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Abstract

High resolution photoelectron spectroscopy is utilized to investigate degra-
dation of rubber-to-brass adhesion by thermal aging. Special attention is
given to the role of water in the environment surrounding brass-embedded
rubber so that three aging processes are employed; hydrothermal aging,
moist-heat aging and dry-heat aging. All aging processes lead to the decrease
in the amount of S at the rubber/brass interface. This desulfurization ac-
companies the decrease in the ratio of Cu,S (z ~ 2) to CuS, i.e., Cu,S/CuS,
and the increase in the amount of ZnO, Zn(OH), and ZnS, all of which are
key factors for degradation of adhesion. The changes in the chemical com-
position are enhanced by water in the surrounding environment during the
aging treatments, indicating that the water molecules accelerate degradation
of rubber-to-brass adhesion.
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1. Introduction

Steel-cord-reinforced rubber tires are nowadays a standard type of auto-
motive tires. Strong adhesion between rubber and steel cords is requisite for
good performance of tires as well as a prolonged lifetime. To realize strong
rubber-to-cord adhesion, the brass-plated steel cords are employed. It has
long been recognized that a copper-sulfide layer is formed at the rubber/brass
interface, and this interface layer is crucial to realize strong rubber-to-brass
adhesion [1-4]. Adhesive properties can be controlled by the vulcanization
temperature and time, with a typically condition of 150-180°C for ~10 min
to obtain good adhesion [5, 6]. The copper-sulfide layer is mainly composed
of CuS and Cu,S with = ~ 2 [7, 8], and Ozawa et al. have revealed in a
recent high-resolution photoelectron spectroscopy (PES) study [8] that there
is a concentration gradation of both Cu,S (z ~ 2) and CuS; although CuS
is more favored than Cu,S throughout the entire layer, the concentration of
Cu,S is higher at the rubber side than at the brass side. Since there is a corre-
lation between the concentration of Cu,S (x ~ 2) and the adhesion strength,
Cu,S rather than CuS is crucial to realize strong interaction between rubber
and brass [1, §].

Long-term usage of the automotive tires induces the loss of the rubber-
to-cord adhesion strength. This has been confirmed by accelerated aging
tests such as thermal aging and steam aging [2, 5, 6, 9]. One of the proposed
degradation mechanisms is the overgrowth of the copper-sulfide layer beyond
the optimum thickness [2, 9]. The overgrowth may accompany the transfor-
mation of amorphous Cu,S (x ~ 2) to crystalline one [4], which is brittle and
can be easily cleaved, so that the mechanical strength of the adhesive inter-
layer should be lowered. Accumulation of Zn in the form of ZnO, Zn(OH),
and ZnS at the rubber/brass interface is another factor of degradation, be-
cause these species bear poor bonding with rubber compounds [1, 3, 9]. The
role of iron, which is migrated from steel beneath the brass coating, is also
suggested by Patil and van Ooij [10]. Despite the extensive studies, it is
still not clear how the chemical composition at the rubber/brass interface
is altered during tire aging. The knowledge of the compositional change is
important for the development of long-lived tires.

In the present study, we have performed chemical-state analysis of the
rubber/brass interface by high-resolution PES to examine the change in the
chemical composition induced by three different thermal aging processes, i.e.,
dry-heat aging, moist-heat aging and hydrothermal aging. It is found that



thermal aging induces the loss of the copper-sulfide species, especially Cu,S
(x ~ 2) and the accumulation of ZnO/Zn(OH), and ZnS at the interface.
Water in the surrounding environment during aging promotes these changes
in the chemical composition and thus adhesive degradation.

2. Experimental

Brass plates (5 x 5 x 0.5 mm?) with a bulk composition of 65 wt% Cu
and 35 wt% Zn (CugeZnsy; Nilaco Co.) were used as a model sample for a
brass-plated steel cord. The sample preparation was the same as that em-
ployed in our previous study [8]. Briefly, the brass plates were sandwiched by
filter papers and embedded into uncured pads of rubber compounds. Brass-
embedded rubber was subjected to vulcanization at 170°C for 10 min under
the pressure of 2 MPa. The advantage of the so-called filter paper method”
employed in this study is that chemical reactions equivalent to those at the
rubber /brass interface take place on the brass surface while avoiding strong
rubber-to-brass adhesion [7, 8]. We also discussed possible drawbacks of this
method in our previous paper [8]. The formulation of rubber compounds
was as follows; natural rubber (100 phr; parts per hundred rubber), carbon
black (60 phr), squalene (10 phr), zinc oxide (10 phr), sulfur (8 phr), cobalt
stearate (2 phr), an antioxidant (1 phr) and a curing accelerator (0.5 phr).
For details, see Ref. [8].

After vulcanization, thermal aging was conducted at 70°C in three differ-
ent environmental conditions; one in dry air (dry-heat aging), one in moist
air with relative humidity of 96% (moist-heat aging), and one in hot water
(hydrothermal aging). The duration of aging was 1 week and 2 weeks. We
also prepared unaged samples for comparison.

After the aging treatments, the brass plates were taken out from rubber,
placed on sample holders and inserted into the ultrahigh vacuum chambers
for the PES measurements. Both synchrotron radiation and laboratory X-ray
source were used for the measurements. The synchrotron-radiation PES (SR-
PES) measurements were conducted at beam lines (BL) 13A of the Photon
Factory, High Energy Accelerator Research Organization (KEK) [11] and
BL27SU of SPring-8 [12]. A Gamma Data/Scienta SES200 electron-energy
analyzer was used for acquisition of the SR-PES spectra at BL-13A. Typical
overall energy resolution was 140 and 250 meV at the photon energies (hv)
of 260 and 1060 eV, respectively. At BL27SU, the SPECS PHOIBOS 150
analyzer was used. The energy resolution was 300 and 350 meV at hv = 260



Table 1: Influence of thermal aging on the force (N) required to pull the brass-plated steel
cords out of cured rubber and on the rubber coverage (%) on the cords. The period of
aging was 2 weeks.

Pull-out force (N) Coverage (%)

Unaged 652 100
Dry-heat aging 566 100
Moist-heat aging 471 75
Hydrothermal aging 350 68

and 1250 eV, respectively. For both systems, the samples were placed so that
the sample normal direction was parallel to the lens axes of the analyzers.
For the x-ray PES (XPS) measurements, monochromatized Al Ko radiation
(hv = 1486.6 €V) was used. A PHI 5000 VersaProbe (ULVAC PHI) analyzer
was utilized with an energy resolution of 300 meV. The angle between the
lens axis and the sample normal direction was 45°. The electron binding
energy of the PES spectra was referenced to the Fermi cut-off in the spectra
of the metal plates (Au, Cu or Mo), which were electrically in contact with
the brass samples.

In order to evaluate the influence of thermal aging on the rubber-to-brass
adhesion strength, forces required to pull brass-plated steel cords out of the
rubber compounds were measured. The cords were constructed by seven
filaments (¢ 0.25 mm) which were helically stranded (a 1x6 structure). The
composition of the plated brass film was 63.5 wt% Cu and 36.5 wt% Zn with
a mean film thickness of 0.23 ym. The pull-out test was carried out following
the standard test method for adhesion between steel tire cords and rubber
(ASTM D1871). The steel cords with the embedment length of 12.5 mm
were pulled out from rubber, which was cured at 170°C for 10 min and was
subjected to two-week-long thermal aging with the same conditions described
above.

3. Results

3.1. Pull-out test

Thermal aging is known to reduce the rubber-to-brass adhesion strength.
This aging-induced degradation is determined by the pull-out test, in which
the forces needed to pull the brass-plated steel cords out of the cured rubber
compounds are estimated. The result is shown in Table 1. The pull-out force



of the unaged sample is 652 N, and it is reduced to 566, 471 and 350 N after
dry-heat, moist-heat and hydrothermal aging for 2 weeks, respectively. The
force is diminished as the content of water in the surrounding environment
during thermal aging is increased. In Table 1, the coverage of rubber, which
remains on the cord surfaces after pulled out, are also shown. The decrease in
the coverage with the water content is an another indication of degradation
of adhesion. The negative influence of humidity on the adhesion strength has
already been pointed out by Van Ooij [2], Jeon and Seo [5, 6] and Buytaert
et al [9]. The result of the pull-out test clearly demonstrates that the water
molecules in the surrounding environment accelerate adhesion degradation
during thermal aging. On the basis of the PES measurements, we show in the
following sections that there is a good correlation between water-stimulated
degradation and the chemical composition at the rubber/brass interface.

3.2. Hydrothermal aging

Fig. 1 shows XPS spectra of the vulcanized brass surfaces subjected to
hydrothermal aging for 0 (unaged), 1 and 2 weeks. Peaks associated with
Cu (Cu 2p3/2 and 2p /2 at 932 and 952 eV, respectively, Cu LMM at 568 eV,
and Cu 3p at 75 eV), C (C 1s at 284 eV), S (S 2s at 226 eV and S 2p at 162
eV) are observed as major peaks on the unaged surface (a bottom curve).
The O 1s peak (532 eV) and the Zn 2p peak (1022 eV for 2ps/,) are also
observable with weak intensities, indicating low densities of O and Zn on the
vulcanized brass surfaces. This agrees well with our previous work [8].

Hydrothermal aging results in a decrease in the amount of interfacial S,
while the atomic densities of Zn and O are in an increasing trend with time.
The inset of Fig. 1 shows the change in the relative atomic densities of the
major elements on the brass surface as a function of aging time. The S atomic
density is decreased to 60-70% of the unaged value by hydrothermal aging
for 1 and 2 weeks. The decrease in the S density means desulfurization at the
brass surface. This process accompanies the increase in the Zn and O atomic
densities; approximately 10-fold and 2.5-fold increases are observed for the
Zn and O densities, respectively. Formation of ZnO and/or Zn(OH),, which
are not distinguished by the present PES measurements, is a probable cause
of the increase in the Zn and O densities [2, 3, 9]. In our recent study, we
have found that a similar change in the chemical composition is also induced
by prolonged vulcanization at 170°C [8]. Thus, influence of thermal aging on
the chemical composition at the rubber-brass interface should be similar to
that of prolonged vulcanization at a much higher temperature.
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Figure 1: XPS spectra of the vulcanized brass samples subjected to hydrothermal aging
for 0 (unaged), 1 and 2 weeks. The inset shows relative atomic densities of the major
elements on the surfaces. The densities are obtained from the integrated intensities of
the core-level peaks (Zn 2p, Cu 2p, O 1s, C 1s and S 2p) and their photoionization cross

sections [13].
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Figure 2: XPS spectra in (a) Cu 2p3/, core-level and (b) Cu LMM Auger electron emission
regions. The photon energy is 1486.6 eV (Al Ka). (c) Wagner plot for various Cu-
containing species; metallic Cu (filled circles) [14-18], brass (x) [8, 14, 19], CusO (open
triangles) and CuO (open diamonds) [14, 15, 17-20], CusS (filled triangles) and CuS (filled
diamonds) [14, 17, 21, 22], and unaged and aged (1 and 2 weeks) brass samples examined
in the present study (open circles with error bars).



(2)Zn 2p3, AlKe

(b)zn LMM AlKa

@

'S

>

2 2 weeks

& | 2 weeks

2

@ | 1wee

é unaged T

1040 1030 1020 980 990 1000
Binding Energy (eV) Kinetic Energy (eV)
,>-\ T T — T T T — T
9/ I //// ‘____----"""";-4.: >
> 992 (€) P8 enZ 20128
o - ——unaged T T =
—— - Ay

W 990~ — P ZnS 010w
= . N Q- o
2 - %86//// (3D
< 988 et 2008 &
% I Zn(O/H/)L/DI‘:I?»(ﬁ-/ ZnO///// @
S os6l SHESTS aged 12006 &
N 1024 1022 1020

Zn 2p4, Binding Energy (eV)

Figure 3: XPS spectra in (a) Zn 2p3/5 core-level and (b) Zn LMM Auger electron emission

regions. The photon energy is 1486.6 eV (Al Ka).

(c) Wagner plot for various Zn-

containing species; metallic Zn (filled circles) [14, 23, 24], ZnS (filled diamonds) [14, 23, 24],
ZnO (open diamonds) [14, 23-25], Zn(OH), [14, 23, 25], and unaged and aged (1 and 2
weeks) brass samples examined in the present study (open circles with error bars).



In order to obtain detailed picture of the change in the chemical states
of the composite elements upon aging, we first examined the Cu- and Zn-
related peaks. Figs. 2a and 2b show the Cu 2ps/s core-level and Cu LMM
Auger electron spectra. On the unaged surface, the Cu 2ps/, and Cu LMM
peaks are observed at 931.9 eV in binding energy and 918.5 eV in kinetic
energy, respectively. Hydrothermal aging leads to the shift of both peaks
towards higher binding energies (lower kinetic energies). A Wagner plot in
Fig. 2c shows that the data point of the unaged sample do not fall in the
regions of any of the Cu-related species, but the Auger parameter of 1850.4
eV suggests CuS-like species as main Cu-related species. The data points of
the aged samples are close to the CuS region with the Auger parameter of
~1850.2 eV. Thus, a more CuS-rich environment is realized by hydrothermal
aging.

Figs. 3a and 3b depict the Zn 2p3 /5 core-level and Zn LMM Auger electron
spectra. Because the vulcanized brass surface is entirely covered with the
copper-sulfide layer [8], the Zn-related peaks are observed as weak peaks on
the unaged surface. Thermal aging induces the growth of both Zn 2p and Zn
LMM peaks along with the energy shift towards the higher binding (lower
kinetic) energy side. The Wagner plot (Fig. 3c) clearly indicates that the Zn
atoms exist in the copper-sulfide layer in the form of ZnS on the brass surface
after vulcanization, while the main Zn-containing species become ZnO with
a possible contribution of Zn(OH), after hydrothermal aging. The increase
in the amount of ZnO/Zn(OH), means that dezincification of brass proceeds
on the sulfurized surface during aging [3].

Figs. 4a and 4b show S 2p core-level spectra measured with synchrotron
radiation light (hv = 260 and 1060 eV, respectively). The spectra mea-
sured with hv = 260 eV is more surface sensitive than those measured with
hv = 1060 eV, because the escape depths are 0.4-0.55 nm (260 eV) and
1.5-2.8 nm (1060 eV) [8]. Since several S-containing species exist on the
vulcanized brass surface, the spectral lineshape is complex enough not to
allow us a simple interpretation. Thus, a lineshape analysis was conducted
with the same procedure as that employed in our previous study [8]. Each
S 2p spectrum is decomposed into five components, i.e., CuS, Cu,S (z ~ 2),
S in S-rich environment, polysulfides including octasulfur, and ZnS and/or
precursor states to copper sulfides. The emission peak from the polysul-
fides is dominant in the S 2p spectrum of the unaged brass sample measured
with hv = 260 eV, indicating the accumulation of polysulfides on the surface
during vulcanization. The complex feature at the lower binding energy side

9
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Figure 4: S 2p SR-PES spectra of vulcanized brass surfaces subjected to hydrothermal
aging for 0 (unaged), 1 and 2 weeks. The photon energies are (a) 260 eV and (b) 1060
eV. Curves drawn by circles are the measured spectra after Shirley-type backgrounds are
subtracted. Solid lines are the results of peak deconvolution. (¢) Change in the integrated
intensity of each S 2p component from a S-containing species as a function of hydrothermal
aging time. (d) Change in the intensity ratio of the S 2p peaks from Cu,S (z ~ 2) and
CuS as a function of the aging time. Circles and squares are the data from the spectra
measured with hv = 260 eV and 1060 eV, respectively.
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(160-163 eV) is owing to the emission from CuS and Cu,S (z ~ 2).

Hydrothermal aging induces desulfurization at the brass surface (Fig. 1),
and the lineshape analysis of the S 2p spectra reveals that the decrease in
the amount of polysulfides is the main reason for desulfurization. Other
noticeable changes are the decrease in the amount of the copper sulfides
[CuS and Cu,S (z ~ 2)] and the increase in the amount of ZnS and/or the
precursor to the copper sulfides. Because the aging treatment results in the
increase in the amount of Zn (Fig. 1), accumulation of ZnS rather than
the precursor states should be a probable consequence of aging. Although
we draw the conclusion on the basis of Fig. 3c that ZnO/Zn(OH); is the
main products as the Zn-containing species, ZnS should also be formed and
accumulated in the surface region during hydrothermal aging. The aging-
time dependence of the amounts of the S-containing species is indicated in
Fig. 4c.

It is known that the copper sulfides, especially Cu,S (x ~ 2), is crucial
for strong rubber-to-brass adhesion [1]. Fig. 3d shows the change in the ratio
of the copper sulfides, i.e., Cu,S/CuS, as a function of the aging time. The
Cu,S/CusS values are decreased with time, indicating that the copper-sulfide
layer becomes more CuS-rich environment so that rubber-to-brass adhesion
must be degraded. Moreover, the increase in the amounts of ZnO/Zn(OH),
and ZnS by hydrothermal aging also contributes to weakening of the rubber-
to-brass bonding because these species are not good agents for adhesion [1, 3.
In the next section, we show that water in the surrounding environment
during the aging treatment plays a crucial role in the adhesion degradation
process.

3.3. Moist-heat and dry-heat aging

In the aging process of rubber-to-brass adhesion, humidity in the sur-
rounding environment often affects the degree of degradation [2, 5, 6, 9]. To
reveal the role of water in the aging process, the amount of water in the
surrounding environment was controlled during thermal aging (70°C), and
the chemical composition at the rubber/brass interface was examined.

The most affected chemical species by surrounding water are the S-containing
species. Figs. 5a and 5b show the S 2p spectra of the vulcanized brass sur-
faces after dry-heat and moist-heat aging, respectively. Both aging treat-
ments lead to a decrease in the S 2p spectral intensities, indicating aging-
induced desulfurization at the rubber/brass interface.

11
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Apart from the intensity variation, one can notice that the different aging
treatments lead to a different change in the S 2p lineshape. As shown in
the previous section, hydrothermal aging induces a drastic change in the
spectral lineshape as a result of the large compositional change of the S-
containing species (Fig. 4). On the other hand, except for the diminishment
of the intensity, the S 2p lineshape is nearly the same in the case of dry-heat
aging (Fig. 5a). This means that dry-heat aging do not affect the relative
composition of the S-containing species. The spectral change by moist-heat
aging (Fig. 5b) is in between hydrothermal aging and dry-heat aging. The
notable feature of the influence of moist-heat aging is that the slight increase
in the amounts of CuS and Cu,S (x ~ 2) as shown in the left panels in
Fig. 6b. However, the Cu,S/CuS ratio is diminished with aging time (the
right panel in Fig. 6b). This suggests the steady progress of degradation of
adhesion. In moist aging, the increase in the amount of ZnS is recognized,
and this also contributes to adhesive degradation.

Since dry-heat aging does not affect the relative composition of the S-
containing species at the rubber/brass interface, the Cu,S/CuS ratio is nearly
constant with aging time (the right panel in Fig. 6a). Moreover, the amount
of ZnS in the surface region is kept low even after dry-heat aging (see the
upper left panel in Fig. 6a). Thus, degradation of adhesion must be limited
by dry-heat aging.

4. Discussion

Thermal aging of brass-embedded rubber induces the changes in the
chemical composition at the rubber/brass interface. The decrease in the
amount of sulfur, i.e., desulfurization, is one of the consequence of thermal
aging. It has been recognized that thermal aging leads to thickening of the ad-
hesion layer composed of the sulfides (CuS, Cu,S and ZnS) [2, 9, 26]. Desul-
furization and layer thickening seem to be inconsistent with each other. How-
ever, such an inconsistency should arise from the difference in the thickness
of the region considered; the probing depth of the brass surface in the present
PES measurements is less than several nanometers, whereas the thickness of
the sulfide layer is several tens of nanometers [5, 6, 26]. Therefore, we con-
sider that thermal aging induces thickening of the sulfide layer along with
the decrease in the S density on the very surface of the brass samples.

Thermally-induced desulfurization accompanies the increase in the amounts
of ZnO/Zn(OH), and ZnS and the decrease in the ratio of Cu,S/CuS, both of

14
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which reflect degradation of adhesion. The present study clearly shows that
water in the surrounding environment during the aging treatments enhances
these changes and, thus, promotes degradation of rubber-to-brass adhesion.
In Figs. 7a and 7h, we compare the aging-time dependence of the Cu,S/CuS
ratio and the amount of ZnS obtained from the S 2p spectra measured with
hv = 260 eV. The values of the unaged samples are taken as unity so as
easily to compare the variation with aging time in different aging treatment.
Although the data points are scattered rather widely, a clear tendency is
recognized; as the water content in the surrounding environment is higher,
larger decrease and increase in Cu,S/CuS and ZnS, respectively, are induced.
This trend correlates with the amount of the O atoms on the brass surfaces.
Fig. 7c shows the O 1s peak intensities, which are normalized by the O 1s
peak intensities of the unaged samples. The O atoms on the brass surface are
populated after all thermal aging treatments, but with a higher increasing
rate on the hydrothermally-aged brass sample than those on the dry-heat
and moist-heat aged samples. This suggests that the O atoms should play
roles to stimulate degradation of adhesion at the rubber/brass interface.

We speculate that the increase in the O density on the brass surface must
result from infiltration of water and/or O in the surrounding environment
into rubber during thermal aging. Because there is a correlation between
the aging-induced changes and the amount of water in the environment,
water must be a more important than O, for degradation of adhesion. To
prove water infiltration during thermal aging, the O density in the rubber
compound was examined before and after hydrothermal aging. Rubber pieces
with the size of 5 x 5 x 0.5 mm? were sliced out from the blocks of rubber,
and the several areas on the rubber pieces were measured by XPS. Note that
all measured areas were not exposed to air or water during hydrothermal
aging. Fig. 8 shows the typical O 1s spectra of the unaged and 2-week-long
hydrothermally-aged rubber pieces. The O 1s peak with a larger intensity is
observed on aged rubber. The oxygen-to-carbon (O/C) atomic ratio is 0.018
before aging and is increased to 0.023 after aging (the inset of Fig. 8). Thus,
the aging treatment results in the increase in the density of the O atoms in
rubber. Each O 1s peak is reproduced by a single Gaussian peak with its
peak position at 531.3 eV, which is attributed neither to HoO (533 eV [27])
nor to OH (532.6-532.7 ¢V [28]) but to a C=0 group (532 ¢V [28]). Thus,
H50 should be decomposed upon infiltration into rubber and migrate in the
decomposed form in rubber to reach the rubber/brass interface.

The O atoms accumulated on the brass surface have two important roles
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Figure 8: The O 1s XPS spectra of unaged and hydrothermal-aged rubber. A Shirley-
type background curve is subtracted from each measured spectra. Although low energy
electrons and argon ions were irradiated to avoid possible charging during data acquisition,
small shifts by charging was observed. Thus, the C 1s peak position at 283.9 eV, which is
obtained from rubber with sufficient conductivity by adding carbon black of the amount
of 100 phr, is taken as a reference point of the binding energy. The inset shows the O
atomic densities normalized by the C atomic densities for the unaged and aged rubber
samples.

17



to weaken interface adhesion. One is to induce desulfurization reactions of
the copper sulfides via Cu,S + O — Cu,O + S (x = 1 — 2). Such oxidative
desulfurization is indeed operative when S-containing copper is desulfurized
in the presence of O [29]. The other is to stimulate the dezincification process
of brass, i.e. the formation process of ZnO and Zn(OH),. Because of large
electronegativity of O, the O atoms on top of the adhesion layer should be
negatively charged. This negative charge is a driving force to accelerate the
Zn?* diffusion from the ZnO layer and brass below the adhesion layer, i.e.,
the anode side of the adhesion layer, and ZnO and Zn(OH), are formed as a
result [3]. Although the O atoms are not directly involved in the formation of
ZnS, they also stimulate the formation of ZnS by the reaction; Cu,S + Zn —
ZnS + xCu.

Finally, we give a short comment on the role of cobalt on the bond-
ing between rubber and brass. As one of various additives, organic cobalt
compounds are added to tire rubber for the promotion of rubber-to-brass
adhesion and the prevention of adhesion degradation [30]. In the present
study, rubber containing cobalt stearate with 2 phr is used. However, our
PES measurements reveal that the density of the cobalt compound is be-
low the detection limit on the brass surface. This suggests that a direct
involvement of cobalt in the rubber-brass bond formation should be minor
even if exists. At present, the function of cobalt still remains unanswered,
although there are numerous preceding studies [30]. Thus, further studies are
required on this topic to understand how cobalt works in rubber as well as
at the interface as a first step to replace cobalt-containing compounds with
a heavy-metal-free ones to reduce environmental impact.

5. Summary

High resolution photoelectron spectroscopy is utilized to investigate degra-
dation of rubber-to-brass adhesion by thermal aging at 70°C. Special atten-
tion is given to the role of water in the environment surrounding brass-
embedded rubber so that three aging processes are employed; hydrothermal
aging, moist-heat aging and dry-heat aging. All aging processes lead to the
decrease in the amount of S at the rubber/brass interface, i.e., desulfuriza-
tion of the adhesive interlayer is induced. This desulfurization accompanies
the decrease in the ratio of Cu,S/CuS (x ~ 2) as well as the increase in the
amounts of ZnO, Zn(OH), and ZnS, all of which are key factors for degrada-
tion of adhesion. The aging-induced changes are correlated with the content
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of water in the environment surrounding brass-embedded rubber during the
aging treatments. The water molecules are infiltrated into rubber to increase
in the density of O in rubber as well as on the brass surface. The O atoms pro-
mote decomposition of the copper sulfides and the increase in ZnO, Zn(OH)
and ZnS. Thus, humidity accelerates weakening of the rubber-to-brass bond-
ing.
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Table captions

Influence of thermal aging on the force (N) required to pull the brass-
plated steel cords out of cured rubber and on the rubber coverage (%)on the
cords. The period of aging was 2 weeks.

Figure captions

Figure 1: XPS spectra of the vulcanized brass samples subjected to
hydrothermal aging for 0 (unaged), 1 and 2 weeks. The inset shows relative
atomic densities of the major elements on the surfaces. The densities are
obtained from the integrated intensities of the core-level peaks (Zn 2p, Cu
2p, O 1s, C 1s and S 2p) and their photoionization cross sections [13].

Figure 2: XPS spectra in (a) Cu 2pg/, core-level and (b) Cu LMM Auger
electron emission regions. The photon energy is 1486.6 eV (Al Ka). (c)
Wagner plot for various Cu-containing species; metallic Cu (filled circles) [14—
18], brass (x) [8, 14, 19], CusO (open triangles) and CuO (open diamonds)
(14, 15, 17-20], CusS (filled triangles) and CuS (filled diamonds) [14, 17, 21,
22], and unaged and aged (1 and 2 weeks) brass samples examined in the
present study (open circles with error bars).

Figure 3: XPS spectra in (a) Zn 2pg/, core-level and (b) Zn LMM
Auger electron emission regions. The photon energy is 1486.6 eV (Al Ka).
(c) Wagner plot for various Zn-containing species; metallic Zn (filled circles)
(14, 23, 24], ZnS (filled diamonds) [14, 23, 24], ZnO (open diamonds) [14, 23—
25], Zn(OH), [14, 23, 25], and unaged and aged (1 and 2 weeks) brass samples
examined in the present study (open circles with error bars).

Figure 4: S 2p SR-PES spectra of vulcanized brass surfaces subjected
to hydrothermal aging for 0 (unaged), 1 and 2 weeks. The photon energies
are (a) 260 eV and (b) 1060 eV. Curves drawn by circles are the measured
spectra after Shirley-type backgrounds are subtracted. Solid lines are the
results of peak deconvolution. (c¢) Change in the integrated intensity of each
S 2p component from a S-containing species as a function of hydrothermal
aging time. (d) Change in the intensity ratio of the S 2p peaks from Cu,S
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(x ~ 2) and CuS as a function of the aging time. Circles and squares are the
data from the spectra measured with hv = 260 eV and 1060 eV, respectively.

Figure 5: S 2p SR-PES spectra of vulcanized brass surfaces subjected
to (a) dry-heat aging and (b) moist-heat aging for 0, 1 and 2 weeks. The
spectra in the upper and lower panels in Figs. 4a and 4b are measured with
hv = 260 eV and 1250 eV, respectively.

Figure 6: Changes in the integrated intensity of each S 2p component
from a S-containing species (left panels) and the Cu,S/CuS ratio (x ~ 2) as
a function of the aging time (right panels). Upper and lower panels are the
results of (a) dry-heat aging and (b) moist-heat aging, respectively.

Figure 7: Influence of different aging treatments on (a) the Cu,S/CuS
ratio (z ~ 2), (b) the amount of ZnS and (c) the O 1s peak intensity. The
values of the unaged sample are taken as unity so as easily to compare the
changes depending on different aging treatments. The data of Cu,S/CuS and
ZnS are deduced from the S 2p spectra measured with hv = 260 eV. The
O 1s peak intensities are determined from the spectra measured with hy =
1060 eV for hydrothermal aging and 1250 eV for moist- and dry-heat aging.
The inset of Fig. 6¢ show the O 1s spectra of the brass samples subjected to
hydrothermal aging (left) and dry-heat aging (right).

Figure 8: The O 1s XPS spectra of unaged and hydrothermal-aged rub-
ber. A Shirley-type background curve is subtracted from each measured
spectra. Although low energy electrons and Art were irradiated to avoid
possible charging during data acquisition, small shifts by charging was ob-
served. Thus, the C 1s peak positions at 283.9 eV, which is obtained from
rubber with sufficient conductivity by adding carbon black of the amount of
100 phr is taken as a reference point of the binding energy. The inset shows
the O atomic densities normalized by the C atomic densities for the unaged
and aged rubber samples.
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