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Abstract 
Slips and falls on icy surfaces can cause serious injuries of people. The 
primary risk factor for slipping incidents is undoubtedly the decreased friction 
coefficient between the shoe sole and the ice or snow surface. Nowadays en-
vironmental protection has been gaining significance and becoming highly 
important for the various innovation strategies. In rubber industry the con-
cept of environmental protection is more often associated with the maximum 
use of elastomers and ingredients from renewable sources in the manufacture 
of rubber products. The aim of this work is to investigate the possibilities of 
using elastomers and ingredients from renewable sources—epoxidized natural 
rubber, silica obtained by rice husks incineration and microcrystalline cellu-
lose—as fillers and rapeseed oil as a process additive in compositions, in-
tended for the manufacture of soles for winter footwear having an increased 
coefficient of friction to icy surfaces. The tribological tests based on the coeffi-
cient of friction evaluated the adhesion of the composites to the icy surfaces at 
different temperatures. The complex evaluation of developed composites re-
vealed those containing microcrystalline cellulose and biogenic amorphous si-
lica at a 1:1 ratio as the most suitable for making footwear soles because of the 
best combination of physicо-mechanical properties and coefficient of friction. 
 

Keywords 
Elastomer Composite, Epoxidized Natural Rubber, Biogenic Amorphous Silica, 
Microcrystalline Cellulose, Tribological Measurements 

 

1. Introduction 

Slips and falls are quite common on icy surfaces and can cause serious injuries. It 
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is believed that slipping accounts for 16% of all incidents and 43% of all fall in-
cidents in the Scandinavian countries [1]. For instance, in Finland nearly 50,000 
pedestrians each year receive injuries resultant from slipping on icy or snowy 
surfaces which lead to medical consultation [2]. The primary risk factor for 
slipping incidents is undoubtedly the decreased friction coefficient between the 
shoe sole and the surface beneath it. The facts described above indicate a 
significant public health issue associated with the adhesion of the footwear to the 
icy surface. A number of authors have done research in the particular area. 

Derler et al. [3] examine the influence of temperature on adhesion by 
combining friction and hardness measurements. Groonqvist and Hirvonen have 
studied the behavior of 49 types of winter shoes on ice and snow [4]. According 
to their assessment, the nature of the material from which the sole is made and 
its firmness are the crucial factors determining the adhesion on dry ice. Higher 
probability of slipping on melting or wet ice has been confirmed by Gao et al. 
[5], who has also examined the effect that the sole has on the friction coefficient. 
The results show that artificially induced wear of the sole increases the slip 
resistance on hard ice, but not on melting ice. As seen from those studies, the 
chemical nature of the composite used to make the sole and its hardness (the 
latter depends on the former) are major determinants of slip resistance. 
Undoubtedly, the dynamics (kinetic) coefficient of friction (COF) of the sole to 
the icy surface is of particular importance for this resistance. As established, 
COF depends on the roughness and structure of the material for soles produc-
tion, in the case smoother surfaces and softer materials have a higher grip [5]. 
The grip on ice is significantly lower than on wet surfaces, due to the hardening 
of the composite at lower temperatures. Therefore, materials whose hardness in-
crease is limited or null at low temperatures are preferable for soles fabrication. 
It is also known [6], that the length of copolymer blocks and the molecular 
weight of some polymers (e.g. polyurethane) can have a significant effect on the 
thermal, mechanical and friction properties of the material. On the basis of a 
planned experiment and assessing the importance according to Fischer criterion 
[7] it can be stated that the friction properties of a sole could be tailored by al-
tering the surface morphology and hardness of the material.  

Patent literature describes a number of compositions of rubber compounds 
with enhanced traction on ice and snow which comprise: 5-norbornene at 5 ÷ 
100 phr [8]; 35 ÷ 50 phr hollow spherulitic microparticles of at least one alumi-
nosilicate of 2 ÷ 500 mµ [9]; 5 ÷ 50 phr photocrosslinking liquid polymeric resin, 
e.g. poly(butadiene acrylate) or poly(butadiene metacrylate) [10]; 2 ÷ 50 phr wa-
ter soluble powder magnesium sulfate microparticles and 2 ÷ 50 phr water so-
luble poly(vinyl alcohol) short fibers [11]; between 2 and 60 phr microparticles 
of potassium, sodium, magnesium, calcium salts (chlorides, carbonates, sul-
phates or their mixtures) 3 ÷ 600 mµ in size [12]. 

Nowadays the use of carbon black in rubber industry is restricted since it has 
been classified as a Group 2B carcinogenic agent, which is possibly carcinogenic 
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to human beings [13] [14]. That is due mainly to its poor solubility, which 
extends the retention time thereby increasing the negative impact. The highest 
exposure is during its manufacture and hence alternate filling agents to reduce 
its use have been sought [15]. On the other hand, in recent years environmental 
protection has been gaining significance and becoming highly important for the 
innovation strategies of leading companies in the world. The rubber industry is 
no exception. The concept of environmental protection, adapted to its specificity 
and perceived on a wider scale, is usually associated with the maximum use of 
elastomers and ingredients from renewable sources in rubber products manu-
facturing. 

For instance, a number of authors have reported improved mechanical prop-
erties, resistance to heat aging, processability, heat buildup and dynamic me-
chanical properties of the vulcanizates when using microcrystalline cellulose as a 
filler [16] [17]. Comparative studies, dealing with the influence of rice husk ash 
on the properties of elastomers [18], epoxidized natural rubber (NR) [19], 75:25 
NR/ethylene-propylene-diene monomer blends [20] [21] as well as the impact of 
the most commonly used fillers: carbon black, commercial SiO2 and calcium 
carbonate have been published. The data refer to determination of the vulcani-
zation characteristics, physico-chemical parameters, dispersion and degree of 
interaction with the rubber matrix. However, no data have been found about the 
influence of rice husk ash on the static and dynamic coefficient of friction of the 
composites on icy surfaces, both of the filler itself and of its combination with 
other fillers obtained from renewable sources. 

In the same time it is known that the chemical modification of natural rubber 
latex via epoxidation yields epoxidised natural rubber (ENR) that has improved 
properties depending on the degree of epoxidation [22]. Epoxidation increases 
the polarity of natural rubber [23]. The presence of polar epoxide groups in ENR 
results in rubber compatible with highly polar filler like silica. Due to the strong 
interaction between ENR and silica in the composite acquires unique properties 
[24] [25]. 

Taking into account the above mentioned the aim of the work is to investigate 
the possibilities of using elastomers (epoxidized natural rubber) and ingredients 
from renewable sources—silica obtained by rice husks incineration and micro-
crystalline cellulose—as fillers, and rapeseed oil, as a process additive, to prepare 
compositions, intended for manufacturing soles for winter footwear having an 
increased coefficient of friction to icy surfaces. 

2. Experimental 
2.1. Elastomers and Ingredients  

Epoxyprene 25 (Made in Thailand) comprising 25% of epoxy groups; glass tran-
sition temperature (Tg) minus 47˚С, 0.97 g∙cm−3 density and Mooney viscosity 
ML (1 + 4), 100˚С 50 - 70 in amount of 100 phr was used for the investigations 
carried out.  
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Biogenic amorphous silica obtained by rice husk incineration (SRHI) was 
used as filler [26]. Its characteristics were: 38 m2∙g−1 B.E.T. specific surface area; 
0.49 g∙cm−3 bilk density; 0.7% weight loss at 105˚C (Bulgarian State Standard 
(BDS) ISO EN 787-2) and pH 6.5 of an aqueous solution (BDS EN ISO-787-9). 

Standard silica Ultrasil 7000 GR with the following characteristics was from 
Evonik, Germany: 175 m2∙g−1 B.E.T. specific surface area; 0.55 g∙cm−3 bulk den-
sity; 5.5% weight loss at 105˚C and pH 6.5 of an aqueous solution. 

Carbon black N550 characterized by: particle size 50 ÷ 65 nm; 45 ÷ 60 m2∙g−1 
B.E.T. specific surface area; oil number 96 ÷ 100 ml/100g and 7 ÷ 9 pH, at an 
amount of 3 phr was used as a pigment.  

Microcrystalline cellulose (Sigma-Aldrich, USA) with characteristics as follow: 
particle size ranging from 5 to 30 μm, pH 5 - 7.5; water-soluble substances ≤ 
0.24% and weight loss at 105˚C ≤ 5%. 

The compatibilizers used were: 
-bis(triethoxysilylpropyl)tetrasulfide (TESPT)—silane Si 69®—a bifunctional 

sulfur-containing organosilane from Evonik Industries. The sulfur content of 
TESPT was about 22.5 wt.%; molecular weight of 532 g∙mol−1 and 1.1 g∙cm−3 
density. The compound was used only in the silica-containing composites. 

-3-thiocyanato-propyl triethoxysilane (Si - 264, also manufactured by Evonik 
Industries) with a sulfur content of 12.5 wt.% and average molecular weight of 
263 g∙mol−1 was used in the compounds containing microcrystalline cellulose. 

The other ingredients used for manufacturing the rubber composites (zinc 
oxide, stearic acid, anti-aging agents, vulcanization accelerators and activators 
and vulcanization agents) were standard for the rubber industry, at an equal 
quantity for each sample. 

2.2. Characterization 

The fillers used, silica and microcrystalline cellulose, were investigated by 
TEM/XEDS. The TEM observations were performed on a TEM JEOL 2100 in-
strument, at an accelerating voltage of 200 kV. The specimens were prepared by 
grinding and ultrasonic dispersing in ethanol for 6 min. The suspensions were 
dripped on standard holey carbon/Cu grids. The chemical elemental composi-
tion of the fillers was determined by use of OXFORD INSTRUMENTS, X-MAXN 
80 T. 

The surface compositions of the NR samples filled with silica were investi-
gated by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).  

X-ray analysis was performed on a Bruker D8 Advance diffractometer at 
Cu-Kα radiation, in the range of 10˚ to 80˚ 2θ degrees.  

The XPS measurements were carried out on an AXIS Supra electron spec-
trometer (Kratos Analitycal Ltd.) using AlKα radiation with photon energy of 
1486.6 eV. The energy calibration was performed by normalizing the C1s line of 
adsorbed adventitious hydrocarbons to 284.6 eV. The binding energies (BE) 
were determined with an accuracy of ±0.1 eV. The chemical composition of the 
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samples was determined monitoring the areas and binding energies of C1s, O1s 
and Si2p photoelectron peaks. Using the commercial data-processing software of 
Kratos Analytical Ltd. the concentrations of the different chemical elements in 
atomic percentages were calculated by normalizing the areas of the photoelec-
tron peaks to their relative sensitivity factors.  

2.3. Compositions of the Rubber Compounds Used  

The elastomers and ingredients used are described in the Experimental Part 
above (2.1. Elastomers and Ingredients). The differences in the formulations of 
the compounds used to manufacture soles for sporting winter boots are shown 
in Table 1.  

2.4. Preparation and Vulcanization of the Rubber Compounds 

The compounds were prepared on an open two-roll laboratory mill (rolls 
Length/Diameter 320 × 160 mm, friction 1.17 and 25 min−1 speed of the slower 
rotating roll). The rubber compounds were vulcanized in the form of 400 × 400 
mm plates on an electrically hydraulic vulcanization press at 150˚C, at 10 MPa 
and for a time determined by the vulcanization isotherms of the compounds 
taken on a MDR 2000, Alpha Technology vulcameter.  

2.5. Characterization of the Rubber Compounds and Vulcanizates 
Based on Them 

The compounds and vulcanizates were characterized as follows: 
• Vulcanization characteristics—determined according to ISO 3417: 2002; 
• Physico-mechanical properties (Modules at 100% and 300% elongation, ten-

sile strength, relative elongation, residual elongation)—according to ISO 37: 
2002 and EN 12 803; 

• Shore A hardness according to ISO 7619:2001 
• Dynamic characteristics—the tangent of the mechanical loss angle (tan δ) at 

a frequency of 5 Hz, 64 μm deformation, in the temperature range of minus 
80 to +80˚C, in particular at minus 10˚C, minus 4˚C, and minus 1˚C, at a 
heating rate of 3˚C∙min−1. The size of the samples tested was as follows: 10 
mm width, 25 mm length and 2 mm thickness. A dynamic mechanical ther-
mal analyzer, manufactured by Rheometric Scientific was used. 

• Wear resistance: according to EN 12 770; 
 

Table 1. Compositions of the rubber compounds (phr). 

Component ENR 0 ЕMCC 1 ЕMCC 2 ЕMCC 3 

Microcrystalline cellulose - 60 30 30 

Silica from rice husk - - 30  

Silica Ultrasil 7000 GR - - - 30 

Si-264 - 6 3 3 

Si 69®) - - 3 3 
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• Bending resistance: according to BDS 5658-72; 
• Tribological characteristics: the static and dynamic coefficient of friction 

were determined using a laboratory apparatus and methods 
A functional scheme of the device used is presented in Figure 1. The tribolog-

ical system consists of a tested sample (1) and contrabody (2). The sample of a 
certain size was fixed into a holder (3) (sledge) which was attached to the dyna-
mometer (6) and a micrometric screw (5) by means of a non-elastic thread. The 
lower surface of the holder (3) was set at 2 mm over the contact surface between 
the sample (1) and contrabody (2). Measurements of the static friction force (То) 
using the shown device (Figure 1) were carried out in the following order: the 
sample (1) was fixed into the holder (3) and a given load P was determined with 
the help of the loads (4). The scale of the dynamometer (6) was reset and a tan-
gential force F was set over the sample holder (1) smoothly through the 
non-elastic thread by a slow movement of the micrometer screw (10 μm∙s−1). The 
value of the force F was measured on the dynamometer scale (6) tilled in N. The 
maximum value of the force Fo was indicated by the dynamometer scale via a 
recoded movement of its pointer, then force F was decreased. The rate of static 
friction force То was equal to the maximum deviation of the dynamometer 
pointer, the dynamic frictional force T was equal to the dynamometer reading 
when moving the sample (1). Figure 2 presents a photograph of the laboratory 
device for measuring the static and dynamic friction force placed into a cryo-
genic chamber for the purpose of determining the coefficient of friction at low 
temperatures.  

 

 
Figure 1. Functional scheme of a laboratory device for studying static and kinetic friction 
at a slow sliding rate: 1—sample; 2—contrabody; 3—sample holder; 4—loads; 
5—micrometer screw; 6—dynamometer. 

 

 
Figure 2. Tribological experimental design. 
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A small parallelepiped ice block was used as a contrabody. The icy surface was 
evened via treatment with liquid sandpaper STRUERSP180. The samples tested 
were evacuated into the camera for 30 min prior to the measurements. For each 
experiment the measurements were performed trice and the average value was 
taken into account. The standard deviations, SD for each measurement was 
within the accuracy of the method ± 0.01. The dynamic friction coefficient µ was 
calculated by the formula (Equation (1)):  

 T Pµ =                            (1) 

The measurements were carried out at temperatures below zero: −10˚С (cor-
responding to the so called “dry” ice); −4˚С (corresponding to the so called 
“wet” ice) and −1˚С (corresponding to so called “melting” ice, i.e. ice covered by 
a layer of water). 

3. Results and Discussion  
3.1. Characteristics of the Fillers and the Samples Containing Them 

A comparison of EDX spectroscopy maps shows that the chemical elemental 
composition of the three fillers is quite different. The data are presented as Fig-
ures 1(a)-(c) in Supporting Information. Noteworthy is also that the elemental 
composition of standard silica is quite different from that of silica obtained by 
rice husk incineration. The atomic percentage of the elements is also quite dif-
ferent (Table 2).  

The data in Table 2 show that standard silica contains 5 elements with pre-
dominant amounts of oxygen, aluminum, silicon and no carbon. However, silica 
from rice husk contains 11 elements, with predominant amounts of silicon, 
oxygen, potassium and calcium, which in turn are standard silica does not con-
tain. These differences in the fillers elemental composition are undoubtedly due  

 
Table 2. Compositions of the fillers according to EDX data, at. %. 

Chemical element Ultrasil 7000 GR SRHI MCC 

O 47.94 49.58 5.68 

Na 0.34 0.17 0.98 

Al 38.77 2.04 - 

Si 12.79 29.02 0.51 

Ca 0.16 7.42 - 

Mg - 0.31 - 

P - 0.23 - 

K - 9.31 - 

Mn - 1.15 - 

Fe - 0.62 - 

C - - 92.71 

Cl - - 0.12 
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to the fact that in the first case we have a synthetic product and in the other a 
natural one. There is a large difference in the size and shape of the elementary 
particles (Figure 3): in the first case, they are approximately spherical in shape 
and size about 20 nm (Figure 3(a)). In the second case those are of irregular 
shape and size in the range of 200 - 500 nm (Figure 3(b)). 

The XRD data presented in Figure 4(a) show a significant difference in the 
degree of crystallinity of the two fillers, containing SiO2. The peak at about 22˚ 
2Θ observed for the SRHI sample is indicative of the biogenic SiO2 produced by 
the incineration of rice husk. It contains predominantly a cristobalite phase at an 
initial stage of crystallization [27] [28]. The pattern of the diffractogram for 
commercial product is typical for amorphous precipitated silica. The shift of the 
peak to higher angles compared with that of SRHI is related to differences in the 
parameters (111) of the crystal lattice. This is due to the technology of obtaining 
both products. SRHI is obtained at a much higher temperature (800˚C) 
compared with the commercial product. 

 

 
Figure 3. ТЕМ micrographs of: (а) Ultrasil 7000 GR; (b) SRHI; (c) Microcrystalline cel-
lulose experimental. 

https://doi.org/10.4236/msa.2018.94028


N. Dishovsky et al. 
 

 

DOI: 10.4236/msa.2018.94028 420 Materials Sciences and Applications 
 

The XRD patterns for elastomers EMCC 2 and EMCC 3 (Figure 4(b)) reflect 
the difference in the crystallinity of the two types of silicon dioxide. 

The surface composition of the samples was investigated by XPS, Figure 5. As 
seen, the peaks for the sample containing commercial SiO2 associated with C1s, 
O1s and Si2p are considerably larger compared with those for sample EMCC-2 
filled with biogenic SiO2. That is due to the difference in the granulometry and 
crystallinity degree of the two fillers, as it has been discussed above. 

 

 
Figure 4. X-ray diffraction of: (a) Ultrasil 7000 GR and SRHI; (b) the samples, containing the two fillers. 
 

 
Figure 5. XPS analysis of samples EMCC 2 and EMCC 3. 
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3.2. Vulcanization Characteristics 

The vulcanization characteristics of the investigated compounds are summarized 
in Table 3, where minimum torque ML correlates with the effective viscosity of 
the mixture and MH is maximum torque correlating with the hardness of the 
compounds. The difference ΔM = MH − ML correlates with the density of the 
vulcanization network. Ts1 is connected with the scorch till one torque unit rise 
above the minimum and correlates with the resistance to premature vulcaniza-
tion. Ts2 is the time till the beginning of the vulcanization process (increase of 
the torque by 2 units) and correlates with the resistance to premature vulcaniza-
tion. T50 expresses the time needed to run 50% of the vulcanization process and 
T90—the time to run 90% of the vulcanization process (optimum vulcanization 
time).  

As seen from the results summarized in Table 3, the vulcanization characte-
ristics of the compounds tested vary considerably depending on the chemical 
nature of the filler used. For comparison, the values for the composition which 
does not contain any filler, are the lowest. Amongst the filled formulations, the 
lowest values for all parameters are for those containing only microcrystalline 
cellulose. Silica introduction leads to a significant increase in all values of the 
vulcanization characteristics, the effect being more pronounced for the composi-
tion containing standard silica compared to that containing the same amount of 
SRHI. The observed effects can be explained by the fact that microcrystalline 
cellulose is softer, with a plasticizing effect and obviously a filler less active than 
silica. The surface of the latter adsorbs the accelerators, thus retarding the vulca-
nization process. 

3.3. Physicomechanical Characteristics 

The physicochemical characteristics of vulcanizates containing elastomers and 
ingredients from renewable resources are summarized in Table 4.  

The analysis of the results in Table 4 shows that a decrease of the fillers par-
ticles size and an increase in their specific surface area, improves their reinforc-
ing potency as well as all physicomechanical characteristics, as evidenced by  

 
Table 3. Vulcanization characteristics of rubber compounds containing elastomers and 
ingredients from renewable resources (ENR 0 is the control virgin sample). 

Characteristic ENR0 ЕMCC1 ЕMCC2 ЕMCC3 

ML, dNm 0.00 0.03 0.43 0.84 

MH, dNm 4.53 9.61 20.26 25.71 

ΔM = MH − ML 4.53 9.58 19.83 24.87 

Ts1, min:sec 4:19 3:57 4:29 5:11 

Ts2, min:sec 4:34 4:10 4:51 5:31 

T50, min:sec 4:39 4:50 5:46 7:21 

T90, min:sec 5:35 7:32 9:38 12:08 
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Table 4. Physicomechanical properties of the vulcanizates. 

Parameter ENR 0 EMCC 1 EMCC 2 EMCC 3 
Recommended  

values 

Modulus at 100% of elongation, M100, MPa 0.3 0.7 1.4 2.1 - 

Modulus at 300% of elongation, M300, MPa 0.7 2.1 4.8 5.7 - 

Tensile strength, σ, MPa 9.0 3.5 10.7 12.0 Min 8 [29] 

Relative elongation, ε1, % 750 450 570 590 Min 300 [29] 

Residual elongation, ε2, % 10 15 30 30 - 

Shore A Hardness, relative units 45 60 70 71 60 - 88 [29] 

Abrasion resistance, mm3 410 400 195 175 Max 150 [29] 

Density,g∙cm−3 0.95 1.05 1.14 1.16 Max 1.25 [29] [30] 

Fatigue failure resistance, cycles >60,000 >60,000 >60,000 >60,000 Min 40,000 [30] 

Tear strength, N∙mm−1 2.0 2.5 8.1 8.9 Min 8 [29] 

 
TEM studies, described further on. The low reinforcement potency of micro-
crystalline cellulose, in addition to its low specific surface area and large particle 
size [31] [32], is also due to its hydrophilic surface, which has poor compatibility 
with the hydrophobic rubber matrix. It is obvious that additional surface mod-
ification of microcrystalline cellulose is necessary to make it hydrophobic. That 
will improve its compatibility with the matrix of epoxidized natural rubber and 
the physico-mechanical characteristics of the vulcanizates that contain it, in-
cluding abrasion resistance, respectively. It may also be seen from the table that 
the indices of composites, containing standard silica are the highest. The differ-
ence between the indices of composites containing standard silica and SRHI is 
obvious. It is due to the differences in the fillers characteristics, especially their 
size and specific surface area. On the other hand, the results obtained indicate 
the strong rubber-filler interaction in ENR/silica compounds which derived 
from the coupling of ENR and silica as well as from the enhanced interaction 
with the coupling agent used. That synergistic effect results from the hybrid 
reinforcement of ENR with silica and a silane system. The mechanism for the 
hybrid interactions consist of combination of interaction and coupling between 
ENR and silica. The interaction of ENR and silica comes from the hydrogen 
bonding between the silanol groups of silica with the epoxide group in ENR. The 
stronger interactions between ENR and silica derived from the silica bonding 
with the ring opening of ENR; as well as from silica coupling with ENR through 
silane coupling bonding [33]. 

3.4. Bending Resistance 

All composites tested were subjected to experiments to determine their “fatigue 
failure resistance” index as described in [30]. All composites withstand over 
60,000 cycles of bending to 180˚ without any cracking. According to the stan-
dard, samples must withstand at least 40,000 cycles without cracks, it is obvious 
that they meet the requirements. 
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3.5. Predicting the Ice Grip Taking into Account DMTA Data 

Dynamic mechanical thermal analysis (DMTA) allows to define the complex 
dynamic modulus E*, the storage modulus E' and the losses modulus E" of a 
rubber material by the reaction of the material against the impact of an oscillat-
ing force causing a sinusoidal load. The relationship between them can be 
represented by the equation E* = E'+ iE", i.e. the ability of the composite to store 
energy (the storage modulus expresses the elastic component of the complex 
dynamic modulus) and its ability to lose energy (the loss modulus expresses the 
plastic component of the complex dynamic modulus) [34]. Their ratio tgδ = 
E"/E', the so called tangent of mechanical loss angle, is of particular importance. 
Its importance is due to a definitely established fact [35] [36], that the tangent of 
mechanical loss angle of the rubber material from which the sample is made at 
low temperatures correlates well with its ice grip (the higher the tangent, the 
higher the grip). 

Figure 6 summarizes the data from the tangent of mechanical loss angle of the 
investigated rubber composites at temperatures below zero: −10˚C, −4˚C and 
−1˚C, correlating with the grip to “dry” ice, “wet” ice and “melting” ice (ice cov-
ered by a layer of water), respectively.  

As the results presented show, the composites containing only microcrystal-
line cellulose as a filler are outstanding with the highest tangent of mechanical 
losses angle at all the studied temperatures, with predicted highest adhesion to 
icy surfaces, respectively. However, it should be kept in mind that those compo-
sites have the poorest physico-mechanical performance. Of the composites con-
taining silica, those with SHRI have higher values of the tangent of mechanical 
losses angle. The composites with standard silica have the lowest values. A 
number of authors [3] [4] point out that to ensure a good grip of the sole with 
icy surfaces, the material from which it is made should be soft and retain soft-
ness even at low temperatures. As seen from the physico-mechanical characte-
ristics in Table 3, in particular the Shore A hardness, the composites containing  

 

 
Figure 6. Tangent of mechanical loss angle of the rubber composites studied at different 
temperatures below zero: −10˚C; −4˚C and −1˚C. 
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microcrystalline cellulose have the lowest Shore A hardness value (60 μm), while 
the composites containing SRHI and standard silica have significantly higher 
hardness values (70 and 71 equivalents, respectively). Shore A hardness is di-
rectly related to traction with icy surfaces—the lower the hardness, the higher 
the traction is, and vice versa. On the other hand, the chemical nature and 
structure of the filler determine its effect on the material hardness.  

It is obvious that the differences in the structure, granulometry and crystallinity 
of the two types of silicon dioxide influences the tangent of mechanical loss an-
gle. The predominant cristobalite phase in SRHI (Figure 4(a)) leads to a tangent 
value for this composite higher than that for the sample, containing commercial 
amorphous silica.  

3.6. Tribological Measurements 

The coefficients of kinetic friction of the composites at different temperatures 
are shown on Figure 7.  

As seen from the results obtained, the complex estimation (physico-mechanical 
characteristics and kinetic coefficient of friction to various icy surfaces) reveals 
that the samples containing microcrystalline cellulose and SRHI possess the best 
parameters (EMCC-2). 

The samples containing only microcrystalline cellulose (EMCC-1) have the 
highest values of the friction coefficients but their physico-mechanical properties 
are quite poor. Samples containing microcrystalline cellulose and standard silica 
(EMCC-3) have values of the physico-mechanical parameters higher than those 
of composites with biogenic silica but lower friction coefficients to icy surfaces. 
The differences observed again could be explained by the different structure of 
the two silica fillers. 

The following classification of the coefficients of kinetic friction and the class 
of adhesion (to ice)/slip is given in the specialized literature [4] [37] (Table 5):  

The above classification confirms that composites EMCC-1 and EMCC-2 with  
 

 
Figure 7. Coefficients of kinetic friction. 
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Table 5. Classification of the adhesion class depending on the kinetic coefficient of fric-
tion. 

Kinetic coefficient of friction Degree of slip resistance 

>0.30 highly stable 

0.20 - 0.29 stable 

0.15 - 0.19 unstable 

0.05 - 0.14 slipping 

<0.05 highly slipping 

 
respect to slip resistance fall into the category “highly stable” and “stable”, whe-
reas composite EMCC-3 in one of the categories falls into the “slipping” class 
with a coefficient value of 0.1. The correlation between the tangent of mechani-
cal loss angle and the kinetic coefficient of friction with respect to the adhesion 
to icy surfaces is also confirmed. Since the tested composites differ only in the 
nature of the filler used (microcrystalline cellulose, standard silica and SRHI), it 
is evident that the observed effects can be explained by the significant differences 
in the particle size, composition, structure and properties of the fillers used. The 
results obtained implementing STEM-EDX, XRD and XPS methods reveal best 
the state of art.  

It is obvious, however, that the higher hardness of the composites has a nega-
tive effect on their adhesion to icy surfaces, as other authors have established [3] 
[7], hence the softer composites containing silica from rice husk have higher 
values of the friction coefficient and are more suitable for soles making as they 
retain their acceptable values of the mechanical parameters. 

The case of microcrystalline cellulose (Figure 4(c)) is different. As seen, car-
bon is predominant (Table 2), but the problem in the case is in the extremely 
large particle size (5 - 7 µm), what minimizes the reinforcing effect. The compo-
sites are much softer (since the filler itself is much softer than silica). Microcrys-
talline cellulose has a Young’s modulus of 21 - 29 GРa [38], while that of silica is 
88.7 GPa [39], i.e. as a material the former tends to deformations at considerably 
lower stresses with very high adhesion to icy surfaces, but with quite low physi-
co-mechanical characteristics (Table 3). That is likely to cause problems with 
the performance characteristics of the final product. Therefore, having made a 
complex assessment we favor the composites containing microcrystalline cellu-
lose and silica produced by rice husk incineration (EMCC-2), which is a com-
promise option for manufacturing soles with acceptable physico-mechanical 
characteristics, corresponding to the required values (Table 4) and acceptable 
values of the friction coefficient to icy surfaces (respectively 0.45; 0.24 and 0.21 
at temperatures −10˚С, −4˚Сand −1˚С), thereby they could be classified in the 
categories “very stable” and “stable”. The soles produced are shown in Figure 8. 

4. Conclusions 

Various variants of rubber compounds and vulcanizates based on them have  
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Figure 8. Soles produced using a composite containing 89% of products from renewable 
resources. 

 
been developed for the production of soles with increased adhesion to icy sur-
faces. Those contain elastomers and ingredients from renewable natural sources— 
epoxidized natural rubber, microcrystalline cellulose, silica produced by rice 
husks incineration, rapeseed oil. The compounds and vulcanizates were classi-
fied with respect to the performance standards laid down for footwear soles 
based on elastomers and it was demonstrated that the materials meet those 
standards. The adhesion of the materials as well as tribological tests based on the 
coefficient of friction was evaluated by dynamic mechanical thermal analysis, at 
different temperatures. 

The complex evaluation of the composites developed revealed those contain-
ing microcrystalline cellulose and biogenic amorphous silica at a 1:1 ratio to be 
the most suitable for making footwear soles. The reason for the higher coefficient 
of friction of the composite, containing SRHI compared to those of composites 
filled with standard silica is due to different crystallinity—a predominant cristo-
balite phase in the first case and a completely amorphous phase in the second. 

The amount of elastomers and ingredients from renewable sources (elasto-
mers, fillers, process additives) predominate in the developed composites reach-
ing 89%. That indicates good capacity of those products to improve the friction 
coefficients to icy surfaces.  
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