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Abstract. This paper extends previous studies by the authors that aimed to describe the effect of apparent cross-link density
(CLD) of the rubber polymer networks on the fracture mechanism caused by cut and chip (CC) wear of natural rubber (NR),
demonstrating the positive effect of conventional vulcanization (CV). This work is focused on the determination of the effect
of CLD while keeping constant the accelerator-to-sulfur ratio A/S = 0.2, typical for CV systems. For this ratio, different
sulfur quantities were chosen, and the concentration of the accelerator N-tert-butyl-benzothiazole sulphonamide (TBBS)
was calculated to achieve CLDs in a range from 35 to 524 pmol-cm.

Standard analyses such as tensile tests, hardness, rebound resilience and DIN abrasion were performed. From these analyses,
the optimum physical properties of the NR-based rubber were estimated to be in the CLD range of approximately 60 to
160 umol-cm=. A CC wear analysis was performed with an Instrumented cut and chip analyzer (ICCA) and it was found
that the highest CC wear resistance of the NR is in the CLD range of 35 to 100 umol-cm>. Furthermore, the effect of strain-
induced crystallization (SIC) of NR on CC wear and its dependence on the CLD region was discussed. For the first time, we
determine a CLD range for a CV system in which the material achieves both optimal mechanical properties and CC wear
resistance.

Keywords: cut and chip wear, natural rubber, sulfur, accelerator, mechanical properties, apparent cross-link density, strain-in-
duced crystallization, testing

1. Introduction

The use of off-the-road tires (OTR), e.g., for agri-
cultural, construction, and forestry machinery, or of
conventional truck and car tires in low-traffic areas
on very rough concrete or asphalt roads leads to
heavy wear and damage to the tread. The same hap-
pens with rubber products when used on conveyor
belts or rubber tracks. Such wear occurs, for exam-
ple, when the tire rolls and slides over a sharp sur-
face such as a stone, root, stalk, efc., where high-
stress concentrations occur in the tread of the tire at

*Corresponding author, e-mail: stocek@utb.cz
© BME-PT

the tips of the sharp surfaces, which press into the
rubber. When this stress exceeds the threshold
strength of the applied rubber, a cut will occur. Fur-
ther rolling of the tire and the associated traction or
braking forces on such severe terrain then cause
pieces of rubber to detach from the tread. These wear
phenomena are well known as cut and chip (CC)
mechanisms, also termed CCC, which stands for cut,
chip, and chunk wear field conditions [1, 2].

Generally, tire treads are made from both natural
(NR) and synthetic rubber (SR), and the use of NR
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has many advantages over SR for heavily loaded tires
(e.g., commercial tires). NR is a renewable resource
that has high elasticity and tensile strength, as well
as low self-heating under cyclic loading [3-5]. An-
other advantage is its high resistance to crack growth
under dynamic cyclic loading. The cause is strain-in-
duced crystallization (SIC) [6], which, combined
with the high ultimate strength, gives NR favorable
properties for use in applications where very high dy-
namic loads occur, as is the case with tire treads in
difficult terrain. On the other hand, NR has a low re-
sistance to crack initiation compared to synthetic rub-
ber, i.e., it has a low fatigue threshold strength [7, 8].
In effect, this means that even at very low loads, the
rubber chains in such rubber will initially break, and
thus, cracks appear. Such lower loads occur, e.g.,
when tires are operated on smooth roads where abra-
sion due to rubber fatigue predominates, i.e., when
the tires slide with lateral slip over road roughness in
the nanometer or micrometer range. Thus, NR has
very limited resistance to fatigue wear; however, it is
highly resistant to CC wear in tires on severe roads.
Figure 1 shows photographs of tires with visible CC
wear, and it can be observed that CC wear is the
dominant mechanism that caused the damage to both

a)

tires, despite the fact that both tires are used for dif-
ferent purposes. Figure 1a, shows a forestry equip-
ment tire used exclusively in a forest environment,
whereas Figure 1b, shows a multipurpose tire (MPT)
operated in various terrains. Their connecting feature
is that the treads of both tires contain a high amount
of NR, which is specifically resistant to CC wear. So,
the question arises as to why CC wear is the predom-
inant mechanism that damages these tires consider-
ably when they are made of NR and should be resist-
ant to CC wear. In practice, various reasons may
occur: (1) the tires have been stressed beyond the ul-
timate strength of the rubber in very difficult terrain,
(i1) the compound formulation contains an ingredient
that reduces resistance to CC, such as a synthetic rub-
ber or various types of fillers, (iii) the material has
been subject to physical aging, or (iv) the selected
vulcanization system turned out to be unsuitable, ezc.
The common reason (iv) is the subject of the investi-
gations carried out here.

Vulcanization or curing, or cross-linking leads in the
rubber industry to the formation of covalent sulfur
bonds between polymer molecules [9]. The choice
of a suitable vulcanization system is crucial for
achieving optimum rubber resistance to CC wear, as

b)

Figure 1. Photographs of the worn tire treads illustrating the CC wear mechanism: forestry equipment tire (a), and MPT (b).

1179



M. Péschl et al. — Express Polymer Letters Vol.18, No.12 (2024) 1178—1190

already described in [10]. Within the previous work,
the CC resistance of NR has been studied over the
complete range of applicable curing systems, namely
conventional (CV), semi-effective (SEV), and effec-
tive (EV) by variation of the cross-link density
(CLD). Finally, it has been found that the CC wear
resistance of NR is the highest in the region of action
of the CV system. Therefore, this work focuses on
the experimental determination of the effect of CLD
while keeping the accelerator-to-sulfur ratio A/S =
0.2, which is exactly typical of a CV curing system,
to determine the range of CLD, where both the me-
chanical properties and CC wear resistance are well-
balanced and optimal. Therefore, it is necessary to
first analyze the curing system in detail.

Sulfur is the most commonly used as a curing agent.
The most widely used rubbers are those with ‘high
diene content’, e.g., NR, styrene-butadiene rubber
(SBR), and butadiene rubber (BR), which are vulcan-
ized with sulfur in the presence of organic accelera-
tors. Accelerated vulcanization of these rubbers using
sulfur, together with the vulcanization of other rub-
bers cured by a closely related technology, accounts
for more than 90% of all vulcanizations [11, 12].
Whereas the remaining part creates vulcanizates
based on different curing agents such as peroxides,
metallic oxide, or bismaleimide [13—16]. In general,
the curing system is composed of the activators of
vulcanization, accelerators, and curing agents. The
activator of sulfur vulcanization is composed of ZnO
and stearic acid [11, 15]. The application of activators
and accelerators in rubber compounds reduces the
curing time from several hours to a few minutes,
which is both economically and ecologically primary.
The type of concentration of accelerators and sulfur
curing agent determines the type of bonds and the
CLD, whereas the following types of bonds are pres-
ent: Monosulfide (CSC), disulfide (CS,C), and poly-
sulfide (C—S4—C). Based on the quantity of individ-
ual types of bonds or their combination, three special
types of systems are well-known, which are already
mentioned above, and are CV, SEV, and EV systems.
These curing systems can be uniquely characterized
by the ratio of the amount of accelerator-to-sulfur
A/S ratio. CV systems are characterized in the range
of A/S from 0.1 to 0.6 and generally generate CLD
with 95% poly- and disulfide cross-links, and the re-
maining 5% are monosulfide bonds [17]. The CV
systems provide great resistance against fatigue
loading but reduced thermal resistance. SEV curing

system obtained A/an A/S ratio in the range from 0.7
to 2.5 and is characterized by 50% poly- and disul-
fide bonds, whereas the remaining 50% are mono-
sulfide bonds. A SEV curing system composed of
approximately the equivalent of the accelerator-to-
sulfur ratio, A/S = 1.0, will provide vulcanizates with
a good compromise between physical properties and
resistance to thermo-oxidative aging [18-20]. EV
curing systems are those where a low level of sulfur
and a correspondingly high level of accelerator or
sulfur-less curing are employed in vulcanizates with
an A/S = 2.5 or more. EV is characterized due to
more than 80% of monosulfide bonds. Therefore, an
EV system exhibits very high self-heating and lim-
ited reversion. On the other hand, CV and SEV sys-
tems exhibit significant reversion when exposed to
a temperature-time treatment [19-21].

The intensity of the cross-linking generation can be
characterized by the CLD, whose absolute value in-
creases with increasing A/S ratio. Individual curing
systems produce different CLDs, the lowest being
the CV system, followed by the SEV system, with
the highest CLD being achieved by the EV system.
[22, 23]. The CLD plays a crucial role because it di-
rectly influences the mechanical behavior of cured
rubber, e.g., the modulus and hardness increase mo-
notonically with increasing CLD, and the material
becomes more elastic with lover hysteresis, which
causes a decrease in self-heating and improvement
in resistance to thermal aging of such rubbers. [16,
23, 24]. Another phenomenon to consider is the SIC
of some rubbers, such as NR and chloroprene rubber
(CR). When rubber is stretched, the molecules are
arranged in a regular ordered shape in a crystalline
structure [25]. The ability to form crystals increases
with increasing deformation and exposure time. It
has been evaluated experimentally that the onset of
SIC in unfilled NR occurs at a tensile strain of
~400%; however, at lower strain values when carbon
black (CB) is added as filler [26].

Thus, SIC is the most applied at high deformations
under dynamic loading. Several models have been
proposed to understand SIC. Furthermore, there are
the theories of Gaylord and Lohse [27] proposing
models for describing SIC [27-30]. Based on these
models, the deformation results in an increase in the
distance between the cross-links of the rubber, there-
by reducing the entropy of the molecular chains and
activating crystallization [31]. The ability to crystal-
lize under tension is an important property of
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NR-based rubber as it directly leads to its stiffening
[32]. From the perspective of the vulcanization sys-
tem, respective CLD, the crystallization effect de-
creases with increasing CLD, leading to the fact that
the optimal crystallization effect occurs in rubber
vulcanized by the CV system [33]. It is during CC
wear when the tire tread rolls over the axial aperture,
and its tip is pushed deep into the rubber matrix, that
high local deformation occurs well above the thresh-
old at which crystal formation is induced. This is the
main reason why the SIC material is highly resistant
to CC wear. The combination of the information on
the resistance of the rubber to CC wear due to the
SIC effect and the achievement of the optimum effect
of crystallization in the CV system makes it clear that
it is the rubber with the SIC effect vulcanized by the
CV system that is the most suitable candidate for a
material resistant to real CC wear. From a chemical
point of view, it is clear that vulcanizates containing
more polysulfide bonds show a higher rate (SIC) and,
therefore, higher CC wear resistance compared to
vulcanizates with disulfide and monosulfide bonds
[34]. However, it must be clearly understood that for
the low load region, where SIC is not induced in rub-
bers subject to SIC, CC wear is significantly higher
than for rubbers not subject to SIC. Thus, the positive
effect of SIC as an unrepresented role of the CV sys-
tem has been demonstrated in previous work by the
authors [10]. In this paper, the increased resistance
against CC wear of NR-based rubber on SIC has
been clearly demonstrated. Moreover, the study def-
initely confirmed the significantly improved resist-
ance of NR-based rubber against the CC wear cured
with the CV system compared to those cured with
SEV and EV. However, previous studies were based
on varying the CLD by varying the A/S ratio by vary-
ing the amount of accelerator while keeping the
amount of sulfur constant.

Therefore, the present work is focused on the exper-
imental determination of the effect of CLD while
keeping constant the accelerator-to-sulfur ratio A/S =
0.2, which exactly is typical for the CV curing sys-
tem and thus unambiguously determines the range of
network densities within which the optimum me-
chanical properties and CC wear resistance of the
rubber can be achieved. For this ratio, different sulfur
quantities of 1/1.5/2.5/4/8/10 and 16 phr (parts per
hundred of rubber) were chosen, and the accelerator
concentration N-tert-butyl-benzothiazole sulfon-
amide (TBBS) was calculated accordingly respecting

the constant A/S ratio. The studied material was
again NR and filled with CB, as in previous pub-
lished studies.

2. Materials and methods

2.1. Materials

The based material NR (standard Vietnamese rubber
with a Mooney viscosity ML(1+4) at 100 °C: 60+5),
obtained from Binh Phuoc (Vietnam) under the trade
name SVR-CV60-3L, was used as the base for the
rubber compounds studied. The filler of amount
58 phr of CB of the type N 220 from Makrochem
(Lublin, Poland) has been applied as reinforcing
filler, which is characterized due to Iodide absorption
(I4 = 121£6 g-kg™") and oil absorption (dibutyl ph-
thalate absorbtion (DBPA) = 121+6 mL-100 g").
The other raw materials contained in the rubber recipe
are as follows: antidegradant 2,2,4-trimethyl-1,2-
dihydroquinoline (TMQ) from Lanxess (K6ln, Ger-
many), antioxidant N-(1,3-dimethylbutyl)-N’-phenyl-
p-phenylendiamine (6PPD, Vulkanox 4020) from
Lanxess (K6In, Germany), antiozonant Varazon 5998
from Lanxess (Sandton, South Africa), processing aid
Tudalen oil 11 from Fraunhofer (Miinchen, Ger-
many), activators ZnO from SlovZink a.s. (KoSeca,
Slovakia), and stearic acid from Setuza a.s. (Usti nad
Labem, Czech Republic), accelerator N-tert-butyl-
benzothiazole sulfonamid (TBBS) from Duslo a.s.
(Sala, Slovakia), and curing agent sulfur OT 33 from
Estman Chemical Company (Kingsport, TN, USA).
Toluene, which was used for the characterization of
the rubber swelling to determine the apparent CLD,
was obtained from Sigma-Aldrich (St. Louis, MO,
USA). For the analysis of CLD distribution, propan-
2-thiol (>98%), dodecan-1-thiol (>98%) and piperi-
dine (99%) were provided by Sigma-Aldrich (St.
Louis, MO, USA).

2.2. Preparation of rubber compounds

Seven rubber compounds were prepared while vary-
ing the amount of accelerator and sulfur so that the
ratio of the accelerator-to-sulfur A/S = 0.2 was main-
tained. The rubber recipe is given in Table 1.

A two-step mixing procedure was employed to pre-
pare all rubber compounds. Both of the steps were
made in an internal mixer SYD-2L from Everplast
(Taiwan) with a fill factor of 0.75 and a total mixing
capacity of 1.25 L. First, the masterbatch was pre-
pared after masticating the virgin rubber for 1 min.
Next, the CB together with Tudalen oil 11 were
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Table 1. Rubber compound recipe.

. Loadin
Ingredient [phr] g

SVR-CV60-3L 100.0

N 220 58.0

™Q 2.0

6PPD 2.5

Varazon 5998 2.0

Tudalen oil 11 6.0

ZnO 5.0

Stearic acid 3.0

TBBS 0.2/0.3/0.5/0.8/1.6/2.0/3.2
Sulfur OT33 1.0/1.5/2.5/4.0/8.0/10.0/16.0

added and mixed for another 3.5 min. Additionally,
ZnO and stearic acid have been incorporated to the
mixture and mixed for another 7 min. The rotor
speed was 50 rpm to reaching the temperature of the
mixture maximum of 150 °C, whereas the initial
temperature was 70 °C. The masterbatch thus pre-
pared was milled over a period of 3 min using a dou-
ble-roll mill at a rotation speed ratio of 15:12 and
sheeted out at rolls of a temperature 70 °C.

The final batch was then prepared by mixing the
masterbatch together with sulfur and accelerator for
3 min at a rotor speed of 35 rpm and at an initial tem-
perature of 60 °C followed by adding the complete
curing system and mixed until the temperature of the
mixture reached 96 °C. The final batch was again
milled with a double-roll mill at 60°C for 3 min.
Produced mixtures were stored for 24 h before fur-
ther analyses.

Curing characteristics were measured according to
ASTM D 5289 standard on the premier MDR-mov-
ing die rheometer from Alpha Technology (Hudson,
OH, USA) at constant temperature of 160°C. The
following parameters have been obtained: minimum
torque (M), maximum torque (My), scorch time
(ts2), and optimal curing time (#9g). The reversion of
curing behavior was calculated and reported in per-
centage using Equation (1):

My — My )

100 1
My, )

Reo [%]=
where Mg is the torque at 60 min. The reversion was
calculated after 60 min of the vulcanization.

Finally, the rubber samples for future tensile and
hardness analyses were prepared by compression
molding at 160 °C using the hydraulic heating press
LabEcon 300 from Fontijne Presses b.v. (Rotterdam,
the Netherlands) at constant pressure 200 kPa. The

samples were cured in accordance to optimum cur-
ing time #99. On the other hand, the specimens used
for the CC wear analysis were molded identically,
but at different times f9¢+7 min, with the additional
7 min resulting from the specification of 0.5 min per
1 mm of specimen thickness.

First, the tensile properties, Shore-A hardness, re-
bound resilience, CLD and its distribution were an-
alyzed. The tensile test was performed using the ten-
sile testing machine T10D from Alpha Technology
(Hudson, OH, USA) according to ISO 37 standard
at the extension rate of 500 mm-min~' for standard
test specimens of the type S2 with 2 mm. Tear
strength were measured according to ISO 34—1 using
the identical tensile testing machine. The tensile as
well as tear strength properties reported in this paper
are average values of 5 replicas. The measurement
of the Shore-A hardness was performed in accor-
dance with ISO 7619-1 and measured on 5 replicas
at time 3 s for each compound. Rebound resilience
was determined according to ISO 4662 standard
using an identical sample as for Shore-A hardness.
Average values of the rebound resilience and their
standard deviation were subsequently determined
from 6 replicas. Measurements of Shore-A hardness
and rebound resilience were performed at laboratory
temperature of 23 °C.

The CLD calculation is based on the Kraus modified
Flory-Rehner formula (Equation (2)) for filled rubber
vulcanizate from equilibrium swelling in toluene.
Detailed relations for calculating CLD are given in
a previous publication [10]:

_ V[ V) + v+ V7]
v,(Vvav—osv,)

2

where V; is molar volume of toluene, V; is the vol-
ume fraction of the gel in the equilibrium swollen
vulcanizate with fillers and V,, the volume fraction
of gel in the equilibrium swollen vulcanizate without
fillers. y is the Flory-Huggins polymer-solvent inter-
action parameter. In the case of NR and toluene as
swelling agent y = 0.414 [17]. Samples for swelling
tests were of rectangular shape with the dimensions
20%30x2 mm and the experiment was performed at
laboratory temperature of 23 °C.

The distribution of CLD according to the type and
amount of bonds in the vulcanizate (monosulfide,
polysulfide and disulfide) was determined on the
basis of two-step thiol-amine reactions [35]. In the
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first stage, the partitioning of the polysulfide bonds
was achieved by placing the swollen sample in a so-
lution prepared by mixing two solutions of 0.4 M so-
lution of propan-2-thiol in toluene and 0.4 M solu-
tion of piperidine in toluene, where M denotes molar
concentration in mol-dm™. After 24 h, the samples
were removed from the solution, decanted, and rein-
serted in toluene for 24 h for swelling. The samples
were weighed after 24 h. In the second step for the
disulfide bond cleavage, the process was repeated
identically, except that the swollen samples were
placed ina 1 M solution of dodecan-1-thiol in piperi-
dine for 24 h of exposure. Finally, the distribution of
polysulfide bonds (defined as vpolysulfiae) Was deter-
mined from the difference between the total apparent
CLD, determined by swelling, before (defined as
Viotal) and after (defined as Viono- and disulfide) the treat-
ment and can be expressed as Equation (3):

\%

polysulfide = Vtotal - Vmono —and disulfide (3)

The distribution of monosulfide bonds was deter-
mined after the second step and calculated as Equa-
tion (4):

Vdgisulfidic = Ymono— and disulfidic — Y monosulfidic “4)

The determination of the rubber resistance to DIN
abrasion was performed for 3 replicas per compound
in accordance with ISO 4649B, whereby this method
is based on the determination of the mass loss rela-
tive, Am,q, as a relative number in %. Am,. was de-
termined by sliding a rubber test samples over a
length of 50 m on a specific abrasive sheet with a

50

45

40

35

30

25
20

Torque, M [dN-m]

15

10

0 10 20 30 40 50 60
a) Cure time, t [min]

force of 10 N and has been determined as Equa-
tion (5):

m;—m
Am,q [%]= 1T12 100 (5)
where m; is the weight of a sample in [g] prior and
my after the abrasion. The measurement was per-
formed on cylindrical samples with a diameter of
16 mm and a height of from 6 to 12 mm.
Finally, the CC behavior of all materials represented
by the CC damage parameter, P was analyzed at lab-
oratory temperature using the Instrumented cut and
chip analyzer (ICCA) from Coesfeld GmbH & Co
(Dortmund, Germany) under the following test con-
ditions:
— Rotational speed: 150 rpm,
—normal (impact) forces: 100/150/200 N,
—sliding time: 50 ms,
— impact frequency: 5 Hz,
— total no. of impact cycles: 3000.
Testing device and principles of the testing proce-
dures are described in [36—40] and the complete
ICCA analyses have been performed in accordance
to the testing protocol described in detail previously
in [6, 10].

3. Results and discussion

The curing characteristics are shown in Figure 2,
left, and the evaluated curing parameters are listed
in Table 2. From Figure 2a, it can be seen that the
value of My increases with increasing sulfur concen-
tration, with the lowest torque value My (9.4 dN-m)
given by the mixture with 1 phr sulfur. Obviously, a
higher sulfur concentration results in a higher curing

10 T T T 3.0

T T T T T
—=— Optimum cure time, t,,
9F —=— Scorch time, £,

125

Optimum cure time, t,, [min]
F NS )
[6,]
Scorch time, £, [min]

O 1 1 1 ] 1 1 1 1 00
0 2 4 6 8 10 12 14 16 18

b) Loading of the sulfur [phr]

Figure 2. Vulcanization characteristic rubber compound (a) and dependence of curing parameters 7o, £;; on the concentration

of sulfur (b).
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Table 2. Vulcanization of parameters of rubber compounds.
Sulfur

Reversion after

My | M t t : )
c?:)lltlf‘lllt [dN-m] | [aNm] | [min] | [min] | 5 m“‘[‘f;:]c“”“g
10| 94 | 31 | 27 | 89 0.53
150 135 | 29 | 11 | 52 16.3
25 | 182 | 30 | 13 | 57 222
40 | 242 | 34 | 15 | 57 293
80 | 352 | 25 | 12 | 48 498
100 | 379 | 26 | 09 | 35 515
160 | 471 | 28 | 10 | 28 46.4

speed. A closer look at these diagrams provides in-
formation about the behaviour of the material during
curing, which can be expressed by the curing param-
eters t99 and £,. First of all, a reduction in fgg and ¢y,
can be observed for the compounds shown in
Figure 2b. The curing parameters f99 and ¢ initially
show a steep decrease with increasing sulfur concen-
tration of 1 to 1.5 phr, followed by a slight increase
in the values of #( and #,, up to sulfur concentration
of 4 phr, while with subsequently increasing sulfur
content the values of both parameters decrease
steadily. The mixture with 1 phr sulfur reaches the
highest 799 value (8.9 min). The lowest #9y value
(2.8 min) was determined for the compound with the
highest sulfur concentration of 16 phr. Table 2 also
shows the typical reversal phase values for NR,
which were determined for a vulcanization time of
60 min. The results clearly show that the reversion
behavior is dependent on the sulfur concentration.
No reversion occurs in a compound with a sulfur
concentration of 1 phr, whereby the reversion values
increase with a further increase in the sulfur concen-
tration up to a sulfur concentration of 10 phr and de-
crease again at a sulfur concentration of 16 phr.
Therefore, it can be said that a local maximum of re-
version is reached at 10 phr sulfur.

Figure 3 shows the dependence of CLD on sulfur
concentration for the material cured with respect to
t9o. In order to describe the relationship between sul-
fur concentration and CLD by a continuous analyti-
cal function with maximum accuracy, a specific
function (Equation (6)) with a maximum coefficient
of determination, R? was found in accordance with
the method used in [41]:

CLD =(a-%/s + b)2 (6)

where S is the concentration of the sulfur, and a and
b are the numerically determined coefficients. A

600

500 -

400

300

200

100 |- Rubber samples cure ¢,

——— Approximation

Apparent cross-link density, v [umol/cm~]

O 1 1 1 1 1 1 1 1
0 2 4 6 8 0 12 14 16 18

Loading of the sulfur [phr]

Figure 3. Dependence of the CLD on sulfur concentration.

Table 3. CLD related to sulfur concentration.

Sulfur concentration CLD, v
[phr] [umol-em™3]
1.0 35
1.5 57
2.5 99
4.0 156
8.0 292
10.0 354
16.0 52

value 0of 0.01134 was calculated for a, and —-0.00517
for b. Table 3 summarizes the CLD values corre-
sponding to the sulfur concentration with the numer-
ical CLD values determined from the approximation
function (Equation (6)). The approximation is fur-
ther used in this work to assign mechanical proper-
ties to the CLD values analyzed in this study.

The percentage distribution of CLD as a function of
sulfur concentration is presented in Table 4, and the
distribution of polysulfide, disulfide, and monosul-
fide bonds can be observed. For samples with low
CLD, corresponding to sulfur concentrations of 1 and
1.5 phr, only the content of polysulfide bonds could
be determined, whereas materials with such low
CLD contain only a minimum of disulfide and mono-
sulfide bonds, which could not be determined due to
the low CLD. Moreover, a material with such a low
CLD broke down upon breaking the polysulfide
bonds, where such samples are marked as unanalyz-
able in Table 4. It can be determined that approxi-
mately 90% of these CV curing systems are just poly-
sulfide bonds. Just as mentioned above, the presence
of the maximum amount of polysulfide bonds is cru-
cial for a higher rate of SIC formation [34] and a sig-
nificant reduction in CC wear. It was then further de-
termined that the amount of monosulfide bonds
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Table 4. Distribution of the CLD.

Sulfur content Polysulfide Disulfide Monosulfide
[phr] bonds bonds bonds
[%o] [o] [%o]
1.0 Unanalyzable | Unanalyzable | Unanalyzable
1.5 88.2 Unanalyzable | Unanalyzable
2.5 90.1 4.5 5.4
4.0 87.8 9.9 23
8.0 90.5 8.3 1.2
10.0 90.0 9.3 0.7
16.0 92.7 6.8 0.5

decreases with increasing sulfur concentration, with
the monosulfide bond content determined to be 5.4%
for samples with 2.5 phr sulfur and with further in-
creases in sulfur concentration of 10 phr (0.7%) and
16 phr (0.5%) monosulfide bonds can be observed.

The tensile properties, namely the stress and elonga-
tion at break, as a function of the CLD, are shown in
Figure 4a. The stress at break for low CLD values
increases to a value of 160 umol-cm™, where its
value reaches 26 MPa, and then steadily decreases
with further increase in CLD. It should be noted that
stress at break values higher than 20 MPa, consid-
ered standard high values, are obtained for all the
CLDs analyzed except for the lowest value of
35 umol-cm™. On the other hand, the elongation at
break steadily decreases with increasing CLD.
Figure 4b, illustrates the dependence of Shore-A
hardness and rebound resilience on CLD, and the
waveforms for both dependencies are almost identi-
cal and show a growth with increasing CLD. The
steepest increase is then observed for hardness up to
a value of 300 umol-cm™ and for rebound resilience
up to a value of 160 umol-cm3, whereas for other
values of CLD, the increase is only gradual.
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Figure 5. Tear strength in dependence on CLD.

The tear strength dependence for the type of angular
test specimen is shown in Figure 5. It can be seen
that a significant increase in tear strength occurs in
the region of CLD approximately from 35 to
100 pmol-cm™. For the CLD = 100 umol-cm™, the
maximum tear strength (140 N-mm™') can be ob-
served. It is evident that from this value onwards
there is a decrease in tear strength. It can, therefore,
be concluded that the maximum resistance to crack
growth is provided by this system around CLD =
100 pmol-cm™, only.

Figure 6 shows the dependence of DIN abrasion rep-
resented by the mass loss relative Amye; on CLD. The
material with the lowest CLD = 35 pmol-cm™
shows the highest value of relative weight loss, up
to 6.6%. However, a slight increase in CLD to about
60 pmol-cm™ shows a significant decrease in mass
loss relative to a value of about 2.6%, which remains
almost constant up to 160 umol-cm3. With a further
increase in CLD, the relative weight loss value
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Figure 4. Tensile properties (a), Shore-A hardness and rebound resilience (b) as a function of CLD.
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Figure 6. Mass loss for DIN abrasion in dependence on
CLD.

increases steadily again, but even for the highest
value of CLD = 530 umol-cm™, it is still significant-
ly lower, 4.9 %, compared to the highest measured
value of CLD =35 pmol-cm™. Thus, this relation-
ship clearly shows that materials with CLD in the
range of 60 to 160 cm ™3 show the highest DIN abra-
sion resistance.

Finally, the dependence of the CC wear represented
by the CC damage parameter, P, on the CLD will be
discussed, where this dependence is plotted in
Figure 7 for different loads. Figure 7a shows the de-
pendence for the whole range of CLD, whereas
Figure 7b only details the dependence from the low-
est CLD value up to 150 pmol-cm™. For a clear un-
derstanding of CC behavior, each curve must be dis-
cussed individually. The dependence of CC damage
parameter, P on CLD for the lowest load of 100 N
shows a slight increase from the lowest CLD value
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at first, but immediately after reaching 60 pmol-cm™
CC damage parameter, P starts to decrease again up
to CLD = 130 pmol-cm™3. With a further increase in
CLD, the CC damage parameter, P, increases signif-
icantly up to about 400 pmol-cm™, when for the
highest CLD, it decreases again slightly. In contrast,
the CC damage parameter, P for, the intermediate
load of 150 N increases with increasing CLD value
over the entire CLD region. Here, however, it is nec-
essary to concentrate on the detailed CLD region
only up to 150 pmol-cm™3, in which up to a value of
about 70 pmol-cm3, the CC damage parameter, P
values for a medium load of 150 N are significantly
lower than for a loading force of 100 N. After this
value is exceeded, the CC damage parameter, P, for
150 N, is then significantly higher than for lower
force. The CC damage parameter, P, for the highest
load of 200 N, is slightly higher than for the two re-
maining loads at the lowest CLD but decreases with
a further increase to a value of CLD = 60 pmol-cm™.
With a further increase in CLD, the CC damage pa-
rameter, P value, increases steadily, but still, in the
range of about 40 to 90 pmol-cm>, the damage pa-
rameter, P value, is the lowest of all loads applied.
With a further increase in CLD, the CC damage pa-
rameter, P value for a 200 N load, is already higher
than for a 100 N load but still lower than fora 150 N
load up to a value of CLD = 150 pmol-cm™3. The ef-
fect of SIC is evident in the curves for loads of 150
and 200 N, wherein the CLD region from 50 to
90 pmol-cm™, the minimum values of the CC dam-
age parameter, and the P parameter are just for the
highest loads without the sharp slope that occurs
with further increase in CLD. Thus, in this region,
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Figure 7. Dependence of CC damage parameter, P on CLD (a) and detailed view up to 160 pmol-cm™ (b).
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crystals are formed at such intense loads, which
strengthen the rubber matrix, and the rubber be-
comes more resistant to CC wear.

Table 5 shows photographs of CC wear on the sur-
faces of the samples after the CC analysis has been
completed. The structure of the CC worn surface
corresponds to the CC damage parameter, P values
in the plots in Figure 7, where with lower CC dam-
age parameter, P values, the structure of the CC wear
on the surface is also lower and vice versa. It is par-
ticularly interesting to observe the surface for
CLD = 57 umol-cm™>, for which it is clearly seen
that indeed, the lowest CC wear structure is exhib-
ited by the sample loaded with 200 N followed by
the surface of the sample loaded with 150 N and the
most significant CC wear structure is exhibited by
the sample loaded with the lowest force of 100 N.
The samples with CLD = 99 umol-cm™ already
shows a significantly higher CC wear structure for
the samples loaded with 150 and 200 N compared
to the load of 100 N. This trend, where the samples
loaded with the lowest force show the lowest CC
wear structure compared to the samples loaded with
both higher loads, remains consistent with increas-
ing CLD.

4. Conclusions

This work extends previous research [10] by the au-
thors that aimed to describe the effects of apparent
CLD on the wear of NR in order to highlight the pos-
itive effect of CV. Therefore, the present work fo-
cuses on the experimental determination of the in-
fluence of CLD at a constant accelerator-to-sulfur
ratio A/S = 0.2. All investigated compounds, CLDs
ranging from 35 to 524 pmol-cm~ were determined.
Initially, standard analyses of tensile strength,
Shore-A hardness, rebound resilience, and DIN abra-
sion were performed to determine their dependencies
on CLD. With increasing CLD, an increase in
Shore-A hardness and rebound resilience and a de-
crease in elongation at break were observed. The
stress at break increases with increasing CLD up to
a value of about 160 pmol-cm™, then the trend re-
versed. The steady-state abrasion was determined
using the DIN Abrader device, with the values for
mass loss decreasing with increasing CLD to around
60 umol-cm™ and remaining more or less constant
up to 160 pmol-cm™ before increasing again. In
terms of typical rubber mechanical properties, the
compounds reached optimum values in the CLD
range of 60 to 160 pmol-cm™>.

Table 5. Photograph of worn rubber surface after CC analysis at 1:1.32 scale.

Normal force, F
content | CLD-Y :
[pmol-cm™] 100 150 200
[phr] IN] [N] IN]
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ICCA was used to determine the resistance of the
rubber to CC wear as a function of CLD.

In contrast to the optimum CLD range in terms of
mechanical properties, the highest resistance of our
compounds to CC wear was found in the range from
35 to 100 umol-cm™3. However, the positive effect
of SIC was only pronounced in the range from 35 to
about 80 umol-cm™3, which slightly reduces the ef-
fective CLD range.

Thus, for practical applications, this work narrows
down the CLD range for the CV curing system, in
which the rubber achieves both optimal mechanical
properties and resistance to CC wear, to around 60—
80 umol-cm™. This work is the first to present data
that defines the effective CLD range in relation to
the cross-linking system in order to achieve optimal
resistance to CC wear in addition to the rubber's
physical properties.

The investigations presented here can be seen as a
concept for solving the known conflicts of technical
objectives in the so-called magic polygon of tire de-
velopment on the material side.
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