopy has been used extensively in the work
described here. A second method has been used also, so-called ‘network
visualization’. This technique involves viewing specially prepared ultra-

Blends of Natural Rubber. Edited by Andrew J. Tinker and Kevin P. Jones.
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thin sections of vulcanizates at high magnification by transmission
electron microscopy (TEM). Whilst the technique is not ideally suited for
estimating crosslink densities for vulcanizates with modest to high
crosslink densities embracing levels normally found in practical mate-
rials, it can allow an insight into crosslinking between elastomers in a
blend. This information is difficult to obtain by other means.

These two techniques are described here in some detail to provide a
background for subsequent chapters which report results obtained by
using them.

2.1 SWOLLEN-STATE NMR SPECTROSCOPY

Estimation of crosslink densities in the individual phases of a vulcanized
rubber blend by swollen-state NMR spectroscopy is based on the
straightforward observation that signals in NMR spectra of polymers are
broader than those of simple molecules, and that signal width increases
as the polymer is crosslinked (Figure 2.1). The basis of this observation is
a progressive reduction in mobility. Spectra of vulcanizates cannot nor-
mally be obtained using a liquids NMR spectrometer, but swelling vul-
canizates to equilibrium permits observation of spectra with sufficient
resolution to identify signals from protons in different environments,
although peaks are much broader than is normal for polymer solutions.

The effect of crosslink density on signal width is readily evident
simply by comparison of spectra, but may be quantified through esti-

e j‘J\_A
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Figure 2.1 Comparison of swollen-state "H NMR spectra of gum vulcanizates
cured with S/CBS to have high (3.0/0.8 phr) and low (1.0/0.2 phr) crosslink
densities.
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mation of signal width. The procedure adopted allows a simple method
of deconvolution, which is necessary when 'H NMR spectra of blends
are considered because of the overlap of signals from the individual
rubbers in the blend. Thus, the width of a particular peak, generally the
signal due to the olefinic proton for unsaturated elastomers, is given as
the signal strength at a reference position on the side of the peak ex-
pressed as a percentage of the peak signal strength and designated H%
[10]. Hence, from Figure 2.2:

H% = 100b/a

The position of the reference position is selected on the basis of providing
a good range of H% over the range of crosslink densities of interest. H%
can be correlated with physical crosslink density, #,pnys, [10, 11] as esti-
mated by conventional procedures such as from the Mooney-Rivlin
constant C; [12] or equilibrium swelling and application of the Flory—
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Figure 2.2 Schematic representation of the olefinic signal in "H NMR spectra of
swollen gum vulcanizates of NR and NBR.
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Figure 2.3 Dependence of peak width, H%, on crosslink density for NR.

Rehner relationship [13, 14] (Figure 2.3). Correlations may also be made
with indicators of crosslink density such as equilibrium swelling, rheo-
meter torque rise or curative level used in vulcanization [10].

The simple deconvolution procedure involves definition of two cor-
rection terms at the peak and reference positions of the designated signal
of the second elastomer. Again, these two terms are simply the signal
strength at the position expressed as a percentage of the signal strength
at the peak for the first elastomer. These two terms, P%H and R%H for
the positions corresponding to the peak and reference positions for the
second elastomer respectively, are given by reference to Figure 2.2 as:

P%H = 100c/a
and

R%H = 100d/a

Both terms may be correlated with H%, as shown in Figure 2.4.

Once these three correlations (H% with npnys, P%H and R%H with
H%) have been established for two elastomers, spectra of blends may be
analysed to provide estimates of crosslink density in the two phases. H%
is calculated for one of the elastomers without any allowance for a
contribution to the signal by the second elastomer. Appropriate values
for P%H and R%H may then be calculated and thence, from the peak
signal strength, the magnitude of the corrections to be applied to the
observed signal strengths at the peak and reference positions for the
second elastomer. These corrections are subtracted from the observed
signal strengths, and it is then possible to calculate the first estimate of
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Figure 2.4 Dependence of correction terms P%H and R%H on H% for NR.

H% for the second elastomer. The correction terms for the second elas-
tomer and the magnitudes of the corrections to be applied to the ob-
served signal strengths at the peak and reference positions for the first
elastomer are calculated and applied. This represents the first cycle of an
iterative process, which is repeated until changes in the estimates for H%
become insignificant.

This process is both illustrated and proved in a simple demonstration
[10]. Swollen samples of two different vulcanizates, NR and NBR for
instance, may be introduced into one NMR tube and the spectrum ac-
quired. This procedure was first performed using a 90 MHz continuous
wave spectrometer, and the resulting composite spectrum is reproduced
in Figure 2.5. The iterative process was applied to the spectrum, as
shown in Table 2.1. The final estimates of H% for the two vulcanizates
are the same regardless of which is chosen to start the calculation, the NR
vulcanizate in the example quoted in Table 2.1. The estimates of H% for
the two were in very good accord with estimates made separately, as
noted at the foot of Table 2.1.

Physical crosslink densities may be obtained from the final estimates
of H% by using calibration curves such as those in Figure 2.3.

The first reports [1, 10, 15-18] of crosslink densities in blends using this
technique were based on spectra obtained with a 90 MHz continuous
wave spectrometer. The technique was later transferred to a higher fre-
quency 300 MHz FT spectrometer, with considerable benefits in terms of
improved signal-to-noise ratio and resolution and reduced acquisition
times. However, several important differences were noted [11], perhaps
the most important being the observation that the position of peaks is
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Figure 2.5 90 MHz 'H NMR spectrum of slivers of swollen NR and NBR vul-
canizates in the same NMR tube.

Table 2.1 Data from spectra of samples of NR and NBR
gum vulcanizates in a single tube

Iteration H% Peak signal
NR NBR NR NBR
0 - - 0.556 0.665
1 59 24 0.492 0.386
2 56 30 0.466 0.431
3 55 32 0.456 0.449
4 54 33 0.451 0.457
5 54 33 0.449 0.460

Measurements on individual slivers in individual tubes: NR
H% = 54, NBR H% = 35.3

dependent on crosslink density due to a difference in the local field
within the swollen gel. Solvent within the gel also experiences this dif-
ferent field and thus the TMS added as a marker, for instance, has a sharp
signal at 0 ppm and a smaller, broader signal at a position slightly
downfield. The former is due to TMS in the free deuterochloroform
outside the swollen vulcanizate, whilst the latter is due to TMS within
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Figure 2.6 Swollen-state NMR spectra of filled and gum NR/BR vulcanizate
blends.

the swollen vulcanizate. Since both the elastomer and the TMS within the
gel are experiencing the same local field, the latter can be used as a
marker and signals do not shift relative to this marker with changing
crosslink density.

Although carbon black filler causes broadening of peaks in NMR
spectra of swollen vulcanizates (Figure 2.6), it is possible to investigate
black-filled blends [11,16,19]. It should be noted that carbon black also
affects peak positions, although again peaks do not shift relative to the
secondary signal due to TMS in the swollen vulcanizate. Unlike cross-
linking, increasing carbon black loadings cause a progressive upfield
movement of signals. Signal width is dependent not only on carbon black
loading but also on surface area and, to a lesser extent, structure [11].
Thus, it is necessary to develop calibration curves for each grade of
carbon black and loading of interest. It is also highly advisable to use
crossblends of well-mixed masterbatches, rather than blending elasto-
mers and adding carbon black, in order to ensure that each phase of the
blend contains the requisite level of black. Reliable independent esti-
mation of crosslink density in black-filled vulcanizates is problematic;
calibration curves of H% as a function of curative level have, therefore,
often been used for such vulcanizates.

Despite the extensive overlap of signals in "H NMR spectra of swollen,
black-filled vulcanizates exemplified by Figure 2.6, it still possible to use
the simple procedures for estimating H% for the components of a blend
described above for spectra of gum vulcanizates. The demonstration has
been repeated with black-filled vulcanizates, and again agreement be-
tween estimates of H% for NR and BR vulcanizates from a composite
spectrum of the two slivers in a NMR tube are in good agreement with
values obtained from spectra of separate samples (Figure 2.7).
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Figure 2.7 NMR spectra of swollen black-filled vulcanizates (50 phr N330); NR
alone, BR alone, NR and BR together.
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Figure 2.8 Comparison of >C NMR spectra of swollen gum and black-filled 60:40
NR:EPDM vulcanizates.

The use of a FT NMR spectrometer allowed investigation of blends
with saturated elastomers. There is so much overlap of signals from
aliphatic protons in "H NMR spectra that it is not feasible to study sat-
urated elastomers using such spectra, but >*C NMR spectra can be used
due to good resolution of signals. Both gum and black-filled vulcanizates
may be investigated (Figure 2.8). Good correlations of measures of peak
width, either H% or the more conventional width at half-height (W, ),
with nppys are observed [11, 20] (Figure 2.9). Good correspondence is seen
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Figure 2.9 Dependence of >C peak width on crosslink density for NR vulcan-
izates.

between estimates of 7y for NR in blends from 'H and ¥3C NMR
spectra [11]. The only drawback in the use of >C NMR spectroscopy is
the long accumulation times required for the acquisition of spectra with
suitable signal-to-noise ratios.

Factors which might be expected to influence the swollen-state NMR
technique have been considered [21]. It has been shown that the efficiency
of the sulphur cure system does not affect the correlation between H% and
fphys Observed for any particular elastomer. Although peroxide vulcan-
izates were found to follow the same correlation as sulphur vulcanizates
for cis-BR, peroxide vulcanizates of NR were observed to have lower H%
values than for sulphur vulcanizates of equivalent crosslink density.

The molecular weight of the rubber prior to vulcanization influences
H%: lower molecular weights give lower H% values. This can cause
problems if a correlation of H% with curative level is being considered,
as is often the case when black-filled vulcanizates are studied. However,
physical crosslink density is also affected by the initial molecular weight
of the elastomer, and a single relationship between H% and nppys is
observed [21].

It may be anticipated that in swelling blends to equilibrium a phase
may not be able to attain the degree of swelling normally associated with
the prevailing crosslink density. Such swelling restriction may arise from
either substantial differences in crosslink density in the individual
phases or from a substantial difference in polymer-solvent interaction (y)
values for the two elastomers. It has been shown that, whilst H% is
influenced by the degree of swelling of the vulcanizate, this is of sec-
ondary importance [21]; the dependence on crosslink density is much
stronger.



Network visualization microscopy 17
2.2 NETWORK VISUALIZATION MICROSCOPY

This technique is based on work by Shiibashi [22,23]. Vulcanizate is
swollen with styrene containing a low level of inhibitor, a peroxide and a
small amount of phthalate plasticizer. Once the vulcanizate is swollen to
equilibrium, the styrene is polymerized by raising the temperature. The
resulting composite is sectioned, and the ultra-thin sections are stained
with osmium tetroxide before viewing by TEM. At a suitably high
magnification, a mesh structure is revealed (Figure 2.10). Although
Shiibashi attributed the dark (stained) strands of the mesh to network
chains, Cook et al. [24] have suggested that they represent bundles of
network chains which form through phase separation as the concentra-

Figure 2,10 TEM micrograph of a S/TMTM cured low crosslink density NR gum
vulcanizate prepared for ‘network visualization’.
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tion of polystyrene rises during polymerization. Cook et al. observed a
linear correlation between the mean mesh size, that is, the average size of
the cells in the mesh structure, and molecular weight between physically
effective crosslinks, M. M. is related to the physically effective crosslink
density by:

Hphys = 1/2MC

This observation forms the basis of measurement of crosslink density by
the technique but, as noted in the Introduction, the estimates are prone to
considerable error when crosslink densities are in the region of practical
interest. However, the phase separation process provides useful infor-
mation in a different way; regions of weakness in the vulcanizate are
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Figure 2.11 TEM micrograph of a S/MBS/MBTS cured 50:50 SMR L:BREON N41
gum vulcanizate prepared for ‘network visualization’.
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‘exploited’. One example is the vicinity of particles of zinc oxide. The
rubber is not bound to the zinc oxide, and a region of pure polystyrene
forms around the particle as the swrrounding vulcanizate is pushed away
(Figure 2.10).

In vulcanized blends, this process can be used to obtain a qualitative
assessment of the strength of the interface between the elastomers, and
hence the extent of crosslinking between the two. If there is little cross-
linking, the interface will be weak and regions of pure polystyrene will
form as the interface is torn apart. An example of this is given in Fig-
ure 5.7 of Chapter 5. If crosslinking between the two elastomers is higher,
the interface will be sufficiently strong to resist the forces of phase sep-
aration — either completely or at least until the polymerization process is
more complete. In the former event, there will be no failure of the in-
terface and the normal mesh structure only will be seen — as illustrated in
Figure 2.11 whilst in the latter event, a limited failure will occur with the
formation of only a thin region of polystyrene bridged by many strands
or bundles of network chains. An example of the latter image is pre-
sented in Figure 5.8 of Chapter 5.
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Characterization of vulcanized
blends by microscopy

Paul Cudby
Tun Abdul Razak Research Centre, MRPRA, UK

3.1 INTRODUCTION

The primary aims of this chapter are to explain how the images used
throughout this book have been formed and how they can be interpreted.
In terms of the scope of the material described, good microscopical re-
sults can only be obtained by enhancing the contrast between the phases
in a blend where very little exists. The following is limited to presenting
the techniques applied to obtaining such results and is not intended to be
a full and thorough theoretical description of the techniques employed.
Other sources should be sought if this is required [1].

It was initially anticipated that most of the required results could be
acquired by light microscopy (LM) with some of the more high resolu-
tion work being carried out using transmission electron microscopy
(TEM). However, it rapidly became obvious that these techniques were,
for reasons to be described, inadequate for routine observations of the
full variety of materials being developed. Fortuitously, several new
techniques in the field of scanning electron microscopy (SEM) were un-
der development at MRPRA at the time and could therefore be used
where necessary. This included a device described by Hitachi Scientific
Instruments for converting a scanning electron microscope to operate as
a scanning transmission electron microscope (STEM). This device was
built at MRPRA and was subsequently modified to improve its perfor-
mance [2].

Blends of Natural Rubber. Edited by Andrew J. Tinker and Kevin P. Jones.
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Two terms used throughout this contribution require to be defined as
follows:

Blend morphology: the overall form and arrangement of the phases
in a blend.

Phase structure: the arrangement of the individual components
within a single phase.

All of the work described was performed on thin or ultra-thin sections of
blend vulcanizates cut using cryo-ultramicrotomes. This has generally
proved to be the most time-consuming aspect of microscopy and, as will
be outlined in the ensuing text, has often been instrumental in deciding
which is the appropriate technique for examining a material.

3.2 LIGHT MICROSCOPY

Traditionally, light microscopy (LM) has been the starting point for any
microscopical examination of new samples. Transmitted images are
formed by looking at thin sections taken from the bulk of the sample,
effectively giving a cross-sectional image. The popularity of this tech-
nique has lain largely in its ease of use. In the case of elastomer blends,
however, there tends to be very little contrast between the phases in
transmitted common light microscopy. For this reason a special type of
LM has been used, namely phase contrast LM {3, 4], which exploits dif-
ferences in the refractive indices between the two (or more) phases to
produce contrast. This technique can produce reliable micrographs
which give considerable information about blend morphology for a
number of materials. In Figure 3.1, a micrograph of an NR/NBR blend,
natural rubber can be determined as the darker phase from a knowledge
of the refractive indices of the individual components and an observation
of the morphology. The blend morphology can be observed with ease
and examined for flow orientation, phase sizes and large variations
thereof, and degree of co-continuity of the phases.

However, available resolution is a fundamental limitation to any LM
technique. Resolution is defined as the minimum distance between two
object features at which they can still be seen as two features [5]. The
resolution of any LM technique cannot be better than 0.25 pm as defined
by the Abbé or diffraction theory of imaging [6] as:

A
d=——
kNA
where d = resolution
A = wavelength of light used
k = a constant

NA = Numerical Aperture.



Light microscopy

SRR

e

TRw

‘%-?‘c
SAHNAD
7 Y S

Figure 3.1 Phase contrast micrograph of a 25:75 NR:NBR blend.

In practical terms, this means that no more useful information can be
extracted from a light microscope beyond a magnification of about
1000x. However, with the rapid improvements in blend technology
which have been covered in this book, phase sizes were being reduced to
levels at which little useful information could be extracted using phase
contrast LM. See for example Figure 3.2 which shows a blend of NR and
EPDM with a calcium carbonate filler. Very careful observation may
suggest the filler is preferential for the darker, NR phase, although such a
conclusion lacks certainty. Furthermore, no information regarding phase
structure or blend morphology can be determined from this micrograph.
This blend is also considered subsequently during discussion of the SEM
technique.
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Figure 3.2 Phase contrast micrograph of a 60:40 NR:EPDM blend filled with
calcium carbonate.

3.3 SCANNING ELECTRON MICROSCOPY

The process of image formation in a scanning electron microscope (SEM)
can be described in terms of a focused electron probe being scanned
across the specimen surface, under high vacuum, while synchronized to
the raster scan on a TV type display. Where the electron beam strikes the
surface a number of different types of interaction take place including the
emission of electrons. The image is formed point by point in accordance
with the strength of whichever of the signals is measured from the in-
dividual scanned points as this modulates the strength of the corre-
sponding point on the display.

This discussion is limited to only two of the various interactions which
take place, namely those involving secondary electrons and backscat-
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tered electrons. In simplified terms secondary electrons are low energy
electrons which have been inelastically scattered by atomic electrons in
the sample, and backscattered electrons are high energy electrons which
have been elastically scattered by atomic nuclei. Secondary electrons are
largely responsible for contrast dependent on variations in the surface
topography and backscattered electrons are largely responsible for con-
trast dependent on variations in elemental composition. This could be
explained as: the greater the slope, the stronger the secondary electron
signal and the higher the atomic number, the stronger the backscattered
electron signal.

An ideal specimen could therefore be conceived to be similar to that
shown in Figure 3.3, wherein an object made of a heavy metal, such as
iron, protrudes significantly from the surface of a carbon substrate, thus
maximizing both secondary and backscattered electron signals. Unfor-
tunately, in the real world of polymer blends this idealized situation does
not apply, with the reality being as depicted in Figure 3.4. The elastomers
considered in the scope of this work consist of very similar elements, all
of which have low atomic numbers and therefore give rise to little con-
trast due to the backscattered electron signals. Furthermore, blends are
examined as sections, so there is very little variation in topography and
hence very little contrast due to the secondary electron signal. Conse-
quently, if examined directly, most sections of elastomers appear rela-
tively featureless by SEM. Therefore, artificial techniques have to be
introduced for increasing the contrast in the SEM. Two such techniques
have been used extensively: chemical staining and chemical etching.
These are described below.

.‘
\

Carbon base

Figure 3.3 SEM - idealized sample.
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Figure 3.4 SEM - phase morphology.

3.4 CHEMICAL STAINING

Although the elastomers used here are elementally similar, they are
chemically quite different. It is therefore possible to preferentially react
one phase with a chemical containing a heavy atom, thus producing
elemental contrast. This is referred to as differential chemical staining.
The most useful such stain with this work has been osmium tetroxide
which reacts with unsaturated carbon-carbon bonds [7] as shown in
Figure 3.5. Since the degree of unsaturation in different polymers is
known, it is possible to predict which will be stained to the greater
degree.

Proposed mechanism:
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Figure 3.5 Differential chemical staining with osmium tetroxide.
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Figure 3.6 Increasing contrast in the SEM.

The effect of staining is illustrated in Figure 3.6. Where a region has
been stained by osmium tetroxide it will yield a greater proportion of
backscattered electrons than a region which contains less, or no, osmium
tetroxide. Therefore, the stained region will appear brighter. This yields
the kinds of result shown in Figures 3.7 and 3.8 in which a blend of NR/
NBR can be observed at a much higher resolution than is possible with
the light microscope. The NR contains a greater degree of unsaturation
and is consequently stained to a greater degree and appears brighter than
the NBR phase. Measurements of phase size and observation of blend
morphology can be accomplished easily from such micrographs.

3.5 CHEMICAL ETCHING

The alternative technique is differential chemical etching. For a prede-
termined time a chemical is introduced to the surface and chemically
etches out one of the phases. This technique is less easy to accomplish
and more care needs to be taken in interpretation. Figure 3.9 shows a
section viewed at right angles to the viewing direction used in the SEM.
From this diagram it is clear that overhangs of the unetched phase can
give misleading information as to the sizes and shapes of the etched
phase simply by obscuring the field of view of the observer from the
space under such an overhang. In a similar manner, the observer may not
easily recognize the blend ratio as being correct.

Some success has been achieved in observing NR/ENR blends such as
that shown in Figure 3.10. This specimen has been etched with
phosphotungstic acid which has etched away the NR phase whilst
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Figure 3.7 SEM micrograph of a 30:70 NR:NDR blend stained with osmium
tetroxide.

leaving the ENR-25 phase intact. The final appearance gives a better idea
of the three-dimensionality than simple staining would, with the ENR-25
phase taking on the appearance of a sponge.

In summary, SEM can be described as a relatively fast technique for
observing blend morphology at medium resolution. Nevertheless, the
technique is not suitable for observing the internal phase structure of
individual phases. To achieve this, sections must be viewed in trans-
mission, as with LM.

3.6 TRANSMISSION ELECTRON MICROSCOPY

Transmission electron microscopy (TEM) provides the highest resolu-
tion, hence the sharpest images, of the conventional electron microscope
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Figure 3.8 SEM micrograph of a 30:70 NR:NBR blend stained with osmium
tetroxide.

techniques. With a suitable sample, 0.34 nm can be achieved with the
equipment available to the author. Therefore, this technique should give
more visual information about blend morphology and phase structure
than the other techniques available.

Images are formed in a TEM by focusing an electron beam onto an
ultra-thin section (typically 150 nm thick or less) of the specimen. Elec-
trons travel through the specimen, either deflected or undeflected, and
are focused and enlarged by a series of electromagnetic lenses onto either
a fluorescent viewing screen or a piece of electron-sensitive film. Contrast
is dependent on a number of factors, but for this type of imaging the
major factor is the degree to which different phases scatter electrons.
However, as with SEM there are insufficient elemental differences be-
tween the materials used here to produce much contrast. It has therefore
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Figure 3.9 SEM examination of an etched surface.

been necessary to stain materials, usually with osmium tetroxide, to
produce the required results. However, as depicted in Figure 3.11, the
mechanism for achieving this contrast is quite different. The beam is
focused on to the region of interest, rather than scanned across it. A
phase that has been preferentially stained with osmium tetroxide will
scatter electrons further on average than an unstained region. With the
use of a contrast limiting aperture, these scattered electrons are pre-
vented from travelling further down the microscope and consequently
the stained area appears to be dark rather than light as in the case of
SEM.

Three examples are given of the type of micrograph obtained by TEM
during the course of this work. Figure 3.12 shows an unfilled NR/EPDM
blend. In this case, as in the stained phase, the NR appears dark. A
number of key features now become apparent which could not have been
observed with the resolution available using LM. The first of these is the
phase structure of each phase wherein a captured micro-phase of each
elastomer within the other phase can be seen; that is, small regions of NR
are clearly present within the EPDM phase and vice versa. Secondly, the
overall co-continuity of the morphology can be observed and in partic-
ular the way in which the EPDM phase passes through the section. By
extrapolating on a mental level it is possible to visualize the sample from
which the section was taken as a block of NR with interconnecting EPDM
“tunnels” running throughout.

Figures 3.13 and 3.14 illustrate the calcium carbonate filled NR/EPDM
blend first shown in Figure 3.2 as imaged by phase contrast light mi-
croscopy. In common with Figure 3.12 the overall morphology can now
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Figure 3.10 SEM micrograph of a 50:50 NR:ENR-25 blend masterbatch etched
and stained with phosphotungstic acid.

be seen far more clearly. By working at higher magnification it was
possible to show that the filler appeared to be wholly located within the
NR phase. Even in instances where the filler appeared to be within the
EPDM phase, a close examination reveals that the particle(s) in question
actually lie within an NR captured micro-phase within the EPDM phase.

There are some severe limitations with TEM, however. The most
significant of these is that it is an extremely time-consuming technique. It
requires ultra-thin sections, less than 150 nm thick, and preparation of
sections of this type can take from two hours to several days depending
upon the nature of the sample. For instance, if a difficult sample such as a
highly black-filled specimen is encountered, with the number of vari-
ables involved in cryo-ultramicrotomy it can take several hours to de-
termine the best conditions for obtaining sections which are thin enough
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Figure 3.11 Contrast formation in the TEM.

to be useful. In addition, the TEM cannot handle instant film, so nega-
tives obtained in this manner have to be developed and printed sepa-
rately, and under some circumstances it can be difficult to obtain low
magnification micrographs. Ultimately, although vital for high resolution
work, TEM has not proved practical for the routine assessment of phase
morphology of large numbers of samples. Another technique is therefore
needed to fill the apparent gap in transmitted techniques between phase
contrast LM and TEM.

3.7 SEM-BASED SCANNING TRANSMISSION
ELECTRON MICROSCOPY

SEM-based scanning transmission electron microscopy (STEM) is not a
new idea, although TEM-based STEM is far more common. It could be
described as the “missing link” between TEM and LM. The technique
described here is based on a simple mount constructed at MRPRA, the
design of which arose from communications with Hitachi Scientific In-
struments, although modifications have been made since.

The theory behind the technique is somewhat of a hybrid between
SEM and TEM imaging and can be best described via Figure 3.15. A brief
examination may suggest that the mount is a form of electron “mirror”,
although a more detailed discussion of imaging theory shows this not to
be the case. The STEM mount consists of several copper components. The
top part of the mount consists of a hollow tube of 2.7 mm internal di-
ameter incorporating a locking cylinder in which the prepared specimen,
placed on a standard TEM examination grid, is held. This is positioned
over a polished angled plate which, when placed in the standard spec-



SEM-based scanning transmission electron microscopy 33

Figure 3.12 TEM micrograph of a 60:40 NR:EPDM blend stained with osmium
tetroxide.

imen stub holder in the SEM specimen chamber, is directed toward the
secondary electron detector.

The principle is thus: the focused electron beam is scanned across the
section and electrons strike the sample. The thickness of the section
usually precludes any signal due to transmitted secondary electrons. The
important portion of the signal is therefore due to forward-scattered as
opposed to backscattered electrons which produce an image determined
by mass and thickness of the regions being examined, as in the case of
TEM. After transmission, these electrons strike the angled plate pro-
ducing a secondary electron signal which is detected by the secondary
electron dete