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Abstract

Agricultural soil contact components, including ploughshares, rotary blades, and furrow
openers, form the active interface between machinery and complex field media. Operating
in multiphase environments, these tools face severe abrasive wear, impact fatigue, and
interfacial adhesion. These destructive forces irreversibly alter edge geometry and drasti-
cally degrade macroscopic operation quality. This review integrates tillage and precision
seeding components into a unified tribological framework. It highlights the nonlinear
relationship between microscopic material removal and geometric edge retention. Profile
degradation is heavily dictated by soil texture, where sandy soils cause micro-cutting, clay
soils induce severe adhesion, and gravelly soils produce impact fracture. To predict these
complex wear behaviours accurately, coupled multiphysics numerical simulation using the
discrete element method for particle flow dynamics and finite element analysis for transient
contact stress provides a highly robust methodology. Mitigating these failures requires
a functionally zoned surface engineering approach. Carbide hardfacing offers localized
abrasion resistance, while polymer composite layers and bionic nonsmooth structures
effectively interrupt continuous liquid films in wet cohesive soils. Ultimately, integrating
online multidimensional sensing with full life cycle digital-twin models represents the
future trajectory for developing adaptive and highly durable agricultural equipment.

Keywords: agricultural soil contact components; wear mechanisms; surface engineering;
multiphysics simulation; anti-adhesion; bionic nonsmooth structures; digital twin

1. Introduction

Against the macro background of global food security and the rapid development of
modern precision agriculture, the operational efficiency and intelligent level of agricultural
machinery have become key indicators for evaluating agricultural modernization [1,2]. However,
when agricultural machinery operates in complex and variable field media that contain soil,
crop residues, and root stubble, its soil contact components remain constrained by physical
bottlenecks such as high draft resistance, severe interfacial adhesion, and intense abrasive
wear [3-5]. Ploughshares, rotary blades, and subsoiler shanks in tillage operations, together with
furrow openers, covering devices, and press wheels in precision seeding operations, constitute
the core physical interface between machinery and soil [6-8]. In multiphase and variable
field geological environments, high hardness quartz particles, fluctuating water content, and
complex crop residues act jointly and cause unavoidable damage through two-body abrasive
wear, three-body abrasive wear, interfacial fatigue, and corrosion-assisted wear. This interfacial

Lubricants 2026, 14, 293

https:/ /doi.org/10.3390/lubricants14080293


https://crossmark.crossref.org/dialog?doi=10.3390/lubricants14080293&domain=pdf&date_stamp=2026-07-29
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://orcid.org/0009-0004-6266-8361
https://orcid.org/0000-0002-8021-3369
https://orcid.org/0000-0002-2724-115X
https://doi.org/10.3390/lubricants14080293

Lubricants 2026, 14, 293

2 of 32

failure is prominent, restricts the long-term reliable operation of modern agricultural machinery,
and increases fuel consumption and component replacement cost. Studies on the physical
mechanisms of friction and wear at soil contact interfaces indicate that a sensitive nonlinear
causal relation exists between microscopic material removal and macroscopic operation quality
degradation [9-11]. At the microscopic scale, abrasive cutting and impact spalling directly
change the original geometric configuration of components, which causes edge blunting, cutting
angle deviation, and support surface profile loss [12-14]. For deep ploughing and soil loosening
components, an increase in edge radius changes the contact mechanics model from sharp edge
cutting to large area compressive friction, thereby causing a rapid increase in draft force, unstable
working depth, and reduced soil inversion and fragmentation quality [15-17]. Conventional
single material strengthening strategies, such as bulk heat treatment and carburizing quenching,
often cannot satisfy the simultaneous requirements of drag reduction, wear resistance, and
anti-adhesion performance. Therefore, new pathways must be explored from the perspectives
of interface tribology and contact mechanics.

Soil composition and environmental conditions further determine the dominant wear
path because the soil-tool interface is a coupled soil-tool-environment system rather than
a simple metal-abrasive contact. Recent reviews and field studies show that tool wear
is governed jointly by material properties, soil texture, structure, density, moisture, rock
and gravel content, and operating dynamics [18]. Granular composition, particle hardness,
angularity, and water content control soil abrasivity and cutting edge recession, while field
tests on mouldboard ploughshares indicate that moisture can exert a stronger influence
on wear than soil type alone, although sandy soils remain highly abrasive because of hard
mineral particles [19,20]. In clay-rich soils, the combined effect of water retention, cohesion,
and soil-metal adhesion increases frictional resistance and promotes soil film formation,
intermittent release, and adhesion-assisted wear [21]. Chemical conditions also need to
be considered because wet soil can contain fertilizer salts, organic acids, and dissolved
ions that promote corrosion-assisted material removal. When mechanical abrasion re-
peatedly disrupts protective surface films, corrosion and wear can act synergistically as
tribocorrosion; therefore, the degradation of agricultural soil contact components should be
evaluated together with moisture, chemistry, corrosion resistance, and surface engineering
design [22].

As core cross-scale engineering technologies, the deep integration of surface engi-
neering, digital design, and multiphysics numerical simulation provides a scientific route
for overcoming the soil contact bottlenecks of agricultural machinery [23-25]. Coupled
simulation based on the discrete element method and finite element analysis can reproduce
the guiding effect of macroscopic geometry on complex contact stress distribution [26,27].
With these digital tools, researchers can capture particle evolution trajectories in soils with
different textures and predict high-risk wear zones [28].

This review aims to provide a systematic account of recent advances in the wear
mechanisms, wear-resistant modification technologies, and drag-reduction strategies for
agricultural soil contact components [29-31]. To avoid a simple enumeration of conclusions
from the literature, this study establishes a unified and rigorous analytical framework.
Following this logic, tillage components and precision seeding components are placed
within the same systematic tribological framework, and the nonlinear governing effects of
microscopic material loss and geometric edge retention on macroscopic operation quality
degradation are discussed [32-34]. This review analyzes the distinct pathways of macro-
scopic profile degradation driven by sandy soil, clay soil, and gravelly soil, and evaluates
the role of coupled discrete element and finite element multiphysics simulation in con-
tact mechanics verification [35,36]. At the engineering application level, thermochemical
diffusion, carbide hardfacing, polymer composite anti-adhesion materials, and bionic drag-
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reduction structures are examined with respect to their technical potential and application
boundaries in typical agricultural machinery operations. Finally, this review proposes an
integrated development strategy that includes online sensing matrices, deep extraction
of characteristic signals, and full life cycle digital-twin prediction models. The purpose
is to provide theoretical support for understanding the dynamic evolution of interfaces
in extreme multiphase media and to offer a full process design reference for the develop-
ment of next-generation intelligent agricultural soil contact equipment with low energy
consumption and long service life.

2. Wear Evolution and Functional Degradation of Tillage and Seeding
Soil Contact Components

2.1. Classification and Working Characteristics of Tillage Soil Contact Components

Tillage soil contact components, as listed in Table 1, include ploughshares, rotary
blades, subsoiler shanks, subsoiler sweeps, cultivator sweeps, and replaceable cutting tips.
Their common feature is direct execution of soil cutting, turning, mixing, loosening, or
shallow cutting. Classification should be based on soil action, load path, contact zone,
repairability, and failure index. Ploughshares cut and turn soil through passive wedge
action. Rotary blades cut and mix soil through cyclic impact and powered rotation. Sub-
soiler shanks loosen compacted layers through deep penetration and high-stress sliding.
Cultivator sweeps cut shallow soil and weeds through lateral edge contact. These compo-
nents experience abrasion, impact, adhesion, fatigue, and corrosion-assisted wear, but the
dominant mechanism changes with depth, speed, moisture, texture, and residue [37].

The working chain begins with entry, continues through soil rupture, develops into soil
displacement, and ends as field quality. The point, edge, blade tip, or sweep nose converts
machine traction into local stress. Soil particles then slide, roll, or impact along the surface and
remove material. The guide surface moves soil upward, sideways, backward, or downward.
Wear changes each link because geometry loss changes stress concentration and contact direction.
Edge rounding changes cutting into compression. Tip recession changes penetration into sliding.
Width loss changes full disturbance into incomplete disturbance. Adhesion changes continuous
soil flow into intermittent release [38]. Al Neama et al. showed that draft, vertical, and lateral
forces arise from passive soil-tool interaction [39]. General studies on tillage depth, draft
requirement, tractor power demand, fuel use, tillage objectives, soil structure, working body
geometry, and furrow turnover show that ploughshare performance depends on the coupled
relation among depth, geometry, energy use, and soil inversion [40-43]. These findings support
a load path view of ploughshare wear. The rear surface may show polishing, but the leading
point and edge determine whether soil is cut cleanly or compressed before rupture. Ploughshare
classification should therefore distinguish entry zone, slice separation zone, soil guide zone, and
rear sliding zone.

Rotary blades represent powered impact cutting and mixing components. Straight
blades emphasize slicing, curved blades emphasize cutting and soil throwing, L type blades
combine cutting with lateral displacement, and C type blades increase soil holding and
mixing. The cutting edge receives impact and abrasion, the guide surface controls particle
acceleration, and the root carries cyclic bending and torque. General rotary tillage studies
show that vibration exposure, controlled soil bin interaction, and hardened edge response
are necessary variables for evaluating rotary blade wear [44,45]. Garibaldi Marquez et al.
showed that bio-inspired attack edge geometry can reduce draft force during subsoil-
ing [46]. Subsoiler wear should therefore be described through attack edge form, tip
recession, loosened width, draft force, and crack formation. General tillage studies show
that depth, tractor speed, implement type, soil texture, validation of draft force models,
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tine type, tractor ballasting, and conservation tillage goals affect implement behaviour, fuel
consumption, force response, and tillage quality [47-51].

Table 1. Classification, working function, main contact zone, and failure index of tillage soil con-
tact components.

Tillage Soil Contact Component

Image Working Characteristics Failure Mode

Ploughshare

Rotary blade

Subsoiler shank

Cultivator sweep

Cuts and turns soil through Point recession, edge rounding,
passive wedge action incomplete inversion

Cuts and mixes soil through cyclic ~ Edge notching, root fatigue, poor
impact and powered rotation mixing

Loosens compacted layers
through deep penetration and
high-stress sliding

Tip recession, shank flank
grooving, shallow loosening

Cuts shallow soil and weeds . Width lo?s' incomplete
disturbance, incomplete lateral
through lateral edge contact .
cutting

2.2. Working Forms and Functional Degradation of Seeding Soil Contact Components

As shown in Table 2, seeding soil contact components include disc openers, covering
blades, covering discs, depth wheels, and press wheels. They form a sequential chain. The
opener creates the furrow, the seed tube places the seed, the covering device returns soil,
and the press wheel compacts the covered furrow. Wear at any point can change seed depth,
lateral position, cover thickness, soil seed contact, compaction uniformity, and emergence.
The tolerance is stricter than tillage because the output is seed position. Openers must
maintain edge sharpness, disc diameter, bevel angle, rake angle, outlet position, and lateral
symmetry. Covering devices must maintain soil return trajectory, release timing, and
cleanliness. Press wheels must maintain contact width, tread morphology, elastic response,
and pressure distribution. Key indices include edge radius in mm, disc diameter loss in mm,
tip recession in mm, furrow depth in mm, seed-depth variation in mm, covering thickness
in mm, adhesion mass in g, contact pressure in kPa, and emergence rate in percent [52-54].
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Table 2. Classification, contact function, wear zone, and sowing quality index of seeding soil

contact components.

Seeding Operation Stage

Seeding Soil Contact

Image Working Characteristics Failure Forms & Impacts

Component

Openers

Covering devices

Depth & press wheels

Cuts soil and residue
through high-speed
rolling and edge cutting
force, compressing them
laterally to form a furrow.

Edge rounding, diameter
loss, and bevel loss
leading to asymmetric disc
wear.

disc openers

Irregular wear alters soil
flow, while increased
roughness induces severe
wet adhesion.

Guides loose soil for
precise backfilling via
angled surfaces and
sliding /rolling friction.

covering blades

covering discs

Precisely limits depth and Tread abrasion, cracking,

uses directional tread and severe mud adhesion

compaction to close air deform geometry, causing
voids. depth failure.

depth wheels

press wheels

Karayel et al. showed that opener and disc coulter configuration with residue cover
affects seeding depth, spacing, emergence time, and emergence percentage [55]. General
studies on opener geometry, machine settings, soil condition, residue condition, disc form,
and sowing speed show that no till opener disturbance, force response, placement quality,
and seedbed quality are governed by coupled tool and soil variables [56-59]. Double disc
openers are therefore cutting tools and furrow wall forming tools. Diameter loss can reduce
furrow depth, bevel change can alter sidewall compression, and soil-adhered surfaces can
increase drag. Darmora showed that wedge angle, rake angle, depth, and coarse textured
soil affect the draft requirement of shovel type openers [60]. In coarse textured soil, the
same geometry change can accelerate lower edge wear. Darmora and Pandey showed that
shovel opener geometry affects draft, soil cover, seed scatter, seed fertilizer separation, and
row roughness in sandy soil [61]. This study extends wear evaluation from force response
to sowing quality. Liang et al. showed that opener tip force measurement can support
seeding depth control [62]. Their contact zones are the crown, side edge, groove surface,
and tread shoulder. Wet soil can adhere to these surfaces and form deposits. General
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studies on residue entanglement, opener configuration under cold soil, V-shaped guiding,
concave pit furrow geometry, and presowing depth uniformity show that rear chain quality
depends on residue flow, furrow geometry, seed displacement control, and preceding depth
stability [63-66]. These factors determine whether press wheel loading produces uniform
contact or pressure bands [67,68].

2.3. Tribological Relation Between Wear Rate and Geometric Edge Retention

Wear rate and edge retention form a coupled relation in soil contact components. Wear
rate describes material removal per unit time, travel distance, or soil volume, while edge
retention describes the capacity of a cutting edge, tip, blade, or disc to keep its designed
geometry. The relation is nonlinear because small edge loss can change contact stress, soil
rupture mode, sliding distance, and force demand. Ploughshare points, rotary blade edges,
subsoiler tips, double disc openers, chisel openers, and covering blades all depend on local
geometry. Once edge radius, tip length, or blade width changes, the soil flow path changes
and the next wear stage can accelerate [69]. General cutting tool research shows that wear
changes cutting quality and promotes the transition from sharp cutting to rounded sliding
contact [70]. Zhang et al. showed that tool geometry evolution and wear rate can form
positive feedback during cutting (Figure 1) [71]. As Figure 1 displays, the normal stress oy
at the tool tip, expressed by the shear flow stress k, was derived through the analysis of
the geometric relationships in the slip line field and the equilibrium of force and torque. In
this model, ] is defined as the chip separation point, while the short edge JU near the tip is
considered equivalent to a built-up edge.

— o e e G e G e G G G e G G e G G e G G G e M G e G e e G G e e ey

Figure 1. Tool geometry evolution and wear rate [71]. (a) Slip line field of primary shear zone;
(b) slip line field velocity vector diagram; (c) geometric relationship diagram of region KJU.

Further studies show that surface microstructure, tool material response, crater for-
mation, and roughness parameters affect wear resistance and cutting stability [72]. These
findings support the interpretation that edge radius growth increases soil compression
before rupture, raises draft or cutting force, and changes the component from cutting
toward ploughing and sliding. For soil tools, this geometric transition is more important
than mass loss alone because the leading edge controls the first soil failure boundary.

Tip length controls initial penetration and depth stability. General numerical and
experimental studies show that cutting force, tool deflection, wear morphology, wet or
dry contact condition, rake angle, speed, and flank wear are coupled with geometry
evolution and force response [73-77]. Napiérkowski and Ligier showed that rake angle
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affects abrasive soil mass wear intensity [78]. Blade and disc width control effective soil
disturbance and support the functional meaning of geometric retention. General cutting
and coating studies show that crack formation, chipping, cooling condition, lubrication
state, coating state, energy demand, surface roughness, temperature, and friction affect
wear and force response [79-82]. These findings support the view that rotary blade width
loss reduces mixing width, sweep width loss reduces cutting overlap, disc opener wear
reduces furrow support, and covering disc wear reduces backfill control. Geometry loss
therefore changes both mechanical load and agronomic function. Kudzaev compared blade
shapes of translatory soil tillage tools and showed that blade parameters affect energy
demand, residue clogging, and cutting mode [83].

2.4. Soil-Tool-Environment Effects on Wear Evolution and Functional Degradation

The wear evolution of tillage and seeding soil contact components should be inter-
preted within a soil-tool-environment framework. Soil composition and texture determine
the abrasive particle population, including hard minerals, clay aggregates, gravel fragments,
organic residues, and entrained third-body particles, whereas moisture and soil-metal
interface conditions regulate cohesion, adhesion, particle entrainment, and force trans-
mission [84-86]. Therefore, functional degradation is not controlled only by the intrinsic
hardness or coating thickness of the component. It emerges from the coupling among
soil abrasivity, water-mediated cohesion, operating load, contact scale, and the evolving
geometry of the tool surface.

Macroscopic profile degradation depends on soil texture because texture controls min-
eral hardness, particle shape, particle size, water retention, cohesion, adhesion, and impact
probability. Sandy soil tends to produce cutting grooves and edge recession through hard
mineral grains. Clay soil tends to produce adhesion-assisted friction, soil film formation,
surface polishing, and intermittent release. Gravelly soil tends to produce impact pits,
notches, cracks, and local fracture at leading zones. The same component can therefore
follow different degradation paths in different fields. A ploughshare may lose its point
in sand, carry clay deposits in wet clay, and develop edge notches in gravelly soil. A disc
opener may show diameter loss in sand, sidewall smearing in clay, and edge chipping in
gravelly soil [87]. Sandy soil promotes micro-cutting because hard grains contact the com-
ponent surface with limited cohesion and high local stress. Dvoruk showed that abrasive
particle shape controls the destruction and wear resistance of structural steels in soil [88].
General impact studies also show that craters, dents, scratches, and fracture influence the
profile path in sandy conditions [89].

Han, X—through executing rotary abrasive wear tests on 30MnBb5 steel plough tips;
regulating moisture (Figure 2), content rotational speed, and friction distance; and mea-
suring wear mass and characterizing microscopic wear morphologies—established that
moisture variations drive second order parabolic wear mass changes [90]. Data confirm
maximum compressive stress targets plough tips initiating localized material loss. Mi-
croscopic analyses define wear mechanisms comprising sand particle embedment groove
generation and fatigue spalling pit formation. The observations conclude that damage
forms transition from impact wear to groove scratches along soil movement trajectories
and abrasive wear synergizes with corrosive wear, accelerating material degradation.
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Figure 2. Macroscopic views of the LK500 high-speed hydraulic turning plough and the plough tip,
and three-dimensional wear topographies of the tip surface at friction distances of (a) original surface;
(b) 113 km; (c) 226 km; and (d) 339 km [90].

Bal, A.R.L, through constructing Updated Lagrangian Finite Element models, applying
Particle Finite Element methods, executing hypoplastic formulations, and performing physi-
cal excavation tests (Figure 3), established cutting tool-soft soil interaction mechanisms [91].
Computational results and experimental data characterize free surface topologies as void
ratio distributions, reaction force spatiotemporal evolutions, and abrasive wear behaviours.
Cucinotta, F analyzed the wear patterns of four ploughshares using a structured blue-light
3D scanner (Figure 4) before and after field usage, applying Hausdorff’s method and
deviation analysis to calculate volume losses and profile changes [92]. They concluded
that although the wear patterns shared similar shapes, there was significant variability in
cutting edge profiles and volume losses, demonstrating that this 3D scanning methodology
can easily and effectively evaluate tillage tool wear.

VOID RATIO
0.95
0.84444
0.73889
0.63333

-0.52778
0.42222
0.31667
0.21111
0.10556
o

Figure 3. The experimental setup for the analysis of cutting tool-soil interaction [91].
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Figure 4. Structured blue-light 3D scanner before and after field usage [92].

Ligier et al. showed that moisture content in quartz sand changes abrasive steel wear
rate [93]. Additional abrasive process studies show that process type, tool force, power
demand, ductility, impact toughness, and steel resistance affect profile degradation in sand-
dominated contact [94]. General coating erosion, abrasive particle size, soil conditioning,
mineralogy, moisture, and test condition studies show that wet cohesive soil can reduce
direct cutting in one zone while increasing adhesion, drag, coating exposure, and local
groove formation in another zone [95-98]. Gravelly soil causes impact fracture because
large particles strike leading zones with high local force. General erosion research shows
that particle size, velocity, angularity, hardness, toughness, and reinforcing phase control
material loss under severe abrasive impact [99]. Wang and Cai showed that Si content and
microstructure affect impact the abrasive wear of medium carbon low alloy steels [100].
Ingber et al. showed that abrasive wear can change near-surface microstructure and
hardness in metastable austenitic steels [101]. Broader ground-engaging tool and inclusion
studies further show that hard particle penetration and inclusion structure can accelerate
material loss in impact abrasive contact [102,103].

Environmental effects further change the failure route from pure abrasion to coupled
wear—corrosion. In wet or chemically active soils, aqueous films and dissolved ions can
alter the transition between dry abrasion, slurry abrasion, and corrosion-assisted material
removal [104]. Abrasion repeatedly removes surface films and exposes fresh metal, while
corrosion decreases local mechanical resistance and accelerates groove growth, pitting, edge
recession, and coating delamination. This tribocorrosion pathway is especially relevant for
ploughshare points, subsoiler tips, disc opener edges, and covering or press wheel surfaces
that repeatedly pass through wet clay films, saline patches, and residue-rich seedbeds [105].
Future evaluation of soil contact components should therefore report soil texture together
with particle-size distribution, mineral hardness, water content, soil-metal adhesion state,
chemical condition, corrosion tendency, and wear morphology, so that surface engineering
and service-life prediction can be connected to the complete soil-tool-environment system.
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3. Soil-Tool Interface Interaction and Multiphysics Simulation of
Wear Processes

3.1. Soil Particle Properties and Microscopic Material Removal

Microscopic material removal at agricultural soil contact interfaces originates from dis-
continuous contacts between mineral particles and working surfaces. Soil is not a uniform
abrasive medium. It contains quartz, feldspar, hard rock fragments, clay aggregates, organic
residues, roots, water films, and air voids, and each fraction changes stress transmission
and sliding behaviour. Quartz and other hard minerals can penetrate steel, carbide rein-
forced layers, thermochemical diffusion zones, and polymer coatings when local contact
pressure exceeds surface resistance. Angular particles generate cutting grooves, lips, pits,
and compacted debris, whereas rounded particles tend to polish the surface and reduce
the sharpness of local asperities. Consequently, particle mineralogy, hardness, angularity,
and size distribution define the abrasive capacity of soil before tool geometry or material
design can be assessed [18,106].

In this context, abrasive wear should be interpreted as a load conversion process rather
than as simple mass loss. Myalenko modelled tribological processes for abrasive wear
of soil cutting parts and linked simulated loading with real soil force equivalents [106].
Furthermore, studies on particle impact velocity, impact angle, grain fracture, particle
shape evolution, surface roughness, and multiscale damage indices show that erosion rate,
cutting force, and surface quality are controlled by the dynamic state of abrasive particles
rather than by particle size alone [107-109]. Wear models for agricultural components
should therefore include angularity, particle rotation, impact history, contact duration, and
roughness evolution.

Moisture content introduces a second mechanism layer because it transforms a loose
granular abrasive body into a cohesive friction body. Under low water content, mineral
particles contact the material surface directly and promote micro-cutting. At intermediate
water content, capillary bonding increases particle retention, strengthens soil aggregates,
and extends the residence time of abrasive grains near the surface. Under wet clay con-
ditions, adhesive soil films form on opener flanks, covering devices, press wheels, rotary
blade guide surfaces, and ploughshare sliding surfaces. This transition changes wear mor-
phology because adhesion raises drag, shifts the pressure distribution, causes intermittent
soil release, and hides the true material surface. Maintenance and weld geometry studies
further indicate that mitigation of soil abrasive wear must account for moisture, cohesion,
surface relief, and soil flow path [110,111]. Hardfacing strips or repaired overlays may
restore hardness but can also trap cohesive soil if their bead geometry interrupts release.

Soil density and compaction then determine the degree of particle confinement. Loose
soil permits particles to move away after collision, which limits repeated sliding on the
same surface point. Dense or compacted soil traps particles between the working surface
and the surrounding soil mass, creating force chains that increase normal stress and deepen
grooves. This confinement is severe at subsoiler tips, chisel opener noses, ploughshare
points, compacted seedbeds, and press wheel surfaces.

Aleksandra Krélicka investigated the wear behaviour of an Fe-Cr-C-Nb system of
welded claddings (Figure 5) across hypereutectic, near-eutectic, and hypoeutectic layers
under agricultural soil cultivation conditions [112]. They concluded that varying carbide
distributions and morphologies cause distinct wear mechanisms across the layers—such as
micro-delamination and interdendritic cracking—ultimately leading to a severe “wash-out
effect” and significantly reduced tool durability once the cladding is penetrated. Kalcska
investigated abrasive wear of polymer and steel gear drives under solid particle contami-
nation with several soil types and showed that resistance depends on particle embedding,
scratching, and rolling under confinement, not only on nominal hardness [113]. This
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analogy is relevant to polymer-coated openers, press wheels, and depth wheels because
elastomeric or polymeric surfaces can store abrasive particles during loading and release
them during unloading.

fEEE <3

hardness [HV1]

/SiS
Mabsicie—

o s < ative anal
w{(\/ Quant_l.‘;’_‘_“_’f —

-

Figure 5. Wear mechanisms and microstructural evolution of Fe-Cr-C-Nb welded claddings under
agricultural soil cultivation conditions [114].

Material response closes the microscopic removal sequence. Napirkowski et al. linked
abrasive soil wear resistance of Creusabro steel to microstructure and mechanical properties,
showing that hardness, toughness, and work hardening must act together under high
pressure sliding [114]. Konstanty et al. analyzed the abrasive wear resistance of metallic
matrix materials used in diamond-impregnated tools and provided a matrix support
analogy for hardfaced ploughshares, subsoiler tips, and opener edges [115].

3.2. Seedbed Soil Interaction and Seeding Component Tribology

Agricultural soil-tool interaction first forms the mechanical boundary conditions
of the seedbed through ploughing, rotary tillage, subsoiling, and shallow cultivation.
Ploughshares, rotary blades, subsoiler shanks, and cultivator sweeps convert machine
power into soil fracture, particle rearrangement, sliding, impact, adhesion, and com-
paction [39,46]. Their wear changes edge radius, rake angle, flank roughness, local contact
area, force direction, and soil flow continuity, so the interface shifts from efficient rupture
toward compression and friction. Xu et al. established a spatial measurement method
for straw incorporated by rotary tillage and showed that straw distribution after tillage
controls heterogeneity in the upper seedbed layer [1]. Guan et al. investigated bionic cutter
teeth in secondary soil crushing and demonstrated that reduced soil adhesion and tillage
force improve soil fragmentation and surface flow near the working surface [10]. Niu et al.
combined experiment and simulation to analyze ditching and backfilling behaviour, and
concluded that ditch geometry and backfill stability depend on soil disturbance and soil
return paths [15]. Gao et al. used DEM simulation and experiments to study an up-cutting
subsoiling method inspired by animal digging, and showed that the attack mode reduces
draft by changing soil failure sequence and force transmission [23]. Chen et al. evaluated
biomimetic rotary blades and demonstrated that blade geometry affects soil cutting, straw
movement, and power demand [116]. Studies on hardened cultivator sweep edges, travel
depth uniformity, and abrasive soil impact angle further indicate that blade wear changes
effective working width, depth stability, presowing tillage quality, and attack edge persis-
tence [45,78]. Thus, tillage wear influences seeding not only through tool mass loss, but
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also through clod size, residue bands, compaction strips, loose soil thickness, and opener
resistance fluctuation.

Furrow openers, covering devices, and press wheels impose a second contact sequence
that converts the inherited seedbed state into furrow geometry, seed position, soil return,
and soil seed contact [47,48]. At this stage, working depth is smaller than in primary tillage,
but quality tolerance is stricter because small geometry changes can alter furrow depth,
lateral seed displacement, covering thickness, contact pressure, and emergence uniformity.
Ahmad et al. simulated disc type furrow openers in paddy soil with DEM and showed that
particle motion, furrow formation, and tool resistance can be resolved through calibrated
contact parameters [11]. A review of no-tillage furrow opener performance showed that
tool geometry, setting, soil condition, and crop residue jointly control furrow opening and
seed placement [56]. Research on opener and disc coulter configurations under different
residue cover densities demonstrated that residue conditions modify seeding performance
and opener stability [55]. Studies on disc opener design and shovel type openers reported
that opener structure and soil texture affect seedbed quality, draft requirement, and furrow
shape [57,60]. The seeding depth adjustment study based on furrow opener tip force
measurement showed that tip force signals can infer depth variation and support depth
control [62]. The V-shaped seed-guiding surface and concave pit opener study showed that
geometric guidance restricts seed displacement and improves seeding uniformity by limit-
ing post-contact seed motion [65]. Soil texture and water content further determine whether
the opener, covering device, and press wheel experience abrasive grooving, adhesive drag,
impact chipping, or coating exposure [93,95,97,99,102].

3.3. DEM and FEM Coupled Simulation of Soil Tool Wear Processes

Numerical simulation links soil particle behaviour, component geometry, contact force,
stress field, and wear risk in a form that mass loss measurement cannot provide. DEM
represents collision, rolling, sliding, cohesion, force chain formation, and particle velocity.
EDEM builds calibrated particle assemblies for tillage and seeding, including sand, clay
agglomerates, residue fragments, and seed particles. FEM represents the component as
a continuum structure and calculates stress, deformation, coating response, and crack
risk. A coupled workflow obtains force outputs in DEM or EDEM and maps them into
ANSYS static structural analysis [117,118]. Adisusilo et al. modelled soil porosity for an
immersive tillage case using soil bin data and considered vertical angle, working depth,
and speed [119].

Jin, X, through building SPH models and FEM SPH coupled models in LSDYNA soft-
ware to simulate mouldboard plough—soil interactions and comparing physical experiment
data, established (Figure 6) that SPH models output higher computational accuracy and
FEM SPH coupled models output higher computational efficiency [120]. Data confirm
cutting resistance increases quadratically alongside increasing cutting speed and cutting
depth. Analyses demonstrate horizontal cutting resistance and combined cutting resistance
increase alongside increasing inclination angles and lifting angles whereas vertical cutting
resistance decreases with increasing lifting angles and remains constant across inclination
angle variations.
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Figure 6. Cutting process and cutting resistance of soil based on SPH model and coupled FEM-SPH
model: SPH model: (a) t=0.74's, (b) t =2.02 s, (¢) t = 3.78 s; FEM-SPH model: (d) t =0.74 s, (e) t = 2.02
s, (f) t =3.78 s [120].

Zhang, L, through applying mole cricket front paw contour curve characteristics, de-
signing three bionic subsoiling shovels, executing discrete element soil modelling (Figure 7),
calibrating red soil microparameters, and conducting subsoiling simulations, established
that bionic shovel structures decrease tillage resistance values and energy consumption
values [121]. Data confirm bionic shovel design two outputs maximum reduction met-
rics comprising 9.25 percent total force reduction, 11.43 percent tip force reduction, and
10.58 percent energy consumption reduction.
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common subsoiling shovel
BSl BS2, BS3, BS4: bionic subsoiling shovel

b

8

Figure 7. Visualizations of the velocity and force contour plots for the common and bionic subsoiling
shovels [121].
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Schramm, F developed an innovative Discrete Element Method (DEM) approach that
replicates single asperity scratch tests (Figure 8) under varying normal forces to account
for continuous geometrical changes based on material loss [122]. They concluded that by
incorporating these geometric changes, the simulations accurately replicate the actual wear

volume, making this method suitable for investigating continuous wear processes during

soil tillage.
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Figure 8. Cross section of generated wear track and corresponding 3D map [122].

General DEM studies show that particle trajectories, force chains, sliding distance,
contact count, local pressure, and surface contact energy can reveal drag-reduction and
wear-mitigation mechanisms more clearly than draft force alone [123]. Sulaiman et al.
used finite element modelling to show that rake angle changes cutting force and thermal
response in AISI 1045 steel machining [124].

4. Surface Engineering and Anti-Adhesion Design for Tillage and
Seeding Components

4.1. High-Strength Steel and Thermochemical Surface Layers

High-strength steel and thermochemical surface layers constitute the primary material
basis for agricultural soil contact components that cut, loosen, turn, open, cover, and compact
soil. Ploughshares, rotary blades, subsoiler tips, chisel openers, double disc openers, covering
discs, and press wheel support parts require an outer region that resists quartz abrasion and a
core that carries impact, bending, vibration, and installation stress. The design issue is not the
pursuit of maximum hardness. It is the construction of a surface and core system that delays
edge rounding, tip recession, flank grooving, pitting, and crack initiation while preserving
enough toughness for stones, residues, and cyclic loading [125]. Heat-treated steels provide
this system through martensite formation, bainite control, retained austenite stabilization,
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carbide precipitation, boride dispersion, grain refinement, and residual stress adjustment.
General studies on chromium alloyed cast steel, high-boron steel, and boron boron-bearing
high-speed steel show that alloy content, quenching temperature, tempering temperature,
matrix stability, retained austenite amount, and borocarbide morphology jointly determine
abrasive resistance and fracture sensitivity [126-128].

Guo, Y, applying normalizing and intercritical quenching and tempering treatments,
electron backscatter diffraction analyses (Figure 9), and mechanical tests to 27MnCrB5 steel,
established that quenching at 790 °C forms a martensite and ferrite phase composition
containing 59.5 percent high angle grain boundaries [129]. This structure yields a tensile
strength of 1654 MPa, an impact energy of 77 J, and a hardness of 530 HV30, which
restricts fracture and wear phenomena and extends the service duration of soil-engaging
components. Lin and Gong showed that deep cryogenic treatment of high-carbon tool
steel reduces retained austenite, promotes fine carbide precipitation, increases hardness,
and improves wear resistance [130]. Local hardening studies also show that near-surface
microstructure and hardened depth must exceed expected profile recession in mm if the
treatment is to remain effective after field running in [131].

[
=
]

[
=

, Percentage of high-angle grain boundaries
1 is about 59.5%
!

|

S

Relative frequency (%)

10 2 30 40 50 60
Misorientation angle (deg.)

(b)

a

Eerdite .

> .. -~ P
Fermte » Fernté

25 Aim

Figure 9. Microstructure comparisons after the end quench test for 27MnCrB5 at distances of (a) 0 mm,
(b) 10 mm, (c) 20 mm, and (d) 30 mm, and for 65Mn at (e) 0 mm, (f) 10 mm, (g) 20 mm, and (h) 30 mm
(which explains the considerable contrast in hardness between the two steels at 20 mm from the quenching
end), alongside the EBSD image of 27MnCrBb5 after intercritical quenching at 790 °C [129].

Material comparison studies further show that hardness alone cannot predict service
life in abrasive soil. Boron-alloyed austenitic steel, austempered ductile iron, microalloyed
boron steel, and medium carbon steel can show different wear responses at similar hardness
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because matrix bonding, strain hardening, yield strength, carbide support, and transformation
behaviour control groove formation and material detachment [132-134]. High-alloy tool steel
and hard insert studies also show that secondary carbide content, retained austenite stability,
surface plastic deformation, carbide distribution, hard particle size, and edge preparation
affect friction wear resistance and dimensional stability [135-140]. Basic diffusion treatment
studies show that nitrogen martensite and carbon martensite can improve wear resistance
through increased near-surface hardness [141]. Sun et al. offered a core example of duplex
treatment by applying carburizing and plasma nitriding to 20Cr3MoW VA steel [142]. Their
boundary condition combined a carburized load-bearing substrate with a nitrided outer layer,
and the resulting diffusion zone reached 150 um while surface hardness reached 1004 HV.
The reported wear rate decreased by 97.34 percent compared with the untreated state and by
74.38 percent compared with the carburized state, which demonstrates that a dual layer can
provide both support and surface resistance.

Cucinotta, F applied electromagnetic shocking treatment (Figure 10) to ultrasonic shot
peening (USP)-treated M50 steel [137]. They concluded that EST promotes the precipitation
of nanoscale carbides and refines surface grains to form a self-lubricating film, thereby
reducing wear loss by 15.7% and improving wear resistance.
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Figure 10. EBSD image of USP-M50 steel before and after EST-3: (a,e) IPF maps; (b,f) grain boundary
characteristics; (c,g) KAM maps; (d,h) statistical results of the packet diameter KAM value and LAB

proposition, as a function of the depth from surface; the results of grain characteristics before EST-3
(a—d), and after EST-3 (e-h) [137].

Chen et al. examined carburizing and nitriding duplex treatment of 20CrNi2Mo steel
and showed that compound layer formation, diffusion zone structure, microhardness
gradient, and friction wear behaviour are changed by the coupled process [143]. Thermo-
chemical treatment studies in stainless coatings and structural steels show that carburizing,
nitriding, and related routes can also improve corrosion resistance and friction response
in wet environments [144,145]. This cluster matters for openers and covering devices
that work in moist topsoil with fertilizer solution, organic acids, and clay films. Li et al.
provided a core process study by varying carburizing and carbonitriding temperature
for 18Cr2NidWA steel [146]. The study showed that processing temperature governs mi-
crostructure, hardened layer depth, microhardness, and wear resistance. This means that
diffusion layer performance is controlled by a process window, and case depth should
be linked to expected edge recession and service distance. Case-hardened bearing steel
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studies and two-stage hardening concepts show that high-stress components benefit from
a tough interior that supports a hard refined surface [147,148].

Overall, high-strength steel and thermochemical surface layers should be designed
as zoned structures rather than uniform hard shells. Cutting edges and penetration tips
require hard supported surfaces that resist mineral micro-cutting. Body and root regions
require toughness and fatigue resistance. Side and guide surfaces require enough hardness
to resist abrasion and enough chemical stability to reduce adhesion and corrosion.

4.2. Metal Carbide Hardfacing and Laser Cladding

Metal carbide hardfacing and laser cladding provide local reinforcement for agricul-
tural soil contact components whose wear concentrates at points, edges, noses, and flanks.
The reinforced material is placed where abrasive load is severe, while the main body retains
toughness, shape stability, and acceptable cost. Ploughshare points, subsoiler tips, rotary
blade edges, chisel opener tips, and disc opener edges can receive carbide-enriched layers to
reduce quartz cutting and delay edge recession. The design target is a localized composite
layer in which hard phases resist abrasive penetration, the metallic matrix transfers impact
load, and the interface resists peeling under bending and vibration [149,150].

Weld surfacing generates heat input, increasing molten pool depth and dilution rates.
Thermal energy increases deposition thickness and decreases cooling rates. Cooling kinetics
form dendrite structures and drive carbide accumulation along grain boundaries building
eutectic networks. Phase structures increase hardness values and decrease toughness values.
General carbide coating studies show that preparation route, carbide morphology, carbide
quantity, multicomponent carbide chemistry, and matrix type control coating structure,
bonding mode, hardness, and tribological response [151-154]. Napiérkowski and Ligier
provide a critical correction to the assumption that higher carbide content always improves
agricultural wear resistance [155]. Their study analyzed WC- and W2C-containing layers
in abrasive soil and showed that wear intensity is governed by carbide content, carbide
distribution, rod composition, matrix support, and soil particle action.

Laser cladding improves local reinforcement by controlling heat input, melt pool
geometry, dilution, coating width, and deposition path. Process studies show that laser
power, powder placement, matrix selection, and fusion quality determine coating continuity,
hardness, wear resistance, corrosion response, and substrate compatibility [156-158]. These
findings matter because excessive layer thickness can change cutting angle and soil release,
while insufficient layer width can expose adjacent substrate to rapid abrasion. Wet opener
discs may require corrosion-resistant matrices, while ploughshares may favour repair
economy and steel compatibility.

Li, Z, through executing weld surfacing, laser cladding, X-ray diffraction, electron backscat-
ter diffraction, energy dispersive spectrometry, corrosion tests, and wear tests (Figure 11) on
316L stainless steel and 275iMn steel, established that the surface layers comprise columnar
grained gamma Fe phase, with weld-surfacing grain width measuring 17.0 & 20 micrometres
and laser cladding grain width measuring 15.3 &= 13.7 micrometres [159]. The data identified a
50-micrometre transition layer containing gamma Fe phase and alpha Fe phase between the
surface layers and substrates. Researchers concluded that laser cladding layers output higher
corrosion resistance values and wear resistance values, as laser cooling kinetics increase grain
density and decrease grain dimensions.
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Figure 11. The microstructures and compositional measurements of the weld-surfacing specimen:
(a—c) cross-sectional morphologies ((b) corresponding to box B in (a)); (d) EDS line scan along arrow
D in (a); (e) measured compositions of points P1 and P2 in (a); (f-i) EDS mappings corresponding to
the boxed region in (c) [159].

Krélicka et al. studied welded claddings used in agricultural soil and observed
carbide cracking, spalling, and micro-delamination in the Fe Cr C Nb layers under larger
soil fractions [112]. Wang et al. designed a high-vanadium chromium wear-resistant alloy
with multiscale carbides distributed in a martensitic and retained austenitic matrix [160].

Furthermore, researchers integrated weld-surfacing processes and laser cladding pro-
cesses, establishing composite surface treatment structures (Figure 12). Han, X, applying
thermo elastic plastic coupling modelling, arbitrary Lagrangian Eulerian calculations,
elastoplastic material modelling, submerged arc surfacing, laser cladding, temperature
measurements, and stress measurements to roll substrates, established that laser cladding
generates temperature values and stress values exceeding submerged arc surfacing met-
rics [161]. Experimental data confirmed that laser cladding eliminates submerged arc
surfacing defects and the combined process increases substrate surface quality.

Overall, metal carbide hardfacing and laser cladding should be understood as func-
tionally graded local protection rather than simple surface hardening. Their performance
depends on carbide hardness, particle morphology, matrix toughness, dilution, porosity,
residual stress, interface bonding, coating geometry, and soil particle-size distribution.
Rational design places carbide-rich material at leading edges and penetration tips, retains
toughness in the body and root, and uses deposition paths that preserve soil flow geometry.
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Figure 12. A schematic diagram of the composite process for surfacing welding and laser
cladding [161].

4.3. Polymer Composite and Anti-Adhesion Surface Design for Seeding Components

Polymer composite and anti-adhesion surface design addresses the soil-sticking prob-
lem that hard steel, carbide hardfacing, and thermochemical diffusion layers cannot solve
alone. Xiao et al. introduced a CrNx adhesion layer between AICrN coating and tool
steel and showed that an intermediate layer improves adhesion strength and wear per-
formance [162]. Hard composite coating studies show that high-stress cutting zones can
require metallic or ceramic reinforcement, while low-adhesion polymer layers are more
suitable for soil guide zones and wet release surfaces [163]. Li studied a resin matrix
compound coating reinforced with alumina particles and showed that reinforced particle
size and abrasion angle affect erosion wear resistance [164].

Sun, W, through spraying ZrO,, Nb20s, TiO,, Cr,03, V,05, Al, and SiC powders to
fabricate ZrNbTiCrV C composite coatings and testing against binary carbide coatings,
established (Figure 13) that vanadium elements facilitate densification processes and ele-
ment diffusion processes [165]. Microstructural mechanisms output fine grain particles and
1.56% porosity structures, forming oxide films and initiating rolling friction. Mechanical
tests conclude this spraying method increases fracture toughness values by 17.2% and
decreases wear rate values by 73.3%.

During wear
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Figure 13. A schematic diagram of the wear resistance mechanism of the ZNTCV-O system coating [165].
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Shan, Z constructed a self-healing epoxy composite coating (Figure 14) by incorpo-
rating polydopamine functionalized carbon nanotubes and polytetrafluoro wax into an
epoxy resin matrix [166]. They demonstrated that the synergistic effects of phase transition
induced healing and enhanced thermal conductivity, significantly improving the coating’s
self-healing efficiency, wear resistance, and self-lubricating performance under both dry
and wet friction conditions.
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Figure 14. The COF curves, average COF and wear track width of different samples under 5 N /200 r/min,
and 3D contours of the corresponding wear scars [166].

Friction reduction and corrosion-resistant film studies provide performance targets
for polymer composites, but they should be interpreted as functional benchmarks rather
than direct material substitutions for press wheel treads or opener flanks [167]. Chen et al.
developed a graphene-enhanced gelcoat composite coating by introducing graphene and
boron nitride into the matrix and reported improved wear-resistant, thermal conductive,
and anti-icing functions [168]. Phabsimma and Panich used the Archard wear model to
predict tool wear of a TICN-coated fine blanking punch and linked pressure, sliding velocity,
wear volume, and coating life through comparison with an experiment [169]. Litvinov et al.
showed that temperature affects the microstructural and thermophysical properties of
nanostructured wear-resistant coatings under shock and vibration [170].

Overall, polymer composite and anti-adhesion surface design should be treated as a
functional complement to steel and carbide protection. It is most suitable for soil release
regions, shallow seedbed contact surfaces, and press wheel treads where wet adhesion
and drag control are more important than direct cutting resistance. The design should
define coating thickness in mm, surface roughness in pm, filler content, elastic modulus,
water absorption, peel strength, wet abrasion rate, adhesion mass, and effect on furrow
geometry or compaction uniformity. A rational seeding component can therefore combine
a hardened edge, a polymer anti-adhesion flank, a filled composite tread, and an interface
system that prevents peeling under wet soil shear.

4.4. Bionic Nonsmooth Geometry and Synergistic Drag-Reduction Strateqy

Bionic nonsmooth geometry provides a surface design route for reducing soil adhesion,
lowering drag, and controlling particle flow without relying only on high hardness. A
smooth steel or polymer surface can increase real contact area in wet clay and produce a
continuous soil film that raises draft force and causes unstable release. Grooves, ribs, pits,
concave units, convex units, and compliant textures can interrupt contact continuity, guide
soil flow, redistribute pressure, and create local release zones. Component design must
match specific agronomic kinematics, requiring furrow openers to execute stable lateral
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cutting, covering devices to control backfill volume, and press wheels to ensure clean soil
release without compromising compaction uniformity [171].

For instance, the porous skin structures of certain soil-dwelling organisms, such as
earthworms, secrete lubricants including liquids, waxes, and oils to form a three-layer
structural interface during locomotion, as illustrated in Figure 15. Because the shear stress
within this secreted fluid layer is significantly lower than the shear stress generated by direct
soil contact, these organisms experience drastically reduced friction. As Maladen et al.
note [172], lizards navigate subsurface environments not by engaging their limbs, but
by propagating travelling undulatory waves along their bodies to overcome drag. This
specific propulsion mechanism dictates that the lizard’s head follows a sinusoidal trajectory.
Consequently, applying only the static morphological features of a lizard head to tool
design is insufficient. Without integrating the corresponding sinusoidal movement, bionic
implements will likely fall short of maximizing their draft force reduction potential.

Lubricant secretion Seiand fiid
orifices mixing layer

0w Wt W AS

Figure 15. Lubricant secretion orifices on the earthworm body surface and contact conditions between

soil and earthworm body surface during movement in soil [173].

Drawing inspiration from these biological drag-reduction mechanisms, Wang et al. reviewed
biomimetic resistance reduction methods for agricultural soil-engaging tools and summarized
their applications across tillage, sowing, crop management, and harvesting components [174]. On
a conventional agricultural tool lacking nonsmooth structures, soil vortices fully contact the flat
surface as shown in Figure 16A [175,176], and move exclusively in a single direction as illustrated
in Figure 16D. This causes the soil layer to elevate along the shank surface, generating substantial
friction and shear stress. In contrast, when a tool is equipped with optimally aligned nonsmooth
structures, the soil vortices are significantly lifted. Consequently, only the ribs on the blade surface
contact the vortices as depicted in Figure 16B,C, which dramatically minimizes the contact area
and effectively reduces overall operating resistance.
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Figure 16. Mechanism of decreasing tillage resistance [175,176]: (A) soil vortices for subsoiler without
riblet, (B) subsoiler with biomimetic riblets extracted from shark skin, (C) soil vortices for subsoiler
with biomimetic riblets, (D) soil elements moving on flat surface of shank, and (E) soil elements
moving on surface with shark-skin riblet.
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General studies on compliant or nonsmooth surfaces show that surface motion, pressure
redistribution, and local roughness units can reduce friction in flow systems, but they can also
increase pressure resistance when unit height or spacing is not controlled [177-179]. These
findings support a cautious transfer to agricultural press wheels and covering devices. Soil is
denser, more cohesive, and more abrasive than fluid flow media, so bionic structures must
be judged by soil release and wear resistance rather than friction reduction alone. The same
geometry that reduces wet clay adhesion may trap residue or concentrate pressure if unit
spacing, unit depth, and material compliance are mismatched with soil water content and
particle size.

Wang and Cong developed concave bionic drag-reduction needles and found that
concave unit parameters affect puncture drag reduction [180]. Therefore, unit diameter,
depth, spacing, and distribution should be matched with soil particle size, clay content,
water content, and rolling pressure. Several bionic flow and structural studies indicate
that geometric features can change resistance without requiring full redesign of the load-
bearing structure [181]. Polymer composite and bionic geometry coupling is the most
promising route for seeding components that face wet adhesion more than severe cutting.
The polymer matrix lowers surface energy and provides elastic release. Fillers improve
abrasion resistance and friction response. Grooves and convex or concave units control
contact area and soil film rupture. The coupled surface can be placed on opener flanks,
covering device guide surfaces, press wheel treads, and gauge wheel surfaces, while the
cutting edge should remain protected by steel, thermochemical diffusion treatment, or
carbide hardfacing. This zoning avoids placing soft polymer in severe quartz cutting zones
while using its release function where soil flow dominates. Healy et al. studied tooth wear
under grazing conditions and showed that soil intake affected the wear of mineralized
biological surfaces [182].

5. Conclusions and Future Perspectives
5.1. Conclusions

This review summarized wear mechanisms and surface engineering routes for agricul-
tural soil contact components used in tillage and seeding [183-185]. The main components
include ploughshares, rotary blades, subsoiler shanks, furrow openers, covering devices,
and press wheels. These parts work at different depths and create different soil responses,
but their wear follows a shared tribological chain. Soil particles remove material through
micro-cutting, ploughing, impact, adhesion-assisted sliding, fatigue, and corrosion-assisted
wear. Geometry then converts material loss into operation quality loss. Edge radius growth
raises cutting resistance. Tip recession reduces penetration stability. Blade and disc width
loss reduces effective disturbance. Surface roughness and adhesion change soil release,
furrow form, and press wheel contact pressure.

Tillage and seeding components differ in load path and quality target. Ploughshares
mainly control soil entry and inversion, rotary blades control cyclic cutting and mixing, and
subsoilers control deep fracture and loosening. Openers, covering devices, and press wheels
form a seed placement chain. The opener determines furrow geometry and seed entry
space. The covering device determines soil return and cover symmetry. The press wheel
determines soil seed contact and compaction state. Wear in one component can transfer
error to later operations. A worn opener can produce depth error. A worn covering device
can produce uneven cover. A worn press wheel can produce compaction nonuniformity
even when seed metering remains accurate.

The review showed that soil texture and moisture must be treated as boundary con-
ditions for material evaluation. Sandy soil promotes micro-cutting and groove formation.
Clay soil promotes adhesion, soil film formation, and intermittent release. Gravelly soil
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promotes pits, notches, cracks, and edge fracture. Mineral hardness, particle shape, co-
hesion, water content, and bulk density determine microscopic material removal, while
seedbed interaction links opener wear with seed spatial distribution, covering stability,
and press wheel compaction. DEM and EDEM describe particle flow, soil throw, wall
collapse, residue motion, seed movement, and contact force. ANSYS can use mapped force
to calculate stress concentration, deformation, coating stress, and crack initiation risk.

Surface engineering should follow component zoning. High-strength steel and ther-
mochemical layers provide bulk strength, toughness, and diffusion-hardened surfaces.
Metal carbide hardfacing and laser cladding protect high-wear zones through localized
reinforcement. Polymer composite and anti-adhesion surfaces address wet clay sticking,
soil release, and press wheel deposits. Bionic nonsmooth structures use grooves, ribs,
pits, convex units, and compliant textures to reduce continuous contact and guide soil
flow. Cutting edges require hardness and support. Penetration tips require toughness and
replaceability. Soil guide surfaces require low adhesion. Press wheel surfaces require elastic
recovery and stable pressure distribution [125].

Testing and diagnosis should connect wear mechanisms with operation quality. Soil
bin tests provide controlled depth, speed, density, moisture, and force. Field tests provide
residue, stones, roots, slope, texture change, and long service history. Wear models can
connect sliding distance, force, and hardness, but soil discreteness requires particle and
moisture variables [186]. Instrumented soil bins provide baseline force data for new and
worn tools [187]. Sensor based monitoring can acquire force, pressure, vibration, torque,
depth, speed, and moisture signals. Digital-twin methods can update virtual geometry,
stress field, wear state, and quality indicators [188]. The central conclusion is that wear
should be evaluated as a chain from soil condition to material removal, geometry change,
force response, and quality deterioration.

Resolved advances and remaining gaps are now further clarified as follows. Existing
research has solved the basic identification of abrasive, impact, adhesion-assisted, fatigue,
and corrosion-assisted wear paths, and has linked geometry loss with draft resistance,
furrow formation, soil return, and compaction quality. However, the field transfer of
these findings remains unresolved because material hardness, coating composition, tool
geometry, soil texture, moisture, chemical conditions, and operating load are often studied
separately rather than as a coupled soil-tool-environment system.

The main unresolved scientific problems are the lack of unified protocols for comparing
sandy, clay-rich, gravelly, wet, saline, residue-rich, and compacted seedbeds; the insufficient
quantification of coupled abrasion—-adhesion—corrosion-tribocorrosion-fatigue mechanisms;
and the absence of standardized functional failure thresholds, such as the edge radius, tip
recession, or opener diameter loss at which agronomic quality begins to deteriorate.

The priority breakthrough should therefore shift from single-factor wear resistance
toward mechanism-based service performance. Future work should connect soil compo-
sition, particle-size distribution, moisture, chemical condition, operating load, material
state, surface treatment, wear morphology, geometry loss, and agronomic quality in one
evaluation chain, so that component redesign, surface engineering, numerical simulation,
and service-life prediction can be judged by field function rather than by wear mass alone.

5.2. Future Perspectives

Future research should build a unified database for soil contact component wear. The
database should include component geometry, material composition, heat treatment state,
coating or hardfacing method, soil texture, particle-size distribution, water content, residue
state, working depth, speed, force, wear morphology, and operation quality. Current
studies often report only one part of this chain. Standardized data would allow compar-
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ison among ploughshares, rotary blades, subsoiler tips, openers, covering devices, and
press wheels [189]. High-resolution geometry tracking should become a routine method.
Wear should not be described only by mass loss. Three-dimensional scanning, optical pro-
filometry, structured light scanning, and field image reconstruction should measure edge
radius, tip recession, width loss, groove depth, coating loss, and tread morphology. These
geometry variables should be synchronized with force and quality data. This approach can
identify the threshold at which small profile change produces unacceptable draft increase,
seed-depth error, covering variation, or compaction nonuniformity. Surface engineering
should become soil-specific and function-specific. Sandy soils require materials that resist
micro-cutting and retain edge geometry. Clay soils require anti-adhesion surfaces, low-
surface-energy coatings, and nonsmooth geometry for soil release. Gravelly soils require
impact toughness, crack resistance, and strong interface bonding. Wet seedbeds require
polymer composite or bionic surfaces that release clay without changing furrow geometry.
Future design should start from soil texture and operation function before selecting steel,
carbide, diffusion treatment, polymer, or bionic texture. The strongest future route is
coupling DEM, EDEM, FEM, field sensing, and digital-twin prediction [190-192]. EDEM
can represent sand, clay aggregates, residue fragments, and seed particles. ANSYS can
calculate transient stress after force mapping. Sensor data can correct model inputs during
operation. The digital twin should update geometry, soil state, contact force, stress field,
and predicted quality after each operation period [193]. Tool-set-level modelling is also
needed because uneven wear among multiple blades, openers, or shanks changes force
distribution and system efficiency. Online diagnosis should focus on both wear state and
operation quality [194]. Openers should be monitored by draft force, vertical force, lateral
force, tip pressure, vibration, depth, and speed. Covering devices should be monitored by
soil return stability, adhesion mass, and cover thickness. Press wheels should be monitored
by contact pressure, tread deposit, and compaction uniformity. Future systems should
define practical thresholds that combine geometry change, force rise, quality decline, and
economic cost. This threshold logic can turn wear research into maintenance rules and
support closed loop design from material selection to field feedback.

Building on the unified database and geometry-tracking framework, the first priority
is to treat wear as a coupled soil-tool-environment process and to make surface engineering
both soil-specific and function-specific. Surface layers should therefore be selected not
only by hardness or nominal wear resistance but also by mineral abrasivity, particle-
size distribution, clay adhesion, moisture, electrolyte exposure, chemical conditions, and
abrasion—corrosion-tribocorrosion synergy. Sandy soils require edge-retaining resistance to
micro-cutting, clay-rich and wet soils require adhesion control and stable soil release, and
gravelly or chemically aggressive soils require impact toughness, interface integrity, and
corrosion resistance. These variables should be incorporated into material selection and
functional failure criteria from the outset.

On this basis, the proposed simulation-monitoring route can be implemented as a
coupled and continuously validated system. Recent DEM-MBD and DEM-FEM studies
have shown that soil-tool-machine models can predict draft force, blade torque, straw
burial, and paddy-soil disturbance with field or soil bin validation [195]. In future models,
particle-size distribution, mineral hardness, cohesive water effects, chemical boundary
conditions, and evolving surface geometry should be included explicitly, while force,
pressure, vibration, torque, depth, speed, moisture, and geometry signals are used to
update and verify the model. Multi-sensor field systems further demonstrate that depth
and operating-state estimation can be improved by fusing inclination, BDS/RTK elevation,
angle-sensor, and control-feedback signals [196].
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The final step is to convert the coupled models and sensor streams into field-specific
digital twins for service-life prediction. Digital-twin frameworks for agricultural machinery
already connect physical entities, virtual models, data communication, system services,
and application scenarios, while recent field-validated tool-wear monitoring has shown
that sensor technology and deep learning can classify wear states [197]. A practical digital
twin should therefore update tool geometry, surface state, soil condition, contact force,
stress field, and agronomic quality indicators during service, replacing single wear-rate
fitting with dynamic predictions linked to functional thresholds such as unacceptable draft
increase, seed-depth error, covering variation, or compaction nonuniformity. This inte-
gration would create a closed loop among soil-specific surface engineering, multiphysics
simulation, online monitoring, maintenance decisions, and component redesign.
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