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Abstract

Objectives. The work sets out to model the ozone corrosion of vulcanizates as a percolation phase transition, similar in the scheme of
development of continual percolation on a plane, during which the growing regions of the new phase form a single “spanning” cluster.
In this case, the continuity of the sample is broken, being divided into two parts. In the presented model, the ozone corrosion process
is divided into two stages. At the first stage, ozone corrosion of the material occurs mainly along the perimeters of already ozonized
surface areas, which leads to their growth and subsequent merging. Upon contact of adjacent surface areas consisting of ozonolysis
products loaded with two-dimensional tension, corrosion cracks begin to appear on the surface. At the second stage of the corrosion
process, corrosion cracks that grow deeply into the material due to its stress state lead to the penetration of ozone into the internal regions
of the sample. The article presents the results of computer-simulation and real experiments carried out on ozone corrosion of technical
vulcanizates in a plane stressed state.

Methods. Computer simulation of the time dependence of the total contact length of the areas of ozone corrosion products and the initial
vulcanizate was carried out using a C++ program developed by the authors. Real experiments were carried out on a TOM-1000 setup.
Samples for research by the TOM (technical ozone resistance of materials') method comprise thin disks, which are clamped along the
contour and subjected to one-sided two-dimensional tension by compressed air pressure. From the side of the opposite plane, the sample
is exposed to the ozone flow. The installation makes it possible to create in the sample a relative deformation of up to 100% increase in
the surface area.

Results. Computer simulation allowed, in combination with direct measurements of the time dependence of ozone absorption, the
dynamics of the destruction of vulcanizates in an ozone environment to be investigated. A numerical parameter of the ozone resistance
of vulcanizates—the coefficient of ozone resistance—is proposed. This coefficient is almost linearly related to the time before the onset
of cracking, but it is more accurate because it does not require visual observation of the ozonolysis process.

Conclusions. The results of computer simulation are in good agreement with the results of real experiments.
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AHHOTaUuS

Iean. O30HHAS KOPPO3HS BYJIKAHW3aTOB MOAEIUPYETCSl KaK NMEPKOJSIIMOHHBIN (ha30BBI epexoy, aHAJOTHYHbINA 110 CXeMe Pa3BHTHS
KOHTHHYaJIBbHOH NMEPKOJLIINK Ha INIOCKOCTH, B IIPOIIecce KOTOPOil pa3pacTaromyecs: 001acTi HOBOH (a3bl 00pas3yloT eAMHbINH «IIepeKu-
JBIBatoIIuiics» kiactep. [Iporecc 030HHOM KOPPO3HHU MPEACTABISICTCS pa3eleHHbIM Ha aBe cragun. Ha nepBoii cTaguu nponecc 030-
HOTIOIJIOIIEHHMS IIPOMCXOANT Ha TPAHMIAX KOPPOIUPOBAHHBIX YIACTKOB C OKPYIXKAIOIIECH OBEPXHOCTHIO BYJIKAHHM3aTa, II03TOMY ITOIJIO-
meHre 00pa3oM 030Ha BHAYaJIe BO3PACTAET, 3aT€M YMEHBIIACTCS 10 Mepe CMBIKAHHs YYaCTKOB yBEJINUUBAIOIIEHCS KOPPOJUPOBAHHOM
MOBEPXHOCTH. [IpH CONPUKOCHOBEHNH COCEAHNX YYaCTKOB IIOBEPXHOCTH, COCTOSIIIMX U3 IIPOAYKTOB 030HOJIH3A, T10]] BO3/ICHCTBHEM JIBY-
MEpHOTO HANpPsDKEHHs Ha OBEPXHOCTU HAYMHAIOT MOSIBIISITHCSI KOPPO3UOHHBIE TPEIIUHEL. Ha BTOpoii cTaanyi KOppO3HOHHBIE TPEIIMHBI
MIPOHUKAIOT B INTyOb MaTepralia U3-3a ero HalpsKEHHOTO COCTOSIHUS, COIIPOBOKIAsICH TPOHUKHOBEHHEM 030HA BO BHYTPEHHHE 00JIaCTH
obpasia. Vi3ameHeHue B poriecce 030HOIM3a 00IIeH JUTMHBI JIMHAY KOHTaKTa o0J1acTell MPOyKTOB 030HOJIN3A C TOBEPXHOCTHIO, SIlie He
MIO/IBEPTHYTOH 030HHON KOPPO3MH, OTpaKkaeT 00IIee 030HONOIIOMIEHHE KOPpoaupyoIero oopasma. Llenpio naHHoH paboTHI sBISIeTCS
9KCIIEPHMEHTAIILHOE HCCIICIOBAHNE U KOMITBIOTEPHOE MOIEINPOBAHHE ITPOLECCOB 3apOXKICHNS TPEIIMH B 00pa3IaXx TEXHUUECKHUX BYJI-
KaHHM3aTOB, HAXO/SIIUXCS B ITNIOCKOM HAIPSDKEHHOM COCTOSIHUY, BCIEACTBHE BO3JCHCTBHUS 030HA.

Metoasl. KomMmbroTepHOE MOZICITHPOBAHIE BPEMEHHOH 3aBUCHMOCTH OOIIEH JUTMHBI KOHTAKTa 00IacTeH MPOIyKTOB 030HHON KOPPO3UH
1 NCXOIHOTO BYJKaHH3aTa OCYIIECTBIUIOCH C MOMOIIBIO pa3paboTaHHOM aBTOpaMy POrpaMMEbl Ha s3bike C++. PeanbHble skcriepuMeH-
THI TI0 PETUCTPAINN KHHETHUKH O30HOIIOTNIONIEHHS 030HA MIMHHBIMY BYJIKaHH3aTaMH MpoBoAmiInch Ha ycranoBke TOM-1000. O6pa3usr
JUTA BccenoBanmit 1o Metomy TOM? (TexHEYecKas 030HOCTOHKOCTh MATepHaoB) TIPEICTABIAIOT CO6Oi TOHKHE ICKH, 3alleMICHHBIE
10 KOHTYPY U ITOABEPraeMble OHOCTOPOHHEMY JBYMEPHOMY PACTSHKEHHUIO JIABICHHEM CXKaToro Bo3ayxa. Co CTOPOHBI IIPOTHBOIIOTIOXK-
HOH TIIOCKOCTH 00pas3el] oBepraeTcs BO3AHCTBUIO IIOTOKA 030HA. YCTAHOBKA JaeT BO3MOXKHOCTH CO3JaHus B 00pa3Iie OTHOCUTEIILHOM
nedopmannu 1o 100% yBenndeHns IO TTOBEPXHOCTH.

Pesyinbrarsl. KOMIbIOTEpHOE MOZICIMPOBAHHUE [TO3BOJIMIIO, B COYCTAHUH C IIPSIMBIMH M3MEPEHUSIMH BPEMEHHOMN 3aBUCHMOCTH 030HOIIO-
IJIOLICHUSI, HCCIIE0BATh IMHAMHKY IIpoLecca JeCTPYKIUH BYJIKaHU3aTOB B cpejie 030HA. [Ipe/yIoyKeH YHCIICHHBIN TapaMeTp 030HOCTOMH-
KOCTH BYJIKAHU3aTOB — KO((GHUIHEHT 030HOCTOHKOCTH, KOTOPBIH MPAKTHYESCKH JIMHEHHO CBSI3aH C BPEMEHEM JI0 Hadaa TPELHHO00pa-
30BaHUs, OJHAKO OoJiee TOUEH, T.K. HE TPeOyeT BH3yaJbHOTO HAOMIONCHHS 3 IPOL[ECCOM O30HOIHU3A.

BriBoabl. Pe3ynbraTel MalimHHOTO MOJEIHPOBAHUS HAXOATCSl B XOPOIIEM COIIACHU C PE3ylbTaTaMU PEabHBIX YKCHEPUMEHTOB IO
peTHCTpaluy KUHETUKH 030HOMOIIOMIEHHST 00pa3IloB IIMHHBIX BYJIKAHH3aTOB B MPOIECCE 030HONN3A, YTO CBUAETENLCTBYET B MOJb3Y
MIPaBOMEPHOCTH MOJIETH JIBYXCTaANHHON KOPPO3UH BYIKaHU3aTOB B CPE/ie 030HA.

KnioueBble cnoBa Moctynuna: 15.06.2025
JKECTKOCTh, KOPPO3HsI, 030HOIIH3, EPKOJISIIMOHHBIN (a30BbIii mepexor, Jopa6oTaHa: 18.08.2025
arpecCUBOCTOMKOCTh BY/IKAHM3ATOB NpuHsTa B Nevatb: 16.02.2026

Anga uMTupoBaHus

Menuukos C.B., Kpasuens I1.[1., [TonomapeB A.C., Tyxxukos O.0. HccnenoBanrne KOppO3HOHHOTO BO3ACHCTBHS 030HA HA BYJIKAaHU3ATHI.
Tonxue xumuueckue mexrnonozuu. 2026;21(2):237-246. https://doi.org/10.32362/2410-6593-2026-21-2-237-246

2

TOM (TexHnuYeCcKas 030HOCTOMKOCTh MaTEepHaJOB) — 3allaTCHTOBAHHBII aBTOpaMH METOJ] TECTHPOBAHHS BYJIKAHM3aTOB HA 030HOCTOMKOCTh
B YCJIOBHSX IUIOCKOTo HampsbkeHHOro coctostHus. [TOM (technical ozone resistance of materials) is a method patented by the authors for
testing vulcanizates for ozone resistance under flat stress conditions.]
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INTRODUCTION

The necessity for theoretical research on various aspects
of material corrosion in aggressive environments is due
to the diversity both of corrosive media and materials
operating in these environments. In this work, we focus
primarily on describing the behavior of mechanically
stressed technical vulcanizates (rubbers) in an ozone
environment, to which the established term “ozone
corrosion” (ozonolysis) applies.

Resistance to the aggressive impact of ozone, which
leads to stress cracking of rubber components, is one of
the most important operational characteristics of these
materials [1-3]. The universally accepted numerical
criterion for ozone resistance of vulcanizates, as
prescribed by the standards of many countries, is the
“time to the appearance of the first corrosion crack on
the surface of a vulcanizate sample under uniaxial load
in an ozone environment” [4-5]. This moment in time
is generally recorded visually. With the advancement
of experimental techniques, dynamic testing methods
which still rely on visual observation of the crack
initiation moment have appeared in the practice of ozone
resistance measurements [6]. However, the main focus
in improving the ozone resistance of vulcanizates is
currently directed toward developing new formulations
and modifying existing ones [7-9].

Recently, the processes of crack formation and
evolution in materials under ultimate loads have been
analyzed in terms of geometric phase transitions
(percolation) [10-14]. Without delving into possible
microscopic mechanisms of crack initiation in ozone-
aged vulcanizates, the present work considers ozone
damage to vulcanizates as a geometric phase transition.
The result of this transition is the nucleation of corrosion
cracks in the surface layer of a material under a plane
stress state.

The process of aggressive ozone action on the
surface of rubbers in a mechanically stressed state
begins in those areas where the surface structure is
distorted by defects, such as the presence of filler
particles, areas with uneven filler distribution in the
material, or irregularities in the formed vulcanization
network [15]. The surface density of such distorted
sites, which initiate the interaction process between
ozone and the vulcanizate, varies significantly
depending on the vulcanizate production technology
and its components [16]. Their initial areas are usually
considered to be comparable to the sizes of filler
components. Since ozone action occurs primarily
at the boundaries of these “defective” sites with the
surrounding surface, the areas of these sites increase
as the interaction process between the vulcanizate
and ozone develops. Accordingly, the increased

rate of ozone absorption is proportional to the total
perimeter of the areas of reacted sites on the ozonated
surface. However, ozone diffusion into the bulk of the
vulcanizate only affects the overall ozone absorption
to a minor extent.

Subsequently, the isolated reacted areas begin to
merge, leading to a decrease in their total perimeter and
consequent reduction in the ozone absorption rate.

When the entire sample surface has reacted, further
development of ozone corrosion occurs solely due
to the diffusion of ozone into the vulcanizate. This
initiates the formation and growth of cracks on the
surface undergoing ozonolysis. Under stressed material
conditions, this leads to crack opening and propagation,
along with a continuous increase in the reactive area
of the vulcanizate. Consequently, ozone absorption
continues to increase until a through-crack forms in the
sample.

Thus, the interaction of ozone with the vulcanizate
surface can be divided into two temporal stages: before
and after the moment of the first corrosion cracks
appearing on the surface.

The first stage—the process of growth and subsequent
merging of corroded areas on the vulcanizate surface—
is analogous in its development scheme to continuous
percolation on a plane. This is an abstract geometric
phase transition that concludes with the formation of a
“spanning” cluster, which divides the surface into two
parts [17, 18]. For example, when sequentially punching
holes of a certain predetermined diameter into a
conductive plate, whose positions are chosen randomly,
the electrical conductivity of the plate decreases along
a curve characteristic of second-order thermodynamic
phase transitions [17]. By continuing this procedure,
a chain of interconnected holes is eventually created
which cut the plate into two parts in some location. At
this point, current through the plate ceases due to its
electrical conductivity approaching zero. The region of
the plate at which it becomes divided into two parts is
called the “spanning” cluster.

Unlike a thermodynamic phase transition (e.g.,
ferromagnetic—paramagnetic), the onset of a percolation
phase transition depends on time, whereas in the former
case it depends on the temperature of the substance’s phase.

The difference in our model lies in the fact that it
does not involve the sequential addition of new phase
regions (holes), but the sequential increase in the size of
existing new phase regions (ozonolysis products). These
regions initially exist as an isolated system of structural
defects in the vulcanizate. With a merging of the growing
ozonolysis product regions, crack formation occurs on
the ozonated surface because the material is in a stressed
state, and the second stage begins—the propagation of
corrosion cracks into the sample bulk.
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EXPERIMENTAL

To confirm the percolation nature of the change in the
area of the vulcanizate surface having reacted with
ozone, we conducted machine modeling of the change
over time of the non-corroded surface area of a sample
as a function of the number of modeling steps (i.e.,
time).

Consider a square plate with a certain area S. Place
a square grid of equally spaced circles with initial
radii 7, on the plate. These circles model defects in the
original surface structure of the vulcanizate that initiate
ozonolysis along their perimeters. At each modeling
step, the perimeters of the circles increase by a certain
amount. Then, calculate the new circle radii, the total
area occupied by the circles, the area not yet reacted with
ozone, and the total length of all circle circumferences
in the grid (the total perimeter of the boundary with
the unreacted surface). Within this model, the ozone

Process of corrosion, step = 100

absorption rate is considered proportional to the total
length of this combined perimeter.

During the program’s operation, the areas of the
circles increase. Eventually, the circles begin to overlap,
and the total length of the perimeter where the ozone-
reacted surface contacts the still unreacted surface
decreases. The program continues until the total area
occupied by the reacted surface equals the total area of
the plate S.

Figures 1-4 show the simulation stages for four
time points, corresponding to step numbers: 100, 280,
320, and 400. In Figs. 1a—4a, the dark areas correspond
to the current sizes of the reacted areas on the
vulcanizate surface (hereinafter referred to as clusters).
Figures 1b—4b show the time dependencies of the total
length of cluster perimeters, while Figs. lc—4c show
the time dependencies of the total surface area not yet
reacted at that moment. All quantities on the axes are
given in arbitrary units.
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Fig. 2. Moment of mutual contact of corroded clusters, corresponding to the maximum rate of ozone absorption
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Process of corrosion, step = 320
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| Fig. 4. Completion of the simulation. The entire surface is corroded

As the clusters grow in size, their total perimeter
increases, and consequently, the ozone absorption rate
increases (Fig. 1). Up to the 280th modeling step, the
change in area over time resembles percolation behavior,
characteristic, for example, of experiments recording
current in a conductive strip as holes are punched with
randomly chosen coordinates [19, 20], or in a system
of parallel conductive buses as they are cut in random
order [21]. Within this model, the maximum ozone
absorption rate corresponds to the moment when the
total perimeter of all growing clusters reaches its
peak, observed when they contact each other at the
280th modeling step (Fig. 2). In continuum percolation
theory, this moment corresponds to the formation of a
“spanning” cluster [20]. In the conditions of our model,
the total perimeter of boundaries with the unreacted
surface subsequently decreases, corresponding to a
reduction in the ozone absorption rate (Fig. 3). The
simulation stops when the entire surface has been
corroded (Fig. 4).

The rate of ozone corrosion and consequent ozone
resistance of a vulcanizate can be most accurately
calculated by analyzing the kinetics of ozone absorption
by its surface. We investigated this process using
the Technical Ozone Resistance of Materials (TOM)
setup, developed at Volgograd State Technical
University (Russia) [22, 23], for testing the ozone
resistance of vulcanizates under conditions of a plane
stress state. Ozone exposure is applied to one surface of
a thin, flat disc-shaped sample, which is clamped along
its perimeter and deformed on the opposite side by
compressed air pressure. The TOM setup allows for the
recording of the amount of ozone absorbed by the sample
(i.e., reacted with the vulcanizate) during ozonolysis
by measuring the ozone concentration in the ozone-air
mixture to which the sample is exposed, at both the inlet
and outlet of the reaction chamber. Figure 5 shows typical
results of recording the time-dependent change in the
ozone absorption rate (mol/s) during testing of a series of
tire vulcanizate samples on the TOM setup. Comparing
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the graphs in Figs. 14 and Fig. 5, a good agreement
between the model and the results of the real ozonolysis
process of a vulcanizate is observed. The formation of the
first corrosion cracks, i.e., the increase in the reaction-
active surface area, for this vulcanizate composition
begins around the 24th second of the ozonolysis process
(Fig. 5). As seen from the graph, the ozone absorption
rate subsequently begins to increase again, indicating
the onset of the second stage of ozonolysis that involves
the propagation of corrosion cracks into the bulk of the
sample.
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Fig. 5. Typical time dependence of the ozone absorption rate
of tire vulcanizates

From a practical standpoint, it is of interest
to investigate the dynamics of the deterioration
(degradation) of the physicomechanical properties of
a material during the first stage of ozonolysis, which
concludes with the formation of corrosion cracks on its
surface.

RESULTS AND DISCUSSION

The main parameter recorded during testing
of wvulcanizates for ozone resistance using the
TOM method is the pressure of the air acting on the
sample in the pressurization chamber of the setup.
Ozonolysis leads to a decrease in the sample’s stiffness
and its subsequent deformation, which is recorded as a
pressure drop. A typical view of the time dependence
of pressure in the pressurization chamber during
sample ozonolysis is presented in Fig. 6 [24]. The
moment of crack initiation is registered by the TOM
method as the beginning of the linear segment on the
time dependence of pressure decrease in the setup’s
pressurization chamber.

A sample that has been clamped along its perimeter
and subjected to compressed air pressure from the
pressurization chamber side represents an elastic
element, which is generally nonlinear. The deformation
of this element can be characterized by the deflection w,
at its center (the apex of the dome). For small
deflection values, it can be considered a linear elastic
element—a spring with stiffness ~—and Hooke’s law can
be applied to it:

P-B=k-w, @)

where P is the current pressure of the compressed air
on the sample; B is the effective area of the sample,
depending on its diameter and the design features of the
TOM setup; w,, is the deflection of the apex of the sample
dome loaded by the compressed air pressure from the
pressurization chamber.
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Fig. 6. Time dependence of pressure in the injection

chamber. ¢, , is the moment of the onset of crack formation

in the sample

In the first stage of ozonolysis, ozone exposure affects
a thin surface layer of the material. According to current
understanding, the decrease in sample stiffness occurs
only due to the deterioration of the physicomechanical
properties of this layer. Let us model the sample as two
elastic elements connected in parallel, having
thicknesses /2, and /, and stiffnesses k, and k,. Stiffness k,
decreases as the area of the surface not yet reacted with
ozone diminishes, while stiffness k, decreases much
more slowly during ozonolysis. At the start of ozonolysis,
the material of the surface layer is identical to the rest of
the sample material. Therefore, the ratio of the initial
stiffnesses of the surface layer klo and the remaining
material kY equals the ratio of their thicknesses, i.c.,

K =hh—h-k1°, @
1

where £, is the thickness of the surface layer; 4 is the

thickness of the sample.

Since the total perimeter in our model is assumed
to increase linearly with time (until the clusters begin
to merge), the total ozonated surface area increases
quadratically with time. Therefore, the time-dependent
law for the decrease in stiffness of the surface layer can
be written as:

k(1) =kD —k'?,

where, k' characterizes the rate of decrease in the
stiffness of the sample’s surface layer during ozonolysis.
Its reciprocal, therefore, serves as an objective criterion
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for the ozone resistance of the sample material (during
the first stage of ozonolysis). The total stiffness of the
sample is:

koo (1) = k) =K't + key (2). 3)

Here, k,(¢) accounts for the slower process of ozone
diffusion through the surface layer into the depth of the
sample.

For small sample deflections (less than 0.4 of the
sample radius), a dependence of pressure P in the
pressurization chamber on the maximum deflection w,
(at the apex of the deformed sample’s dome) was
obtained in the form:

P()= 00 @)

Bw, (t)

which represents Boyle—Mariotte’s law (the ozonolysis
process of vulcanizates on the TOM setup is isothermal).
Here, P, and V, are the pressure and volume of
compressed air in the pressurization chamber at the
start of ozonolysis, while B is the effective sample area
introduced earlier.

Let us write Hooke’s law (1) in the form:

P() B = ki (1) (1) =
=[K0 k7 4 ky (1) ] i (0).

Expressing the deflection w, from (4) and substituting
it into (5), we obtain the time dependence of pressure
change in the pressurization chamber due to the decrease
in sample stiffness on the time interval from the start
of ozonation to the moment of the first corrosion crack
formation:

N o LR I
( )_ B2 = 32 .

)

(5a)

The best agreement of the obtained relationship
with experimental results on the TOM setup is observed
under the assumption of a linear law for the decrease in
stiffness k,(?), i.e.:

KO —k't2 + kY — k't RV,
P(t)=J[ 0 I ©

The negative root in (6) corresponds to negative
gauge pressure in the pressurization chamber. In the
TOM setup, this sample loading option is not used.

Neglecting the change in stiffness 4"’ during the first
stage of ozonolysis, we can rewrite Eq. (6) as:

[0 — k2 | R,

1 070

P(1)= X (6a)
Equation (6a) allows for the calculation of the constant &’

from experimental results obtained using the TOM setup,

which determines the moment of crack initiation, 7_ .
and the initial sample stiffness k. The initial stiffness is
calculated using Eq. (1), based on the condition that at
t =0, P = P,. The set of experimental results constitutes
a two-dimensional array “time ¢ — pressure P,” which,
according to Eq. (6a), expresses a quadratic dependence of
pressure on the sample versus time during the first stage of
ozonolysis. To obtain £’ values from this data, any suitable
computational environment, for example, MATHCAD,
can be used.

Further, the thickness of the surface layer damaged
during the first stage of ozonolysis can be calculated from
the experimental results. For the series of tire vulcanizate
samples used in this work, the thickness of the surface
layer damaged during the first stage of ozonolysis was
approximately 50 um.

Figure 7 shows the relationship between the ozone
resistance coefficient we propose and the standard ozone
resistance parameter—the time to crack initiation in the
ozonated vulcanizate.
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Fig. 7. Relationship between the ozone resistance coefficient
and the time before crack formation in tire vulcanizate samples

The graph is based on the results of statistical
processing of ozone corrosion experiments conducted
on a series of 17 tire vulcanizate samples. The ozone
concentration in the ozone-air mixture at the inlet of the
reaction chamber was 12 mg/L = 10% in all experiments.

As can be seen from the graph, the ozone resistance
coefficient correlates well with the previously mentioned
standard criterion for vulcanizate ozone resistance—the
time to the first corrosion crack formation in the sample.
However, it avoids the subjective aspect of the standard
method, which uses visual observation to record the time
of corrosion crack formation.

CONCLUSIONS

1. Crack formation arising on the surface of vulcanizates
in a mechanically stressed state during corrosive
exposure can be considered in terms of a percolation
phase transition, similar in nature to continuous
percolation.
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2. A model is proposed for the decrease in mechanical
stiffness during ozonation of a sample deformed by
one-sided pressure. The sample is considered as a
system of two elastic elements connected in parallel,
whose stiffnesses decrease during the first stage of
ozonolysis at significantly different rates. The model
is in good agreement with experimental results
obtained on the TOM setup.

3. The numerical indicator of vulcanizate resistance to
aggressive ozone exposure proposed in this work—the
ozoneresistance coefficient—is practically linearly related
to the currently accepted ozone resistance parameter, the
time to crack initiation. However, the numerical indicator
is more accurate as it does not require visual observation
of the ozonolysis process development.
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