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Abstract: The paper provides and comments on the results of studies of the effect of sandstone-based abrasives
and quartz sand alone on the wear of martensitic surfaces of wear-resistant steels. The wear process was
examined on a ring-on-ring test rig seeking to determine the mass decrement parameter which characterised
wear. The tests were conducted for three sandstone varieties: Carboniferous, Permian, and Cretaceous, and
they made it possible to determine that the most intense process of deterioration of wear-resistant steels took
place in the presence of quartz sand grain, while less intense wear was observed in the case of sandstone-based
abrasives. The mass decrement values established in the presence of the sandstones in question did not differ
significantly between individual sandstone varieties. Based on a surface damage analysis, the basic damage
mechanism was found to be micro-scratching, however, with regard to the sandstones examined, it was also
determined that individual grains could be pressed into surface irregularities, as well as that films of soft
hematite cement developed in the Permian sandstone and that inclusions of carbonaceous matter were formed
in the Carboniferous sandstone. With reference to the wear process observations, a wear model was described
for the surface of the steels examined in the presence of sandstone-based abrasives.

Keywords: wear; sandstone; tribology; wear-resistant steels

1. Introduction

Considerable tribological wear is observed in mining machinery components working under
harsh envi-ronmental conditions, which can be attributed to diverse causes, including the effect of
aggressive abrasive materials. One of the main expectations held by companies which operate mining
machines is the capacity to ensure their adequate availability. Excessive wear of machinery and
equipment components is an issue typical of both underground and open cast mining. Consequently,
the elements most prone to damage in-clude, for example, the liners of bins or buckets in excavators,
power train caterpillars, or drive chains and drums of mining conveyors. The factors which link the
aforementioned components are the presence of grain of different sandstone sorts in the zone where
these elements work together and the widespread use of wear-resistant steel grades in their
production.

This paper focuses on the overall body of problems pertaining to the operation of mining
material handling machines used while dog headings are being driven [1,2], which represents a very
complex range of sub-jects on account of the variety of issues and limitations experienced in the
process, these being of geological and mining as well as technical nature. The work conducted in
these headings is among the most labour- and time-intensive kinds. Dog headings, and the opening-
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out ones in particular, are currently driven in rocks characterised by very unfavourable parameters.
What appears to be a relevant factor to this process is the type of rock-building minerals, since their
hardness affects the rate of abrasion and wear of cutting tools. Additionally, the presence of specific
concretions, such as those of spherosiderite, in rock banks causes intense sparking while mining
operations are being performed, which poses a very serious threat in underground mines.

The equipment used for rock loosening and output haulage while driving tunnels or headings
can be con-siderably diversified. It may comprise various types of conveyors, including scraper and
belt conveyors, self-propelled machines moving on tyred wheels, excavators, roadheaders, loaders,
or haulage cars [3]. In operation, individual components of these machines are exposed to factors
which reinforce their surface damage [4,5]. Friction is one of the main causes of degradation of
transport machinery components [6], yet an equally important degradation factor is the effect of
abrasive material, the presence of which can signif-icantly intensify the processes of deterioration of
the surfaces comprising a given tribological system (Figure 1). When combined, both these factors
can induce an abrasive wear process. Abrasive wear can be defined as a process of deterioration and
removal of material from the surface of a solid body, accompanied by a change in volume and the
associated mass decrement [7-9]. An extreme case of abrasive wear can be a change in the structure
and mechanical properties of elements engaged in friction, or even their physical degradation (Figure
2A).

Figure 1. Tribological system [5]; designations: 1 — relative motion inducing element, 2 — element
subject to kinematic forcing, 3 — intermediate layer, 4 - further surrounding, D - disturbances, Fn —
load, I - pre-set input values (X), O — effective output values (Y), RP — residual processes, T — friction
forces, 8 — vi and vz — surface velocities of elements 1 and 2.

However, what proves to be more frequent is the effect of either dry (Figure 2B) or wet abrasive
material (Figure 2C and 2D), which can cause significant material decrement precisely at the point of
impact of this degra-dation factor. Material decrement in the surface layer can be due to such
processes as micro-ridging, mi-cro-scratching, micro-fatigue, and micro-cracking [10]. In the case of
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abrasives composed of minerals char-acterised by considerable hardness, damage is typically
attributable to micro-scratching or micro-ridging.

C D
Figure 2. Examples of the effect of environmental conditions observed while driving underground
dog headings on elements of haulage machinery: A — example of critical damage to a conveyor track,
B - conveyor track covered with dry rocky abrasive material, C — conveyor deck plate with visible
scratches, D — chain links covered with a sticky mixture of rock and water; designations: 1 —deck plate

abrasion.

The adverse effect of hard mineral abrasives on the surface of machine components has been
extensively explored and discussed in the literature on the subject [10+15]. However, clastic materials
are often non-homogeneous and may contain materials of inherently diversified wear (abrasion)
properties [16+18]. Lawrowski [19] claims that the abrasive wear mechanism depends on the
proportion between the hard-ness of the metal wearing away (HM) and the hardness of the abrasive
(HA). Where HM/HA > 0.6, a less ag-gressive chemical-mechanical form of abrasion occurs, but
where HM/HA < 0.6, edges of the abrasive grains cause surface micro-abrasion.

As aforementioned, the mineral composition of the rock mass in which dog headings are driven
can be di-versified and variable along the entire driving section. This is precisely the situation
presented and dis-cussed by Mucha [20] using an example of driving through a mass of rock and coal
in order to develop an inclined ventilation drift in one of Polish coal mines. The geological cross-
sections provided in Figure 3 formed layers of coal and sandstone (left-hand figure) and sandstone
alone (right-hand figure).

3.2
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Figure 3. Examples of geological cross-sections of an underground dog heading; designations: yellow
— sandstone, black — coal (based on [20]).

It is common that underground headings are driven in sandstone-containing rock formations
[3]. Sandstones [21+24] represent a group of clastic rocks which — on account of the grain size of the
clastic material — are classified as psammitic. There are generally two groups of components found
in the structure of sandstones: allogenic minerals, forming what is referred to as the grain skeleton,
and authigenic minerals, contained in the binding matter commonly known as cement. There is also
a separate group known as the matrix, comprising allogenic grains of a size below the lower limit of
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the fraction which represents the grain skeleton. The allogenic grains include weathering-resistant
minerals derived from the comminution of older rocks, and these are primarily quartz, feldspar (most
commonly represented by orthoclase, albite, and oligoclase), mica (mainly muscovite, less commonly
biotite), and heavy minerals such as zircon and garnets. The authigenic minerals, on the other hand,
are formed where sediment develops, during either sedimentation or diagenesis. These include opal,
chalcedony, carbonates, clayey minerals, iron oxides and hydroxides.

Sandstones can be classified according to diverse criteria [25]. Considering the grain size
diversity of the grain skeleton, sandstones can be broken down into coarse-grained (1-2 mm),
medium-grained (0.5-1 mm), fine-grained (0.25-0.5 mm), and very fine-grained (0.10-0.25 mm)
sandstones. The sandstone varieties depending on the mineralogical composition are either
monomineral, quartz being their main component, or polymineral. As per Folk’s [26] classification,
the polymineral sandstones include arkose (containing numerous feldspar grains besides quartz) and
greywacke sandstones rich in rock clast and clayey minerals. According to Petitjohn [27], on the other
hand, the breakdown of sandstones should also be based on the fraction of matrix, besides the
mineralogical composition. Such an assumption leads to the division into arenytes (containing up to
15% of matrix by vol.) and wackes (containing 15-75% of matrix by vol.).

Sandstones can also be subdivided on account of the mineralogical composition of cement,
which basically affects their physical and mechanical properties, and so there can be siliceous,
calcareous, clayey, ferruginous, and other sandstones. The mineralogical composition of cement
determines the sandstone colour, which also plays an important role, especially in construction stone
production. Therefore, for instance, one can distinguish between white (Cretaceous), red (Permian),
pink (Triassic), and green (Cretaceous) sandstones.

There is a relatively plentiful body of research on the mechanical properties of sandstones. These
characteristics, including fatigue strength, susceptibility to cracking, and axial load behaviour, as well
as the failure mechanisms of sandstones have been studied by numerous authors, some of whom are:
Z. Song et al. [28], Bagde and Petros [29-31], Song, H et al. [32], Cai et al. [33], Y. Zhao et al. [34],
Vaneghi et al. [35], Yang et al. [36-38], G. Zhao et al. [39], Liu et al. [40], Ray et al. [41], Feng et al. [42],
Figarska-Warchot et al. [43], and Li et al. [44]. The abrasiveness of sandstones, on the other hand, has
been addressed in papers [45+55].

In order to counteract the excessive abrasive wear of working surfaces in the machinery and
equipment operated while driving dog headings and tunnels, typically caused by the effect of rocks,
including sandstones, wear-resistant steels are used in production. These steel grades are classified
as martensitic, weldable, resistant to abrasive wear, and characterised by very high strength
parameters [56+58]. Their anti-wear properties have been examined relatively extensively in terms of
the potential impact of quartz grains or rock mixtures forming different variations of mineral
aggregates [15+17,57+64].

In their studies released to date the authors have analysed the effects of quartz sand [65], coal
[66], siltstones [67] as well as their mixtures with quartz sand [68] on the wear of wear-resistant steels.
This body of research has allowed them to conclude that the content of low-hardness minerals in the
rock material can exert a fundamental impact on the underlying damage mechanism of the steel
grades in question, thereby determining the intensity of their wear. The role of rocks such as siltstone
or coal may consist in changing the three-body form of abrasive wear to the less intense two-body
form of wear of the grains embedded in the material wearing away. Furthermore, clayey minerals
and coal show a tendency to being pressed into surface irregularities and can immobilise steel wear
products. Consequently, in the processes of abrasive wear of martensitic steels in the presence of
sandstones composed, as aforementioned, primarily of quartz and cement, the damage mechanism
at play may not necessarily be solely the one typical of hard grain, such as quartz. Based on that
observation, Wieczorek et al. [69] proposed a wear model for mixtures of hard grains and soft phases,
dedicated to elements of tunnelling machinery. In the case of sandstones, specific wear mechanisms
as well as the interactions between wear processes can be complex [70] and conditioned by the
components comprising a given tribological system [71+73].

The primary objectives of the research addressed in this paper were:
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In order to achieve the objectives of their research, the authors focused on identifying the
mineralogical composition of the sandstones under consideration. Additionally, they compared the
results obtained in the studies they had conducted with the results pertaining to the effect of quartz
sand grains. With reference to the preliminary research, it should also be concluded that the literature
on the subject lacks analyses of the impact of the mineralogical composition of sandstones on the
damage mechanisms of wear-resistant steels, which makes the research addressed in this paper and
its results novel, given the current state of knowledge in the field of wear processes.

2. Experimental Details

In pursuit of the main research objectives, the following studies were conducted:

— mineralogical and chemical identification of the analysed abrasive material based on microscopic
observations of thin plates using a scanning electron microscope, as well as analysis of chemical
composition by X-ray fluorescence (XRF),

— wear testing of wear-resistant steels in the presence of comminuted sandstone grains and quartz
sand,

— identification of the surface damage mechanisms observed in the samples based on scanning
microscopy observations and EDS analysis.

— Besides quartz sand, three sandstone types were used in the studies:

—  Carboniferous sandstone obtained from the Piast-Ziemowit hard coal mine in Bierun,

—  Permian ferruginous sandstone from the Lower Silesian deposits found in the district of Ktodzko,

— sandstone from the bottom Godulian strata extracted in the town of Wisla, dating back to the
Upper Cretaceous.

Do badan wykorzystano, oprécz piasku kwarcowego, 3 rodzaje piaskowcow:

— piaskowiec karbonski z wyrobiska KWK Piast-Ziemowit w Bieruniu,
— piaskowiec zelazisty datowany na perm pochodzacy dolnoslaskich zt6z w powiecie ktodzkim,
— piaskowiec z dolnych warstw godulskich w Wisle, datowany na goérna krede.

Thin plates of material were used to perform transmitted light microscopy observations by
means of the OPTA-TECH LAB-40 HAL polarised light diagnostic microscope featuring an image
analyser.

In order to determine the chemical composition of the sandstones by X-ray fluorescence (XRF)
in line with the EN ISO 12677: 2011 standard, the samples were ground to a grain size of less than 63
pm using a tung-sten carbide-lined mill. The samples were dried, and then the relevant loss on
ignition was determined at the temperature of 1,025°C. Roasted to a constant mass, the samples were
melted using an off-the-shelf mixture of lithium tetraborate, lithium metaborate, and lithium bromide
(66.67%, 32.83%, and 0.5%) of a flux purity suitable for XRF (from Spex). The sample-to-flux weight
ratio was 1:9. Thus prepared, the sam-ples were measured using the PANalytical MagiX PW2424
spectrometer calibrated with a series of certified reference materials, i.e. JRRM 121-135, JRRM 201-
210, JRRM 301-310 (Technical Association of Refractories, Japan).

The surface of the steel as well as sandstone samples were subject to observations at the fracture,
conducted using the SEM AXIA ChemiSEM scanning electron microscope from ThermoFisher
Scientific with a fully integrated EDS spectrometer using secondary electron (SE) detection at an
accelerating voltage of 15 kV and magnification ranging from x50 to x2,000. The chemical
composition in micro-areas was subject to a qual-itative analysis by energy dispersive X-ray
spectroscopy (EDS) at an accelerating voltage of 15 kV. For test-ing purposes, the sandstone samples
were sputtered with gold using the SPT-20 COXEM sputter coater, while surface texture
examinations were performed using the Profilm3D optical profilometer from Filmet-rics Inc. (San
Diego, CA, USA).

The tribological test samples were made from a wear-resistant steel with the trade name of
RAEX400. The main material data of the steel subject to the tests have been provided in Table 1, while
its chemical compo-sition — in Table 2. Detailed information on the steel used in the studies can be
found in papers [68,69]. The surface profilogram of the RAEX400 steel has been shown in Figure 5.
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The abrasive wear tests were conducted at a ring-on-ring type test rig (Figure 6A,B). One of the
characteristics of the test [68,69] was the constant presence of comminuted grains of sand or the
sandstones ana-lysed. Two ring-shaped samples of the RAEX400 steel (Figure 6C) were fixed in the
upper and lower holders of the test rig so as to arrange them parallel to each other and to prevent
them from moving in the holders.

Table 1. Mechanical properties of the steel tested.

Mechanical Tensile El i Minimum temperature for
echanica ongation
Rk Strength TS, 8 which the steel impact Hardness, HB
Properties A, % .
MPa strength V is 30 J, °C
RAEX400 1250 10 -40 383+403

Table 2. Chemical composition of the tested steel [mass%].

C Mn Si S P Ni Cr Mo B Nb

0.288 | 1.14 | 0.436 | 0.012 | 0.004 | 0.078 | 0.457 | 0.122 | 0.006 | <0.00
4 2 2 3 4

394 .98

34560
296.23
246.86
197.49

148.12
98.74
X (um) 4937 qgp

A

Figure 5. Tribotester; A — test rig, B — testing head, C — sample, D — bottom holder with abrasive
material.
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Carboniferous sandstone Permian sandstone

Cretaceous sandstone

Figure 6. Samples of the sandstones subject to the tests.

Prior to the testing, the abrasive material subject to the tests was ground to a grain size of less
than 100 pum and placed in an amount corresponding to 1 cm3 between the faces of the samples.
While exerting its im-pact on the steel surfaces, the abrasive continued to grind out. The samples
were cleaned and weighed be-fore and after a 10-minute wear cycle to determine their mass
decrement, while fresh abrasive was added between the test samples before the start of each cycle.
For each abrasive variant and each load value, three test series were performed, each consisting of
eight wear cycles. The parameters characterising the wear tests have been provided in Table 3.

Table 3. Main parameters of the wear tests.

Parameter Value
Contact surface area S, mm? 785.3
Compressing stress o, MPa for
Quartz sand 0.031 0.062 0.094 0.125
Carboniferous sandstone 0.094 0.125
Permian sandstone 0.031  0.062 0.094 0.125
Cretaceous sandstone 0.094 0.125
Tests duration, min 8 x 10
Sliding distance, m 1390
Rotational speed of the moving sample, RPM 1491
Average linear speed of the moving sample, m/s 0.29
Number of test repetitions for each variant 3
Outside diameter of the sample 55h8
Inside diameter of the sample D45H7

for upper lid B = 10 mm,

Sample width (B) for lower lid B = 6 mm
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Based on the mass measurements conducted after the 10-minute wear cycles, the mass
decrement of sam-ple uM was determined according to formula (1):

Wy = (MBS,End - MBS,Start) + (MUS,End - MUS,Start) ’ (1)

where: Wu — weight loss of the sample in g, Mss_start — mass of the bottom sample before the testin g,
Mss_end — end mass of the bottom sample in g, Mus_start — mass of the upper sample before the testin g,
Mus_end— end mass of the upper sample in g.

Measurement uncertainty was determined using Student's T-method for confidence level equal
to 0.95 and number of tests n = 3. The relative measurement uncertainty was less than 3% for all the
cases considered.
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3. Results

3.1. Identification Tests

Carboniferous sandstone (Figure 4A) is characterised by its grey colour, medium-grained
texture, and low de-gree of sorting. The sandstone texture is compact, typically chaotic, only locally
with directional texture marked by the presence of fine-grained parallel layers of carbonaceous
matter. In a sample comprising chunks of material, sandstone reacts with HCl when exposed to cold,
which implies that there is calcite (CaCO3) in the mineralogical composition of the cement, and
moreover, a distinct odour of mortar is re-leased when the rock comes into contact with water, which,
in turn, indicates the presence of clayey miner-als.

Permian sandstone (Figure 4B) is red in colour, which indicates the presence of iron oxides,
mainly hematite (Fex0s), in the mineralogical composition of the cement. The structure of this
sandstone is medium-grained with a low degree of sorting. Its texture is chaotic, typically compact,
yet fine pores can be observed locally on the rock surface. This sandstone is also brittle.

Cretaceous sandstone (Figure 4C) displays a light grey colour and a fine-grained texture with a
high degree of sorting of the clastic material. The texture of the sandstone is compact and chaotic.
Macroscopic examina-tions reveal that, besides quartz, there are lamellae of muscovite with a
characteristic pearly lustre in the mineralogical composition of the sandstone clast.

In order to identify the structure and mineralogical composition of the sandstones under
consideration, transmitted light microscopic observations were conducted using a scanning electron
microscope. Figures 7 and 8 are microphotographs of the grain surface and microstructure of the
Carboniferous sandstone, Figures 9 and 10 show the Permian sandstone, while Figures 11 and 12 —
the Cretaceous sandstone.

30k C

20k

10k

Mg
ol JOL Na“alR ad K K

Oev 5keV

C

Figure 7. Carboniferous sandstone surface: A — microscopic view (x30, SEM), B — microscopic view
(x1,000, SEM); C — EDS analysis results for item 1.
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Figure 8. Microphotograph of Carboniferous sandstone (in transmitted light, crossed polarisers,
x100); designations: q — quartz, cl — clayey minerals; c — carbonates, ch — chalcedony, zr — zirconium.
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C MgAl
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OeV 5 keV

C

Figure 9. Permian sandstone surface: A — microscopic view (x44, SEM), B — microscopic view (x1,000,
SEM); C — EDS analysis results for item 1.

Figure 10. Microphotograph of Permian sandstone (in transmitted light, crossed polarisers, x100);
designations: q — quartz, h — hematite.
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Figure 11. Cretaceous sandstone surface: A — microscopic view (x44, SEM), B — microscopic view
(x1,000, SEM); C — EDS analysis results for item 1.

g
AL

Figure 12. Microphotograph of Cretaceous sandstone (in transmitted light; left — parallel polarisers,
right — crossed polarisers, x100); designations: q — quartz, cl — clayey minerals; ¢ — carbonates, f —
feldspars, ch — chalced-ony, m — muscovite; bt — biotite; g — glaukonite.
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Figure 13. Element distribution on the Permian sandstone surface (elements designated in figures).
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Figure 14. Element maps identified for the sandstones studied.
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Figure 15. Behaviour of mass decrement (Wwm) of wear-resistant steel in a function of testing time
established for the sandstone varieties and quartz sand examined.
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Having performed the microscopic observations and spot EDS measurements, the authors also
established the surface distribution of elements. A sample distribution obtained for the Permian
sandstone has been shown in Figure 13) and the elements were mapped for the sandstones studied
(Figure 14). Figure 15 shows the surface of the quartz sand used in the studies. Additionally, the
sandstones subject to testing were also an-alysed for chemical composition (Table 4).

3.2. Wear Tests

Figure 15 illustrates the behaviour of mass decrement in a function of testing time for the
sandstone varieties and quartz sand examined, while Figure 16 provides a comparison of wear curves
for the sandstone varieties in question.

The wear test results obtained imply the following findings:

—  the greatest wear was observed for homogeneous hard mineral abrasives (quartz sand),
—  all the wear values obtained for the wear-resistant steel in the presence of quartz sand and for
all load values are very similar,


https://doi.org/10.20944/preprints202405.1730.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 May 2024

d0i:10.20944/preprints202405.1730.v1

14

—  the differences in the mass decrement caused by the presence of Permian, Carboniferous, and
Creta-ceous sandstone are inconsiderable and cannot be graded in terms of the intensity of their effect
on the wear-resistant steel.
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Figure 16. Comparison of curves of mass decrement (WM) of wear-resistant steel for the sandstone
varieties examined: A — for 0.094 MPa of load, B — for 0.125 MPa of load.

Table 4. Results of analysis of chemical composition of studied sandstones.

. Carboniferous Permian Cretaceous

Minerat, %
sandstone sandstone sandstone

Si0, 88.53£2.21 80.27 £2.01 83.14 £2.08
ALO; 3.83+£0.19 5.09+0.25 8.06 +0.40
Fe O3 0.35+£0.17 11.81£0.59 2.88£0.14
TiO; 0.17£0.09 0.23 £0.12 0.37+0.19
MnO 0.02 £ 0.01 0.01 £0.01 0.04 £ 0.02
Ca0 0.62+0.31 0.03 £0.02 0.25£0.12
MgO 0.49 £0.25 0.09 £ 0.05 0.66 £ 0.33
Na,O 0.53+0.26 0.01 £0.01 1.63+0.16
K»,O 0.67+£0.33 0.43+£0.22 1.41+£0.14
P>0s 0.01 £0.01 0.09 £ 0.04 0.07 £0.03
strata prazenia 473 +0.47 2.42+0.24 1.86 +0.19
* strata prazenia wyznaczona w temp. 1025 °C

3.3. Surface Analysis After Wear Tests

Once the wear tests had been completed, the next stage in the research consisted in assessing the
effects of the abrasive materials on the surface of the steel samples tested. For this purpose,
microscopic observations of the steel surfaces were performed by optical profilometry and scanning
electron microscopy. What could be found on the surface of all the steel samples tested in the presence
of three types of sandstone and quartz sand was the wear forms typical of hard abrasives, forming
scratches whose presence was caused by the impact of quartz grains. This can be clearly seen in the
profilograms provided in Figure 17.
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Figure 17. Profilograms of the surface of wear-resistant steel wearing away in the presence of
sandstone clast, as de-termined for a load of 0.125 MPa.

What these profilograms also demonstrate for all the three sandstone varieties studied is surface
zones characterised by plastic minerals, forming the sandstone cement, having been partially pressed
into scratches which developed earlier. However, the images of the surface of the wear-resistant steel
wearing away in the presence of sandstone grains (Figure 18+20) reveal far more forms of damage.

In numerous cases of the steel tested in the presence of the Carboniferous sandstone-based
abrasive, it was observed that, due to the wear caused by the presence of grains between mating
surfaces, the carbonaceous substance had been pressed into the scratches formed on the surface, but
finer crumbs thereof were also found to have mixed with some harder components of the abrasive
material showing on the steel surface (Figure 18). Visible in this figure are also quartz grains
embedded in the surface either directly or via a layer of coal previously pressed in.

The microphotographs of the steel samples exposed to the impact of the Permian sandstone-
based abrasive clearly show that scratches were filled by hematite (Fe203), which is the main
component of the sandstone cement (Figure 19). The remaining, non-pressed part of the haematite-
rich cement was subjected to the effect of friction. Affected by load and relative surface motion, the

abrasive material displayed a tendency to aggre-gate into larger lumps, mostly typically to be found
in surface chipping areas.
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Figure 18. Surface of wear-resistant steel wearing away under a load of 0.125 MPa in the presence of
Carboniferous sandstone clast: a — scratches, b — clasts of carbonaceous matter, ¢ — coal-filled surface
cracks, d — carbona-ceous films, e — quartz grain embedded in carbonaceous film, f — quartz grain
embedded in surface, g — groove.
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Figure 19. Surface of wear-resistant steel wearing away under a load of 0.125 MPa in the presence of
Permian sand-stone clast: a — scratches, d — hematite films, e — quartz grain embedded in hematite
film.
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The surface of the steel samples exposed to the effect of the Cretaceous sandstone abrasive has
shown rela-tively the greatest signs of wear. Clearly visible are the scratches created by the abrasive
action of quartz (Figure 20) as well as the crushed quartz grains embedded in the steel surface,
surrounded by clusters of min-eral cement.

Figure 21 shows examples of the damage which the wear-resistant steel surface sustained
following the wear tests in the presence of quartz sand. The effect of the grain, as observed on the
surface of the test samples, was damage in the form of numerous extensive scratches. Between these
scratches, patches of smoothed surface or with small pinpoint cavities can be seen. No embedded
quartz sand grains or any films of pressed-in mineral grain were found on the surface of the test
samples.

{

5.00kV 207 ym

1000 1
Figure 20. Surface of wear-resistant steel wearing away under a load of 0.125 MPa in the presence of

Cretaceous sandstone clast: a — scratches, d — carbonaceous films, e — quartz grain embedded in
carbonaceous film.
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Figure 21. Surface of wear-resistant steel wearing away under a load of 0.125 MPa in the presence of

quartz sand grain: a — scratches.

4. Discussion

Quartz is the primary mineral forming the grain skeleton of all the sandstone varieties examined.
Quartz grains are characterised by diversified size ranging between 0.1 mm and 1 mm as well as
varying degree of roundness. Alongside rounded-edge samples, sharp-edged grains could also be
discerned, especially in the Cretaceous sandstone. With the polarisers arranged in parallel, the quartz
grains appear colourless with weakly positive relief; their surface is predominantly scratched and
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covered with a lattice of irregular cracks. With the crossed polarisers in use, first-order grey
interference colours characteristic of quartz are visible, but one can also observe some optical
anomalies caused by the dynamic deformations to the quartz lattice. The foregoing causes wavy light
extinction, which means that the surface of individual grains is not extinguished uniformly, but rather
in a fragmented fashion instead, which manifests itself as locally ex-tinct patches within the grain.

Mica can be found primarily in the Cretaceous sandstone, with incidental occurrences in the
Carboniferous and Permian sandstone. This group is represented by well-preserved grains of
muscovite, forming elon-gated idiomorphic shapes, often twisted upon contact with other minerals.
With the parallel polarisers in use, muscovite is colourless and non-pleochroic, showing distinctive
unidirectional cleavage. With the crossed polarisers, second- and even third-order interference
colours are marked, characteristic of musco-vite. In addition to muscovite, biotite is found in the
Cretaceous sandstone. Biotite grains are highly weath-ered, typically with jagged edges, while well-
preserved idiomorphic crystals can rarely be observed. With the polarisers arranged in parallel,
biotite appears to be characterised by a brown colour and pronounced pleochroism, with
unidirectional cleavage visible on the grain surface. With the crossed polarisers in use, biotite shows
simple light dimming and second-order interference colours.

The feldspar group is represented mainly by plagioclases, identified in all the sandstones
studied. They form fine grains showing grey interference colours and characteristic polysynthetic
twinning. Heavy min-erals were mainly observed in the Carboniferous sandstone, And these
included zircon, found to have formed well-rounded colourless grains with characteristic black
pleochroic rims. With the polarisers crossed, zircon shows fourth-order interference colours.

The binding matter in the Carboniferous and Cretaceous sandstone represents the porous type,
while it is primary in nature in the Permian sandstone. It is a mixed cement type, and no matrix type
cement was ob-served. In the Carboniferous sandstone, chalcedony, clayey minerals, and carbonate-
based minerals were found among the cement components. Chalcedony forms microcrystalline
aggregates whose individual grains show optical characteristics similar to those of quartz: they are
colourless and non-pleochroic, with zero or weakly positive relief, showing no cleavage. With the
crossed polarisers in use, they are character-ised by grey interference colours of the first order. Clayey
minerals form microcrystalline aggregates with dark grey interference colours. Carbonates are
colourless with variable relief, and with the crossed polaris-ers in use, they show fourth-order
interference colours.

The main component of the Permian sandstone’s cement is oxidised iron compounds,
represented primar-ily by hematite with a characteristic red colour. In the Cretaceous sandstone, as
in the Carboniferous one, the cement is of mixed clay-carbonate-silica type, but what is particularly
noteworthy about it is the frac-tion of glauconite, belonging to the group of clayey minerals. The most
characteristic feature of glauconite is its green colour observed in the microscopic image with the
polarisers in the parallel arrangement.

In the Carboniferous sandstone, the texture was confirmed to be compact (Figure 6A), and
furthermore, clasts of carbonaceous matter were found among the sandstone’s structural components
(Figure 7). The micropho-tographs of the Permian sandstone clearly show the presence of ferruginous
cement which, on account of the clast-to-cement ratio, is primary in nature (Figure 9). On the other
hand, among the components of the clastic material, well-preserved irregular quartz grains could be
observed (Figure 10). The microscopic analy-sis of the surface of the Cretaceous sandstone revealed
micropores which were not discernible in the mac-roscopic observations (Figure 11). The quartz
grains were also found to be characterised by a much smaller size compared to the quartz forming
the Carboniferous and Permian sandstone, which had already been established during the
macroscopic observations, implying that the structure of the Cretaceous sandstone should be
categorised as fine-grained (Figure 12).

The analysis of the chemical composition of the sandstones examined has shown that their
dominant component is silica (SiOz), whose content in the Carboniferous and Cretaceous sandstone
is 88.53% and 83.14%, respectively, while the smallest content of this component has been identified
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in the Permian sandstone — 80.27%. Silica occurs alongside the oxides of aluminium (Carboniferous
sandstone — 3.83%, Permian sandstone — 5.09%, Cretaceous sandstone — 8.06%), iron (the most found
in the Permian sand-stone (11.81%) and the least (0.35%) — in the Carboniferous sandstone), and
potassium (Carboniferous sandstone — 0.67%, Permian sandstone — 0.43%, Cretaceous sandstone —
1.41%). The other oxides are pre-sent in smaller amounts, their content not exceeding 1%. The loss on
ignition implies that admixtures of organic matter are present in the sandstone composition, found
in the largest content in the Carboniferous sandstone (4.73%).

In their previous papers [4,64-68], the authors have demonstrated that the fraction of quartz, or
possibly also of the SiO2 + Al2Os complex, in abrasive mixtures has a decisive impact on the rate of
wear of wear-resistant steels. The study addressed in this paper also served to establish a relation
between the wear rate and the fraction of quartz (5iO2) expressed in per cent (Figure 22).

Figure 22 shows that, within the range of 80+88% of the SiO: content, the increase in mass
decrement is rela-tively small, and not until the quartz content nears 100% does the abrasive material
cause significantly greater wear. One should seek the rationale behind the above observation in the
potential interactions be-tween the hard particles of the abrasive material (crushed quartz grains) and
the relatively soft cement or carbonaceous inclusions.

As implied by the figures showing the steel surface affected by sand grains, processes of intense
abrasion caused by hard mineral grains take place while the material is wearing away (Figure 21).
Meanwhile, these grains are subject to comminution, and yet such particles of reduced size continue
to abrade the steel sur-face and generate wear products, i.e. loosened fragments of steel. The surface
deterioration processes ob-served in all the sandstones containing hematite-based cement or carbon
inclusions besides quartz grains proceed differently compared to the cases where quartz sand alone

1s present.
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Figure 22. Curves of final mass decrement (WM) of wear-resistant steel in a function of content of
quartz in the sand-stone varieties examined and of quartz sand (behaviour established for the loads
of 0.094 MPa and 0.125 MPa).

First and foremost, the grains of the minerals which build sandstone become comminuted and
subsequently mixed. At the same time, two different processes take place. On the one hand, during
the relative motion of the surface of the sam-ples, the steel surface is being abraded by sandstone
grain fragments, forming metallic wear products (process accompanied by continuous grain
comminution), and on the other hand, the aforementioned mo-tion of the surface of the samples
causes the soft components (e.g. hematite cement or carbonaceous inclu-sions) to separate, which
leads to the formation of discontinuous layers on the steel surface. As a conse-quence of the effect of
quartz grains, they are driven into the surface either directly or through the cement layer previously
formed or through inclusions. The embedment of grains in the surface is facilitated by the formation
of cement-filled cavities into which the former are pressed under the pressure of the upper sam-ple,
the outcome of which is a partial change in the form of abrasive wear from the three-body to the two-
body type. The latter form is characterised by a lower intensity of wear compared to the former [9,11].
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The loosened wear products along with non-embedded grain fragments may be subject to
further commi-nution, or they can continue to cut the mating surfaces as well as break into the
dynamically developing discontinuous layer of cement and inclusions, thus becoming inactive.

Based on the studies conducted by the authors, a model of wear of wear-resistant steel in the
presence of sandstone grains has been proposed (Figure 23).

The wear model envisages four-stage steel surface deterioration process:

Stage I: Initial condition — non-comminuted quartz grains placed in the test head.

Stage II: initial cutting of the steel surface by comminuted and non-comminuted mineral grain,
and initial compaction of the cement and inclusions under the effect of load and relative motion of
the samples.

Stage III: further cutting by grains and simultaneous formation of layers of soft sandstone
components, facilitated by the temperature increase on the surface of the samples.

Stage IV: further filling of cavities by cement films, formation of pockets capturing larger quartz
grains, and inactivation of small grain fragments and wear products by cement films.
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Figure 23. Model of wear in the presence of sandstone, developed for the sample/counter-sample
system studied: A — Stage I, B — Stage II, C — Stage III, D — Stage IV; designations: 1 — bottom sample,
2 — top sample, 3 — lateral test head surface, 4 — hard fractions in sandstone (quartz), 5 — cement and

inclusions in sandstone, 6 — fragments of grain and wear products, 7 — discontinuous layer of cement

and inclusions, 8 — grain frag-ment driven directly into the surface, 9 — scratch on the sample surface,

10 — scratch filled with cement film, 11 — grain fragment driven into the surface and embedded in a

pocket.

In the wear model presented above, the hard sandstone fractions are the wear intensifying

factors, and their effects are as follows:

— surface abrasion by hard mineral grains and wear products,
— capacity for the formation of extensive surface cracks between abrasion areas as a consequence
of aggregate accumulation in surface cracking areas.

On the other hand, the material-forming fractions can mitigate the wear process to some extent

by:

— facilitating the settling of mineral abrasive grains in surface damage areas and partially
converting the three-body form of abrasive wear into two-body abrasive wear;

— enabling limited capture of hard abrasive particles by discontinuous cement films;

— limiting oxygen access to the loosened steel surface fragments via consolidated cement

fractions.
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5. Conclusions

Based on the studies conducted by the authors, the following findings have been reached:
1. The form of damage to mating surfaces depends on the type of the abrasive material
introduced between them:

— as for the abrasive material based on quartz sand, micro-scratching was found to be the
primary steel damage mechanism, the secondary one being the smoothing effect of highly
comminuted wear products,

— as for the sandstone-based abrasive, signs of abrasion of the steel surface by grain fragments
as well as formation of films comprising minerals forming the sandstone cement (clayey
minerals, hematite) and carbonaceous substance were observed.

2. What could also be noticed in the sandstones was the deposition of hard grains, mainly of
quartz, in the damaged surface areas, which was facilitated by the presence of soft cement-
building minerals (clayey minerals, hematite) and, in the case of Carboniferous sandstone, the
presence of carbonaceous matter inclusions.

3. On the surfaces worn in the presence of sandstones, discontinuous and irregular films of
cement and carbonaceous inclusions were formed under load.

4. The following conclusions have been drawn with reference to the volumetric wear values
measured:

— the most extensive wear was observed in the presence of hard mineral abrasives (quartz sand),

— the wear values obtained for wear-resistant steels in the presence of all the three sandstone
varieties studies were very similar to one another.

5. Additionally, models of wear in the presence of sandstone-based abrasive material have been
provided in the paper.

In conveyors intended for use in mining workings, wear-resistant steels are supplied according
to the specifications of the users of these machines. As a rule, they require a steel surface hardness of
not less than 400 HB. Based on the presented results, it is recommended to increase the surface
hardness to the range of 475 - 505 HB while maintaining the weldability of the sheets used. The
increased cost of purchasing sheets of increased hardness should be returned in the form of an
increase in the failure-free operation time of wear-resistant steels.
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