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Abstract

High-wear-resistant iron-based clad layers demonstrate substantial application potential
in aerospace, automotive, and industrial equipment due to their excellent mechanical
properties and extended service life. Laser cladding has emerged as a pivotal technology
for the additive manufacturing and repair of critical components, characterized by rapid
cooling rates, narrow heat-affected zones, and dense microstructures. However, fabricating
high-wear-resistant Fe-based clad layers remains challenging, particularly in achieving
a trade-off among hardness, wear resistance, and toughness. Excessively high hardness
often compromises toughness, increasing susceptibility to cracking and reducing service
reliability, whereas insufficient hardness undermines functional performance and shortens
service life. This review synthesizes recent advances in microstructural design, control,
and optimization of high-wear-resistant Fe-based clad layers, focusing on powder alloying
design, process parameter optimization, and post-cladding strengthening treatments. The
strengthening mechanisms and performance characteristics of key alloying elements, specif-
ically Cr, B, Nb, Mo, and Ti, are summarized, and the effects of laser power, scanning speed,
and powder feeding rate on the microstructure and properties are systematically discussed.
Furthermore, the influence of post-treatment processes, including turning, grinding, ul-
trasonic rolling, and heat treatment, on wear resistance enhancement is also addressed.
Finally, future development directions for laser cladding of high-wear-resistant Fe-based
clad layers are proposed.

Keywords: laser cladding; Fe-based alloy; wear resistance; powder design; process optimization

1. Introduction

Surface wear constitutes one of the primary failure modes of mechanical components,
and the resulting equipment downtime and economic losses are considerable. As illustrated
in Figure 1, laser cladding is an advanced surface modification technique that employs
a high-energy laser beam to melt fed or pre-placed alloy powders, forming a thin clad
layer on the substrate. This clad layer undergoes rapid solidification to yield a dense
coating characterized by a robust metallurgical bond with the substrate [1-7]. Compared
to conventional surface enhancement technologies, laser cladding offers distinct advan-
tages, including high heating/cooling rates and a narrow heat-affected zone. Crucially,
it allows for precise control over the dilution rate, which is defined as the proportion of
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the substrate material melted into the cladding pool. A lower dilution rate minimizes
the undesirable mixing of substrate elements into the clad layer, thereby preserving the
intended chemical composition and wear-resistant properties. These attributes facilitate the
formation of dense, fine-grained microstructures, endowing components with exceptional
wear resistance [8-10]. The inherently rapid melting-solidification cycles characteristic
of laser cladding expose materials to extreme thermal transients that, while promoting
grain refinement, simultaneously induce deleterious residual tensile stresses arising from
the mismatched cooling kinetics between the clad layer and the substrate. This trade-off
is exacerbated by the frequent sacrifice of toughness in the pursuit of superior hardness
and wear resistance, rendering these intrinsically brittle clad layers highly susceptible to
cracking under persistent residual stress fields [11-16]. Consequently, the fundamental
conflict between enhanced tribological performance and compromised structural integrity
represents a critical bottleneck that continues to impede the broader industrial adoption of
the high-wear-resistant clad layers [17,18].

Argon gas

Preplaced powder : -
Laser beam

Molten pool

Industrial robot
Coating

Figure 1. Schematic diagram of the laser cladding system [19].

Owing to their low cost and favorable mechanical properties, Fe-based alloys have
consistently dominated the spectrum of laser cladding materials, representing a corner-
stone for large-scale industrial engineering applications [20-24]. More importantly, given
that most mechanical components are fabricated from cast iron, low-carbon steel, and
related materials, the Fe-based alloys exhibit excellent wettability and closely matched
coefficients of thermal expansion with these substrates. This compatibility creates favorable
conditions for achieving high-quality metallurgical bonding interfaces [25-28]. However,
the intrinsic characteristics of these alloys present significant challenges during processing;
their poor self-fluxing capability and inadequate high-temperature oxidation resistance
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frequently result in metallurgical defects, including porosity [29-31], inclusions [32-34],
and microcracks [35-37]. While the incorporation of alloying elements is a standard strat-
egy to enhance wear resistance through mechanisms such as second-phase hardening,
grain refinement, and solid-solution strengthening, these interventions invariably incur
a trade-off by degrading toughness and elevating susceptibility to cracking under rapid
thermal cycling. These inherent flaws act as preferential sites for crack initiation, and
subsequent propagation not only compromises the protective capacity of the cladding but
also risks catastrophic spallation, leaving the substrate vulnerable to abrasive wear [38—40].
Consequently, the rational design of alloy powders is imperative to suppress defect forma-
tion at its source. Parallel to compositional optimization, the precise calibration of laser
cladding parameters is critical for governing the thermal profile of the molten pool and
solidification dynamics, which yields grain refinement and microstructural homogeniza-
tion. Crucially, meticulous control of the dilution rate is required to balance substrate
integration with compositional fidelity, as excessive dilution alters phase constituents and
undermines the targeted hardness and wear resistance. Establishing optimized process-
ing effectively suppresses porosity, inclusions, and cracking while enhancing mechanical
performance without sacrificing the dimensional accuracy. Finally, the transition from
merely qualified to high-performance clad layers necessitates post-treatment regimens,
including machining [41], ultrasonic rolling [42], and heat treatment [43], to refine surface
topography, impart compressive residual stresses, and tailor austenite fractions, thereby
ensuring microstructural uniformity and long-term service reliability.

Based on these considerations, this paper systematically reviews recent research
progress on the high-wear-resistant Fe-based clad layers. The discussion focuses on three
main aspects. First, regarding composition design, the review examines how different
alloying elements and reinforcing phases affect the microstructure and wear resistance of
Fe-based alloys. Second, concerning process optimization, the analysis addresses how key
variables, specifically laser power, scanning speed, and powder feeding rate, influence
forming quality, service life, and process stability. Finally, with respect to post-treatment
methods, the discussion explores the mechanisms by which turning and grinding, ultra-
sonic rolling, and heat treatment refine microstructure and relieve residual stresses. By
summarizing the current state of research, this review analyzes major challenges and
proposes future development directions, aiming to provide scientific guidance for the
preparation and application of high-wear-resistant Fe-based clad layers.

2. Alloying Element Design

The performance of laser-cladded layers is predominantly dictated by the composi-
tional design of the feedstock materials [44]. An optimal alloying strategy must account
not only for thermophysical compatibility with the substrate, specifically matching melting
points and coefficients of thermal expansion, but also for leveraging the distinct strength-
ening potentials of individual elements [45]. Due to variations in the atomic radii, crystal
structures, and chemical affinities, specific alloying elements exert a significant influ-
ence over the microstructure and comprehensive properties of the clad layers through
mechanisms such as solid-solution strengthening, grain refinement, and second-phase
precipitation during the rapid melting-solidification cycles [46]. Consequently, a thorough
understanding of these elemental action mechanisms is imperative for the development
of high-performance Fe-based clad layers. Table 1 provides a summary of the roles and
mechanisms of commonly utilized alloying elements in Fe-based clad layers.
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Table 1. Strengthening mechanisms of common alloying elements in Fe-based clad layers.

Element

Strengthening Mechanism

Ni

Ni stabilizes the austenite phase, elevates the y-Fe content, and reduces the martensitic transformation
temperature. Since hardness exhibits an inverse correlation with Ni content, the mechanical properties of
the clad layer can be precisely tailored through compositional adjustments of Ni [47].

B facilitates the formation of the hard Fe;B phase, significantly enhancing hardness and wear resistance.
As the content of B increases, the morphology of borides evolves from a network-like structure to clusters,
elongated rods, and lath-like shapes. However, excessive concentrations of B can induce the cracking
phenomena [48].

NbC forms in situ during the cladding process, serving as heterogeneous nucleation sites to refine grains.
Additionally, it promotes the formation of low-angle grain boundaries and elevates dislocation density,
thereby enhancing erosion-wear resistance while simultaneously suppressing pore defects [49].

Mo induces lattice distortion, thereby conferring solid-solution strengthening. It promotes the transition
from dendritic to equiaxed grains and reacts with carbon and boron to precipitate hard phases such as
Mo, FeB,. Furthermore, an appropriate content of Mo facilitates the formation of an amorphous phase,
which synergistically enhances both hardness and wear resistance [50].

Ti

As a potent carbide-forming element, the Ti undergoes in situ reactions to generate TiC particles that are
uniformly dispersed throughout the clad layer. These ceramic reinforcements impart grain refinement and
dispersion strengthening, thereby significantly enhancing the hardness and wear resistance of the clad
layer [51].

Si

Si confers the solid-solution strengthening while facilitating the deoxidation and slagging to mitigate
porosity, and the optimal additions of Si can refine both grains and carbides. However, excessive
concentrations risk forming the brittle Fe;Si intermetallic compound, thereby increasing the susceptibility
to the cracking of the clad layer [52].

Al

Al promotes the formation of BCC phases, specifically a-Fe and AlFes, thereby enhancing the hardness of
the clad layer. With increasing Al content, the microstructure undergoes a phase transformation from FCC
to BCC, which elevates hardness while concurrently diminishing the plasticity [53].

Cr

The incorporation of Cr promotes solid-solution strengthening and facilitates the precipitation of eutectic
boron-carbides, while simultaneously refining the grain structure, elevating martensite content, and

minimizing retained austenite. Although an optimal Cr concentration enhances both hardness and wear
resistance, excessive levels compromise the interfacial compatibility between carbides and the matrix [54].

In addition to the principal elements enumerated in Table 1, minor additions of W, V,
C, Nji, and Si exert critical influences on the tribological performance of iron-based laser
claddings. V facilitates the formation of finely dispersed, thermally stable carbides, such as
VC, thereby enhancing high-temperature stability [55], while C acts as the primary determi-
nant governing the type and volume fraction of precipitated hard phases [56]. Ni stabilizes
the austenite matrix, simultaneously improving fracture toughness and mitigating suscep-
tibility to cracking [57]. Si contributes through solid-solution strengthening, deoxidation,
grain refinement, and the promotion of amorphous phases [58]. While acknowledging these
contributions, this review prioritizes Cr, B, Mo, Nb, and Ti as representative agents that
embody the primary strengthening mechanisms within iron-based systems. Specifically,
Cr and B serve as classic formers of carbides and borides, which are indispensable for
hard-phase precipitation and resistance to abrasive plowing. Mo provides multifunctional
benefits, encompassing solid-solution strengthening, grain refinement, and the formation
of complex borocarbides. In contrast, Nb and Ti function as archetypal in situ ceramic
reinforcements, exemplifying heterogeneous nucleation, grain refinement, and disper-
sion strengthening. Consequently, a focused analysis of these five elements effectively
encapsulates the core metallurgical principles governing wear resistance in iron-based
cladding alloys.
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Cr, functioning as a pivotal carbide-forming element, enhances wear resistance through
a synergistic combination of solid-solution strengthening, hard-phase reinforcement, and
microstructural refinement. When dissolved within the «-Fe or martensitic matrix, Cr
induces lattice distortion that impedes dislocation motion, thereby elevating resistance
to plastic deformation. Concurrently, it reacts with C and B to precipitate high-hardness
phases, including Cr;Cs, M7(C,B)3, and Mj3(C,B)s, which bear external loads to mitigate
abrasive indentation and micro-plowing. Corroborating these mechanisms, Han et al. [59]
fabricated Fe-Cr3C, composite claddings on the 35CrMo steel, characterizing a microstruc-
ture comprising austenitic dendrites and M;Cs carbides that facilitated sound metallurgical
bonding; their results demonstrated that incremental increases in Cr3C, content progres-
sively elevated microhardness and sliding wear resistance. Similarly, Wang et al. [60]
developed a high-Cr-V cladding on the same substrate using Cr3C; and FeVs, achieving a
crack-free clad layer enriched in C, Cr, and V within dendritic regions to form a synergistic
strengthening structure based on «-Fe, y-Fe, and VgCy. At additive levels of 15 wt.% Cr3C,
and 16 wt.% FeVsgg, hardness increased from 62.9 to 66.1 HRC while the wear rate decreased
sharply from 8.66 x 108 t0 2.80 x 10~8 mm?/(N-m), effectively tripling wear resistance.
Further investigating compositional optimization, Shang et al. [54] revealed that Cr modu-
lates the volume fractions of martensite, retained austenite, and eutectic borocarbides in
T15 alloy claddings, identifying 9 wt.% Cr as the optimal concentration for achieving peak
hardness of 880 HV, and a minimum wear rate of 2.85 x 1078 mm?/(N-mm). Comple-
mentary work by Yang et al. [61] on S5400 steel confirmed these benefits, reporting that
Fe-Cr claddings reduced the wear rate from 1.96 x 107° t0 0.0114 x 10~°> mm3/(N-m). In
sum, these studies substantiate that judicious additions of Cr suppress adhesive and abra-
sive wear by strengthening the matrix concurrently, providing hard-phase load support,
and refining the microstructure.

B, a prototypical boride-forming element, enhances wear resistance by tailoring phase
constitution and microstructural refinement. Due to its negligible solubility in iron matrices,
B reacts readily with metallic elements during rapid solidification to precipitate high-
hardness borides and borocarbides, thereby improving load-bearing capacity and plowing
resistance. Bartkowski et al. [62] demonstrated that supplementing Fe-B systems with B4,C
and Si promotes the formation of Fe3B, Fe,Si, and residual B4C phases, which establish
a rigid skeletal framework that inhibits abrasive penetration. This modification elevated
the microhardness from approximately 400 to 1100 HVj ; while reducing wear mass loss
from 0.08 g to 0.05 g. Similarly, Feng et al. [63] further demonstrated that trace B additions
specifically at 0.75 wt.% in Fe-C-W-Cr—V-Nb-B clad layers lower the formation energy of
Fe;C and refine the eutectic structures, achieving a compressive strength of 3510 MPa and
balancing hardness with 6.39% strain via a ductile y-Fe matrix. Li et al. [48] reported that
increasing B from 1.6 to 6.0 wt.% transforms boride morphology from continuous networks
to discrete clusters and laths, with Cr-enriched Fe;B formation at peak concentrations
yielding 887.41 HV(, hardness, a reduced friction coefficient from 0.4489 to 0.2138, and a
shift in wear mechanisms toward oxidative dominance.

Fe-based self-fluxing alloys constitute an important class of Fe-based coating materials
and are generally based on the Fe-Cr-B-Si—C system, with optional additions of Ni, Mn,
Mo, or V. B and Si act as melting-point depressants and deoxidizing elements, improving
melt fluidity, wettability, and slag formation during deposition. Cr, C, and B promote
the formation of hard carbides, borides, and carboborides, resulting in a multiphase mi-
crostructure typically composed of «-Fe and/or y-Fe matrices, eutectic constituents, and
dispersed hard phases [64,65]. In Fe-based self-fluxing alloys, B concurrently facilitates
fluxing reactions and ceramic reinforcement. Feldshtein et al. [64] confirmed that the laser
alloying with B4C, MoB, and TaB introduces dispersed borides and carbides that maximize
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hardness and minimize wear rates. These findings confirm that judicious B optimization is
critical, as while moderate additions refine microstructure and constrain plastic deforma-
tion, excessive concentrations promote coarse, continuous boride networks that predispose
claddings to cracking and spallation.

Mo, functioning as a potent carbide former, primarily strengthens iron-based claddings
through solid-solution hardening and grain-refinement mechanisms. At lower concen-
trations, Mo dissolves into the x-Fe matrix, inducing the lattice distortion that elevates
yield strength, whereas higher additions instigate a significant evolution of in situ hard
phases [66]. Ma et al. [67] observed that adding 4.0 wt.% Mo to Fe-Cr—B-S5i claddings on
Q235 steel facilitated the precipitation of Mo,C, disrupting continuous M (B,C)/M7(C,B)s
borocarbide networks into finer dispersions. Similarly, Li et al. [68] reported that in-
creasing Mo from 0.8 to 4.8 wt.% on 45 steel shifted the dominant phase from Fe;B to
Mo,FeB; and transformed dendritic grains into equiaxed structures. This combined ef-
fect of solid-solution strengthening, phase transformation, and morphological refinement
yielded a peak hardness of 720.2 HVj; and transitioned the wear mechanism from se-
vere adhesive-abrasive to predominantly abrasive wear. Extending these findings, Zhang
et al. [69] demonstrated that 9 wt.% FeMoy( additions to Fe-Ti-B—Cr-Mo-C claddings on
5CrNiMo die steel promoted (Ti,Mo)C formation within a martensitic matrix, significantly
enhancing high-temperature wear resistance. While beneficial, excessive Mo increases
cracking susceptibility, necessitating precise compositional calibration aligned with specific
processing parameters.

Nb typically manifests in iron-based laser claddings as in situ synthesized NbC
particles, whose density closely matches that of the ferrous matrix to ensure uniform
carbide distribution and thereby enhance hardness and wear resistance. Investigating
medium-carbon steel claddings, Cao et al. [70] characterized the morphological evolution
of NbC under varying solidification conditions, documenting structures ranging from
petal-like and polyhedral to dendritic, networked, and granular forms. They elucidated
that NbC particles engulfed by the advancing solid-liquid interface remained fine and
dispersed, whereas those precipitating freely in the liquid phase developed into polyhedral
or petal-like morphologies, with eutectic NbC forming last as networked or dendritic
structures. Complementing this, as shown in Figure 2, Chen et al. [71] fabricated Fe—Cr-
Nb-C claddings on high-carbon forged steel and demonstrated that increasing niobium
content from 2.5 to 3.5 wt.% promoted the precipitation of nanorod-shaped NbC at grain
boundaries, which restricted the formation of brittle chromium carbides. The semi-coherent
NbC/matrix interface facilitated grain refinement, concurrently elevating hardness and
wear resistance, with 4.5 wt.% Nb identified as the optimum concentration for achieving
a well-dispersed micron-scale carbide distribution. Exceeding 5.5 wt.% Nb, however, in-
duced particle agglomeration, stress concentration, and the formation of large spalling pits,
ultimately degrading performance. Reinforcing these findings, Zhao et al. [72] employed
a one-step synthesis route on gray cast iron to produce an NbC-Fe composite cladding
containing approximately 95 vol.% NbC, which attained a nanohardness of 20.69 GPa and
withstood scratch tests up to 100 N without delamination. Collectively, these investigations
substantiate that precise control over Nb content and processing parameters is paramount
to achieving an optimally distributed NbC reinforcement network capable of maximizing
wear resistance.

https:/ /doi.org/10.3390/powders5030026


https://doi.org/10.3390/powders5030026

Powders 2026, 5, 26

7 of 25

—_
o
~
~
g
—
id

Ao'-Fe  @NbC
oCry;Cs  K(Fe,Cr)

*
o A e e

——— Nb-5.5wt%

i . 0K

Intensity (a.u.)

3

-

o

23

%

-

{ ]

2

—— Nb-4.5wt%

*
*
—— Nb-3.5wt%

*
Ao ex

& —— Nb-2.5wt%

60
20 (degree)

150 um
—

80 100

Time (s)

|
|
I
|
I
1 I((l)l'0 —— Nb-5:5wt% 9.0
I _ |
| : 3 05 WMWMMWMW 750
1 | .g 1.0 —— Nb-4.5wt% %60
<9 0+
: I £ 0.5+ E
I 3 | 2
1 1 g 10 —— Nb-3.5wt% :45
]
1 % 0~5'MNMN‘W’WM“‘WMWW §30_
T
1 I —— Nb-2.5wt% 15l
1, 05 WWMWMM :
L Y ‘ , : , , | 00
| 1 0 300 600 900 1200 1500 1800 Nb-2.5wt%  Nb-3.5Wt% Nb-4.5wt%  Nb-5.5wt%
I
|

Figure 2. Characterization of clad layers with different contents of NbC: (a) XRD spectra, (b) TEM-
EDS mapping, (c) metallographic images of (a;—d1) coating cross-sections and (ax—d;) magnified
views of the coating regions, (d) friction coefficient curves and wear loss [71].

Ti functions as a potent carbide-forming element that reacts in situ with C and B during
laser cladding to generate high-hardness ceramic phases, primarily TiC and TiB,, which
impart significant grain-refinement and dispersion-strengthening effects to iron-based
claddings. Gao et al. [73] demonstrated that incorporating 1 wt.% titanium into Fe-based
powders deposited on low-carbon steel transformed dendritic structures into equiaxed
or cellular grains, refining and homogenizing the microstructure. This refinement stems
from the high melting points of TiC and TiB,, which precipitate prematurely to serve as
heterogeneous nucleation sites, thereby accelerating nucleation rates while suppressing
grain coarsening. Conversely, increasing the content of titanium to 4 wt.% exacerbated
dilution effects and induced grain coarsening, resulting in a sharp decline in hardness; the
1 wt.% addition yielded optimal hardness and microstructural stability. Extending this
investigation, Zhu et al. [74] utilized laser-directed energy deposition to fabricate high-
chromium white cast iron claddings with Ti and TiC additions, identifying 6.55 wt.% Ti as
the optimum concentration for high-stress abrasive wear resistance, which reduced volume
loss by approximately 40% relative to titanium-free samples. X-ray diffraction analysis of
worn surfaces revealed a complete austenite-to-martensite transformation that induced
transformation hardening, further augmenting wear resistance. However, claddings con-
taining 14.6 wt.% Ti, despite higher TiC fractions, were dominated by a soft «-Fe matrix
incapable of undergoing martensitic transformation, thereby exhibiting diminished wear
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resistance. Supporting these observations, Du et al. [75] noted analogous trends in plasma-
sprayed TiC-reinforced Fe-Ni claddings on H13 steel, where TiC particles concentrated
in the mid-upper regions to form a wear-resistant skeleton, while excessive Ti triggered
particle agglomeration and burn-off, negating strengthening benefits. Taken together, these
studies confirm that moderate Ti additions effectively homogenize microstructure and
generate multicomponent ceramic reinforcements, constituting a cost-efficient strategy for
enhancing the wear resistance of iron-based claddings.

In summation, alloy design constitutes the central pillar for advancing the wear resis-
tance of iron-based laser claddings, leveraging a spectrum of metallurgical mechanisms
including solid-solution strengthening, grain refinement, secondary-phase hardening, and
microstructural homogenization. Cr and B operate primarily through the precipitation
of high-hardness carbides, borides, and borocarbides, effectively elevating load-bearing
capacity and anti-plowing resistance. Mo contributes via solid-solution effects and mi-
crostructural refinement while facilitating the formation of reinforcing phases such as
Mo,C and Mo,FeB;. Concurrently, Ni and Ti generate in situ ceramic phases, specifically
NbC, TiC, and TiB,, which serve as heterogeneous nucleation sites to restrict grain growth,
disperse hard phases, and suppress plastic deformation and spalling. Notwithstanding
these advantages, each element imposes inherent constraints. Excessive Cr and B promote
the proliferation of coarse, continuous brittle networks that undermine phase-matrix com-
patibility and elevate cracking susceptibility, while superfluous Mo exacerbates segregation
and residual stress accumulation. Similarly, surfeit additions of Ni or Ti induce ceramic
agglomeration and interfacial decohesion. Consequently, judicious multi-element design
strategies must capitalize on synergistic interactions, such as Cr-B boride toughening, Mo-
assisted refinement, and Nb/Ti-mediated heteronucleation, while vigilantly circumventing
the precipitation of excessive brittle phases, particle clustering, and matrix embrittlement
to achieve an optimal equilibrium of mechanical properties.

Notably, alloying elements exhibit optimal effectiveness within specific ranges. Ex-
cess addition promotes the hard-phase coarsening, elemental segregation, and residual
stress concentration, potentially inducing cracks that compromise service reliability. Ac-
cording to Griffith’s fracture model, structural stress accumulating during molten pool
solidification [76] can exceed the yield strength of the material, initiating and propagating
microcracks toward the brittle fracture:

E(2y +7p)

C. 1)

o f=
where E is the elastic modulus, v is the surface energy, v is the plastic work per unit
length for the extension of microcracks, and C, is the characteristic flaw size. Consequently,
compositional design must balance hard-phase content with matrix toughness and inter-
facial bonding. For instance, Dai et al. [77] added Co to WC/Fe claddings, improving
reinforcement-matrix bonding and toughness while reducing cracking without sacrificing
hardness. He et al. [78] showed nano-TiC outperforms micron-TiC in refining microstruc-
ture, homogenizing reinforcement distribution, and lowering residual tensile stress, thereby
minimizing cracks while enhancing hardness and wear resistance. As alloy systems grow
more complex, traditional trial-and-error approaches become inadequate. Future research
should integrate thermodynamic calculations, microstructural simulations, and machine
learning to establish the relationship model between composition, microstructure, and
property. This enables the controllable design of wear-resistant phase composition, dis-
tribution, and volume fraction, supporting intelligent optimization of high-performance
iron-based cladding layers [79,80].
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3. Laser Cladding Processes

Beyond compositional design, laser-cladding parameters can be systematically clas-
sified into five coupled groups: laser-source and beam parameters, motion parameters,
material-delivery and geometric parameters, atmospheric parameters, and deposition-
strategy parameters [81-83]. These groups encompass laser type and operating mode,
power, spot diameter or characteristic beam dimension, beam profile, focal position, scan-
ning speed, powder or wire feeding rate, stand-off distance, nozzle configuration, shielding,
carrier gas characteristics, overlap ratio, hatch spacing, and inter-track thermal history.
Collectively, these variables determine the absorbed energy density, material catchment
efficiency, molten-pool convection, cooling rate, and cyclic reheating, thereby controlling
dilution, defect formation, microstructure, and wear resistance [84-86].

(1) Laser-source and beam parameters

Laser energy density, defined as the heat input per unit length or area, is a pivotal
parameter calculated as:
E=P/(DxV) 2)

n=P/V 3)

where P is laser power, D is spot diameter, and V is scanning speed. Energy density directly
regulates powder melting, molten pool dimensions, cooling rates, and substrate dilution,
ultimately determining the wear resistance. Wu et al. [87] fabricated the Fe-Cr-Mo-C-B-5i
amorphous composite claddings on Q235 steel, achieving a maximum amorphous phase
content of 66.06% and peak hardness of ~1200 HV( 5 at 125 J/ mm?. Wear volume loss
was reduced to 4 x 10~* mm?3, representing a reduction of more than 70% compared
to that at 86.67 J/mm?. This optimum is achieved because the moderate energy input
ensures complete melting while suppressing crystallization of the amorphous phase; this
preserves the synergistic strengthening effect between the amorphous matrix and refined
grains, thereby effectively mitigating abrasive wear. Conversely, Han et al. [88] reported
that excessive energy density of 166.67 J/mm? on low-carbon steel coarsened grains,
increased dilution, and weakened martensitic strengthening, reducing hardness from
548.3 to 421.4 HV; and shifting the wear mechanism from pitting to severe adhesive
wear. Similarly, Wang et al. [89] observed minimal porosity of 1.2% and optimal wear
resistance at 97.2 J/mm? in Fe-Ni-Ti claddings on the AISI 1045 steel, a higher energy
density of 111 J/mm? induced porosity, deepened furrows, and caused delamination. Luo
et al. [90] corroborated these findings in Fe3Al claddings, identifying 0.3 J/mm as optimal
for achieving a dense microstructure, a low friction coefficient of 0.45, and a minimal wear
rate of 0.09 x 1073 mm?/(N-m). Thus, appropriately elevated energy density benefits
melting quality, microstructural refinement, and hardness.

Laser power independently governs the molten pool temperature field, solidification
dynamics, and interfacial bonding. As shown in Figure 3, Bartkowski [91] demonstrated
that increasing the laser power from 500 W to 1100 W during the Fe/ZrC cladding decreased
the ZrC reinforcement content and lowered the microhardness from 750 to 580 HV 5. This
reduction was primarily attributed to dilution and particle agglomeration, although a
sound metallurgical bond was achieved. The study further indicated that quantitative
image analysis was more effective than conventional hardness profiling for capturing
such microstructural heterogeneity. Wang et al. [92] studied the effects of power on the
42CrMo steel claddings, finding that higher power increased melt depth and dilution
rate, transforming the microstructure from fine equiaxed grains to coarse microstructures.
Maximum hardness of 586.86 HV(; occurred at 1600 W, balancing complete melting
against excessive grain growth. Zhang et al. [93] utilized response surface methodology to
optimize rectangular-spot cladding, identifying significant two-factor interactions: power
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and scanning speed governing the thickness of the clad layer, and power and powder
feeding rate dictating dilution and microhardness. They concluded that reducing power
while increasing speed under constant feeding rates minimizes pool size, accelerates
cooling, and refines grains. Operating within 2.4-2.7 kW achieved a target thickness of
~1 mm, dilution below 10%, and hardness exceeding 825 HV|) »5.
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Figure 3. (a) backscattered electron (BSE) images, secondary electron (SE) images and magnified
BSE image of the clad layers at (aj—c1) 500 W, (d1—f1) 700 W, (g1—i1) 900 W and (j3-11) 1100 W,
(b) microhardness distribution, (c) variation in the content of phases [91].

Laser-source characteristics should be discussed as a hierarchy of coupled parameters
rather than merely identifying the equipment type. CO,, Nd: YAG, diode, and fiber lasers
have all been employed for laser cladding. Differences in wavelength, beam quality, energy-
coupling efficiency, and attainable beam profile mean that identical nominal powers do not
necessarily produce equivalent thermal conditions. The temporal operating mode further
controls the heat-input history. In an Fe-based composite coating, pulsed-wave fiber-laser
cladding refined the matrix grain size from 11.68 to 6.86 um and increased the hardness
by approximately 210 HV(; to 1160 HV(; compared with continuous-wave processing,
without substantially changing the phase constitution [94]. However, the benefits of pulsed
operation depend on pulse frequency, width, duty cycle, and peak power and should not
be generalized independently of average heat input. The laser spot diameter represents
another key characteristic because it determines both irradiance and the laser—-powder
interaction area. Using beam diameters of 0.75, 1.5, and 3 mm for austenitic stainless-
steel deposition, Kong et al. [95] found that smaller beams generated higher cooling rates,
finer grains, and better mechanical properties, whereas larger beams produced a more
stable molten pool, less powder splashing, higher material utilization, and better surface
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quality. Besides spot size, the spatial intensity distribution controls the temperature and
flow fields within the molten pool. For the AISI 316L, Sattari et al. [96] showed that
square beam profiles produced wider and larger molten pools, whereas circular profiles
generated smaller but deeper pools. In addition, the laser attenuation was also highest
when the powder-stream diameter matched that of a top-hat beam. Finally, the focal-plane
position determines the effective spot diameter, power density, and overlap between the
laser beam and powder stream. For 316 L stainless steel, positioning the powder focus
below the substrate and the laser focus above it improved surface uniformity, with powder
defocusing exerting the dominant effect [97]. Therefore, comprehensive reporting should
include the laser type and power, along with the wavelength, temporal mode (continuous-
or pulsed-wave), effective spot dimensions, and intensity distribution at the working plane.
Additionally, beam-quality characteristics, focal position, and the adopted defocusing sign
convention must be documented.

(2) Motion parameters

Scanning speed exerts a profound influence on cladding quality commensurate with
that of laser power, governing the thermal history and solidification dynamics of the molten
pool. Operating under fixed parameters aside from speed, low scanning velocities prolong
the laser—-powder interaction time, elevating the molten pool temperature and intensifying
substrate melting. This excessive heat input amplifies dilution, degrades surface morphol-
ogy, and ultimately diminishes the wear resistance. Conversely, excessively high speeds
curtail the interaction duration, which compromises metallurgical bonding at the interface
and similarly impairs tribological performance. Investigating this relationship on Q235
steel, Jian et al. [98] reported that escalating the scanning speed from 1.57 to 20.4 m/min
reduced cladding thickness and dilution while augmenting deposition efficiency by approx-
imately 2.25 times, concomitant with significant microstructural refinement as secondary
dendrite arm spacing fell below 1 um and Cr segregation diminished, signaling enhanced
compositional homogeneity. However, hardness responses exhibit a non-monotonic tra-
jectory relative to speed. Jiao et al. [99] observed in T15M high-speed steel claddings
that a speed of 200 mm/min minimized defects and optimized solid-solution and fine-
grain strengthening, thereby achieving peak hardness and superior wear resistance. In
contrast, raising the speed to 300 mm/min precipitated performance deterioration charac-
terized by fragmented block spallation. These collective findings substantiate that while
elevated scanning speeds refine microstructure and homogenize composition, exceeding
critical thresholds reduces dilution to detrimental levels, inducing interfacial deviations
that compromise cladding integrity.

(3) Material-delivery and geometric parameters

Powder feeding rate governs the mass of powder introduced into the molten pool
per unit time, directly controlling cladding thickness, dilution, and microstructure. An
optimal rate mitigates issues arising from powder accumulation and uneven heating.
Wang et al. [100] investigated the effects of conventional and high powder feeding rates,
specifically 25 g/min and 60 g/min, on the 275iMn steel substrates. High-speed feeding
imparted preheat and kinetic energy to particles, reducing total energy consumption to
75.5% of the conventional process. This transformed coarse columnar grains into uniformly
fine grains, increased microhardness by 9.4%, and reduced wear loss by 19.5%, shifting
the mechanism from severe to slight adhesive wear. Reduced energy input also prevented
excessive molten pool temperatures. Investigating the interplay between substrate geome-
try and processing parameters, Yin et al. [101] demonstrated that substrate diameter, laser
power, and scanning speed interactively regulate dilution and hardness, as illustrated in
Figure 4. Their analysis revealed that larger substrate diameters promoted grain coarsen-
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ing, elevated dilution rates, and consequently reduced hardness. Utilizing a regression
model for precise dilution prediction, they identified an optimal energy density window of
1.43-2.147/ mm? for shafts measuring 40-60 mm in diameter, while recommending low-
energy conditions for 30 mm shafts. Notably, substrate diameter emerged as the dominant
factor governing hardness variation. Bartkowski et al. [102] investigated the effect of pow-
der feeding rate on Fe/WC claddings deposited on S355 steel, demonstrating that higher
feeding rates increased cladding thickness by 11-14% while significantly improving the spa-
tial uniformity of WC particle distribution. Crucially, elevating the feeding rate enhanced
the thermal capacity of the molten pool and reduced cooling rates, thereby eliminating the
transverse surface cracks prevalent at lower feeding rates. Lower feeding rates favored the
formation of dendritic or feather-like secondary carbides, whereas higher rates promoted
the development of lath or rod-like morphologies. Mechanical characterization revealed
that maximum hardness peaked at 1400 HV g5 under a feeding rate of 12.50 g/min, sub-
stantially surpassing the 1100-1200 HV g5 range observed at 6.25 g/min. These findings
indicate that appropriately increasing the powder feeding rate refines the microstructure,
elevates hardness, and enhances cladding density, although excessively high rates risk
inducing incomplete melting, inclusion entrapment, and geometric instability.

2000 (]
Laser Power “ Diameter
(W) (mm)

o
(mm/min) (W) (mm/min) (mm)
Dilution Rate(%] s, Dilution Rate(%) ™ Dilution Rate(%

500pm Substrate 500pm

Laser Power(W)

Cladding Speed(mm/min)
Cladding Speed(mm/min)

h
I

|
|
|
|
|
|
1
1
1
" |
Cladding Speed * * Laser Power Cladding Spee . iameter |
|
|
|
1
1
1
1
1
|
|

&) R Praicied

Hardness(HV)

1650 s L bid 1650
Cladding Speed 125 "SS5 Diameter  Cladding Speed ™’
(W) (mm) (mm/min) (mm) (mm/min)

1200 300"
W)

Residuals vs. Predicted

Hardness(HV

P Hardness(HV
==

1450]

Goof 5ol
{600)

Cladding Speed(mm/min)

Cladding Speed(mm/min)

1 1
I 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1

15 20 25 30 3s : ""’M"’Laser Power |
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

Figure 4. (a) SEM images of (a;—i1) macroscopic morphology and (ap—i;) microstructure, (b) inter-
action surface and contour plots of factors with dilution rate as the research target, (c) diagnostic
analysis of (j,1) normal probability plots of the residuals and (k,m) relationships between predicted
values and residuals, (d) interaction surface and contour plots of factors with diameter as the research
target [101].
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Laser defocusing distance and nozzle configuration jointly determine the spatial coupling
among the laser beam, powder stream, and molten pool. Changing the laser defocusing dis-
tance modifies the spot diameter and power density, whereas powder defocusing distance or
nozzle stand-off distance primarily controls the powder concentration and capture efficiency.
For 316 L stainless steel, Zhu et al. [97] found that positioning the powder focus below the
substrate and the laser focus above it improved surface quality, with powder defocusing
exerting the dominant influence on track-height uniformity. Moreover, equal absolute defo-
cusing distances do not necessarily produce equivalent results on opposite sides of the focal
plane. Zhao et al. [103] reported that positive laser defocusing reduced top-surface height
deviation and promoted self-stabilization, whereas negative defocusing provided better side-
wall quality, reflecting differences in laser-powder coupling and particle adhesion. Nozzle
geometry further determines powder-stream symmetry, focal position, and divergence. Off-
axis nozzles are relatively simple but direction-dependent, whereas discrete and continuous
coaxial nozzles enable multidirectional deposition. However, their performance depends
on the outlet angle and width, internal-channel geometry, and stand-off distance. Optical
diagnostics showed that nozzle-outlet diameter, shielding-gas flow, and nozzle-to-substrate
distance significantly affected gas—powder focusing [104]. Gabor et al. [105] further demon-
strated that narrow straight internal grooves reduced the tangential particle velocity and
decreased powder-stream width by approximately 17-18%, thereby improving the powder
focusing. Consequently, laser and powder defocusing distances should not be treated as
isolated parameters. Their sign convention and reference plane should be stated explicitly,
together with nozzle type, outlet dimensions, inclination angle, internal-channel structure,
stand-off distance, and gas-flow conditions. The optimum configuration is system-specific
and corresponds to effective overlap between the laser spot, powder-stream waist, and molten
pool rather than simply the minimum geometrical distance.

(4) Atmospheric parameters

Shielding and carrier gases play distinct but strongly coupled roles in powder-fed
laser cladding: shielding gas isolates the molten pool from the atmosphere and controls
oxidation, whereas carrier gas governs powder transport, stream convergence, and particle
capture. Although Ar, He, and N, are commonly used, direct comparisons of gas species
for Fe-based alloys remain limited, and their suitability depends on the alloy composition
and delivery system. Wirth and Wegener [106] demonstrated that changing the carrier-gas
type and reducing its flow rate could markedly suppress melt-pool oxidation. However,
the resulting cleaner surface exhibited lower laser absorptivity, indicating a trade-off
between atmospheric protection and energy coupling. Gas purity, more appropriately
quantified by the residual oxygen concentration around the melt pool, is particularly
important for Fe-based alloys. During laser directed energy deposition of 18Ni300 maraging
steel, reducing the oxygen concentration to 50 ppm suppressed surface oxidation and
macroscopic cracking, modified dendritic solidification, and produced an ultimate tensile
strength of 908 MPa [107]. Gas flow rate also affects the hydrodynamic and thermal
behavior of the process. For AISI 316 L, the shielding-gas flow rate interacted with laser
power, scanning speed, and powder feed rate to determine track geometry, dilution, and
microstructural refinement [108]. Similarly, shielding-gas flow significantly influenced clad
height, hardness, and the fraction of unmelted TiC particles in TiC-reinforced Fe-based
coatings [109]. Carrier-gas flow controls particle velocity, powder-stream focal position,
and powder utilization. For example, Gao et al. [110] obtained efficient delivery of 304 L

powder at 6 L min~!

using a specific four-stream nozzle. Nevertheless, excessive carrier or
shielding flow may defocus the powder jet, divert low-velocity particles, flatten and cool the
molten pool, reduce powder capture efficiency, and promote gas-entrapment porosity [111].

Therefore, gas type, nominal purity or residual oxygen level, carrier- and shielding-gas flow
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rates, nozzle geometry, and stand-off distance should be reported together. The optimum
flow rate is system-specific and should not be transferred between different cladding
systems without recalibration.

(5) Deposition-strategy parameters

The overlap ratio governs the remelting behavior, heat accumulation, and recrystal-
lization of adjacent tracks, thereby dictating structural compactness, hard-phase distri-
bution, and resultant wear mechanisms. Investigating Fe90 claddings on 65 Mn steel,
Zhang et al. [112] evaluated overlap rates of 0%, 15%, 30%, and 45%, determining that
30% overlap yielded the highest hardness at approximately 942 HV( ; while minimizing
wear loss to 0.10 mg compared to 0.31 mg for the substrate. This optimum stems from the
secondary melting of prior tracks, which refines dendritic structures and generates fine,
supersaturated martensite and acicular phases that homogenize hard phases and mitigate
abrasive indentation, plastic deformation, and adhesive wear. Corroborating the signif-
icance of calibrated overlap, Wang et al. [113] reported optimal performance on 45 steel
at 46% overlap, achieving a dense, low-defect microstructure with 450 HV(» hardness, a
friction coefficient of 0.412, and a wear rate of 0.17%. The enhanced inter-track heat flow
under this condition promoted uniform grain growth and dispersed TiC reinforcements
within the y-[Fe, Ni] matrix, thereby reinforcing fine-grain strengthening effects while re-
ducing particle spallation at pores and cracks. On 304 stainless steel, Bu et al. [114] attained
the lowest wear rate of 3.91 x 10~ mm?3/(N-m) at 80% overlap, a condition coinciding
with a reduced grain size of 1.14 um and a hardness of 517.691 HVy ;. This high-overlap
configuration increased grain boundary density and facilitated the formation of a stable
tribofilm that provided lubricating and isolating effects to suppress micro-cutting and
adhesion. Further elucidating microstructural dependencies, Sun et al. [115] correlated
overlap rates of 30%, 50%, and 60% with the formation of dendritic, equiaxed, and cellular
grain structures, respectively, each conferring distinct combinations of hardness, toughness,
and wear resistance. Synthesizing these findings confirms that a moderate increase in
overlap rate enhances inter-track remelting and grain refinement, thereby elevating hard-
ness. However, excessively high ratios induce detrimental heat accumulation and residual
stress buildup that compromise toughness and crack resistance. Consequently, calibrating
the overlap ratio to strike an optimal balance between hardness and toughness remains
paramount for fabricating high-integrity clad layers.

Beyond geometrical overlap, the inter-track and interlayer dwell times govern the
thermal history experienced by previously deposited material. Each subsequent pass
reheats the preceding track, and the peak temperature, duration, and number of these
thermal cycles determine whether remelting, recovery, tempering, or precipitation occurs.
Short dwell times generally promote heat accumulation and reduce cooling rates, whereas
longer intervals lower the interpass temperature and may enable phase transformations
before reheating. For AISI 420 stainless steel deposited on 300 M steel, increasing the idle
time between tracks promoted in situ tempering of martensite and increased ductility from
2.7% to 17.4%, while restoring tensile and wear performance [116]. Similarly, 12CrNi2 low-
alloy steel deposited using a 10 s inter-track dwell and a 2 min interlayer dwell achieved an
ultimate tensile strength of 1007 MPa and an elongation of 19.3%, owing to the controlled
formation of lath martensite [117]. In laser-directed energy deposition of 15-5 precipitation-
hardened stainless steel, short dwell times intensified heat accumulation and interdendritic
segregation of Ni, Cu, and Nb, whereas longer intervals allowed the deposited layer to
cool below the martensite-start temperature, promoting martensitic transformation and
subsequent Cu precipitation [118]. Increasing the interlayer cooling time from 0 to 15 s
has also been reported to reduce substrate-surface residual stress by 24.2 MPa, although
the benefit diminished at longer intervals. Therefore, no universal dwell time can be
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prescribed; it should be optimized together with track length, overlap ratio, layer number,
and alloy-specific transformation kinetics.

In summation, laser cladding parameters serve as pivotal determinants governing the
microstructure, defect mitigation, and ultimate wear resistance of iron-based claddings.
Collectively, these variables orchestrate the thermal field, fluid dynamics, solidification
kinetics, and thermal cycling within the molten pool, thereby dictating critical outcomes
such as grain size, hard-phase distribution, elemental segregation, porosity incidence,
cracking susceptibility, and the integrity of interfacial metallurgical bonding [119,120].
Crucially, the pronounced coupling effects among these parameters necessitate a holis-
tic optimization strategy, as isolated adjustments rarely satisfy the concurrent demands
for superior forming quality, high hardness, exceptional wear resistance, and intrinsic
crack immunity. Advancing this field requires the integration of in situ monitoring, mul-
tiphysics simulations, and artificial intelligence to construct robust predictive models
that correlate process parameters with functional performance. Such frameworks enable
the synergistic optimization of the entire parameter suite, thereby establishing a founda-
tion for the stable fabrication and intelligent design of high-performance, wear-resistant
claddings [121-123]. Pioneering methodologies, exemplified by Sun et al. [124] who em-
ployed a genetic algorithm-backpropagation neural network to predict temperature fields
and microstructural evolution, substantiate that data-driven approaches provide robust,
actionable guidance for precision parameter selection.

4. Post-Treatment Processes

The extreme thermal transients inherent in laser cladding frequently render clad layers
afflicted with elevated surface roughness, detrimental residual tensile stresses, porosity,
and microsegregation, all of which collectively compromise wear resistance [125,126].
Consequently, post-cladding treatments are indispensable for rectifying surface imperfec-
tions, optimizing microstructural evolution, and elevating service performance. Standard
remediation strategies encompass mechanical machining, including turning and grind-
ing [127,128]. Surface deformation strengthening techniques, such as ultrasonic rolling,
shot peening, and deep rolling [129,130], and various thermal treatments, ranging from tem-
pering and annealing to solution treatment and aging [131-133]. Contemporary research
increasingly advocates for the strategic hybridization of these techniques to concurrently
achieve superior wear resistance and enhanced surface integrity. Accordingly, this section
delineates the specific impacts of turning, grinding, ultrasonic rolling, and heat treatment
on the tribological performance of iron-based cladding systems.

As conventional finishing operations, turning and grinding primarily serve to erad-
icate surface irregularities and unmelted particulate matter while attaining dimensional
accuracy, yet their capacity to enhance wear resistance remains circumscribed, position-
ing them largely as prerequisites for advanced strengthening protocols. Investigating an
Fe-Cr-Ni cladding on AISI 1045 steel, Zhang et al. [134] demonstrated that elevating feed-
ing rates from 0.2 to 0.4 mm/r increased surface roughness of Rz from 11.7 pm to 15.0 um
and modified residual stress states, wherein machining-induced topographical features
such as feed marks and deep grooves functioned as preferential initiation sites for fatigue
cracking and corrosive attack. Similarly, Dai et al. [135] observed that grinding WC/Fe
composite claddings reduced surface roughness of Ra to a range of 0.06-0.52 pm contingent
upon wheel condition; although this smoothing effect diminished asperity contact and
abrasive plowing, it failed to fundamentally alter cladding hardness, a property intrin-
sically governed by the underlying microstructure. Moreover, ground surfaces retained
inherent defects, including pits, microcracks, and fractured WC particles, partially negating
the benefits of topographic refinement. Corroborating these limitations, Uddin et al. [136]
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noted that grinding an AISI 431 cladding on low-carbon steel improved surface hardness
but concurrently amplified porosity and microcracking, thereby compromising structural
integrity until a subsequent post-treatment ameliorated these deficiencies, boosting micro-
hardness by 32% and reducing wear volume by 38%. Taken together, these investigations
substantiate that while turning and grinding optimize surface topography, they are ineffec-
tual in eliminating internal porosity or residual tensile stresses, thereby imposing inherent
constraints on their capacity to substantially elevate wear resistance [137,138].

Ultrasonic rolling is an advanced deformation technique that applies static pressure
combined with high-frequency ultrasonic vibration to the cladding surface. This process
induces severe plastic deformation, forming a gradient nanostructured clad layer with
refined grains and compressive residual stress, thereby enhancing density, smoothness, and
mechanical properties [139,140]. Wang et al. [141] applied coupled ultrasonic rolling and
heat treatment to the Fe-based clad layer on the Q235 steel, achieving a surface roughness
of 0.101 um, a 29.91% hardness increase, and 333.59 MPa compressive residual stress.
As shown in Figure 5, Xu et al. [142] subjected 42CrMo steel claddings to a sequential
finish turning and room-temperature ultrasonic rolling process, which reduced the surface
roughness of Ra by 79.2% to 0.17 pum, elevated the microhardness by 15.2% to 480.1 HV 5,
and cut the porosity by 85.6% to 0.57%, while most notably driving the surface residual
stress to shift from a 571.48 MPa tensile state to a 322.45 MPa compressive state. Tribological
evaluation at 200 °C further demonstrated that the treated claddings exhibited respective
29.2% and 76.06% reductions in wear loss and wear rate relative to untreated controls.
Zhang et al. [143] used ultrasonic high-frequency impact treatment on the high-speed
cladded 275iMn steel, converting 306.92 MPa tensile stress to 92.18 MPa compressive stress
and reducing roughness from 2.643 um to 0.913 um, while significantly improving corrosion
resistance in 3.5% NaCl solution. The technique also benefits fatigue performance. Cong
et al. [144] applied ultrasonic rolling to 300 M steel repair claddings, reducing roughness
by 55.4% and increasing surface hardness by 6.8%. The induced compressive stress layer
counteracted cyclic tensile stresses, suppressing crack initiation and propagation and
extending fatigue life, with optimal results after six rolling cycles. Overall, ultrasonic
rolling synergistically improves wear resistance, corrosion resistance, and fatigue life by
refining grains, closing defects, and introducing beneficial compressive stress.

Serving as a principal strategy for microstructural regulation, post-heat treatment
utilizes precisely controlled heating temperatures, holding times, and cooling rates to pro-
mote carbide precipitation, retained austenite decomposition, and stress relaxation, thereby
enabling the tailored optimization of hardness and wear resistance [145,146]. Investigating
high-strength Fe-based claddings, Wang et al. [147] applied tempering treatments across a
450-650 °C range and found that processing at 500 °C specifically decomposed coarse M,C
carbides into refined M¢C and MC variants while reducing retained austenite content from
12.8% to near zero, which collectively elevated hardness from 881.2 HV5 to 927 HVj5
and enhanced wear resistance by 21.7%, as corroborated by a corresponding increase in
the friction coefficient from 0.60 to 0.73. Corroborating these benefits, Telasang et al. [148]
demonstrated that tempering laser-cladded AISI H13 steel at 550 °C for 2 h transformed
the as-solidified martensite into a tempered matrix characterized by uniformly dispersed
fine carbides, achieving a hardness of 550-650 HV, that exceeded conventional substrate
treatments by approximately 100 HV(, while significantly diminishing wear volume. Ex-
tending this approach to a quenching-and-tempering cycle, Guo et al. [149] heated samples
to 850 °C for quenching before tempering at 250 °C, a process that precipitated lath marten-
site and refined the grain structure to elevate hardness from 521-540 HV to 587-633 HYV,
reduce the wear rate by approximately 52%, and shift the dominant wear mechanism from
abrasion-dominated behavior to a combined regime of abrasion and fatigue wear.
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Figure 5. (a) Schematic diagram of ultrasonic rolling, (b) porosity and surface stress, (¢) SEM
surface morphology and EDS spectrum of (c1) 42CrMo sample, (cz) HT sample and (c3) UB sample,
(d) diagrams of (dj) hardness, (d,) friction coefficient and (d3) wear loss for the clad layers [142].

Post-treatment technologies are critical for enhancing the wear resistance of iron-based
clad layers. Conventional mechanical methods, such as turning and grinding, effectively
improve surface roughness and dimensional accuracy but fail to eliminate internal defects
like residual tensile stress and porosity, resulting in only marginal gains in wear resistance.
In contrast, ultrasonic rolling utilizes severe plastic deformation to refine grains, close
surface pores, and introduce beneficial compressive residual stress. This process signifi-
cantly reduces surface roughness, boosts fatigue performance, and concurrently increases
hardness, serving as a key method for balancing mechanical properties. Performance is
further amplified when ultrasonic rolling is combined with moderate-temperature treat-
ments or dwell-time holding processes. Heat treatment optimizes the microstructure by
regulating carbide precipitation and distribution, decomposing retained austenite, and
relaxing residual stress, with optimal results typically achieved near 500 °C. While distinct
mechanisms drive these individual methods, single-technique approaches often fall short
of meeting stringent industrial wear-resistance standards. Future research must prioritize
integrated multi-post-treatment strategies that leverage synergistic effects to comprehen-
sively optimize the surface integrity [150]. For instance, Liang et al. [151] validated this
approach by combining CNC machining with ultrasonic rolling, demonstrating that such
hybrid strategies outperform single-method treatments in coordinately regulating surface
morphology and stress states.

5. Conclusions

Iron-based wear-resistant clad layers have seen substantial progress in alloy design,
process control, and post-treatment. Precise regulation of laser parameters synchronizes
thermal cycles to enhance forming quality and microstructural homogeneity. Complemen-
tary techniques such as machining, ultrasonic rolling, and heat treatment further improve
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surface finish and relieve residual stresses. Nevertheless, wear resistance arises from the
complex interplay of microstructure, stress, and defects, and its governing mechanisms are
not yet fully elucidated. The prevalence of single-factor experiments limits the understand-
ing of multi-physics interactions, while the integration of mechanistic and data-driven
models remains nascent. A key future challenge lies in developing intelligent frameworks
that fuse physical mechanisms with multi-source data to predict and optimize performance.

(1) To advance intelligent alloy composition design, it is essential to establish com-
prehensive databases correlating compositional parameters with microstructure and per-
formance. By integrating thermodynamic calculations with machine learning algorithms,
the precise manipulation of wear-resistant phases in terms of their type, distribution,
and volume fraction can be achieved. Furthermore, mechanism-guided modeling should
be employed to concurrently optimize hardness and crack resistance, moving beyond
single-property targets to balance the wear performance with structural integrity, thereby
significantly shortening development cycles and reducing costs.

(2) Achieving synergistic optimization requires integrating digital manufacturing with
in situ monitoring to establish real-time feedback control systems that ensure cladding
quality. Crucially, this integration must account for residual stress evolution during solidifi-
cation. The coupling of multiphysics simulations with artificial intelligence facilitates the
development of hybrid models capable of rapidly identifying optimal process parameters,
thereby realizing the intelligent, multi-objective optimization of cladding morphology,
hardness, wear resistance, and internal stress states.

(3) Tailoring post-treatment protocols centers on developing customized composite
processing chains adapted to specific material compositions and targeted service environ-
ments. Mechanical and thermal treatments should be strategically sequenced to systemati-
cally regulate surface integrity. For instance, ultrasonic rolling not only refines the surface
and improves wear resistance but also induces beneficial compressive residual stresses
and reduces roughness, effectively suppressing fatigue crack initiation. This approach ulti-
mately delivers simultaneous enhancements in wear resistance, corrosion/tribocorrosion
resistance, and fatigue performance.

(4) Reconciling hardness, wear resistance, and toughness remains a critical challenge,
as escalating hardness frequently degrades plastic compatibility, allowing residual stress
concentrations at inherent defects to serve as initiation sites for fatigue failure. Future
design should integrate these three metrics into a unified evaluation framework. Employ-
ing hardness-fatigue correlations, residual stress analytics, and advanced multi-objective
algorithms will enable the construction of predictive models that deliver the optimal prop-
erty equilibrium required for diverse operational applications, particularly under complex
loading and corrosive environments.
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