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Use of advanced microscopy to elucidate
structure, mechanism of crosslinking rubber
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Material selection is governed
by the properties the material
must exhibit. The requirements
for these macroscale properties
can be very diverse and are
sometimes conflicting. Examples
of such properties are mechani-
cal strength, visual appearance,
electric conductivity, adhesion,
wear, release profile, permeabili-
ty and activity.
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The properties of a material
are largely determined by the
chemicals involved and the pro-
cessing steps they have under-
gone. Rubber compounds consist
of a balanced set of ingredients,
including a polymeric phase and
many additives like stabilizers,
fillers, colorants, flame retar-
dants and lubricants, as well as
curatives. During processing,
dispersing of various rubber
components takes place, in which
the original ingredients may re-
act, degrade, migrate, change in
crystallinity or are removed from
the formulation due to dissolu-
tion or vaporization. Additional
reactions take place during the
curing process. Some of these ef-
fects may take place at scales
beyond the visual level, which
translates to the micrometer or
nanometer scale.

In the development of materials
with improved properties, analyt-
ical information on the test sub-
stance is very helpful for a focused
approach. Knowledge on what
has been made, or released, stim-
ulates the thinking on steps to
improve a product. Also, for fail-
ure analysis, quality control and
in the regulatory field, analytical
information is of value.

The number of analytical tech-
niques applicable to rubbers and
polymers is very broad. Often a
combination of techniques is re-
quired to elucidate what is aimed
for. Spectroscopic (e.g. IR, NMR,
mass spectroscopy), chromato-
graphic (gas or liquid based) and
thermal analysis (e.g. DSC,
TMA) techniques find many uses
in rubber and polymer charac-
terization.!2

Microscopic techniques are
employed to a lesser degree. Mi-
croscopy is most often used to
determine the distribution of
phases in polymers and rubber
compounds, like the mixing of
two or more polymers or the dis-
tribution of fillers like carbon
black or silica. Often distribu-
tions are generated in a 2-dimen-
sional plane. In recent years
3D-imaging of materials at sev-
eral levels of detail has shown
enormous progress.>® Multi-tech-
nique imaging on a single position
(correlative or hyphenated imag-
ing) also adds new dimensions in
the understanding of a material.®

Even less often microscopy has

Executive summary

Understanding the microstructure of materials such as rubber and thermoplastics can help design
materials’ macrostructure properties. Microscopy can provide useful information in designing soft
materials such as rubber compounds, starting with understanding the reinforcing filler’s dispersion
in the elastomer matrix. Advanced microscopy instrumentation can go far beyond this dispersion
characterization. Scanning and transmission electron microscopy (SEM and (S)TEM) coupled with
energy-dispersive X-ray spectroscopy (EDX) are useful instrumentation used in phase characteriza-

tion of soft materials.

Complementary insights on the presence of phases and the sulfur crosslinking process can be
provided by imaging Raman spectroscopy. Case studies of rubber and polymer blends showcase the
experimental challenges for the microscopist and demonstrate that the usage of microscopy goes one
step beyond and provides crucial mechanistic, structure and performance-related information.

The main focus of this paper is to showcase various microscopy techniques used in elucidating the
mechanism of ZnO and stearic acid of sulfur crosslinking and the polymeric phase morphology of a

rubber blend.

been used in rubber and polymer
analysis to study mechanistic
processes.

Depending on the definition,
microscopy covers a broad field of
imaging techniques, providing
information on the structure and
morphology of materials and on
the local nature of the chemicals
and their reactivity. Optical and
electron microscopy (combined
with EDX) are the most common
microscopy techniques. The im-
aging modes of more spectro-
scopic techniques like IR, Ra-
man, XPS and ToF-SIMS can
also be considered part of the
microscopy field, as well as tech-
niques using other probes (AFM,
X-ray, etc.).

This paper highlights some re-
cent instrumental and material
developments in the area of rub-
ber compounds and polymers
making use of these microscopic
techniques.

Experimental and
instrumental aspects

To study the distribution of the
phases in a polymer blend,
cross-sections are investigated, or
thin slices, rather than topview
inspection of sheets to avoid sur-

face artifacts due to phase separa-
tion. Depending on the state of the
blend, sectioning is done either at
room temperature or under cryo-
genic conditions using an ultrami-
crotome (Leica UCT7). Care has
been taken to ensure that after
sectioning no additional surface
migration is taking place as a re-
sult of the presence of low molecular
weight components. Surface migra-
tion, or emission of volatiles, is at
higher risk when a sectioned poly-
mer is investigated in vacuum (e.g.
SEM). Also the interaction with an
analyzing beam (light, electrons)
might disturb the information on
the blend, in particular when cross-
linking is not yet complete.

SEM analysis was done with a
Zeiss CrossBeam 540, equipped
with an Oxford Instruments
X-MaxXN 150 silicon drift detector
(SDD) for EDX (using Aztec soft-
ware). ATLAS 5, a correlative
workflow software, was used for
large area imaging and slice-and-
view experiments for tomography.

Scanning transmission elec-
tron microscopy (STEM) was
done with a ThermoFisher Scien-
tific Talos F200X G2, operated at
200 keV. The microscope is
equipped with a Ceta camera for

Fig. 1: Polymers and additives used to make EPDM-CTS blends.
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Fig. 2: EPDM-CTS rheometer data.
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TEM imaging and a bright field
and high-angle angular dark
field detector for STEM imaging.
Compositional analysis and map-
ping were performed by four
in-column SDD Super-X detec-
tors. Data acquisition and analy-
sis was done with the Thermo
Scientific Velox software.

The instrument used for imag-
ing Raman was an AFM-Raman
confocal spectrometer by WITec,
model Alpha300RA+. The AFM
features a digital pulse force
mode (DPFM), a lateral resolu-
tion of < 10 nm, Z-resolution: < 1
nm and image size of 0.2-90 pm.
The Raman spectrometer is used
in conjunction with the AFM,
which allows chemical composi-
tion identification. The operating
wavelength ranges from 532 and
785 nm excitation, a surface
mapping of rough samples by
white light interference displace-
ment sensor for proper focusing
of laser beam with a lateral reso-
lution of 1 pm.

Case study 1: Phase distri-
bution and crosslinking in
a rubber blend

In a search for polymeric mate-
rials with improved properties
recently, the combination of eth-
ylene propylene diene terpolymer
(EPDM) rubber and a new poly-
sulfide has been explored. EPDM
is known for its good mechanical
properties and good heat and
ozone resistance. Polysulfides
are known to have a high resis-
tance against swelling in hydro-
carbon oils and solvents. As a
polysulfide a new material, a cy-
clic tetrasulfide (CTS) with rela-
tively low molecular weight, is
explored (Fig. 1). The resulting

o
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Fig. 3: Imaging of EPDM-CTS blends by several microscopic techniques
a) optical b) SEM c) SEM-EDX and d) Raman (hyphenated with SEM).
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EPDM-CTS blend is targeted to
have improved mechanical prop-
erties and resistance against
swelling in hydrocarbon oil and
solvents, as compared to rubber
compound made of EPDM alone.
A possible advantage of using
CTS is that it might exhibit a
double function in the polymer-
ization process. Firstly, CTS
chain extension may occur after
ring opening, resulting in a poly-
sulfide polymer. As a second ef-
fect, the in-situ generation of
S-species during curing may con-
tribute to additional crosslinking
of EPDM as compared to organic
peroxides alone (dual cure).
Sulfur vulcanization of EPDM
elastomers is usually performed
in the presence of activators
(ZnO and stearic acid) and accel-
erators (eg MBT, TMTD, ZDMC).
In this study the formulation was
stripped to a bare minimum to
avoid potential interferences
with additives other than the
polymeric materials and the cure
system. The effects of mixing
conditions, curing times and
curing temperatures on the rub-
bers have been investigated.”
Cyclic tetrasulfide (CTS) is
produced by Nouryon Functional
Chemicals and commercialized
under the tradename of Thio-
plast CPS200. It is a low molecu-
lar weight oligomer, Mw ~5,000
and has a high sulfur content—
50 percent.?
EPDM is produced by Arlanx-

eo and commercialized under the
trade name of Keltan 2450. This
elastomer has a low Mooney vis-
cosity ML (1+4) @ 125°C of 28
and a relatively high ethylene
content of 48 percent, while the
ethylene norbornene content is
4.1 percent. Crosslinking agents
are as follows:

e Dicumyl peroxide (40 wt. per-
cent) on clay produced by Nouryon
and commercialized under the
trade name of Perkadox BC-40K-
pd, in powder form;

e 7ZnO technical grade by Spec-
trum Chemicals; and

e Stearic acid technical grade
by Spectrum Chemicals.

Compound mixing was per-
formed in a C.W. Brabender in-
ternal mixer with a capacity of
0.3 liters and intermesh rotors,
at 40-60 rpm and 70 percent fill

factor. The resulting compound
was flattened into a sheet using
a 6-inch x 13-inch two-roll mill
by Reliable Rubber & Plastic
Machinery Co. The nip gap was
20mm, and the shear between
the front roll and the rear roll
was set at 1:1.75 range.

Alpha Technology moving die
rheometer (MDR) 2000 was used
for assessing crosslink density of
rubber compounds; the rheome-
ter data was recorded at 175°C.

In these new types of blends
several structure-related param-
eters are considered of interest for
their performance. Early infor-
mation on the overall crosslinking
of EPDM and CTS rubber blend
came from the rheometer collect-
ed data, which indicated a two-
step cure, per Fig. 2. This indi-
cates a rapid initial onset that is

Fig. 4: STEM-HAADF image and elemental maps of EPDM-CTS blend.

characteristic for organic peroxide
cure followed by a slower slope
increased in torque, which is
characteristic for sulfur cure.
Additional information on poly-
meric phase distribution and
cure information can be assessed

o

by NMR, Raman and mass spec-
trometry.® In this section, the
hyphenated use of microscopic
techniques to determine the dis-
tribution of the phases in the
polymers is discussed, as well as

See Microscopy, page 20

Fig. 5: STEM-HAADF images and elemental maps of ZnO in uncured

EPDM-CTS blends and after curing.

no cure

Fig. 6: STEM-HAADF image of the interface EPDM-CTS (pink arrow: ZnS,

yellow arrow: Zn-stearate).
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Microscopy

Continued from page 19
the efforts to obtain mechanistic
information on the role of the ac-
tivators ZnO and stearic acid.
The phase distributions in
EPDM-CTS blends with different
degrees and conditions of curing
were imaged by optical microsco-
py, SEM (+EDX), and imaging
Raman.” These techniques demon-
strate that for EPDM-CTS sheets
consisting of 75 phr EPDM, the
EPDM phase is the continuous
phase, in which CTS is dispersed
as spherical domains with dimen-
sions in the micrometer scale (Fig.
3). In optical and scanning elec-
tron microscopy the contrast dif-
ference between these polymers is
sufficient to differentiate easily
between them on a general level,
due to the differences in their av-
erage chemical composition. Spa-
tially resolved chemical analyses
by SEM-EDX (identifying ele-
ments) and imaging Raman (iden-
tifying bonds) confirm the pres-
ence of an S-species in these
domains. Since Raman spectrome-
try is sensitive for the type of sul-
fur containing species, this is a
valuable method for determining
chemical modifications of CTS.
When the same area is probed
with SEM and imaging Raman
(hyphenation) for an EPMD-CTS
blend, the images appear to dif-
fer in several aspects. Some
polysulfide domains are clearly

visible in SEM, while not identi-
fied in Raman and vice versa.
This is attributed to the differ-
ences in probing depth, which is
deeper for Raman (micronscale
versus nanometer scale).

Imaging Raman, as processed
by cluster analysis, shows do-
mains which are enriched in
stearic acid as compared to the
average EPDM chemical compo-
sition (C-Hx at ~2,900 cm?),
which are not detected by SEM-
EDX, although—once identified
by Raman—it can be visually
seen in SEM as slightly brighter
areas than EPDM. In the case of
SEM-EDX this signal is lost in
the overall C matrix signal from
EPDM. Apparently, in the cur-
rent case of short curing, local
enrichments of stearic acid are
present in the blend.

Another difference between the
SEM-EDX data and imaging Ra-
man is that Raman classifies an
additional phase at the interface
between the CTS island and the
EPDM matrix, which is interme-
diate in chemical composition be-
tween CTS and EPDM. However,
this is not observed in SEM-EDX.
This raises the question whether
the interfacial layer is real or is
an artifact related to the relative-
ly limited spatial resolution of
imaging Raman. One more differ-
ence is that imaging Raman
identifies small spots of a sulfide,
which can originate from either a
C-S or a Zn-S bond. SEM-EDX on
its hand does show a distribution
of very small Zn species which is

Fig. 7. STEM-HAADF image and Zn map of uncured EPDM-CTS, demon-
strating the presence of Zn-stearate (yellow arrow) around ZnO (red ar-
row). Blue arrows indicate holes in the carbon support.

not fully in line with the sulfide
as identified by Raman. The situ-
ation is even more complicated by
the fact that in Raman, overlap
occurs between ZnO and S-S re-
gion around 437 cm™. 1011

As these features are too small
to be analyzed in much more detail
by either SEM-EDX or imaging
Raman, STEM-EDX was applied.
The lateral and depth resolution of
STEM-EDX is much better due to
the smaller beam size and use of
thin slices of the rubber rather
than taking cross-sectioned mate-
rial. An additional advantage is
also that the local chemical compo-
sition of the EPDM matrix can be
determined much more accurately,
which might reveal whether in
addition to CTS phase separation,
S-crosslinking of EPDM also is
taking place.

Fig. 4 shows a STEM-HAADF
image and corresponding ele-
mental maps of an wuncured
EPDM-CTS blend at a five times
higher magnification than the
SEM and Raman images. At this
magnification the lateral resolu-
tion is usually determined by the
pixel size rather than the beam
size or the thickness of the sam-
ple. The CTS domains are repre-
sented by the S and O enrich-
ments, as expected from the
chemical composition of CTS. Zn
appears clearly present as small,
oxidic particles, rather well dis-
tributed in the continuous EPDM
phase, rather than being located
in the CTS domains or at the in-
terface between EPDM and CTS.

At higher magnifications the
shape and chemical composition
of individual ZnO particles in the
EPDM matrix has been deter-
mined. In uncured blends the
ZnO particles show well-defined,
crystalline particles with sizes in
the 50-200 nm range (Fig. 5).
These particles have the typical
characteristic of ZnO. Their
chemical composition, as deter-
mined by STEM-EDX, shows an
atomic Zn:O ratio of 1 and also
the crystal structure is in line
with the wurtzite hexagonal
prism structure of ZnO, as de-
rived from the lattice spacings
(a.0. 0.25 nm for the 001 plane).

Fig. 8: TEM images of different conductive agents showing the different morphologies.

Carbon black
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Fig. 9: SEM images of Ketjen black distribution in halogenated polymer. (a) SEM image of freshly prepared FIB
cross section; (b) 3D reconstruction of series of 2D images, where the darker part represents the CB; (c) shap-
shot of a movie of segmented data cube (CB only).

After curing, the morphology
and chemical composition of these
ZnO crystallites has clearly
changed (Fig. 5). Frequently, a
shell consisting of small nanopar-
ticles (~3 nm in size) has grown
around a ZnO core. These nanopar-
ticles appear to be ZnS (EDX). The
shell thickness is tens of nanome-
ters. Furthermore, there seems to
be some spacing present between
the ZnO core and the ZnS shell. In
other cases, the ZnO core has dis-
appeared completely, leaving an
empty space within the ZnS shell.

These results clearly indicate
that some S-species originating
from CTS is able to migrate into
the EPDM matrix and react with
Zn. The fact that the ZnS shell
does not seem to grow directly on
the surface of ZnO is an indica-
tion that Zn first dissolves, and
maybe participates in other reac-
tions, before it forms ZnS.

Normal TEM and STEM imag-
es of a thin slice are projections of
the cumulative mass within the
slice, which typically has a thick-
ness between 20-100 nm. Depend-
ing on the orientation of the fea-
ture of interest, this may obscure
finer details within the projected
volume. In the present case, the
images are not fully conclusive
whether there is an open space
between the ZnO core and the
ZnS shell in all directions. This
may be overcome by (S)TEM to-
mography, in which the slice is
imaged under many angles in a
tilt series, allowing for a three-di-
mensional reconstruction of the
object of interest (back-projection).
The reconstructed object can then
be evaluated in any direction and
with any thickness. This kind of
analyses has been started.

In cured EPDM-CTS blends
the interface between the CTS
domains and the EPDM phase
contains many clusters with
small ZnS particles (Fig. 6). As
for uncured blends, hardly any Zn
enrichment is observed at the
CTS-EPDM interface. This is an
indication that during curing Zn
can migrate along larger distanc-
es in the EPDM matrix than was
observed for the distance between
the ZnO core and its surrounding

o

shell. It can be hypothesized that
the local level of mobile S-species
has an impact on the degree of
conversion of ZnO or mobile Zn.
This may imply that conversion
levels may be higher around the
CTS domains. This might have
an impact on the degree of cross-
linking. If so, the dispersion of the
CTS domains may affect the
properties of the film.

In the cured blends, S is also
identified within the EPDM poly-
mer, at a level below 1 percent,
which is clearly higher than for
the uncured system. This S signal
is much less sensitive to electron
beam irradiation than it is ob-
served for the CTS domains. This
is an indication that S has reacted
with EPDM, possibly to form
crosslinks.

As already demonstrated by
SEM and imaging Raman, local
enrichments related to stearic
acid are present in the EPDM
phase of cured CTS-EPDM blends.
These enrichments are easily
overlooked in (S)TEM due to their
low contrast as compared to ZnO
and ZnS. Fig. 7 shows a STEM-
HAADF image of an area with
mainly EPDM in uncured EPDM-
CTS at elevated brightness level.
The image shows that around
many ZnO particles an addition-
al, platelike phase is present,
which shows a bit more contrast
than the low-contrast EPDM
phase. According to EDX, these
platelets contain a low, but detect-
able level of Zn (Fig. 7), suggest-
ing that these platelets are
Zn-stearate. This also explains
why this phase has more contrast
than EPDM itself. These platelets
closely resemble featherlike zinc
stearate platelets as identified in
paint applications.'?

Dark spherical holes (blue ar-
rows) in the image are due to holes
in the thin carbon substrate film.
These results indicate that Zn
stearate appears to be formed in
the compound already during
mixing time, and also during cur-
ing. Mechanistically, this would
translate in either dissolution of
Zn ions from ZnO followed by mi-
gration and reaction with stearic
acid or direct abstraction of Zn

Scheme 1: Proposed mechanism for ZnO-based CTS ring opening and

reaction with EPDM.*3,

d)

3
/ ¥
5-5 O "
Coitly H ! —
Py Mot n— gt — L__l, -
Heg ™ § t
s ) 521 A < Y
o O~ Jo= i 1 2 f -
P 2 P / . - P
/ “ . n. o e ~ \ ,
. n .i'h —- b i - s
H 7 Zaf; £ o 9
4 i Za T by O o
i o § Y e “";3 P o
| n n o
Za Zn
aj b)
5
My | %
5 | / | 2 i
M 5 j a._ _..s/_ji,c».\ i | 0
-— e W ol o, - Zns + HO
bs — o \ 0 —— n - :
" I|'I —0" SH
[}
z/n
Zn—O——in

(b) side view.

Scheme 2: Schematic representation of slice and view set up (a) top view

(a)

(b)




www.rubbernews.com

Rubber News

November 11, 2024 21

Technical |

from ZnO by stearic acid. More-
over, the compatibility of Zn stea-
rate with EPDM appears to be
such that under these conditions
phase separation is taking place.

These analyses provided in-
sightful information related to
the ZnO influence on sulfur
crosslinking. The  proposed
mechanism is shown in Scheme
1.2 In the first step, one Zn2+ is
abstracted by stearic acid from
the ZnO crystal structure in the
form of Zn stearate. This leaves
behind an active site or “template”
on the ZnO crystal. The tetrasul-
fidic group of the CTS and the al-
lylic group from the EPDM are
fitted in the “template” area, as
indicated in step b).

A complex interaction between
adjacent Zn ions, the tetrasulfid-
ic group and the allylic group is
formed, as indicated in the step
¢). From this intermediate, the
reaction progresses into two
steps: d) CTS ring opening of the
tetrasulfidic group and attaching
to the allylic group of EPDM and
one S atoms transferred to the
Zn, and e) the remaining mostly
inorganic portion of the complex
formed in this step splits into
ZnS and H,0.

Case study 2: Carbon
black distribution
in a polymer

Carbon black is an additive
present in a variety of polymers,
resins and rubbers. It can act as a
pigment, UV stabilizer, reinforcing
filler, antistatic agent and electro-
conductive additive. Important pa-
rameters for the performance of
carbon blacks are its structure
(morphological and electronical),
size, the degree of aggregation and
the degree of purity, including the
ability to be surface-modified to
increase compatibility.

To achieve conductivity in poly-
mers which are isolating by them-
selves, conductive pathways need
to be established. Fig. 8 compares
the morphology of different types of
materials in use as conductive ad-
ditive. The conductive carbon black
grade shown (Ketjenblack-brand
from Nouryon) has a three-dimen-
sional aggregate structure,
graphene plates have a two-di-
mensional structure, while carbon
nanotubes are mainly unidirec-
tional shaped. The establishment
of conductive pathways requires
material-dependent dispersion and
processing methods. Typical car-
bon black concentrations required
for conductivity in many compos-
ites amount 3-15 wt. percent, the
loading at which a composite be-
comes conductive, being called the
percolation threshold.

TEM and AFM are the com-
monly used techniques to visual-
ize the carbon black pathways in
polymers', although also SEM,
SAXS, SANS, near-field optical
microscopy and Raman imaging
have been applied.’* However,
due to limitations in the analysis
techniques the number of pub-
lished applications in rubbers is
limited. Both TEM and AFM re-
quire advanced sample prepara-
tion (ultramicrotomy), often un-
der cryogenic conditions, to
obtain cross-sectioned material.

Furthermore, the information
in AFM is limited to the surface
of the sectioned polymer. TEM, on
its hand, has a limited field of
view and projects the thickness of

a thin slice, which typically rang-
es between 20-150 nm. Both
techniques thus basically deliver
two-dimensional information.
SEM is less often applied to study
carbon black in rubbers as the
contrast difference between those
phases is very low, if so, deter-
mined by the fact that both mate-
rials mainly consist of carbon.

In this study SEM is used to
visualize the carbon black distri-
bution in a halogen-containing
polymer. The presence of the
halogen (increasing the average
atomic number of the polymer)
overcomes the contrast issue for
this application.

The 2D SEM image (Fig. 9a) of
a freshly created surface by us-
ing a focused ion beam (FIB)
shows that the conductive carbon
black in this polymer (the darker
phase) is not randomly distribut-
ed, but forming a kind of network
around domains of the polymer.
However, based on this image
alone it cannot be explained why
the material is conductive; there
seem to be gaps between the dif-
ferent carbon black (CB) strands.

In order to determine the
three-dimensional distribution of
the carbon black in the polymer.
the combination of an FIB and a
SEM can be used. The hyphen-
ation of these ion and electron
beams allows for repeated in-situ
ion beam cutting of the mixture
and subsequent SEM imaging.
This serves as a basis for recon-
struction of the distribution of the
additive in the polymer.

Using this FIB-SEM slice-and-
view technique (see Scheme 2)
requires selection of the right
settings for the purpose of the ex-
periment.'* This comprises a.o.,
the slice thickness controlled by

the FIB beam current in relation
to the material properties and the
probing depth as determined by
the choice of detector. In the cur-
rent case, best contrast vs. depth
resolution was achieved by using
the inLens Energy Selective
Backscatter (ESB) detector of the
SEM. Due to the presence of air
voids between the individual car-
bon black particles, differences in
milling rate are observed between
areas below these voids and areas
without these voids, which can
lead to shadowing effects due to
the created surface roughness
(curtaining effect).

The effects of this curtaining
on the SEM image are minimized
by selecting the inLens ESB de-
tector. Also, charging issues are
circumvented by using this de-
tector, while maximizing the res-
olution by only probing the outer
few nm of the freshly prepared
surface.

When individual 2D images
collected via the slice-and-view
FIB-SEM technique are combined
to a 3D data cube (Fig. 9b) and the
cube is segmented via image anal-
ysis into CB only (Fig. 9¢), the
three dimensional sponge-like in-
terconnection of the individual CB
agglomerates is obvious. Especial-
ly when the data cube is animated
and rotated along the axis of the
cube. This explains how the con-
ductivity is achieved in this specif-
ic polymer. This knowledge can be
used to predict the amount of CB
necessary to achieve the percola-
tion threshold.

Conclusions

Characterization of rubber
compounds by imaging tech-
niques is very helpful in relating
macroscale properties to the dis-

tribution and reactivity of the
chemicals present.

Information on the fate of the
activators ZnO and stearic acid
in EPDM-CTS mixtures led to a
detailed proposal for the cross-
linking mechanism. To visualize
conductive pathways in insula-
tors, the carbon black distribu-
tion was shown in three dimen-
sions for a halogenated polymer.

Combining the use of imaging
facilities with different specifica-
tions like resolution, depth infor-
mation and type of species probed
can lead to a detailed description
of the rubber compound, includ-
ing mechanistic information on
the reactivity of components. Cor-
relative microscopy and three-di-
mensional imaging further
contribute to a more detailed un-
derstanding of the compound.
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