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Abstract: Four kinds of Ni-xCr alloy laser cladding layers (x=20, 40, 60 and 80, wt%) were prepared by high-speed laser cladding
technique, and the relationship between microstructure and wear resistance of Ni-Cr alloy laser cladding layers with different Cr
contents was investigated. The results show that the four Ni-Cr alloy laser cladding layers all have reticulated dendritic structures.
Among them, Ni-20Cr and Ni-40Cr are single-phase y-(Ni, Cr) solid solutions, and their wear mechanisms are adhesive wear and
abrasive wear. With the increase in Cr content, Ni-60Cr and Ni-80Cr are y-(Ni, Cr) phase and Cr phase, as well as Cr-rich precipitates,
and their wear mechanisms are adhesive wear, abrasive wear and fatigue wear. A moderate increase in Cr content can enhance the
hardness and wear resistance of Ni-Cr alloy laser cladding layer. However, excessive addition of Cr results in the precipitation of Cr-
rich precipitates. The hardness of these precipitates is 2430.4 MPa, which is lower than the hardness of the Ni-60Cr matrix (4024.86
MPa) and Ni-80Cr matrix (7022.68 MPa). A hardness transition zone exists between the Cr-rich precipitates and the matrix. Cracks
are likely to initiate and expand in this zone, leading to deep spalling, which is not conducive to the wear-resistant properties of the
laser cladding layer. Ni-80Cr has the highest hardness, but its high Cr content leads to a large number of penetrating cracks and Cr-
rich precipitates on the surface, ultimately resulting in the worst wear resistance. Ni-60Cr exhibits the best wear resistance due to its

high hardness and dense microstructure.
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Ni-Cr alloys are widely used in industries such as aerospace
and energy due to their good resistance to oxidizing acids and
salts, high-temperature oxidation and sulfidation corrosion'’.
It is well known that the presence of Cr promotes the
formation of a dense protective layer of Cr,0, on the alloy
surface, which reduces the oxidation rate of alloys” ™. Ni-Cr
alloys are susceptible to wear and tear in corrosive
environments. The addition of Cr significantly improves their
mechanical properties, including strength, plastic toughness

and hardness”

. From an economic standpoint, Cr is more
cost-effective than Ni. However, an excess of brittle primary
a-Cr phases can negatively affect the mechanical properties of
Ni-Cr-based alloys and lead to insufficient machinability".
Therefore, appropriately increasing the proportion of Cr in Ni-
Cr alloys is of practical significance for improving alloy
properties and reducing costs.

Usually, Ni-Cr alloys with high Cr content can only be
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molded by casting process”™. Hanke™ et al used friction
cladding process to prepare a Cr60Ni40 layer on nickel-based
alloy, Nimonic 80A, and demonstrated that it is feasible to
prepare Ni-Cr alloy coatings with high Cr content on a ductile
substrate, expanding the application range. Bozzi"'” compared
the microstructure and wear resistance properties of as-cast
and laser-cladded Stellite alloys. They found that laser-
cladded Stellite alloys have a finer microstructure and
superior wear resistance. Song''"! et al examined the corrosion
properties of Ni50Cr50 alloys prepared by four methods,
including cold spray, HVOLF and HVOGEF thermal spray and
laser cladding. The study indicates that the Ni50Cr50 coating
produced by laser cladding showcases superior performance
owing to its dense microstructure. Laser cladding technique is
characterized by a high solidification rate, low dilution and
void ratio and strong metallurgical bonding strength compared
with conventional methods, which endow laser cladding layer
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with fine crystal structures and new phases that are not
available under equilibrium conditions. This ultimately leads
to excellent properties and longevity, making it highly
promising for industrial applications!* "

In the process of laser cladding, excessive heating and
cooling rates can lead to precipitated phases in the laser
cladding layer, which may have a certain influence on the
performance of the laser cladding layer. Julian!” et al did not
find precipitates in the microstructure of Cro0ONi40 alloy
obtained through solid solution annealing, which only con-
sisted of two phases: Ni-rich phase and Cr-rich phase. Chen'"”
et al utilized laser cladding technique to produce Cr60Ni40
laser cladding layer with the same composition, and found
that there are obvious Cr-rich precipitates in the Cr60Ni40
laser cladding layer. Although the oxidation rate of Cr-rich
precipitates is slow, they can cause the formation of an uneven
protective chromium oxide layer on the surface, resulting in
the degradation of the corrosion resistance performance.

Currently, laser cladding technique is not widely used to
prepare Ni-Cr alloys with high Cr content. Researchers
primarily focus on the corrosion and high-temperature
oxidation resistance of Ni-Cr alloys. The relationship between
the microstructure of Ni-Cr alloy laser cladding layers with
high Cr content and their wear-resistant properties is not yet
fully understood. In this study, Ni-xCr alloy laser cladding
layers with different Cr contents (x=20, 40, 60 and 80, wt%)
were prepared on a Q235 steel substrate using laser cladding
technique, the effects of Cr content on the microstructure and
hardness of the Ni-Cr alloy laser cladding layers were an-
alyzed, and the wear resistance of the laser cladding layers was
evaluated by the wet-sand abrasive abrasion test, which
provided theoretical references for the application of the Ni-Cr
alloy laser cladding layer with high Cr content under wear
conditions.

1 Experiment

1.1 Materials and laser cladding process

In this study, Q235 low carbon steel plate was selected as
the substrate material and cleaned with acetone solution to
eliminate rust and oil on surface. Four kinds of Ni-Cr alloy
powders were prepared, named as Ni-20Cr, Ni-40Cr, Ni-60Cr
and Ni-80Cr, with a particle size range of 38—75 pum, and the
chemical composition of the substrate material and the
cladding material is shown in Table 1. A laser cladding system
(RFL-C3000S, Wuhan Riggs Fiber Laser Technology Co.,
Ltd) was used to prepare the Ni-Cr alloy laser cladding layer
under the following parameters: power of 1800 W, operating
voltage of 220 V, spot diameter of 2 mm, scanning speed of
8.33 cm/s, overlap rate of 60%, powder flow rate of 20 g/min,
laser focal length of 50+£0.2 mm and laser cooler temperature
of 2440.5 ° C, and the powder feeding system used argon
protective gas with a flow rate of 15 L/min to prevent powder
oxidation during the coating process. Fig.1 shows the sche-
matic of high-speed laser cladding process. The Ni-Cr alloy
with high Cr content is brittle and prone to cracking during the

Table 1 Chemical composition of materials (Wt%)

Material Ni Cr Fe Si C
Q235 - - Bal. 0.34 0.16
Ni-20Cr Bal. 20 - - -
Ni-40Cr Bal. 40 - - -
Ni-60Cr Bal. 60 - - -
Ni-80Cr Bal. 80 - - -

<—— Laser beam
Wire cutting 3 /¢—Powder stream

Cladding layer

Substrate

Fig.1 Schematic of the high-speed laser cladding process

preparation process, so liquid dye penetration was used to
detect the cracking morphology of the laser cladding layer.
The macroscopic surface of the laser cladding layer is shown
in Fig.2, and the red penetrant penetrates the surface of Ni-
80Cr, indicating that the laser cladding layer is full of cracks,
while other three laser cladding layers are free of cracks.
Laser cladding layers with a thickness greater than 4 mm was
obtained through a multilayer cladding process, and wire
cutting was used to process the laser cladding layers.

1.2 Characterization method

X-ray diffractometer (XRD, Rigaku D/MAX-2400, Japan;
Cu-Ka radiation, scanning range 10° —90°, scanning rate
8°/min), scanning electron microscope (SEM, ZEISS EVO 18,
Ger-many; accelerating voltage 20 kV) and energy dispersive
X-ray spectroscope (EDS, Bruker Quantax, Germany) were
used to analyze the phase composition, microstructure and
elemental distribution of the laser cladding layer, respectively.
The sample size was 10 mmx10 mmx10 mm (including
substrate). Before observing the microstructure, the treated
samples were subjected to surface erosion using aqua regia
(HNO,-3HCY).

1.3 Vickers hardness test

The Vickers hardness of the surface and cross-section of the
laser cladding layer was measured by an FM-300 microhard-
ness tester, with a load of 0.98 N and a loading time of 15 s at
200 pum intervals.

1.4 Wear resistance test

According to ASTM G105-20 standard, 50 mmx25 mmXx4
mm sample was subjected to wear performance testing by the
MLS-225 wet sand wear tester. The abrasive consisted of
deionized water and SiO, of 212—-270 pum. The rubber wheel
was 178 mm in diameter and rotated at 180 r/min under a load
of 70 N. The reason for choosing wet sand as abrasive is that
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Fig.2 Macroscopic surfaces of Ni-20Cr (a,—a,), Ni-40Cr (b,—b,), Ni-60Cr (¢ —c,) and Ni-80Cr (d,—d,)

water can act as a lubricant, dissipate the heat generated by
friction and prevent oxidation reactions"®. The samples were
pre-ground at 2000 revolutions to eliminate experimental
errors. Ten experimental cycles were set up, with each cycle
consisting of 4000 revolutions. Weighing was repeated five
times at the end of each cycle (accuracy 0.0001 g) and the
volume loss was calculated using the following equation:
- 1000 (W, - W)
p
where ¥ is the volume loss (mm’®); W, is the mass at the end

(M

of each cycle (g); W, is the initial mass (g); p is the density
(g/cm’). Finally, the wear morphology was analyzed.

2 Results and Discussion

2.1 Microstructure and composition

Fig. 3 displays the XRD patterns of four laser cladding
layers. The diffraction peaks of Ni-20Cr and Ni-40Cr
correspond to the y-(Ni,Cr) solid solution (fcc) with preferred
crystal planes of (111), (200) and (220). Compared with the
standard Ni peaks, the diffraction peaks of y- (Ni, Cr) are
shifted to the left at a small angle, which is due to the lattice
distortion caused by the presence of Cr atoms in Ni lattices in
the form of solutes, resulting in larger lattice constants and
thus causing the shift of the diffraction peaks. The phenome-
non of diffraction peak shift can be explained by Bragg’s equa-
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Fig.3 XRD patterns of different Ni-xCr alloys

tion: 2dsind=A, where d represents the distance between crysta-
lline planes, 6 represents the angle between incident light and
crystalline planes, and 4 is the wavelength of the Cu target.

With the increase in Cr content, the matrix element of Ni-Cr
alloy starts to change from Ni to Cr. In addition to the pre-
sence of y-(Ni, Cr) peaks, Cr peaks can be detected in Ni-60Cr
and Ni-80Cr alloys, whose preferred crystal planes are (110),
(200) and (211). The shift of the y-(Ni, Cr) peak is more signi-
ficant due to the higher saturation of Cr atoms in the y-(Ni, Cr)
solid solution, leading to a higher degree of lattice distortion
in y-(Ni, Cr). During the cooling process, the solubility of Ni
atoms in the Cr matrix decreases, resulting in no significant
shift of the Cr peaks. Additionally, the relative intensity of the
Cr peaks of Ni-80Cr is higher than that of Ni-60Cer.

Fig. 4 shows the reticulated dendritic structures that are
typical in laser cladding layers. The primary phase, which
appears dark gray, is surrounded by the eutectic phase, which
appears light gray. In Ni-20Cr and Ni-40Cr alloys, the dark
gray primary phase is Ni-rich, while the light gray eutectic
phase is Cr-rich. The Cr-rich phases account for 26.86% and
38.35% of the matrix in Ni-20Cr and Ni-40Cr alloys,
respectively. The EDS results of different areas are listed in
Table 2. The Cr content in the primary phases (area 1 and 4) is
lower than that in the eutectic phases (area 2 and 3). Dendritic
segregation causes compositional differences, resulting in
different colors after etching. The solidification speed of laser
cladding is fast, and some Cr atoms do not have enough time
to diffuse and to solidify into the y-Ni lattice"”. As a result,
they are enriched in the intergranular region. Additionally, a
few micropores are visible in the laser cladding layer due to
the delayed escape of the protective gas.

As the Cr content increases, the microstructure of Ni-Cr
alloys with Cr as the matrix element changes. Black
precipitates appear on the surface, with the size ranging from
15 pm to 30 um. These precipitates are mainly composed of
Cr atoms, and a few Ni atoms. The melting point of Cr is
higher than that of Ni. During the laser cladding process, Cr
undergoes solidification firstly, and the solubility of Ni in Cr
is also relatively low. As a result, excess Cr cannot form a
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Fig.4 Surface morphologies (a,—d, and a,—d,) and cross-sectional (a,—d,) morphologies of Ni-20Cr (a,—a,), Ni-40Cr (b,-b,), Ni-60Cr (c,—c;) and
Ni-80Cr (d,—d,); Cr-rich precipitate (e,) and corresponding EDS mappings of element Ni (e,) and Cr (e;)

Table 2 EDS results of different areas in Fig.4 (wt%)

Area 1 2 3 4 5 6 7 8 9
Ni 7943 67.92 53.64 58.60 34.74 47.64 17.58 36.40 O
Cr 20.57 32.08 46.36 41.40 6526 52.36 82.42 63.60 100

solid solution with Ni completely, leading to the formation of

U7 The area

Cr-rich precipitates directly in the Ni-Cr alloy
fractions of each phase in Ni-60Cr and Ni-80Cr are analyzed:
the Cr-rich precipitates in Ni-60Cr account for 15.03% and the
matrix accounts for 84.97%; the fraction of Cr-rich
precipitates in Ni-80Cr is 23.36% and that of the matrix is

76.64%. The results indicate that the higher the Cr content, the

higher the amount of Cr-rich precipitate in the Ni-Cr alloy
laser cladding layer. The matrix of both Ni-60Cr and Ni-80Cr
exhibits a reticulated dendritic structure. Combined with the
EDS results, it is evident that the primary phase in dark gray is
rich in Cr, while the eutectic phase in light gray is rich in Ni.
The Cr-rich phases in Ni-60Cr and Ni-80Cr account for
56.30% and 65.26% of the matrix, respectively.

Fig. 4a, — 4d, display the cross-sectional morphologies of
four laser cladding layers. Ni-20Cr, Ni-40Cr and Ni-60Cr
exhibit a dense microstructure with a few air holes. In
contrast, the Ni-80Cr laser cladding layer has defects such as
holes and cracks at the boundary of the substrate, as well as
noticeable penetrating cracks on the surface. This is because
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the Cr-rich phase in the Ni-Cr alloy matrix usually exhibits
high hardness and brittleness. Excessive Cr can also increase
the proportion of Cr-rich phase in the Ni-Cr alloy matrix,
leading to poor mechanical properties of the Ni-Cr alloy and
easy initiation and propagation of cracks”*".

2.2 Vickers hardness

Fig.5 displays the microhardness variation of each sample
with respect to the distance from the laser cladding layer
surface. The overall microhardness of Ni-80Cr is the highest,
ranging within 6958—7350 MPa, and that of Ni-60Cr is 3734—
4307 MPa. The microhardness of Ni-40Cr is approximately
2156 MPa, while that of Ni-20Cr is the lowest about 1960
MPa. The difference in microhardness between Ni-20Cr and
Ni-40Cr is small, resulting in a relatively smooth overall mic-
rohardness change. Through microstructure and micro-
structure analysis, Ni-20Cr and Ni-40Cr are dominated by
y-(Ni,Cr) solid solution with low microhardness. In addition,
the atomic radii of Cr and Ni are close to each other, the
degree of lattice distortion in the formation of y-Ni solid
solution is small, and the solid solution strengthening effect is
limited, so the hardness of Ni-40Cr is not obviously enhanced
compared to that of Ni-20Cr.

As the Cr content continues to increase, the hardness begins
to rise sharply. Compared with Ni-40Cr and Ni-20Cr, Ni-60Cr
and Ni-80Cr with high Cr content possess more Cr-rich
phases. The Cr-rich phase usually exhibits high hardness,
which plays a crucial role in improving the hardness of Ni-Cr
alloys. Ni-80Cr has more Cr-rich phases (65.26%), so it
exhibits the highest microhardness.

The surface microhardness was analyzed separately, and the
measurement results are shown in Fig.6. It is worth noting that
the microhardness error values of Ni-60Cr and Ni-80Cr are
relatively large compared with that of Ni-20Cr and Ni-40Cr.
The microhardness fluctuation phenomenon may be related to
the Cr-rich precipitates in Ni-60Cr and Ni-80Cr. The surface
microhardness of four laser cladding layers is consistent with
the cross-section microhardness. However, the microhardness
of Cr-rich precipitates is only 2430.4 MPa, which is very
lower than the matrix hardness of Ni-60Cr (4024.86 MPa) and
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Fig.6 Surface microhardness of Ni-xCr alloy laser cladding layers

and Cr-rich precipitate

Ni-80Cr (7022.68 MPa). The microhardness of Ni-20Cr and
Ni-40Cr is lower, which is 2009 and 2333.38 MPa, respec-
tively. Fig.7 presents the Vickers hardness indentation morpho-
logy of Cr-rich precipitates and different matrixes, confirming
the microhardness measurements. According to Conrath™, the
addition of Cr does not completely and monotonically
increase the hardness of Ni-Cr alloys. Instead, it results from
the superposition of the hardness of the Cr-rich phase and the
hardness of the Ni-rich phase. As the Cr content increases, the
microhardness of Ni-Cr alloy will also increase. Therefore, the
microhardness of Cr-rich precipitates with 100wt% Cr content
is lower than that of Ni-60Cr matrix and Ni-80Cr matrix.
However, when the Cr content reaches a critical value, the
microhardness of Ni-Cr alloy will continue to decrease. For
different preparation processes, this critical value may vary.
2.3 Wear resistance

Fig.8 shows the wear curves of four laser cladding layers.
The wear process is not entirely a standard linear law, so a

Cr-rich precipitate

50 pm

Fig.7 Vickers hardness indentation morphologies of Ni-60Cr (a)
and Ni-80Cr (b)
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Fig.8 Wear volume loss curves of Ni-xCr alloy laser cladding layer

non-linear fitting is performed on the wear curve using the
following formula:

V=aTl" 2)
where a and n are constants; V represents the volume loss; T
represents the number of turns. The results show that the
volume loss increases gradually as the number of turns
increases. According to the difference in wear rate, the wear
curves can be divided into two stages, i.e., the running-in
stage and the stable wear stage. In the running-in stage, the
sample is just in contact with the abrasive grains and the wear
rate is usually faster. As the abrasive grains continuously
come into contact, the friction surface is gradually smoothed
and the actual contact area is enlarged, leading to a decrease in
the wear rate. At the same time, as the wear process continues,
strain hardening effects occur on the surface, and the stable
wear stage is reached”™. The volume loss in the stable wear
stage increases almost linearly. The wear volume and the
fitting results of wear curve are shown in Table 3. R* values
indicate the quality of the fitting results. According to the
volume loss, the wear resistance is evaluated as follows: Ni-
60Cr> Ni-40Cr >Ni-20Cr >Ni-80Cr.

Fig.9a,—9a, display the surface morphologies of Ni-20Cr
after wear. The wear volume loss of Ni-20Cr is 4.1788 mm’.
Long and deep grooves are visible on the surface of Ni-20Cr,
and the edges of the grooves produce a material buildup. This
indicates that the abrasive grains have caused a severe
ploughing effect on the surface of the material, which is a
characteristic of abrasive wear”. Microcracks and adhesive
layer are visible on the surface, which indicates that adhesive
wear also occurs on the sample. The EDS results of different
areas are listed in Table 4. Area 1 of the adhesive layer
exhibits a high concentration of O and Si, indicating the
possibility of wear debris adhering to the wear surface™. The
wear resistance of Ni-40Cr is marginally superior to that of Ni-

Table 3 Wear volume and the fitting results of wear curve

Sample ~ Wear volume/mm®  Fitting of wear curve R’

Ni-20Cr 4.1788 V=0.0168T **%* 0.968
Ni-40Cr 2.6575 7=0.0021T *™» 0.998
Ni-60Cr 2.4650 7=0.0087T 3¢ 0.993
Ni-80Cr 83.8460 V=0.6574T 4! 0.978

20Cr, with the wear volume loss of 2.6575 mm’. Fig.9b,—9b,
illustrate that the grooves on the surface of Ni-40Cr become
shallower, and the microcracks and adhesive layer are
significantly weakened. Small abrasive debris can also be
observed during the wear process, which can cause more
serious damage to the sample. However, the effect of the
abrasive debris is essentially negligible compared with the
effect of the initial abrasive grains size.

When the Cr content is low (Ni-20Cr and Ni-40Cr), the Ni-
Cr alloy laser cladding layer is dominated by the y-(Ni, Cr)
solid solution. This solid solution has good plasticity and low
hardness. When subjected to the normal force exerted by the
abrasive grain, the sample surface is prone to plastic deforma-
tion. If the deformation exceeds its tensile limit, the surface
will form cracks and collapse downward. Under repeated con-
tact stress, the cracks will expand and cause shallow spalling.
Meanwhile, the abrasive particles generate relative motion
tangentially to the friction surface, resulting in the formation
of grooves and adhesive layer™. The wear mechanisms of Ni-
20Cr and Ni-40Cr are abrasive and adhesive wear.

Ni-60Cr exhibits the best wear resistance, with the wear
volume loss of 2.4650 mm’. Shallow and short grooves, as
well as adhesion layers, are visible on the surface in Fig.9c,—
9¢,. In contrast to Ni-20Cr and Ni-40Cr, deeper spalling pits
with dimensions similar to Cr-rich precipitates are present on
the surface of Ni-60Cr, indicating that spalling of Cr-rich pre-
cipitates may have occurred. Additionally, expanding micro-
cracks are observed around the spalling pits. EDS analysis of
the pits reveals that area 6 has a high Cr content of 97.73wt%,
suggesting the presence of Cr-rich precipitates in this area.
Areas 7-9 have Cr contents of 63.72%, 57.54% and 56.62%,
respectively, suggesting that spalling of the craters occurs not
only in the Cr-rich precipitates but also in the matrix. The Ni-
80Cr sample exhibits the worst abrasion resistance, with the
wear volume loss of 83.8460 mm’. As shown in Fig.9d,—9d,,
the surface of the Ni-80Cr sample is characterized by shallow,
short grooves, adhesion layers and more pronounced deep
pits. A transverse penetration crack is observed, which exists
prior to the wear test. The area where the craters are located
has a Cr content of 100wt%, without other elements present,
indicating exfoliation of intact Cr-rich precipitate. As the Cr
content increases (Ni-60Cr and Ni-80Cr), the Ni-Cr alloy laser
cladding layer is dominated by Cr-rich phases, resulting in a
significant increase in hardness and improved resistance to

surface plastic deformation™

. Consequently, the extrusion
and cutting effect of abrasive grains on the sample surface are
weakened, leading to shorter and shallower grooves and a
thinner adhesive layer. It should be noted that the Ni-60Cr and
Ni-80Cr surfaces show deeper spalling pits, which are actually
the spalling of Cr-rich precipitates.

The Cr-rich precipitates have a lower hardness (2430.4
MPa) than the matrix, which leads to a hardness transition
zone between them. This transition zone is prone to generation
and expanding of initial cracks under long-term contact stress,
ultimately leading to fatigue damage and the formation of
deeper spalling pits®. The wear mechanisms of Ni-60Cr and
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Table 4 EDS results of different areas in Fig.9 (wt%)

Area 1 2 3 4 5 6 7 8 9 10 11 12
Ni 35.58 77.11 56.30 54.82 23.41 1.72 34.40 38.73 37.63 0 25.18 16.86
Cr 11.04 20.12 39.36 36.07 16.83 97.73 63.72 57.54 56.62 100 73.35 68.76
o 31.35 0.36 3.31 5.10 29.02 0.11 1.02 2.63 4.13 0 0 8.07
Si 22.03 2.41 1.03 4.01 30.74 0.44 0.86 1.10 1.62 0 1.47 6.31

Ni-80Cr include abrasive wear, adhesive wear and fatigue
wear. The area fraction of Cr-rich precipitates in Ni-80Cr
differs by 8.33% from that of Ni-60Cr. Although Ni-80Cr has
the highest hardness, it exhibits the worst wear resistance,
which may be attributed to the presence of numerous macro-
cracks. The expansion rate of abrasive grains is much faster
when they come into contact with these macro-cracks
compared with in contact with micro-cracks, resulting in more
significant volume loss.

3 Conclusions

1) The surface microstructures of the four kinds of Ni-Cr
alloy laser cladding layers are all composed of primary and
eutectic phases with a reticulated dendritic structure, and there
is elemental segregation between the two phases. Ni-20Cr and
Ni-40Cr are single-phase y- (Ni, Cr) solid solutions, and Ni-
60Cr and Ni-80Cr consist of y-(Ni,Cr) phases and Cr phases.
Cr-rich precipitates appear in the Ni-60Cr and Ni-80Cr and
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