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H I G H L I G H T S

• Fracture and degradation mechanisms of brass–rubber interfaces were studied.• Cu and Zn diffused outward from the brass to form CuxS and ZnS at the brass surface.• Depletion regions of Cu and Zn appeared in the inorganic layers.• A short vulcanization time led to fracture at the solid layer–rubber interface.• Prolonged vulcanization led to fracture along the depletion regions.
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A B S T R A C T

Composites of polymers and inorganic materials have recently attracted considerable attention as lightweight
tough materials. In this study, we examined the structures and fracture paths at the adhesive interfaces between
a sulfur-containing rubber compound and brass formed during vulcanization. Samples consisting of brass fillers
dispersed in a rubber matrix were subjected to in situ tensile observations using transmission electron micro-
scopy. Upon uniaxial stretching, fracture occurred between the rubber compound and outermost CuxS layers of
the adhesive interface. With prolonged vulcanization, the adhesive interface became broader and depletion
regions of Cu and Zn appeared inside the particles, indicating sample degradation, owing to outward diffusion of
the metal elements into the rubber compound. Fracture of the degraded rubber composite occurred along the
depletion regions. These observations demonstrate that the adhesiveness of brass and rubber composites strongly
depends on the interfacial structures.

1. Introduction

Polymers are extensively used as industrial materials owing to their
lightness and flexibility. They are often mixed with other materials to
meet the criteria of various technologies. For example, polymer blends
and block copolymers have been widely studied over the past several
decades in terms of their macro- and microphase-separated morpholo-
gies and the resulting properties. Moreover, polymer composites con-
sisting of polymers and inorganic materials have also been utilized for
many years to achieve lightweight and tough materials, which are
difficult to obtain using polymers alone. However, some concerns re-
main regarding the durability of such polymer composites owing to the
large differences in the properties of the polymers and inorganic

materials; crack formation and propagation are likely to occur at the
interfaces between polymers and inorganic materials as a result of stress
concentration and/or weak adhesion. Therefore, the adhesion, dete-
rioration, and failure mechanisms at the interfaces are crucial issues for
the long-term use and broader application of these materials [1–8].
Automobile tires are mostly composed of rubber and reinforced

with brass-coated steel wires to maintain their shape. When the tire is in
use, the interfaces between the rubber and metal wires are subjected to
high tensile, shear and compressive stress due to the large difference of
a factor of approximately 1010 in their moduli. Therefore, strong ad-
hesion is vital to avoid fracture. The brass (Cu–Zn alloy)-coated wires
are heated in sulfur-containing rubber to strongly bond the two com-
ponents. This process is known as “vulcanization”. During

https://doi.org/10.1016/j.polymer.2019.121789
Received 10 May 2019; Received in revised form 19 August 2019; Accepted 8 September 2019

∗ Corresponding author.
E-mail address: hiroshi.jinnai.d4@tohoku.ac.jp (H. Jinnai).

Polymer 181 (2019) 121789

Available online 15 September 2019
0032-3861/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00323861
https://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2019.121789
https://doi.org/10.1016/j.polymer.2019.121789
mailto:hiroshi.jinnai.d4@tohoku.ac.jp
https://doi.org/10.1016/j.polymer.2019.121789
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2019.121789&domain=pdf


vulcanization, several layers of copper sulfide (CuxS) and zinc sulfide
(ZnS) are formed on the wire surfaces owing to reaction between the
brass and the sulfur in the rubber. The rubber adheres to these vulca-
nization-induced solid layers via both physical interactions, i.e., the
“anchor effect”, and chemical interactions, such as covalent bonding
and van der Waals interactions. The adhesion strengths of the so-
lid–solid and solid–rubber interfaces determine the lifetime of the tires.
In other words, clarifying the interfacial structures formed between the
brass and rubber, determining their fracture mechanisms, and, in par-
ticular, optimizing the vulcanization conditions are essential.
Although the interfacial structures before and after fracture have

been investigated using X-ray photoelectron spectroscopy [9–20], X-ray
diffraction [20–22], and Auger electron spectroscopy [9,15–18], the
interfacial structures and fracture mechanisms have not yet been defi-
nitively established owing to the low spatial resolution of these
methods. Transmission electron microscopy (TEM) affords considerably
higher resolution than X-ray-based methods and thus has great poten-
tial for identifying interfacial structures and their fracture mechanisms
via direct observations [23–28]. In addition, the recent development of
a tensile TEM holder for soft materials [29] provides the possibility of
directly observing the elongation and fracture processes of polymeric
materials using TEM.
In the present work, we aimed to directly identify the structures and

fracture paths at the brass–rubber adhesive interfaces formed after
various vulcanization times using TEM with the tensile holder. The
structures at the interfaces between the brass-coated steel wires and
rubber compound formed after vulcanization for 10min were examined
using scanning transmission electron microscopy (STEM) with energy-
dispersive X-ray spectroscopy (EDS) for nanoscale elemental mapping.
Subsequently, model samples of the wire–rubber interfaces, in which
brass particles were dispersed in rubber followed by vulcanization for
10min or 50min, were prepared to identify the fracture paths at the
brass-rubber adhesive interfaces. These model samples permitted more
convenient TEM tensile observations while conserving the basic mor-
phological and thus mechanical features. The fracture processes at the
adhesive interfaces of the two model samples prepared using different
vulcanization times were directly observed using TEM and scanning
electron microscopy (SEM)-EDS mapping and the results were com-
pared. The fracture mechanisms are discussed together with the mor-
phological features of the adhesive interfaces for the samples prepared
using different vulcanization times.

2. Experimental

2.1. Material preparation

The rubber compound used in the present study consisted of natural
rubber (TSR-CV60, Thai Hua Rubber PCL, Thailand), carbon black
(SHOBLACK N326, Cabot Japan Co., Ltd., Japan), and other additive
components. The composition of the rubber compound is listed in
Table 1 and is a commonly used composition in tires. The rubber

compound was prepared by mixing two times using a Banbury mixer for
4min and 3min while increasing the temperature from 50 °C to 180 °C
each time, and then rolled using a biaxial roller at 40℃ for 2 min. Steel
wires coated with brass (Cu:Zn= 63.5:36.5) were then embedded in
the rubber compound, and the rubber compound containing the brass-
coated wires was vulcanized at 170 °C for 10min to adhere the two
components. This sample is hereinafter referred to as the “10-min wire
sample” or simply “wire sample”.
As a model of the wire sample, a specimen of the rubber compound

containing 10 parts per hundred rubber of brass particles was also
prepared using a biaxial roller. The composition of the rubber com-
pound was the same as that used for the wire sample. The brass par-
ticles had a discoid shape with a width of 0.2–20 μm and a thickness of
30–200 nm (3L7, Daiya Kogyo Co., Ltd., Japan) and a similar compo-
sition (Cu:Zn= 75.0:25.0) to the wire-coating brass. The particle-con-
taining rubber compound was vulcanized at 170 °C for two different
times, i.e., 10 min and 50min, which are hereinafter referred to as the
“10-min particle sample” and “50-min particle sample”, respectively.
Fig. 1(a) and (b) show schematics of the wire and particle samples,
respectively, which contain adhesive interfaces with the layers formed
via vulcanization.

2.2. TEM specimen preparation

To examine the adhesive interfaces in the wire sample using TEM,
an ultrathin film with a thickness of 100 nm was cut out using a focused
ion beam (FIB)-SEM system (Crossbeam 550, Carl Zeiss AG, Germany)
operating at an acceleration voltage of 30 kV. The FIB method is an
ideal sample preparation technique for composite materials consisting
of hard inorganic materials in a soft polymeric matrix [28,30]. Al-
though conventional methods such as ultramicrotomy can also be used
to obtain thin films of composite materials, the large difference in
modulus often leads to a rough film surface.
Although TEM samples with a uniform thickness are required for in

situ tensile observations and thus it would be desirable to use the FIB
method for sample preparation, the samples must also possess a large
size of at least 60 μm×400 μm, which is difficult and unrealistic to
achieve using FIB. An alternative method for obtaining thin sections is
microtomy, although the inorganic part of the wire sample cannot be
cut using a microtome. Therefore, in the present study, model samples
were prepared with essentially the same interfacial morphology as the

Table 1
Composition of the rubber compound.

Ingredient phra

Natural rubber 100
Carbon black (HAF-LS) 60
Zinc oxide 10
Sulfur (Insoluble sulfur, Sx) 7
Cobalt stearate 2
Antioxidant agent (6PPDb) 1
Vulcanization accelerator (DCBSc) 0.5

a phr: parts per hundred rubber.
b N-(1,3-Dimethylbutyl)-N′-phenyl-p-phenylendiamine.
c N,N-dicyclohexyl-2-benzothiazolyl-sulfenamide.

Fig. 1. Schematics of (a) the wire sample and (b) the particle sample after
vulcanization.
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wire sample but a sufficiently small portion of the inorganic material to
permit cutting using a microtome. Thin sections of the model samples
containing brass particles dispersed in the rubber matrix could be ob-
tained by microtomy at cryogenic temperatures; thin films with a
thickness of 100 nm and an area of 120 μm×600 μm for in situ TEM
experiments were prepared using a cryomicrotome (EM UC7, Leica
Microsystems GmbH, Germany).

2.3. Electron microscopy observations and elemental analysis

The samples were subjected to the static structure analysis, in situ
fracture observation and elemental mapping. For each purpose, dif-
ferent electron microscopes were used. The static structures of the ad-
hesive interfaces in the wire and particle samples before fractured were
examined using bright-field and high-angle annular dark-field scanning
transmission electron microscopy (BF- and HAADF-STEM, respectively)
with a STEM system (HD2300, Hitachi High-Technologies Corp.,
Japan). The acceleration voltage was set to 200 kV. The convergence,
BF detection, and HAADF detection semi-angles were 5, 3, and
80–430mrad, respectively. In addition, elemental mapping was per-
formed using EDS at the same time as the STEM imaging, which is an
advantage of STEM compared to TEM. Next, tensile fracture observa-
tions of the 10-min and 50-min particle samples were performed using a
TEM system (JEM-2200FS, JEOL Ltd., Japan) equipped with a tensile
TEM holder (Mel-Build Co., Japan) [29]. TEM is suitable for in situ
observations because no time lag appears in each image unlike the
scanning image-forming system of STEM. A OneView camera (Gatan,
Inc., USA) was used as the detector. The acceleration voltage was
200 kV and the electron dose was approximately 1 e/Å2. The tensile
speed was set to 40 nm/s and the frame rate was 300 fps (0.0033 s/
frame). Finally, the structure and elemental distribution at the fractured
surfaces were identified using SEM and EDS elemental analysis at an
accelerating voltage of 30 kV (Quanta 250 FEG, FEI Corp., USA), be-
cause the fractured samples could not be replaced from the tensile
holder cartridge, which cannot be placed in the other TEM and STEM
due to its largeness.

3. Results and discussion

3.1. Observation of the interface structure in the 10-min wire sample

Fig. 2 shows BF- and HAADF-STEM images and EDS elemental maps
of the adhesive interface in the 10-min wire sample. In the BF-STEM
image, the bright and dark areas, that is, the upper and lower halves of
the image, correspond to the rubber compound and wire, respectively.
Conversely, because HAADF-STEM image intensity is approximately
proportional to the square of the atomic number, the rubber compound
and wire appear as dark and bright areas, respectively, in the HAADF-
STEM image. A layer region was observed between the rubber and wire
regions in both images, which was speculated to correspond to the re-
action products formed during vulcanization. To clarify the composi-
tion of this layer, EDS elemental maps were acquired at the same area
as that observed in the BF- and HAADF-STEM images. These maps in-
dicated that the steel wire (Fe) was completely covered with a
150–200 nm thick brass layer (Cu and Zn). Furthermore, a thin ZnO
layer and a mixed layer of ZnO and ZnS were observed over the brass
layer with a CuxS layer as the outermost layer. The thickness of the
adhesive interface is 30–80 nm. Some grains of CuxS projected toward
the rubber region. The elemental distribution of this region is sche-
matically depicted in Fig. 2. The ZnO layer is known to be formed prior
to vulcanization during shaping of the wires with heating in air,
whereas the other layers were formed during vulcanization via a me-
chanism involving thermal diffusion of Cu and Zn from the brass layer
toward the rubber region and subsequent reaction with the S contained
within the rubber compound [13,15].

3.2. Observation of the interface structures in the 10-min and 50-min
particle samples

The adhesive strength between the rubber compound and brass-
coated wires during vulcanization at 170 °C was to reach a maximum at
a vulcanization time of 10min (587N) and then decrease toward 50min
(527N). The measurements are based on the pull-out tests of the wires
described in American Society for Testing and Materials (ASTM) D-
2229. However, at present, the evolution of the interface structures
between the rubber compound and brass layers with vulcanization time
and the associated changes in the fracture processes at the interface
remain incompletely understood at the microscopic level. In the fol-
lowing, we first discuss the morphological similarity of the model
particle samples to industrially used wire samples and then use the
model system for in situ TEM tensile observations to examine the frac-
ture processes.
Fig. 3 shows BF-STEM image and EDS elemental maps of a particle

with an adhesive interface in the 10-min particle sample. The BF-STEM
image contains a dark region covered with a dark gray layer. The EDS
elemental maps of the same field of view as the BF-STEM image re-
vealed that the dark region and gray layer correspond to the brass
domain and vulcanization-induced layers, respectively. The adhesive
interface shows a thickness of 50–300 nm, larger than that of the wire
sample. This is probably due to the fact that the brass with larger ratio
of Cu is used for the particle samples than that used for the wire sample.
Regardless of the thickness difference in the adhesive interface, ZnO,
ZnO/ZnS, and CuxS layers were sequentially stacked from the brass
particle to the rubber compound, in excellent agreement with the

Fig. 2. BF- and HAADF-STEM images, EDS elemental maps (Cu, Zn, Fe, S, O),
and compositional schematic of an adhesive interface in the 10-min wire
sample.
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layered structure of the wire sample. This allowed the particle samples
to be used as a model to identify the fracture paths at the adhesive
interfaces of the wire sample. Furthermore, the 10-min particle sample
exhibited higher tensile stress at 50% strain than 50-min sample (3.5
and 3.4MPa for the 10 and 50-min samples, respectively), which is
consistent with the interfacial strength measured for the 10 and 50-min
wire samples.
Fig. 4 presents BF-STEM image and EDS elemental maps of the 50-

min particle sample. In the 50-min particle sample, the volumes of the
CuxS and ZnS layers were higher and that of the brass cores was lower
compared with the 10-min particle sample. These changes were attri-
butable to the outward diffusion of Cu and Zn from the brass cores. In
addition, the BF-STEM image revealed white regions inside the particle.
These were ascribed to regions with a low concentration of heavy ele-
ments (Cu and Zn). Moreover, the EDS maps revealed two types of
regions, that is, regions in which only Cu was depleted (“Cu depletion
region”) and those in which both Cu and Zn were depleted (“Cu/Zn
depletion region”), as schematically depicted in Fig. 4. These depletion
regions may also have been formed by the outward diffusion of Cu and
Zn, and the faster diffusion of Cu than Zn may have been responsible for
the formation of the Cu depletion regions. In the Cu/Zn depletion re-
gions, S and O were also almost undetectable, although the BF-STEM
image showed almost the same intensity as the rubber matrix. This
indicates that the Cu/Zn depletion regions were not hollow but con-
tained organic substances.

3.3. Identification of the fracture path in the 10-min particle sample

Fig. 5(a) shows a TEM image of the 10-min particle sample prior to
fracture. In this image, two brass particles are observed in the rubber
compound in addition to ZnO and numerous carbon black particles. The
brass particles exhibited two ranges of image intensity; the black center
parts were surrounded by dark gray areas, which correspond to the
brass and vulcanization-induced ZnO, ZnO/ZnS, and CuxS layers, re-
spectively (see also Fig. 3). This particle sample was uniaxially stret-
ched in the direction indicated by the arrows.
Fig. 5(b) shows a TEM image of the same particle sample after

fracture. The crack passed close to the two brass particles and divided
them upwards and downwards. Fig. 6 shows an SEM secondary electron
image and SEM-EDS maps of the area indicated by the dotted box in
Fig. 5(b). The white dotted lines in Fig. 6 indicate the fracture surfaces
for clarity. The ZnO particle observed in the upper part was the one
originally contained in the rubber compound. The EDS maps clearly
reveal that, whereas Cu, Zn, S, and O were all observed in the lower
part, they were not detected at all in the upper part, definitively de-
monstrating that the fracture front passed along the interfaces between
the rubber compound and outermost CuxS layer.

3.4. Identification of the fracture path in the 50-min particle sample

Following the examination of the fracture process in the 10-min
particle sample, the 50-min particle sample was also subjected to tensile
tests. Fig. 7(a) shows a TEM image of the 50-min particle sample prior
to fracture. The particle showed three intensity levels—a black core,
dark gray surrounding region, and white lines between them—which
correspond to the brass, vulcanization-induced layers, and depletion
regions of heavy elements, respectively, as shown in Fig. 4. The 50-min
particle sample was stretched in the same manner as in Fig. 5. A TEM
image of the 50-min particle sample after stretching is presented in
Fig. 7(b). The particle in Fig. 7(a) was divided into two pieces, i.e.,
upper and lower parts. In contrast to the 10-min particle sample shown
in Figs. 4 and 5, the fracture path in the 50-min sample occurred along
the depletion region. Fig. 8 shows the SEM secondary electron image
and EDS elemental maps of the region indicated by the box in Fig. 7(b)
to identify the fracture path. We note here that the lower part of the
fractured sample was unfortunately missing after the fracture experi-
ment and only the upper side of the fractured sample was available for
the SEM and EDS experiments. The EDS maps revealed the presence of
all of the elements, namely, Cu, Zn, S, and O, in the upper fragment. As
shown in Fig. 4, the adhesive interfaces are composed of CuxS, ZnO/ZnS
from the rubber side toward the brass. In Fig. 8, EDS maps revealed that
the upper fragment includes CuxS and ZnO/ZnS; however, brass,
overlapping regions of Cu and Zn, was not observed. Thus, fracture path

Fig. 3. BF-STEM image, EDS elemental maps (Cu, Zn, S, O), and compositional
schematic of a particle in the 10-min particle sample.

Fig. 4. BF-STEM image, EDS elemental maps (Cu, Zn, S, O), and compositional
schematic of a particle in the 50-min particle sample. The particle shows
bloated interfacial layers of CuxS and ZnS, a shrunk brass core, and depletion
regions compared with the 10-min particle sample.
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can be concluded to be occurred along the depletion regions of heavy
elements inside the ZnO/ZnS layer or at the interface between the brass
core and ZnO/ZnS layer. The schematic in Fig. 8 shows both the upper
and lower sides of the fracture line, in which the lower side was inferred
from the TEM images shown in Fig. 7.
The results clearly revealed that the particles in the 10-min and 50-

min particle samples exhibited distinct fracture paths. Specifically, the
interface between the outermost CuxS layer and the rubber compound
fractured in the case of the 10-min particle sample, whereas the inside
of the ZnO/ZnS layer or the interfaces between the brass core and ZnO/
ZnS layer fractured in the case of the 50-min particle sample. This be-
havior is schematically depicted in Fig. 9. The reason for the different
fracture paths of the two samples prepared using different vulcanization
times is considered as follows: In the 10-min sample, the Cu and Zn had
not fully diffused outward from the brass core, such that extensive
depletion regions of Cu and Zn had not been formed, leading to strong
bonding in the particles. Therefore, the interfaces between the CuxS
layers and the rubber compound, which were the weakest adhesion
point, split under the tensile stress. In contrast, in the 50-min sample,

Fig. 5. TEM images of particles before and after tensile fracture of the 10-min particle sample.

Fig. 6. Secondary electron SEM image, EDS elemental maps (Cu, Zn, S, O), and
schematic of the fractured particle indicated by the dotted box in Fig. 5(b).

Fig. 7. TEM images of a particle before and after tensile fracture of the 50-min
particle sample.

Fig. 8. Secondary electron SEM image, EDS elemental maps (Cu, Zn, S, O), and
schematic of the fractured particle in Fig. 7(b).
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the Cu and Zn further diffused outward from the brass core and sub-
sequently reacted with S to afford CuxS and ZnS. This process formed
depletion regions of Cu and/or Zn in the particles, such that fracture
occurred in the solid regions along the depletion regions owing to the
weaker bonding. This phenomenon made the adhesive interfaces be-
tween the rubber compound and metal wire brittle, resulting in lower
resistance to interfacial fracture in the 50-min wire sample compared
with the 10-min wire sample.

4. Conclusion

In this study, we investigated the structures and fracture mechan-
isms at the vulcanization-induced adhesive interfaces between a sulfur-
containing rubber compound and brass using TEM and a tensile TEM
holder for polymeric materials. The wire-embedded rubber sample
subjected to vulcanization at 170 °C for 10min (10-min wire sample)
was found to contain layered structures of copper sulfide (CuxS), zinc
sulfide (ZnS), and zinc oxide (ZnO) at the wire–rubber adhesive inter-
faces. Model samples, in which brass particles were dispersed in the
rubber compound prior to vulcanization at 170 °C for 10min or 50min
(10-min and 50-min particle samples, respectively), were also prepared.
The 10-min particle sample also contained the layered structures at the
particle–rubber adhesive interfaces, which were essentially identical to
those in the wire sample. In contrast, the 50-min particle sample dis-
played bloated interfacial layers, shrunk brass cores, and depletion re-
gions of Cu and/or Zn inside the particles. These structures were formed
owing to the outward thermal diffusion of Cu and Zn from the brass
core. The fracture paths were also investigated for both the 10-min and
50-min particle samples. In the 10-min particle sample, fracture oc-
curred at the adhesive interfaces between the outermost CuxS layers
and the rubber compound because the adhesion at the particle–rubber
interfaces was weaker than that inside the particles. In contrast, in the
50-min particle sample, fracture occurred inside the particles because
the depletion regions of Cu and/or Zn acted as crack paths owing to
their weaker bond strength. These results indicate that prolonged vul-
canization can induce weakening of the adhesion interfaces between
brass-coated wires and rubber compounds. This fundamental knowl-
edge is expected to prove valuable for understanding the mechanisms of
interfacial fracture in polymer–inorganic composites.

Acknowledgments

The authors are sincerely grateful to M. Ageishi for his technical
assistance and to I. Kawano for his preparation of ultrathin film from a
wire sample for STEM observation. This work was partially supported
by JSPS KAKENHI, Japan (Grant Nos. 16H02288 & 19H00905), and the
ImPACT Program of the Council for Science, Technology and
Innovation (Cabinet Office, Government of Japan).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.polymer.2019.121789.

References

[1] R.A. Gledhill, A.J. Kinloch, Environmental failure of structural adhesive joints, J.
Adhes. 6 (1974) 315–330.

[2] R.G. Schmidt, J.P. Bell, Investigation of steel/epoxy adhesion durability using
polymeric coupling agents. II. Factors affecting adhesion durability, J. Adhes. 25
(1988) 85–107.

[3] S. Bistac, M.F. Vallat, J. Schultz, Durability of steel/polymer adhesion in an aqueous
environment, Int. J. Adhesion Adhes. 18 (1998) 365–369.

[4] J.P. Bell, R.G. Schmidt, A. Malofsky, D. Mancini, Controlling factors in chemical
coupling of polymers to metals, J. Adhes. Sci. Technol. 5 (1991) 927–944.

[5] J.S. Ahearn, G.D. Davis, Improved durability of aluminum adhesive bonds with
phosphonic acid inhibitors, J. Adhes. 28 (1989) 75–102.

[6] W. Brockmann, Durability of adhesion between metals and polymers, J. Adhes. 29
(1989) 53–61.

[7] R.P. Digby, D.E. Packham, Pretreatment of aluminum: topography, surface chem-
istry and adhesive bond durability, Int. J. Adhesion Adhes. 15 (1995) 61–71.

[8] B.J. Love, P.F. Packman, Effects of surface modifications on the peel strength of
copper based polymer/metal interfaces with characteristic morphologies, J. Adhes.
40 (1993) 139–150.

[9] A.K. Chandra, R. Mukhopadhyay, J. Konar, T.B. Ghosh, A.K. Bhowmick, X-ray
photoelectron spectroscopy and Auger electron spectroscopy of the influence of
cations and anions of organometallic adhesion promoters on the interface between
steel cord and rubber skim compounds, J. Mater. Sci. 31 (1996) 2667–2676.

[10] W.J. van Ooij, The role of XPS in the study and understanding of rubber-to-metal
bonding, Surf. Sci. 68 (1977) 1–9.

[11] W.J. van Ooij, Mechanism of rubber-to-brass adhesion: effect of rubber composition
on the adhesion, Rubber Chem. Technol. 51 (1978) 52–71.

[12] W.J. van Ooij, Fundamental aspects of rubber adhesion to brass-plated steel tire
cords, Rubber Chem. Technol. 52 (1979) 605–675.

[13] W.J. van Ooij, W.E. Weening, P.F. Murray, Rubber adhesion of brass-plated steel
tire cords: fundamental study of the effects of compound formulation variations on
adhesive properties, Rubber Chem. Technol. 54 (1981) 227–254.

[14] W.J. van Ooij, Mechanism and theories of rubber adhesion to steel tire cords – an
overview, Rubber Chem. Technol. 57 (1984) 421–456.

[15] W.J. van Ooij, M.E.F. Biemond, A novel class of rubber to steel tire cord adhesion
promoters, Rubber Chem. Technol. 57 (1984) 686–702.

[16] G. Buytaert, F. Coornaert, W. Dekeyser, Characterization of the steel tire cor-
d–rubber interface, Rubber Chem. Technol. 82 (2009) 430–441.

[17] K. Ozawa, T. Kakubo, K. Shimizu, N. Amino, K. Mase, Y. Izumi, T. Muro,
T. Komatsu, High-resolution photoelectron spectroscopy study of degradation of
rubber - to-brass adhesion by thermal aging, Appl. Surf. Sci. 268 (2013) 117–123.

[18] K. Ozawa, T. Kakubo, K. Shimizu, N. Amino, K. Mase, T. Komatsu, High- resolution
photo- electron spectroscopy analysis of sulfidation of brass at the rubber/brass
interface, Appl. Surf. Sci. 264 (2013) 297–304.

[19] K. Ozawa, T. Kakubo, K. Shimizu, N. Amino, K. Mase, E. Ikenaga, T. Nakamura,
T. Kinoshita, H. Oji, In situ chemical state analysis of buried polymer/metal ad-
hesive interface by hard X-ray photoelectron spectroscopy, Appl. Surf. Sci. 320
(2014) 177–182.

[20] K. Ozawa, T. Kakubo, N. Amino, K. Mase, E. Ikenaga, T. Nakamura, Angle-resolved
HAXPES investigation on the chemical origin of adhesion between natural rubber
and brass, Langmuir 33 (2017) 9582–9589.

[21] Y. Ishikawa, Effects of compound formulation on the adhesion of rubber to brass-
plated steel cord, Rubber Chem. Technol. 57 (1984) 855–878.

[22] P.Y. Patil, W.J. van Ooij, Mechanistic study of the effect of Adhesion-promoter
resins on the crystal structure of the copper sulfide adhesion layer at the rubber-
brass interface, Rubber chem. Technol. 79 (2006) 82–93.

[23] W.J. van Ooij, R.b. Harakuni, G. Buytaert, Adhesion of steel tire cord to rubber,
Rubber Chem. Technol. 82 (2009) 315–339.

[24] A.K. Chandra, A. Biswas, R. Mukhopadhyay, A.K. Bhowmic, SEM/EDX studies of the
influence of a cobalt adhesion promoter on the interface between rubber skim
compounds and tire steel cord, J. Adhes. Sci. Technol. 10 (1996) 431–460.

[25] K. Hummel, F. Hoffer, T. Kretzschmar, Rubber-brass bonding: morphology of cross-
sections through the bonding layers as a possible basis for classification, J. Adhes.
Sci. Technol. 10 (1996) 461–471.

[26] W.S. Fulton, Steel tire cord-rubber adhesion, including the contribution of cobalt,
Rubber Chem. Technol. 78 (2005) 426–456.

[27] P.Y. Patil, W.J. van Ooij, Mechanism of adhesion degradation of rubber to brass-
plated steel cords, J. Adhesion Sci. technol. 18 (2004) 1367–1394.

[28] M.T. Yamauchi, T. Shimizu, M. Doi, D. Yasunaga, T. Nakayama, K. Okumura,
Examination of rubber brass inter reacted layer of steel cord by cross sectional TEM
observation, Rubber Chem. Technol. 76 (2003) 1045–1054.

[29] T. Higuchi, T. Gondo, H. Miyazaki, A. Kumagai, K. Akutagawa, H. Jinnai,
Development of a three-dimensional tomography holder for in situ tensile de-
formation for soft materials, Microscopy 67 (2018) 296–300.

[30] K. Niihara, T. Kaneko, T. Suzuki, Y. Sato, H. Nishioka, Y. Nishikawa, T. Nishi,
H. Jinnai, Nano-processing and nano-fabrication of a structured polymer film by
focused-ion-beam technique, Macromolecules 38 (2005) 3048–3050.

Fig. 9. Models of the structures and fracture paths at the adhesive interfaces
formed with different vulcanization times (10 and 50min).

K. Shimizu, et al. Polymer 181 (2019) 121789

6

https://doi.org/10.1016/j.polymer.2019.121789
https://doi.org/10.1016/j.polymer.2019.121789
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref1
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref1
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref2
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref2
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref2
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref3
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref3
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref4
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref4
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref5
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref5
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref6
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref6
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref7
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref7
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref8
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref8
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref8
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref9
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref9
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref9
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref9
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref10
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref10
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref11
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref11
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref12
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref12
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref13
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref13
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref13
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref14
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref14
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref15
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref15
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref16
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref16
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref17
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref17
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref17
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref18
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref18
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref18
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref19
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref19
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref19
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref19
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref20
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref20
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref20
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref21
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref21
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref22
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref22
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref22
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref23
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref23
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref24
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref24
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref24
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref25
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref25
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref25
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref26
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref26
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref27
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref27
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref28
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref28
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref28
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref29
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref29
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref29
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref30
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref30
http://refhub.elsevier.com/S0032-3861(19)30795-5/sref30

	Visualization of the tensile fracture behaviors at adhesive interfaces between brass and sulfur-containing rubber studied by transmission electron microscopy
	Introduction
	Experimental
	Material preparation
	TEM specimen preparation
	Electron microscopy observations and elemental analysis

	Results and discussion
	Observation of the interface structure in the 10-min wire sample
	Observation of the interface structures in the 10-min and 50-min particle samples
	Identification of the fracture path in the 10-min particle sample
	Identification of the fracture path in the 50-min particle sample

	Conclusion
	Acknowledgments
	Supplementary data
	References




