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Heterogeneity of a vulcanized rubber by the formation of ZnS clusters
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Abstract

We investigated vulcanized rubber structures by energy-filtering transmission electron microscopy (EFTEM) and by high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM). Both techniques revealed that numerous particles with the diameter of about
20 nm, which could not be observed by conventional TEM, were distributed in the rubber matrix. Further examination based on electron energy-
loss spectroscopy (EELS) and energy-dispersive X-ray (EDX) analysis indicated that those particles are composed of ZnS clusters with the sizes
of approximately 3e5 nm, which are produced as a by-product in the vulcanization. We believe that the formation of ZnS clusters in a rubber
network is one of the origins of rubber heterogeneities.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Sulfur vulcanization is a key technology in the rubber in-
dustry which produces a wide variety of rubber materials.
The process converts raw unsaturated polymers into their
cross-linked forms through complicated chemical reactions
in a mixture containing sulfur (S8), accelerator (Acc) and ac-
tivator. Although sulfur vulcanization has been employed as
a large-scale industrial process for a long time and there
have been numerous studies on their reaction mechanism
and network structures, a thorough understanding of the pro-
cesses and structures continue to be challenging [1].

The network structures have been known to greatly influ-
ence the elasticity and the ultimate properties of rubbers. If
vulcanized rubbers could be formed into homogeneous three-
dimensional structures at molecular level, their ultimate prop-
erties would be considerably higher than is presently achieved
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[2]. Therefore, the presence of inhomogeneity in rubber net-
works has been discussed theoretically [3,4] and experimen-
tally [5e11] for a long time in terms of the heterogeneities
of crosslink densities, entanglements and the network topolo-
gies. Heterogeneities of polymer networks have been investi-
gated in gel materials by light and neutron scattering which
showed the presence of concentration heterogeneities at submi-
crometer scales [12,13]. Heterogeneity of vulcanized rubber
networks has been investigated by NMR techniques, which
suggested the existence of domains of widely different molec-
ular mobilities [11]. However, much difficulty is encountered
in analyzing the uniformity of the sulfur networks owing to
a number of reasons: (a) insolubility of cross-linked rubbers,
(b) variety of chemical reactions that simultaneously take place
within the polymers and at the surfaces of inorganic fillers, and
(c) complicated heterogeneous structures.

Here we have employed two electron microscopic tech-
niques for the investigation of heterogeneity of a vulcanized
rubber. These are energy-filtering transmission electron mi-
croscopy (EFTEM) and high-angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM).
EFTEM enables us to create images with inelastically
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scattered electrons at given energy-loss levels, of which
technique is called as ‘‘electron spectroscopic imaging’’ (ESI).
Moreover, it enables us to perform electron energy-loss spec-
troscopy (EELS), which provides information on chemical
compositions of local nano-sized areas in a specimen [14].
The latter is HAADF-STEM; it provides high-resolution imag-
ing with contrast generated by differences in atomic number
(Z ) by collecting elastically scattered electrons scattered at
higher angles than those scattered by the Bragg reflections
[15]. Thus, this technique is powerful for observing objects
including elements with high atomic numbers in polymers
with minimum electron beam damage to specimens [16].
Introducing these two techniques, we performed elemental
and chemical analyses of a vulcanized rubber structure.

2. Experimental

All the materials used in this study were commercial prod-
ucts and used ‘‘as received’’: an emulsion-type SBR was sup-
plied by Zeon Corp. (Japan) with a grade name SBR1502.
Sulfur (S8) in 200-mesh powdery form was supplied by
Tsurumi Chem. Co., Ltd. (Japan). ZnO in standard grade with
the average particle size of 270 nm was supplied by Mitsui
Mining & Smelting Co., Ltd. (Japan). Stearic acid (StAc)
and N-tert-butyl-2-benzothiazolyl-sulfenamide (TBBS) used
as an accelerator were supplied by NOF Corp. (Japan) and
by Ouchi Shinko Chem. Ind. Co. (Japan), respectively. The
rubber mixtures were compounded in an 8-in open roll mixer.
The recipe of rubber mixtures was styrene-butadiene rubber
(SBR), S8, TBBS used as Acc, ZnO and StAc at 100/1.5/
1.5/3/2 in weight. The open roll was cooled by circulating
water at a temperature of 50 �C. Mixing was carried out for
10 min. Then, the compounded mixtures were thermally
treated at 170 �C for 10 min in a hot press machine for vulca-
nization. Thin sections of the samples (about 100 nm thick)
were prepared by cryo-ultramicrotomy at �60 �C and col-
lected on a 600-mesh copper grid for EFTEM and STEM
analyses.
A LEO922 in-column type energy-filtering transmission
electron microscope with a LaB6 cathode and equipped with
an Omega-type energy filter was used at an accelerating volt-
age of 200 keV. All the observations were carried out cryogen-
ically at 120 K using a Gatan 613-DH single tilt liquid
nitrogen cooling holder to minimize the radiation damage to
the specimens. For the analyses of sulfur and zinc elemental
distributions by high-resolution elemental mapping and quan-
titative EELS analysis, we employed Image-EELS technique.
The details of this technique were described in our previous
papers [17,18]. First, a set of energy-filtered images was
recorded sequentially across a wide range of energy loss to
construct a 3-D dataset containing spatial and spectral infor-
mation. For the analysis of sulfur, the energy width and the
energy increment for the acquisition of energy-filtered images
were set at 5 eV and at 3 eV, respectively. For zinc, the energy
width was set at 10 eV and the energy increment was at 5 eV.
EELS spectra from the regions of interest in an image can be
synthesized by calculating the average gray values of the same
pixels in each energy-filtered image over the whole range of
acquired images. The image analysis system extracts the inten-
sities at the same pixel in each image across the series, and
reconstructs an EELS spectrum by plotting the intensities
against the corresponding energy-loss values. The drift of
the specimen was corrected by shifting the individual images
pixelwise over the entire images acquired. Statistical digital
image analysis was carried out using an image processing soft-
ware, ANALYSIS (Soft Imaging Co. Ltd., Germany).

HAADF-STEM was performed with an HD2000 STEM
(HITACHI Co. Ltd., Japan) operating at 200 kV equipped
with a HAADF detector at a collecting angle ranging between
50 and 110 mrad and with a camera length of 1 cm.

3. Results and discussion

Fig. 1a and b shows a zero-loss image and an inelastically
scattered image at 150� 10 eV energy losses by EFTEM, re-
spectively, in a rubber matrix region. The zero-loss image
(Fig. 1a) is formed with the electrons passing through the
Fig. 1. (a) Zero-loss image; (b) energy-filtered image by EFTEM of matrix region of the accelerated vulcanized rubber.
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specimen without the interaction (unscattered electrons) and
with elastically scattered electrons, which is thus comparable
with a conventional TEM image. The energy-loss image
shown in Fig. 1b clearly exhibits the existence of numerous
bright domains in the rubber matrix, whereas those are barely
visible in the corresponding area of the zero-loss image shown
in Fig. 1a. The average diameter and closest neighboring dis-
tance of about 200 particles were calculated and resulted in
20 and 37 nm with the standard deviation of 7.1 and 16.1 nm,
respectively. Energy-loss images have frequently been helpful
in visualizing structures that are hardly noticeable with con-
ventional TEM. This convenient function of EFTEM is called
as ‘‘contrast tuning’’, which can exhibit an image at an
optimum condition by the tuning of the energy-loss levels
[18e20]. All components in a specimen are presented with
comparable contrast and intensity within the available gray
levels. The energy-loss levels that provide an appropriate
image contrast depend on specimen compositions and its spec-
imen thickness. The optimum contrast of a specimen in which
carbon is the majority element is usually achieved in a range
from 100 to 250 eV, which is an energy-loss level below the
carbon ionization K-edge at 285 eV.

Furthermore, we employed scanning transmission electron
microscopy (STEM); it also gave images showing the distribu-
tion of the particles by introducing HAADF mode. Fig. 2a and
b shows the bright field (BF) and the HAADF mode STEM
images, respectively, demonstrating that the particles distrib-
uted in the rubber matrix can be observed in the HAADF
mode (Fig. 2b). HAADF-STEM presents an image contrast
that varies with atomic number (Z ) by collecting elastically
scattered electrons scattered at high angles. That is, high-Z
regions give brighter contrasts. Therefore, the particles distrib-
uted in the rubber matrix are suggested to be inorganic com-
pounds containing high-Z elements. As shown in Fig. 2c,
HAADF-STEM can provide an image with a higher resolution
than that by EFTEM, which allows us to know that the parti-
cles are not homogeneous products but rather are aggregates
containing small products with about 3e5 nm in size. In order
to investigate the elemental composition of the particles,
energy-dispersive X-ray spectrometry (EDX) was performed
using a convergent electron beam with a diameter of about
1 nm. Fig. 2d presents the EDX spectra acquired from the
two regions inside and outside the particle indicated therein.
The spectrum from the inside region shows both the zinc
and sulfur peaks with the ratio of the integrated peak intensi-
ties (Zn/S) of approximately 1. On the other hand, in the region
outside, only sulfur is detected and it appears with the weaker
intensity, indicating that the sulfur detected in the rubber phase
should be corresponding to the atoms involved in the rubber
networks and zinc is almost absent in the rubber phase.

The EDX analysis suggests that the particles we found in
the rubber matrix are mainly composed of ZnS. Studies on
the mechanism of accelerated sulfur vulcanization by using
low-molecular-weight model compounds revealed that ZnS
is produced as a by-product [1,21,22], and also ZnS was exper-
imentally detected in the study of mould fouling of rubber
compounds [23]. Moreover, we detected ZnS localized in
the interfacial region between rubber and ZnO particles added
Fig. 2. (a) BF-STEM image; (b) HAADF-STEM image; (c) enlarged HAADF-STEM image shown in (b); (d) EDX spectra of the inside and outside of the particles

shown in (c).
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as an activator by EFTEM [18]. Further investigation here
indicates that a large number of ZnS clusters are distributed
over the entire area in the rubber phase as the form of the ag-
gregation, which might largely influence the rubber network
structures and the properties.

To obtain more detailed information on the structure of this
product, EELS analysis was performed by Image-EELS tech-
nique that allows us to create EELS spectra from the regions
of interest. We described the detailed procedure for creating
elemental maps and EELS spectra by Image-EELS technique
in our previous works [17,18]. Fig. 3a is a sulfur elemental
map created by ‘‘two-window ratio’’ method, where the
energy-filtered image beyond the ionization edge (core-loss
image) of the element of interest was divided by the energy-
filtered image below the edge (pre-edge image). In this case,
the energy-filtered images at 140� 10 and 200� 10 eV
were used as the pre-edge and the core-loss images, respec-
tively, which were selected among the images acquired by
Image-EELS. The sulfur elemental map shows that the domain
is not a single homogeneous particle but rather is an aggregate
of clusters. Fig. 3b and c shows sulfur-L2,3 and zinc-L2,3 ion-
ization edges, which correspond to the L-shell excitation for
the ionization of 2p electrons, after the background subtrac-
tions obtained from the three regions determined as depicted
in Fig. 3a. The two regions within the domain, one of which
is corresponding to the clusters (1) and the other of which
is corresponding to the area between neighboring clusters
(2), gave intense sulfur and zinc core-loss peaks, while the
region outside of the domain (3: shown by blue) shows only
sulfur ionization peak. The results thus obtained by EELS
are in good agreement with the results obtained by EDX
analysis by STEM.

EELS allows us to perform quantitative analysis in terms of
the elemental compositions by using the integrated intensities
of core-loss peaks, and furthermore, chemical shifts and
shapes of EELS ionization edges can provide significant infor-
mation on chemical structures in terms of coordinations, va-
lencies and bond lengths [24]. We can, thus, obtain more
detailed information from the EELS analysis in terms of the
chemical structures of the sulfur and zinc-rich domains. The
regions between the clusters in the domains, which appear
darker than the clusters, gave both sulfur and zinc core-loss
peaks with slightly weaker intensities than those obtained
from the clusters. The integrated ratio with the energy width
of 80 eV of the sulfur core-loss peak of the region 1 to that
of region 2 is approximately 0.8, while the integrated ratio
of the zinc core-loss peak with the width of 100 eV is 0.6.
The concentrations of sulfur and zinc in region 2 are lower
than those in region 1, and also the ratio of sulfur to zinc is
slightly higher in region 2 than in region 1. Moreover, the
Fig. 3. (a) Sulfur elemental map obtained by EFTEM; (b) and (c) are the background-subtracted ionization edges of S-L2,3 and Zn-L2,3 in EELS spectra obtained

from the regions indicated in (a), respectively.
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spectra acquired from the two regions exhibit differences in
terms of the energy-loss values at which the ionization events
occur. That is, both the sulfur and zinc ionization edges ob-
tained from region 2 appear at higher energy losses than in
region 1, as shown in the spectra by dotted lines. The same
results have been obtained in five different domains. These
chemical shifts suggest the differences in the chemical bonds
of the products between the two regions. These results suggest
that the region between the clusters within the aggregate is not
a simple rubber network, but rather it contains sulfur and zinc
containing compounds differing from the ZnS cluster. Thus,
the domains are not formed as a simple aggregation of the
ZnS clusters, but are connected with each other via sulfur
and zinc containing compounds that might be produced in
the vulcanization process.

4. Conclusion

We here for the first time report on the formation of ZnS
clusters in the vulcanized rubber matrix. Two sophisticated
electron microscopic techniques revealed the heterogeneous
character of the vulcanized rubbers that conventional TEM
had identified as homogeneous. The fact that such a large
number of small inorganic products are distributed throughout
the rubber matrix requires in-depth study of the heterogeneity
of rubber structures because elasticity and mobility of rubbers
are significantly affected by such inorganic products and
because large number of interfaces and inhomogeneous
nano-sized structures are produced within the rubber net-
works. We will further investigate the effect of ZnS nano-
particles on the mechanical properties and also the effect of
Acc types and vulcanization conditions on the formation of
ZnS clusters.
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