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Abstract

:

Recently, research has been conducted on nanocomposite thin films containing new additive elements in ZrN. In this paper, a method for depositing ZrCuSiN nanocomposite coatings using a ZrCuSi single target is presented. The ZrCuSi target that was used to easily deposit a ZrCuSiN coating in a mixed gas atmosphere (Ar + N2) was produced by a simple arc melting method (casting process). The effect of the nitrogen content was investigated by depositing a ZrCuSiN coating using alloy targets at various nitrogen gas flow rates (2, 4, 6, and 8 sccm). X-ray diffraction analysis of the ZrCuSiN coatings revealed a ZrN structure with a preferable orientation (200). As the nitrogen flow rate increased, the formation of o-Zr3N4 was dominant in the ZrN formation. A nitrogen gas flow rate of 4 sccm produced a coating with optimal ZrN and a-Si3N4 coordination and maximum hardness (41 GPa). Reciprocal friction tests of all coatings and uncoated carburized SCM415 steel in a 5W30 lubrication atmosphere demonstrated that the 4 sccm coating had the lowest friction coefficient (0.002). Therefore, our method has the potential to be an alternative surface coating technique for materials used in automotive engine parts and various other wear protection applications.
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1. Introduction


The hardness and abrasion resistance of transition metal nitride films, specifically hard coatings including TiN, CrN, and ZrN, have been widely investigated [1,2,3]. ZrN coatings tend to be favored over TiN coatings in industrial applications due to their superior mechanical properties and corrosion resistance. The nanocrystalline composites of ZrN with added elements have gained attention from researchers for the development of ZrN coatings with improved properties. ZrCuN- and ZrSiN-based coatings have been of particular interest [4,5,6,7]. The addition of copper, a soft metal, to ZrN can increase toughness and hardness, while the addition of silicon, a non-metal, results in excellent thermal stability, oxidation resistance, abrasion resistance, and friction characteristics [8]. The ZrCuN coating has an nc-ZrN/Cu structure consisting of a hard and soft phase. The Cu content in the ZrCuN coating is essential to form a hard film. Additionally, when the composition of Cu at the ZrCu target is 10%, the hardness of the deposited ZrCuN coating is at least 40 GPa [9]. In contrast, the excellent properties of ZrSiN coatings are attributable to the formation of an amorphous phase (a–Si3N4); however, the addition of large amounts of Si degrades the mechanical properties of the resulting coating. The highest hardness and friction characteristics of ZrSiN coatings are exhibited at 4%–8% [7,8]. Most studies of ZrCuN and ZrSiN coatings focus on the change in mechanical properties due to the separate addition of Cu and Si. To date, a ZrCuSiN coating containing both Cu and Si has not been reported.



In the manufacture of a multi-component alloy film, different targets corresponding to the different components are often required. The deposition of coatings by a co-sputtering method requires control of various parameters and entails high process costs. Alternatively, for deposition using a multi-component single target, the intended composition of the coating layer can be easily obtained without the use of complex equipment and processes given that the target composition can be transferred to the coating layer. Additionally, if the coating layer has enough toughness, there is no need to increase thin film adhesion by replacing the deposition buffer layer with another material. This is because the buffer layer can only be deposited through a controlled argon atmospheric gas that is homogeneous across targets. This atmosphere-dependent deposition allows for a more advantageous, simplified, and low-cost coating process [10].



To commercialize the developed coating, it is imperative not only that the sputtering method used is simple but also that the composition difference between the deposited film and the target core material is small. Deposition of coatings by a multi-component single target with a grain size below the micrometer range meets these requirements [11]. The multi-component single targets can be manufactured by casting and powder metallurgy [12]. The formation of sputter targets by casting is the simplest fabrication although composition design of the target is crucial.



This paper is the first to report the composition of ZrCuSi that can produce a ZrCuSi multi-component single target using arc melting (a type of casting method) and use the resulting target for ZrCuSiN coating. We successfully synthesized ZrCuSi with varying levels of Si and consequently utilized the resulting materials to deposit ZrCuSiN under various nitrogen gas ratios and in an argon–nitrogen mixed gas environment. Finally, the microstructure and friction properties of the resulting coatings were evaluated.




2. Materials and Methods


2.1. ZrCuSi Alloy Single Target Manufacturing and Analysis


ZrCuSi was prepared by melting Zr, Cu, and Si in an arc melting furnace under an argon atmosphere. Since ZrCuSi alloys have a high formability of amorphous phase, the four compositions were selected around the binary and ternary eutectic points in the Zr–Cu–Si system. Four ZrCuSi ingots were developed, namely Alloy 4.5 (Zr82Cu13.5Si4.5), Alloy 5.5 (Zr84.1Cu10.4Si5.5), Alloy 6.5 (Zr86.3Cu7.2Si6.5), and Alloy 7.5 (Zr88.4Cu4.1Si7.5). All ingots were melted and flipped several times to ensure that the samples were chemically homogeneous. The resulting ingots were processed to produce round targets (diameter = 12.7 cm; thickness = 0.8 cm). A Rockwell hardness tester was used to measure the hardness and toughness of the manufactured ZrCuSi targets with a load of 150 kgf. Ten parts of the target were selected and prepared as samples. These samples were investigated to determine the homogeneity of the microstructure, and the composition of the different types of ingots.




2.2. Coating Deposition


The ZrCuSiN coating was synthesized by a single target fabricated by the arc melting method. This coating was deposited on a Si wafer and on a carburized SCM415 steel circular specimen (diameter = 12 mm), using a DC magnetron sputtering system. For this experiment, only Alloy 6.5, which had the best mechanical properties, was used from among the four compositions (Alloy 4.5, Alloy 5.5, Alloy 6.5, and Alloy 7.5). The distance between the ZrCuSi target and the substrate was maintained at 120 mm. Prior to deposition, the samples were ultrasonically cleaned using an ethanol solution for 10 min. To remove contamination on the substrate surface, the substrate was continuously cleaned for 30 min using Ar-ion bombardment with a DC pulse discharge (Us = 600 V, PAr = 1.2 Pa, Is = 0.02 A). Nitrogen gas flow rates of 2, 4, 6, and 8 sccm were used, and the argon–nitrogen gas flow rate was constant at a total of 24 sccm. Power density (9.8 W/cm2), base pressure (1.5 × 10–5 Pa), process pressure (0.66 Pa), and deposition time (30 min) were fixed. Before deposition of the coating under a nitrogen atmosphere, the buffer layer was deposited in the same target in an argon atmosphere for 10 min to improve adhesion between the coating and the specimen.




2.3. Microstructure Analysis


For microstructural analysis of the ZrCuSiN coating, a coating deposited on a silicon wafer was used. The crystal structures of ZrCuSiN coatings were confirmed using X-ray diffraction (XRD, DMAX-2500, Rigaku, Tokyo, Japan, 2001, 40 kV and 40 mA). The surface hardness and elastic modulus of the coatings were measured using a nano-indenter (HM2000, Fischer Technology, Windsor, CT, USA), and the maximum indentation depth was controlled to less than 10% of the film thickness (about 100–200 nm) to avoid substrate effects. A flat indenter was used to measure the load, and the load application time was 20 s. The surface morphology and roughness of the coating were observed by atomic force microscopy (AFM, Picoplus 2500, Shanghai, China).




2.4. Friction Test of Coating


The friction and wear behaviors of ZrCuSiN coatings were evaluated using a reciprocating sliding wear test, which was conducted using an STM-7 (Hanmi Industries Ltd., Seoul, Korea). The FC25 plate counter was stationary in the test machine, and the ZrCuSiN coating was subjected to oscillating motion. All experiments were performed in a gasoline engine oil lubrication environment with oil additives (Turbo SYN gasoline engine oil, Hyundai Mobis, Seoul, Korea). The test was performed with fixed values of load (100 N), speed (10 Hz), and time (60 min). After the friction test, the specimen was examined using an optical microscope to evaluate the damage on the surface.





3. Results and Discussion


Varying levels of Zr–Cu and Zr–Si were investigated to find the optimal combination (Figure 1a). The compositions of the various ternary ZrCuSi targets prepared by arc melting are summarized in Table 1. Each sample was denoted by Alloy 4.5–7.5 depending on its corresponding Si content. Figure 1b shows the XRD analysis results of the manufactured targets. The target of Alloy 4.5 showed the sharpest peak, which corresponded to a large grain size. As the Si content further increased, a broader peak was observed. Zr2Cu and ZrCu peaks were present in Alloys 4.5–6.5, and Zr2Cu and Zr2Si peaks could be identified in Alloy 7.5. As seen on the back scattered electron (BSE) image of manufactured targets, the alloy with a Si content of 4.5% (Alloy 4.5) possessed a large grain size (Figure 1c). The smallest particles were found in Alloy 6.5. When the Si content increased to 7.5, an increase in particle size was observed, possibly due to the formation of Zr2Si. To investigate the hardness and the toughness of the manufactured materials, an indentation test was performed using the Rockwell hardness method with a load of 30 kg. The hardness values of Alloy 4.5, 5.5, 6.5, and 7.5 were confirmed to be 321, 307, 326, and 339 HV, respectively. No cracks were found in all the targets.



The production of a Zr-based amorphous alloy target has been reported only in the literature [11]. In the aforementioned study, the characteristics of the target and deposited coating were found to be best when the crystal size of a single target was less than 0.5 μm. Furthermore, heat treatment was required to produce fine crystalline targets. Alternatively, the composition under investigation in our study can be used to produce targets with a fine grain size using an inexpensive arc melting preparation method. Alloy 6.5’s target was found to be optimal, with the smallest grain size and outstanding hardness and toughness. This alloy was successfully deposited by magnetron sputtering for long periods of time. The coating was deposited in various mixed-gas atmosphere levels (Ar:N2), and the effects of nitrogen gas flow on the composition of the ZrCuSiN film was investigated using energy dispersive X-ray spectroscopy (EDS) (Figure 2a). The thickness of the deposited coatings was about 2 μm. When nitrogen gas was increased from 2 sccm to 8 sccm, Zr showed the greatest change, with a measured decrease from 66% to 41%. Only slight changes in Cu and Si composition were observed. This was due to the formation of Zr–N bonds as the nitrogen flow rate increased, and the elemental Zr composition appeared to have a stoichiometric decrease. The surface roughness changes of the ZrCuSiN coatings in various N2 gas flows were evaluated using AFM (Figure 2b). Surface roughness is closely related to film structure, and directly depends on the size and orientation of the crystals. The uncovered Si wafer showed an average roughness (Rq) of about 0.15 to 0.2 nm. When the nitrogen gas flow rate was 2, 4, 6, and 8 sccm, the surface roughness (Rq) of the coatings was 0.211, 1.182, 0.347, and 0.147 nm, respectively. Peak roughness of 1.182 nm was observed at 4 sccm, which was smoothed when the nitrogen gas flow was further increased. It is well documented that the changes in the surface roughness of the coating are related to crystal orientation, particle size, and structure density. Previous studies have shown that the surface of the coating is smoother when subjected to high nitrogen gas flows [13].



The XRD pattern of the deposited ZrN-based coating is shown in Figure 3a. In general, the ZrN film exhibited a face-centered cubic (fcc) NaCl structure with multiple orientations of (111), (200), (220), (311), and (222) crystal planes (Reference pattern ICDD PDF 35-0753). The XRD pattern for the ZrCuSiN coating was identified as a single broad band at 2 sccm, which corresponded to a typical peak for an amorphous structure. This suggests that the nitrogen content was not sufficient to form the nitride phases. At 4 and 6 sccm of nitrogen flow, ZrCuSiN coatings included a preferred (200) orientation of the ZrN crystals. These changes in grain growth have been reported in Me–Si–N systems (Me = Ti, Zr, W, V, Cr, Mo, and Ta, which are all transition metals) [14]. Most of the transition metal nitride phases show full immiscibility of the MeN phase with silicon [15]. However, the incorporation of silicon atoms in the MeN fcc lattice can result in a change in crystal growth [16,17]. A broad reflection peak observed between 2° to 35.2° (obtained at 8 sccm), and close to the position of the (320) and (042) peaks, was related to o-Zr3N4 [18]. At high nitrogen gas flow rates, the crystallization of the structure of the ZrCuSiN coating was incomplete.



A transmission electron microscopy (TEM) analysis of the microstructure of the 4 and 6 sccm ZrCuSiN coatings confirmed the XRD findings and clearly showed the nc microstructure of the nanocomposite (Figure 3b,c). The grain size of ZrN in the coatings was found to be ca. 10 nm for the 4 sccm coating and ca. 5 nm for 6 sccm. These ZrN nanocrystals exhibited an encapsulation structure and were distributed across the amorphous phase. This amorphous phase consisting of amorphous silicon nitride (a–Si3N4) resulted from the addition of Si into ZrN. This phenomenon has been observed in other MeXN (X = Cu, Cr, Ag, Ni, or Sn) coatings [19,20,21]. The microstructure identified in the 4 and 6 sccm coatings closely matched the concept of a nanocomposite structure proposed by Veprek [22].



Even when added in very small amounts, Cu and Si exhibited the same mechanism of covering ZrN particles to prevent ZrN growth. When a small amount of Cu was added, most of the Cu was either included in the ZrN grains or was randomly located at a defect site (e.g., grain boundaries). The incorporation of Cu is difficult to confirm using only TEM images [23]. Therefore, X-ray photoelectron spectroscopy (XPS) was performed for additional analysis of the phase identified using TEM. XPS analysis for the chemical bonding of Zr, Cu, Si, and N elements was conducted on the coating under a nitrogen gas flow rate of 4 sccm (Figure 4). A C1 peak of 284.6 eV was used to correct the XPS spectra [24]. Four peaks related to Zr 3d were observed (Figure 4a). The prominent peaks that appeared at 180.9 and 183.3 eV covered a substantial curve area corresponding to ZrN [25]. The ZrO2 oxide phase was assigned to the peaks at 181.7 and 184.1 eV. These observations were almost identical to previously reported values [26]. The Zr–N bond was formed during a reaction with the N2 atmosphere gas, while the Zr–O bond was formed due to the influence of small amounts of oxygen present either in the target or in the chamber. Based on thermochemical data of zirconium oxides and nitrides, the formation of Zr–O was more energetically advantageous than Zr–N (  Δ  H  f Z r  O 2     : −1100.6,   Δ  H  f Z r N    : –365.5 kJ/mol) [27]. Therefore, ZrO2 was readily formed and found in thin films even in the presence of small amounts of oxygen.



Cu and Cu2O bonds were attributed to 932.4 eV and 933.6 eV, respectively [24]. Cu–O bonds were readily formed due to a similar reaction to Zr–O. In the N 1s spectrum, prominent peaks were observed due to the presence of bonds such as O–Zr–N (395.8 eV), ZrN (396.6 eV), and Si3N4 (397.4 eV) [28,29]. The Si 2p spectrum was separated into multiple peaks as nitrogen increased. At 4 sccm, the main peak located at 101.8 eV corresponded to Si3N4, confirming that the amorphous phase identified in TEM was a-Si3N4 [20,30,31]. The heat of formation of Si3N (  Δ  H  f S  i 3   N 4     = −745.1 kJ/mol) was more negative than that of ZrN (  Δ  H  f Z r N    = −365.5 kJ/mol), and α–Si3N4 bonds were formed earlier than ZrN bonds in the reactive N2 atmosphere [32,33]. Both XPS and TEM results confirmed that amorphous Si3N4 formed first and subsequently encapsulated the ZrN crystal to limit crystal growth.



The changes in hardness (H) and elastic modulus (E) of the ZrCuSiN coating were investigated at various N2 gas flow rates (Figure 5a). The coating was measured under a maximum load of 10 mN and at an indentation depth of less than 10% of the coating thickness. As the nitrogen gas flow increased, the ZrCuSiN coatings exhibited highest hardness (40 GPa) at 4 sccm, with a subsequent decrease of hardness with increase of nitrogen. This maximum hardness value observed in the 4 sccm coating was a result of the formation of nc-ZrN and its uniform distribution in the a-Si3N4 matrix. Very small crystals (≤10 nm) separated by an amorphous matrix (a-Si3N4, Cu) behave differently than conventional materials (generally with particles larger than 100 nm). The nc hard coating can be made harder with either appropriate microstructure design or with an increased grain boundary complexity (grain boundary strengthening). a-Si3N4 is known to be an important factor in increasing the hardness of MeSiN coatings by preventing cracking along grain boundaries [18,34]. The properties of nanocomposites strongly depend on the volume fraction of the amorphous matrix, and hard nanocomplex coatings generally have the highest hardness at a nanocrystal size in the range of 1–3 nm [19,34]. In contrast, further increasing the volume fraction of amorphous Si3N4 in the ZrN-based coating decreases the hardness of the coating [7]. The hardness decreases at 6 sccm were accompanied by a decrease in crystal size and an increase in the amorphous phase, as confirmed by the TEM analysis. The rapid hardness drops at 8 sccm were due to the formation of both an amorphous phase and an unstable o-Zr3N4 phase.



The friction–wear characteristics of ZrCuSiN coatings, produced at varying nitrogen flow rates and deposited on carburized SCM 415 circular disc specimens, were investigated using reciprocal friction tests under a 5W30 lubrication atmosphere (Figure 5b). Uncoated SCM 415 steel was used as a control. The 2, 4, 6, and 8 sccm nitrogen flow rate coatings exhibited friction coefficients of 0.025 (highest), 0.002 (lowest), 0.004, and 0.013, respectively, while the coefficient of friction of SCM 415 was 0.02 (Figure 5b). After the test, the surface of each specimen was observed using an optical microscope (Figure 5c,d). The SCM 415 surface was found to be severely abraded, while the 4 sccm coating was not. This observation can be attributed to the formation of a tribolayer (or a mechanically mixed layer) that protects the worn surface, which in turn lowers the wear rate. The mechanism of the lower friction coefficient of ZrCuSiN coating will be further investigated in future studies.




4. Conclusions


A simple arc melting method was used to produce a ZrCuSi alloy target. Using this alloy target, a ZrCuSiN coating was successfully deposited using magnetron sputtering under a range of different nitrogen flow rates. As a result, the homogeneous composition of the alloy target was transferred to the coating. This coating exhibited excellent mechanical properties, including a maximum hardness of 41 GPa, and minimum friction coefficient of 0.002 at 4 sccm nitrogen gas flow rate. This was regarded as the optimal ZrCuSiN coating in this study. The excellent properties of the coating were found to be related to the nc–ZrN/Cu/a–Si3N4 formed in the ZrCuSiN coating. The evaluation was done using TEM, XPS, and nano-indentation test results. The coating described in this study shows great potential for use in automobile engine parts, which require excellent wear resistance and low friction characteristics in harsh environments. The tribo-layer formation of ZrCuSi coatings that induce low frictional properties should be further investigated in future studies.
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Figure 1. (a) Compositional design of Zr–Cu–Si target. (b,c) Analysis of manufactured targets prepared by arc melting. (b) XRD peak of ZrCuSi targets. (c) Surface BSE images of the prepared ZrCuSi targets. 
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Figure 2. (a) Composition of ZrCuSiN coatings deposited at different N2 gas flows. (b,e) 3D AFM images of the ZrCuSiN coatings deposited at different nitrogen gas flows: (b) 2 sccm, (c) 4 sccm, (d) 6 sccm, and (e) 8 sccm. 
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Figure 3. (a) XRD patterns of the ZrCuSiN coatings deposited at different N2 gas flow rates. (b,c) TEM images of the ZrCuSiN coatings deposited at different nitrogen gas flows: (b) 4 sccm; (c) 6 sccm. 
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Figure 4. XPS profiles for ZrCuSiN coatings at 4 sccm. (a) Zr, (b) Cu, (c) Si, and (d) N. 
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Figure 5. (a) Effects of N2 gas flow on the hardness and elastic modulus of ZrCuSiN at different N2 gas flow rates. (b) Friction coefficient of ZrCuSiN coatings deposited at different N2 gas flow rates. (c,d) Images of the coating surface after the friction test: (c) SCM 415, and (d) 4 sccm. 
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Table 1. Compositions of designed alloys fabricated by arc melting (at.%) a.






Table 1. Compositions of designed alloys fabricated by arc melting (at.%) a.





	
Alloy

	
Zr

	
Cu

	
Si






	
Eutectic point in Zr–Cu

	
72.4

	
27.6

	
-




	
Eutectic point in Zr–Si

	
91.2

	
-

	
8.8




	
Alloy 4.5

	
Designed composition

	
82

	
13.5

	
4.5




	
Manufactured alloy composition

	
80 ± 0.5

	
14.4 ± 0.3

	
5.6 ± 0.2




	
Alloy 5.5

	
Designed composition

	
84.1

	
10.4

	
5.5




	
Manufactured alloy composition

	
83.4 ± 0.7

	
9.39 ± 0.4

	
6.6 ± 0.3




	
Alloy 6.5

	
Designed composition

	
86.3

	
7.2

	
6.5




	
Manufactured alloy composition

	
85.4 ± 0.5

	
7.88 ± 0.9

	
7.71 ± 0.7




	
Alloy 7.5

	
Designed composition

	
88.4

	
4.1

	
7.5




	
Manufactured alloy composition

	
87.2 ± 0.6

	
4.08 ± 0.5

	
8.75 ± 0.4








a Values represent the averages of three different measurements of alloy targets, respectively. Standard deviations for each set of measurements are also given.
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