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ARTICLE INFO ABSTRACT

This work employed Fe-Cr-C alloy as the cladding material to fabricate wear-resistant coatings on dissimilar
Fe-Cr-C alloy cladding steel welded joints composed of NM450 wear-resistant steel and ZG30SiMn cast steel with ER70-G welding
NM450/ER70-G/ZG30SiMn heterogeneous wire. The investigation focused on elucidating the effect of dilution ratio levels on microstructural distribution
jf{i“t. _ and wear behavior within this heterogeneous multi-material system. Owing to its inherently higher chromium
D 1}ut1on 1auo o (Cr) content, the NM450 region demonstrated more pronounced carbide formation compared to the ER70-G
Microstructural characteristics ; ; : : ; ;
RSAmrm— anq ZGSOSan‘ regions. Mlcrostructurali analym‘s reveale:d.that Cr;:CS. carblfies predomman.tly formed along
grain boundaries, whereas Cry3Cs carbides mainly precipitated within grains. After cladding, the wear re-
sistance of the NM450/ER70-G/ZG30SiMn welded joint was markedly improved, with the high-dilution coating
exhibiting superior performance. This enhancement was attributed to favorable thermal conditions in the high-
dilution scenario, promoting a more homogeneous precipitation of Cr,3Cq. Although significant elemental
mixing occurred at the interfacial zones, the top region of the cladding layer remained minimally affected by
dilution-induced drawbacks. Accordingly, the high-dilution sample demonstrated better wear resistance than
its low-dilution counterpart due to optimized carbide precipitation characteristics. These findings provide basic
insights for designing effective cladding strategies for complex multi-material components in demanding
industrial applications.
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enhance surface hardness from 177 HV0.5 to 335 HVO0.5, while si-
multaneously reducing the average wear depth from 146 pym to 57 pum.
In a comparable study, Wang et al. [4] applied Fel05 powder con-

1. Introduction

In the field of engineering, surface friction damage represents one of

the most prevalent failure modes. Replacing entire damaged compo-
nents not only escalates economic costs but also prolongs production
cycles. Consequently, implementing localized repairs on affected sur-
faces or applying a preemptive wear-resistant coating prior to formal
production can significantly mitigate failure risks while enhancing op-
erational efficiency. This approach offers substantial advantages in
terms of both cost-effectiveness and process optimization, making it a
strategically valuable solution for industrial applications [1,2].
Conventional surface treatment approaches typically employ
welding technologies to fabricate cladding layers on target surfaces.
Aslam et al. [3] successfully deposited a 304 stainless steel coating on
mild steel using tungsten inert gas (TIG) welding, leveraging the alloy's
high chromium (Cr, 18-20 wt.%) and nickel (Ni, 8-10 wt.%) content to
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taining approximately 17 wt.% Cr onto QT500-7 ductile iron substrates.
Through optimized processing parameters, they achieved crack-free
deposition with a 30 % dilution ratio, resulting in a remarkable 103 %
improvement in surface hardness from 208.5 HV,, to 424.2 HV..
Zhang et al. [5] utilized an Fe-based powder containing 6.2 wt.% Cr and
6.3 wt.% V as wear-resistant material, achieving an exceptional surface
hardness of 823.6 HV, o5 — representing a 3.9-time increase over the
base material hardness. This treatment also produced a dramatic two-
order-of-magnitude reduction in wear rate, decreasing from
1.03 X 10"° mm>/(N m) to 2.22 x 10~ % mm3/(N m).

The aforementioned methods primarily focus on enhancing hard-
ness through selecting appropriate cladding materials to mitigate sur-
face damage. Liu et al. [6] have demonstrated that post-treatment
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processes can further optimize wear resistance. They employed a low-
temperature plasma nitriding process to post-treat AISI 316L cladding
layers, achieving remarkable improvements in both surface hardness
and wear performance. Their results showed that the nitriding treat-
ment not only reduced the friction coefficient but also decreased the
wear rate from 2.31 X 10> mm>/(Nm) to 1.61 X 10~7 mm?>/(N m).
More significantly, the treatment induced a transformation in the
dominant wear mechanism from abrasive and adhesive wear to oxi-
dative and adhesive wear. Moreover, advanced modification of clad-
ding material composition through the incorporation of non-metallic
elements such as boron (B) can significantly enhance wear resistance by
promoting the formation of additional hard phases within the cladding
layer. Santana et al. [7] demonstrated this approach by employing B-
enhanced Fe-based powder as cladding material on mild steel sub-
strates. Their microstructural analysis revealed an a-(Fe, Cr) solid so-
lution matrix containing numerous micron- and nano-scale (Fe, Cr)NbB
and M2B (M =Cr, Fe) boride precipitates, which collectively improved
the wear resistance of the mild steel substrate by approximately tenfold.
Further studies have shown that B addition to Fe-Cr-C alloys not only
facilitated the formation of various boride phases (Fe2B, CrB2, Fe23B6,
Cr5B3) [8], thereby increasing both the variety and quantity of hard
phases, but also promoted the nucleation of primary Cr7C3 carbides
while refining their grain size. This dual effect enabled the achievement
of cladding layer hardness exceeding 1000 HV10 [9,10]. However, it
should be noted that excessive formation of these borides and carbides
may lead to their network-like distribution within the matrix. While
such microstructure demonstrated excellent wear resistance under re-
latively low loads (< 20 N), it became problematic under higher stress
conditions (> 25 N) where these hard phases may act as stress con-
centration sites and initiate crack formation [11]. This phenomenon
highlights the importance of optimizing hard phase content and dis-
tribution to balance wear resistance and mechanical integrity under
varying service conditions, presenting a critical consideration for the
design of advanced wear-resistant coatings in practical engineering
applications.

Recent studies have revealed that the incorporation of nanoscale TiC
particles produces multifaceted improvements in cladding layer per-
formance. Beyond promoting equiaxed grain formation and micro-
structure refinement, these ceramic additions simultaneously enhanced
hardness and Young's modulus, thereby improving both resistance to
plastic deformation and elastic recovery capability [12-14]. Despite
under severe loading conditions (100 N), TiC-reinforced coatings de-
monstrated a 5.4-time increase in hardness over the Q345C substrate
115], a 50 % reduction in friction coefficient and a 40 % decrease in
mass loss compared to unreinforced counterparts [16]. Reinforcement
with SiC particles induced formation of additional intermetallic phases
including CrSi2 and Mn3Ni2Si alongside conventional carbides (Fe2C,
Fe5C2, Cr7C3), resulting in remarkable 8.7-fold and 1.7-fold improve-
ments in adhesive wear resistance and abrasive wear resistance for mild
steel base materials, respectively [17]. WC particle addition similarly
functioned as effective heterogeneous nucleation sites, facilitating co-
lumnar-to-equiaxed transition and grain refinement. While optimal WC
content (30 wt.%) enhanced both impact resistance and sliding wear
resistance, excessive addition (>40 wt.%) tended to induce crack in-
itiation due to increased brittleness [18,19].

The research findings reveal important trade-offs in wear-resistant
coating design. While alloying elements and ceramic particles can ef-
fectively increase hard phase content, these inherently brittle com-
pounds may cause interfacial mismatch and crack initiation when
present in excessive quantities [20]. Furthermore, the powder-based
alloy modification approach, despite its compositional flexibility, faces
inherent limitations including poor coating density, porosity formation
121,22], and particle agglomeration/flotation issues that compromise
microstructural homogeneity [16]. In contrast, wire-based Fe-Cr-C
cladding offers distinct advantages through its simpler processing,
higher coating density, and cost-effectiveness—factors that have made
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this system particularly attractive for industrial applications [23]. The
wear resistance of Fe-Cr-C coatings primarily stems from M7C3 and
M23C6 carbides (where M represents Cr and Fe), with their relative
proportions being strongly composition-dependent. At lower carbon
concentrations (1-3 wt.%), M23C6 predominates, while higher
carbon levels (5-6 wt.%) favor M7C3 formation [24,25]. Cr content
plays a dual role: while it promotes carbide formation, excessive Cr
(=25 wt.%) leads to coarse primary carbides with reduced toughness
that paradoxically diminish wear resistance [26]. The study by [27]
further highlights that the high contents of Cr and C can trigger ex-
cessive hard phase formation, generating internal stresses that promote
cracking and weaken coating-substrate bonding. These findings un-
derscore the importance of balanced alloy design in Fe-Cr-C systems,
where optimal wear performance requires careful control of both car-
bide volume fraction and morphology to achieve the desired combi-
nation of hardness and fracture resistance.

While existing research has predominantly focused on enhancing
wear resistance in homogeneous materials, practical engineering com-
ponents often consist of multiple material systems. A representative
example is the scraper conveyor in mining applications, where the load-
bearing structure typically comprises cast steel while the working
components employ wear-resistant steel. The interface between these
dissimilar materials frequently experiences severe chain-induced abra-
sion, leading to inevitable surface degradation. This highlights a critical
research gap in addressing wear behavior at heterogeneous material
junctions. The present study investigates this underexplored area by
employing ZG30SiMn/NM450 dissimilar steel joints as base materials
and Fe-Cr-C alloy as cladding material. This experimental approach
aims to elucidate wear resistance distribution patterns in multi-material
systems, with particular focus on the interfacial transition zone between
dissimilar steels. The research objectives include characterizing dilution
ratio level and microstructure evolution across material boundaries,
evaluating hardness gradients and their correlation with wear perfor-
mance. This work seeks to establish fundamental principles for wear
resistance control in complex multi-material components. The findings
are expected to provide valuable insights for surface engineering of
critical industrial equipment where dissimilar material joining is un-
avoidable.

2. Materials and methods
2.1. Cladding experiment setup

The substrate material for the arc cladding experiment was a
narrow-gap welded joint (NM450/ZG30SiMn dissimilar steel joint filled
with ER70-G weld metal (WM)). Both the NM450 and ZG30SiMn base
metals (BMs) were 400 mm in length, 100 mm in width, and 40 mm in
thickness; whereas the width of the rectangular narrow-gap groove was
12 mm. The NM450/ER70-G/ZG30SiMn dissimilar steel narrow-gap
welded joint was prepared by gas metal arc welding (GMAW). A KB968
solid wire with a diameter of 1.2 mm was employed as the cladding
filler material, the chemical compositions of which are listed in Table 1.
The KB968 wire contains moderate levels of Cr and C, ensuring suffi-
cient formation of Cr-C wear-resistant phases while preventing ex-
cessive hard phases that could induce cracking in the cladding layer.

The gas metal arc cladding experiments were carried out by a
FANUC industrial robot that was fitted with a MEGMEET melted

Table 1

Chemical compositions of cladding materials (wt.%).
Materials Cr Nb Si Mn C Fe
ZG30SiMn 0.43 — 0.64 1.39 0.28 Bal.
NM450 0.86 — 0.35 1.61 0.21 Bal.
ER70-G 0.30 — 0.30 1.45 0.10 Bal.
KB968 13.5 7.00 1.50 2.00 3.50 Bal.
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Table 2
Detailed cladding parameters.
No. Average welding Peak welding Base welding Pulse frequency/Hz Arc voltage/V Deposition Wire feed
current/A current/A current/A speed/(mm'min~ 3 speed/(mmmin ~ 4
1 180 197 75 140 29 400 9
2 240 254 126 140 33 400 12

electrode welding machine. Before cladding, the surface of the dis-
similar steel welded joint was mechanically polished by an angle
grinder to remove impurities and ensure a consistent surface flatness,
and then further cleaned by absolute ethyl alcohol. Single-layer multi-
pass cladding experiments were conducted under various currents,
with detailed process parameters provided in Table 2. During clad-
ding, a unidirectional travel path (from ZG30SiMn to NM450, as il-
lustrated in Fig. 1a) was maintained, with a constant overlap ratio of
20 % and an inter-pass cooling time of 5 min. The wire stick-out length
was set to 17 mm, and pure CO, shielding gas was supplied at a flow
rate of 20 L/min.

2.2. Material characterization

After the cladding experiments, metallographic specimens were
extracted from both the longitudinal and transverse cross-sections of
the cladding layer using wire electrical discharge machining to observe
the macrostructures and microstructures. The sampling orientations are
schematically illustrated in Fig. la. The specimens were ground by
80#-2000# sandpapers, followed by diamond polishing paste with a
diameter of 2.5 pum, finally etched with FeCl; + HCl + H,O reagent
(FeCls: 5¢, HCl: 50 mL, and H,0O: 100 mL) for 15s to reveal the mi-
crostructure, which was subsequently examined using optical micro-
scopy (OM, OLYMPUS DSX510).

Due to the dissimilar steel welded joint (NM450/ER70-G/
ZG30SiMn), the cladding layer formed three distinct heterogeneous
interfaces: NM450/cladding layer, ER70-G/cladding layer, and
ZG30SiMn/cladding layer. Additionally, two compositional mixing
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Deposition direction

Z.G30SiMn Weld metal

Microhardness and XRD test

FACRIINTIY IY Weld metal NM450

zones were observed: NM450/ER70-G/cladding layer and ER70-G/
ZG30SiMn/cladding layer. Microhardness testing (Vickers hardness
tester, HVS-1000) and X-ray diffraction (XRD, DX-2700) analysis were
performed on the three interfaces. The hardness measurements were
conducted under a 200 g load for 15s, with a 0.2 mm spacing between
indentations. XRD scans were performed over a 20 range of 20°-100° at
a scanning rate of 2°/min. Furthermore, scanning electron microscopy
(SEM, MERLIN COMPACT) equipped with energy dispersive spectro-
scopy (EDS) was employed to analyze the phase composition across all
three interfaces and two mixing zones. The sampling strategy for ma-
terial characterization is depicted in Fig. 1¢, while the methodology for
calculating the cladding layer dilution ratio (3) is illustrated in Fig. 1d.

2.3. Wear resistance evaluation

To ensure accurate evaluation of the wear resistance performance of
the cladding layers, specimens were sampled from the cladding layers
of three distinct zones (NM450, ER70-G, and ZG30SiMn). Concurrently,
wear resistance tests were conducted on their corresponding base ma-
terials (NM450, ER70-G, and ZG30SiMn), as depicted in Fig. 1b. The
wear test specimens were machined to dimensions of 5 mm in thickness
and 15mm in diameter. Wear testing was conducted under a 10N
normal load using GCrl5 steel as the counter face material, with a ro-
tational speed of 500 r/min per minute and a wear track radius of
5mm. The wear resistance was comprehensively evaluated through:
friction coefficient calculation, weight loss measurement, and worn
surface morphology analysis (via SEM microscopic examination).

Wear tests for cladding layer

Z.G30SiMn Weld metal

FACRIINTIY IY Weld metal

B Deposited metal (S1)

[ Remelted zone (S2)
Dilution ratio 0=S2/(S1+S2)

Fig. 1. Schematic illustration of the cladding process: (a) Deposition strategy, (b, ¢) Wear test and material characterization sampling methodology, (d) Dilution ratio

calculation approach.
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Fig. 2. Macro-morphology of the cladding layer: (a) General macro-morphology at parameters of group 1, (b) general macro-morphology at parameters of group 2,
(¢, d) Cross-sectional morphologies of the ZG30SiMn and NM450 regions at low dilution ratios, (e, f) Cross-sectional morphologies of the ZG30SiMn and NM450

regions at high dilution ratios.

3. Results and discussion
3.1. Macro-morphology

Fig. 2a, b presents the macroscopic morphology of cladding layers
deposited under different cladding parameters. All cladding conditions
produced straight, continuous layers without visible cracks, confirming
the suitability of the selected KB968 wire. Due to the narrow width of
the ER70-G WM and the predominant base materials (ZG30SiMn and
NM450), cross-sectional analysis focused on the ZG30SiMn and NM450
regions, with sampling locations marked by green dashed rectangles in
Fig. 2a, b. Cladding layer thickness was measured at three random lo-
cations to minimize statistical error. At lower currents, the average
thickness measured 2.33 = 0.18 mm of the ZG30SiMn region and
2.42 * 0.24mm of the NM450 region, while at higher currents the
corresponding values were 2.30 = 0.19mm and 2.21 *= 0.08 mm,
respectively. The thickness variation between regions of the same
cladding layer remained within 5%, demonstrating good surface uni-
formity. Notably, despite higher heat input and faster wire feed rate, no
significant increase in cladding thickness was observed. Instead, a slight
decrease occurred compared to the lower-current condition. This phe-
nomenon suggests that increased heat input enhanced base material
remelting, resulting in a larger remelting zone. The enhanced remelting
effect directly influenced compositional mixing between the cladding
layer and base material. Therefore, the dilution ratio was subsequently
measured. At lower currents, the dilution ratios of the ZG30SiMn and
NM450 regions were 29.8 % and 31.1 %, respectively, while at higher
currents, these values increased to 41.2% and 45.2%, indicating
greater dilution ratio with higher heat input. Additionally, porosity was
observed to decrease at higher heat input, likely due to prolonged
molten pool duration facilitating more effective gas escape. The varied
dilution ratio under different cladding parameters indicated distinct
elemental diffusion and interfacial mixing behaviors, suggesting
corresponding microstructural modifications that warrant further
investigation.

3.2. Metallographic observation

Fig. 3 presents the longitudinal section analysis of the low-dilution-
ratio cladding layer, revealing microstructural characteristics across
three heterogeneous interfaces: NM450/cladding, ER70-G/cladding,
and ZG30SiMn/cladding. Metallographic examination demonstrates
excellent interfacial bonding without cracking at all interfaces, con-
firming good compatibility between the selected wire and base

materials. The microstructural evolution along the build direction
shows a clear transition from prominent columnar grains in the bottom
region to equiaxed grains in the middle and top sections. This gradient
structure results from varying thermal conditions: the bottom region,
being farthest from the heat source with optimal heat dissipation, ex-
periences the highest thermal gradient, favoring columnar growth.
Notably, white precipitates were observed to be non-uniformly dis-
tributed across all three interfaces, with apparently higher density in
the NM450 region. Comparative analysis with Sousa et al.'s work on Fe-
22Cr-5.5C alloy deposition (where similar precipitates were identified
as M7C3 carbides) suggests these are likely carbide phases [28]. The
observed variation in precipitate density may result from NM450’s
higher Cr content (approximately 0.8 wt.%) compared to ZG30SiMn
and ER70-G (typically < 0.5wt.% Cr), which would enhance carbide
formation during solidification.

Fig. 4 shows the longitudinal section analysis of the high-dilution-
ratio cladding layer, revealing crack-free interfaces with all three base
materials (NM450, ER70-G, and ZG30SiMn). The prolonged molten
pool duration (attributed to higher heat input) in this condition re-
duced the thermal gradient, resulting in weaker columnar crystal
characteristics at the cladding layer bottom compared to the low-di-
lution sample. Microstructural examination showed significantly more
numerous and uniformly distributed white carbide precipitates
throughout the NM450, ER70-G, and ZG30SiMn regions. However, a
distinct vertical gradient in carbide precipitation was observed, with
precipitate density increasing progressively from bottom to top. This
distribution pattern directly correlates with the thermal history during
cladding. The top zone, benefiting from direct arc heating and final
solidification, maintained optimal conditions for carbide nucleation,
while the bottom region's relatively rapid cooling limited carbide
growth. Furthermore, the intense elemental mixing in the bottom re-
gion of the cladding layer—a consequence of high dilution ratio—led
to substantially reduced Cr concentration, thereby substantially
inhibiting carbide formation in this zone.

To determine the fundamental phase composition of the cladding
layer, XRD analysis was conducted on the three distinct regions of the
NM450, ER70-G, and ZG30SiMn. The XRD specimens, measuring
2.5mm in length, were carefully prepared to encompass both the de-
posited zone and remelted zone while minimizing interference from the
base materials. As shown in Fig. 5, the XRD patterns reveal that the
cladding layer primarily consisted of an Fe matrix accompanied by
various carbides including Fe,C, Fe3C, Cry3Ce, Cr3C,, and Cr,Cs.
Comparative analysis demonstrates that the ER70-G region exhibited
relatively fewer carbide peaks compared to the NM450 and ZG30SiMn
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Fig. 3. Optical micrographs of the longitudinal section of the low-dilution-ratio cladding layer: (a) Macroscopic overview, (b-b,) Across different height zones in the
NM450 region (b: bottom, b;: middle, b,: top), (c-c,) Corresponding zones in the ER70-G region, (d-d,) Corresponding zones in the ZG30SiMn region.

regions, which can be attributed to its lower Cr content (as indicated in
Table 1). While the variation in dilution ratio did not alter the funda-
mental phase species of the cladding layer, the high-dilution condition
resulted in enhanced diffraction peak intensities of Cr,3Cg. This ob-
servation confirms the increased carbide precipitation previously ob-
served via optical microscopy. The XRD result suggests that higher di-
lution ratio promoted more extensive carbide formation without
changing the types of phases present.

Since the upper surface of the cladding layer, acting as the working
surface, is directly subject to wear under external forces, we specifically
observed the upper surface using an optical microscope, with the results
shown in Fig. 6. Fig. 6a—c presents the morphologies of the upper sur-
face of the cladding layer under low-dilution condition. When com-
pared with the ER70-G and the ZG30SiMn regions, the NM450 region
exhibited the largest number of carbides with the most uniform dis-
tribution. In contrast, the ER70-G and the ZG30SiMn regions showed
extremely uneven carbide distribution, with a considerable portion
showing almost no carbide precipitation. This indicates that the com-
position of base materials has a significant impact on the phase com-
position and wear resistance of the cladding layer—if the base material
contains higher contents of elements such as Cr and C, it is more con-
ducive to the precipitation and growth of carbides. While under high-
dilution condition, the number of carbides increased significantly and
their distribution uniformity was greatly improved, as shown in
Fig. 6d—f. Furthermore, the upper surfaces of the NM450, ER70-G, and
ZG30SiMn regions exhibited approximately similar carbide distribution
morphologies. This phenomenon indicates that the growth tendency of
carbides was enhanced under such conditions, and the discrepancy in
carbide precipitate quantities caused by variations in base material
composition was effectively reduced.

3.3. Microstructural distribution

While optical microscopy and XRD analysis can characterize the
macroscopic structure of the cladding layer, a more detailed in-
vestigation is required to clarify the microstructural distribution char-
acteristics of the heterogeneous interface under varying dilution ratios.
Fig. 7 illustrates the microstructure of the NM450/cladding layer in-
terface, with corresponding EDS results summarized in Table 3. A
continuous white precipitated phase was observed along the grain
boundaries, whereas two distinct contrasts—white and dark gray—-
were evident inside the grains. EDS analysis revealed that the NM450
base material adjacent to the interface contained approximately
5.1 wt.% Cr, with the elevated Cr content primarily attributed to ele-
ment mixing with the welding wire. Specifically, the dark gray in-
tragranular phase exhibited a Cr content of 10.5wt.%, while the
white intragranular phase and white grain boundary phase contained
15.3 wt.% and 29.6 wt.% Cr, respectively. A clear correlation was ob-
served between phase contrast and Cr content: white phases corre-
sponded to higher Cr concentrations, with the grain boundary phase
exhibiting the highest Cr content, followed by intragranular white
precipitates. Buytoz et al. [29] demonstrated that in Fe-Cr-C alloy
cladding, austenite was the primary solidification phase; as the tem-
perature decreased further, primary austenite rejected C and Cr into the
remaining liquid. Since grain boundaries are typically the last regions
to solidify, they tend to accumulate higher carbide contents. Conse-
quently, carbides frequently generate at the grain boundaries [30].
Additionally, carbide formation is strongly dependent on Cr content, as
Cr acts as a potent nucleation promoter for carbides, whereas Fe ex-
hibits significantly weaker promoting effects on carbide nucleation
131]. The spatial distribution of Cr effectively indicated the carbide
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Fig. 4. Optical micrographs of the longitudinal section of the high-dilution-ratio cladding layer: (a) Macroscopic overview, (b-b,) Across different height zones in the
NM450 region (b: bottom, b;: middle, b,: top), (c—c5) Corresponding zones in the ER70-G region, (d-d,) Corresponding zones in the ZG30SiMn region.
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Fig. 5. XRD analysis results of different regions under low and high dilution ratios: (a) In the NM450 regions, (b) In the ER70-G regions, (c¢) In the ZG30SiMn regions.

distribution, and the white precipitates (at grain boundaries and inside
the grains) with high Cr concentrations were highly likely to be car-
bides. Chuang et al. [26] demonstrated that M,3Cg carbides nucleated
and grew through a peritectic reaction between the residual liquid and
M-C5 carbides. These M,3Cq carbides were observed to form at the
periphery of the M,C5 carbides [24], and further analysis revealed that
they exhibited a lower Cr content compared to M,Cs carbides [9,25].
Based on XRD and SEM results, combined with previous literature
findings, the intergranular carbides were identified as Cr,Cs, whereas
the intragranular carbides were determined to be Cr,3Ce. In contrast,
the dark gray intragranular phases with lower Cr concentrations were
attributed to (Fe, Cr) solid solutions. With increasing distance from the
interface, the proportion of intragranular Cr,3Cg carbides gradually
decreased. Near the top of the cladding layer, almost no intragranular

carbides were observed, with carbides predominantly distributed along
grain boundaries (Fig. 7b, ¢). Given that the top region exhibited the
lowest degree of element mixing with the base material, the reduced
carbide content here cannot be attributed to insufficient Cr and C. Since
the top region of the cladding layer was directly heated by the arc and
solidified last, its cooling rate was significantly slower compared to the
middle and bottom regions. The slower cooling facilitated the diffusion
of Cr and C elements toward grain boundaries, reducing their solid
solubility within the grains. As a result, carbide precipitation within the
grains was notably diminished.

However, the microstructural distribution underwent significant
variations under higher dilution ratios. At this high-dilution condition,
the grain boundary phase retained the highest Cr content (> 30 wt.%).
Significant intragranular Cr,3Cg carbide precipitation was observed
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Table 3

EDS point analysis results at the NM450/cladding layer interface (wt.%).
Position Fe iy Nb Si Mn C
P1 88.4 - | 2.6 1.0 L7 1.2
P2 64.4 29.6 0.3 1.2 1.7 2.8
P3 77.9 153 0.8 2.2 1.6 2.2
P4 83.4 10.5 0.7 1.5 2.6 1.3
BS 92.6 il 0.7 0.5 259 1.0
P6 93.4 6.5 — — — 0.1
P7 80.1 14.5 0.5 2.1 1.3 1.5
P8 60.6 32:5 0.3 1.6 2.3 2.7

near the top of the cladding layer (Fig. 7f), showing a clear distinction
with the low-dilution case. For the high-dilution sample, the heat input
was higher and the peak temperature of the molten pool was expected
to rise, thereby enhancing the solid solubility of Cr and C elements
within the melt. Although elevated temperatures generally promoted
the diffusion of Cr and C, the prolonged high-temperature duration si-
multaneously facilitated grain growth. This extended thermal exposure
effectively increased the diffusion distance of Cr and C to grain
boundaries, ultimately leading to a higher incidence of intragranular
Cry3Cg carbide precipitation and a more uniform distribution of the
carbides. The observation aligns with the previous XRD results, in-
dicating an increase in the diffracted intensity of Cr,3Ce. Fig. 7g, h
present EDS line scan results across the NM450/cladding layer interface
at low and high dilution ratios, respectively. The more gradual ele-
mental distribution profile of the high-dilution sample confirmed more
uniform element mixing under this condition.

Fig. 8 presents the microstructural morphology at the interface be-
tween the ER70-G and the cladding layer, exhibiting distinct character-
istics compared to the NM450 region. Although the phase distribution
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remained largely unchanged, with the white precipitates demonstrating
higher Cr content than the gray phase (EDS results listed in Table 4), the
quantity of carbides was visibly lower than that of the NM450 region.
This phenomenon was particularly pronounced in the middle and top
zones of the cladding layer, where intragranular carbides were notably
scarce, as illustrated in Fig. 8b, c. This discrepancy can be attributed to
the base metal's inherent alloy composition. The NM450 base material
naturally contains higher levels of Cr and C, which facilitate carbide
formation. In contrast, the ER70-G possesses fewer alloying elements.
Upon mixing with the cladding filler wire, the Cr and C concentrations
were significantly diluted, thereby reducing carbide precipitation. How-
ever, when the dilution ratio was increased, the elevated peak tempera-
ture and prolonged high-temperature duration substantially enhanced the
solid solubility of Cr and C. Concurrently, grain growth (longer diffusion
distance for Cr and C) impeded effective grain boundary segregation,
promoting extensive intragranular carbide precipitation and diminishing
the characteristic carbide network along grain boundaries (Fig. 8c—e).
This phenomenon contributed to more uniform carbide distribution, as
further corroborated by EDS line-scan analysis (Fig. 8g, h), which re-
vealed smoother elemental distribution profiles with reduced fluctuations
under high-dilution condition.

Fig. 9 presents the interfacial microstructure between ZG30SiMn and
the cladding layer, with the corresponding EDS results listed in Table 5.
Although the Cr content in the ZG30SiMn base material is lower than
that in NM450, it is slightly higher than that in ER70-G. Additionally, its
carbon content is marginally elevated. Consequently, while the number
of intragranular carbides in the ZG30SiMn region was relatively low, a
significant amount of dark gray (Fe, Cr) solid solution was observed, as
shown in Fig. 9a—c. Under high-dilution condition, the higher heat input
promoted the formation of intragranular carbides, exhibiting a trend
consistent with the microstructural distribution observed in the NM450
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Fig. 8. Microstructures at the ER70-G/cladding layer interface: (a—c) In the bottom, middle, and top regions at low dilution ratios, (d-f) In the bottom, middle, and
top regions at high dilution ratios, (g, h) EDS line scan results at low and high dilution ratios, respectively.
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Table 4

EDS point analysis results at the ER70-G/cladding layer interface (wt.%).
Position Fe iy Nb Si Mn C
P1 89.5 4.3 0.4 0.9 3.0 1.9
P2 80.9 13.9 0.5 1.3 1.5 1.9
P3 82.3 11.6 0.2 Ll 2.0 2.8
P4 66.3 26.1 0.3 1.7 3:1 2.5
BS 94.2 L4 0.1 0.5 2.4 1.8
P6 82.1 12.9 0.3 1.6 1.3 1.8
P7 599 38.1 0.5 1.4 1.5 2.5
P8 80.8 14.0 — 1.9 1.7 1.6

and ER70-G regions. This suggests that high-dilution sample possessed
increased carbide nucleation and precipitation, and improved spatial
uniformity, as evidenced by the line-scan results in Fig. 9g, h.

In addition to the microstructures at the binary interfaces, particular
attention should be paid to the microstructural characteristics of the
ternary mixing zones in both NM450/ER70-G/cladding and ER70-G/
ZG30SiMn/cladding systems, as shown in Figs. 10 and 11, respectively.
Under the high-dilution condition, a distinct transition in carbide dis-
tribution was observed: the continuity of grain boundary carbides was
disrupted, while numerous intragranular carbides formed instead,
leading to an increased areal fraction of carbide distribution. Notably,
in the ER70-G/ZG30SiMn/cladding mixing zone at the low-dilution
condition, a carbide-depleted region was clearly visible within the
grains (Fig. 11a), indicating poor uniformity of carbide distribution.
However, for the high-dilution sample, this carbide-depleted zone dis-
appeared completely, accompanied by a remarkable improvement in
the uniformity of carbide distribution.
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Table 5

EDS point analysis results at the ZG30SiMn/cladding layer interface (wt.%).
Position Fe Cr Nb Si Mn C
P1 87.6 8.2 0.2 1.0 | B 1.3
P2 82.7 11.6 0.1 1.1 2.7 1.8
P3 62.5 30.1 0.7 1.4 23 < b
P4 83.4 12.9 0.2 1:3 1.4 0.8
PS5 2.2 3.5 0.2 1.0 1.6 1.5
P6 58.3 34.9 0.4 1.3 1.8 3.3
P7 82.5 127 0.1 2.2 0.7 1.8
P8 81.1 11.8 0.4 2.0 2.3 2.4

3.4. Microhardness and wear tests

Hardness measurements were conducted on the cladding layers, with
the distribution profiles presented in Fig. 12. Fig. 12a displays the
hardness distribution in the NM450 region under varying dilution ratios.
The NM450 base material itself exhibited high hardness values ranging
between 400 and 450 HVO0.2. The hardness of the cladding layer slightly
exceeded that of the NM450 base material, measuring 450-500 HVO0.2.
Notably, when the dilution ratio was increased, the cladding hardness
rises significantly, reaching a maximum value of approximately 550
HVO0.2. Fig. 12b, c illustrates the hardness profiles for the ER70-G and
ZG30SiMn regions, respectively. The base materials of ER70-G and
ZG30SiMn showed markedly lower hardness (300 HV0.2) compared to
NM450. However, the higher dilution ratio promoted the diffusion of
alloying elements from the cladding into the base materials, resulting in
elevated hardness near the interfacial region relative to the low-dilution
condition. Generally, the cladding layers produced at high dilution ratio
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Fig. 9. Microstructures at the ZG30SiMn/cladding layer interface: (a—c) In the bottom, middle, and top regions at low dilution ratios, (d-f) In the bottom, middle,
and top regions at high dilution ratios, (g, h) EDS line scan results at low and high dilution ratios, respectively.
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demonstrated superior hardness, which was attributed to enhanced
carbide formation under higher heat input conditions.

The worn surface morphologies are presented in Fig. 13, along with
measurements of the wear scar widths. For comparative analysis, the
wear properties of the NM450, ER70-G, and ZG30SiMn base materials
were also evaluated, as shown in Fig. 13a—c. The wear scar width on the
NM450 surface (806.2 um) was narrower than that of ER70-G (828.9 um)
and ZG30SiMn (831.4 um), proving the superior wear resistance of the
NM450 plate. All three base materials exhibited prominent sliding
grooves and adhesion features, indicating a mixed wear mechanism in-
volving both sliding wear and adhesive wear. After cladding with KB968

10

welding wire, the characteristic sliding grooves disappeared, and ad-
hesive wear played a dominant role. For the NM450 and ER70-G regions,
the wear scar widths at high dilution ratio (565.5 um and 607.8 um,
respectively) were slightly larger than those at low dilution ratio
(551.5 um and 597.5 um). However, the low-dilution samples exhibited
more severe adhesive wear behavior, characterized by large-scale surface
spalling. In contrast, the ZG30SiMn region showed a significantly nar-
rower wear scar at high-dilution condition (444.2 um) compared to the
low-dilution sample (599.1 um), as illustrated in Fig. 13c¢;, c5. The fric-
tion coefficient was further measured, as shown in Fig. 14, The friction
coefficients of the NM450 and ER70-G regions were close under different
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dilution ratios, but slightly lower at high-dilution condition. The
ZG30SiMn region, however, demonstrated a significantly lower friction
coefficient at high-dilution condition. Notably, all cladding layers ex-
hibited a markedly lower friction coefficient than the base materials. The
friction coefficient reflects the resistance encountered during sliding
contact under load. A higher friction coefficient means larger resistance
and increases surface spalling and damage, whereas a lower value in-
dicates improved wear resistance [30,32]. This verified that the em-
ployment of KB968 welding wire improved the overall wear properties of
the NM450/ER70-G/ZG30SiMn welded joints, with higher dilution ratio
showed better wear resistance. To further precisely assess wear re-
sistance, weight loss was measured and the results are presented in
Fig. 15. The results indicated that the NM450, ER70-G, and ZG30SiMn
base materials exhibited severe weight loss, with values of 0.3549 g,
0.3916¢g, and 0.4057 g, respectively. After cladding treatment, the
weight loss was substantially reduced. Moreover, the results confirmed
that across all material interfaces (NM450, ER70-G, and ZG30SiMn),
samples with high dilution ratio exhibited less weight loss than those
processed at low-dilution condition. Combined analysis of worn surface
morphology, coefficient of friction, and weight loss demonstrates that the
high-dilution sample yields superior tribological performance compared
to the low-dilution one.

The wear performance of materials is closely related to the quantity,
size, and distribution of wear-resistant phases. Conventionally, a lower
dilution ratio is believed to help preserve alloying elements (such as Cr
and C) in the cladding layer, thereby promoting the formation of hard
wear-resistant phases and reducing friction-induced damage [8,28,33].
However, in this study, the high-dilution samples demonstrated su-
perior wear resistance. This can be attributed to the fact that a mod-
erate increase in current (and thus heat input) prolongs the me-
tallurgical reaction time at elevated temperatures and enhances
elemental diffusion. These effects not only increase the precipitation of
carbides but also improve their distribution uniformity, ultimately
leading to enhanced wear resistance. In addition, the high-efficiency arc
wire cladding technology yields a thicker cladding layer compared to
the powder cladding method. Although significant dilution or elemental
mixing occurs at the interface regions, the top zones of thick cladding
layer are less affected by the degree of dilution.

4. Conclusions

This study employed Fe-Cr-C welding wire to fabricate cladding
layers on NM450/ER70-G/ZG30SiMn dissimilar steel welded joints,
and investigated the microstructure distribution and wear resistance
under different dilution ratios. Key findings are summarized as follows:

(1) The cladding layers exhibited a crack-free morphology across all
three heterogeneous interfaces (NM450/cladding, ER70-G/
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cladding, and ZG30SiMn/cladding). Additionally, higher heat input
led to an increased dilution ratio between the cladding layer and
base material.

(2) Cr,C; carbides were observed to precipitate along grain boundaries,
whereas Cry3Cg carbides tended to form within grains. Compared to
the low-dilution condition, the high-dilution sample exhibited en-
hanced precipitation of Cr,3Cg carbides with a more homogeneous
distribution.

(3) The NMA450/ER70-G/ZG30SiMn heterogeneous welded joints
showed improved wear performance after cladding treatment, with
the high-dilution sample presenting superior wear resistance.
Despite severe elemental mixing at the interface, the top region of
the cladding layer was minimally affected by dilution-related ad-
verse effects.

Future research could explore surface cladding experiments on
dissimilar joints such as NM450/ER70-G/ZG30SiMn across a broader
range of process parameters to establish more comprehensive experi-
mental guidelines. Additionally, wear performance under varying fric-
tion loads should be investigated, as the current study encountered
difficulties in extracting 3D topographical data of worn surfaces, likely
due to shallow wear scars resulting from relatively low applied loads.
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