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Abstract: Sand and dust particles entering gear meshing interfaces induce abrasive wear, yet whether frictional6
responses reflect particle-size-dependent wear severity remains unclear. Wear tests on 18CrNiMo7-6 steel compared7
particle-free contact with three particle-size ranges (0-30μm, 30-60μm, and 60-100 μm). Friction coefficients and wear8
volumes were measured, and worn surfaces were characterized using three-dimensional topography, scanning electron9
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). Experimentally determined wear coefficients10
were incorporated into a dynamic Archard model to predict tooth surface wear distributions. Compared with the11
particle-free group, the mean friction coefficient and wear volume increased by 33.3-70.1% and 35.9-86.8%,12
respectively. From 0-30 to 60-100μm, the mean friction coefficient increased by 27.6%, whereas wear volume13
decreased by 27.2%. The finer particles exhibited pronounced grooving and lateral wear-track expansion, while coarser14
particles showed greater wear debris accumulation and residual Si and O. Under identical dynamic loading and sliding15
conditions, predicted wear was minimal near the pitch point. High-wear regions occurred on the approach side of the16
driving gear and the recess side of the driven gear, and wear peaks did not coincide with contact pressure peaks. These17
findings support gear wear risk assessment, wear-resistant design, and service reliability in sand- and dust-laden18
environments.19
Keywords:Wind turbine gears; Particle size; Abrasive wear; Tooth surface wear20

1 Introduction21

Gearboxes are critical components of wind turbine drive trains, and their operational reliability directly affects22
power transmission efficiency and service performance. Tooth surface wear not only alters tooth profile geometry and23
contact conditions but may also affect mesh stiffness, dynamic loads, and transmission stability (Feng et al., 2023).24
Wind turbine gearboxes typically rely on lubricating oil and sealing systems to ensure reliable operation. The condition25
and contamination control of lubricating oil during long-term service directly influence the tribological performance of26
gear contacts (Liu et al., 2025). In wind farms frequently exposed to sand and dust, external particles can readily enter27
gear contact interfaces due to seal degradation, maintenance operations, or lubricant contamination. Qin et al. (2024)28
investigated the effects of quartz (SiO₂) particles on the tribological properties of industrial gear oils and the wear29
behavior of gear friction pairs. Yuan et al. (2022) examined the influence of hard third-body particles on tooth surface30
damage in wind turbine gears through gear tests involving Al₂O₃ abrasives. Quartz (SiO₂) particles exhibit relatively31
high hardness, and variations in their size and contact conditions may further influence material removal from tooth32
surfaces. Therefore, investigating the effects of sand and dust particles on tooth surface wear is essential for33
understanding the wear risks associated with gear transmission systems operating in sand- and dust-laden environments.34

When sand and dust particles enter a frictional interface, their abrasive action is governed not only by particle35
hardness but also by the combined effects of particle size, shape, number, and contact conditions. Variations in particle36
size alter the geometric interference between abrasive particles and the counterface, interfacial load sharing, and particle37
motion, giving rise to different interaction modes, including rolling, sliding, ploughing, and cutting. Previous studies38
have investigated the geometric and mechanical characteristics of quartz sand particles (Blau et al., 2023), surface39
damage induced by third-body particles (Lan et al., 2017), and the effects of particle size distribution, counterface40
materials, and contact boundary conditions on wear coefficients and frictional responses (Esteves et al., 2021; Qin et al.,41
2019). Furthermore, the degree of particle indentation and local contact conditions are closely associated with the42
ploughing-to-cutting transition (Capozza and Hanley, 2024), while sustained interactions with third-body particles can43
lead to the evolution of surface roughness (Garcia-Suarez et al., 2024) and changes in interfacial frictional conditions44
(Alavi et al., 2026). These studies have demonstrated the significant influence of particle size and contact conditions on45
friction and wear behavior. However, differences in material systems, particle supply methods, and contact46
configurations among existing studies make it difficult to establish a consistent relationship between particle size,47
frictional resistance, and material removal. In particular, under equal-mass particle supply conditions, an increase in48
particle size is generally accompanied by a reduction in particle number, which may alter the probability of particles49
entering the contact zone, their effective load-bearing behavior, and the resulting material removal. Therefore, an50
increase in particle-induced frictional resistance does not necessarily correspond to a proportional increase in material51
removal. Controlled experiments are thus needed to further clarify the friction and wear responses and associated52
surface damage characteristics under different particle size conditions.53

Meanwhile, tooth surface wear is governed not only by interactions between the material and abrasive particles but54
also by the combined effects of dynamic loading and local rolling–sliding conditions during gear meshing. As contact55
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curvature, load sharing between meshing tooth pairs, and relative sliding velocity vary continuously along the line of56
action, material removal from tooth surfaces exhibits pronounced spatial nonuniformity. To account for this behavior,57
tooth surface wear prediction based on Archard's wear theory has progressively evolved from quasi-static contact58
analysis (Bajpai et al., 2004) to local wear calculations incorporating dynamic effects (He et al., 2022). Previous studies59
have further demonstrated the dependence of the wear coefficient on material conditions, contact loads, and lubrication60
conditions (Brandão et al., 2016). Dynamic gear wear prediction methods have also been refined by incorporating61
dynamic mesh forces, time-varying mesh stiffness, tooth-pair load sharing, and tooth surface geometry evolution (Dong62
et al., 2023; Walker et al., 2022; Zhang et al., 2026). However, existing studies have primarily focused on wear63
distributions and evolution under dynamic gear contact conditions, while particle-size-dependent differences in material64
removal induced by third-body particles and their quantitative incorporation into tooth surface wear predictions remain65
insufficiently explored. Therefore, it is necessary to integrate particle-dependent wear responses with dynamic gear66
contact analysis to clarify the influence of wear coefficients associated with sand and dust particles on tooth surface67
wear severity and characterize the spatial wear distribution under the combined effects of dynamic loading and local68
sliding.69

Based on the above analysis, wear tests were conducted on 18CrNiMo7-6 gear steel under identical experimental70
conditions using different particle-size groups. The friction coefficient, wear volume, and equivalent wear coefficient71
were compared, with particular emphasis on whether friction and wear exhibit consistent responses to variations in72
particle size. The corresponding surface wear characteristics were further examined using three-dimensional surface73
topography, cross-sectional profiles, and scanning electron microscopy coupled with energy-dispersive X-ray74
spectroscopy (SEM/EDS). On this basis, the Archard wear coefficients for different particle-size groups were calibrated75
using the measured wear volumes. By integrating time-varying mesh stiffness, a six-degree-of-freedom gear dynamic76
model, and local contact and sliding analyses, a relationship was established between experimentally determined wear77
parameters and local tooth surface wear calculations, enabling the prediction of wear depth distributions on the driving78
and driven gears under different particle conditions. Furthermore, dynamic and quasi-static loading conditions were79
compared to investigate how dynamic mesh loads modulate local wear-driving conditions and spatial wear distributions.80
This study aims to reveal the distinct effects of particle size on frictional resistance and material removal under81
specified sand supply conditions, clarify the relationship between experimentally calibrated wear parameters and82
dynamic tooth surface wear distributions, and provide a reference for comparative wear assessment and engineering83
prediction of gear tooth surface wear induced by sand and dust particles.84

2 Experimental Methods85

2.1 Research Framework86

The research framework is illustrated in Fig. 1. The gear dynamics analysis sequentially determines the87
time-varying mesh stiffness, elastic load sharing, and six-degree-of-freedom system response, yielding the dynamic88
normal loads acting on each active tooth pair and the instantaneous angular velocities. Based on the local involute89
geometry, the nominal Hertzian contact half-width, mean contact pressure, and sliding distances experienced by90
material points on the driving and driven gears are calculated. In the wear experiments, the friction coefficient, wear91
volume, and surface morphology are characterized for groups S0-S3 using the same specimen material under fixed92
macroscopic test conditions, and the wear coefficient Kₛ is calibrated. Finally, Ks is incorporated into the local Archard93
wear model as a scaling factor to obtain the wear depth distribution along the tooth profile.94
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95
Fig. 1. Research framework.96

2.2 Experimental Setup and Materials97

Wear tests were conducted using an MFT-5000 multifunctional tribometer (Rtec Instruments, USA) in a linear98
reciprocating ball-on-flat contact configuration. The experimental configuration followed the basic arrangement99
specified in ASTM G133-22 for linear reciprocating ball-on-flat wear tests, with a controlled quantity of third-body100
particles additionally introduced to meet the research objectives. The experimental setup consisted of a normal loading101
unit, a reciprocating motion platform, a friction force measurement unit, and a data acquisition system, enabling102
real-time recording of the friction force and friction coefficient throughout the tests. All experiments were performed at103
room temperature under dry ambient conditions to minimize the influence of environmental fluctuations on104
experimental repeatability.105

The flat specimens were fabricated from 18CrNiMo7-6 gear steel, the same material used for the gears under106
investigation, and subjected to carburizing heat treatment. Before testing, the specimen surfaces were sequentially107
ground using silicon carbide abrasive papers ranging from 60 to 2000 grit, followed by fine polishing with 2.5 μm108
polycrystalline diamond powder. After ultrasonic cleaning in absolute ethanol and thorough drying, the initial surface109
topography was measured using a three-dimensional profilometer. The surface roughness (Ra) ranged from 0.4 to 0.6110
μm, and the surface hardness was 58 HRC. A GCr15 steel ball with a diameter of 9 mm was used as the counterbody.111
For each test, either a new steel ball was used or a previously unused contact region on the ball surface was selected.112
Each test condition was repeated three times, and the friction coefficient and wear volume were reported as mean ±113
standard deviation.114

Commercially available SiO₂ particles were selected as abrasive particles to simulate hard particulates in sand- and115
dust-laden environments. The particles were supplied by Henan Changtai Materials Co., Ltd., China, with a SiO₂116
content of ≥95%, a Mohs hardness of approximately 7, and a density of approximately 2.65 g·cm⁻³. Based on their117
nominal particle sizes, the abrasives were classified into three groups: S1 (0–30 μm), S2 (30–60 μm), and S3 (60–100118
μm). A particle-free dry-sliding condition (S0) was established as the two-body wear control, as summarized in Table 1.119
The particle fractions were obtained using standard sieves, with each group distinguished by its nominal particle-size120
range. Before testing, the particles were dried at 120 °C for 2 h and subsequently stored in sealed containers to121
minimize the effects of moisture absorption and agglomeration on experimental repeatability.122

Table 1 Particle size groups123
Group Particle size range (μm) Description
S0 No particles Dry-sliding control group
S1 0-30 Fine-particle group
S2 30-60 Medium-particle group
S3 60-100 Coarse-particle group
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Fig. 2. Experimental environment, test equipment, and schematic illustration of the wear test.124

2.3 Experimental Design125

The experiments were designed to compare the effects of particle size under controlled conditions. Frictional126
behavior and material removal were evaluated for different particle-size groups using the same specimen material and127
macroscopic test conditions, and relative wear coefficients were determined for subsequent tooth surface wear128
prediction. A normal load of 30 N was selected primarily to produce reliably measurable wear tracks while ensuring129
comparability among particle-size groups under identical contact conditions. Therefore, the experimentally determined130
wear coefficients were primarily used to characterize the relative influence of SiO₂ particle size on wear behavior and131
were subsequently incorporated into the tooth surface wear model.132

The tests employed a 9 mm-diameter GCr15 steel ball in point contact with a flat 18CrNiMo7-6 specimen,133
yielding an initial nominal Hertzian contact radius of134
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At a normal load of 30 N, the Hertzian contact parameters obtained from Eqs. (1) and (2) characterize only the138
initial nominal contact state of the smooth ball-on-flat interface. As the wear track develops and abrasive particles enter139
the contact region, the actual load-bearing area and contact pressure distribution continuously evolve. Therefore, these140
nominal values should not be used to infer the actual load-bearing conditions of particles within the contact zone. The141
experimentally determined wear coefficient reflects the average material removal behavior over the entire test.142

In the reciprocating tests, the one-way stroke length between the two reversal points is denoted by L, and the143
reciprocating frequency by f. The mean sliding speed and cumulative sliding distance are then expressed as follows,144
respectively:145

2 , 2MFTv Lf S Lft  (3)146
The reciprocating tests were conducted at a frequency of 2 Hz, with a one-way stroke length of 10 mm and a test147

duration of 30 min. Before each test, 0.03 g of SiO₂ particles was weighed and uniformly distributed over the designated148
reciprocating wear track region. During reciprocating motion, the particles were entrained into, retained within, or149
expelled from the contact zone, resulting in a time-varying number of effective particles within the contact region. All150
groups were tested under identical conditions in terms of normal load, stroke length, test duration, particle mass, and151
particle distribution area. The same specimen mounting and test initiation procedures were also followed to isolate the152

https://doi.org/10.5194/ms-2026-188
Preprint. Discussion started: 12 November 2026
c© Author(s) 2026. CC BY 4.0 License.



5

effects of particle size. Under equal-mass conditions, smaller particles correspond to a larger particle population.153
Differences in particle number, probability of entering the contact zone, number of load-bearing particles, and particle154
fragmentation behavior arising from variations in particle size were therefore considered integral components of the155
particle-size effect. Accordingly, the wear coefficient is defined as follows:156

2s
N

VK
F Lft

 (4)157

This expression characterizes the macroscopic material removal from specimens under different particle-size158
conditions. Since the normal load, stroke length, reciprocating frequency, and test duration were identical across all159
groups, the wear coefficient Ks is proportional to the wear volume, and both exhibit the same ranking across160
particle-size groups. This parameter provides an integrated measure of material removal efficiency associated with161
three-body abrasive wear under the specified material properties, contact pressure, and sliding conditions. It also serves162
as an experimentally calibrated parameter for subsequent tooth surface wear predictions under different particle-size163
conditions.164

After testing, the wear track surface topography was measured using a three-dimensional profilometer. The165
measurement area was selected to fully cover the wear track and the unworn reference surfaces on both sides. The166
measured topography was sequentially processed through outlier removal, tilt correction, and reference plane fitting.167
Let Ωw denote the wear track integration region, z(x, y) the measured surface height after wear, and zref(x, y) the168
reference plane fitted from the surrounding unworn regions. The material removal volume can then be expressed as:169

ref_ max[ ( , ) ( , ),0]d
W

V z x y z x y A


  (5)170

The quantity V_ is defined as the apparent wear volume and is used to compare the extent of geometric damage to171
the wear tracks and calibrate the corresponding effective wear parameters. The volume of local surface protrusions172
above the reference plane is calculated separately as follows:173

refmax[ ( , ) ( , ),0]d
p

V z x y z x y A 
  (6)174

Local surface protrusions above the reference plane were characterized separately as supplementary information.175
In calculating the wear volume, only the material loss below the reference plane was integrated, while the volume of176
material piled up along the sides of the wear track was quantified separately and was not subtracted from the material177
removal volume. Three representative cross-sections were selected along the length of each wear track, and the178
maximum wear depth and wear track width were determined from the corresponding cross-sectional profiles. Multiple179
cross-sections from the same wear track were used to characterize variations in wear along its length and were not180
treated as independent experimental replicates.181

3 Dynamic Gear Contact and Wear Calculation182

To investigate the effects of sand and dust particle size on tooth surface wear distributions, an analytical model183
integrating time-varying mesh stiffness, gear dynamics, local contact analysis, and wear calculations was established. A184
spur gear pair was considered, with the gear material assumed to be homogeneous, isotropic, and linearly elastic. The185
load distribution was assumed to be approximately uniform across the tooth face width, and local contact behavior was186
evaluated using a nominal Hertzian elastic contact model. The gear pair parameters are listed in Table 2. Wear-induced187
changes in tooth profile geometry and their feedback effects on mesh stiffness were not considered. Other failure modes,188
including pitting, scuffing, and tooth-root fatigue, were also excluded from the scope of this study.189

Table 2. Gear pair and dynamic parameters190
Parameter Driving gear Driven gear Unit

Number of teeth 31 96 —
Module 4 4 mm

Pressure angle 20 20 °
Face width 40 40 mm

Mass 3.603 34.658 kg
Mass moment of inertia 0.0066 0.6057 kg·m²
Support stiffness in the

x-direction 5.0×10⁸ 5.0×10⁸ N/m

Support stiffness in the
y-direction 3.5×10⁸ 3.5×10⁸ N/m

Input speed/torque 2000 r/min,128 N·m

3.1 Time-Varying Mesh Stiffness and Load Sharing191

Time-varying mesh stiffness (TVMS) is a key parameter governing the dynamic response of gear systems. Its192
periodic variation affects tooth-pair load sharing, dynamic normal mesh forces, and local contact conditions. The193
potential energy method (Wu et al., 2008) is employed to calculate the direct tooth compliance. The common gear-body194
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coupling approach proposed by Xie et al. (2018a) is further adopted to account for the influence of elastic deformation195
interactions between adjacent load-bearing teeth in the double-tooth meshing region. Each gear tooth is modeled as a196
cantilever beam with a variable cross-section, considering bending, shear, axial compression, tooth foundation197
deformation, and local Hertzian contact deformation. The bending, shear, and axial compression compliances are198
calculated using the classical potential energy method (Xie et al., 2018b), while the tooth foundation compliance is199
determined using the analytical model proposed by Sainsot et al. (2004). The local contact compliance is represented by200
the equivalent stiffness derived from classical Hertzian line contact theory. Based on the superposition of these201
deformation components, the total direct compliance of the r th load-bearing tooth pair at meshing phase φ is expressed202
as:203

 ( ) ( ) ( ) ( )
, , , , ,

,
( ) k k k k

rr b r s r a r f rr H r
p g

C C C C C C


    


(7)204

where the superscripts p and g denote the driving and driven gears, respectively;Cb、Cs、Ca, and Cf represent the205
bending, shear, axial compression, and tooth foundation compliances, respectively; and CH denotes the local Hertzian206
contact compliance. Each compliance component is calculated based on the corresponding tooth profile geometry and207
material properties.208

In the double-tooth meshing region, adjacent load-bearing teeth undergo additional elastic deformation through209
their shared gear body, indicating that the tooth pairs are not mechanically independent. Following the structural210
coupling method proposed by Xie et al. (2018a), cross-compliance terms between adjacent tooth pairs are introduced to211
establish the compliance matrix for the double-tooth meshing region:212
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12 ,12 ,12

12 22
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p g

A f f
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C C C C

C C
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 
   
 

(8)213

Where C11 and C22 denote the total direct compliances of the two load-bearing tooth pairs, respectively; C12214
represents the cross-compliance induced by the shared gear body, obtained by summing the corresponding contributions215
from the driving and driven gears. According to the Maxwell-Betti reciprocity theorem, the cross-compliance terms216
satisfy C12 = C21. This cross-compliance term accounts only for the additional deformation of the shared gear body,217
thereby avoiding double counting of the bending, shear, and local contact compliances of individual gear teeth.218

Neglecting tooth-pair manufacturing deviations and differences in local meshing clearances, the two load-bearing219
tooth pairs in the double-tooth meshing region undergo identical elastic approach along the common line of action.220
Based on the elastic deformation compatibility conditions, the overall time-varying mesh stiffness and elastic221
load-sharing coefficients can be expressed as follows:222
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(9)223

Where1 = [1, 1]T and β = [β1, β2]T denote the elastic load-sharing vectors, which satisfy β1 + β2 = 1. In the224
single-tooth meshing region, the compliance matrix reduces to a single direct compliance term. Accordingly, the225
time-varying mesh stiffness and tooth-pair load-sharing coefficients over a complete meshing cycle can be determined.226
The resulting km is used as a time-varying parameter in the gear dynamic model, while βr is employed to distribute the227
total dynamic normal mesh force among the active tooth pairs. This establishes the relationship between mesh stiffness,228
elastic load transfer, and dynamic local contact conditions.229

3.2 Six-Degree-of-Freedom Dynamic Model of the Gear Pair230

To determine the dynamic mesh loads under actual gear operating conditions, a planar six-degree-of-freedom231
translation–torsional coupled dynamic model was established using the lumped-parameter method, as illustrated in Fig.232
3. The driving and driven gears were each modeled as rigid disks with translational and torsional degrees of freedom.233
The bearing and shaft supports were represented by linear spring–damper elements in two orthogonal directions, while234
the gear mesh was modeled using a time-varying stiffness–damping element acting along the line of action. Composite235
transmission error, tooth surface friction, and dynamic contact were also taken into account.236
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237
Fig. 3. Schematic illustration of the six-degree-of-freedom dynamic model, coordinate system, and mesh force238
directions.239

With the local y axis aligned with the line of action and the local x axis aligned with the tooth-surface tangential240
direction, the dynamic mesh deformation is defined by considering the relative displacements of the driving and driven241
gears along the line of action and their torsional deformations as follows:242

( ) ( ) ( ), [0,1, ,0, 1, ]T T
bp bgt t e t r r      q (10)243

Where rbp and rbg denote the base circle radii of the driving and driven gears, respectively; e(t) represents the244
composite transmission error, modeled as a periodic displacement excitation ( ) cos[2 ( ) ]a ee t e t   , in which ea and245
φe denote the transmission error amplitude and initial phase, respectively, and φ(t) is the normalized mesh phase. The246
calculated time-varying mesh stiffness is incorporated into the dynamic model according to the instantaneous mesh247
phase. Considering mesh damping and unilateral contact effects, the total dynamic normal mesh force is expressed as:248

 ( ) max 0, ( ) [ ( )] ( ) ( ) [ ( )]n m mF t k t g t c t t H t     (11)249
Where g(δ) = max(δ,0) denotes the unilateral contact function, and H(δ) represents the contact state indicator,250

which equals 1 when δ > 0 is satisfied and 0 otherwise; cm(t) denotes the mesh damping coefficient, calculated using251

emmm mtktc )(2)(  , where m is the mesh damping ratio and em represents the equivalent mass along the line of252
action. The elastic load-sharing coefficients obtained from Eq. (9) are used to approximately distribute the total253
dynamic normal mesh force among the active tooth pairs. The normal and friction forces acting on each tooth pair are254
expressed as follows:255

, , ,sgn( )
r r n

f r d r p r g r

F F
F F v v






 
(12)256

Where vp,r and vg,r denote the local tangential velocities at the contact positions. The total friction force and the257
friction torques acting on the driving and driven gears are denoted by Ff = ∑rFf,r、Mfp = ∑rFf,rρp,r and Mfg = ∑rFf,rρg,r,258
respectively, where ρp,r and ρg,r represent the local radii of curvature at the corresponding contact positions. When259
contact is lost, the loads acting on the corresponding tooth pairs are set to zero. Based on Newton's second law of260
motion and the equations of rotational dynamics, the governing equations of the six-degree-of-freedom system can be261
expressed in a unified form as follows:262
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(13)263

To investigate the influence of differences in experimentally determined wear coefficients on tooth surface wear, a264
common friction coefficient μd was adopted in the dynamic model for all particle-size groups. Its value was set to the265
arithmetic mean of the experimentally measured mean friction coefficients across all groups. The equations of motion266
were solved using an adaptive Runge–Kutta method. After eliminating the initial transient response, the steady-state267
tooth-pair loads and angular velocities were extracted and mapped onto discrete nodes along the tooth profile according268
to the meshing phase.269
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3.3 Local Contact Analysis and Tooth Surface Wear Calculation270

Tooth surface wear is influenced not only by the dynamic normal load but also by local contact geometry and271
relative sliding between the mating tooth surfaces. To establish the relationship between dynamic mesh loads and local272
material removal, a nominal Hertzian line contact model is employed to calculate the local contact pressure. For273
standard involute tooth profiles, the local radii of curvature of the driving and driven gears at each contact node are274
denoted by , ,tanp i bp p ir  and , ,tang i bg g ir  , respectively, where αp,i and αg,i represent the local involute pressure275
angles of the corresponding tooth surfaces. The equivalent radius of curvature and effective elastic modulus of the gear276
pair are expressed as follows:277

*
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p g

p g
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E EE
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(14)278

Assuming an approximately uniform load distribution across the tooth face width, linear elastic material behavior,279
and a contact region much smaller than the local radii of curvature, the instantaneous contact conditions are determined280
using classical Hertzian line contact theory (Xing et al., 2023). The contact half-width and mean contact pressure over281
the contact region are expressed as follows, respectively:282
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(15)283

where B denotes the tooth face width, bH is the Hertzian contact half-width, Hp represents the mean contact284
pressure over the contact band, and Fr denotes the normal load distributed to the current load-bearing tooth pair by the285
dynamic model. The nominal pressure distribution within the Hertzian contact band and the corresponding local286
geometric relationships are illustrated in Fig. 4(a).287

A single-point observation approach is adopted to calculate the relative sliding distance experienced by each tooth288
surface node during a single contact passage (Flodin and Andersson, 1997). The local tangential velocity is expressed as289

, ,j i j j iv   , where 0j j j     and 0j denote the instantaneous and nominal angular velocities, respectively.290
Assuming that the normal load, local curvature, and tangential velocity remain approximately constant during a single291
contact passage, the relative sliding distances experienced by the corresponding nodes on the driving and driven gears292
can be expressed as follows, respectively:293
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Therefore, the sliding distance experienced during a contact passage depends not only on the contact band width295
but also on the local rolling–sliding kinematics.296

Fig. 4. Schematic of local tooth contact and sliding: (a) Hertzian contact pressure distribution; (b) relative sliding of297
tooth surface material points.298

To describe tooth surface material removal induced by sand and dust particles, the Archard wear model is299
employed to establish the relationship between normal contact loading, relative sliding distance, and wear depth300
(Brandão et al, 2016) in material removal efficiency among particle-size groups are represented by the equivalent wear301
coefficient Ks, calibrated from the wear experiments using Eq. (4). Under the mean contact pressure approximation and302
the linear Archard wear relationship, the incremental wear depth experienced by a material point during a single303
passage through the contact band is expressed as , , ,j i s H i j ih K p S  .Substituting Eqs. (15) and (16) yields:304
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Equation (17) indicates that, under the mean contact pressure approximation and the assumption of constant306
velocity during contact, the Hertzian contact half-width cancels out in the product of contact pressure and sliding307
distance. Consequently, the wear depth per contact passage is jointly determined by the dynamic normal load per unit308
face width, local rolling–sliding kinematics, and the equivalent wear coefficient. Nevertheless, contact geometry and309
material elastic properties continue to influence the predicted wear through their effects on mesh stiffness and dynamic310
loads.311

To facilitate the analysis of the influence of dynamic loading on local wear, a wear-driving quantity312

ijigipirij vvvBFD ,,,,, /)/(  is defined to characterize the driving effect on material removal arising from the313

combined contributions of the normal load per unit face width and local rolling–sliding kinematics. During the initial314
wear stage, when wear-induced changes in tooth surface geometry and load distribution remain negligible, the wear315
depth increments associated with successive meshing cycles are assumed to accumulate linearly. Accordingly, the316
cumulative wear depth can be expressed as follows:317

, , ,j i j j i j s j ih N h N K D   (18)318
For identical gear parameters and dynamic inputs, Dj,i characterizes the spatial distribution arising from the319

combined effects of contact loading and local sliding, whereas the equivalent wear coefficient Ks accounts for320
differences in wear behavior among the particle-size groups under the experimental conditions. The application of321
experimentally calibrated wear coefficients to tooth surface wear calculations represents a conditional parameter322
transfer, whose applicability is constrained by the contact configuration, kinematic conditions, and particle supply323
conditions.324

4 Results and Discussion325

4.1 Effects of Particle Size on Friction and Wear326

Figure 5 presents the temporal evolution of the friction coefficient and its mean value for each group. The327
particle-free group (S0) exhibited a relatively low friction coefficient, whereas the addition of particles increased the328
friction coefficient across all particle-size groups. The mean friction coefficients for groups S0–S3 were 0.378, 0.504,329
0.581, and 0.643, respectively, corresponding to increases of 33.3%, 53.7%, and 70.1% for the particle-containing330
groups compared with S0. Differences were also observed in the temporal evolution of the friction coefficient among331
the particle-containing groups. Group S1 exhibited a relatively stable frictional response, whereas S2 showed a decrease332
during the middle and later stages of the test. In contrast, S3 maintained a comparatively high friction coefficient333
accompanied by noticeable fluctuations. These variations suggest differences in the interfacial frictional states and their334
evolution among the particle-size groups. However, the friction coefficient curves alone are insufficient to determine335
the specific contributions of particle fragmentation, expulsion, or changes in particle coverage.336

Fig. 5. Frictional responses under different particle-size conditions: (a) temporal evolution of the friction coefficient; (b)337
mean friction coefficient.338

Figure 6 and Table 3 show that the addition of abrasive particles also increased the wear volume. The wear339
volumes for groups S0–S3 were 0.0515, 0.0962, 0.0766, and 0.0700 mm³, respectively, corresponding to increases of340
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86.8%, 48.7%, and 35.9% for the particle-containing groups compared with S0. Thus, relative to particle-free dry341
sliding, the presence of abrasive particles resulted in higher frictional resistance and larger wear track depression342
volumes. However, a different trend was observed when comparing the particle-containing groups. From S1 to S3, the343
mean friction coefficient increased from 0.504 to 0.643, whereas the wear volume decreased from 0.0962 to 0.0700344
mm³, corresponding to an increase of 27.6% and a decrease of 27.2%, respectively. The mean values of the three345
particle-size groups indicate that the friction coefficient increased with increasing nominal particle size, while the wear346
volume exhibited the opposite trend. These findings demonstrate that, under the specified contact and particle347
conditions, frictional resistance and apparent wear severity do not vary consistently. Therefore, the abrasive wear348
severity induced by particles cannot be reliably assessed based solely on the friction coefficient.349

The wear track width and maximum wear depth further highlight these differences. All particle-containing groups350
exhibited wider wear tracks than S0, whereas the mean maximum wear depth did not increase correspondingly. Among351
them, S1 exhibited the largest mean wear track width and wear volume, indicating that the increased damage was352
primarily associated with lateral expansion of the affected region. The maximum wear depth represents a local extreme,353
while the wear track width and wear volume characterize the extent of surface damage and the overall geometric354
changes, respectively. Therefore, these three parameters should be considered together when evaluating wear severity.355
Since the normal load and cumulative sliding distance were identical across all groups, the equivalent wear coefficient356
calculated using Eq. (4) was proportional to the wear volume. Consequently, the identical ranking of wear coefficients357
and wear volumes is a direct result of the normalization procedure. The equivalent wear coefficient was used to358
characterize the wear response of each particle-size group and served as an input parameter for subsequent tooth surface359
wear calculations. Under equal-mass particle supply conditions, variations in particle size were accompanied by360
changes in particle number and the conditions governing particle entry into and retention within the contact zone.361
Therefore, these results characterize the effects of particle-size groups under the specified particle supply conditions,362
and their applicability is jointly constrained by material properties, contact configuration, and experimental conditions.363

Fig. 6. Wear characteristics under different particle-size conditions: (a) wear volume; (b) maximum wear depth; (c)364
wear track width; (d) wear coefficient.365
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Table 3. Summary of friction and wear results under different test conditions.366

condition mean friction
coefficient

wear volume
V− /mm³

maximum wear
depth/μm

wear track
width/mm Ks (10-14m2/N)

S0 0.378 0.0515 17.23 0.953 2.384
S1 0.504 0.0962 16.42 1.533 4.453
S2 0.581 0.0766 15.58 1.387 3.546
S3 0.643 0.0700 14.54 1.433 3.241

4.2 Analysis of Wear Track Morphology and Wear Characteristics367

To elucidate the differences in friction and wear responses among the particle-size groups, three-dimensional368
surface topography obtained by white-light interferometry, two-dimensional cross-sectional profiles, scanning electron369
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) were used to analyze wear track geometry,370
localized surface damage, and elemental distributions. SEM microscope images were acquired using a ZEISS EVO 15371
scanning electron microscope.372

Fig. 7. Three-dimensional wear morphologies and cross-sectional profiles under different particle-size conditions: (a, b)373
S0; (c, d) S1; (e, f) S2; (g, h) S3.374

Figure 7 presents the three-dimensional wear track morphologies and representative two-dimensional375
cross-sectional profiles under different particle-size conditions. As observed, the wear track of the particle-free group376
S0 was relatively narrow, whereas the addition of SiO₂ particles led to pronounced lateral expansion of the wear regions377
in all particle-containing groups. Among them, S1 exhibited a relatively wide and continuous depressed region,378
consistent with its larger wear volume. In contrast, the wear track surfaces of S2 and S3 showed more pronounced local379
undulations and geometric nonuniformity. Combined with the data in Table 3, the mean wear track width of S1380
increased from 0.953 mm for S0 to 1.533 mm, while the maximum wear depth did not increase correspondingly. This381
indicates that the apparent enhancement of wear induced by particles was primarily manifested as lateral expansion of382
the wear track depression region rather than an increase in local maximum depth. The trends revealed by the383
two-dimensional cross-sectional profiles are consistent with those observed in the three-dimensional surface384
morphologies, indicating that surface damage under different particle-size conditions involved not only local groove385
formation but also varying degrees of plastic deformation, wear debris accumulation, and surface morphology386
reconstruction. Therefore, the maximum wear depth alone is insufficient to comprehensively evaluate the severity of387
particle-induced surface damage, and a combined analysis of wear track width and wear volume is also required.388
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389
Fig. 8. SEM images of worn surfaces under different particle-size conditions: (a, e) S0; (b, f) S1; (c, g) S2; (d, h) S3. All390
SEM images were acquired by the authors using a ZEISS EVO 15 scanning electron microscope. These images are391
original experimental results obtained in the present study and have not been reproduced or adapted from previously392
published sources.393

Figure 8 further illustrates the microscopic wear characteristics of the different particle-size groups. The worn394
surface of S0 was primarily characterized by shallow grooves aligned with the sliding direction, limited wear debris,395
and localized smearing. Fine scratches and localized deformation of the surface layer were observed at higher396
magnification, indicating that mild surface scratching and localized adhesive deformation were the dominant damage397
features under particle-free conditions. In contrast, S1 exhibited more pronounced continuous grooves, wear debris398
accumulation, and localized surface delamination. Fine wear debris, smeared layers, and localized microcracks were399
also observed at higher magnification, revealing more evident abrasive scratching and surface damage, consistent with400
its larger wear track width and wear volume. The worn surface of S2 exhibited grooves, scratches, and localized401
delamination, accompanied by granular residues and relatively large wear debris, reflecting the coexistence of localized402
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abrasive interactions and material deformation. S3 showed more pronounced localized pits, wear debris accumulation,403
and compacted deposits. At higher magnification, residual particles, localized compacted layers, and plastic flow marks404
were observed, indicating that the worn surface under coarse-particle conditions exhibited distinct local deformation405
and third-body residue characteristics compared with S1. These morphological differences suggest that variations in406
particle size can alter local interfacial contact conditions and surface damage mechanisms. However, post-test SEM407
observations alone are insufficient to directly determine the rolling, fragmentation, and expulsion behavior of particles408
during sliding.409

Fig. 9. SEM-EDS analysis of representative wear track regions under different particle-size conditions: (a) S0; (b) S1; (c)410
S2; (d) S3.411

Table 4. EDS-determined mass fractions of major elements in selected regions of representative wear tracks (wt.%).412

Condition Fe/wt.% O/wt.% Si/wt.%
S0 92.77 3.54 0.26
S1 26.29 38.23 30.76
S2 82.58 12.97 0.23
S3 5.76 52.61 38.44

Figure 9 and Table 4 further reveal differences in the elemental distributions of the worn surfaces among the413
particle-size groups. The selected region in S0 was dominated by Fe, with a mass fraction of 92.77%, while the Si and414
O contents were only 0.26% and 3.54%, respectively, indicating predominant exposure of the steel substrate. In the415
selected region of S1, the Si and O contents increased to 30.76% and 38.23%, respectively, whereas the Fe content416
decreased to 26.29%. These results indicate substantial retention of Si- and O-containing particles or wear debris in this417
region, consistent with the debris accumulation and localized surface coverage observed by SEM. The selected region418
of S2 remained Fe-dominated, with a Si content of only 0.23%, indicating no pronounced Si enrichment in the analyzed419
region. However, this does not exclude the presence of residual quartz particles elsewhere along the wear track. In420
contrast, the Si and O contents in the selected region of S3 reached 38.44% and 52.61%, respectively, while the Fe421
content decreased to 5.76%. Combined with the localized compaction and surface coverage observed by SEM, these422
results suggest substantial accumulation of Si/O-rich third-body residues in this region. It should be noted that the EDS423
results reflect the elemental composition of representative analyzed regions and cannot independently determine the424
specific phase composition, thickness, or load-bearing capacity of the third-body layer. Furthermore, these localized425
measurements cannot directly represent the extent of particle coverage over the entire wear track.426

Considering the wear track geometry, SEM observations, and EDS results collectively, the differences in frictional427
behavior and material removal among the particle-size groups are associated with combined variations in particle428
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number, local mechanical interactions, and third-body residue characteristics. Under equal-mass particle supply429
conditions, the fine-particle group contains a relatively larger nominal number of particles, potentially increasing the430
opportunities for abrasive particles to participate in interfacial scratching. Consequently, S1 exhibited more pronounced431
continuous grooves, wider wear tracks, and a larger apparent wear volume. As particle size increased, localized432
indentation by coarser particles, wear debris accumulation, and residual surface coverage could alter the interfacial433
shear conditions, leading to different trends in frictional resistance and material removal. This interpretation is434
consistent with previous findings that particle size, contact conditions, and ploughing-to-cutting behavior jointly435
influence wear responses (Esteves et al., 2021; Capozza and Hanley, 2024). Therefore, the increase in friction436
coefficient accompanied by a decrease in wear volume from S1 to S3 further indicates that interfacial tangential437
resistance and material removal respond differently to variations in particle size.438

4.3 Dynamic Gear Meshing and Local Contact Characteristics439

To elucidate the influence of dynamic gear meshing on local wear, the time-varying mesh stiffness, tooth-pair load440
sharing, and contact pressure and sliding characteristics along the active line of action were analyzed under the baseline441
operating condition. The effects of gear dynamics on the local tooth surface wear-driving quantity were further442
investigated by comparing dynamic and quasi-static results. Based on the geometric parameters of the gear pair and443
assuming standard involute gears without profile shift, the theoretical transverse contact ratio was approximately 1.75,444
and the nominal total normal mesh force was approximately 2.20 kN. These values provide a fundamental mechanical445
reference for interpreting single- and double-tooth load-bearing conditions and local load variations.446

Fig. 10. Time-varying mesh stiffness and tooth-pair load-sharing characteristics of the gear pair: (a) time-varying mesh447
stiffness; (b) tooth-pair load-sharing coefficients.448

Figure 10 illustrates the time-varying mesh stiffness and tooth-pair load-sharing characteristics of the gear pair. As449
shown in Fig. 10(a), the mesh stiffness exhibits pronounced periodic variations associated with the transitions between450
single- and double-tooth meshing regions. The mesh stiffness remains relatively high in the double-tooth meshing451
regions but decreases markedly in the single-tooth meshing region, with abrupt changes occurring during transitions452
between load-bearing tooth pairs. This behavior is primarily attributed to changes in the number of load-bearing tooth453
pairs, which alter the overall system compliance. In addition, tooth bending, shear deformation, tooth foundation454
deformation, and structural coupling through the common gear body further influence the mesh stiffness at different455
meshing positions. Figure 10(b) shows that the load-sharing coefficients of adjacent tooth pairs in the double-tooth456
meshing region are not equal but vary with the meshing position. Pronounced jumps in load sharing occur at the457
transitions between single- and double-tooth meshing regions. Once the gear pair enters the single-tooth meshing region,458
the entire normal load is carried by the active tooth pair. Previous studies have demonstrated that structural coupling459
through the common gear body modifies the elastic deformation compatibility between adjacent tooth pairs in the460
double-tooth meshing region, thereby affecting the overall mesh stiffness and load distribution (Xie et al., 2018a). The461
predicted periodic stiffness variations and tooth-pair load transfer characteristics are consistent with these theoretical462
findings in terms of their physical trends. Therefore, the dynamic normal load allocated to each active tooth pair should463
be used in subsequent local contact calculations to account for variations in load-bearing conditions at different meshing464
positions.465
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466
Fig. 11. Local contact pressure and sliding distances along the line of action under dynamic loading.467

Figure 11 presents the mean Hertzian contact pressure and the sliding distances experienced by material points on468
the driving and driven gears along the active line of action. Here, the sliding distance refers to the relative sliding469
distance accumulated by a tooth surface material point during a single passage through the local contact band. As shown470
in the figure, the contact pressure exhibits a pronounced nonuniform distribution along the line of action, with relatively471
higher values in the single-tooth meshing region and a local peak near the pitch point. This is primarily because the472
entire normal load is carried by a single tooth pair in the single-tooth meshing region, while variations in local contact473
curvature and dynamic tooth-pair loads further modulate the contact pressure. Unlike the contact pressure, the sliding474
distances of both the driving and driven gears approach zero near the pitch point and gradually increase toward the475
approach and recess sides, although their magnitudes differ considerably on either side of the pitch point. Specifically,476
the driving gear exhibits a larger sliding distance on the approach side, whereas the driven gear shows a relatively larger477
value on the recess side. These differences are mainly attributed to variations in the local tangential velocities of the478
mating tooth surfaces and the residence times of material points within the contact band. Although the contact pressure479
is relatively high near the pitch point, the mating tooth surfaces approach an instantaneous pure rolling condition,480
causing the relative sliding velocity to approach zero and the local sliding distance to reach its minimum. Previous gear481
wear studies based on the single-point observation method and Archard wear model have demonstrated that local482
material removal is governed by the combined effects of contact loading and relative sliding (Bajpai et al., 2004; Ren483
and Yuan, 2022). Therefore, within the adopted sliding wear model, regions of high contact pressure do not necessarily484
correspond to regions of severe wear. The spatial distribution of tooth surface wear must be evaluated by considering485
both contact loading and local rolling–sliding kinematics.486

Fig. 12. Comparison of local loads and wear-driving quantities under dynamic and quasi-static conditions: (a) tooth-pair487
normal load; (b) wear-driving quantity.488
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To investigate the influence of gear dynamics on local wear-driving quantities, the tooth-pair loads and489
wear-driving quantities under dynamic and quasi-static conditions were compared, as shown in Fig. 12. As illustrated in490
Fig. 12(a), the tooth-pair loads under both conditions exhibit similar overall distribution trends. However, the dynamic491
results show more pronounced local fluctuations at the transitions between single- and double-tooth meshing regions492
and within the single-tooth meshing region. The loads increase at certain meshing positions but decrease at others,493
indicating that dynamic effects do not simply amplify the quasi-static loads by a uniform factor. Instead, they modulate494
the local load-bearing conditions through time-varying mesh stiffness, load transfer, and system vibration responses. In495
Fig. 12(b), the black and blue curves correspond to the driving and driven gears, respectively, while the solid and496
dashed lines represent the dynamic and quasi-static results, respectively. The wear-driving quantities of both gears497
approach zero near the pitch point, whereas the dynamic results exhibit more pronounced local peaks and valleys on498
either side of the pitch point. Specifically, higher wear-driving quantities are primarily concentrated on the approach499
side of the driving gear and the recess side of the driven gear, consistent with the sliding distance distributions shown in500
Fig. 11. These results indicate that local rolling–sliding kinematics and tooth-pair loads jointly determine the spatial501
distribution of the wear-driving quantity, while dynamic loading further modulates the wear intensity at different502
meshing positions. This behavior is consistent with the nonuniform wear characteristics reported in previous studies503
incorporating dynamic mesh forces into tooth surface wear prediction (He et al., 2022; Ren and Yuan, 2022).504
Collectively, Figs. 10–12 demonstrate that time-varying mesh stiffness and tooth-pair load sharing influence local505
load-bearing conditions, while contact geometry and rolling–sliding kinematics govern variations in contact pressure506
and sliding distance. Dynamic mesh loads further modulate the wear-driving intensity at different positions along the507
tooth profile. Therefore, nonuniform sliding wear on tooth surfaces cannot be attributed solely to variations in contact508
pressure but arises from the combined effects of local normal loading and relative sliding. These findings provide a509
mechanical basis for incorporating the equivalent wear coefficients obtained under different particle-size conditions into510
subsequent predictions of wear depth distributions along the tooth profiles of the driving and driven gears.511

4.4 Tooth Surface Wear Distributions under Different Particle-Size Conditions512

The equivalent wear coefficients for groups S0–S3 listed in Table 3 were incorporated into the local Archard wear513
model to predict the wear depth distributions of the driving and driven gears along the active line of action under514
different particle-size conditions, while maintaining identical dynamic loading and sliding conditions, as shown in Fig.515
13.516

Fig. 13. Tooth surface wear distributions under different particle-size conditions: (a) driving gear; (b) driven gear.517
As shown in Fig. 13, the wear depth distributions of both the driving and driven gears exhibit pronounced518

nonuniformity, but the regions of severe wear differ spatially. Higher wear depths are mainly concentrated on the519
approach side of the driving gear and the recess side of the driven gear, while the wear depths of both gears approach520
zero near the pitch point. Combined with Figs. 11 and 12, these distributions are consistent with the variations in local521
sliding distance and wear-driving quantity. Although the contact pressure is relatively high near the pitch point, the522
relative sliding velocity approaches zero, resulting in a substantial reduction in local sliding wear predicted by the523
Archard model. This indicates that the spatial distribution of tooth surface wear is not governed solely by contact524
pressure but arises from the combined effects of local normal loading and rolling–sliding kinematics.525

The wear depth curves under different particle-size conditions exhibit similar spatial distribution patterns but differ526
considerably in magnitude, following the overall order S1 > S2 > S3 > S0. This trend is consistent with the527
experimentally measured wear volumes and equivalent wear coefficients. According to Table 3, the equivalent wear528
coefficients of S1, S2, and S3 are 1.868, 1.487, and 1.359 times that of S0, respectively. Under identical mechanical529
boundary conditions, the predicted wear depths follow the same proportional relationships. This indicates that, within530
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the adopted linear Archard wear model, the influence of particle size on material removal is transferred to tooth surface531
wear predictions through the experimentally calibrated equivalent wear coefficients, while local loading and sliding532
conditions determine the spatial wear distribution. Therefore, the similar wear distribution patterns among the533
particle-size groups are a consequence of the common dynamic boundary conditions adopted in the model, rather than534
direct evidence that particle size has no influence on local contact conditions.535

Furthermore, the overall cumulative wear of the driving gear is greater than that of the driven gear, primarily due536
to the combined effects of local wear-driving quantities and meshing cycle counts. Based on the tooth number ratio,537
each tooth of the driving gear undergoes approximately 3.10 times as many meshing cycles as each tooth of the driven538
gear over the same prediction period. Meanwhile, Fig. 12 indicates that the driving gear exhibits a higher local539
wear-driving quantity on the approach side. These two factors jointly contribute to the greater cumulative wear depth of540
the driving gear. This demonstrates that differences in wear between the driving and driven gears depend not only on541
local material removal intensity but also on the frequency of repeated contact. Overall, dynamic loading and local542
sliding jointly govern the nonuniform distribution of tooth surface wear, whereas the equivalent wear coefficients543
associated with different particle sizes primarily affect the predicted wear magnitude. Since particle-induced changes in544
local load-bearing conditions and wear-induced tooth profile feedback are not explicitly considered, the present results545
are mainly intended for comparative wear assessment among different particle-size groups under the specified546
conditions.547

5 Conclusions548

To investigate tooth surface wear under abrasive particle ingress, this study combined wear experiments with549
dynamic local gear contact analysis to examine the effects of particle size on the friction and wear behavior of550
18CrNiMo7-6 steel and their implications for tooth surface wear distributions. The main conclusions are as follows:551

(1) The presence of abrasive particles markedly increased friction and material removal. Compared with the552
particle-free control group, all particle-containing groups exhibited higher mean friction coefficients and wear volumes,553
although these two parameters showed different trends with increasing particle size. As the particle size increased from554
0–30 to 60–100 μm, the mean friction coefficient increased from 0.504 to 0.643, whereas the wear volume decreased555
from 0.0962 to 0.0700 mm³, corresponding to an increase of 27.6% and a decrease of 27.2%, respectively. These results556
indicate that, under the present experimental conditions, an increase in friction coefficient does not necessarily557
correspond to a larger wear volume. Therefore, the severity of particle-induced wear should be evaluated by considering558
both frictional and wear-related indicators.559

(2) The worn surfaces exhibited distinct morphological and damage characteristics under different particle-size560
conditions. The 0–30 μm group showed more pronounced wear track widening, continuous grooves, and localized561
surface delamination, whereas the 60–100 μm group exhibited more localized pits, wear debris accumulation, and562
residual surface coverage containing Si and O. The addition of particles generally increased the wear track width563
without a corresponding increase in maximum wear depth. This indicates that particle-induced surface damage involves564
not only localized material loss but also lateral expansion of wear tracks and changes in surface morphology. These565
morphological observations provide supporting evidence for explaining the distinct friction and wear responses566
observed under different particle-size conditions.567

(3) Tooth surface wear depth exhibited a pronounced nonuniform distribution governed by the combined effects568
of dynamic tooth-pair loads and local sliding distances. The relatively small sliding distance near the pitch point569
resulted in a region of low sliding wear, while the high-wear regions of the driving and driven gears were concentrated570
on the approach and recess sides, respectively. This indicates that contact pressure alone is insufficient to accurately571
identify the locations of maximum wear. Furthermore, differences in the wear-driving quantities of the driving and572
driven gears contributed to variations in their cumulative wear. Under identical loading and sliding conditions across the573
particle-size groups, the equivalent wear coefficients primarily determined differences in the predicted wear magnitude,574
whereas dynamic loading and local sliding jointly influenced wear intensity and its spatial distribution.575
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