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Three 50Cr6Ni2Y + x wt.% TiC (x = 1.5, 3.0, 4.5) alloy steel coatings were prepared using direct laser deposition (DLD) 

technology. The microstructure, microhardness, and wear resistance of DLD samples were studied. The results indicate 

that DLD coatings were composed of α-Fe (Fe-Cr-Ti), γ-Fe (Fe-Ni), and TiC. When the added TiC content was 3.0 wt.%, 

the DLD coating without cracks was fabricated, and TiC particles were well embedded in the sample. In addition, the 

coating demonstrated the best performance, with a microhardness of 758 ± 23.3 HV0.2, an average friction coefficient of 

0.58, and a wear rate of 0.37 %. The addition of an appropriate amount of TiC as a reinforcing phase, on the one hand, 

had played a role in the second phase strengthening. On the other hand, the diffusion interfaces formed between TiC 

particles and the matrix allowed some Ti elements to melt into the matrix and formed a solid solution, playing a role in 

solid solution strengthening. The results could provide a reference for the preparation and repair of laser additive 

manufacturing high-performance wear-resistant parts. 
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1. INTRODUCTION 

Direct laser deposition (DLD) is a process that utilizes 

high-energy-density laser beams to heat and rapidly melt 

metal surfaces, allowing for the layer-by-layer creation of 

parts [1, 2]. DLD can be used to reinforce coatings with 

excellent wear and corrosion resistance on the surface of 

parts [3]. DLD technology has shown broad application 

prospects in the preparation and repair of surface coatings 

on wear-resistant parts [4, 5]. Especially for wear-resistant 

parts widely used in industry, such as short stress line rolling 

mills, high-speed rail brake discs, nuclear emergency diesel 

generators, etc. The surface working layer of these parts has 

the characteristics of high hardness (700 – 900 HV) and 

good wear resistance. Therefore, the alloy steel composite 

powder that can meet the high hardness requirements of the 

surface working layer deserves further research. With the 

increasing demand for high-strength and wear-resistant 

materials for wear-resistant parts, we designed a 

50Cr6Ni2Y alloy steel powder in our previous research [6]. 

The DLD 50Cr6Ni2Y alloy steel can be used as an 

intermediate layer for wear-resistant parts with an average 

hardness of 534 HV, a tensile strength of 1139 MPa, and an 

elongation of 2 %. Therefore, it is necessary to change the 

composition of 50Cr6Ni2Y powder to improve the strength 

and obtain a coating with high hardness on the surface of 

wear-resistant parts. 

Reinforcement phases such as oxides, carbides, nitrides, 

borides, etc. are usually added to the coating to improve the 

hardness and wear resistance of coatings [7, 8]. TiC is 

widely added to improve the performance of laser additive 

manufacturing coatings due to its excellent physical 

properties, high wear resistance, oxidation resistance, and 

high corrosion resistance [9 – 11]. For example, the research 

results of Xu [12] et al. indicate that adding an appropriate 
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amount of TiC can significantly enhance the Inconel 625 

composite coating. The microhardness and tensile strength 

of the reinforced coating with TiC were significantly 

improved compared with the Inconel 625. Zhang [13] et al. 

found that TiC particles play a role in fine grain 

strengthening and second phase strengthening in the TiC 

modified iron-based composite coating. The average 

microhardness of the coating was 703 ± 17 HV. The 

specific wear rate was 4.0 × 10-6 mm3/N·m, which was 

smaller than that of the substrate (2.2 × 10-5 mm3/N·m). Liu 

[14] et al. also reported that TiC particles can improve the 

properties of 316L steel. It was found that the TiC particles 

were uniformly distributed in the microstructure, which was 

helpful to improve the mechanical properties, hardness and 

wear resistance of the coating. 

The results of above researchs indicate that TiC 

particles can bind well with coatings and significantly 

improve the hardness and wear resistance. Therefore, three 

50Cr6Ni2Y alloy coatings with different TiC contents were 

prepared by DLD in this paper. The effect of TiC on the 

microstructure, microhardness, wear resistance, and 

strengthening mechanism needs to be studied, and the 

strengthening mechanism needs to be further clarified. It is 

expected to obtain a high-hardness and wear-resistance 

coating with good laser formability. The results could 

provide a reference for the preparation and repair of laser 

additive manufacturing high-performance wear-resistant 

parts. 

2. EXPERIMENTAL MATERIALS AND 

METHODS 

2.1. DLD process 

Q235 was used as the base material which was 

100 mm × 100 mm × 10 mm in size. The experimental 



powders were obtained by mechanical mixing 

50Cr6Ni2Y + 1.5 wt.% TiC (named sample 1#), 

50Cr6Ni2Y + 3.0 wt.% TiC (named sample 2#), and 

50Cr6Ni2Y + 4.5 wt.% TiC (named sample 3#). The 

chemical composition of 50Cr6Ni2Y powder is shown in 

Table 1. High-purity TiC (99.9 %) powders were provided 

by Guangzhou Metal Metallurgy (Group) Co. The 

experimental powders were dried in a drying oven at 150 °C 

for 2 h before DLD. A YLS-1000-CUT-TR laser (IPG 

Photonics) was used to produce alloy steel samples with TiC 

contents from 1.5 wt.% to 4.5 wt.%, and the DLD process is 

shown in Fig. 1. The DLD parameters were optimized using 

the control variable method, with a laser power of 600 W, a 

scanning speed of 10 mm/s, the spot diameter of 2 mm, and 

an overlap rate of 30 %. 

  

Fig. 1. Schematic diagram of the DLD coatings process 

Table 1. Chemical composition of 50Cr6Ni2Y, wt.% 

Element C Cr Ni Si Mn Y Fe 

Content 0.51 5.95 1.95 0.52 0.55 0.47 90.05 

2.2. Characterization methods 

Three coatings were corroded in a solution with a ratio 

of 2 mg CuSO4 + 10 ml HCl + 10 ml H2O. The 

microstructure was observed using Leica DM 2700M 

metallographic microscope and Sigma 500 scanning 

electron microscope (SEM). The coatings were analyzed at 

a scanning speed of 5°/min and a scanning range of 20°~90° 

by an Empyrean X-ray diffractometer (XRD). 

Microhardness of the coatings was measured using a  

DHV-1000AV Vickers hardness tester with a load of 1 N 

for 10 s. As for the wear test, a Bruker (CETR) UMT-2 

reciprocating tester was used at room temperature. The 

friction pair was made of 4 mm diameter Al2O3 steel balls, 

with a friction speed of 70 mm/min, a friction time of 

10 min, a load of 10 N, and a wear scar length of 6 mm. The 

wear rate of the coatings was calculated using the Eq 1: 

wear rate =(M - m) M⁄ ×100%, (1) 

where M and m are the weights of the test samples before 

and after wear. 

3. EXPERIMENTAL RESULTS AND 

DISCUSSION 

3.1. Microstructure of DLD 50Cr6Ni2Y coatings 

with different TiC contents 

Fig. 2 shows metallographic photos of DLD 

50Cr6Ni2Y coatings with different TiC contents. Three 

fabricated coatings all exhibited good bonding with the 

substrate. There were no obvious pores or cracks in samples 

1# and 2# when TiC contents were low (1.5 wt.% and 

3.0 wt.%. However, cracks as marked in Fig. 2 c can be seen 

in sample 3# with a TiC content of 4.5 wt.%. As a brittle 

strengthening phase, when TiC was added too much, the 

brittle stress of the coating increased, leading to the 

formation of cracks [15, 16]. 
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Fig. 2. Metallographic photos of DLD 50Cr6Ni2Y coatings with 

different TiC contents: a – 1#; b – 2#; c – 3# 

Fig. 3 shows the XRD pattern of DLD 50Cr6Ni2Y 

coatings with different TiC contents. The phases of the 

coatings were α-Fe (Fe-Cr-Ti), γ-Fe (Fe-Ni), and TiC. 

Compared to the standard 2θ degree of α-Fe, the diffraction 

peaks of the α-Fe (Fe-Cr-Ti) shifted slightly to the left 

direction. This is due to Cr, Ni and Ti were dissolved in α-



Fe to form Fe-Cr-Ti solid solution, which caused lattice 

distortion. The formation of solid solution was related to the 

rapid cooling and solidification conditions during the DLD 

process. Cui [17] et al. also found that the phase stress and 

the laser induced thermal stress in the processing of DLD 

alloy steel led to lattice distortion.  

 

Fig. 3. XRD patterns of DLD 50Cr6Ni2Y coatings with different 

TiC contents 

The formation of γ-Fe (Fe-Ni) was related to the 

repeated thermal cycling of DLD samples. Even if the 

temperature reaches the termination temperature of 

martensitic transformation, austenite cannot be completely 

transformed into martensite. 

Fig. 4 shows SEM photos and linear scan analysis of the 

samples with different TiC contents. The microstructure of 

the fabricated coatings was mainly bainite, and irregular 

black particles were observed in Fig. 4 d, e. The EDS 

analysis results for the marked points in Fig. 4 a – e was 

listed in Table 2. Ti element was detected at both points A 

and B, indicating that some of the Ti element originating 

from the added TiC particles diffused into the matrix. 

Fig. 4 a – c shows that the addition of TiC content has no 

significant effect on the microstructure and size of bainite. 

The C and D points were rich in Ti and C elements, 

representing the irregular black particles in samples 2# and 

3# were TiC. It is worth noting that the content of the Ti 

element in points D, E, and F gradually decreased. 

Furthermore, a similar phenomenon was also observed in 

the linear scan analysis results in Fig. 4 f, where the content 

of Ti and C elements decreased along the direction away 

from TiC particles. It was confirmed that TiC particles 

undergo melting during the deposition process. However, 

rapid solidification resulted in only a small amount of 

diffusion of Ti and C elements from the boundary of the TiC 

particle to the matrix. 
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Fig. 4. SEM photos of DLD 50Cr6Ni2Y coatings with different TiC contents: a – 1#; b, d – 2#; c, e – 3#; f – linear scan elemental changes 



Table 2. EDS analysis of marked points in Fig. 4, wt.% 

Element C Fe Ti Remainder 

A 4.88 86.47 0.54 8.11 

B 7.34 85.40 0.23 7.03 

C 19.64 1.38 78.98 0 

D 19.07 0.65 80.28 0 

E 6.71 84.23 0.93 8.13 

F 5.96 85.71 0.45 7.88 

Therefore, a small amount of Fe was also detected at the 

C and D points, and point C was closer to the boundary than 

point D, so the content of Fe was higher. In addition, there 

were obvious fractures and pores around the TiC particle in 

sample 3#. This is because the rheological properties of TiC 

particles were different from the matrix, and the excessive 

addition of TiC particles resulted in poor bonding with the 

matrix during the solidification process [18]. 

3.2. Properties of DLD 50Cr6Ni2Y coatings with 

different TiC contents 

Fig. 5 displays the microhardness curves of the DLD 

50Cr6Ni2Y coatings with different TiC contents. The 

average microhardness of the coatings was 

600 ± 31.8 HV0.2, 758 ± 23.3 HV0.2, and 732 ± 39.7 HV0.2, 

respectively, all of which were higher than that of the 

50Cr6Ni2Y alloy steel without TiC (537 HV0.2). The high 

hardness of the coatings was closely related to the second 

phase strengthening effect of TiC particles and the solid 

solution strengthening effect of the solid solution [19]. 

Therefore, for samples 1# and 2#, the more TiC added, the 

more significant the strengthening effect, and the higher the 

microhardness of the coatings. However, the excessive 

addition of TiC resulted in the formation of cracks in sample 

3# as shown in Fig. 2 c, which reduced the microhardness 

of the coating. 

 

Fig. 5. Microhardness curves of the DLD 50Cr6Ni2Y coatings 

with different TiC contents 

Fig. 6 shows the friction coefficient curves and wear 

scar morphology of wear scars of the coatings. The average 

friction coefficients of the three coatings were 0.67, 0.58, 

and 0.69. Generally, the lower the friction coefficient, the 

better the wear resistance of the coatings [20]. In Fig. 6 b – d, 

the cutting grooves on the worn surface of the samples 

indicated that the wear mechanism of these coatings is 

abrasive wear. The average wear rates of the coatings were 

calculated using Eq. 1, which were 0.88 %, 0.37 %, and 

0.38 %, respectively. The added TiC can slow down the 

formation and expansion of wear scars, and continuously 

support the coating during the wear process.  
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Fig. 6. The friction coefficient curves and wear scar morphology 

of DLD 50Cr6Ni2Y coatings with different TiC contents: 

a – friction coefficient curves; b – 1#; c – 2#; d – 3# 

Therefore, the deepest grooves were observed on the 

surface of sample 1# with the lowest TiC content. Irregular 

abrasion marks can be observed in Fig. 6 c, d, and the EDS 

analysis results in Table 3 indicate that these marks were 

caused by the dragging of TiC debris during the wear 

process. Moreover, the poor bonding between TiC and the 



matrix in sample 3# made it easier for broken TiC particles 

to detach from the coating, resulting in the formation of the 

pit in Fig. 6 d. 

Table 3. EDS analysis of marked points in Fig. 6, wt.% 

Element C Ti Fe O Remainder 

A 6.06 1.73 83.86 0.64 7.71 

B 8.40 1.69 76.98 3.46 9.47 

C 6.34 10.22 72.90 1.46 9.08 

4. CONCLUSIONS 

1. Three 50Cr6Ni2Y +x wt.% TiC (x = 1.5, 3.0, 4.5) 

coatings were successfully prepared on Q235 by DLD. 

The microstructure of the fabricated coatings was 

bainite and TiC particles, and the phases were α-Fe (Fe-

Cr-Ti), γ-Fe (Fe-Ni), and TiC. 

2. The embedded TiC particles not only played a second 

phase strengthening effect, but also formed diffusion 

interfaces with the matrix, allowing some Ti elements 

to dissolve in the matrix and play a solid solution 

strengthening role. The excessive addition of TiC 

particles resulted in poor bonding with the matrix. 

3. The DLD 50Cr6Ni2Y + 3.0 wt.% TiC coating 

demonstrated the best properties, with a microhardness 

of 758 ± 23.3 HV0.2, an average friction coefficient of 

0.58, and a wear rate of 0.37 %. The high performance 

of the coating was closely related to the good 

formability, the second phase strengthening, and the 

solid solution strengthening effect. The results of this 

study could provide a reference for DLD wear-resistant 

coatings on alloy steel parts. 
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