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Abstract:



Fe-based coatings with high V and Cr content were obtained by laser cladding using Fe-based powder with different Cr3C2 and FeV50 content. The results showed that Fe-based coatings were uniform and dense. The constituent phases were mainly composed of α-Fe solid solution with the increase of Cr3C2 and FeV50, γ-Fe and V8C7 phases were achieved. The microstructure of the coatings exhibited a typical dendrite structure. The concentration of C, V and Cr were saturated in dendritic areas, and the other alloying elements were mainly dissolved in the interdendritic areas. The hardness and wear resistance of Fe-based coatings were enhanced with the Cr3C2 and FeV50 addition. The specimen with 15% Cr3C2 and 16% FeV50 had the highest hardness of 66.1 ± 0.6 HRC, which was 1.05 times higher than the sample with 4.5% Cr3C2 and 5% FeV50, and the wear resistance of the former was three times greater than the latter.
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1. Introduction


Recently, the diesel engine is getting smaller, and the service environment of the internal components has also increased rapidly due to the requirement of the energy conservation and emission reduction [1]. Traditional carburizing and the quenching process have been unable to meet the requirements of modern production for diesel engine camshaft because of the camshaft, as the main component of the engine transmission system, usually made of low alloy steel or cast iron, suffers from an increasing load. Within a shorter period, adhesive wear or other failure modes may occur on the surface of the camshaft, which will cause the decrease of service life [2]. Consequently, enhancing the surface wear resistance of the camshaft is an effective solution to improving service life.



Laser cladding, as an advanced laser surface engineering, has been studied by many researchers [3,4,5,6] and been utilized in various commercial applications [7,8,9,10,11]. Laser cladding technology uses a high energy laser beam to melt metal powder materials, and a high performance thick coating with a metallurgical joint to the substrate can be obtained directly with a small amount of subsequent processing [12]. Compared with the other coating technologies, laser cladding has various advantages, such as realizing a highly refined microstructure, low dilution ratio and limited heat affected zone [13]. Meanwhile, laser cladding technology also has the advantages of accurate control and small deformation. The preparation of high performance coating on the surface of low-cost materials by laser cladding technology can save a great deal of precious metals, which significantly alleviates the issue of energy, resources and has a good prospect of engineering application [14]. Thus, this laser cladding process has the potential to replace the traditional carburizing and quenching process to produce camshafts with higher wear resistance.



Fe-based alloy powder has certain advantages such as the wide range of sources, low price, and closing to the composition of the substrate and acceptable compatibility [15]. To meet the different requirements under certain circumstances, alloying elements, such as vanadium, titanium, niobium and chromium, are added into Fe-based powder to manufacture different parts with diverse properties. Adding a small amount of vanadium into steel makes the steel more resilient, stronger, and has a better wear and crack resistance [16]. The Cr element improved not only the corrosion resistance by improving the electrode potential of Fe-based alloy and forming a passivation film on the alloy surface [17,18,19], but also the mechanical properties such as high-temperature strength, hardness and wear resistance [20,21,22]. Due to the outstanding property of the vanadium and chromium, certain investigators started to study the impact of the vanadium and the chromium on the Fe-based alloys. Ke et al. [23] have investigated the influenceof Nb/V content between 0 and 6% on Mo2FeB2 ceramic-steel produced by liquid phase reaction sintering, the results revealed that the hardness and transverse rupture strength both enhance first and then descends. Mo2FeB2 ceramic-steel with 4 wt % and 2 wt % V show the best hardness and transverse rupture strength. Kanalec and Górny [24] have investigated the influence of VC morphology on the mechanical properties for Fe-C-V casting alloys. The results proved that the spheroidising treatment of VC carbides increases the tensile strength by 60%, elongation 14–21 times, and the wear resistance more than twice as high as the abrasion-resistance cast steel. Gwon et al. [25] have investigated the effect of the V addition (0.1 wt %–0.3 wt %) on the microstructure and the tensile behavior of hot rolling TWIP steel. The results have shown that the V additions contributed to a reduction in the grain size and an increase in the yield strength of the TWIP steels. Effects of different addition of Cr on TiC–VC reinforced Fe-based laser cladding coatings were also investigated by Zhang et al. [26]. The study revealed that the TiC–VC reinforced Fe-based laser cladding coatings with different addition of Cr were composed of α-Fe, γ-Fe, TiC, VC and TiVC2, the cladding layer with 3.0% Cr showed the highest microhardness 1090HV0.2 and the cladding layer with 12.0% Cr addition showed the best corrosion resistance. The reported literature shows that the influence of vanadium and chromium on the properties of Fe-based alloys produced by different technologies such as casting, hot rolling and sintering, etc. was investigated in detail. However, the study on the impact of the high content of Cr and V on laser cladded coating was rarely reported.



In the present study, three Fe-based coatings with high V and Cr content on 35CrMo steel by laser cladding using Fe-based powder with different Cr3C2 and FeV50 content were achieved. The constituent phases, microstructure, hardness and wear resistance of the coatings were investigated.




2. Materials and Methods


Homemade stainless steel powder with the nominal composition in wt %: ≤ 0.18 C; 15.5–17.5 Cr; 1.60–1.80 Ni; 1.05–1.25 Si; 1.00 Mo; ≤ 0.50 Mn; 1.15–1.35 B; and balance Fe, commercially available Cr3C2 powder and FeV50 powder were used as feedstock materials. FeV50 powder was used as the source of vanadium in the coating as the chemical composition is shown in Table 1. Three different powders were achieved by adjusting the proportion of stainless steel, Cr3C2 and FeV50 powders, as shown in Table 2. Prior to laser cladding, the powder mixture was meticulously mixed with the aid of a ball milling equipment in an argon atmosphere for 1 h, and then dried in a furnace at 80 °C for 8 h. The 35CrMo plain roll steel, as a kind of low alloy steel used in the environment suffered impact, bending-torsion and high load, was used as the substrate with a size of Ф150 mm × 15 mm and nominal composition in wt %: 0.32–0.40 C, 0.17–0.37 Si, 0.40–0.70 Mn, 0.8–1.1 Cr, 0.15–0.25 Mo, and balance Fe. The substrate was well treated by grinding with 600 SiC paper and cleaning with acetone. The laser cladded Fe-based coatings were manufactured using an Ytterbium Laser System (YLS-6000, IPG Photonics, Beijing, China) with a wavelength of 1070 nm and maximum output power of 6 kW. After a series of trial runs, the optimized process parameters were obtained: laser power 3500 W, beam scanning speed 300 mm/min, powder feed rate 18 g/min, shielding gas (Ar) 400–500 L/h, laser beam diameter 4 mm and overlapping rate 30%.


Table 1. Chemical composition of FeV50.


	Elements
	Content [wt %]





	V
	50



	C
	< 0.4



	Si
	< 2.0



	P
	< 0.06



	S
	< 0.04



	Al
	< 1.5



	Fe
	Bal.








Table 2. Powder proportion of the laser cladded Fe-based coating powders (wt %).


	Cladding Powders
	Stainless Steel
	Cr3C2
	FeV50





	S1
	90.5
	4.5
	5



	S2
	74.5
	7.5
	8



	S3
	69
	15
	16









The coating samples were cross-sectioned perpendicular to the laser scanning direction with electrical discharge wire cutting, followed by conventional metallography preparation procedures. Then, the samples were etched with an aqueous solution consisted of 45 mL HCl + 15 mL HNO3+ 60 mL distilled water. The microstructure of coatings was observed using scanning electron microscopy (SEM, S-3400, Hitachi, Tokyo, Japan) coupled with an energy dispersive spectrometer (EDS, S-3400N, Hitachi, Yokohama, Japan) The constituent phases of the coatings were identified by an X-ray diffraction (XRD, Shimadzu 7000, Shimadzu, Kyoto, Japan) in the 2θ range of 20° to 100°, using Cu Kα radiation at 40 kV and 30 mA with a speed of 4°/min. The hardness was measured with an HR-150A rockwell hardness tester (HR-150A, Lai Hua Ltd., Laizhou, China) under 150 kg load for 10 s. Coating samples for reciprocating wear test were cut from the laser cladding specimens as cuboids with the size of 10 mm×10 mm×15 mm, and ground clean with SiC paper and polished with 2.5 mm diamond paste in order to obtain identical surface roughness. Reciprocating wear tests were carried out with a MFT-4000 multi-function experimental apparatus (Lanzhou Huahui Instrument Techonology Co., Ltd., Lanzhou, China) of material surface properties in the ball-on-plate configuration. A Si3N4 ball of diameter 5 mm was used in the test, with a stroke length of 7 mm, a normal load of 10 N, a sliding velocity of 120 mm/min and a duration of 60 min. The profiles across the wear tracks and the wear volume were measured using a surface profilometer (Micro XAM-3D, KLA-Tencor Corporation, Shanghai, China). The product of the cross-section area and the stroke length was used to act as wear volume.




3. Results and Analysis


3.1. Microstructure


Figure 1 shows the cross section of the laser cladded Fe-based coatings at low magnification. It is obvious from Figure 1 that the laser cladded Fe-based coatings were dense and uniform with no holes, cracks or other defects. The average thickness of the laser cladded Fe-based coatings is 1440 μm, 1440 μm and 1600 μm, respectively, indicating that the elements of V and Cr rarely have influence on the thickness. Figure 2 shows the cross-sectional SEM view of Fe-based alloy coatings. The interfaces of the laser cladded coatings are shown in Figure 2a–c. It is clear that the microstructure of the three coatings presented a typical dendrite structure growing from the substrate. The microstructure near the interface of S1 and S2 was mainly composed of columnar dendrite phase, which of S3 was cellular dendrite. A layer of planar crystallization with a thickness of about 5 μm was found near the interfaces of the laser cladded layers, indicating that a good metallurgical bonding between the coating and the substrate was achieved. The microstructure in middle sections of laser cladded coatings is shown in Figure 2d–f. The coatings exhibited dendrites (area DR) and interdendritic region (area ID) microstructure. Using the quantitative metallographic method as reported elsewhere [27], the area fraction of dendrites in the area was measured with a result of 91.50%, 89.06% and 84.38%, indicating that the grain size decreased with the addition of Cr3C2 and FeV50. To figure out the distribution of alloy elements, EDS analysis was carried out as shown in Figure 1. It can be seen that the contents of main elements C, V and Cr in dendrites (area DR) were similar and were not varied with the addition of the Cr3C2 and the FeV50, indicating that C, V and Cr were almost saturated. However, the contents of C, V and Cr in the interdendritic region (area ID) presented a trend of increase with the increase of Cr3C2 and FeV50 content.


Figure 1. Cross section of the laser cladded Fe-based coatings at low magnification (a) S1; (b) S2; (c) S3.
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Figure 2. SEM images of the interface and the microstructures of the laser cladded Fe-based coatings: (a,d) S1; (b,e) S2; (c,f) S3.
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According to the theory of metal solidification [28], the undercooling ΔT caused by concentration gradient is extremely higher than that caused by heat flow and interface curvature. The ΔT in the front of columnar crystal could be expressed as:


[image: ]



(1)




where α and n are the constants related to the alloy, and V is the cooling rate. The liquid temperature gradient GL could be expressed as [29]:
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(2)




where φ, ΔTn and N0 stand for the volume fraction of equiaxed grain, the nucleation undercooling, and the density of nucleation sites, respectively. The cooling rate during laser cladding process was high, which indicated a high undercooling ΔT, hence the nucleation undercooling ΔTn could be neglected in this study. Combining with the formulas (1) and (2), the liquid temperature gradient GL’ in laser cladding process could be given by:
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(3)







It is important to note that the liquid temperature gradient GL’ of cladding metal increased with increasing cooling rate. According to the earlier argument, the followed measures could be taken to inhibit the growth of dendrites: (1) decreasing the scanning speed of laser to reduce the cooling rate, which decreased the GL’ of cladding metal; (2) preheating the substrate to decrease the GL’ of cladding metal; and (3) increasing the density of nucleation sites N0 to raise the critical temperature gradient. The content of FeV50 increased gradually while compared with the composition of cladding powders as shown in Table 2. The FeV50 in the feedstock materials was heated and decomposed into Fe and V elements during the laser cladding process, which increased the V content in the molten pool. The decomposed V element acted as nucleating agents in Fe-based alloy to increase the density of nucleation sites N0 and prevent the growth of dendrites. Furthermore, large amounts of C, V and Cr dissociated into the interdendritic regions, which reduced disorder and the internal energy of the interdendritic region. Consequently, it is extremely difficult for interdendritic regions to slip; therefore, the mobility of the interdendritic regions decreased. This causes the decrease of grain size and refinement of the microstructure by the solute drag effect [30].




3.2. Constituent Phase


Figure 3 shows the XRD spectra of Fe-based alloy coatings. It is obviously observed that the S1 and S2 were composed of α-Fe solid solution and Cr23C6 phase. With the increase of Cr3C2 and FeV50, the diffraction peaks of γ-Fe and V8C7 also appeared besides the α-Fe solid solution in the XRD spectrum of S3. In addition, the content of C, V and Cr elements increased with the addition of Cr3C2 and FeV50 in ID; therefore, it is reasonable to deduce that V8C7 and Cr23C6 existed in the ID region of S3. The presence of γ-Fe in S3 can be explained as: (a) the diffusion velocity of V and Cr elements in ferrite was slower than other phases such as austenite and martensite, so that the diffusion of C element was hindered by the high content of V and Cr, which resulted in the formation of the carbon-rich areas (b) due to the rapid melting and solidification through the laser cladding process, and the molten pool could not homogenize before solidified completely. A mass of C elements generated by decomposition of Cr3C2 gathered in a carbon-rich area. The Ms (martensite transformation temperature) points of martensite in these areas were reduced where the austenite showed a higher stability [31]. In addition, as shown in Table 3, the diffraction angle (2θ) of α-Fe decreased and the 2θ displacement increased with the addition of Cr3C2 and FeV50, which indicated that the lattice distortion in α-Fe solid solution was increased.


Figure 3. X-ray diffraction spectra of the laser cladded Fe-based coatings.
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Table 3. XRD data showing variation in diffraction angle of α-Fe and 2θ displacement.


	Coating Sample
	Diffraction Angle (°)
	2θ Displacement (°)





	Standard diffraction angle
	44.67
	0



	S1
	44.32
	0.35



	S2
	44.26
	0.41



	S3
	44.16
	0.51










3.3. Hardnes


Figure 4 shows the hardness of the Fe-based alloy coatings. It made evident that the average hardness of coating samples increased with the addition of Cr3C2 and FeV50. The average hardness for S1, S2 and S3 was 62.9 ± 0.6 HRC, 65.3 ± 0.5 HRC and 66.1 ± 0.6 HRC, respectively. In addition, the hardness achieved in coatings prepared by laser cladding in the current study was much higher than the other similar coatings, which was reported in different literature. It has reported a microhardness of 650 HV for H13 tool steel laser coating and 659 HV for AISI 420 martensitic stainless steel laser coating [32]. The high hardness was mainly attributed to the high solid solubility of C, V and Cr elements. The rapid solidification of the laser cladding process led to an extension of the solubility limit [33]. Increasing C, V and Cr atoms increase lattice distortion and improve the effect of solid solution strengthening, which was consistent with the XRD results [34]. The differences among the average hardness of the three laser-cladded coatings were related to the disparities of grain size caused by the different content of V and Cr [35]. The improvement of yield strength could be quantified by the classic Hall–Petch equation below [36]:
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(4)




where σi, σ0, K, and d stand for the tensile or yield strength, a constant stress for steel material, the Hall–Petch slope, and the mean grain size of steel material, respectively. The proportional relation indicated that the tensile or yield strength value positively correlated to the reciprocal root of the grain size. The strength value increased with the decrease of the grain size. The influence of grain size on strength was found to be identical to that on material hardness [37]. Otherwise, the formation of the V8C7 was also an important factor to increase the hardness. The nucleation of the second phase of V8C7 may take place first, and the crystal nucleus provided a place for heterogeneous nucleation, which increased the number of grains and decreased the grain size. Hence, this increases the amount of grain boundaries, and generates the so-called grain boundary strengthening [38].


Figure 4. Hardness of the laser cladded Fe-based coatings.



[image: Coatings 08 00107 g004]







3.4. Wear Resistance


The wear resistance was measured by specific wear rate, which is defined as [39]:


Specific wear rate = V/(FL)



(5)




where V, F, and L stand for the volumetric loss of the sample, the normal load, and the sliding distance, respectively. The wear volume and specific wear rate of laser cladded coatings were listed in Table 4. Higher wear resistance was corresponding to smaller specific wear rate as lower volume was removed after sliding the same distance at the similar normal load. It can be easily observed that the wear resistance showed a trend of increasing with the addition of Cr3C2 and FeV50. The specific wear rate of S1 was the highest one roughly about 8.66 × 10−8 mm3 N−1 m−1, while the specific wear rate of S3 was the lowest about 2.80 × 10−8 mm3 N−1 m−1. The specific wear rate of S1 and S2 was 3 and 1.8 times larger than the S3. Combined with the results of average hardness, it can be observed that the highest wear resistance of S3 corresponded to the highest hardness, which is consistent with Archard’s law. Moreover, the specific wear rate of the laser cladding Fe-based coatings are much lower than that of the TiC/Fe cermet electrical discharge coating [40] and as-annealed DPD 316L SS samples [41] with the specific wear rate of ~10.0 × 10−6 mm3 N−1 m−1 and 3.26 × 10−6 mm3 N−1 m−1, respectively.


Table 4. Wear volumes and specific wear rates of coatings in a reciprocating wear condition.


	Specimen
	Wear Volume (μm3)
	Specific Wear Rate (mm3/N m)





	S1
	6.238 × 106
	8.66 × 10−8



	S2
	3.639 × 106
	5.05 × 10−8



	S3
	2.013 × 106
	2.80 × 10−8









To illustrate the wear mechanisms of the coatings, the worn surfaces are characterized by SEM as shown in Figure 5. It can be clearly seen that the worn surface of S1 was characterized by vestiges of material spalling and plastic deformation (see Figure 5a). In addition, cracks vertical to the worn scar were observed. During sliding, the cracks may spread when they were subjected to the combined effect of normal force and tangential force, leading to material spalling. The EDS analysis was taken on the surface of worn scars. The results indicated that the worn surface contained high levels of oxygen (see Figure 5b), indicating that oxidation occurred on the worn surface. The oxide debris may adhere to the worn surface, which caused abrasive wear during reciprocating wear. This indicated that the wear mechanism of S1 was composed of abrasive, adhesive and oxidative wear. The worn surface of S2 was shown in Figure 5c. It is noted that the typical furrows of abrasive wear were observed and the worn surface of S2 was smoother than S1. The EDS analysis indicated that the worn surface was highly enriched in Fe, V, Cr and Si, with little O element detected. Therefore, the mechanism of S2 was mainly composed of abrasive wear and adhesive wear. The wear mechanism of S3 was similar to the S2, except that the width and depth of the ploughed furrow decreased as shown in Figure 5d. The main reason for having extremely strong contrast existing among them was the contribution of high hardness and different microstructure characteristics caused by various grain sizes [35]. The previous study demonstrated that strain mainly concentrates close to the grain boundaries; therefore, a material with a larger grain size cracked more easily than those with fewer grain boundaries [42], which meant that the grains with small size can prevent cracking. In addition, the high hardness can resist the ploughing of abrasive grains spalled off from the worn surfaces.


Figure 5. SEM morphologies of worn scar on laser cladded Fe-based coatings: (a) worn scar on S1; (b) crack and EDS analysis on S1; (c) worn scar on S2; (d) worn scar on S3.
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Figure 6 shows the friction coefficient curves of the laser cladded Fe-based coatings (Figure 6a) and typical cross-sectional profiles of the wear tracks (Figure 6b). It can be seen from Figure 6a that the friction coefficient curve of S1 was similar with the S2. The friction coefficient of S3 was the lowest one. The average friction coefficient of S1, S2 and S3 was 0.707, 0.763 and 0.434, respectively. Figure 6b displays the typical cross-sectional profiles. It was found that the wear resistance of laser cladded coatings was effectively improved with the addition of Cr3C2 and FeV50, based on the significant reduction of the wear depth and the width of the tested samples. The profile of S3 was much smoother than that of S1 and S2, which was consistent with the results of specific wear rate and worn morphologies. In addition, the oxide wear debris played a vital role on affecting the wear resistance. The deepest and widest worn scar indicated that the wear debris generated during reciprocating wear on S1 were maximum, which harm the worn surfaces when the mechanism was abrasive [43]. These observations revealed that S3 possessed the highest wear resistance among the tested samples. The improvement of the wear resistance might mainly be attributed to the effect of grain boundary strengthening, which was improved by the decrease of the grain size, leading to the increase of hardness and preventing the wear debris penetrating into the worn surface.


Figure 6. The friction coefficient curves of the laser cladded Fe-based coatings (a) and typical cross-sectional profiles of the wear tracks (b).
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4. Conclusions


Crack-free Fe-based coatings with high V and Cr content were successfully formed on 35CrMo steel by laser cladding, with a good metallurgical bonding between the coating and the substrate. The coatings of S1 and S2 exhibited single α-Fe solid solution, while γ-Fe and V8C7 were achieved in S3 besides α-Fe solid solution. The hardness of S1, S2 and S3 was 62.9 ± 0.6 HRC, 65.3 ± 0.5 HRC and 66.1 ± 0.6 HRC, respectively. The corresponding wear resistance of the coatings was proportional to the alloy hardness. The wear resistance of S2 and S3 was 1.7 and 3 times than that of S1. The enhancement in wear resistance of the coating was due to the effect of grain boundary strengthening and solid solution strengthening.
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