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1. INTRODUCTION

Coatings are utilized to enhance material properties,
extend the service life of tools, machine components,
and structures, and increase the efficiency of manu—
facturing processes. A wide variety of surface modi—
fication techniques exist for this purpose. Carburizing,
nitriding, carbonitriding, sulfonitriding, and boriding are
processes designed to alter the surface composition of
materials [1, 2]. Boriding is a thermo-chemical process
in which boron atoms diffuse into the steel surface,
chemically bonding with iron from the steel compo—
sition to form an iron boride layer. Boride coatings
typically exhibit a dual-layer structure, comprising an
outer FeB layer and an inner Fe,B layer. The outer FeB
layer features an orthorhombic crystal structure,
characterized by higher hardness and brittleness, while
the inner Fe,B layer possesses a tetragonal crystal
structure, demonstrating relatively lower hardness and
improved toughness compared to the FeB layer [3].

The boriding process is conventionally performed at
temperatures ranging from 700 to 1000°C for durations
of 1-10 h. Boriding media may be applied in the form of
gas, paste, granules, or salt baths [4-6]. The thickness of
the boride layer depends on the type of metal substrate,
the boriding method, and the process parameters—
specifically the temperature and duration of the
treatment [7]. The boriding process is applicable to a
wide range of materials, including ferrous alloys, non-
ferrous alloys, and certain superalloys [8]. Boride
coatings exhibit hardness values ranging from 1450 to
2100 HV. The thickness of the boride layer depends on
the boriding process and typically spans 15-300 pm,
with specific variations based on substrate material: up
to 80 um for low-carbon steels, up to 150 pm for
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medium-carbon steels, and up to 300 pm for cast iron
[9-11]. In addition to high hardness, boride coatings are
chemically inert and exhibit a low surface friction
coefficient, significantly enhancing protection against
wear mechanisms such as abrasion, adhesion, galling,
and surface fatigue. Alongside their hardness and
reduced friction, these coatings provide resistance to
corrosion and oxidation while demonstrating hydro—
phobic properties [1, 3, 12, 13].

Boride coatings find extensive application across
numerous industries due to their distinctive properties,
including the machinery industry, automotive industry,
tooling industry, oil and gas industry, and the
agricultural industry [14, 15].

Recent research on boride coatings is focused on
improving the process, optimizing the properties of the
boride layer, and developing new application methods.
Ortiz-Dominguez et al. [15] investigated the growth
kinetics of boride coatings formed on steel surfaces
using five mathematical mass transfer models, aiming to
control the process parameters for coating formation
and estimate the boride layer thickness. Medvedovski
and Antonov [14] assert that boride coatings signi—
ficantly enhance the wear resistance of pipes used for
transporting petroleum derivatives and sand, demon—
strating improved performance against both slurry
erosion and dry erosion. Tiirkmen et al. [16] subjected
test specimens of Ti6Al4V alloy to boriding at 1100°C
and demonstrated enhanced corrosion resistance and
bioactivity, validating their potential for biomedical
applications. Tirkmen [13] conducted a boriding
process on AISI P20 + Ni steel, a material used for
manufacturing injection molding dies, and confirmed
significant improvements in the mechanical and tri—
bological properties of the boride coating compared to
the substrate. Lyalyakin et al. [17] applied high-
frequency heating technology to deposit boride coatings
using a flux labeled P-0.66 with activators NH4Cl and
CaF,. The coating process lasted 90-120 seconds,
producing layers up to 800 pm thick with microhardness
values reaching 2350 HV. Geng et al. [18] investigated
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and compared various boriding parameters for AISI
1137 steel. Through parameter optimization using the
Taguchi method and ANOVA, they validated experi—
mental results and concluded that the boride coating
achieved optimal mechanical and tribological properties
at a temperature of 950°C and a process duration of 8 h.

The material wear process involves one or a
combination of wear mechanisms, including abrasion,
galling, adhesion, fatigue, oxidation, and other triboc—
hemical reactions [19-21]. The particle impact angle
significantly influences surface wear, defined as the angle
between the impacted surface and the direction of the
particle's velocity vector. The mass loss rate due to
erosive wear is governed by this angle, alongside other
particle characteristics such as shape, hardness, dimen—
sions, solid content, velocity, and microstructure [22, 23].

The wear rate is significantly influenced by the type
of eroded material, particularly its mechanical pro—
perties such as toughness and hardness [24]. Ductile
materials typically achieve maximum wear at particle
impact angles of 20 - 30°, whereas harder materials
exhibit peak wear under perpendicular impacts 90° [25].
Shimizu et al. demonstrated that variations in the par—
ticle impact angle significantly influence wear loss in
test specimens. Their study further suggests that mate—
rials with higher hardness exhibit maximum wear at
larger impact angles, aligning with the characteristic
brittle fracture behaviour of hard coatings under near-
perpendicular impacts [26].

Neilson and Gilchrist [27] tested the impact of alu—
minium oxide particles at varying angles on aluminium,
glass, perspex, and carbon plates. They developed an
equation correlating the wear rate with the particle
impact angle, establishing a quantitative framework for
predicting erosive wear in diverse materials. Additi—
onally, Oka et al. [28] proposed a universal formula for
material wear at specific particle impact angles, and
while numerous researchers have developed equations
to predict wear rates, no practical and efficient equation
has yet been established for material degradation in
industrial plants. Current models often fail to account
for dynamic industrial conditions, material-specific
properties (e.g., hardness, microstructure), and mixed
wear mechanisms, necessitating customized solutions
for applications like boride coatings in high-wear
environments [29]. Oka et al. report that particle
velocity solely increased material wear and did not
influence the dependence of the impact angle on wear
for metallic materials. This observation underscores the
distinct roles of kinetic energy (governed by velocity)
and impact geometry in erosive processes. Oka et al.
[23] emphasize that hardness, as a mechanical property
of materials, is one of the most critical parameters in
developing equations for estimating wear under any
particle impact angle. Given the complexity of factors
influencing surface wear (e.g., particle velocity, shape,
microstructure), experimentally investigating each
variable’s effect and erosion mechanisms would be
prohibitively costly and time-intensive. This challenge
can be mitigated through numerical simulation, which
offers a flexible framework to model the intricate
interactions governing surface degradation [30].
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Among the pioneers in applying two-dimensional
numerical models for single-particle impact simulations
are Shimizu et al. [26, 31] and Chen and Li [32].
Technological and computational advancements have
enabled the development of sophisticated 3D models
capable of simulating single impacts of both spherical
and angular particles [33-35]. However, traditional
single-particle simulations fail to capture the cumulative
effects of multiple particles impacts on a surface. To
address this limitation, a novel 3D dynamic model has
been developed, incorporating multiple factors (e.g.,
particle distribution, velocity gradients, material anis—
otropy) to better replicate real-world erosion processes
[36]. Jafari and Hattani [21] applied the Discrete
Element Method (DEM) to model material wear under
particle impact. The DEM approach involves solving
equations of motion to determine the position, velocity,
and acceleration of all particles in the system.

This work aims to advance research on wear of
boride coatings caused by movement through free
abrasive particles, specifically investigating the effects
of sample speed and impact angle on wear mechanisms.
In order to examine the combined influence of abrasive
and erosive wear, a testing approach was implemented
that enables the simultaneous assessment of both mec—
hanisms, as opposed to standardized methods that
generally permit the evaluation of each mechanism
independently. By moving in the mass of free abrasive
particles, the surface of the material is simultaneously
worn by the mechanisms of abrasion and erosion, which
is described as a transition from abrasive sliding wear to
particle erosion wear [37, 38]. Consequently, the term
“abrasive erosion” can be used. This type of wear is not
investigated a lot, what can be the novelty of this work.

In addition, the achieved results enable the opti—
mization of protective materials for industrial appli—
cations where abrasive erosion resistance is critical,
such as oil delivery pipes and pumping systems in he—
avy oil extraction from wells and oil sand processing,
agricultural tools, earthmoving and transportation equ—
ipment, quarry grinders, cement mills, grain transport
mechanisms and parts, parts in the brick industry and
tillage equipment [39-41].

2. MATERIALS AND METHODS
2.1 Samples for experiment

Test samples were fabricated as 40mm X 2 mm X Smm
plates using C45E medium-carbon steel (EN) as the
substrate material. Prior to boriding, the samples were
finely ground with 2000-grit abrasive paper to ensure
uniform surface conditions. The chemical composition
of the substrate was determined via optical emission
spectrometry (OES), while microstructural analysis of
the coating was conducted using a Tescan Vega
TS5136LS scanning electron microscope (SEM)
equipped with energy-dispersive X-ray spectroscopy
(EDS). Chemical composition of substrate is: C 0.46 %,
Si 0.29 %, Mn 0.69 %, P 0.026 %, S 0.029 %, Cr 0.024
%, Mo 0.08 %, Ni 0.02 and Fe balanced. Surface and
cross-sectional microhardness measurements were
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performed using a Shimadzu HMW-2T Vickers
microhardness tester.

The test samples were borided using the commercial
boriding powder Ekabor 3 at 1000 °C in a chamber
furnace for 4 h, followed by air cooling. The
microstructure of the resulting boride coating is
illustrated in Figure 1, revealing the characteristic dual-
layer structure of FeB (outer) and Fe,B (inner) phases.
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Figure 1. SEM micrograph of the boride sample

Figure 1 shows the good indentation of the boride
coating into the substrate material and the relatively
compact structure of the coating. The thickness of the
resulting boride coating is 65-135 um, and the average
measured hardness is 1320 HVO0.2. The substrate
material has an average measured hardness of 270
HVO0.2. The microstructure of the coating obtained by
boriding and subsequently etched in the nital is shown
in Figure 2.

Figure 2. Microstructure of the boride sample

The Figure 2 confirms a good quality of the boride
coating. Figure 3 shows the EDS analysis of the boride
coating in a given point/area (Spectrum 1).

The results of EDS analysis in Figure 3 show that
the boride coating is composed of 19.54% B, 6.06% C
and 74.40% Fe.

560 = VOL. 53, No 4, 2025
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Figure 3. EDS analysis of the boride coating at the
specified point/region (Spectrum 1)

2.2 Wear experiment

The wear test was performed in the mass of free
abrasive particles, i.e. sand using the device shown in
Figure 4. The test was performed using Ottawa AFS
50/70 rounded quartz sand, with a grain size between
212 pm and 300 pm. The test device has a diameter of
1000 mm and a depth of 400 mm with an abrasive
capacity of up to 300 kg [42]. The device allows:

« application of different abrasives

* testing of different coatings

* changing the test sample holder

» variation of the test sample speed in the range from 0.5
m/s to 3.5 m/s

« variation of the impact angle of the abrasive particle
from 0° to 90° (Figure 5)

* test repeatability.

For the processing and analysis of experimental
data, a central composite design (CCD) was applied to
provide a qualitative analysis of the individual and
interaction effects of input variables [43]. According to
the central composite design, for each coating wear test,
minimum and maximum input variables and four
replicates were defined at the central point of the
experiment. The test input variables are:

v — sample speed in the range from 1 to 3 m/s
o — impact angle of abrasive particles with the coating
in the range from 0° to 90°.
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The experimental output is the material wear [Am],
expressed as the mass loss of the samples [g] after the wear
test procedure. The total wear distance was 50000 m.

Quartz sand i

—

Figure 4. Schematic diagram of the sample wear device [42]
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Figure 5. Schematic representation of placing the test
sample at a certain angle [42]

The sample holders, immersed in a container of
abrasive medium, were adjustable to specific impact
angles (a) between the abrasive particles and the worn
surface.

The tangential speed (v) of the test samples was
determined by the holder’s position on the pitch circle
(Figure 5). The holder rotated at 66 min™', exposing only
one surface to abrasive particle impacts during testing.

The remaining surfaces were shielded from abrasion
and served as clamping interfaces for screw fixation and
sample stabilization.

The mass loss of test samples and boride coatings
after wear was measured using a Mettler BSC 1000
analytical balance with a precision of 10* g. The

Table 2. ANOVA for quadratic model

difference in the measured masses of the test samples
before and after the wear process was determined,
which represented the mass loss of the tested samples.
The preparation procedure for each test sample was
carried out in such a way that the test sample was
thoroughly rinsed under a stream of water in order to
remove fine particles and dried with warm air.

3. RESULTS AND DISCUSSION

Analysis of the wear results of the test samples was
performed using the Design Expert software. The
measured mass losses of the boride coating samples
according to the CCD experiment are given in Table 1.

Table 1. Wear results

Run Factor A: Factor B: Response:
Sample speed Impact angle Mass loss
(m/s) (degree) (<10* g)
1. 2.00 45.00 40
2. 1.00 90.00 18
3. 1.00 0.00 28
4. 0.59 45.00 31
5. 3.00 90.00 87
6. 2.00 45.00 37
7. 2.00 -18.64 25
8. 2.00 45.00 32
9. 2.00 108.64 11
10. 3.00 0.00 112
11. 341 45.00 165
12. 2.00 45.00 39

The experimental results of the investigation of
boride coatings were processed using the analysis of
variance (ANOVA), which determines the significance
of the observed factors in the wear process based on p -
value.

Table 2 shows the results obtained by ANOVA for
the quadratic statistical model.

The accuracy of the proposed second-order response
surface model was confirmed with a p - value of 0.0001,
which confirms the statistically significant difference of
the selected model describing the wear process. In the
observed case, the factors of sample speed (A, A?) and
impact angle (B, B?) affect wear, while the interaction
of variables (AB) is not significant. The suitability of
the model was assessed by the coefficient of
determination R* = 0.9890, which confirms the good fit
of the model.

Source Sum of Degrees of Mean F-Value p-Value
Squares Freedom Square
Model 22860.33 5 4572.07 107.75 <0.0001 significant
A — Sample speed 14663.68 1 14663.68 345.59 <0.0001
B — Impact angle 375.37 1 375.37 8.85 0.0248
AB 56.25 1 56.25 1.33 0.2934
A’ 6275.03 1 6275.03 147.89 <0.0001
B’ 483.03 1 483.03 11.38 0.0150
Residual 254.58 6 42.43
Lack of Fit 216.58 3 72.19 5.70 0.0934 not significant
Pure Error 38.00 3 12.67
Cor Total 23114.92 11
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The mathematical model for the wear process of
boride coatings in terms of actual variables was derived
as a regression equation (1):

Am = 67.28662—78.68692-v+0.40056 - o —

2 -3 2 )
—0.083333-v-a+31.31250-v* —4.29012-10 ° -«

The wear model for the boride coating is defined as
a second-order polynomial with a high coefficient of
determination. The derived mathematical model of
boride coating wear is graphically represented by a 3D
response surface diagram (Figure 6), showing the
effects of the variables (sample speed and impact angle
of the abrasive particle) on the wear result (mass loss).

114.358
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Figure 6. Response surface diagram of the mass loss
(impact angle, °, speed, m/s, mass loss, - 107 g)

From the 3D response surface diagram shown in
Figure 6, it can be seen that the mass loss increases
(exponentially) with increasing speed from 1 m/s to 3
m/s. Similar results were shown in [21, 24, 42]. Accor—
dingly, all tested samples (depending on the impact
angle) had the highest mass loss at the highest sample
speed (3 m/s). The increase in the wear rate, or the mass
loss, with increasing speed occurs because the kinetic
energy of the impact of abrasive particles on the worn
surface increases, which plays a key role in the wear
mechanism, since in the calculation of kinetic energy,
speed participates with a square exponent.

Comparing the same sample speeds of the
impacting particle and two different particle impact
angles (o) at 0° and 90° as shown in Figure 7, the
greatest wear will be at the angle of 0°.

The diagram in Figure 6 shows that the mass loss of
the boride coating is influenced by the impact angle ()
of the tested sample as well. Comparing the impact
angles a (0° and 90°) and the wear-related mass loss, it
can be seen that the smaller the impact angle of the
abrasive particle and the worn surface, i.e. the closer it
is to 0°, the greater the mass loss, as shown in Figure 7.

With an increase in the impact angle, the mass loss
increases only very slightly up to an impact angle of
45°; with a further increase in the impact angle, the
mass loss decreases, whereby it is lowest at the largest
impact angle of 90°. The greater mass loss as a function
of the impact angle is more pronounced at higher

562 = VOL. 53, No 4, 2025

sample speeds. The greater mass loss at a lower impact
angle can be related to the duration of contact between
the abrasive particle and the worn surface when
considering the single case, i.e. the contact of an
abrasive particle with the worn surface. With a smaller
impact angle, the abrasive particles remain in contact
with the worn surface for longer, as they continue to
slide on the surface after the impact and thus cause a
greater mass loss. At a higher impact angle, the abrasive
particles are repelled after the impact and thus reduce
the contact with the worn surface, so that the mass loss
is smaller.

Interaction Graph
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Figure 7. Interaction graph between sample speed and im-
pact angle (impact angle, °, speed, m/s, mass loss, - 107 g)

4. CONCLUSION

The experiment conducted in this study demonstrated
that the tested boride coatings exhibit high resistance to
wear in the mass of free abrasive particles, attributed
primarily to their exceptional hardness. Microhardness
measurements revealed that the boride coating had an
average hardness 4.88 times greater than the substrate.
Over a total wear distance of 50000 metres, the boride
coating had a greater mass loss at lower impact angles
(up to 45°) and at higher sample speeds (around 3 m/s),
while the boride coating had a lower mass loss at higher
impact angles (around 90°) and at lower sample speeds
(around 1 m/s).

Statistical analysis of the wear test results
confirmed that sample speed (v) and particle impact
angle (a) significantly influence the wear process,
where sample speed has a greater influence on mass loss
than the impact angle.

A second-order polynomial response surface model
was derived to describe the wear behaviour of the
boride coating. The model’s accuracy was validated
through ANOVA tests and a high coefficient of
determination R?, demonstrating strong agreement
between experimental data and model predictions.
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YTHUIAJ BP3UHE Y30PKA U YI'JIA YIAPA HA
XABABE BOPH/IHUX TIPEMA3A Y MACH
CJIOBOJHUX ABPABUBHUX YECTHUILIA

I'. ITayapexk, I'. Xedep, 1. Mapuh, . Bugakosuh

OBaj pan mpeacraBjba CTYAHjy O xabamy OOpHIHUX
mpemMasa HaHeTUX Ha momiory ox demnka C45E,
TECTHpPaHy y Macu cJI000IHUX aOpa3sMBHHX YECTHIIA
(Orasa necak, AFS 50/70), y onHocy Ha Op3uHYy y30pKa
(v) u yrao ynmapa (o) msmel)y aOpasuBHHX dYecTHIA U
UCTPOLICHE MOBpIIMHE. EKCIEpUMEHTAIHU NOAALHU CY
JoO0UjeHn KopuIhemheM [EHTPATHOT KOMITO3UTHOT JTHi—
3ajaa (CCD), a 3aTiM cTaTHCTUYKH OOpaljeHu u aHaH—
3upaHd. ExcniepuMeHTalHM Hamasu ykasdyjy na cy |
Op3uHa y30pka W yrao yaapa m3mely aOpa3uBHHX
YeCTUIa M HCTPOLICHEe MNOBPIIMHE CTATUCTHYKH 3Ha—
yajHH (DaKTOPH KOjH yTWIy Ha Tpolec xabama H Ty—
Outak Mace TmpeMasa, IpH dYeMmy Op3WMHA UMa
H3paXEHUJH YTHIIA] HAa TyOUTaK Mace.
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