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School of Materials Science and Engineering, Shenyang University of Technology, Shenyang 110870, China

Abstract: The failure of mechanical components is mainly caused by three key mechanisms: wear, corrosion, and fatigue. Among
these failure modes, wear of mechanical components notably increases energy consumption and leads to substantial economic losses.
Fe-Cr-C-B-Ti-Y wear-resistant cladding metals were prepared by the plasma cladding method. The wear performance of the cladding
metals was analyzed using an MLS-23 rubber wheel wet sand wear tester. X-ray diffraction, scanning electron microscope, electron
backscatter diffraction, and transmission electron microscope were employed to investigate the phase composition and microstructure
of the cladding metals, followed by a discussion of their strengthening and wear mechanisms. The results indicate that the
microstructure of Fe-Cr-C-B-Ti-Y cladding metals is composed of austenite y-Fe, M,,(C,B), eutectic carbide, and TiC hard phase. As
the Y,O, content increases, the hardness and wear resistance of the cladding metal show a trend of first increasing and then
decreasing. When the Y,0, content is 0.4wt%, the precipitation of TiC hard phase and M,,(C, B)type eutectic carbides reaches
maximum, and the grain size is the finest. The cladding metal exhibits optimal formability, featuring the smallest wetting angle of
52.2°. Under this condition, the Rockwell hardness value of the cladding metal is 89.7 HRC, and the wear mass loss is 0.27 g.
The dominant wear mechanism of cladding metals is abrasive wear, and the material removal process involves micro-cutting and

plowing.
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1 Introduction

With the rapid development of science and technology, the
performance requirements for materials applied in tool
manufacturing and mechanical engineering are gradually
increasing. In practical service, the failure of mechanical
parts, tools, and molds predominantly stems from material
fatigue or wear rather than brittle fracture. Fe-Cr-C surfacing
alloy is a widely adopted category of wear-resistant materials,
where the hard phases such as MC, M,C,, and M,,C, are
uniformly dispersed within the matrix to enhance abrasion
resistance 7.

The wear resistance of Fe-based hardfacing alloys arises
from the synergistic effect between the carbide hard phase
with high-hardness and the matrix with strong toughness.
Feldshtein et al” designed an Fe-Cr-W-C powder and
successfully prepared an iron-based alloy cladding layer. Their
study found that the coating consisted of fine primary
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austenite dendrites and an austenite-M,C, eutectic structure,
with a Vickers microhardness reaching up to 8§ GPa. Debta et
al"! deposited a TiC-Co-nY,0, cladding layer on Ti-6Al1-4V
alloy plate by tungsten inert gas (TIG) cladding method. With
the addition of nano-Y,0,, the melting efficiency of TIG
welding was improved, and the TiC particles were completely
melted, which transformed into slender dendrites during the
solidification process. This modification endowed the alloy
with  excellent —mechanical properties: the average
microhardness increased slightly, while the friction coefficient
decreased significantly. Compared with TiC-Co deposited
metal, the wear of TiC-Co-2%Y,0, coating was reduced by
nearly fourfold. The addition of nano-Y,O, -effectively
purified grain boundaries, refined the grain structure, and
enhanced the fracture toughness of the deposited metal.
During sliding wear testing, the brittle cracking and extraction
of TiC particles were suppressed, and the absolute wear
resistance of the coating was improved. Shi et al™ added Y,0,
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to an Fe-Cr-C-Nb surfacing alloy and found that Y,0, can act
as a heterogeneous nucleation core for MC, refining the hard
phase MC
Concurrently, the wear resistance of the deposited alloy has
been improved.

Rare earth elements are a series of metal elements with
similar physical and chemical properties. Owing to their
unique electronic structures, strong chemical reactivity, and

and promoting its uniform distribution.

large ion radii, they play an important role in grain refinement

during metal cladding".

Introducing rare earth elements
appropriately into cladding metals can effectively promote
grain refinement, reduce crack tendency, and comprehensively
improve the hardness, corrosion resistance, and wear
resistance of the surface layer of cladding metals”™. The
addition of nano-Y,0, to cladding metals can serve as
heterogeneous nucleation sites for the secondary refinement of
M,,C, eutectic carbides in hard phases. In this research, Fe-Cr-
C-B-Ti-Y wear-resistant cladding metals prepared by plasma
cladding, and the effects of rare earth oxide Y,0, (Owt% —
0.5wt%) on the microstructure and wear resistance of Fe-Cr-C-
B-Ti cladding metals were investigated.

2 Experiment

2.1 Preparation of cladding metals

Q235 carbon structural steel was selected as the substrate
material, and its chemical composition is listed in Table 1.
Prior to cladding, the substrate surface was cleaned using an
angle grinder for comprehensive rust removal and polishing.

Table 1 Chemical composition of Q235 (wt%)

C Si Mn P S
0.12-0.20 <0.30 0.30-0.70 —0.045 —0.045

This procedure ensured the complete removal of rust,
impurities, and oxide film, yielding a clean surface for
subsequent operations.

The main components of the composite strengthening alloy
include chromium nitride (61.5% Cr, 18% N), chromium
powder (99% Cr), boron iron powder (18% B), high-silicon
iron powder (75% Si), reduced iron powder, titanium powder
(99% Ti), etc. The particle size of alloy powder was 150 —
178 pm. The designed composition was Fe-25Cr-5C-2B-6Ti-Y
(0Owt% — 0.5wt% ) cladding alloy. The alloy powders were
uniformly mixed and stirred to ensure even distribution of
each element in the strengthened alloy system. The particles
were ground evenly and finely using a ball mill. Since the
metal powder is highly hygroscopic and damp flux-cored
welding wires are prone to defects such as pores and cracks!"”,
the powder should be dried in advance. Fig. 1 shows the
scanning electron microscope (SEM) images of the base
powders and the schematic diagram of plasma welding. The
prepared alloy powder was deposited onto the surface of Q235
steel plate using a plasma welding machine to prepare the
corresponding cladding metals. The cladding process
parameters are shown in Table 2.

2.2 Microstructure and performance testing

After mechanical processing of the cladding layer, X-ray

Fig.1 SEM images of mixed powder (a—g) and schematic of plasma welding (h)
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Table 2 Welding process parameters

Welding Welding speed/  Gas flow rate/
Arc voltage/V . o
current/A m-h” L-min”
32 190 10 20

diffractometer (XRD) was employed to characterize its phase
structure using a pure Cu target, operating at 40 kV tube
voltage and 30 mA tube current. The scanning parameters
were set as a step size of 2°/min over a range of 0°-~100°. The
microstructure, phase distribution,
morphology of the cladding layer were observed using the S-
3400N SEM, and the specific composition of the precipitated
phase was identified using the energy dispersive spectroscope
(EDS) equipped into SEM. Electron backscatter diffraction
(EBSD) was used to analyze microstructure information such
as grain size and volume percentage of precipitates. For
in-depth characterization, a FEI TalosF200X transmission

and worn surface

electron microscope (TEM) with selected area electron
diffraction (SAED) was used to determine the type and
structure of precipitates in the cladding metals, and the
composition of precipitates was determined using an EDS.
The surface hardness measurement of the cladding metals was
carried out using the Rockwell hardness tester (HRS-150,
Shanghai, China), while cross-sectional microhardness was
tested using a Vickers hardness tester (TMVP-1T, Beijing,
China) under a load of 1 kg and a dwell time of 15 s. Abrasive
wear tests were conducted on an MLS-23 rubber wheel wet
sand tester with the following experimental parameters:
rubber wheel rotation speed of 240 r/min, quartz sand particle
size of 270—-830 pum, wear duration of 5 min, and a maximum
normal pressure of 23 kg applied to the rubber wheel.

3 Results and Discussion

3.1 Phase structure

Fig. 2 shows the XRD patterns of cladding metals with
different Y,O, contents. It is evident that the cladding matrix
retains an austenitic structure (y-Fe), with primary hard phases
consisting of M,,(C,B), eutectic carbides and TiC. Compared
to the Y,O,-free cladding metals, the diffraction peak intensity
of TiC of Y,0,-modified cladding metals is more pronounced,
because Y,0,, as the heterogeneous nucleation cores, can
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Fig.2 XRD patterns of cladding metals with different Y,O, contents

improve the nucleation rate and promote the formation of TiC
hard phase. The introduction of Y does not alter the phase
composition but predominantly influences the microstructure
by refining grains and purifying grain boundaries.

3.2 Microstructure

Good wettability and small contact angle are necessary
conditions to ensure interface bonding. According to the
Young Dupre equation""), Eq.(1) can be inferred.

cos = (o, ~ 04)/0), (1)
where 6 denotes wetting angles; o,, is the surface tension at
one end of the substrate; o, is the interface tension between
cladding metals and the substrate; o, is the surface tension of
the liquid. When the surface tension of the cladding metals is
low, the contact angle decreases, leading to improved
wettability. That is to say, the wetting effect of the molten
metal on the substrate surface can be improved by reducing
the surface tension of the molten metal'”.

Incorporating rare earth elements into cladding metals
enhances powder flowability and wettability in metal matrix
composites, thereby reducing porosity and other defects, and
ultimately improving weld bead formation™. Fig.3 shows the
morphologies of cladding metals with different Y,O, contents.
As the Y,0, addition increases from Owt% to 0.4wt%, the
splashing rate of the cladding metals gradually decreases,
along with reduced smoke and dust. The formability of the
cladding metals is optimal, and wetting angle gradually
decreases to 52.2°. When the Y,0, content reaches 0.5wt%,
cracks and pores appear on the cladding surface, resulting in

-2 Ny I8
Vit

Fig.3 Morphologies of cladding metals with different Y,O, contents:
(a) Owt%, (b) 0.2wt%, (c) 0.4wt%, and (d) 0.5wt%
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poor formability and an increase in wetting angle to 82.0°.
These results clearly demonstrate that the appropriate addition
of Y,0, can promote the formability of cladding metals.

Fig. 4 shows the microstructures of cladding metals with
different Y,0, contents. As shown in Table 3, the cladding
metals exhibit a typical eutectic structure, where the matrix is
composed of austenite y -Fe, and the precipitated phase
consists of network-like eutectic carbides M,,(C,B), and black
block-like TiC precipitates. When the Y,O0, addition is
0.4wt% , the grains of the cladding metal are the finest,
changing from coarse dendrites to equiaxed grains. Compared
with the Y,O,-free sample, this addition hinders the migration
of grain boundaries and refines the microstructure of the
cladding metals. The precipitation of M,,(C, B), eutectic
carbides and TiC hard phases reaches a maximum and they

are evenly distributed. This phenomenon is attributed to the
incomplete melting characteristics of high-melting-point Y,O,
during the welding process: the partially melted Y,O, particles
serve as effective heterogeneous nucleation sites in the
deposited metal, enhancing nucleation activity and promoting
the effective generation of TiC hard phases. A large number of
dispersed TiC particles can effectively anchor grain
boundaries, suppress their movement, and thus achieve grain
refinement*. When the Y,O, content increases to 0.5wt%, the
structure transforms into coarser dendrites, mainly because
excessive Y,0, reduces the melt fluidity, weakens convection,
and slows the cooling rate of the melt, providing time for the
dendrite growth™. This indicates that appropriate Y,0,

addition is crucial for refining grain size and enhancing the
wear resistance of cladding metals.

Fig.4 Microstructures of cladding metals with different Y,0O, contents: (a) 0wt%, (b) 0.2wt%, (c) 0.4wt%, and (d) 0.5wt%

Table 3 EDS analysis results of points marked in Fig.4 (wt%)

Point B C Ti Cr Fe Y
A 5.40 3.64 0.77 14.68  75.51 -
B 2.87 4.08 0.60 2827  64.18 -
C 1.94 1436  50.82 10.54 2234 -
D 5.28 3.59 0.64 1376 76.60 0.13
E 2.37 4.22 0.83 27.11 65.20 0.27
F 1.27 1426  54.63 9.89 19.71 0.24
G 5.98 3.52 0.46 10.53  79.17 0.34
H 5.12 5.34 091 2275 6547 0.41

1 3.35 15.43 62.89 7.83 10.11 0.39
5.03 3.47 0.67 11.68 78.87 0.28
5.59 6.14 1.22 22.18 64.40 0.47

oA =

3.06 1476 63.29 8.51 9.71 0.61

Fig. 5 shows TEM images of the hard phase in cladding
metals with 0.4wt% Y,0,. From Fig. 5a, it can be observed
that the hard phase exhibits a block-like morphology, with
black strip-shaped particles distributed in its internal area. In
Fig.5b, region A shows a typical fcc structure, identifying TiC
as the hard phase with a crystal band axis of [011]. In Fig.5c,
it is calibrated and determined to be Y,0,. In Fig.5d, the two
phases overlap, indicating that TiC and Y,0, can form
heterogeneous nucleation interfaces. In this mechanism, Y,O,
acts as an effective nucleation site, not only promoting the
generation of TiC, but also refining the grain size and
facilitating the precipitation of eutectic carbides. In summary,
the addition of Y,0, significantly enhances the wear resistance
of the cladding metals.

Fig.6 shows the EBSD inverse pole figures (IPFs) and grain
size statistics of cladding metals with different Y,O, contents.
When the Y,0, addition increases to 0.4wt%, the grain size of
the cladding metal is significantly refined. Specifically, the
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Fig.5 TEM image of TiC (a); SAED patterns of region A (b) and region B (c) marked in Fig.5a; EDS elemental mappings (d)

average grain size decreases from the initial 3.42 um to 2.35
pm. Meanwhile, the grain size distribution tends to be more
uniform. However, when the content of Y,O, is further
increased to 0.5wt%, the grain size of the cladding metal
shows a reverse change, increasing to 3.87 pum with a non-
uniform distribution. The relationship between grain size and
yield strength can be described by the Hall-Petch equation™:
o,= o, + kd? 2)
where o, indicates the yield stress of the material, o, represents
the lattice resistance encountered by dislocation movement, &
is a proportional constant, and d represents the grain size. The
formula reveals that the smaller the grain size, the higher the
yield stress of the material. Generally, the hardness of a
material is positively correlated with strength. Therefore,
appropriately adding Y,O, to refine the grain structure of the
cladding metals directly contributes to a significant increase in
hardness. However, when the Y,O, addition exceeds the
appropriate range, the microstructure of the cladding metals
will become coarse, and this structural change will lead to a
decrease in hardness.
3.3 Hardness

Fig.7 shows a histogram of Rockwell hardness changes for
cladding metals with different Y,O, contents. The effect of
Y,0, content on the hardness of cladding metals shows a trend

of first increasing and then decreasing. The hardness of the
Y,O,-free cladding metals is 61.0 HRC. When the Y,O,
addition is adjusted to 0.4wt% , the Rockwell hardness
significantly increases to 89.7 HRC, with a increment of 47%.
From the observation of microstructure, it can be concluded
that increasing Y,O, content does not significantly affect the
volume fraction of matrix austenite in the cladding metals. In
contrast, the volume fractions of M,,(C, B), eutectic carbides
and TiC precipitates increase significantly. These high-density
M,,(C,B), eutectic carbides and TiC precipitates are uniformly
and finely dispersed in the matrix, which is the reason for the
enhanced hardness of the cladding metals. However, when the
content of Y,O, further increases to 0.5wt%, the flowability of
the molten pool of the cladding metals begins to weaken,
hindering the effective discharge of inclusions and gases,
thereby leading to defect formation. At the same time, the
cooling rate of the molten pool of the cladding metals slows
down, prolonging the time for microstructure formation,
ultimately resulting in a coarse grain structure of the cladding
metals. The combined effect of these factors causes a decrease
in hardness of cladding metals'”.

Fig.8 shows the variation of microhardness on the side of
the cladding metals with different Y,O, contents. With the
increasing Y,O, addition, the microhardness of the cladding
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Fig.6 IPFs (a, c, e, g) and grain size statistics (b, d, f, h) of cladding metals with different Y,0, contents: (a—b) 0wt%, (c—d) 0.2wt%, (e—f) 0.4wt%,
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Fig.7 Surface Rockwell hardness of cladding metals with different

Y,0, contents

metals undergoes a process of first increasing and then
decreasing. When the content of Y,0, reaches 0.4wt% ,
microhardness of the cladding metals reaches its peak of 1003
HYV, increased by 35.7% compared to that of the Y,O,-free
sample. The microhardness of matrix material Q235 is
relatively low, about 270 HV. Near the surface area of the
cladding metals, the microhardness gradually increases,
mainly due to the dilution effect of the substrate, which
reduces the precipitation of M,,(C,B), eutectic carbides in the
cladding metals, thereby suppressing the microhardness
enhancement to a certain extent.

3.4 Wear resistance

Fig. 9 shows the changes in wear mass loss of cladding
metals with different Y,O, contents. The wear mass loss of the
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Fig.9 Wear mass loss of cladding metals with different Y,O, contents

cladding metals decreases first and then increases with the
increase in Y,0, content. When the Y,O, content reaches
0.4wt%, the wear performance is optimal, with the minimum
mass loss of only 0.27 g. Compared with the Y,O,-free
cladding metals, the wear resistance of Y,O,-modified
cladding metals is improved by 55.56%. However, as the
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content Y,O, further increases to 0.5wt%, the wear mass loss
significantly increases and the wear resistance deteriorates.
The wear resistance of the cladding metals varies with Y,0,
addition, which is consistent with the hardness trend. The
appropriate addition of Y,0, can promote a richer and more
uniform distribution of TiC hard phases, while optimizing the
precipitation and distribution of M,,(C, B), eutectic carbides.
The increase in hard phases is directly related to the
enhancement of hardness and wear resistance®. The
austenitic matrix, due to its work hardening characteristics,
can form a work-hardened layer on the surface under abrasive
wear conditions, effectively suppressing the propagation of
microcracks and further enhancing the wear resistance of the
cladding metals. However, excessive addition of Y,0, causes
the microstructure of the cladding metal to coarsen, thereby
weakening its wear resistance.

Fig. 10 shows the wear morphologies of cladding metals
with different Y,0, contents. In the Y,O,-free sample, the
worn surface exhibits deep plowing grooves accompanied by
obvious plowing wrinkles, peeling pits, and visible surface
cracks. The addition of 0.2wt% nano-Y,O, to the cladding
metals results in a reduction in the number of surface wrinkles
and peeling pits, as well as the depth of plowing grooves.
When the Y,O, content increases to 0.4wt%, the wear marks
on the surface of the cladding metals are minimized and
uniformly distributed, with no peeling pits observed,
indicating optimal wear resistance of the cladding metals.
However, as the Y,0, content continues to increase, the wear
marks on the surface of the cladding metals deepens, and
debris and plowing wrinkles appear, indicating deteriorated
wear resistance. There are two mechanisms for the formation
of debris: micro-cutting and local fracture peeling. The
abundant plowing features indicate that the wear mechanism
of the alloys is mainly abrasive wear. As shown in Table 4,
region B consists of M,,(C,B), eutectic carbides embedded in

b

Furrow

Fig.10 Wear morphologies of cladding metals with different Y,O, contents: (a) Owt%, (b) 0.2 wt% (c) 0.4wt%, and (d) 0.5wt%
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Table 4 EDS analysis results of points marked in Fig.10 (wt%)

the y-Fe matrix, acting as a wear-resistant skeleton due to their
high hardness. Region C contains TiC particles, whose

Point B C Ti Cr Fe Y
A 3.99 581 0.63 1521 7436 _ dispersed distribution hinders the movement of dislocations,
thereby contributing to the wear resistance. The appropriate
B 1.61 3.40 0.65 26.86 67.48 - .. . .
addition of Y,O, can promote the precipitation of TiC hard
¢ 2.65 1184 4263 1287 3001 ) phase and optimize the distribution of M,(C, B), eutectic
D 3.55 448 0.85 13.86  75.12 0.14 carbide. These changes have a significant positive impact on
E 2.04 4069 091 2689 6528  0.19 the wear resistance of the cladding metals.
F 2.41 1455 4720 10.11  25.73 0.20 Fig.11 shows schematics of abrasive wear mechanism. The
G 5.51 4.52 0.96 1153  77.17 0.31 hard phases of cladding metals is mainly composed of TiC
H 5.94 4.05 114 2244  66.02 041 particles combined with M,,(C, B), eutectic carbides. Among
I 3.04 983 4602 1157 2827 037 them, M,,(C,B), eutectic carbides have high hardness and are
] 5.50 579 138 1168 757 038 uniformly embedded in the matrix in a regular grid shape,
serving as a wear-resistant skeleton. In addition, a large
K 391 6.86 1.91 22.03 64.82 0.47 . . .
amount of dispersed TiC hard phase particles also play a
L 3.38 0.48 4851 1065 2749 0.49 positive role in the overall wear resistance of the cladding
; O \\szz/ ‘\\.L\T,é; = ai
— Wear direction Plastic deformation v\Crack
M,,(C.B), b M(CB), o c
C.rack * .Crack 9
® / °
=Y ~ = \
G §iC [ ¥ ic
@ A @ : .
Austenitic phase chipping

Fig.11 Schematics of abrasive wear mechanism: (a) different processes, (b) low TiC precipitation, and (c) high TiC precipitation

metals. In the Y,O,-free cladding metals, the precipitation of
TiC hard phase is relatively limited, restricting the effective
display of wear resistance. On the contrary, when Y,0, is
appropriately introduced into the cladding metals, the
precipitation of TiC hard phase significantly increases, the
distribution of hard phase is more uniform, and the spacing
between particles decreases. The dispersed TiC particles
hinder the movement of dislocations, contributing to the wear
This  structure  prevents
continuously cutting the substrate, effectively improving the
wear resistance of the cladding metals.

resistance. abrasives  from

4 Conclusions

1) The appropriate addition of Y,O, into Fe-Cr-C-B-Ti
cladding metal can significantly improve the formability
quality. Specifically, when the Y,0, content reaches 0.4wt%,
the cladding metal exhibits the optimal formability, with the
wetting angle gradually decreasing to 52.2°.

2) There phase composition of the cladding metals remains
unchanged with varying Y,O, content. The microstructure in
the cladding metals is still composed of austenite y -Fe+
M,,(C,B), eutectic carbide+TiC hard phase. When the content
of Y,0, is 0.4wt%, the precipitation of TiC hard phases and
M,,(C,B), eutectic carbides is maximized, accompanied by the
finest microstructures.

3) Compared with the Y,O,-free cladding metals, the
Y,0,-modified cladding metals exhibit significantly improved
wear resistance and hardness. When the Y,O, content reaches
0.4wt%, the hardness of the cladding metals increases sharply
to 89.7 HRC, with an increment of 47%. At the same time, the
wear mass loss is reduced to a minimum of 0.27 g,
representing a 55.56% enhancement in wear resistance. The
wear behavior of the cladding metals is dominated by abrasive
wear, which involves micro-cutting and plowing mechanisms
during the wear process.

4) The wear resistance of cladding metals is closely related
to the size, quantity, and distribution of secondary phases.
Future work may include a comprehensive analysis based on
the present research findings. In addition, investigating the
wear resistance of cladding metals with different welding
passes can also be a promising direction.
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Y & EXJ Fe-Cr-C-B-Ti 5 B € B A BU M K R 151 1% RE S

OB, XEZE, T5 S
(DEPH Tl BPRHRRSE S TRRSERE, L5 VLR 110870)

WO BB L RESTHIR T HURRE O 3 R, SErHUIR R O 0B PR AU R RN BB A . T T
Y50 7 4] % Fe-Cr-C-B-Ti-Y ZA 1 BS 43 7 & J8 . S JH) MLS-23 B4R i 46 5B 10 BE R 0 WLAM BT 7 678 4 JR O S 52 P A . SR FH) XRD.
SEM. EBSD I TEM 4M7 7 8 & JR (O A AL AT SAMALEY, 60 2 4 sB A HLER A B B HLIRAEAT T 44500 . 45 W): Fe-Cr-C-B-Ti-Y
i 4 o 2 L2 e B EA y-FetM, (C.B), St S B AL TiC B AR AL AR . B Y, O IR , 0 o B 5 B 0 52 B
DR NS . 2 Y,0, 488 04wt , TiC BFE A5 M, ,(C,B), St ST ATt i B, ALOVR R AN o 453 4 B L
AT, AN, 95220, JERE, K4 RIS CHERE I 2 89.7 HRC, B4R 0027 g. kv 4 b (0 BS BOML oM 35 32 S B S 51,
PRI B o S B 5 0

S4B FeCrCBs MMAIE: 4KY,0, MIH: il HstE
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