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Abstract: Plasma transfer arc cladding technology has been widely utilized in surface engineering,
repairing and remanufacturing. In the present work, multiple cladded thick claddings were prepared
on compacted graphite cast iron (CGI) substrates with iron-based powders through plasma transfer
arc cladding technology using different plasma arc currents to improve the surface wear resistance.
The coatings’ phase and microstructure were analysed through XRD, SEM and EDS. The coatings’
microhardness and wear resistance were characterized. There were pearlite, graphite, austenite and
secondary carbides in the iron-based alloy coatings. Due to the heat influence during the multiple
cladding process, a spheroidal graphite transition zone appeared between the substrate and the
coating. The microhardness of the claddings varied from 363 to 402 HV as the plasma arc current
was changed from 45 to 60 A. With the increase of plasma arc current, the cladding’s microhardness
increased. The iron-based coating’s minimum friction coefficient and wear mass loss were about
0.48 and 4.2 mg, respectively, when the plasma arc current was 60 A, which are lower values than
those of the compacted graphite iron substrate with the friction coefficient and wear mass loss of
0.55 and 8.2 mg. Compared with the substrate, the iron-based alloy claddings achieved the effect of
reducing friction and wear resistance simultaneously, which resulted from the self-lubricating effect
of graphite and high wear-resistance of carbides in the claddings. The iron-based coatings had a
similar abrasive wear mechanism to the CGI, which should be helpful to repair or remanufacture
CGI workpieces.

Keywords: coating; plasma cladding; vermicular cast iron; wear resistance

1. Introduction

Compacted graphite cast iron (CGI) is commonly used in the automotive and heavy
engineering industrial fields for its comprehensive excellent properties as compared to grey
cast iron and ductile cast iron [1–3]. Wear often occurs in these engineering parts, especially
for moving parts, where it becomes the predominant cause of failure [4–6]. An effective
way to repair and remanufacture failed parts and prolong the components’ useful life is to
fabricate a coating to enhance its surface characteristics [7–9].

Plasma cladding has the advantages of strong metallurgical bonding, high efficiency
and low dilution rate so it is seen as one of the most effective surface treatment means, being
widely applied in surface modification in part repair and remanufacture [10–13]. Compared
with high velocity oxygen-fuel (HVOF) and plasma spraying [14–16], plasma cladding
can deposit a metallurgically-bonded thick coating on the substrate. During the plasma
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cladding process, part of the substrate surface is remelted and comixed with the melted
feedstocks and then they solidify together, resulting in good metallurgical adhesion between
the substrate and coating. Meanwhile, plasma cladding is more attractive than laser
cladding in industrial applications for its relatively low cost and high efficiency [17–19].

Iron-based alloys are chosen as remanufacturing materials on the surface of cast
irons without expensive metals, such as Ni, Co and Cr, for their good ductility and low
cost. However, the poor tribological properties of iron-based coatings preclude their wide
application [20,21]. As a result ceramic reinforced phases are introduced into iron-based
coatings to improve the coating’s wear resistance properties. In Lyu’s work, Fe-based
alloys coating with B4C particles as strengthening phase were deposited on Q235 steel
through PTA [22]. During plasma cladding, B4C particles dissolved after they were fed
centrally into the plasma flame, and cementite was generated. The Fe-based coating’s wear
rate was 1/8 that of the Q235 substrate for the edge-injected B4C particles. Zhou et al. [23]
investigated the influence of laser remelting on the microstructure and properties of WC/Fe-
based amorphous composite coatings. The cracks and pores in the original coating could be
eliminated through laser remelting so that the coating’s microhardness was also improved
with no complete WC particles were retained. During the remelting process, WC particles
dissolved into matrix phase absolutely. Fan et al. added spherical WC particles into Fe-
based coatings on the surface of 304 stainless steel samples through PTA [24]. The Fe-based
coating’s microhardness and wear resistance were increased greatly with the increase of WC
contents. Compared with pure iron-based coatings, the main wear mechanisms of ceramic
strengthened iron-based coatings were adhesive and two-body abrasive wear. Furthermore,
the coating containing 60 wt.% of WC had three-body abrasion wear as the main wear form.
However, ceramic reinforced iron-based coatings are much more expensive than iron-based
alloys and the unmelted ceramic particles in the coating will be peeled off under wear
conditions, resulting in a three-body abrasion process which would make the wear worse.

Compared with crystalline materials, amorphous materials have no crystal defects,
including grain boundaries and dislocations, so that they exhibit high hardness and good
corrosion resistance and wear resistance [25–27]. Cao et al. [28] prepared Fe-based amor-
phous coatings on stainless steel through laser cladding. The coatings’ microhardness
was improved with the increase of the amorphous phase and the in-situ precipitated
nanocrystalline material. Slight adhesive wear was the main wear mechanism of the coat-
ing. Sun et al. prepared FeBSiNb amorphous coatings on carbon steel through broad-beam
laser cladding with amorphous alloy powders [29]. The FeBSiNb coating was mainly
composed of α-Fe phase and precipitated Fe2B phase. The Nb-B particles generated in-
situ were scattered evenly in the coatings, which enhanced the mechanical properties
and significantly increased the wear resistance. Under the same test conditions, FeBSiNb
coatings had much better wear resistance than the substrate, with a minimum wear rate of
1.42 × 10−5 mm3/(N·m). Nowadays the Fe-based amorphous materials used for coating
preparation usually have a specific composition with strong glass-forming ability [30].
Commercially available Fe-based amorphous systems are often made up of the main el-
ements (Fe, Co, Cr, Ni), small atom elements (B, C, Si, P) and big atom elements (W, Mo,
Nb, Y, Zr) [31]. Amorphous materials cost a lot. Meanwhile, their engineering applications
are limited by their room-temperature brittleness and restricted glass-forming ability [32].
Therefore, a designed iron-based alloy powder with a relatively low cost and intensive
solid solution strengthening during the coating deposition as well as good compatibility
with iron metal would be more suitable to strengthen cast iron surfaces or repair cast
iron workpieces.

In this work, iron-based alloy coatings were prepared on compacted graphite cast iron
by plasma transfer arc cladding to repair and remanufacture compacted cast iron parts.
The influence of the plasma arc current on the phases, microstructures, hardness and wear
properties of the iron-based coatings were studied.



Coatings 2022, 12, 243 3 of 16

2. Experimental Materials and Procedures
2.1. Powder and Substrate Preparation

The designed iron-based alloy powder chosen as the original feedstock had particles
ranging from 70 to 120 µm in size. The powder’s chemical composition is given in Table 1.
Carbon, aluminum, silicon and manganese were the main elements. The element aluminum
was introduced into the designed iron-based alloy powder to enhance the solid solution
strengthening during the coating deposition. Figure 1 shows the iron-based alloy powder’s
global morphology and cross-sectional microstructure. The powder had a spindle morphol-
ogy which was related to the powder preparation method used (vacuum atomization). To
maintain a good fluidity and reduce the effect of adsorbed water on the powder deposition,
the powder was dried in a drying oven at 120 ◦C for 2 h before coating deposition.

Table 1. Chemical composition of the iron-based powders.

Element C Al Si Mn Fe

Wt.% 5.76 3.87 3.34 1.17 Bal.
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Figure 1. Iron-based powder: (a) global morphology, (b) cross-sectional microstructure.

Compacted graphite cast iron with the sample size of 100 mm × 80 mm × 10 mm was
used as the substrate. Figure 2 shows the compacted graphite cast iron’s microstructure
with worm-like graphite. Table 2 lists its chemical components. Carbon, silicon and
manganese were the main elements. Before plasma cladding, the substrate was ground
with 400 mesh sandpaper, cleaned with acetone to remove grease and then dried in an oven
at 100 ◦C.
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Table 2. Chemical composition of the CGI substrate.

Element C Si Mn P S Fe

Wt.% 3.5–3.8 2.0–2.3 ≤0.6 ≤0.09 ≤0.006 Bal.

2.2. Coating Deposition Processing

The plasma transfer arc cladding system (DML-V30BD, Dom Machinery Co., Ltd.,
Shanghai, China) was adopted to deposit the iron-based alloy coatings on CGI substrate.
Figure 3 shows the schematic of the plasma transfer arc cladding and the multiple cladding
with an overlap of 30%. The plasma cladding worked with two independently adjustable
plasma arcs including the pilot arc and main arc. The pilot arc was ignited with the aid
of a high-frequency voltage to promote the ignition of the main arc between the cathode
and work piece. The main arc generated the plasma transfer arc applied as the source
energy to deposit coatings. During the plasma cladding, the iron-based powders were
piped into the plasma torch by the argon gas, and were blown into the plasma arc. Besides
the melting of the feedstocks in the plasma cladding, part of the substrate surface was
remelted and comixed with the melted feedstocks and then solidified together, which could
form well metallurgical adhesion between the substrate and coating. The powders were
fed into the molten pool on the substrate surface, heated to the melt or semi-melt state
and finally solidified to form the coating. Table 3 shows the plasma cladding parameters.
Argon was used as shielding gas and hydronium gas in the plasma cladding. The plasma
torch was kept at 10 mm from the torch exit to the substrate and the travelling speed
was kept at 180 mm/min within the operation of a six-axis robot (HP-20D, YASKAWA,
Kitakyushu, Japan). The ion gas flow and the protection gas flow were 1.5 L/min and
10 L/min, respectively. The powder feeding rate was kept at 10 rad/min. The plasma arc
currents were 45, 50, 55 and 60 A.
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2.3. Characterization

The coatings’ metallographic samples were cut with the dimension of
10 mm × 10 mm × 10 mm from the coatings’ cross section. The samples were ground
manually through 240, 600, 1000, 1500 grit SiC papers. After being ground, they were
mechanically polished and cleaned in alcohol in an ultrasonic cleaner for 15 min. The origi-
nal powder’s morphology and the coatings’ microstructures were examined by scanning
electron microscopy (SEM; VEGA II-XMU, TESCAN, Brno, Czech Republic) equipped with
an energy-dispersive spectrometer (EDS; OXFORD-7718, Abingdon, UK). The phases was
identified by X-ray diffraction (XRD-6000, Shimadzu, Kyoto, Japan) with Cu Kα radiation
at a step of 0.02◦ and a scanning rate of 4◦/min with 2θ ranging from 20 to 90◦. Meanwhile,
Vickers micro-hardness tester (HV-5, Taiming, Shanghai, China) was used to measure the
microhardness with 200 gf load for a dwell time of 30 s. The microhardness measurement
interval was 400 µm across the coating to the substrate. The wear test was performed
through a pin-on-disc device (HT-1000, Zhongke Kaihua Technology Development Co.,
Lanzhou, China) with an applied load of 500 gf at a rotating rate of 150 rpm. The wear
was tested for 30 min at room temperature. The coating samples and compacted cast
iron with the dimension of ϕ30 mm × 6 mm were selected to assess the wear properties.
GCr15 bearing steel, often used in wear test, was selected as the counterpart. The hardness
of GCr15 was about 60–62 HRC and the GCr15 pin shown in Figure 3 had dimensions of
ϕ3 mm × 10 mm. Before the wear test, both the samples and the pins were ground with
SiC paper up to 1000 grit. After being ground, their surfaces were ultrasonically cleaned
with an acetone solution to get rid of impurities and oil contaminants on the surface. Worn
surfaces of the coatings were cleaned through ultrasonic cleaning to get rid of the wear
debris and analyzed by SEM. Both the coatings’ and the substrates’ wear mass losses
were characterized using an electronic balance with an accuracy of 0.1 mg. To ensure the
reliability and repeatability of the data, tests were repeated three times for each sample
under the same test conditions.

3. Results and Discussion
3.1. Mirostructure of the Bonding Zone

Figure 4 shows the global cross-sectional microstructure of the iron-based alloy coating
prepared with a 50 A plasma arc current. The separate coating zone (CZ), bonding zone
(BZ) and substrate (SB) can be clearly seen. The total coating thickness reached about
3.66 mm.
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Figure 5 shows the microstructure of the bonding zone between the iron-based alloy
coating and the CGI substrate. Good metallurgical bonding occurred between the iron-
based alloy coating and the CGI substrate. A transition zone with a little flake graphite
appeared when a single-pass cladded iron-based coating was formed on the grey cast
iron, as reported in previous work [33]. In the single-pass cladding, the carbon atoms
hardly diffused to form graphite under the huge cooling rate, whereas, in the multiple
claddings process, the heat capacity of the deposited cladding was large and the cooling rate
decreased, which would be helpful to precipitate carbon in the transition zone. Therefore, a
spheroidal graphite transition zone formed between the coating and the substrate as shown
in Figure 5a–d. Meanwhile, with the increase of plasma arc current, the quantity of graphite
in the binding zone increased continuously. Figure 5a shows the morphology of graphite in
the coating bonding zone when the plasma arc current was 45 A. Dendrites with small flakes
of graphite formed in the coating zone and a small amount of nodular graphite precipitated
in the bonding zone with a bonding coat width of about 210 µm. Figure 6 shows the width
of the bonding zone. When the plasma arc current was varied from 55 to 60 to 65 A, the
width of the transition zone with spheroidal graphite precipitated varied from 625, 1053 to
1782 µm, respectively. Furthermore, the precipitated graphite became finer and finer with
the increase of the plasma arc current, which was the main reasoned for the relatively
high cooling rate accompanying the increase of plasma arc currents during the multiple
cladding formation. The precipitated graphite morphologies were obviously different in
the coating zone, bonding zone and CGI substrate, and corresponded to dendrite flake
graphite, spherical graphite and vermicular graphite, respectively. Moreover, the spherical
graphite in the bonding zone could reduce the crack sensitivity as compared with the flake
graphite, which was helpful to ensure good bonding between the iron-based coating and
the CGI substrate.

3.2. Mirostructure of the Coating Zone

Figure 7 shows the cross-sectional microstructure of the iron-based alloy coating
prepared under a 50 A plasma arc current. Austenite dendrites were formed in the coating
zone. With the increase of the distance from the bottom side of the molten pool to the top
surface, the temperature gradient (G) decreased and the solidification rate (R) increased
gradually at the same time, which would lead to the ratio of temperature gradient to the
solidification rate (G/R) decreasing gradually [8]. Consequently, the dendrites would
grow preferentially. Figure 7b shows a magnification of position A. Secondary carbides
precipitated from a supersaturated austenite grain. Figure 7c shows the selected positions
for element analysis in the magnification of zone B. The detailed elements analysis results
are listed in Table 4. The carbon content at position 1 was higher than that at position 2 due
to the fact the carbon contents in carbide were much higher than the maximum solubility
of carbon in solid solution during cooling. At point 3, the main element was carbon
besides Fe, Al and Si. Therefore, point 3 was identified as graphite. In the matrix phase of
γ-Fe, aluminum was solidly dissolved into the matrix phase and played a part in solution
strengthening [34]. On the whole, the graphite existed in clusters as seen in Figure 7a, while
it precipitated intermittently along the austenite grains as shown in Figure 7b.

In comparison, there were spherical graphite particles precipitated in the bonding
zone as shown in Figure 7d. Besides spherical graphite, there was a lot of strip cementite
perpendicular to the CGI substrate and along the temperature gradient directions as
seen in Figure 7d–f. The multiple cladding processing reheated the deposited layer and
accelerated the partial decomposition of cementite, which would lead to the decarburization
of cementite and form free carbon in the form of spherical graphite.



Coatings 2022, 12, 243 7 of 16

Coatings 2022, 12, x FOR PEER REVIEW 7 of 17 
 

 

sensitivity as compared with the flake graphite, which was helpful to ensure good bond-
ing between the iron-based coating and the CGI substrate. 

  
(a) (b) 

  
(c) (d) 

Figure 5. Microstructure of the bonding zone: (a) 45 A, (b) 50 A, (c) 55 A, (d) 60 A. 

 
Figure 6. Width of the bonding zone. 

Figure 5. Microstructure of the bonding zone: (a) 45 A, (b) 50 A, (c) 55 A, (d) 60 A.

Coatings 2022, 12, x FOR PEER REVIEW 7 of 17 
 

 

sensitivity as compared with the flake graphite, which was helpful to ensure good bond-
ing between the iron-based coating and the CGI substrate. 

  
(a) (b) 

  
(c) (d) 

Figure 5. Microstructure of the bonding zone: (a) 45 A, (b) 50 A, (c) 55 A, (d) 60 A. 

 
Figure 6. Width of the bonding zone. Figure 6. Width of the bonding zone.



Coatings 2022, 12, 243 8 of 16

Coatings 2022, 12, x FOR PEER REVIEW 8 of 17 
 

 

3.2. Mirostructure of the Coating Zone 
Figure 7 shows the cross-sectional microstructure of the iron-based alloy coating pre-

pared under a 50 A plasma arc current. Austenite dendrites were formed in the coating 
zone. With the increase of the distance from the bottom side of the molten pool to the top 
surface, the temperature gradient (G) decreased and the solidification rate (R) increased 
gradually at the same time, which would lead to the ratio of temperature gradient to the 
solidification rate (G/R) decreasing gradually [8]. Consequently, the dendrites would 
grow preferentially. Figure 7b shows a magnification of position A. Secondary carbides 
precipitated from a supersaturated austenite grain. Figure 7c shows the selected positions 
for element analysis in the magnification of zone B. The detailed elements analysis results 
are listed in Table 4. The carbon content at position 1 was higher than that at position 2 
due to the fact the carbon contents in carbide were much higher than the maximum solu-
bility of carbon in solid solution during cooling. At point 3, the main element was carbon 
besides Fe, Al and Si. Therefore, point 3 was identified as graphite. In the matrix phase of 
γ-Fe, aluminum was solidly dissolved into the matrix phase and played a part in solution 
strengthening [34]. On the whole, the graphite existed in clusters as seen in Figure 7a, 
while it precipitated intermittently along the austenite grains as shown in Figure 7b. 

In comparison, there were spherical graphite particles precipitated in the bonding 
zone as shown in Figure 7d. Besides spherical graphite, there was a lot of strip cementite 
perpendicular to the CGI substrate and along the temperature gradient directions as seen 
in Figures 7d,e and f. The multiple cladding processing reheated the deposited layer and 
accelerated the partial decomposition of cementite, which would lead to the decarburiza-
tion of cementite and form free carbon in the form of spherical graphite. 

  
(a) (b) 

  
(c) (d) 

Coatings 2022, 12, x FOR PEER REVIEW 9 of 17 
 

 

  
(e) (f) 

Figure 7. Microstructure of the coatings prepared at 50 A: (a) coating zone, (b) magnification of position A, (c) magnifica-
tion of position B, (d) bonding zone, (e) magnification of position C, (f) magnification of position D. 

Table 4. Point analysis of elements in the selected areas. 

Element (wt%) C Al Si Mn Fe 
1 10.72 1.06 2.37 2.07 83.78 
2 4.82 2.91 3.21 1.08 87.98 
3 65.98 0.87 1.28 - 31.86 
4 13.45 - - - 86.55 
5 6.44 - 2.17 - 91.39 

3.3. Phase Composition 
Figure 8 shows the X-ray diffraction patterns of the powder and the coatings pre-

pared at different plasma arc currents. The main phases in the powder were α-Fe solid 
solution and ternary compounds, including C0.12Fe0.79Si0.09 and AlFe3C0.69. Austenite and 
Fe7C3 carbide were the main phases of the four coatings. During the plasma cladding, the 
powder materials experienced rapid-melting and rapid-cooling process. With the increase 
of the plasma arc current, the overheating extent of the powder materials increased and 
the cooling time of the melting was prolonged which was beneficial for carbon diffusion 
and decarburization of cementite as well as the retaining of dendrite austinite. In addition, 
aluminum was used as alloying element for two purposes. One was to reduce the iron-
based alloy’s density. The other was to enabled precipitation hardening effect by the de-
composition of the supersaturated austenite to form strengthening phase or take the ef-
fects of solid strengthening [35,36], while, in the coatings, no aluminum compounds ap-
peared like the ternary compound AlFe3C0.69 phase in the powder. Generally, the addition 
of aluminum directly substituted the heavier iron atoms as well as caused a dilation of the 
lattice [34]. Consequently, the aluminum element in the iron-based alloy played a role of 
solution strengthening mainly, which would improve the wear properties of the coating. 

Figure 7. Microstructure of the coatings prepared at 50 A: (a) coating zone, (b) magnification of
position A, (c) magnification of position B, (d) bonding zone, (e) magnification of position C, (f)
magnification of position D.



Coatings 2022, 12, 243 9 of 16

Table 4. Point analysis of elements in the selected areas.

Element (wt.%) C Al Si Mn Fe

1 10.72 1.06 2.37 2.07 83.78

2 4.82 2.91 3.21 1.08 87.98

3 65.98 0.87 1.28 - 31.86

4 13.45 - - - 86.55

5 6.44 - 2.17 - 91.39

3.3. Phase Composition

Figure 8 shows the X-ray diffraction patterns of the powder and the coatings prepared
at different plasma arc currents. The main phases in the powder were α-Fe solid solution
and ternary compounds, including C0.12Fe0.79Si0.09 and AlFe3C0.69. Austenite and Fe7C3
carbide were the main phases of the four coatings. During the plasma cladding, the powder
materials experienced rapid-melting and rapid-cooling process. With the increase of the
plasma arc current, the overheating extent of the powder materials increased and the
cooling time of the melting was prolonged which was beneficial for carbon diffusion and
decarburization of cementite as well as the retaining of dendrite austinite. In addition,
aluminum was used as alloying element for two purposes. One was to reduce the iron-
based alloy’s density. The other was to enabled precipitation hardening effect by the
decomposition of the supersaturated austenite to form strengthening phase or take the
effects of solid strengthening [35,36], while, in the coatings, no aluminum compounds
appeared like the ternary compound AlFe3C0.69 phase in the powder. Generally, the
addition of aluminum directly substituted the heavier iron atoms as well as caused a
dilation of the lattice [34]. Consequently, the aluminum element in the iron-based alloy
played a role of solution strengthening mainly, which would improve the wear properties
of the coating.
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3.4. Microhardness

Figure 9 shows the coatings’ microhardnesses. The coatings’ microhardnesses pre-
sented a gradient distribution and increased from the bonding zone to the cladding layer’s
upper surface. The mean microhardnesses of the iron-based coatings were 363, 378, 388,
402 HV when the plasma arc currents were 45, 50, 55 and 60 A, which were higher than that
of the CGI substrate. The iron-based alloy coatings’ hardness increased with the increase
of the plasma arc currents. The high hardness of the iron-based coating came from the
precipitated secondary carbides formed in the coatings. Deng et al. deposited Fe-Mo alloy
coating with the mean microhardness of 750 HV, which was mainly due to the rapid cooling
of the fine grain microstructure and the formation of a hard intermetallic layer [20]. The
molybdenum solid solution in α-Fe phase also contributed to the high microhardness.
In addition, Cheng et al. reported the Fe–Cr–C iron-based coating’s microhardness en-
hancement was also due to the refined microstructure and strong super-saturation solution
hardening of Cr to the iron matrix and the hard Cr7C3 phase [13]. Therefore, the change of
microstructure led to the increase of coating hardness, which could be helpful to enhance
the coating’s wear resistance.
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3.5. Wear Properties

Figure 10 shows the frictional coefficients of the iron-based alloy coatings and the
CGI substrate. The frictional coefficient vibration, as a function of the testing time and
the abrasive process, could be divided into three segments including primary abrasion,
normal abrasion and rapid abrasion [37]. The frictional coefficient results indicated that
only primary abrasion and normal abrasion happened during the testing. The coatings’
frictional coefficients were approximately in the range of 0.51–0.46 while the CGI substrate’s
frictional coefficient was 0.55.

Table 5 shows the statistic frictional coefficients of the iron-based coatings and the
CGI substrate. The iron-based coatings exhibited lower friction coefficients than the CGI
substrate. With the increase of the plasma arc current, the frictional coefficient of coating
did not change linearly, while, due to the graphite solid lubricants, the coatings’ friction
coefficients were not very different, and a little lower than that of the CGI substrate.
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Table 5. Statistic frictional coefficients of the iron-based coatings and the CGI substrate.

Type 45 A 50 A 55 A 60 A Substrate

Friction coefficient 0.46 ± 0.02 0.47 ± 0.03 0.51 ± 0.02 0.48 ± 0.03 0.55 ± 0.05

Figure 11 shows the wear mass losses of the coatings, the CGI substrate and corre-
sponding counterparts after the wear tests. The coating’s wear mass loss decreased with
the increase of the plasma arc current. The iron-based coating prepared at a plasma arc
current of 60 A exhibited the lowest mass loss of 4.2 mg in the four coatings. As compared
to the mass loss of the CGI substrate with the value of 8.2 mg, the coatings’ wear mass
losses were significantly reduced, which reflected that the coatings’ wear resistances were
higher than that of the CGI substrate. The main reason for the good wear resistance of the
iron-based alloy coatings prepared by plasma transfer arc cladding was that the carbide
precipitated in the coating acted as the wear-resisting skeleton to enhance the coating’s
wear resistance and the precipitated graphite acted as a solid lubricant to lower the fric-
tional coefficient, simultaneously. The GCr15′s hardness was about 60–62 HRC, which was
approximately equal to 700–760 HV, while the microhardness of the CGI substrate was in
the range of 280~300 HV. GCr15 was thus much harder than the CGI substrate. As for the
GCr15 counterpart, GCr15′s martensite and carbides mainly cut into CGI substrate during
wear test. With the increase of the coating’s microhardness, the coating’s mass loss was
reduced. The wear mass losses of the counterpart to the iron-based alloy coatings were
higher than that of the CGI substrate. The iron-based coating prepared at 60 A plasma arc
current had the highest microhardness of about 402 HV, which was much higher than that
of the CGI substrate and could be attributed to the precipitated secondary carbides formed
in the coatings. The wear mass loss of the counterpart to the iron-based coating prepared at
60 A plasma arc current was 2.0 mg, which was a little higher than that of the CGI substrate
(1.4 mg), which was mainly attributed to the relatively smaller microhardness difference
between the iron-based coating prepared at 60 A plasma arc current and the GCr15 pin
than that between the CGI substrate and GCr15. Therefore, combined with both the wear
mass loss and frictional coefficient, the iron-based coating prepared at 60 A plasma arc
current was preferred for its optimized wear resistance with simultaneous low frictional
coefficient and wear mass loss.
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Figure 12 shows the worn surface morphologies of the CGI substrate. There were
deep plowing grooves in the CGI’s worn surface as seen in Figure 12b, a magnification
of position A. Accompanying the wear processing, the worn debris became embedded
into the CGI surface and acted as a fixed indenter, which would form cutting, plowing
and grooving on the CGI surface with the so-called grooving wear mode as the main
abrasive wear mechanism. Therefore, abrasive wear was the main wear form between the
compacted graphite cast iron and GCr15 counterpart.

Coatings 2022, 12, x FOR PEER REVIEW 13 of 17 
 

 

Figure 12 shows the worn surface morphologies of the CGI substrate. There were 
deep plowing grooves in the CGI’s worn surface as seen in Figure 12b, a magnification of 
position A. Accompanying the wear processing, the worn debris became embedded into 
the CGI surface and acted as a fixed indenter, which would form cutting, plowing and 
grooving on the CGI surface with the so-called grooving wear mode as the main abrasive 
wear mechanism. Therefore, abrasive wear was the main wear form between the com-
pacted graphite cast iron and GCr15 counterpart. 

  
(a) (b) 

Figure 12. Worn surface morphologies (a) CGI substrate, (b) magnification of position A. 

The worn surface morphologies of the iron-based alloy coatings prepared at 45, 50, 
55 and 60 A plasma arc currents are shown in Figure 13, where it can be seen that there 
were no spalling and adhesion characteristics on the iron-based coatings’ worn surface. 
The main worn characters on the iron-based coatings’ worn surface of were micro cutting 
furrow and plowings. The plowing grooves on the worn surfaces of the coatings prepared 
at 45 A plasma arc current was more serious as compared with other coatings. Figure 13b 
shows the magnification of position A. There were amounts of wear debris on the worn 
surface of the iron-based coating prepared at 45 A plasma arc current, which was due to 
the great plastic deformation as well as surface peeling of the coating caused by the hard 
GCr15 counterpart in the friction process. Meanwhile, the wear debris would induce se-
vere three-body abrasive wear in the sliding processing, which would aggravate the wear 
process and produce more grooves on the surface of the iron-based coating prepared at 
45 A current. Figures 13d,e,f and g show the worn surface morphologies of the iron-based 
coatings prepared at 50 and 55 A plasma arc currents. There were lower grooves and less 
wear debris as compared to that of the coating prepared at 45 A, which caused the de-
crease of the wear mass loss. This phenomenon was related to the improved coating hard-
ness with the increase of plasma arc current. When the plasma current increased to 60 A, 
the iron-based coating had the highest hardness and the precipitated secondary carbides 
formed in the coatings would be helpful for its wear resistance. As shown in Figures 13g 
and h, the plowing grooves and wear debris were less than that of the coating prepared 
at 45, 50 and 55 A plasma arc currents. Meanwhile, it had the lowest wear mass loss 4.2 
mg, which exhibited the best wear resistance in the four iron-based coatings. Therefore, 
the coating’s wear mechanism was abrasive wear, which was similar to the CGI’s wear 
mechanism. 

Figure 12. Worn surface morphologies (a) CGI substrate, (b) magnification of position A.

The worn surface morphologies of the iron-based alloy coatings prepared at 45, 50,
55 and 60 A plasma arc currents are shown in Figure 13, where it can be seen that there
were no spalling and adhesion characteristics on the iron-based coatings’ worn surface.
The main worn characters on the iron-based coatings’ worn surface of were micro cutting
furrow and plowings. The plowing grooves on the worn surfaces of the coatings prepared
at 45 A plasma arc current was more serious as compared with other coatings. Figure 13b
shows the magnification of position A. There were amounts of wear debris on the worn
surface of the iron-based coating prepared at 45 A plasma arc current, which was due
to the great plastic deformation as well as surface peeling of the coating caused by the
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hard GCr15 counterpart in the friction process. Meanwhile, the wear debris would induce
severe three-body abrasive wear in the sliding processing, which would aggravate the wear
process and produce more grooves on the surface of the iron-based coating prepared at
45 A current. Figure 13d–g show the worn surface morphologies of the iron-based coatings
prepared at 50 and 55 A plasma arc currents. There were lower grooves and less wear
debris as compared to that of the coating prepared at 45 A, which caused the decrease of the
wear mass loss. This phenomenon was related to the improved coating hardness with the
increase of plasma arc current. When the plasma current increased to 60 A, the iron-based
coating had the highest hardness and the precipitated secondary carbides formed in the
coatings would be helpful for its wear resistance. As shown in Figure 13g,h, the plowing
grooves and wear debris were less than that of the coating prepared at 45, 50 and 55 A
plasma arc currents. Meanwhile, it had the lowest wear mass loss 4.2 mg, which exhibited
the best wear resistance in the four iron-based coatings. Therefore, the coating’s wear
mechanism was abrasive wear, which was similar to the CGI’s wear mechanism.Coatings 2022, 12, x FOR PEER REVIEW 14 of 17 
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Figure 13. Worn surface morphologies of the iron-based coatings (a) 45 A, (b) magnification of
position A (c) 50 A, (d) magnification of position B, (e) 55 A, (f) magnification of position C, (g) 60 A,
(h) magnification of position D.

Figure 14 shows the iron-based coatings’ wear schematic. The coating’s wear resis-
tance was closely related to the microstructure and main phases. The secondary carbides
precipitated from a supersaturated austenite grain and formed a wear-resisting skeleton
in the coating. Moreover, aluminum played a solid solution strengthening effect during
the cladding. Due to the high hardness of carbide and aluminum solid strengthening
effect, the coating had exceptional abrasive wear resistance. Moreover, the precipitated
graphite had a self-lubricating effect that reduced the friction coefficient. Both the high
hardness and self-lubrication contributed simultaneously to the high wear resistance of the
iron-based coatings.
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4. Conclusions

Multiple cladded thick claddings were prepared on a compacted graphite cast iron
(CGI) substrate with iron-based powders through plasma transfer arc cladding using
different plasma arc currents to improve the CGI’s wear resistance. The iron-based coating’s
minimum frictional coefficient and wear mass loss were about 0.48 and 4.2 mg, respectively
when the current was 60 A, which were lower than the values of a compacted graphite iron
substrate with a frictional coefficient and wear mass loss of 0.55 and 8.2 mg. Compared with
the substrate, the iron-based alloy cladding layer achieved the effect of reducing friction and
wear resistance simultaneously, which resulted from the self-lubricating effect of graphite
and high wear-resistance of carbides in the claddings. The iron-based coatings had a



Coatings 2022, 12, 243 15 of 16

similar abrasive wear mechanism to the CGI, and could be used to repair or remanufacture
CGI workpieces.
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