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Abstract: The article deals with issues related to the processes occurring in the wear result of steel
surfaces of machine components in the presence of mineral grains. This type of destruction of
cooperating surfaces usually takes place during the development of roadways or during mining of
coal with use of longwall methods. Wear tests were carried out using the author’s ring-on-ring test
stand, on which the conditions of real wear of machine components in the presence of rocks were
simulated. An abrasive material based on clayey rocks with an admixture of carbonaceous substance
was used in the tests. Based on the analyses, it was found that the obtained results related to the
damages are typical for wear mechanisms: microcracking and low-cycle fatigue. On the surface of
the steel samples, numerous effects of micro-cutting and chipping could be observed, which were
the result of the clayey impact of wear products and grains of the mineral substance. Under friction,
a part of the abrasive and the carbon substance were pressed into generated microcracks, which is
directly related to their plastic properties. The remaining, unpressed part of the abrasive material was
subjected to further friction effects caused by the pressure of the tester pocket load and the relative
movement of both steel rings surfaces. After the friction tests, the mixture of silty carbon abrasive
material was in the form of flat aggregates on the samples’ surfaces.

Keywords: claystone; clayey minerals; hard coal; friction; wear processes

1. Introduction

The properties of rocks are one of the key aspects to be taken into account during the
development of roadways. Roadways separate an opened-up deposit, creating sections
called mining panels, and are used for the run-of-mine haulage, supply of materials, air
supply and personnel’s movement. The mineral composition and petrographic features of
the rocks through which the developed roadways pass, as well as the related physical and
mechanical properties, are used to determine a selection of appropriate parameters of the
equipment used for rock cutting [1].

The problem of excessive wear of steel surfaces of components such as flight bar
conveyors is particularly important [2]. A flight bar conveyor is a haulage device in which
transverse parts called scrapers are attached to a chain, continuously moving the run-of-
mine to a specific location. It is intended for short-distance haulage of the run-of-mine
in roadways and longwall coal, stone coal and stone workings. In mining conditions,
flight bar conveyors, and their friction nodes in particular, are exposed to the impact of
environmental conditions (e.g., mineral abrasives and mine water) and operational factors
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(e.g., variable dynamic forces), which accelerate destructive processes [3,4]. The mechanism
of surface destruction of metal parts depends on the given combination of the type of steel
and mineral abrasive, as shown by Wieczorek [5].

Among the sedimentary rocks accompanying coal seams, the dominant group are
clayey rocks represented by claystone—compact rocks with a massive texture, mostly made
of clayey minerals, the grain size of which is below 0.01 mm. Zhang et al. [6] indicate the
presence of three basic groups of ingredients in the composition of claystone: clay matrix,
a composite matrix of clay and small mineral grains as well as imbedded quartz grains.
The small size of clay minerals and their unique crystal structures give clay rocks some
special properties, such as cation exchange capabilities, plastic behavior when wet, catalytic
abilities, swelling behavior and low permeability [7,8].

Often, in shoals of clayey rocks, their stratification and susceptibility to breakdown
into thicker or thinner plates compatible with sedimentation or pressure planes revealed
during crushing can be observed. These types of rocks are commonly called shale clay
(although their genesis is not related to metamorphism processes); they are formed as
a result of late diagenesis processes. According to the Polish classification standards,
among the Carboniferous rocks accompanying coal seams, there are also carbon clay and
carbon shale—analogous to the rocks described above, with the difference that they contain
admixtures of carbon substance. In carbon clay, the carbon substance is dispersed, forming
a so-called pigment, while in carbon shale, it creates layers alternating with layers of clayey
minerals. Ewy et al. [9] and Yu et al. [10], in their work, describe the formation of carbon
shales, pointing to the loss of porosity and tighter compacting of the grains, which also
cause a systematic change in their mechanical properties. They also point out that this type
of clayey rock can crumble or show plastic properties. Similar studies were also conducted
by Zhang et al. [11], pointing to the anisotropic nature of clayey rocks’ properties, showing
stratification. Liu et al. [12], in turn, indicated the possibility of creeping of clay rocks under
the conditions of triaxial compression.

The correlations between clayey minerals and mechanical properties of claystone
were studied by many scientists, but the impact of the type of clayey mineral on the
mechanical properties of rocks is still poorly understood [13–17]. Authors of scientific
papers often focus on studies concerning the properties of claystone subjected to high
temperature [18,19], to verify the possibilities of using claystone in the ceramic industry;
however, the behavior of clayey rocks under friction conditions and their impact on wear
processes of steel components of machines are treated as a collateral.

Abrasive wear is one of the most common types of tribological wear, which can be
defined as the process of destroying and removing material from the friction surface of
a solid matter, accompanied by a change in mass, dimensions and shapes as well as the
structure and physical properties of the rubbing parts [20,21]. The mechanism of this
process, related to micro-scratching and micro-grooving, depends not only on the hardness
of the worn surface but also on the type of abrasive material that affects it and, more
precisely—on the hardness of the minerals contained in the abrasive material [22,23].

Micro-scratching, which causes significant surface degradation, is the main mechanism
of friction damage in the case of hard abrasives such as quartz. The situation is different as
regards abrasive materials made of soft rocks, where other wear mechanisms may occur,
such as surface fatigue [24,25]. This type of process was noted during hard coal tests, which,
like claystone, show plastic properties [26].

The results of studies on Carboniferous claystone subjected to friction in terms of its
mineralogical and petrographic properties are presented in this article.

The main purpose of the study was to characterize the wear mechanisms in the
presence of abrasives, based on clayey minerals and hard coal.
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2. Material for Testing

Three types of clayey rocks taken from underground mining workings of three hard
coal mines, located in the towns of Katowice, Jaworzno and Libiąż, within the Upper
Silesian Coal Basin (South of Poland) (Figure 1), were subject to tests.
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Figure 1. Schematic map of the Upper Silesian Coal Basin. The places from which samples were
taken are marked.

The Upper Silesian Coal Basin is a triangular basin filled with Upper Carboniferous
deposits; its area is about 6100 km2, of which 1600 km2 are located on the Czech side,
forming the Ostrava-Karviná Basin. It is an orogenic basin, formed in the pre-mountain
basin of the Moravian-Silesian Varyicide fold zone, with paralic and limnic formations.
The carbon-bearing zone occurs at various depths—in the eastern part, down to a depth
of 2400 m, and in the west, down to 4600 m—but the drilling shows that it can go even
deeper, even down to 6000 m. Claystone occupies a significant position among the rocks
accompanying coal seams [27,28].

3. Testing Methodology

Before the laboratory tests, some of the claystone samples were ground in a Retsch
planetary ball mill with a tungsten carbide-lined vessel and then sieved through a 0.01-mm
mesh screen. A fraction below 0.01 mm was used for phase identification by X-ray diffrac-
tion, chemical composition analysis and wear tests.

The specimens for microscopic examinations in transmitted light (thin plates) were
prepared from broken-up claystone samples.

The laboratory tests included:

- A microscopic observation in thin plates of claystone, in transmitted light;
- A phase identification by X-ray diffraction (XRD);
- An analysis of the chemical composition of the claystone using the wavelength dis-

persive X-ray fluorescence method (WD-XRF);
- Wear tests;
- Microscopic observations using scanning electron microscopy of the surface of steel

ring specimens after the wear tests.

Microscopic observations were carried out in transmitted light, in thin plates, using
the OPTA-TECH LAB-40 HAL polarization diagnostic microscope made by OPTA-TECH,
equipped with an image analyzer.

The phase composition tests were carried out in the X’Pert PRO MPD X-ray diffrac-
tometer made by Panalytical, equipped with a cobalt anode X-ray tube (λKα = 0.179 nm)
and a PIXcel 3D detector. Diffractograms were recorded in Bragg–Brentano geometry at
the angle range of 5–100◦ 2Theta with a step of 0.026◦, and the counting time per step
was equal to 80 s. The HighScore Plus software (v. 3.0e) and the dedicated PAN-ICSD
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(Inorganic Crystal Structure Database) database of inorganic crystal structures were used
for the X-ray qualitative phase analysis.

The chemical composition of the samples was determined by the X-ray fluorescence
method (WD-XRF) using the WD-XRF ZSX Primus II Rigaku spectrometer (Rh lamp).
A qualitative spectrum analysis was performed by identifying the spectral lines and
determining their possible coincidences. On this basis, analytical lines were selected. Semi-
quantitative analysis was developed using the SQX Calculation software (fundamental
parameters method). The analysis was carried out in the range of fluorine-uranium (F-U),
and the content of the determined elements was normalized to 100%.

Wear tests were carried out for claystone samples using the author’s test stand design
(Section 4.2).

Observations of the samples’ surfaces were carried out using the Supra 35 ZEISS scan-
ning electron microscope with the detection of secondary electrons (SE) at an accelerating
voltage of 20 kV and at magnification in the range of 60 ÷ 1000x. Qualitative analysis of
the chemical composition in the micro-areas of the tested material was conducted using
the characteristic X-ray energy spectroscopy (EDS) method at an accelerating voltage of
20 kV. The samples were sprayed with a thin layer of gold prior to testing to ensure the
discharge of electric charge during testing.

4. Test Results

Laboratory tests were carried out in two stages: the first stage was related to the
mineralogical and petrographic characteristics of claystone, and the second one to the
wear tests.

4.1. Mineralogical and Petrographic Characteristics of Claystone

Claystone is characterized by its color, from light to dark grey, due to the presence of
dispersed (in a form of a pigment) carbonaceous substance. The structure of the claystone is
pellet and its texture is dense and generally chaotic, although in some samples of claystone,
a stratification could be observed, which was reflected in dividing the rock into plates of
several centimeters in thickness. Claystone becomes soft in the presence of water.

Microscopic observations of thin plates showed that their composition was dominated
by clayey minerals, apart from which the presence of quartz and muscovite was also found
(Figure 2).

Clayey minerals in the microscopic images form microcrystalline, colorless grains,
with parallel polarizers showing grey interference colors of the first order. Quartz occurs in
the form of colorless, generally allomorphic individuals with sharp-edged crumbs next
to them; similarly to clayey minerals, it has the first-order interference colors. Muscovite
creates elongated, automorphic grains with third-order interference colors. In some samples
of the claystone, the characteristic presence of muscovite draws attention, where the
elongated grains are arranged perpendicularly to the direction of the pressure impact,
giving directional features to the rock texture (Figure 2c).

All the tested claystone samples contained a carbonaceous substance. The way of its
occurrence was quite varied; in addition to the pigment being in a dispersed form, one
can observe carbon crumbs of various sizes and elongated shapes in the form of laminates,
which also give a directional feature to the claystone.

X-ray qualitative phase analysis showed that the clayey minerals group was repre-
sented by kaolinite Al4[Si4O10](OH)8 phase with an anorthic crystal structure ((Inorganic
Crystal Structure Database): 98-003-1135). Diffraction lines from SiO2 quartz with a hexag-
onal crystal lattice ((Inorganic Crystal Structure Database): 98-016-8354) and muscovite
KAl2(OH,F)2AlSi3O10 with a monoclinic structure ((Inorganic Crystal Structure Database):
98-007-7497) were also identified on the diffractograms of all the tested claystone samples
during microscopic observations in thin plates (Figure 3; Table 1).



Energies 2021, 14, 1422 5 of 17Energies 2021, 14, x FOR PEER REVIEW 5 of 18 
 

 

(a) L group of claystone 

  

(b) K group of claystone 

  
(c) J group of claystone 

 

Figure 2. Claystone samples: left—macroscopic image; right—micro-photos in thin plates; crossed polarizers, magnifica-
tion 100×. 

Clayey minerals in the microscopic images form microcrystalline, colorless grains, 
with parallel polarizers showing grey interference colors of the first order. Quartz occurs 
in the form of colorless, generally allomorphic individuals with sharp-edged crumbs next 
to them; similarly to clayey minerals, it has the first-order interference colors. Muscovite 
creates elongated, automorphic grains with third-order interference colors. In some sam-
ples of the claystone, the characteristic presence of muscovite draws attention, where the 
elongated grains are arranged perpendicularly to the direction of the pressure impact, 
giving directional features to the rock texture (Figure 2c). 

All the tested claystone samples contained a carbonaceous substance. The way of its 
occurrence was quite varied; in addition to the pigment being in a dispersed form, one 
can observe carbon crumbs of various sizes and elongated shapes in the form of laminates, 
which also give a directional feature to the claystone. 

X-ray qualitative phase analysis showed that the clayey minerals group was repre-
sented by kaolinite Al4[Si4O10](OH)8 phase with an anorthic crystal structure ((Inorganic 
Crystal Structure Database): 98-003-1135). Diffraction lines from SiO2 quartz with a hex-
agonal crystal lattice ((Inorganic Crystal Structure Database): 98-016-8354) and muscovite 
KAl2(OH,F)2AlSi3O10 with a monoclinic structure ((Inorganic Crystal Structure Database): 
98-007-7497) were also identified on the diffractograms of all the tested claystone samples 
during microscopic observations in thin plates (Figure 3; Table 1). 

Figure 2. Claystone samples: left—macroscopic image; right—micro-photos in thin plates; crossed
polarizers, magnification 100×.

Energies 2021, 14, x FOR PEER REVIEW 6 of 18 
 

 

 
Figure 3. Diffractogram of the L group of claystone. 

Table 1. Results of the claystone X-ray diffraction. 

Pos. (°2Th.) d-Spacing (Å) Height (cts) Compound (h k l) 
10.41 9.86 583 Muscovite 2M1 (0 0 2) 
14.47 7.10 1580 Kaolinite 1A (0 0 1) 
20.74 4.97 613 Muscovite 2M1 (0 0 4) 
23.16 4.45 1195 Muscovite 2M1 (1 1 −1) 
23.76 4.34 702 Kaolinite 1A (1 0 0) 
24.35 4.24 3554 Silicon Dioxide (0 1 0) 
25.11 4.11 584 Muscovite 2M1 (0 2 −2) 
26.73 3.87 686 Muscovite 2M1 (1 1 −3) 
29.13 3.56 2258 Kaolinite 1A (0 0 2) 
31.12 .3.33 19,739 Silicon Dioxide (0 1 1) 
32.54 3.19 477 Muscovite 2M1 (1 1 4) 
34.89 2.98 684 Muscovite 2M1 (0 2 −5) 
36.52 2.85 346 Muscovite 2M1 (1 1 5) 
37.47 2.78 307 Muscovite 2M1 (1 1 −6) 
40.43 2.58 302 Muscovite 2M1 (1 3 −1) 
41.03 2.56 653 Muscovite 2M1 (1 3 −2) 
42.09 2.49 1141 Muscovite 2M1 (0 0 8) 
42.79 2.45 2164 Silicon Dioxide (1 1 0) 
44.16 2.38 533 Muscovite 2M1 (1 3 3) 
45.03 2.33 660 Kaolinite 1A (2 1 2) 
46.24 2.28 1495 Silicon Dioxide (1 0 2) 
47.23 2.23 851 Silicon Dioxide (1 1 1) 
49.80 2.12 1713 Muscovite 2M1 (1 3 5) 
53.38 1.99 920 Muscovite 2M1 (0 0 10) 
53.83 1.98 971 Silicon Dioxide (2 0 1) 
56.49 1.89 101 Kaolinite 1A (1 2 3) 
59.04 1.81 3187 Silicon Dioxide (1 1 2) 
64.80 1.67 856 Silicon Dioxide (0 2 2) 
65.32 1.66 606 Silicon Dioxide (0 1 3) 
65.89 1.64 248 Muscovite 2M1 (1 3 9) 
71.01 1.54 2274 Silicon Dioxide (1 2 1) 
73.33 1.50 299 Muscovite 2M1 (3 3 −1) 
73.96 1.49 257 Kaolinite 1A (0 3 0) 
76.08 1.45 476 Silicon Dioxide (1 1 3) 

Figure 3. Diffractogram of the L group of claystone.



Energies 2021, 14, 1422 6 of 17

Table 1. Results of the claystone X-ray diffraction.

Pos. (◦2Th.) d-Spacing (Å) Height (cts) Compound (h k l)

10.41 9.86 583 Muscovite 2M1 (0 0 2)
14.47 7.10 1580 Kaolinite 1A (0 0 1)
20.74 4.97 613 Muscovite 2M1 (0 0 4)
23.16 4.45 1195 Muscovite 2M1 (1 1 −1)
23.76 4.34 702 Kaolinite 1A (1 0 0)
24.35 4.24 3554 Silicon Dioxide (0 1 0)
25.11 4.11 584 Muscovite 2M1 (0 2 −2)
26.73 3.87 686 Muscovite 2M1 (1 1 −3)
29.13 3.56 2258 Kaolinite 1A (0 0 2)
31.12 .3.33 19,739 Silicon Dioxide (0 1 1)
32.54 3.19 477 Muscovite 2M1 (1 1 4)
34.89 2.98 684 Muscovite 2M1 (0 2 −5)
36.52 2.85 346 Muscovite 2M1 (1 1 5)
37.47 2.78 307 Muscovite 2M1 (1 1 −6)
40.43 2.58 302 Muscovite 2M1 (1 3 −1)
41.03 2.56 653 Muscovite 2M1 (1 3 −2)
42.09 2.49 1141 Muscovite 2M1 (0 0 8)
42.79 2.45 2164 Silicon Dioxide (1 1 0)
44.16 2.38 533 Muscovite 2M1 (1 3 3)
45.03 2.33 660 Kaolinite 1A (2 1 2)
46.24 2.28 1495 Silicon Dioxide (1 0 2)
47.23 2.23 851 Silicon Dioxide (1 1 1)
49.80 2.12 1713 Muscovite 2M1 (1 3 5)
53.38 1.99 920 Muscovite 2M1 (0 0 10)
53.83 1.98 971 Silicon Dioxide (2 0 1)
56.49 1.89 101 Kaolinite 1A (1 2 3)
59.04 1.81 3187 Silicon Dioxide (1 1 2)
64.80 1.67 856 Silicon Dioxide (0 2 2)
65.32 1.66 606 Silicon Dioxide (0 1 3)
65.89 1.64 248 Muscovite 2M1 (1 3 9)
71.01 1.54 2274 Silicon Dioxide (1 2 1)
73.33 1.50 299 Muscovite 2M1 (3 3 −1)
73.96 1.49 257 Kaolinite 1A (0 3 0)
76.08 1.45 476 Silicon Dioxide (1 1 3)
78.30 1.42 115 Silicon Dioxide (0 3 0)
80.73 1.38 1171 Silicon Dioxide (1 2 2)
81.25 1.37 1513 Silicon Dioxide (2 0 3)
81.46 1.37 861 Silicon Dioxide (0 3 1)
82.93 1.35 199 Muscovite 2M1 (1 3 −13)
83.89 1.34 209 Muscovite 2M1 (2 0 12)
87.23 1.30 148 Muscovite 2M1 (2 6 0)
88.05 1.29 453 Silicon Dioxide (1 0 4)
90.90 1.25 444 Silicon Dioxide (3 0 2)
93.52 1.23 338 Silicon Dioxide (2 2 0)
96.49 1.20 668 Silicon Dioxide (2 1 3)
98.20 1.18 505 Silicon Dioxide (1 1 4)
98.62 1.17 595 Silicon Dioxide (1 3 0)

In all the tested claystone groups, the chemical composition was similar (Table 2).
Silica (SiO2) was the dominant component; its content ranged from 58.80% to 64.39%.

The second most abundant compound in all the tested samples was Al2O3; its content
ranged from 27.90% to 29.05%. The presence of silica and alumina is mainly related to the
presence of silicate minerals: quartz, kaolinite and muscovite. Subsequently, in claystone,
the following oxides are associated with the presence of aluminosilicates: K2O (2.95–3.99%),
Fe2O3O (0.98–3.85%), TiO2 (1.25–1.39%) and MgO (0.56–1.51%). The remaining compounds
are present in smaller amounts; in general, their content does not exceed 1%.
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Table 2. Results of the claystone chemical analysis.

Marking
Content (% Weight)

L Group of Claystones K Group of Claystones J Group of Claystones

Na2O 0.74 0.49 0.26
MgO 1.51 0.99 0.56
Al2O3 27.90 28.07 29.05
SiO2 58.80 62.47 64.39
P2O5 0.13 0.05 0.07
SO3 0.66 0.18 0.15
Cl 0.62 0.11 0.03

K2O 3.99 3.78 2.95
CaO 0.18 0.05 0.12
TiO2 1.30 1.39 1.25
V2O5 0.04 - 0.02
Cr2O3 0.03 0.03 0.01
MnO 0.04 0.02 0.01
Fe2O3 3.85 2.05 0.98
Co2O3 - 0.003 -

NiO 0.01 0.008 0.01
CuO 0.01 0.006 0.004
ZnO 0.03 0.006 0.004

Ga2O3 0.005 0.005 0.006
Rb2O 0.02 0.02 0.02
SrO 0.01 0.01 0.008

ZrO2 0.06 0.06 0.06
BaO 0.07 0.20 0.06
PbO 0.006 0.005 -

Σ 100.011 100.003 100.022

4.2. Wear Tests

The author’s ring-on-ring test stand was used to analyze the impact of friction con-
ditions on the tested claystone samples (Figure 4). The conditions generated on the test
stand simulated the conditions of the real wear of machine components in the presence
of claystone.
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holder of the sample; 4—bottom holder of the sample; 5—fixing components; 6—steel ring samples.

The presence, between the steel ring samples, of crushed abrasives grains and wear
products from the damaged surface is a characteristic feature of the test stand. The main
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friction pair consists of two ring steel samples of an external diameter of ø55 mm and
an internal diameter of ø45 mm, between which there is an abrasive material (Figure 5).
Ring samples, made of Hardox 400 wear-resistant steel of a surface hardness in the range
380 ÷ 405 HB, were used in the tests, consisting in turning and grinding.
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After each 10-min cycle of the wear test, the samples were cleaned, weighed and
supplemented with fresh abrasive material in a volume of 1 cm3. The test for each abrasive
material consisted of eight 10-min cycles—each test was repeated three times. The basic
wear test parameters are presented in Table 3.

Table 3. Basic parameters of the wear tests.

Parameter Amount

Nominal unit pressure σ, MPa 0.125
Peripheral speed v, m/s 0.29

Time of testing, min 8 × 10
Sliding distance, m 1392

Loss of mass uM, used to determine the frictional wear, was determined according to
the following Formula (1):

uM =
(

mpd0 − mpdt

)
+

(
mpg0 − mpgt

)
(1)

where:

uM—loss of the sample mass, g;
mpd0—mass of the bottom sample before the test, g;
mpdt—end mass of the bottom sample, g;
mpg0—mass of the top sample before the test, g;
mpgt—end mass of the top sample, g.

The uncertainty of mass wear determination was given for the significance level of 0.95
and the degree of freedom f = 4. Relative measurement uncertainty was less than 1% for all
the considered cases. The test results are illustrated in the form of the diagrams presented
below (Figure 6a,b). The greatest loss of mass was noted in the case of the claystone of
group J, and the smallest for the claystone of group L (Figure 6a). These results correlate
with the chemical composition of claystone; among all the tested rocks, the claystone of
group J contained the highest amount of SiO2 (64.39%), while in the claystone of group L,
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the SiO2 content was the lowest—58.80%. This relationship is also visible in Figure 6b—loss
of mass increases with increasing SiO2 and Al2O3 oxides content (Figure 6b).
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An assessment of clayey abrasives’ impact on the surface of the tested steel samples
was the next stage of testing after the wear tests. For this purpose, sample surfaces were
observed using scanning electron microscopy. On the surface of all the analyzed samples
subjected to wear tests, scratches were observed, the presence of which was most likely
caused by the impact of the products of the surface fatigue chipping process and partly by
the oxides (SiO2 and Al2O3), the grains of which could be aggregated under the load. It
was found that due to the wear caused by the presence of the abrasive material between
the cooperating surfaces, two main components of the abrasive, kaolinite and the carbon
substance, were pressed into the formed scratches (Figures 7–10).
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The remaining unpressed part of the abrasive material was subject to friction. This
abrasive, under the load and relative movement of the surface, tended to aggregate into
larger aggregates of elongated shape, which were most often located in the areas of the
surface chipping (Figures 11 and 12).
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Damage to the top layer of the sample surface, in the form of scaly cracks, was
observed (Figure 13), initiating flat, fatigue fracturing of the steel surface (Figure 14).
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5. Discussion

The behavior of clayey rocks subject to friction is directly related to the properties of
the clay minerals that form the rock. Their morphology in the form of thin plates as well
as their arrangement enable the water, metal cations and particles of organic compounds
(Figure 15) to enter the structure of clayey minerals.
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organic compounds by K. Bahranowski, 2000 [29].

In the case of the tested claystone, the clayey minerals are represented by kaolinite,
belonging to the group of two-layer minerals, where their packages are permanently bound
by hydrogen bonds (hydrogen of octahedron OH groups). The bonds are so strong that
they make an increase in the space between the packages impossible, thus preventing
an ingress of water and additional cations. The carbonaceous substance, determined in
the tested clayey rocks, is, therefore, a component that occurs simultaneously with the
mineral phases. Plastic properties of both clayey minerals and carbonaceous substance
were revealed during the wear tests.

The test results indicate that in the case of the tested claystone, the fatigue processes,
related to the cyclical impact of contact stresses in the surface layers of the cooperating
components, are the basic form of damage. This type of interaction leads to the formation of
surface cracks that are formed during friction under the impact of repeated elastic–plastic
or plastic deformations.

Cracks on the surface became visible under the impact of this type of abrasive material,
which led to further delamination. The delamination wear process has been described
by Fleming and Suh [30] and Stachowiak and Zwierzycki [31] as also Stachowiak and
Stachowiak [32]. Each point of contact on the surface of the steel sample of the sliding
node is cyclically loaded by the roughness of the abrasive particles. An accumulation of
plastic deformations and stresses in the subsurface layer and cracks in the subsurface layer
of the steel sample are the consequences of these interactions. The gaps that arise during
further cyclical loading of the contact area can grow. The growth of such cracks is initially
tangent to the friction surface and then propagates towards the surface. Separation of the
subsurface layer in the form of a specific thin scale is the end result of the fatigue process.

Cracking of the surface layer under the impact of high pressure and micro-fatigue
leads to the formation of wear products—steel particles, which can behave, in terms of
wear, in the same way as hard mineral abrasives. As a result of the impact of crushed wear
products as well as aggregated grains of the mineral substance, traces of micro-cutting were
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observed on the surface of the tested steel samples, which should be treated as secondary
damage in relation to the low-cycle fatigue wear of the steel surface layer.

During the tests, kaolinite as well as carbon particles present in claystone were partially
pressed into the cracks. The mechanism of such a behavior is typical for plastic materials,
which was proven by the authors during previous tests on the example of hard coal [26].
This process was also described by Pertica et al. [33] and Xia et al. [34], indicating the
presence of a wear mechanism in the form of micro-fatigue. Due to the fact that low-
hardness abrasive particles are not sharp enough or the steel surface has high strength
and plasticity, the slip between them leads to their indentation in the unevenness and the
gaps present on the surface of the steel component. At the place of pressing, a convexity
is formed, which, under the impact of further loading with further particles, causes the
formation of plastic deformations on the surface, which may lead to the formation of
a crack [34].

The wear tests carried out on steel samples showed that with successive loads, the
largest loss of total weight of the steel samples was found when using a claystone-based
abrasive marked with the symbol J, and the smallest for the abrasive L of the clayey group.
The test results correlate with the chemical composition of claystone (Table 1 and Figure 7b).
Among all the tested rocks, the claystone of group J contained the highest amount of SiO2
(64.39%), while in the claystone of group L, the SiO2 content was the lowest—58.80%.
Microscopic observations indicate that silica is associated with the presence of quartz, a
significant amount of which was determined in thin plates during microscopic observations
in all the analyzed samples. Aggregated quartz grains can form abrasive grains, causing
a destruction of the top layer of steel samples by the formation of cracks, thus causing
losses in the material [35,36]. These losses can have a different morphology. During wear
tests, Stachowiak and Stachowiak [31] found that rounded grains of abrasive minerals
form round craters and smooth grooves, while angular ones form sharp indentations and
narrow cutting grooves.

In general, it should be stated that the wear in the presence of ground clayey particles
was not intensive. This could be explained by the plastic properties of clayey minerals,
enabling them to be pressed into the primary cracks formed at the stage of making samples
during grinding and secondary ones, i.e., fatigue chipping and cuts caused by the crushed
steel (wear products). A compacted clayey material formed in this way could protect the
surface formed after a detachment of the chipping from oxidation. At the same time, the
claystone layer formed as a result of friction and transferred compressive and tangential
stresses related to the relative movement of the samples, which was the direct cause of steel
fatigue chipping. It is also likely that the chippings and mineral aggregates were partially
inactivated by a layer of compressed clay abrasive (Figure 10 shows particles embedded in
the clayey material).

6. Conclusions

Based on the tests, it has been concluded that kaolinite, quartz and muscovite dominate
in the mineral composition of the examined clayey rocks. In all the tested samples, the
presence of carbonaceous substance was found, which occurred in various forms: as a
pigment and in the form of crumbs of various sizes as well as a small lamination.

The chemical composition of rocks is closely related to the chemical composition of
the minerals that build them, and the dominant ingredients are the following ones: SiO2,
Al2O3 as well as K2O, Fe2O3, TiO2 and MgO.

In the wear tests using the abrasives, based on clayey minerals and hard coal, the
effects of the wear processes were manifested in damage typical for wear mechanisms:
micro-scratching and micro-fatigue.

Under the action of wear products and quartz on the surface of the steel samples,
cracks were visible, which led to delamination. During the wear tests, kaolinite and a
carbonaceous substance were pressed into the cracks due to the plastic properties of both
clayey minerals and coal.
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The grains of crushed chippings and mineral aggregates could be partially inactivated
by a layer pressed in claystone.
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