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Machine learning-derived reaction statistics for
3D spectroimaging of copper sulfidation in
heterogeneous rubber/brass composites

Hirosuke Matsui® 23, Yuta Muramoto'23, Ryusei Niwa'23, Takashi Kakubo?, Naoya Amino?, Tomoya Uruga5,
Minh-Quyet Ha® ©, Duy-Tai Dinh® ©, Hieu-Chi Dam®™ & Mizuki Tada'?378%

The sulfidation of copper derived from copper-zinc alloy (brass) in sulfur-containing rubber,
used for plating steel-cord-reinforced rubber tires, is suggested to be the key reaction for the
adhesive behavior between brass and rubber in tires. However, the heterogeneous structures
of rubber/brass interfaces have prevented us from understanding the sulfidation of metallic
copper in brass and the formation of copper sulfides at the brass surface and buried rubber
interface. Here, we visualize the 3D spatial location and chemical states of copper species in a
rubber/brass composite during its aging process by 3D X-ray spectroimaging with X-ray
absorption fine structure-computed tomography. Machine learning-derived reaction statistics
of the 3D spectroimaging data reveal the reaction mechanism of copper sulfidation in the
heterogeneous rubber/brass composite.

TDepartment of Chemistry, Graduate School of Science, Nagoya University, Furo, Chikusa, Nagoya, Aichi 464-8602, Japan. 2 Integrated Research
Consortium on Chemical Science, Nagoya University, Furo, Chikusa, Nagoya, Aichi 464-8602, Japan. 3RIKEN SPring-8 Center, Koto, Sayo, Hyogo 679-5198,
Japan. 4 Materials Performance Laboratory, Research and Advanced Development Division, The Yokohama Rubber Co., Ltd., Oiwake, Hiratsuka, Kanagawa
254-8601, Japan. ° Japan Synchrotron Radiation Center, SPring-8, Koto, Sayo, Hyogo 679-5198, Japan. © School of Knowledge Science, Japan Advanced
Institute of Science and Technology, Asahidai, Nomi, Ishikawa 923-1291, Japan. 7 Research Center for Materials Science, Nagoya University, Furo, Chikusa,
Nagoya, Aichi 464-8602, Japan. 8 Institute for Advanced Study, Nagoya University, Furo, Chikusa, Nagoya, Aichi 464-8602, Japan. ®email: dam@jaist.ac.jp;
tada.mizuki.u6@f.mail.nagoya-u.ac.jp

COMMUNICATIONS MATERIALS | (2023)4:88 | https://doi.org/10.1038/s43246-023-00413-z | www.nature.com/commsmat 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-023-00413-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-023-00413-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-023-00413-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-023-00413-z&domain=pdf
http://orcid.org/0000-0001-5483-3487
http://orcid.org/0000-0001-5483-3487
http://orcid.org/0000-0001-5483-3487
http://orcid.org/0000-0001-5483-3487
http://orcid.org/0000-0001-5483-3487
http://orcid.org/0000-0003-4617-0059
http://orcid.org/0000-0003-4617-0059
http://orcid.org/0000-0003-4617-0059
http://orcid.org/0000-0003-4617-0059
http://orcid.org/0000-0003-4617-0059
http://orcid.org/0000-0001-7597-4262
http://orcid.org/0000-0001-7597-4262
http://orcid.org/0000-0001-7597-4262
http://orcid.org/0000-0001-7597-4262
http://orcid.org/0000-0001-7597-4262
mailto:dam@jaist.ac.jp
mailto:tada.mizuki.u6@f.mail.nagoya-u.ac.jp
www.nature.com/commsmat
www.nature.com/commsmat

ARTICLE

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/543246-023-00413-z

mobiles and steel cords are commonly plated with Cu-Zn

alloy (brass) as corrosion-resistant coating!. Strong adhe-
sion between rubber and brass-plated steel cord is crucial for the
long-term use of belted radial tires and the actual structure of the
adhesive interface between rubber and brass-plated steel cord has
been extensively investigated2. Cu and Zn sulfides are formed at
the rubber/steel cord interface through the passive state of ZnO
on brass-plated steel cord and these interlayers are thought to be
related to the adhesion behaviors of the rubber/brass
composite3~7.

In particular, the sulfidation of Cu at the buried interface in
rubber is suggested to be vital for the strong adhesion of rubber
and brass composite, and the formation of non-stoichiometric Cu
sulfide (close to Cu,S) increases the adhesion strength of rubber
and brass8-11. Spectroscopic analyses of adhesion interfaces have
been investigated by X-ray diffraction!2-14, X-ray photoelectron
spectroscopy (XPS)!11:15-20, and hard X-ray photoelectron
spectroscopy (HAXPES)>2l, and changes in chemical composi-
tion at the adhesion interface were identified as the key factors in
the deterioration of adhesion between rubber and brass. However,
the spatial and chemical heterogeneities of rubber composite
samples present a major challenge in understanding interfacial
adhesion and the sulfidation and desulfurization reactions of Cu
species at the buried rubber/brass interface are still unclear in the
three-dimensional (3D) structures of the heterogeneous rubber/
brass composite materials.

The interfacial adhesive layers with the Cu sulfides are gradually
degraded as rubber tires are used. 3D focused-ion-beam SEM-EDS
and STEM-EDS images have shown the formation of large voids and
localized Cu,S (x=1.8-2) clumps at the buried interface of the
rubber and steel cord after thermal aging treatments with
moisture?2-20, Heating with moisture caused further oxidation and
sulfidation of the adhesive Cu sulfide layers in the tire composite,
deteriorating the non-stoichiometric Cu sulfide layer and reducing
the adhesive property. Although the rubber/brass adhesion has been
evaluated by mechanical stress tests?”»?8, there is no spatial infor-
mation about the Cu sulfidation reactions and changes in the buried
adhesion interface structure in the heterogeneous 3D rubber/brass
composite.

Hard X-ray/neutron scattering techniques2?30 and CT31-34 of
rubber-filler composites were used in the pioneering analysis of
rubber materials, but the spectroimaging of the sulfidation of
brass Cu species in rubber composites has not yet been reported.
Hard X-ray spectroimaging, which is the most powerful tool for
visualizing chemical information in bulk materials non-
destructively>>-38, and Hard X-ray absorption fine structure
spectroscopy with computed tomography (XAFS-CT) is per-
formed by CT with different X-ray energies and provides 3D
images of spectroscopic information, such as amount, valence state,
and local coordination of each chemical species in composite
materials®®*=42. In this paper, we report the 3D X-ray spectroimaging
of the adhesion layers of a rubber/brass composite, which showed
the Cu sulfidation reactions in the rubber/brass composite during
tire aging. Data-driven machine learning using the 3D spectro-
imaging data tracked step by step for the aging processes successfully
revealed the stepwise transition of Cu sulfidation and desulfurization
in the rubber/brass composite.

S teel-cord-reinforced rubber tires are widely used in auto-

Results and discussions

3D visualization of the rubber/brass composite for the aging
step by XAFS-CT imaging. A rubber sample mixed with around
2000 brass clumps (Cu/Zn ratio = 75/25, @3 um x 0.2 um; 1 wt %
with respect to rubber) was prepared and the rubber/brass
composite was heated at 443 K for 10 min to prepare adhesive

layers between the rubber and the brass clumps (Supplementary
Methods 1, Supplementary Figs. 1-3, Supplementary Table 1, and
Supplementary Note 1). Cu K-edge XAFS-CT spectroimaging of
the vulcanized rubber composite fixed in a polyimide capillary
tube was performed at the SPring-8 synchrotron facility (Sup-
plementary Methods 2 and Supplementary Fig. 3)43. After the
first XAFS-CT spectroimaging measurement of the as-vulcanized
sample, the rubber/brass composite was treated at 343 K under
the relative humidity of 96% for 3 days for the first aging treat-
ment and then the second XAFS-CT spectroimaging was con-
ducted again on the same composite. The cycle of the aging
treatment followed by the XAFS-CT spectroimaging was repeated
three times and the series of XAFS-CT data was collected for the
same rubber/brass composite sample after the aging times of 0, 3,
14, and 28 days (samples Aging-0, Aging-3, Aging-14, and
Aging-28, respectively) (Supplementary Fig. 1). The evaluation of
adhesion behavior between brass and rubber has been performed
by the ASTM D2229-02 standard test, which is one of the typical
pullout tests developed and published by the ASTM International
(the American Society for Testing and Materials). A similar
pullout test for brass-plated tire samples (195/65R15 size) was
conducted for similar aging processes. The original adhesion
force before aging (just after vulcanization of the rubber sample)
was 176 N inch~1, and it was decreased to 149 N inch~! after the
14-days aging and 138 N inch™! after the 28-days aging, sug-
gesting the present aging conditions significantly decrease the
adhesive strength of the brass/rubber interface.

Cu K-edge XAFS-CT spectroimaging was conducted by the
repetition of X-ray energy quick-scans around the Cu K-edge
(E=8857-9357eV) recording two-dimensional (2D) X-ray
transmission images at different projection angles (8). Changing
the projection angles 6 from —90° to 90° provided the series of
XAFS-CT transmission images (Supplementary Fig. 4). The series
of the 2D transmission images in the Cu K-edge X-ray absorption
near-edge structure (XANES) region was converted to the X-ray
absorption coefficient (utf) (Supplementary Methods 3 and
Supplementary Fig. 5), and each spatially resolved XANES
spectrum in 1.3 um X 1.3 um area on the 2D ut image was fitted
with the linear combination of the XANES spectra of three
standard Cu components, namely, metallic Cu in brass (denoted
as Cu (brass)), monovalent Cu,S, and bivalent CuS (Supplemen-
tary Fig. 6). The extracted structural parameters for morphology,
Cu density, and the local amounts of the three Cu species in the
2D images at each 6 were finally reconstructed into 3D images in
real space.

The rubber/brass composite contained Zn in brass, ZnO
passive film on the brass surface, and ZnO loaded in the rubber as
a vulcanization activator (Supplementary Note 1, Supplementary
Table 1, and Supplementary Fig. 2). Several reactions involving
ZnO have been reported as Cu reactions on the ZnO passive fim
of brass surface, which affect the adhesion between rubber and
brass!> and the formation of Zn stearate in the rubber4.
However, XAFS/XAFS-CT spectra at the Zn K-edge overlapped
with those at the Cu K-edge and it was not suitable to analyze Zn
species from brass (Zn amount with one of the third of the Cu
amount in the brass) by the similar imaging analysis. Co stearate,
which was added to the rubber sample as a vulcanization
activator (Supplementary Note 1, Supplementary Table 1,
and Supplementary Fig. 2), was not detected by hard X-ray
XAFS-CT at the Co K-edge because of its low Co loading (2 phr
in the rubber sample).

The Cu K-edge XANES spectra of the rubber/brass composite
sample for the aging processes measured in the same view as
XAFS-CT imaging are presented in Supplementary Fig. 7b,
suggesting the changes in the local structures of the Cu species in
the sample by aging. Decreases in the intensity of the pre-edge

2 COMMUNICATIONS MATERIALS | (2023)4:88 | https://doi.org/10.1038/s43246-023-00413-z | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-023-00413-z

ARTICLE

(a)
Aging-0d

Aging-14d

Aging-28d

Morphology Total Cu

I
0.0002

Cu (brass)

0.003 0.0002 0.003 0.0002

B Cus
Cu,S
Cu (brass)

Percentage

Aging /days

0.001 0.0002

- -
3,

Volume /x107 pm?®
o
2

(b)

95 pixel Z =550 ym Z =350 pm
4

Z =150 ym

eale Bulwwy

25 pixel
Trimming area (75%)

Cu (brass)
(0.003)

CuS
(0.001)

N
=)

Il Cu (brass) / Cu,S / CuS
Il CuS / Cu (brass)
B Ccus
I Cu,S /Cus
Cu,S
Cu (brass) / Cu,S
Cu (brass)

o
o

3
Aging /days

Fig. 1 The 3D spatial location and chemical states of copper species in a rubber/brass composite during aging. a Reconstructed 3D images of (i)
morphology, (ii) Cu distribution relative to total Cu atom, (iii) metallic Cu (brass) distribution, (iv) monovalent Cu2S distribution, and (v) bivalent CuS
distribution in the rubber/brass composite visualized by Cu K-edge XAFS-CT. b Representative cross-sectional images of the 3D images at Z of 550, 350,
and 150 pm heights. The description of color contrast is presented in Supplementary Fig. 9. Yellow lines (75% of the sample diameter and the positions of
the top 95 layers and the bottom 25 layers along Z) indicate the trimming area for further informatics analysis. ¢ Ratios of the absolute amounts of the
three Cu species in the rubber/brass composite. d Calculated volumes base on the voxels where the Cu species were detected.

peak at 8975.0 eV, increases in the intensity at 8991.4 eV, and
increases in the intensity at 9018.4 eV were clearly found against
the aging time, reflecting the trends of Cu sulfurization by the
aging process. The reconstructed 3D images (Z = 0-1180 um) of
the sample morphology, the total Cu amount, and the local
distributions of Cu (brass), Cu,S, and CuS in the rubber/brass
composite are presented in Fig. la. The 3D image (Fig. la-i)
showed the 3D morphology of the rubber/brass composite
sample, and the similarity in the morphology images of the
sample for the four different aging times suggested that the
XAFC-CT spectroimaging successfully provided the same field of
view of the rubber/brass. The absolute amounts of the three Cu
components were estimated by the summation of the observed
intensities of the three Cu species (Fig. 1c) and their spatial
volumes were estimated from the volumes of the component
voxels where any Cu species were detected in the 3D image

(Fig. 1d). The ratios of the amounts of Cu (brass), Cu,S, and CuS
were calculated from the sum of the intensities of each Cu species
for all voxels in the field of view, and they were 0.77/0.21/0.02
(Aging-0d), 0.52/0.46/0.02 (Aging-3d), 0.47/0.43/0.10 (Aging-
14d), and 0.44/0.38/0.18 (Aging-28d), respectively (Fig. 1c). Cu
(brass) was the major species in the fresh sample (Aging-0d) and
the first aging treatment significantly produced Cu,S via the
consumption of the metallic Cu (brass) (Aging-3d). Further aging
treatments gradually decreased the amount of Cu (brass) and
produced CuS$ without increases in the ratio of Cu,S in the rubber
composite.

The volumes of the voxels of the three Cu components were
detected and the quantitated volumes of the single or mixture of the
three Cu components were presented in Fig. 1d. The ratios of the
spatial volumes were slightly different from those of the absolute
amounts of the three Cu species, reflecting differences in the
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dispersion and densities of the three Cu species in the rubber
sample. In the rubber composite before aging (Aging-0d), most of
the voxels in which Cu was detected were assigned as Cu (brass),
which agreed with Fig. 1c. The voxels in which Cu,S was detected
contained Cu,S only (blue) or a mixture of Cu (brass) and Cu,S
(pink), and the latter accounted for 54% of these voxels where Cu,S
was detected, indicating that Cu,S tends to be formed close to the
brass clumps within the voxel size (1.3 um x 1.3 um x 1.3 pm). In
Aging-3d, the volume of overall Cu voxels in the rubber sample
was substantially decreased (78% of that of Aging-0d, Fig. 1d). As
the Cu (brass) species were consumed, the volume of Cu,S (blue)
increased. The number of voxels of the mixture of Cu (brass) and
Cu,S (pink) was smaller than that of Cu,S (blue), indicating that
the diffusion of Cu,S proceeded from the brass surface into the
rubber matrix. The similarity in the volumes of Cu (brass) (red)
voxels in Aging-14d suggested that further aging treatment does
not cause much sulfidation of brass, but an increase in the volume
of Cu,S was clearly observed in Aging-14d. The total volume of Cu
in the rubber sample was also increased, indicating the diffusion of
the copper sulfide species in the rubber matrix. The small volume of
CusS (green) compared with that of Cu,S (blue) suggested that the
formed CuS species was localized in the rubber matrix. In Aging-
28d, similar trends were observed, and the consumption of Cu,S
and the formation of CuS were greater, indicating that several
reactions occurred in the rubber matrix with changing the amounts
and volumes of the Cu components.

Infography for the reaction of Cu species in the rubber by data-
driven machine learning. The statistical amount of the brass
clumps (around 2000 clumps) in the rubber composite sample
allowed us to perform machine-learning data-driven analysis to
understand the Cu sulfidation mechanism for the aging processes.
It was expected that tracking the variation of the structures and
chemical states of the 2000 brass clumps in the aging process
accompanied by the Cu sulfidation reaction could identify the
reaction mechanism of the formation and consumption of
adhesive Cu layers at the brass/rubber interface*>~47. However,
the fluctuation of the positions, shapes, structures, and chemical
states of the brass clumps in the rubber composite during the
aging treatments required the matching of observed Cu clumps in
the images over the four aging times (Aging-0d, Aging-3d,
Aging-14d, and Aging-28d). Thus, we investigated a data-driven
informatics approach to match the brass clumps with changes in
the positions, shapes, structures, and chemical states and allow
the Cu sulfidation reactions of each brass clump identified in the
3D images to be tracked for each aging treatment.

The method of tracking Cu clumps and reactions in the rubber
composite consisted of the following steps: detecting and
matching all Cu clumps at different aging times, fitting the
distribution of the intensity at voxels belonging to each Cu
valence state in the clumps to a log-normal distribution for each
valence state, describing each clump using the fitted parameters as
descriptors, and applying an unsupervised learning method to
identify the patterns of interchange between the three Cu valence
states in the Cu clumps. The coordinate axes of the voxels in the
sample at the four aging times were transformed and unified for
tracking the changes in the Cu species during the aging
treatments. Among approximately 2000 of Cu clumps identified
in the 3D images visualized, matched sequences for all four aging
times were tracked for 802 of Cu clumps, which were used for
further unsupervised machine learning.

Figure 2 shows the 3D images of two typical brass clumps in
the rubber/brass composite, for which the alignment during the
four aging times was tracked. Clump A located at (X, Y, Z) of
(0.53, 0.42, 0.62) in Fig. 1a was 10 pm in size and had a metallic

Cu (brass) core and low-density Cu,S overlayers before aging
(Fig. 2a-i). The exterior of the original Cu (brass) in Aging-0d
(before aging) was defined as the outer surface of the original
brass clump before the Cu sulfidation and we calculated the
geometric distance (dg,,) to the outer surface in the clumps for
the four aging times. The positive values of dg,¢ indicated
Euclidean distances from the original brass contours away from
the clumps, and negative dg,,r values indicated distances toward
the inside of the original brass clumps. Thus, the distributions
of the three Cu species as a function of dg,s showed the
reactions of the Cu species at the brass surface and the diffusion
of Cu sulfide species at the buried rubber/brass interface
(Fig. 2b).

Clump B located (X, Y, Z) of (0.32, 0.38, 0.52) in Fig. 1a, which
was 18 pm in size, initially had a similar state to that of clump A,
and red Cu (brass) surface was clearly observed as shown in
Fig. 2a-v. However, its sulfidation was found to be widely
different from that of clump A. The consumption of Cu (brass)
was moderate and most of the brass clump was still present in
Aging-28d (Fig. 2a-viii). The first 3-day aging step produced
Cu,S and the further aging steps also produced CuS (Fig. 2b-
vi-viii). The formation of CuS was observed both inside the space
of the original brass clump and outside of the original crump
surface, indicating that the CuS formation proceeded between the
gap of the brass particles composed of the original brass clump B
and it diffused to the rubber side by aging.

The different reaction behaviors of the brass clumps indicate
the variety of the Cu sulfidation in the rubber/brass composite
during aging. We applied a data-driven informatics approach to
the matched 802 brass clumps to track the series of sulfidation
reactions over the four aging times and performed a statistical
analysis of the sulfidation for the 802 brass clumps in the rubber
composite. Each clump of the matched 802 brass clumps had
three sets of amount data for metallic Cu (brass), monovalent
Cu,S, and bivalent CuS (Supplementary Fig. 10e-h), and thus
there were 9624 sets of amount data (3 Cu species x 802
clumps x 4 aging times). Figure 3a shows plots of the interquartile
ratio of the log-normal Cu distribution for the 9624 data sets of
the three Cu species as a function of the mass contribution of
each Cu state. The vectors of changes in the amounts of each Cu
species for the aging steps are presented in Fig. 3b, which shows
the sequences of the reactions of the three Cu species in the 802
clumps for the aging steps. Each vector indicated how the amount
and distribution of each Cu species changed in the three steps
from one aging time to the next (e.g., Aging-0 to Aging-3,
Aging-3 to Aging-14, and Aging-14 to Aging-28), and the length
of the reaction vector corresponded to the magnitude of a
reaction, such as the high consumption of brass and the heavy
sulfidation of Cu.

The reaction vectors were characteristic for each Cu species
and each aging step. At the beginning of the aging process
(Aging-0 to Aging-3), most of the vectors of Cu (brass) pointed
upward from the bottom-right edge of the plot to the left (Fig. 3b,
red), suggesting the consumption of Cu (brass) during the first
aging treatment. In contrast, the vectors of monovalent Cu,S
mostly pointed upward and to the right (Fig. 3b, blue), suggesting
the formation of dispersed Cu,S layers. Most of the vectors of
CuS (Fig. 3b, green) were negligible and localized around the
origin of the plot, indicating that most of the clumps did not form
CusS for the first aging step. These results suggested that the first
aging treatment tended to cause the high consumption and wear
of the brass clumps and the formation of weak Cu,S layers
without CuS.

In the next aging step (Aging-3 to Aging-14), there were
different trends in the reaction vectors in Fig. 3b. The vectors of
Cu (brass) pointed downward and to the left toward the origin of
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Fig. 2 Geometric analysis of representative brass clumps for degradation stages. Aging-0d (i and v), Aging-3d (ii and vi), Aging-14d (iii and vii), and
Aging-28d (iv and viii) for clump A (i-iv) and B (v-viii). a 3D images (XYZ) with 2D cross-sections (XY) at each height (Z) and (b) density plots of the Cu
species (total density of the three Cu species (total Cu), Cu (brass), Cu2S, and CuS) against the calculated Euclidean distance to the original position of the
brass clump surface (dsurf). Intensity values of <0.0002 were regarded as values within noise for the analysis.

the plot, which was widely different from those for the first aging
step (upward and to the left). The left-downward trend indicated
the further consumption of the worn brass clumps in this aging
step. The reaction vectors of Cu,S were more random and those
of CuS became longer than those of the first aging step. These
results suggested more complicated Cu sulfidation reactions in
the second aging step. In the third aging step (Aging-14 to
Aging-28), the vector plots of all three Cu species appeared

random (Fig. 3b), but the plot of CuS showed longer shifts than
those of the former steps, indicating the further progress of the
CuS formation via several reaction routes in the rubber/brass
composite.

The statistical number of the reaction vectors obtained by the
3D spectroimaging enabled unsupervised learning analysis with
Gaussian mixture model algorithms to group the changes in the
reactions of the three Cu components (ACu (brass), ACu,S, and
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Fig. 3 Tracking of the series of Cu sulfurization reaction over the four aging times. a Plot of the interquartile ratio of the log-normal Cu distribution
against Cu mass contribution. b The graphics of reaction vectors for the three Cu components at each aging stages.

ACuS) during the aging steps. Auto-detected groups were
associated with the types of reactions, and five reaction types
(types 1-5) were statistically detected by unsupervised learning,
for which trends in changes between the three Cu components
were significantly different as shown in Fig. 4. Types 1-3 (orange,
red, and green distributions in Fig. 4a) corresponded to reactions
involving the consumption of Cu (brass) (ACu (brass) <0) and
the formation of Cu,S (ACu,S > 0) in each clump, and types 1, 2,
and 3 corresponded to ACuS of ~0, <0, and >0, respectively. Thus,
reaction types 1-3 with the sulfidation and consumption of Cu
(brass) to form monovalent Cu,S corresponded to the reaction
features of adhesion reinforcement in the aging
treatment3-11:1622. Type 4 had different reaction features and
involved the loss of Cu,S and the formation of CuS (ACu,S <0
and ACuS > 0), which were probably related to the embrittlement
of the rubber/brass adhesion??. Type 5 showed the random
feature of the reaction vectors, whose chemical meaning was
difficult to explain.

We counted the number of clumps that were classified into the
five reaction types (Fig. 4d), which clearly showed the transition
of the Cu sulfidation reactions in the rubber/brass composite.
From Aging-0d to Aging-3d, the major reaction type was found
to be type 1, although it was a minor type subsequently (Fig. 4d).
During the first aging step after the pretreatment vulcanization,
the complete sulfidation of Cu to Cu,S would proceed as the type-
1 reaction with the reinforcement of adhesion behavior. From
Aging-3d to Aging-14d, the reactions with the CuS formation
(types 3 and 4) were found to be major, and types 1, 2, and 5 were
negligible. The loss of the Cu,S layers and the appearance of CuS
in type 4 were probably caused by the embrittlement of the
rubber/brass adhesion, which started in the second step of aging.
The final aging step (Aging-14d to Aging-28d) caused the
parallel reactions of the four reaction types (types 2-5) (Fig. 4d),
indicating the complicated competition of the several Cu reaction
types in the rubber/brass composite.

The chemical properties for the adhesion of rubber and brass
were investigated by XPS, HAXPES, SEM, TEM, and XAFS
techniques and the formation and consumption of Cu,S have
been suggested as key factors in the adhesion property3-11,16:22,

The promotion of Cu,S formation at the interface of rubber and
brass and the suppression of Cu,S consumption after the
formation of the adhesive layers at the interface are essential issues
for the maintenance of the adhesive behavior in rubber/brass
composites!®?2, However, the transition of the Cu sulfidation
visualized by the combination of the 3D spectroimaging and the
unsupervised machine learning suggested that the desired Cu,S
formation with Cu in brass and sulfur species in rubber was
saturated and almost stopped at the middle stage of aging, although
it was predominant and selective in the fresh state. Instead of the
further Cu,S formation, unfavorable CuS formation via several
reaction types paralleled in the aged sample was inevitable in the
rubber/brass composite.

Direct imaging of chemical reactions in composite materials
whose components change chemically and spatially had been
difficult, but the 3D hard X-ray spectroimaging by CT imaging
and XAFS spectroscopy enabled the direct visualization of the
sequences of reaction characteristics with the sulfidation of Cu
components in the rubber/brass composite material. An ideal
composite system with statistical amounts of brass clumps and
the utilization of the 3D spectroimaging and data-driven
informatics allowed tracking of the transition of the Cu
sulfidation features related to the rubber/brass adhesion for the
first time. The present work provides a quantitative way to
elucidate the manners and transitions of chemical reactions in
actual heterogeneous composite materials and the further
extension of the spectroimaging-driven statistical analysis using
unsupervised learning to various rubber/brass composites would
be promising to bring out the practical ways to improve adhesive
behaviors in brass-plated steel-reinforced tires.

Conclusions

3D X-ray spectroimaging by XAFS-CT of the aging process of a
heterogeneous rubber/brass composite enabled the direct visua-
lization of Cu sulfidation and Cu diffusion in the rubber/brass
composite. The big data from the 3D spectroimaging containing
the geometrical feature of the heterogeneous composite, the
spatial distribution of the Cu species, the chemical states of the
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Cu sulfides, and their spatial and temporal changes in the rubber
composite allowed the statistical analysis of the reaction behaviors
of the rubber/brass interface. Data-driven unsupervised machine-
learning informatics revealed the five reaction types of Cu sulfi-
dation in the rubber composite and the sharp transitions of the
reaction types from the enhancement to the embrittlement of
adhesive features in the aging process.

Methods

Sample and aging. A rubber sample containing brass powders
was prepared by mixing a rubber source and brass powders (3L7,
Daiya Kogyo Co., Ltd.; Cug 75Zng 25, $3 pm x 0.2 um; 1 wt % with
respect to rubber) and molded into a cylinder of ¢700 um
(Supplementary Methods 1). The molded sample was vulcanized
at 443 K for 10 min (Aging-0). The sample was subjected to the
first aging treatment of heating at 343 K and a relative humidity
of 96% for 3 days (Aging-3). After XAFS-CT measurements of
the sample, the second aging treatment was conducted for 11 days
under the same conditions; thus, the total aging time was 14
(=34 11) days (Aging-14). The final aging treatment was car-
ried out under the same conditions for 14 days (Aging-28).

3D-XAFS-CT measurements. Cu K-edge XAFS-CT measure-
ments were performed at the BL36XU beamline, SPring-8, Japan
(8 GeV, 100 mA)*3. The rubber/brass composite sample was
inserted into a polyimide tube of 800 um (PIT-S-09, Hagitech)
and was mounted perpendicular to the X-ray optical path on a
rotating sample stage. Rotation angle 0 was defined as the angle
between the direction of the X-ray optical path and the orienta-
tion of the sample on the stage, and the perpendicular irradiation
of the sample surface with monochromatized X-rays was at 8 = 0°
(Supplementary Methods 2). The sample was irradiated with hard
X-rays monochromatized through Si(111) channel-cut crystals at
angle 6 from —90° to 90° in 1° steps (Supplementary Fig. 8), and
the X-ray transmission images of the sample were recorded by a
high-resolution X-ray imaging unit (AA50, Hamamatsu Photo-
nics, K.K.) coupled with a low-noise sCMOS camera (Orca-Flash
4.0, Hamamatsu Photonics, K.K.). The effective view size was
1330 pm x 1330 um with a pixel size of 0.65 um x 0.65 pm. For
each dataset, a quick scan of the transmission XANES
(E = 8857-9357 eV; 1400 points, 28 s) was performed at every 0,
and the total measurement time of the Cu K-edge XAFS-CT scan
was 1.5 h for a sample.

Data processing of XAFS-CT data. Four-dimensional trans-
mission images (2D images (X’Z’) with energy scan (E) and
sample-rotation scan (6)) were converted into the absorption
coefficient (ut (X’Z™-E-0)) by Beer’s law (Supplementary Meth-
ods 3). The ut data was spatially binned into 2 pixels x 2 pixels
(1.30 um x 1.30 um) and smoothed the energy dimension to
decrease the data points from 1400 pts to 384 pts. The series of
XANES spectra was fitted by using Eq. 1 with the linear combi-
nation of the XANES spectra of three standard samples (Cu
(brass), Cu,S, and CuS).

Ht =4y + a x (E - EO) + bl X ICu(brass) + bZX ICuZS + l’)3>< ICuS

(1)

The 3D matrices (X’Z™0) of a, (sample morphology) and the
coefficients of Cu (brass) (b;), Cu,S (b,), and CuS (b3) in the X’Z’
projection coordinates along 6 were converted into the sinograms
of X0 cross-sections along Z’ (X’8-Z’). The converted sinograms
of the parameters were reconstructed into the 3D matrices (XYZ)
of the parameters in real space by the ordered-subset expectation

maximization method (Supplementary Methods 3). The thresh-
old of the noise level of the reconstructed data was defined as

0.0002 (Supplementary Methods 3, Supplementary Fig. 9) and the
reconstructed data are presented in Figs. 1, 2 considering the
threshold level.

Data mining of the 3D images. The sets of reconstructed XAFS-
CT data for the rubber/brass composite were preprocessed, and
the auto-identification and matching of isolated Cu clumps in the
sample at each aging time were conducted (Supplementary
Methods 4). Hierarchical density-based spatial clustering of
applications with noise analysis was performed on the extracted
cylinder images to extract the shape and coordinate information
of all the Cu clumps dispersed in the sample8. The same process
was performed on the XAFS-CT data at other aging times and the
3D coordinates of the samples at different aging times were
corrected computationally. The outer 75% of the cylindrical
region with the top 95 layers and the bottom 25 layers in the
depth direction (along the Z-axis) were excluded, and the trim-
med region was used for further informatics analysis.

The outer surface of the identified Cu clumps was defined
using a threshold value of 0.0003. The surface was detected using
a gradient-based edge detection algorithm*°, widely used in image
processing to find object boundaries in images (Supplementary
Methods 4). The distances from the voxels of each clump to the
clump surface were then calculated. For each voxel in the 3D box,
we searched for the nearest voxel belonging to the detected
surface to measure the shortest path from the voxel to the
detected surface. To resolve the nearest-neighbor search problem,
we performed the search in the nearest-neighbor graph®,
constructed by the KD-tree algorithm.

For each clump, the mass contributions of the three Cu
components and the interquartile ratio of the intensity distribu-
tion of voxels were used as descriptors for representing the
valence state components of the clump. The log-normal
distribution was used to fit the intensity data of each valence
state component in the clumps and the interquartile ratio, which
is defined as the ratio between the 25th and 75th percentiles of the
data, was selected as the second descriptor. Unsupervised learning
analysis with Gaussian mixture model algorithms was used for
grouping the changes in the amounts of the three components
(ACu (brass), ACu,S, and ACuS) of the clumps during the three
aging steps®l. To group reactions with similar types of Cu
changes, this probabilistic model assumed all the data instances
were generated from a mixture of a finite number of Gaussian
distributions with unknown parameters. All the 2406 extracted
reactions were divided into five distinct groups with different
types of Cu changes (Supplementary Methods 4).

Data availability

The data are available from the corresponding authors upon reasonable request.
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