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Abstract: To obtain the wear-resistant camshaft with surface rigidity and core toughness and improve
the service life of camshaft, wear-resistant Fe-based alloy gradient material was prepared by laser
melt deposition. The traditional camshaft was forged by 12CrNi2V. In this paper, four types of
wear-resistant Fe-based powders were designed by introducing various content of Cr3C2 and V-rich
Fe-based alloy (FeV50) into stainless steel powder. The results showed that the gradient materials
formed a satisfactory metallurgical bond. The composition of the phases was mainly composed of
α-Fe, Cr23C6, and V2C phases. The increasing of Cr3C2 and FeV50 led to transform V2C into the
V8C7. The microstructures were mainly cellular dendrite and intergranular structure. Due to the
addition of Cr3C2 and FeV50, the average microhardness and wear resistance of gradient materials
were significantly better than that of 12CrNi2V. The sample with 8% V had the highest microhardness
of 853 ± 18 HV, which was 2.6 times higher than that of 12CrNi2V. The sample with 6% V had the
best wear resistance, which was 21 times greater than that of 12CrNi2V.

Keywords: laser melt deposition; Fe-based gradient materials; wear resistance; in situ synthesis

1. Introduction

As one of the core components of the diesel engine, the camshaft faces many challenges in terms of
quality [1]. The 12CrNi2V low alloy steel was a common material for manufacturing the camshaft [2,3].
The shape and structure of the camshaft was complex, as shown in Figure 1. Due to the special working
condition of the camshaft, the surface of the camshaft is required to have certain rigidity and wear
resistance, and the core has toughness, but the traditional carburizing and quenching cannot meet the
service requirement [4]. The laser melt deposition (LMD, also known as laser cladding) technology and
the functionally graded material (FGM) provided a new technical support for the preparation of the
camshaft, and simultaneously met the performance requirements of the camshaft and the requirements
of energy conservation and emission reduction [5].

FGMs have been widely studied for their excellent mechanical properties [6–8]. FGMs have
different properties on both sides of the similar material, which fully met the requirements of camshaft
surface rigidity and core toughness. At present, the main preparation methods of FGM are powder
metallurgy [9], plasma spraying [10], self-propagating high-temperature synthesis [11], and spray
deposition [12]. Ren et al. [13] prepared Ti-6Al4V/Ti-6.5Al-3.5Mo-1.5Zr-0.3Si gradient materials by
LMD. It was found that there were columnar grains in Ti-6Al-4V and Ti-6.5Al-3.5Mo-1.5Zr-0.3Si parts.

Coatings 2019, 9, 467; doi:10.3390/coatings9080467 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-8208-0993
https://orcid.org/0000-0002-6230-323X
http://www.mdpi.com/2079-6412/9/8/467?type=check_update&version=1
http://dx.doi.org/10.3390/coatings9080467
http://www.mdpi.com/journal/coatings


Coatings 2019, 9, 467 2 of 14

The chemical composition of the gradient region was characterized by step, and the height of the step
decreased with the increase of the deposited layer. The microhardness of the gradient region varied
with the change of chemical composition. The gradient materials had acceptable metallurgical bonding
and room temperature tensile properties. Gualtieri et al. [14] studied the additive manufacturing
of gradient metal-ceramic structures. The microhardness and wear resistance of the coatings were
greatly improved by the internal stress of the carbides. The composite gradient coating was formed by
depositing 100% of Vanadium carbide (VC), resulting in smaller and more uniform grains. The VC
acted to strengthen the particles and improve the microhardness and wear resistance. The wear rate of
the coatings decreased significantly with the addition of the VC.

As an advanced laser surface engineering, LMD has been studied by many researchers [15–17].
LMD technology can be implemented to achieve near net shape parts with compact structure and
satisfied comprehensive properties in a short period even with complex geometric configuration.
It has been successfully applied to the direct prototyping of high-performance complex parts and the
high-quality repair of high-value parts [18,19]. In contrast to the traditional manufacturing process,
LMD technology has the advantages of low manufacturing cost, short production cycle, high precision,
integrated forming, unrestricted product shape, and less pollution [3]. The composition gradient region
could be designed and prepared conveniently by melting metal powder with different volume fraction
or powder feeding rate [20]. The combination of the two technologies has been widely concerned
and studied by material scientists. Zhang et al. [21] studied the microstructure, phase detection,
and microhardness of stainless steel gradient materials prepared by LMD. The results showed that
the microstructure of the deposited state was mainly composed of columnar dendrite, and the
microstructure changed from columnar dendrite to equiaxed grain with the decrease of G/R ratio
during solidification. Due to the high content of Cr in the alloy powder, it was easy to form (Cr, Fe)7C3

carbide reinforcing phase, thus the increase of material hardness was observed. The microhardness
of the gradient material varies with the change of the composition. Li et al. [22] prepared Ti-6Al-4V
to SS316 functionally gradient materials by LMD. The intermetallic phases were not found at the
boundary of different adjacent layers. There were ferrite and austenitic phases at the Cr/Fe interface.
The microhardness gradients were not step, and there was no hard and brittle zone in the structure of
the gradient materials. Liu et al. [23] studied the effect of dilution of Al and V on the deposition of
Ti/Ti6Al4V gradient materials by laser powder. The results showed that the high dilution ratio not only
makes the powder and matrix fully mixed, but also contributes to the homogenization of solidification
microstructure. V and Al content transition from Ti to Ti6Al4V. The microhardness and elastic modulus
obtained by nanoindentation tests increased gradually from Ti substrate to Ti6Al4V.
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Figure 1. Image of the industrial camshaft.

In this paper, four types of powder with various contents of Cr3C2 and FeV50 were designed to
improve the wear resistance of a camshaft surface. To obtain a camshaft with surface rigidity and
core toughness, Fe-based gradient materials were prepared by LMD technology using 12CrNi2V low
alloy steel powder and four types of powder. The constituent phase, microstructure, microhardness,
and wear resistance were studied.
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2. Experimental Procedures

An as-received 35CrMo alloy steel in the form of a plate with a diameter of 150 mm and the thickness
of 15 mm was used as the substrate material, with the nominal composition in wt. %: 0.30–0.40 C,
0.17–0.37 Si, 0.40–0.70 Mn, 0.80–1.1 Cr, 0.15–0.25 Mo and balance Fe. The wear-resistant Fe-based alloy
powder was prepared by mixing stainless steel, FeV50, and Cr3C2 powders with ball milling. The planetary
milling machine was used in the experiment. The mixed powder was placed in a ball milling according
to a certain mass ratio, and the milling medium was agate ball with a diameter of 10 mm. In addition,
the following main milling parameters were set: the ratio of the ball to powder was 10:1, the milling
speed was 300 r/min, and the milling time was 2 h. The nominal composition in wt. % of FeV50 was:
49–52 V, <4 trace elements and balance Fe. The chemical compositions of stainless steel powder and
wear-resistant Fe-based alloy powder are shown in Tables 1 and 2, respectively. The wear-resistant
Fe-based gradient materials were prepared by LMD using the powder P1, P2, P3, and P4 with 12CrNi2V
low alloy steel powder, and labelled as S1, S2, S3, and S4, respectively. The nominal composition in wt. %
of 12CrNi2V low alloy powder was 0.1 C, 1.5 Cr, 2.0 Ni, 0.5 Mn, 0.5–0.6 Mo, 1.0–1.2 Si, 0.5–0.6 V, ≤0.5 B,
≤0.5 trace elements and balance Fe. The alloy powders were dried for 12 h in a vacuum furnace at 80 ◦C,
and the oxide scale of the substrate was removed before LMD. The gradient materials were prepared
using an Ytterbium Laser System equipped with a YLS-6000 fiber laser (a wavelength of 1070 nm and
maximum output power of 6 kW, IPG Photonics, Beijing, China). Within a range of optimization runs,
the processing parameters were determined as listed in Table 3. In this paper, gradient materials were
prepared by powder feeding. The 12CrNi2V powder was deposited layer by layer, and the display screen
displayed the current deposition height. When the deposition height reached 6 mm, the wear-resistant
Fe-based alloy powder designed in this paper continued to be deposited layer by layer. When the height
of the deposited sample reached 12 mm, the Fe-based gradient material was obtained. The schematic of
laser melting deposition process is shown in Figure 2. Under these conditions, the deposition heights of
12CrNi2V low alloy steel and wear-resistant Fe-based alloy were 6 mm, respectively. The final dimension
of gradient materials is about 40 mm × 30 mm × 12 mm.

Table 1. Chemical composition of homemade stainless steel powder (wt. %).

C Cr Si Ni Mn Mo B Trace Elements Fe

≤0.18 16.5 1.15 1.7 ≤0.5 1 1.25 ≤0.5 Bal.

Table 2. Composition designing of alloy powders for different Cr3C2 and FeV50 content (wt. %).

Powder Number C Cr Si Ni Mn Mo B Fe V

P1 0.19 18.83 1.14 1.54 0.45 0.91 1.13 Bal. 2.5
P2 0.19 20.44 1.13 1.44 0.43 0.85 1.06 Bal. 4
P3 0.20 22.24 1.13 1.31 0.39 0.77 0.96 Bal. 6
P4 0.21 24.39 1.11 1.17 0.345 0.69 0.86 Bal. 8

Table 3. Processing parameters of laser melt deposition (LMD).

Parameter Values

Laser power (W) 2200
Scanning velocity (mm/min) 480
Powder feeding rate (g/min) 12

Shielding gas flux (L/h) 400–500
Spot diameter (mm) 4

Scanning interval (mm) 2
Overlap (%) 40
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Figure 2. Schematic diagram of laser melting deposition process.

The phase constituent of gradient samples was identified using an X-ray diffractometer (XRD,
XRD-7000, Rigaku, Tokyo, Japan) at a scanning speed of 4◦ min−1 range from 20◦ to 100◦, with Cu
Kα radiation at 40 kV and 35 mA. The gradient sample was cut into 10 × 10 × 15 mm specimens
by a wire electric discharge machine. After the gradient samples were ground down to 2000#
SiC abrasive paper, polished with 2.5 µm diamond paste, washed, and dried, it was etched with
45 mL HCl + 15 mL HNO3 + 60 mL distilled water to wear-resistant Fe-based alloy and 2 mL HNO3 +

48 mL alcohol to 12CrNi2V for about 10 s. The microstructure and chemical composition of the gradient
samples were analyzed by scanning electron microscopy (SEM, S-3400N, Hitachi, Tokyo, Japan) and
energy dispersive spectrometer (EDS, S-3400N, Hitachi, Tokyo, Japan) in the cross section of the
gradient samples. The microhardness of the gradient samples was measured using a microhardness
tester (HV, HVS-1000, Huayin, Laizhou, China) with a normal load of 2 N and a loading time of 10 s.
To ensure the accuracy of the data, the average values of three points measured at the same depth were
taken as the microhardness values in the vertical section of the gradient samples. Friction and wear
tests were carried out by wear tester (MFT-4000, Lanzhou Huahui Instrument Techonology Co., Ltd.,
Lanzhou, China) in the cross section of the gradient samples. The Si3N4 ball with diameter 5 mm was
used as friction pair with normal load of 15 N, sliding velocity of 120 mm/min, the stroke length of
7 mm, and friction time of 60 min. The profile, wear volume, and specific wear rate of wear tracks
were measured by surface profilometer (Micro XAM-3D, KLA-Tencor Corporation, Shanghai, China).

3. Results and Analysis

3.1. Constituent Phase

Figure 3 shows the XRD spectra of Fe-based alloy gradient materials. It is observed that the
12CrNi2V low alloy steel was composed of α-Fe single phase solid solution (Figure 3a), while the
wear-resistant Fe-based alloys were composed of α-Fe matrix phase and different carbide hard phases
(Figure 3b). The strong diffraction peaks of the crystal face (1 1 0), (2 0 0), (2 1 1), and (2 2 0) of α-Fe
can be identified [24]. The same matrix phase can form a better transition, avoiding the problem of
greater internal stress caused by the combination of dissimilar phase structures [25]. S1, S2, and S3
were composed of α-Fe, Cr23C6, and V2C. When Cr3C2 and FeV50 continued to increase, V2C changed
to V8C7. Due to the rapid cooling rate of the molten pool, the Cr and V of the molten pool cannot be
homogenized, resulting in the formation of V2C phase in S1, S2, and S3. With the increase of Cr3C2 and
FeV50 content, the carbon content increased. It made vanadium carbide more inclined to transition
to more stable high-carbon vanadium compounds. The vanadium-carbon ratio in vanadium carbide
changed from 2:1 to 8:7, resulting in the formation of V8C7 phase in S4. Wang et al. [26] studied possible
chemical reactions in molten pools and changes in standard Gibbs free energy. The results showed that
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V8C7 was heterogeneous nucleation center, and Cr7C3 with lower melting point was attached to V8C7

with higher melting point (2810 ◦C [27]). It has been shown that the primary carbides in high-carbon
Cr-based alloys were (Cr, Fe)23C6 and (Cr, Fe)7C3 with hexagonal structure [28]. For Cr23C6 and Cr7C3

with orthogonal structure, the Gibbs free energy of Cr23C6 was lower [26]. For chromium carbide, the
orthogonal structure was more stable than the hexagonal structure when the concentration of Fe was
more than 40 at. %. With the increase of Cr content, carbides tended to be stable, indicating that Cr23C6

was more feasibly formed and stable [29].
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Figure 3. X-ray diffraction spectra of Fe-based alloy gradient materials by LMD (a) 12CrNi2V low alloy
steel; (b) wear-resistant Fe-based alloys.

3.2. Microstructure

Figure 4 shows the cross section of the laser melting deposited Fe-based alloy gradient materials
at low magnification. It can be observed that the laser melting deposited Fe-based alloy has shallow
metallurgical bonding fusion line. There are also no holes, cracks, or other defects, indicating that
a satisfied metallurgical bonding.
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Figure 4. Cross section of the laser melting deposited Fe-based alloy gradient materials at low
magnification (a) S1; (b) S2; (c) S3; (d) S4.

Figure 5 shows the cross-sectional SEM view of gradient materials by LMD. It can be observed that
the microstructure of S1, S2, S3, and S4 was composed of cellular dendrite and intergranular structure,
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and a large number of white particles were dispersed inside the cellular dendrite, and a small amount
of black particle existed in the intergranular structure (Figure 5a–d). The grain size of cellular dendrite
in S2 decreased slightly, the grain size of cellular dendrite in S3 was more uniform, and the content
of carbide particles in S4 increased noticeably. In the process of LMD, the alloy powder absorbed
laser energy to melt and rapidly solidify. During the subsequent solidification, the primary phase
carbides were precipitated in the liquid phase when the multicomponent alloy was cooled to the
liquidus temperature [30,31]. The primary phase carbides grew freely in all directions. However,
the growth of primary phase carbides was restricted because of the small diffusion coefficients of Cr
and V elements in Fe-based alloys. Therefore, these carbides were dispersed in the form of fine particles
in wear-resistant Fe-based alloys. In the process of LMD, carbides with high melting point took the lead
in nucleation, which provided the adherence place of heterogeneous nucleation for the rear nucleation,
and increased the nucleation density in Fe-based alloys [32]. The repeated irradiation of the laser
beam in the process of LMD resulted in the precipitation of C element in the form of carbides, and the
formation of stable carbides by combining with strong carbide forming elements, which resulted in
the reduction of the internal grain boundary energy. The migration of grain boundaries become more
difficult, thus reducing the grain size of cellular dendrites. At the same time, with the increase of Cr3C2

and FeV50, the content of alloy elements in the external wear-resistant Fe-based alloy increased. Due to
the limited solubility of the alloy elements in the cellular dendrite, a large number of alloy elements
existed in the intergranular structure. The addition of Fe element can better form solid solution of
the matrix, Cr, V, and C elements can be added to form carbides, these carbides were used as the
second phase to reinforce the properties of materials. The microstructure and properties of Fe-VC
composites by laser cladding have been studied by Zhang [33]. The results showed that the average
microhardness of the cladding layer was 900 HV, which was five times higher than that of the matrix.
The microstructure and mechanical properties of the Fe-Cr matrix composites prepared by hot pressing
have been studied by Somunkiran et al. [34]. The results showed that the lowest average microhardness
of Fe-Cr alloy was 218 HV and the highest average microhardness was 261 HV. It can be seen that the
effect of vanadium carbides on properties was better than chromium carbides. The microstructure of
12CrNi2V low alloy steel was a rapid directional solidification structure composed of coarse dendrite
and intergranular structure (Figure 5e). The existence of intergranular structure was due to the high
cooling rate in the liquid phase. The solidification microstructure was composed of ferrite matrix
and martensite. Lath martensite was distributed on ferrite matrix, in which lath martensite consisted
of lath beams with different directions. It can be seen that from the 12CrNi2V low alloy steel to the
wear-resistant Fe-based alloy, the grain size gradually decreased with a gradient distribution (Figure 5f).
The main components near the S3 interface (the region of the rectangular marks in Figure 5f) were
analyzed, as shown in Figure 6. The results show that the contents of Cr and V elements decreased
gradually, and the content of Fe element increased steadily from the wear-resistant Fe-based alloy to
the 12CrNi2V low alloy steel. During the process of LMD, the surface temperature of 12CrNi2V low
alloy steel was raised and melted again by laser beam irradiation, and the liquid low alloy steel in
the molten pool was diluted with the newly melted Fe-based alloy powder. The diffusion of alloying
elements occurred, and then solidification formed a diffusion zone, which made the composition of the
material gradient change.
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Figure 6. Composition near the interface of the laser melting deposited Fe-based alloy gradient materials.

To further understand the distribution of the alloy elements in the gradient materials and the
influence of the alloy elements on the microstructure, the energy spectrum analysis of the different
regions of the wear-resistant Fe-based alloy was carried out. The results of the analysis are shown
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in Tables 4 and 5. It can be seen from the region A and region B that the content of Cr and V in
the dendrite was almost unchanged with the change of the powder composition. The content of
Cr and V in the interdendritic region was significantly changed with the change of the powder
composition. In the dendrite, the alloy elements were in a saturated state. With the increase of Cr3C2

and FeV50, the cellular dendrites in saturated state could not continue to solidify the alloying elements,
which led to the increase of alloy elements in the interdendritic region with the change of powder
composition. According to Table 5, the contents of C and Cr elements in region C were relatively high.
While, the region D was rich in C and V elements. Combined with XRD analysis, it can be inferred that
the region C was Cr23C6, and the region D was V2C or V8C7.

Table 4. Content of main alloy elements in regions A and B of wear-resistant Fe-based alloys on the
outside of gradient materials.

Sample Number
Region A (wt. %) Region B (wt. %)

C Cr V Fe C Cr V Fe

S1 1.30 7.71 1.24 80.39 2.00 12.25 1.91 81.30
S2 1.41 7.49 1.21 86.96 2.35 14.21 2.54 79.25
S3 1.30 7.90 1.30 86.95 2.34 14.79 3.18 79.43
S4 1.16 8.30 1.28 87.03 2.41 16.26 3.38 78.37

Table 5. Content of main alloy elements in regions C and D of wear-resistant Fe-based alloys on the
outside of gradient materials.

Sample Number
Region C (wt. %) Region D (wt. %)

C Cr V Fe C Cr V Fe

S1 6.27 24.43 2.54 65.20 5.70 21.41 35.53 35.07
S2 5.63 30.97 1.65 59.31 4.31 20.00 14.70 58.60
S3 5.99 39.77 2.57 50.65 4.92 17.71 26.79 42.38
S4 6.48 39.25 1.99 50.24 3.43 24.44 20.10 50.25

3.3. Microhardness

Figure 7 shows the average microhardness of Fe-based alloy gradient materials prepared by LMD.
The average microhardness of 12CrNi2V was about 325 ± 30 HV. The average microhardness for S1,
S2, S3, and S4 was 738 ± 22, 781 ± 16, 822 ± 12, and 853 ± 18 HV, respectively. It can be seen that the
surface microhardness of gradient materials was significantly improved. S4 was about 2.6 times of that
of 12CrNi2V. The high microhardness can be attributed to the formation of the second phase particles
(such as V2C, V8C7, and Cr23C6), which acted as a reinforcing phase. The second phase also provided
the position for the heterogeneous nucleation, increased the grain number, and caused the grain
refinement and grain boundary strengthening [35]. In addition, during the manufacture of gradient
samples, the solubility of alloy elements in dendrite increased due to the rapid cooling rate of the
molten pool [36]. With the increase of C, Cr, and V, the lattice distortion in the laser-deposited-layer was
increased, thus the solution effect of the alloy elements was further strengthened, and the microhardness
of the gradient samples was improved. The V2C and V8C7 ceramic-reinforced Fe substrate surface
compound layers were studied by Cai et al. [37]. The results showed that the hardness of V2C and
V8C7 layers was 22.16 ± 0.52 and 32.42 ± 0.61 GPa, respectively. Therefore, the formation of V8C7 was
also an important factor in the improvement of hardness.
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Figure 7. Microhardness curves and specific wear rates of Fe-based alloy gradient materials.

Figure 8 shows the microhardness profile of Fe-based alloy gradient materials. The microhardness
of Fe-based alloy gradient material was a gradient distribution with the increase of deposition height.
After the second gradient deposition of the wear-resistant Fe-based alloy powder, the 12CrNi2V low
alloy steel was melted by the laser beam and permeated with the wear-resistant Fe-based alloy powder
in the molten state. As a result, the content of alloying elements in the transition zone increased
gradually along the direction of deposition, and the microhardness of the transition zone increased
gradually. The reported literature shows that the fracture toughness is low when the microhardness is
high, and the material is prone to embrittlement generally [38]. Houdková et al. [39] believed that
the fracture toughness of the coating can be analyzed by the absence or presence of cracks around
the Vickers indentation. It can be seen from Figure 8 that there are no cracks around the indentation,
which qualitatively suggests a tough state of the Fe-based alloy gradient materials. The appropriate
compromise between microhardness and fracture toughness indicates the practical application of the
Fe-based gradient materials by LMD.
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Figure 8. Microhardness profile along the melt depth of the laser melting deposited Fe-based alloy
gradient materials.

3.4. Wear Resistance

By measuring the specific wear rate to characterize the wear resistance of the gradient sample,
it can be expressed as [40]:

Specific wear rate = V/(FL),

where V, F, and L stand for wear volume, normal load, and sliding distance, respectively. Table 6 shows
the wear volume of the laser melting deposited Fe-based alloy gradient materials. Figure 7 shows the
specific wear rate of the Fe-based alloy gradient materials. Under the same wear conditions, the smaller
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the specific wear rate value, the better the wear resistance. As can be detected from the table, the specific
wear rate of 12CrNi2V was the highest, about 4.54 × 10−4 mm3

·N−1
·m−1. The specific wear rate of S3 was

the lowest, about 2.13 × 10−5 mm3
·N−1
·m−1. The specific wear rate of S3 was about 21 times better than

12CrNi2V. Zhang et al. [41] prepared Fe-Ti-V-Cr-C-CeO2 Fe-based composite coating by laser cladding.
The wear resistance of the cladding layer was significantly improved, which was about 16.85 times than that
of the substrate.

Table 6. Wear volume of the laser melting deposited Fe-based alloy gradient materials.

Sample Number 12CrNi2V S1 S2 S3 S4

Wear Volume (µm3) 4.096 × 107 9.134 × 106 6.431 × 106 2.303 × 106 6.249 × 106

To illustrate the wear mechanism of the gradient samples, the worn surfaces are characterized
by SEM, as shown in Figure 9. It can be observed that the worn surface of S1 has more serious wear
spalling (Figure 9a). There were a lot of white oxide particles in the spalling pit, and the worn surface
near the spalling pit has a typical furrow caused by abrasive wear. During friction and wear, the surface
of S1 was oxidized after heating up by friction. Under the normal stress and shear stress, oxide particles
were formed by the oxide spalling. These oxide particles remained in the slide, causing damage to
the surface of S1 under the extrusion of the upper friction pair. Therefore, the wear mechanism of
S1 was oxidation and abrasive wear. The surface wear scar morphology of S2 changed significantly,
and the wear spalling was alleviated (Figure 9b). The surface can be seen with obvious white oxide
particles and furrows caused by abrasive wear. Combined with the microhardness curve of the gradient
materials, the average microhardness of S2 was improved. The higher microhardness can reduce
the cutting effect of the abrasive particles on the surface of the material, thus enhancing the friction
and wear properties of the material. The wear mechanism of S2 was oxidation and abrasive wear.
The worn surface of S3 was the same as S2, but the wear spalling was significantly reduced (Figure 9c).
With the increase of microhardness, the ability of S3 to resist cutting effect was further improved.
At the same time, there were some carbide particles distributed in the S3. In the process of friction
and wear, these carbide particles came into contact with abrasive particles, effectively preventing
abrasive particles from making an impression. Therefore, the abrasive particles were flattened or
even broken, resulting in the reduction of the cutting ability of the abrasive particles [42]. The worn
surface of S4 changed apparently, with visible signs of plastic flow and adhesion. There were also
white oxides (Figure 9d). It showed that the wear mechanism was oxidative wear and adhesive
wear. Although the microhardness of S4 was the highest, large particles will be formed due to the
agglomeration of carbides in S4. In the dry sliding wear test, these large particles peel off the surface of
the material. Large particles were attached to the wear ball, resulting in greater wear on the surface as
the wear ball moved. At the same time, it also led to more contact between the upper friction pair and
the surface. The local temperature at the surface contact point was very high, and the microhardness
near these points decreased rapidly, resulting in plastic deformation. Fernández et al. [43] studied the
effect of WC content on the reciprocating wear of NiCrBSi alloy reinforced by laser cladding with WC.
The mismatch between hardness and wear resistance was also observed. From the above analysis,
it can be seen that the wear resistance of S3 was the highest, but not the highest microhardness in
gradient materials. This indicated that microhardness was not the only factor that affected wear
resistance. The improvement of wear resistance could be achieved by proper combination of high
microhardness and toughness [44]. As shown in Figure 9e, there were more oxide particles and clear
plastic flow and adhesion on the worn surface of 12CrNi2V low alloy steel. It was indicated that the
temperature of the contact points was high during sliding wear test, which resulted in a rapid decrease
of the microhardness near the contact points [45]. Under the combined effect of normal stress and shear
stress, the surface of low alloy steel was prone to plastic deformation. Therefore, the worn surface of
12CrNi2V resulted in a higher wear volume loss. The wear mechanism of 12CrNi2V was oxidation
and adhesion wear.
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Figure 9. SEM micrographs of worn surface of the laser melting deposited Fe-based alloy gradient
materials (a) S1; (b) S2; (c) S3; (d) S4; (e) 12CrNi2V.

Figure 10 shows the friction coefficient curves of Fe-based alloy gradient materials by LMD
(Figure 10a) and typical cross-sectional profiles of the wear tracks (Figure 10b). It can be observed from
Figure 10a that the friction coefficient curve of S1 and S2 still fluctuate irregularly after a period of
running-in. It can be seen from the wear morphology that spalling occurred on the surface of S1 and S2.
In the process of friction and wear, the number of abrasive particles in the slide increased. However,
with the reciprocating motion of the upper friction pair, some abrasive particles were discharged
out of the slide. Therefore, in the process of reciprocating wear, the number of abrasive particles
changes. As a result, the wear conditions between the upper friction pair and the sample were in
an unstable state, which made the friction coefficient fluctuate irregularly. The friction coefficient
curves of S3 and S4 were relatively stable. The dispersed carbide hard phase can resist abrasive
particles, resulting in reduced abrasive cutting ability. Thus, the influence of abrasive particles on
wear conditions was reduced. Therefore, the friction coefficient curves of S3 and S4 were more stable.
The average friction coefficient of S3 was obviously reduced. The average friction coefficient of S1,
S2, S3, and S4 were 0.52, 0.55, 0.39, and 0.52, respectively. The friction coefficient of 12CrNi2V low
alloy steel was 0.627. Figure 10b displays the typical cross-sectional profiles. It was found that the
12CrNi2V low alloy steel had the significant wear depth, indicating that its wear resistance was the
worst. With the increase of Cr3C2 and FeV50, the wear depth of Fe-based alloys decreased gradually
and then increased, which was consistent with the results of wear volume and specific wear rate.
The wear depth of S3 was the lowest. This may attribute to the fact that the V element had a significant
effect on grain refinement, which directly led to an increase in the number of grain boundaries.
The zigzag grain boundaries can effectively prevent the occurrence of wear spalling and increase the
ability to resist wear [23]. Additionally, the carbides reinforced in S3 (Cr23C6 and V2C) were finely
dispersed, and the interaction between these uniformly distributed second phases and dislocations
hindered the dislocation movement. Thus, this led to the improvement in the deformation resistance
of the wear-resistant Fe-based alloys [46]. Therefore, the wear resistance of S3 was enhanced by the
combination of fine grain strengthening and second phase strengthening.
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Figure 10. The friction coefficient curves of Fe-based alloy gradient materials (a) and typical cross-sectional
profiles of the wear tracks (b).

4. Conclusions

(1) To obtain the camshaft with surface rigidity and core toughness, the wear-resistant Fe-based
alloy gradient materials were successfully prepared by LMD. The gradient materials satisfied
formability and metallurgical bonding between 12CrNi2V low alloy steel and wear-resistant
Fe-based alloy.

(2) The microstructure of Fe-based gradient materials was mainly cellular dendrite and intergranular
structure. The 12CrNi2V low alloy steel was composed of α-Fe single phase solid solution, and S1,
S2, and S3 were comprised of α-Fe, Cr23C6, and V2C. With the increase of Cr3C2 and FeV50,
the carbides of S4 vanadium changed from V2C to V8C7.

(3) With the increase of Cr3C2 and FeV50, the microhardness and wear resistance of Fe-based gradient
materials were significantly better than that of 12CrNi2V. The average microhardness of S4 was
2.6 times higher than that of 12CrNi2V, and the wear resistance of S3 was about 21 times better
than that of 12CrNi2V. The wear mechanism of S1, S2, and S3 was oxidation wear and abrasive
wear, while the wear mechanism of S4 and 12CrNi2V low alloy steel was oxidation wear and
adhesive wear.
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