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Abstract

:

Metal matrix ceramic composites (MMCs) are widely applied materials in surface engineering due to their high hardness and excellent wear resistance. Recently, various MMCs have been successfully fabricated by a promising method named direct laser deposition. In this work, nickel-based hard surface coatings reinforced with multiple in-situ phases were deposited by wide-band laser. The strengthened phases were synthesized by varied content of Ti and B4C precursor powders. The microstructure evolution, phase constitution and mechanical properties of the designed coatings were investigated. Results indicated the B4C were decomposed and free C and B atoms were released in a molten pool. Multiple secondary phases such as TiC, Cr7C3, Cr23C6, TiB and CrB were in-situ synthesized. As the content of precursor Ti and B4C powders increased, the microstructure of the laser-clad coatings was greatly refined due to the plentiful in-situ phases. Mechanical properties of the coatings revealed the maximum elastic modulus and microhardness reached 247 and 7.18 GPa in the experiment group. Friction tests indicated the average friction coefficient of optimized coating was about 0.50.
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1. Introduction


Metal matrix ceramic composites (MMCs) have been one of the most important surface hardening materials in engineering [1,2,3]. MMCs are mainly composed of a metal matrix which act as the binder phase and hard ceramic particles which are the strengthening phases [4,5]. Recently, various MMC coatings have been successfully applied to modify the surface performances of engineering steels such as the hardness, wear resistance, corrosion resistance, oxidation resistance, etc. [6,7,8]. Generally, the ceramic particles in MMCs are induced by extra addition or in-situ synthesis. Former researchers have proved that the in-situ-synthesized ceramic particles have advantages of homogeneous distribution, high density, dense bonding and flexible design [9,10,11]. The carbides and borides with high hardness and modulus including NbC [12], Cr3C2 [13], TiC [14], TiB2 [15] et al. can be synthesized by in-situ reactions. For instance, Y. Hu fabricated the TiB-reinforced titanium matrix composites (TiB-TMCs) by in-situ-laser-engineered net shaping, and improved the hardness of the Ti matrix [16]. Verdi et al. deposited a MMC Inconel625-Cr3C2 coating by laser cladding onto ferritic steel [13]. The in-situ-formed Cr7C3 carbides dramatically improved the hardness of the coatings.



Traditionally, MMCs can be synthesized by sintering, ball milling, powder metallurgy, casting and other technologies. Among these techniques, the rapidly developed laser processing technology has become one of the most promising methods. Due to the development of the laser industry, various lasers such as CO2 laser, Nd: YAG (Neodymium-Doped Yttrium Aluminum Garnet) laser and fiber laser have been successfully applied in the materials processing technologies [17]. Laser cladding, laser welding, laser metal deposition, selected laser melting and also the research hot spot, laser additive manufacturing or laser 3D printing, have been rapidly developed in the last decades [18,19,20]. It is noted that a large number of scholars have carried out research on enhancing the surface properties of low-cost alloys through laser-cladding-deposited MMCs. Laser cladding, also known as direct laser deposition, is a promising technology in surface engineering [21]. Composite powders of metal and reinforcement can be melted by laser irradiation and then solidified on surface of steels. Since the temperature of laser molten pool is rather high, in-situ reactions could be highly promoted. Due to the rather high cooling rate, the microstructure of the solidified metal also can be greatly refined. Coatings made by laser cladding have the advantages of high deposition rate, dense metallurgical bonding, good wear resistance and flexible chemical composition.



Recently, the multiple ceramic phases induced by the in-situ reactions in MMCs have drawn more and more attention of researchers. Precursor materials such as B4C powders are regarded as a potential reactant in high temperature liquid metal. Bai reported on TiNi-based coatings reinforced by different contents of B4C [22]. Results indicated large amounts of TiC and TiB2 phases were in-situ-synthesized and the coating hardness increased as the content of B4C raised. However, the in-situ reactions were strongly dependent on the laser cladding parameters. In the research of Yilbas, the added B4C powders were kept stable and remained as the final strengthening phases due to the lower power of the laser irradiation [23]. Recently, the modified wide-band diode laser has been widely applied in the laser cladding process [24]. The rectangular laser spot has the advantages of uniform energy distribution, high deposition efficiency and a stabilized temperature field [25]. Due to the unique temperature and liquid flow characteristics in a laser pool, the dissolution and mass transfer of precursor materials varies, and thus affects the in-situ reactions of reinforced phases [26,27]. Although much literature has reported on MMC coatings reinforced with B4C, it is still interesting to study the unique characteristics of microstructure evolution and properties in coatings deposited by wide-band laser.



In this work, a series of Ni–Cr–Fe–Si–B coatings mixed with different contents of Ti and B4C powders were deposited on surfaces of low alloy steels by wide-band laser. This research aims to explain the essential relationship between the microstructure evolution, phase constitution and mechanical properties of coatings deposited by wide-band laser.




2. Materials and Methods


2.1. Materials


Q550 high strength, low alloy steel (HSLA, GB/T17951-2008 [7]) is used as a substrate in these experiments. The chemical composition of base steel (in wt.%) is C 0.18, Mn 2.00, Cr 0.80, Ni 0.80, Cu 0.80, Si 0.60 and Fe in balance. The microstructure of Q550 steel consists of low carbon bainite and lath martensite. The base metals were cut by an electro-discharge cutting machine with dimensions of 60 mm × 20 mm. The thickness of base steel is 10 mm. The cladding materials include Ni–Cr–Fe–Si–B self-fluxing powders (Ni60, zhzm Co., Ltd., Xingtai, China), Ti powders (Ti1, zhzm Co., Ltd., Xingtai, China) and B4C powders (pure 99.8%, zyxd Co., Ltd., Xingtai, China). The chemical composition of Ni–Cr–Fe–Si–B self-fluxing powders (in wt.%) is C 0.85, B 3.60, Si 4.50, Fe 14.0, Cr 16.0 and Ni in balance. Firstly, the Ti powders and B4C powders were mixed in molar ratio 3:1. Then the mixture was added into Ni–Cr–Fe–Si–B self-fluxing powders and uniformly mixed by mechanical stirring. The weight percent of Ti and B4C was 2.0%, 5.0% and 10.0% in coating 1#, coating 2# and coating 3# respectively. Prior to the laser cladding process, the mixed powders were prepared on the surface of a specimen with thickness of 1.0 mm using alcohol as a binder.




2.2. Laser Cladding Process


The laser cladding progress was conducted utilizing a diode laser (LDF4000-100, Laserline Gmbh, Mülheim-Kärlich, Germany). The output laser is a wide-band beam with dimensions of 17 mm × 1.5 mm. As described in former literature, the energy distribution in wide-band laser spot is a near flat top laser beam (FTLB). The optimized parameters ensure to obtain a coating with perfect bonding as follows: laser power 3.0 kW, laser scanning speed 3.0 mm/s. During laser cladding, the laser pool was protected from oxidation using pure Ar (99.9%) as a shielding gas at the flow rate of 12 L/min.




2.3. Materials Characterization


Phase compositions of composite coatings were examined by X-ray diffraction (XRD, D8advance, Rigaku, Tokyo, Japan). The parameters of X-ray diffraction were set as follows: 40 kV, 15 mA, Cu Kα radiation, scanning speed 10°/min, and scanning angle 10°–90°. The microstructure and elemental distribution was studied by field emission scanning electron microscope (FE-SEM, NANO430, FEI, Hillsboro, OR, USA) and energy dispersive spectroscopy (EDS, X-max20, Oxford Instruments, Oxford, UK). The in-situ-synthesized phases were extracted and then examined by high-resolution transmission electron microscopy (HR-TEM, JEM2100, JEOL, Tokyo, Japan). Nanoindentation tests were carried out using a nanoindentor (Nano Indenter G200, Agilent, Santa Clara, CA, USA). Additional specifications of the instrument provide for a displacement resolution of 0.01 nm and a load resolution of 50 nN. The maximum indentation depth was set as 600 μm and holding time was 10 s. During each test, the load and the penetration depth were continuously recorded. The microhardness and elastic modulus of composite coatings were calculated based on the unloading branch using the Oliver–Pharr methodology [28]. The unlubricated sliding wear characteristic was examined by pin-on-disk tests at room temperature (MMU-10G, Yihua Tech, Jinan, China). The applied load was 100 N and the friction pair material was W18Cr4V high-speed steel.





3. Results


3.1. Macro Observation and Phase Constitution


The surface morphology and cross-section structure of the wide-band-laser-deposited Ti and B4C/nickel coatings are presented in Figure 1. As shown in Figure 1a, the width of the single clad track is about 16–18 mm. Due to the uniform energy distribution and unique shape of the wide-band laser spot, the cladding efficiency on a large area could be highly improved. There are many splash particles adhered to the coating surface. This is because of the intense in-situ reaction carried out in the molten pool which leads to the splash of liquid metal. Figure 1b presents the morphology on a cross-section of composite coating. As shown, the fusion line illustrates a dense bonding of substrate and coating layer. There are curved parts at the interface zone due to the dilution of base steel. It is evident that no cracks were observed on the cross-section of the coating layer. Defects of pores were occasionally distributed in the composite coating.



The phase constitution of wide-band-laser-clad nickel coatings with different Ti and B4C content were examined by XRD. Figure 2 shows the diffraction patterns of coating 1#–3#. In all of these coatings, the dominate diffraction peaks are confirmed as FeNi3 which belongs to the γ-Ni solid solution. There are no diffraction peaks of Ti and B4C in the clad coatings, indicating the precursor materials were consumed by in-situ reactions. The in-situ-synthesized phases included Cr7C3, Cr23C6, CrB, TiB and TiC. However, the content and type of these in-situ phases in three coatings show some differences. As the addition of Ti and B4C in coatings 1# was low, the in-situ phases mainly consisted of Cr7C3, Cr23C6 and CrB. With the increase of added Ti and B4C, the diffraction peaks of TiC firstly appeared in coating 2# and then the TiB phase appeared in coating 3#. It could be concluded the in-situ-synthesized phases strongly depended on the reactions in the molten pool. For instance, Steffen G. also reported the Ti–5Al–5Mo–5V–3Cr matrix composites reinforced by in-situ TiB/TiC particles [29]. The Ti powders showed high chemical affinity with precursor B4C, and thus large quantities of TiB, TiC were synthesized. The in-situ reactions of Ti and B4C easily took place under the high temperature. As reported by Yao et al., the in–situ reactions between Cr and C were also promoted in the liquid metal [30]. Due to the relatively high content of Cr in the original nickel powders, the Cr rich in-situ phases were prone to be preferentially synthesized in the molten pool of coatings 1# and 2#. With the increased content of Cr and B4C, the Ti rich phases were formed afterwards. It can be noted the multiple in-situ phases varied as the content of added Ti and B4C changed in the wide-band-laser-clad nickel coatings.




3.2. Microstructure and Elemental Distribution


Figure 3 illustrates the typical microstructure of the composite coating observed by optical microscopy. As shown in Figure 3a, the laser-clad layer was tightly binded with substrate steel. The microstructure of coating 1# in the middle region is magnified and shown in Figure 3b. It can be noted the microstructure of composite coating can be divided into two different regions, that is, the middle zone and the interface zone. The middle zone of the coating layer consists of uniform grains. The magnified image in Figure 3c illustrates the refined microstructure at the middle region. The interface zone consists of white planar growth and columnar dendrites. The microstructure at the inter-dendrite space is greatly refined precipitates. The width of the interface zone shown in Figure 3d was about 100 μm. Planar and dendritic crystals indicate that the interface achieved good metallurgical bonding.



Figure 4 presents the magnified microstructure at the interface zone by SEM. As shown, the columnar dendrites were coarse grey cellular grains in Figure 4a. The chemical composition of columnar dendrites indicated the elements were dominant Fe, Ni, Cr and minor C, Ti, Si. According to the works of Zhang et al., the planar growth in the interface zone indicates a good metallurgical bonding with the substrate [9]. Due to the dissolution of base steel, more contents of Fe were transferred into the bottom of the molten pool, which contributes to the growth of the Fe–Ni solid solution.



The microstructure at the inter-dendrite space consists of close eutectics as shown in Figure 4b. The chemical composition of the eutectic structure indicates that the dominated elements were Fe, Cr, Ti and minor Ni, C. Combined with the XRD results, the probable phases of eutectics consist of a γ-Ni(Fe) solid solution and (Cr, Fe)23C6. It is of importance to confirm the composition of dendrite and eutectics at the interface zone. Chao et al. reported that the XRD results confirmed Ni and other elements, such as Fe, Cr constituting a Ni solid solution as the prime phase in laser-clad Ni–Cr–Mo alloy coating [31]. As to the carbides of M23C6, Wang also observed the compound contained multiple metal elements such as Cr and Fe. Thus they confirmed M23C6 instead of Cr23C6 in their results of XRD tests [32].



To study the effects of Ti and B4C content on in-situ phase evolution, the microstructure in the middle region of laser-deposited coatings was observed by field emission scanning electron microscope. As shown in Figure 5, the microstructure and morphology of the in-situ phases varied as the composition of preplaced powders changed. In Figure 5a, the in-situ phase is mainly composed of uniform equiaxed grains. In the magnified Figure 5b, the chemical composition of the in-situ phase and matrix grain was analyzed by EDS point testing. The results are presented in Table 1. It can be noted the in-situ phases consist of Ni, Cr, Fe and C, while the matrix grain consists of dominated Ni and Fe. Zhou et al. also reported the in-situ phases in laser-deposited Ni60/WC composite coatings [33]. The Cr atoms in chromium carbides could be replaced by Fe, W and thus formed compounds such as M7C3, and M23C6 (M represents for the different metal element). As the EDS point analyses showed, the chemical composition of carbides were also complicated. Except for the dominant Cr, other elements such as Fe, Ni, and Ti were also probably solute in these carbides.



As the Ti and B4C content increased in coating 2#, the morphology of the in-situ phases varied. The dominated in-situ phase own needle-like shapes as shown in Figure 5c. Apparently, the element constitution of these phases was also different from coating 1#. The chemical composition of point C suggests relatively high content of Cr, Fe and C enriched in needle-like phases. Thus, the most probable phase was also (Cr, Fe)7C3. The chemical composition in Figure 5d shows the evidence of exit Ti in the secondary phases. Combining with the XRD patterns, it can be concluded the TiC phase was in-situ-synthesized in coating 2#. It can be noted that the chromium also played an important role in the in-situ reactions due to their high chemical activity relevant to free carbon atoms. Bai et al. explained the decomposition of B4C in the laser molten pool and thus formed the in-situ TiC and TiB2 particles in the composite coatings [22]. In the research of Bartkowski et al., carbides such as Cr7C3 and Cr23C6 are also confirmed in laser-clad nickel composite coatings [34].



As the content of Ti and B4C further increased to 10 wt.% in coating 3#, the morphology of in-situ phases varied evidently in coating 3#. As shown in Figure 5e,f, lots of block phases (point E) and eutectics (point F) were uniformly distributed in coating 3#. EDS point analysis indicating the block phases containing dominated Cr while the eutectics was composed of Cr, Fe, Ti and Ni. Due to the element of B it is difficult to confirm in EDS analysis. The block phase is speculated as CrB based on the chemical composition and XRD patterns in coating 3#. The EDS result of point G (confirmed as γ-Ni) also indicated a certain content of Ti.




3.3. TEM Characterization


To further study the in-situ phases in nickel composite coating, secondary particles were extracted by acid etchant and then observed by TEM. Figure 6 presents the micrographs and the calibrating results of various in-situ phases observed by HR-TEM (high resolution transmission electron microscope). The bright-field image of extracted in-situ particles in coating 3# is shown in Figure 6a. The XRD patterns have confirmed that the product of the in-situ reaction contained multiple carbides and borides in coating 1#–3#. Figure 6b presents the high-resolution lattice structure of combined carbides. The crystalline interplanar spacing of the outside particle was 0.486 nm, close to the d(1 0 1) of Cr3C2. The crystalline interplanar spacing of the inner strip phase was 0.246 nm, close to the d(1 1 1) of TiC. It can be inferred the nucleation behaviors of various carbides were not independent in the laser pool. In coating 3#, the increase of B4C content resulted in the increase of C concentration in the molten pool, which provided a reaction basis for the synthesis of carbides with high carbon content such as Cr3C2. In the rapid solidified liquid metal, the primary TiC plays the role of nucleating sites for in situ synthesis of Cr3C2. As a result, the inner TiC was surrounded by outside Cr3C2 which combined the composite structure of carbides.



Figure 6c,d present the high-resolution image of other in-situ-synthesized particles in coating 3#. The calculated crystalline interplanar spacing in Figure 6c was 0.209 nm, close to the d(1 0 1) of TiB2. The calculated crystalline interplanar spacing in Figure 6d was 0.213nm, close to the d(2 0 2) of Cr7C3. Figure 6e and f present the scattered diffraction pattern of CrB and Cr23C6. The marked R1 = (1 1 1), R2 = (0 2    1 _   ) and the calculated crystal zone axis Z.A. = (   3 _    1 2) is in Figure 6e. The marked R1 = (3    3 _    1), R2 = (1 3    3 _   ) and the calculated crystal zone axis Z.A. = (3 5 6) is in Figure 6f. According to the TEM characterization, the in-situ particles of laser-clad nickel composite coatings were a mixture of multiple carbides and borides. This result agreed well with the phase constitution of coating 1#–3# revealed by XRD patterns.




3.4. Mechanical Properties


The nanoindentation test was used to study the micronano mechanical behavior of the composite cladding layer. As shown in Figure 7a, the internal sensor of the nanoindenter can record the load-displacement (P-h) curve. The calculation method of nanoindentation hardness is consistent with that of microhardness. The following equation is adopted [35]:


  H =    P  max      A c     



(1)




where H is the microhardness. Pmax is the peak load read from the P-h curve. Ac is the projected area of the hardness impression.



The relationship between the equivalent elastic modulus Er and the material parameters of indenter and the measured material is expressed by [36]:


   1   E r    =   1 −  v 2   E  +   1 −   v i  2     E i     



(2)




where E, v, Ei, vi are the elastic modulus and Poisson’s ratio of the tested material and the indenter respectively.



The mechanical properties measured by nanoindentation tests are microhardness and elastic modulus according to the above equations. Figure 7a presents the P-h curves of composite coatings 1#–3#. When the indentation depth is 600 nm, the maximum loads of coating 1#–3# are 73.08, 75.01 and 85.30 mN, respectively. In order to ensure the accuracy of hardness and modulus of elasticity, nanoindentation measurements were tested five times on each coating. The microhardness of coatings 1#–3# as shown in Figure 7b was 6.79, 6.83 and 7.18 GPa respectively. The elastic modulus of coatings 1#–3# shown in Figure 7c was 246 ± 10, 236 ± 8 and 247 ± 14 GPa respectively. Figure 7d illustrates the friction coefficient of different coatings. As shown, the friction coefficient increased synchronously at the first stage of sliding wear. After 900 s, the friction coefficient tends to be stable. Composite coating 1# has the highest value of dry friction wear coefficient in the control group, which was about 0.89. In the contrast, the average friction coefficient of coating 2# and 3# was 0.48 and 0.51.





4. Discussion


According to the TEM characterization of in-situ particles, the reactions which would occur in the laser pool are listed in the following:


B4C = 4B + C



(3)






Ti + 2B = TiB2



(4)






Ti + C = TiC



(5)






Cr + B = CrB



(6)






7Cr + 3C = Cr7C3



(7)






23Cr + 6C = Cr23C6



(8)







As reported by former literature, the temperature of the molten pool could be higher than 2000 K during the laser-cladding process [37]. Thus, both the original B4C and Ti powders melted and dissolved under laser irradiation. The decomposition of B4C (shown in Equation (3)) greatly increased the content of C and B elements in the laser molten pool [38]. Consequently, the in-situ reactions of Equations (4)–(8) were promoted in the molten pool [39,40,41]. The Gibbs free energy via reaction temperature were calculated and shown in Figure 8. It can be noted the Gibbs free energy of Cr23C6 and Cr7C3 were obviously decreased as the reaction temperature was lower than 1600 K. The Gibbs free energy of TiB2, TiC and CrB increased slightly as the reaction temperature rose. However, the Gibbs free energy of in-situ reactions in Equations (4)–(8) were both negative under the temperature of the molten pool. As a result, the multiple carbides and borides were in-situ-synthesized. The mechanical properties of the laser-deposited coatings could be further improved by the dispersion strengthening and grain refinement strengthening effects [42,43].



Combining with the phase constitution by XRD analysis, the probable reinforced phases in coating 1# were mainly Cr7C3. And more notably, titanium compounds such as TiB2 and TiC were not observed in coating 1#, indicating the content of Ti in original cladding materials were partially lost due to the high-power laser irradiation. The actual Ti content transformed into the laser molten pool was lower than that in the prepared powders. As the content of added B4C increased in coating 2# and 3#, a mass of CrB, Cr7C3 and Cr23C6 were synthesized and thus formed the multiple in-situ-phase-reinforced composite coatings. The added Ti was not all consumed by the in-situ reactions, and part of them was solute in the nickel matrix. Due to the high content of Cr in laser molten pool, chromium compounds were the dominated strengthening phases in the designed coatings. It should be noted TiC particles were also detected in coatings 2# and 3# which increased the content of Ti in the mixed powders. The microstructure of TiC in Figure 6b reveals the multiple in-situ phases may have a complex structure. Although the amount of primary TiC phase formed in the molten pool is limited, it can be used as the nucleation site of chromium carbides, thus reducing the nucleation driving force and promoting the precipitation of high-density carbide.



It can be noted the varied composition of Ti and B4C content showed a little influence on the elastic modulus of the composite coatings. The elastic modulus of coating 1# was almost the same as coating 3#. However, this value decreased slightly in coating 2#, as the microstructure indicated the in-situ reinforcements mainly consisted of long, striped Cr7C3 phase which was quite different from the uniform shaped particles in coating 1# and 3#. Due to the anisotropic mechanical properties of the striped Cr7C3 phase, the elastic modulus value of coating 2# changed slightly.



For most alloys and single phase materials, the hardness presents an approximately linear relationship with the elastic modulus. However, the microhardness of metal matrix ceramic composite coatings in these experiments is determined not only by the internal mechanical properties of in-situ phases, but also their density, particle size, shape and distribution [44,45,46,47]. With the increase of in-situ-strengthening phases, the elastic modulus of coating 3# slightly changed, while the hardness increased significantly. Therefore, the comprehensive analysis of microhardness and friction coefficient tests can be concluded that coating 3# has better wear resistance.




5. Conclusions


In this study, nickel coatings reinforced with multiple in-situ phases were deposited by wide-band laser. The adscititious Ti and B4C powders promoted the in-situ reactions in the laser molten pool and subsequently affected the coating microstructure and properties. The main conclusions of this work can be summarized as follows:




	
The microstructure analysis showed that the microstructure of the coating 1# with the least Ti and B4C addition was mainly composed of equiaxial grains. The content of in-situ precipitates distributed at the interdendritic space in coating 1#. As the adscititious Ti and B4C increased in coating 2# and 3#, the needle-like precipitates, block precipitates and lamellar eutectics were also significantly increased.



	
XRD patterns and TEM characterization confirmed that the multiple in-situ phases consist of Cr7C3, Cr23C6, TiC, CrB and TiB. It is believed that B4C was fully decomposed in the laser molten pool, which promotes the formation of various in-situ precipitated phases.



	
Mechanical properties of composite coatings were evaluated by nanoindentation tests. Results indicated the elastic modulus was approximately 240 GPa, which changed slightly in the different coatings. In the contrast, the microhardness increased to the maximum 7.18 GPa in the coating with 10 wt.% Ti and B4C addition. The average friction coefficient of composite coating was about 0.50.
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Figure 1. Macro observation of wide-band laser deposited composite coatings: (a) surface morphology and (b) cross-section. 
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Figure 2. Phase identification by XRD patterns of different composite coatings. 
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Figure 3. Microstructure of composite coating 1#: (a) cross-section (b) magnified region (c) magnified middle zone and (d) magnified interface zone. 
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Figure 4. Magnified microstructure at the interface zone of composite coating 1#: (a) dendrites and (b) eutectics: (a-1) test point; (a-2) chemical composition; (b-1) test point; (b-2) chemical composition. 
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Figure 5. Field emission SEM images of the in-situ synthesized phases in coatings with different Ti and B4C content: (a,b) 2.0 wt.%, (c,d) 5.0 wt.% and (e,f) 10 wt.%. 
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Figure 6. Micrographs of various in-situ phases observed by HR-TEM: (a) bright field electron image (b) high resolution lattice of Cr3C2 and TiC along with the inset showing the FFT (fast Fourier transform) patterns (c) High resolution lattice image of TiB2 (d) High resolution lattice image of Cr7C3 (e) diffraction spot patterns of CrB and (f) diffraction spot patterns of Cr23C6. 






Figure 6. Micrographs of various in-situ phases observed by HR-TEM: (a) bright field electron image (b) high resolution lattice of Cr3C2 and TiC along with the inset showing the FFT (fast Fourier transform) patterns (c) High resolution lattice image of TiB2 (d) High resolution lattice image of Cr7C3 (e) diffraction spot patterns of CrB and (f) diffraction spot patterns of Cr23C6.



[image: Coatings 11 00036 g006a][image: Coatings 11 00036 g006b]







[image: Coatings 11 00036 g007a 550][image: Coatings 11 00036 g007b 550] 





Figure 7. Results of nanoindentation and friction wear tests on different composite coatings: (a) typical load-displacement curves (b) microhardness (c) elastic modulus and (d) friction coefficient. 
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Figure 8. Change of Gibbs free energy as a function of temperature for reactions Equations (4)–(8). 
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Table 1. Chemical composition of marked location in Figure 5 (wt.%).
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Sample

	
Point

	
C

	
Ni

	
Cr

	
Fe

	
Ti

	
Probable Phase






	
1#

	
A

	
1.26

	
24.00

	
32.85

	
37.89

	
–

	
Cr7C3 + γ-Ni




	
B

	
–

	
66.50

	
6.20

	
27.30

	
–

	
γ-Ni




	
2#

	
C

	
4.15

	
7.39

	
46.48

	
35.73

	
6.24

	
Cr7C3 + TiC




	
D

	
1.37

	
57.30

	
7.64

	
30.82

	
2.88

	
γ-Ni




	
3#

	
E

	
1.92

	
–

	
79.08

	
8.55

	
10.45

	
CrB




	
F

	
0.99

	
9.54

	
50.81

	
37.16

	
1.50

	
Cr23C6 + γ-Ni




	
G

	
1.34

	
69.02

	
3.50

	
18.97

	
7.18

	
γ-Ni
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