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1. Introduction

Wearing out due to friction against a loose abrasive is
a common type of operational deterioration of equipment
parts in such industries as oil and gas, mining, construction,
and manufacturing as well as in the use of earthmoving,
road-building, and agricultural machinery. A key factor that
determines the wear resistance of mechanisms in such work-
ing conditions is a rational selection of materials for coating
the work surfaces that are directly exposed to abrasive
impact during operation. The existing approaches are insuf-
ficiently effective if they are based on empirical methods of
selecting materials only by the parameter of their hardness,
as in many cases there is a poor correlation between hardness
and wear resistance due to the peculiarities of the micro-
structure of the surface layer, on the one hand, and specific
contact-force action of abrasive particles with different mor-
phological features, on the other. Therefore, there is a need
to develop new methods and devices for tribological studies,
which would allow producing an adequate assessment of the
relative wear resistance of various kinds of materials and
coatings, taking into account the geometric parameters of
the abrasive particles.

The improvement of existing and the development of new
methods of tribotechnical testing are the prerequisites for a
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rational selection of materials for strengthening mechanical
parts under specific conditions and for creating new surfac-
ing materials with predictable properties.

Given that under current conditions the range of surfac-
ing materials is constantly expanding, and the requirements
for their physical and mechanical properties remain high, the
development of new methods and devices for the assessment
of abrasive wear resistance is an important direction in mod-
ern tribology.

2. Literature review and problem statement

Currently, there are two main and most widely used
methods for determining the wear resistance of materials
under conditions of friction against a loose abrasive.

The standardized method according to GOST 23.208-79
“Ensuring of wear resistance of products. Wear resistance test-
ing of materials by friction against loosely fixed abrasive par-
ticles” and its U.S. equivalent ASTM G65-16 “Standard Test
Method for Measuring Abrasion Using the Dry Sand/Rubber
Wheel Apparatus” entail wear of reference samples and test
samples by abrasive particles that are supplied to the friction
zone and pressed with a rotating rubber roller. This approach
has the following disadvantages:




— failure to provide a high value of the force pressing the
sample to the rubber roller;

— long-lasting tests (10 min for the reference sample and
up to 60 min for the test sample);

— special requirements for surface samples;

— it is necessary to grind in the roller and to replace it
regularly.

Among non-standardized methods, the most commonly
used is the Lorentz force method [1] that simulates the max-
imum interaction of an abrasive particle placed in an envi-
ronment of compressed abrasive masses with friction-tested
surfaces. A significant limitation to the widespread use of this
method is an insufficient exchange of the abrasive mass around
the sample, which results in the wear area being enriched with
crushed and blunt particles of reduced abrasive capacity: large
grains split, and unsplit massive particles are shifted by centrif-
ugal forces to the periphery of the test chamber.

Changes in the geometric parameters of the abrasive
particles in the zone of interacting with the friction surface
lead to changes in the wear rate, whereas saturation of the
interaction zone of the sample surface with crushed particles
of an abrasive environment changes the nature of the inter-
action: instead of wearing out, the working surface of the
sample is loaded with the abrasive, which radically changes
the mechanism of wearing out the tested surface.

The abrasive ability of the particles in terms of friction
on a loose abrasive and on the basis of their shape is most
commonly evaluated by a set of the shape parameters such
as roundness (R) and aspect ratio (AR) [2]. The R parameter
determines the degree of deviation from the ideal circular
shape of a particle; it is calculated by the formula [3]:

R=—", )

where L is the perimeter of a circle whose area is equal to the
area of the particle projection; A, is the area of the particle
projection.

The parameter AR is defined as the ratio between the
maximum Feret diameter (F.) and the minimum Feret
diameter (F i), or as the ratio between the radii of the min-
imum internal and maximum external circles [4]. In some
cases, the characteristics of the abrasive ability of particles
across some extended surface are described through the pa-
rameter of the particle’s convexity (C), which is a correlation
between the area of a shape obtained by constricting an ideal
membrane around a particle (Fig. 1, @) and the area of the
particle’s projection [5]:
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An increase in the C parameter leads to a linear increase
in the wear intensity.

The results of the analysis that is given in [6] on the in-
fluence of particle’s shape on the intensity of abrasive wear
show that at using different abrasives the wear of a sample
is greater if there is a larger SPL parameter, which is an
angularity degree at the vertices of abrasive particles that go
beyond the middle radius T (Fig. 1, b). Its value is calculat-
ed by the formula:

SPL= icos(%‘), 3)

i=1

where N is the number of vertices, and 6; is the value of the
angles at the vertices.

According to [7], the size of the particles essentially
affects the intensity of abrasive wear in studying abrasive
wear resistance of steel friction in an Al,O3 environment.
Moreover, its increase in the range of 50 to 180 mcm is found
to increase wear by the following parabolic dependence:

k =9.24/d, 4)

where k is the coefficient of wear, and d is the average size of
the particles.

A similar tendency was found in studying the wear of
WC-Co alloys among SiC particles [8] whose size differed
almost by an order of magnitude (17.5 and 180 mcm) and
in studying abrasive wear of white cast iron reinforced with
inclusions of carbide phases such as Me3C among Al,O3 par-
ticles with sizes of 16 to 192 mem [9].

Fig. 1. Plans for calculating the shape parameters:
a — convexity (C) [2]; b — a sharpness (spike)
parameter (SPL) [3]

Thus, the abrasive ability of particles in tribological
tests is determined by a complex analysis of criteria such as
R, AR, C, SPL, and F,;.x, among which the most important
criterion is SPL because its values are most closely related
to the intensity of wear. For an objective assessment of the
shape parameters of abrasive particles, it is essential to re-
produce their contours as accurately as possible. Among the
most effective ways of doing this is the reconstruction of the
form by using a Fourier series; for example, according to [10],
the shape of a particle may be reproduced by describing the
shape in polar coordinates (r;, ;) by the equation:

r(0)=1,+ i{[An cos(n0)+B, sin(n 9)], ®)

where An:%i[ricos(i‘ei)], Bn:%i[qsin(iei)] and

i=1 i=1

1 . .
—Z[ri]; N is the number of harmonic components.

r =
0 N
i=1



This method of describing the contour allows distinguish-
ing between a number of shape features (descriptors) that help
classify the particles: circularity, aspect ratio, the number of
vertices and their curvature. The value of the descriptor D,
for each n-th harmonic is determined by the equation:

JA?+B 2
D =¥ (6)
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A more accurate method is to describe abrasive particles
in the form of a closed circuit obtained by the Fourier trans-
form of the particle’s contours presented in the Freeman
chain code (a boundary that connects the marginal points of
a contour) in Fig. 2 [11].
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Fig. 2. A scheme of approximating the contour of a discrete
image, using the Freeman chain code: a — direction vectors;
b — an image of the object in pixels; ¢ — the contour of
the chain code

The Freeman chain code is approximated according
to the Fourier transform procedure developed in [12]. The
analytical dependence describing the outline of the image is
represented as the following parametric equations:
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where x. and y, are the coordinates of the center of mass of the
particle; n is the number of the harmonics, t, is the distance
from the starting point to a given point p, T is the perimeter
path of a particle. The Fourier coefficients (a,, by, ¢, and d,) are
calculated by the formulae:
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where Ax;, Ay, and At are the displacement values of the
i-th point relative to the (i+1)-th point along the axes x and y
and the contour, respectively; K is the total number of points
that form the circuit.

Thus, the effectiveness analysis of the methods of tri-
bological research on the material’s wear resistance under
friction against a loose abrasive entails an obligatory
consideration of changes in the morphological parameters
R, AR, C and SPL under different test conditions. There-
fore, a necessary prerequisite is to present the contours of
abrasive particles in the form of analytical dependences of
high accuracy.

3. The purpose and objectives of the study

The aim of this study was to develop a method and an
apparatus for tribotechnical tests of materials under friction
on a loose abrasive.

To achieve the stated goal, it was necessary to solve the
following tasks:

— to develop a test unit for tribotechnical research based
of the Lorentz force;

—to devise a method of evaluating the effectiveness of
tribological studies of friction on the loose abrasive, taking
into account the capacity of abrasive particles;

— to determine the correlation dependences between the
shape parameters of abrasive particles that affect the abra-
sive wear resistance of the tested material.

4. Materials and methods of researching abrasive wear

Taking into account the shortcomings of the existing
test methods, we developed a method and an apparatus for de-
termining the relative wear resistance of materials and coatings
[13], which allow testing materials for wear by a loose abrasive
at a high specific pressure of the abrasive and at a significant
exchange of the abrasive mass in the area of interaction between
the working surface of the sample and the abrasive.

Fig. 3 shows a general view and a scheme of the developed
apparatus for researching materials subjected to abrasive
wear; the apparatus consists of a chamber 1, a cover 2, abra-
sive environment (grinding medium) 3, a holder 4, the sam-
ple 5, bushings 6 and 7, a nut 8, shims 9 and 10, and a shaft
for the abrasive 11.

The device operates as follows. The holder 4, making
a rotary motion with frequency ng, ensures rotation of the
sample 5 of the test material and thus creates a tribointer-
action between the abrasive environment 3 and the working
surface of the sample 5, causing deterioration of the latter.
The sample 5 is installed on the holder 4 at an angle o to the
holder axis. This is achieved with two cylindrical bushings 6
and 7 one end of which is set askew to the axis at an angle
equal to the angle of the sample o; it is fixed with the nut 8.
The bushings 6 and 7 are placed on the holder 4, with their
sloping surfaces towards the end surfaces of the sample 5.
The sample 5 gets fixed on the holder 4 by tightening the
nut 8. The spherical radius R, (15 mm) of the lateral surface
of the sample 5 provides a constant speed of interaction be-
tween the surface being worn and the abrasive 3.

By applying force P to the cover 2 R, the abrasive envi-
ronment 3 is compressed in the chamber 1, thereby creating



pressure of the grinding medium 3 on the working surface of
the tested sample 5.

Placing the sample 5 at the angle oy to the axis of the
holder 4 in its rotation causes intense mixing of the abrasive
medium 3 and thus involves renewal of the abrasive in the
work area, which ensures the maintenance of stable testing
conditions.
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Fig. 3. An apparatus to study material’s abrasive wear
resistance: a — a general view; b — a scheme (the references
are in the text)

The slope angle of the sample 5 to the axis of the holder 4
is chosen in the range of 10° to 30°, which is explained as
follows. At an angle less than 10°, the mixing of the abrasive
and thus it renewal will be small, which will ultimately lead
to a deterioration of the test conditions and a loss of accuracy
and reliability of the research results. When the sample angle
is bigger than 30°, the deterioration will largely happen to
the end face of the sample 5 rather than to its lateral surface.
Since the interaction conditions for the frontal surface of

the sample are changeable (a variable speed of interaction
and a different pressure of the abrasive environment 3), the
obtained test data will be of low accuracy.

Placing two shims (9 and 10) in contact with the end
surface of the sample 5 provides in-test wear of only the
lateral surface, where the test conditions are constant and
controlled. The result is increased reliability and accuracy
of the tests.

The value of depreciation is determined by weighing the
sample on analytical scales before and after the test.

The advantages of this method lie in the simplicity of its
implementation as well as in high accuracy and information
content of the obtained test results.

The designed apparatus, subject to the conditions of equip-
ment parts operating in the oil and gas industry, is set the basic
parameters of the tests: the test time t=900 seconds; the rota-
tion frequency ng=1.7 sec’’; the unit load P=5 MPa; the abra-
sive — black silicon carbide 54C F20 TU U 24.1-00222226-
059:2006.

For a comparative analysis of the abrasive, samples of
50 particles were selected in the initial state and after the
test by the Lorentz force method and the developed tech-
nique [13].

The pictures of the abrasive particles were obtained using
the stereoscopic microscope MSB-2, equipped with the dig-
ital camera glass eTREK UCMOS 5100. In order to obtain
binary image projections of the abrasive particles, the shots
were processed through the software Image Pro Plus 6.1 and
Image] 1.50g. The binary images of each particle were used
to calculate the parameters R, AR, C, and F,«. The SPL
parameter was calculated by the improved method, which was
applied as follows:

(1) using the module ChainCoder of the SHAPE pro-
gram [14], the images of the particles (Fig. 4, @) were defined
by the Freeman chain code (Fig. 4, b), which reconstructed
the contour (Fig. 4, ¢);

(2) using the module CNC2NEF of the SHAPE program
to find the center of mass of the particle, its largest radius
located on the horizontal axis (Fig. 4, d), and Fourier coeffi-
cients (ay, by, ¢y, and d,)) for the 50 harmonics;
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Fig. 4. The stages of reconstructing the particle contour:
a — the original image; b — a chain code;
¢ — reconstruction by the chain code;
d — reconstruction by Fourier coefficients



(3) Fourier coefficients were used in parametric equa

ntp

tions (7); it was assumed that =0, where 6; was

the corner of the radius vector varying from 0 to 2 with
increments of 0.01 radians; x. and y. were assumed to be
equal to 0. Thus, the parametric equations (7) to describe
the contour were the following:

50
x(6,)= a, cos(n6,)+b, sin(ns,),

n=1
50
y(6;,)= ¢, cos(nd,)+d, sin(ns,), )
n=1
which made it possible to present the outline of a particle in po-

lar coordinates of the radius vector as R(6,) = x(ei)2 + y(ei)2

(Fig. 5). In areas beyond the average radius ry,, we measured
the sharp peaks, or spikes (sp1, sp2, and sp3);

1.57
the reconstructed contour

chords
------ the areas of analysis

the inner circle

Fig. 5. A scheme of determining the sharp peaks of
the particle contour

(4) for each detected sharp peak, we found the chord
length (CL) received at the intersection of the circle with
the radius r,, and the particle contour, which was followed
by developing the profiles of the peaks of the abrasive parti-
cles in coordinates: (CL; AR =R(6,)-r, ) and approximating
them with a piecewise linear function (Fig. 6) of the follow-
ing type:

0 02 04 06 08

——spl

—sp2 ——sp3

Fig. 6. An approximation of sharp peaks of a particle contour
by a piecewise linear function

3. The results of the microscopic studying of
abrasive particles

The calculation results for the parameter SPL™ for
5 abrasive particles of similar size and different shapes
(Fig.7) show that the calculation using the suggested
method can produce more accurate results than the method
suggested in [6]. In this case, the values of SPL™ are closer
to the values of the SPQ parameter [15] and are within the
error (Table 1). This is because during the approximation of
sharp peaks that go beyond the radius r,,, (Fig. 5) their con-
tours are approximated with straight lines using the Leven-
berg-Marquardt algorithm (LMA). As a result, the obtained
straight lines do not cross the intersection points of the inner
circuit with the particle contour, which makes it possible to
avoid getting inflated results of the SPL parameter and to
approximate the calculated values to the SPQ parameter.

POAAL

Fig. 7. The abrasive particles of known abrasive
resolutions [6, 15]: a — silicon; b — granite; ¢ — SiC;
d— quartz; e — Al,0O3

Table 1

y=a,+kx at (X< xi), Shape parameters of an abrasive with a known abrasive ability

. I, }

y=a,+kx, +k,(x-x,) at (x2x,) (10) | Abrasive mm}lmin SPQ [15] |[SPL[6][SPL™ [AR | R | C |Kuy
h | f th | fici ( th Silicon 2.05 0.19+£0.08 | 0.63 0.22 [1.221.18 [1.020 |0.266
. '(Sittl'e e dokt e angle ‘éloff Ll“fnts 0 Ehe Granite | 223 [025%0.11| 0.86 | 0.8 |1.05 [1.21 [1.028]0.225
Stratght fInes Ka AN Kpeg WEre used to Ceiermine the =g c 204 [042£0.14| 071 | 037 |1.66|1.47 |1.037 [0.566
angles 0; and the sharpness parameter by formula (3). - 313 Tos3:0.141 086 Tos6 Trealie7 1074 010

The procedure was used to determine the sharp- Quartz - ——— : - : 67 |1.074 1.
ness parameter SPL for 150 particles. To assess the A0y 389 |06+0.14 | 071 | 058 |1.65]1.84]1.107]1.183

impact of the SPL parameter on the abrasive capacity,

its value was calculated for particles whose abrasive ability
was known from literary sources [6, 15]. A comprehensive
assessment of the abrasive capacity was carried out by a
parameter that was a product of all factors that increase the
abrasive ability of particles [8]. For this case, the value was
defined as: K,;,,=SPL-R-AR-C. The impact of the dimensions
was assessed by equation (4).

The results of the comparative correlation analysis
(Fig. 8, a) show that the SPL™ parameter is in close cor-
relation with the wear intensity (the adjusted coefficient of
determination R?=0.92), and the accuracy greatly exceeds
the SPL measured by the method of [6]. This makes it almost
identical to the SPQ parameter (R?=0.98) and suitable for
assessing the wear rate depending on the shape of the abra-



sive particles, of both traditional abrasives from oxygen and
oxygen-free ceramics and superhard materials of various
dispersion, of a distinct homogeneous microstructure struc-
ture, and with the presence of a significant number of sharp
cutting peaks of the crystal structure [16]. With the use of
the complex parameter K, the correspondence between the
calculated (PV) and measured (OV) values of wear increas-
es (R?=0.95), and it is described by the regression equation:

I, =1.755+1.772K 11

Thus, equation (11) makes it possible to determine the
relative ability of abrasive particles by the measured param-
eters of the contour shape.
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Fig. 8. The results of the correlation analysis: a — the correlation
between the parameters of sharpness and wear intensity;
b — the results of the regression analysis between the wear
intensity and the comprehensive parameter K,

SPLo-

The results of the microscopic studies of abrasive particles
show that particles of SiC in the initial state (F1) have a clear
faceted shape (Fig. 9, @), which is caused by the conditions of
their production, namely by carbothermal restoration with
subsequent milling, during which, as a result of dynamic per-
formance of ground bodies, there appears an intensely brittle
fracture of particles along crystallographic planes due to high
rigidity of covalent bonds in the crystal lattice of SiC. After the
tribotests, there is a natural reduction in the size of the particles
and a change in their shapes due to abrasion on the metal sur-
face. Moreover, testing by the method of the Lorentz force (F2)
reveals these changes more clearly in comparison
with the advanced technique (F3) (Fig9, a, b).
According to the statistics (Fig. 10, b—e), the
highest values of all the measured parameters
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Fig. 9. The morphology of the abrasive particles of SiC:
a — before the tests (F1); b — after testing by the method
of the Lorentz force (F2); ¢ — after testing by the improved
method (F3) (with the test duration of 900 seconds)

Moreover, the calculated values of the mode and the me-
dian of the distributions of all the parameters for fractions
F1 and F3 are closer than for fractions F1 and F2 (Table 2).
This indicates that the use of advanced techniques reduces
the change in the size and shape of particles compared to
the initial state and, therefore, provides higher capacity of
abrasive particles.

Table 2

The difference between the medians (AMed) and the modes (AMod) of
distributing the frequency of shape parameters in the initial abrasive and

after testing

are those of SiC particles in the initial state, and -
the lowest values are obtained in the tests by Fracti Finax R AR c SPL

s raction
the technique of the Lorentz force. The shape AMed |AMod | AMed | AMod | AMed [AMod | AMed | AMod| AMed | AMod
of the particles after testing by the optimized
method acquires intermediate values of all the F2 0.1650.182 ] 0.129 | 0.111 | 0.061 | 0.046 | 0.019 | 0.019 | 0.046 | 0.061
parameters. F3 0.772 1 0.783 1 0.202 | 0.187 | 0.163 | 0.183 | 0.037 | 0.037 | 0.085 | 0.124

The quantitative comparative analysis of dis-
tributing size frequencies (Fig. 10, @) and shape
parameters (p) (Fig. 10,b—e) shows that the distribution of
shape frequencies (N) is highly accurately (R?>>0.8) described
by the log-normal law of distribution of the following type:

e 2w?
V2mwp

where A and w are factors, and py, is a mean (median) value
of the parameter.

N(p)=

, (12)

6. The discussion of the research results

The analysis of particles by extreme values of shape
parameters shows that within each tested fraction there
are particles that are characterized by the maximum or
minimum values in several parameters at once (Fig. 10, /).
It concerns, in particular, particle Ne 24 of fraction F1 in
the parameters R and C, particles Ne 33 and Ne 7 of fraction
F2 in the parameters R, C and SPL™, and particles Ne 2 and



Ne 46 of fraction F3 in the parameters R, AR, C and R and
SPL™ respectively.

Therefore, we can conclude about the existence of a
correlation between the parameters of the form. It was de-
termined by a regression analysis in which the dependent
factor was the SPL™ parameter, and the role of independent
variables was performed by the parameters R and C. The
obtained regressive dependences are sufficiently precise
in describing the expected values of the SPL™ parameter
both within each fraction (Fig. 11, a—c) and for all studied
particles (Fig. 11, d).

As a result of the regression analysis, we have obtained
an equation that determines a correlation between the
sharpness parameter SPL™ and the parameters R and C:

SPL" ~16.8+4.64R —
~1.42R?-35.93C+16.11C2. (13)

The comparative evaluation of the efficiency of the im-
proved and standard methods for fractions F3 and F2 was
conducted by the ratio of wear intensity 1,3/1;2, which was
determined by calculating the coefficients K,,3 and Kgp,2
according to the average shape parameters within the rele-
vant fractions and their use in equation (11). Given that the
effect of the size of the abrasive particles on the wear rate
ratio is described by equation (4), the overall ratio for the
assessment of the relative wear rate becomes as follows:

IhS —
1,2

_ 1.755+1.772-SPL3-R3-AR3-C3.9.2F, 3 14)

- 1.755+1.772~SPL2~@-AR2~@~9.2\/FW2 ’

which, after applying the average statistics of its value, is:
L3_
L2

_1.755+1.772-0.4633-1.3358-1.5974-1.0735-4/1.7 141

1.755+1.772:0.39931.2316-1.4543-1.051 /1.1

Thus, the suggested improved method improves the
efficiency of tribotechnical tests by increasing the ability of
the abrasive particles of SiC ~1.4 times. In the experimental
studies (Fig. 12), it is manifested as an increased angle of
the line inclination, which determines the loss of mass per
unit of time due to the high exchange of the abrasive mass
in the area of interaction between the working surface of the
sample and the abrasive.

The undertaken tests show that the use of the improved
method and the apparatus for testing materials for wear
resistance under friction on a loose abrasive improves the
efficiency of tribotechnical research by providing high
abrasive ability of particles. This is due to the high level of
abrasive mass exchange in the area of interaction between
the working surface of the sample and the abrasive. The ob-
tained analytical dependences allow accurate prediction of
the magnitude of the material’s wear by analyzing the shapes
of abrasive particles.

A promising direction for future research is to expand
the range of materials for studying the use of abrasives of
different morphology to determine a correlation between the
factors that affect the process of abrasive wear.
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Fig. 10. The comparative statistical analysis of the frequency
distribution of shape parameters of abrasive particles:
a — the Feret diameter (Fyax); & — the aspect ratio (AR);
¢ — convexity (C); d— roundness (R); e — sharpness (SPL™);
f— extreme parameters
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Fig. 11. The results of the regression analysis of correlations
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it possible to test materials for abrasive wear by loose
abrasives at a significant specific pressure of the abrasive
and at a high abrasive mass exchange in the area of inter-
action between the working surface of the sample and the
abrasive. The advantages of this method are manifested
in the simplicity of its implementation as well as in the
high accuracy and information content of the obtained
test results.

2. The form of the abrasive particles of SiC that are used
in tribotechnical tests are accurately approximated by a
Fourier series, using elliptical descriptors for 50 harmon-
ics obtained from the Freeman chain code. This makes it

Fig. 12. The research results on wear resistance by
the Lorentz force method and the optimized method

possible to present the contours of the particles in terms of
functions and to calculate the parameter of the particle’s
sharpness SPL™, which is in close correlation with the inten-
sity of wear for abrasives of various shapes.

3. The results of the regression analysis have been de-

(steel 40X material without heat treatment)

6. Conclusions veloped in an equation to predict the wear rate of steel in

1. The method and the apparatus for determining the
relative wear resistance of materials and coatings make

terms of friction on a loose abrasive with known parameters
of roundness (R), convexity (C), sharpness (SPL™), and size
(Fnax) of abrasive particles.
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