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Abstract

:

This study applied plasma transferred arc (PTA) welding to fabricate hard cladding layers by using nickel-based superalloy (NCR7) and niobium carbide (NbC) powders as filler material. The resultant composite claddings were coated onto ductile iron and then analyzed to understand the effect of different quantities of NbC on the solidification structures of the cladding layers and on the characteristics of the interface between the cladding layers and the ductile iron. Cutting tests were also conducted to assess the morphology and mechanism of flank wear on PTA NbC/NCR7 composite cladding tools. The results revealed that the cladding specimens’ microstructures comprised a mixture of dendrites and interdendritic eutectics along with a considerable quantity of carbides (MC, M7C3, and M23C6) scattered within the γ-Ni matrix. Incorporating considerable NbC carbide enhanced the claddings’ surface hardness, but it had a limited effect on improving the flank wear on the turning tools. The flank wear on the composite cladding tools intensified as the NbC content was increased. The wear behavior, defined by brittle fractures and stripped NbC particles, led to a decline in turning tool performance. Accordingly, the Ni-based alloy composite cladding with larger NbC particles appears more suitable for sliding or erosion applications under normal stress conditions.
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1. Introduction


Surface coatings are primarily designed to offer functional properties that differ from the inherent characteristics of the material surface and matrix, thus enhancing hardness, wear resistance, and corrosion resistance [1,2,3]. Machine parts that frequently come into contact with each other, such as gears, bearings, crankshafts, and molds, are often composed of high-toughness materials; these parts are subjected to surface coating to achieve both a tough matrix and a wear-resistant surface layer [4,5,6]. Ductile iron is a high-toughness material that exhibits considerable strength, heat resistance, and impact toughness; therefore, it is widely used in applications such as pressure pipes, automobiles, agricultural machinery, construction, and valves [7,8]. To improve its fatigue life, ductile iron is subjected to coating treatments that boost its resistance to wear, corrosion, and high-temperature oxidation.



Current metallurgical-bonding-based surface treatment processes for metals include discharge machining [9], electron beam coating [10], laser coating [11], and plasma transferred arc (PTA) welding [12,13]. Among these processes, PTA welding has gained favor for its efficient welding speed and superior weld quality [14]. PTA welding operates on the same principle as plasma arc welding (PAW) but uses alloy powder as filler material, thus offering more flexibility in alloy selection. Moreover, PTA welding produces a thicker cladding layer that bonds efficiently with the matrix, providing excellent resistance to high-temperature oxidation, corrosion, and wear [15,16]. PTA welding has considerable potential in the application of surface hardening. It is suitable for the covering of hard layers on the surface of materials with good ductility, moderate strength, and relatively cheap prices, thereby improving product profits and applicability.



Ni-based superalloys are frequently used as hard cladding materials in the PTA process [17]. Such alloys maintain a stable austenite structure at high temperatures owing to numerous secondary phases (MC, M23C6, M7C3 carbides) formed by the addition of various alloying elements, thereby improving their high-temperature strength [18]. In addition, they contain ordered intermetallic compounds (γ′ or γ″) that are stable at high temperatures, thus contributing to their considerable creep resistance [19]. Therefore, Ni-based superalloys maintain high strength at high temperatures and exhibit excellent resistance against creep, fatigue, and corrosion, resulting in their extensive application in harsh environments. However, they exhibit poor wear resistance owing to their unique microstructures [20]. To solve this problem, several studies have proposed the addition of carbides into the Ni-based alloy coatings [21,22]. Among the various metal carbides, niobium carbide (NbC) as hard particles has a considerable potential to enhance Ni-based alloy coatings due to its high microhardness, excellent chemical stability, and good wear resistance [23]. In addition, little literature is available on NbC-reinforced Ni-based alloy composite coatings for PTA welding.



The present study used PTA welding to deposit NbC/Ni-based alloy composite powders onto the surface of ductile iron and then examined the role of NbC during solidification. To determine the effects of the NbC content on the wear resistance of the NCR-7 superalloy, this study conducted dry-cutting tests by shaping the composite cladding specimens into turning inserts—which were used as cutting tools—and using an ADC12 die-casting aluminum alloy as the workpiece. ADC12 alloys contain a considerable amount of Si, which can cause considerable wear and a built-up edge (BUE) [24], creating a severe wear environment. Accordingly, the study primarily explored the effects of NbC addition on the solidification structure, hardness, and phase composition of the composite cladding. The study also examined the flank wear characteristics of the turning tool after the cutting tests to clarify its failure mechanism.




2. Materials and Methods


This study used Ni-based alloy (NCR-7) powder and NbC powder as composite materials for PTA cladding. The NCR-7 alloy powder (particle size: 80–320 mesh) served as the matrix for the composite cladding material, and its chemical composition is presented in Table 1. The study then combined the NbC powder at weight ratios of 0, 30, and 50 wt.% with the NCR-7 alloy powder to create the composite cladding powder. Ductile iron specimens were obtained through sand-casting, and its chemical composition is presented in Table 2. Machined ductile iron specimens, each measuring 90 mm × 25 mm × 15 mm, were used as the PTA cladding substrates (Figure 1a). To evaluate the effects of plasma energy on the structural characteristics of the cladding layer, this study fabricated NCR-7 superalloy specimens by using different arc currents. The PTA cladding parameters are detailed in Table 3.



To investigate the wear behavior of the NCR-7 superalloy at high temperatures, dry-cutting tests were conducted. The composite cladding specimens (Figure 1b) were shaped into turning inserts measuring 12.5 mm × 12.5 mm × 9 mm; these inserts were used as the cutting tools in the tests. Moreover, an ADC12 aluminum alloy rod (Φ: ~40 mm) was used as the workpiece in the cutting tests. The following parameters were used in the cutting tests: cutting speed, 200 m/min; feed rate, 0.01 mm/rev; and cutting depth, 0.5 mm (Table 3). Each turning insert was used to cut a fixed distance (300, 600, 900, and 1200 m) into the workpiece, after which it was immersed in a 10% NaOH aqueous solution for 2 h to remove any BUE. Subsequently, the inserts were cleaned with acetone in an ultrasonic machine, and the resulting flank wear was then assessed.



The superalloy specimens were etched with 5% Nital etchant, and their microstructures were then observed through optical microscopy (OM). The specimens’ phase compositions were examined using X-ray diffraction (XRD), and their hardness values were estimated through hardness tests. Rockwell hardness tests were conducted to measure the surface hardness of the cladding specimens. The microhardness distribution from the ductile iron matrix to the cladding layer was determined at 0.25 mm intervals by using the Vickers microhardness test with a 100 g load for 15 s. In addition, a depth profile analysis was conducted for the PTA cladding specimens using scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM-EDS). Finally, after the cutting tests, the flank wear and subsurface morphologies of the tested inserts were observed using OM and SEM to confirm the role of NbC addition.




3. Results and Discussion


3.1. Evolution of Solidification Microstructures and Hardening Ability in NCR-7 with NbC Addition


This study explored the effects of the arc current on the hardness evolution of the NCR-7 cladding specimens, and the corresponding results are presented in Figure 2. The specimens’ hardness values decreased as the arc current was increased (Figure 2a), indicating that all specimens had high surface hardness values at low arc current levels [25]. The plasma overlay current influenced the agglomeration and growth of the PTA cladding structures [26] in addition to influencing the degree of thermal interaction between the matrix and the cladding layer [27]. Moreover, the microhardness distribution from the ductile iron matrix to the clad layer is illustrated in Figure 2b. The microhardness measurement results revealed that the average microhardness of the NCR-7 overlayer was 900 HV and that the microhardness changed significantly in interfacial regions, indicating notable thermal effects during PTA cladding. The average microhardness of the NCR-7 overlayer slightly decreased with the increase in arc current. In addition, the dilution effect caused by higher arc current caused a non-homogeneous overlayer, thus affecting the wear resistance of the cladding layer. On the basis of these results, this study investigated wear resistance by fabricating NCR-7 superalloys with different NbC content levels under a low arc current.



Figure 3 illustrates the microstructures of the PTA cladding specimens with different NbC content levels. The NCR-7 specimens exhibited a uniform microstructure with dendrites and a fine interdendritic eutectic mixture (size: 3–5 μm). The cladding layer without NbC had a relatively pronounced quantity of dendrites (Figure 3a). However, in the cladding layer with 30 and 50 wt.% NbC powder (Figure 3b and 3c, respectively), the powder did not melt fully in the PTA welding process; therefore, the quantity of dendrite structures decreased significantly, resulting in the distribution of a considerable quantity of NbC particles in the matrix. Notably, numerous fine, dark particles adhered to the NbC particle surfaces. According to the literature, NbC particles could provide nucleation sites for chromium diboride (CrB) phases in a molten matrix [23]. Therefore, the fine dark particles observed in the present study could be associated with hardening phases such as CrB or related carbides. Accordingly, the effects of NbC content on the compositions of Ni-based superalloy composite specimens warrant further investigation.



Figure 4 depicts SEM images of the PTA cladding specimens. The results revealed that the specimens exhibited elongated dendrites that primarily contained Cr and C in addition to containing a small quantity of Ni and a considerable quantity of Fe (Figure 4a), which corresponded to MC carbides. Conversely, the interdendritic eutectic mixture was observed to contain an abundant quantity of Ni along with smaller quantities of Cr, Si, O, and C [28]. Notably, both the dendrites and the interdendritic eutectic mixture contained a considerable proportion of Fe, and this can be attributed to the dilution effect induced by the PTA welding process, which caused the thermal diffusion of Fe from the ductile iron matrix to the cladding layer. In this metallurgical context, Ni and Fe formed a Ni–Fe solid solution (γ-Ni) [29]. Thus, these MC carbides contained a small quantity of γ-Ni phases, and the granular eutectic mixture primarily consisted of γ-Ni phases with various carbides. This indicates a nonuniform alloy solution due to rapid, nonequilibrium solidification. Adding NbC to the superalloy specimen modified the size and shape of the MC carbides after solidification (Figure 4b,c). Large, blocky carbides were observed, and they corresponded to the NbC powder, which also contained considerable B content and trace Ti amounts; this can be attributed to the NbC–TiB2 composites formed during high-temperature PTA welding [30]. The presence of high-hardness NbC powder in the cladding layer matrix improved its wear resistance [31], and the NbC–TiB2 composites such as TiB2—an extremely hard ceramic compound with excellent wear resistance and oxidation stability—enhanced the wear characteristics of the Ni-based superalloy.



Figure 5 displays the phase compositions of the PTA cladding specimens with different NbC content levels. All superalloy specimens presented distinct diffraction peaks of (111) and (200) corresponding to a γ-Ni phase [32]. In addition, the specimens presented diffraction peaks corresponding to Cr7C3, Cr23C6, and CrB phases [26,33]. When NbC was added to the NCR-7 specimens, the (111), (200) diffraction peak intensity of the γ-Ni phase changed considerably, suggesting that a decrease in the NCR-7 proportion engendered a decrease in this peak. The (111) NbC phase orientation was the predominant factor contributing to the diffraction peaks corresponding to the carbide phases in the PTA cladding specimens [34], indicating that the NbC present in the composite powders was not completely remelted into the Ni-based superalloy.



Figure 6 presents the elemental distribution profiles along the transverse section of the NCR-7 alloy and NCR-7 alloy composite cladding specimens supplemented with the NbC powder. This study measured the semiquantitative compositions of the subsurfaces of the PTA cladding specimens; in these measurements, the interface region was set to 0 and the cladding layer was directed forward. The distribution characteristics of the elements could be divided into three regions: the cladding layer, the heat-affected zone (HAZ), and the ductile Fe substrate. The cladding layer contained a considerable quantity of Nb, and as the NbC content was increased, the Ni content decreased. This decrease was noted to be similar to the decrease in the γ-Ni phase intensity observed in the XRD patterns. Hence, the cladding layer matrix contained a considerable quantity of Nb, which could engender increased surface hardness due to dispersion strengthening. Fe diffusion into the cladding layer occurred in all specimens, which can be attributed to PTA-welding-induced dilution. The specimen with NbC addition exhibited an enhanced dilution effect, signifying a wider HAZ. However, the specimen with 50 wt.% NbC contained a relatively low Fe content within the cladding layer, suggesting excessive addition of NbC. Furthermore, NbC addition influenced the B and Cr quantities in the cladding layer. Accordingly, the formation of fine carbides (hardening phases) may alter the wear characteristics of the cladding layer [35].




3.2. Effects of NbC Addition on Cutting-Wear Characteristics of Cladding Layer


A previous study indicated that adding NbC could increase structural stress and fragility in a coating layer, thus engendering reduced wear resistance [36]. Because the wear mechanism of NbC-reinforced composite coating layers can be influenced by microstructural features and wear conditions, this study investigated the effects of NbC addition on the cutting-wear resistance of the cladding layer. Figure 7 depicts images of the flank wear on the cutting tool with NCR-7 cladding after various cutting distances. During the cutting tests, aluminum adhered to the flank cutting tool, forming a BUE [37]. As the cutting distance and temperature increased, the BUE accumulation intensified (Figure 7b). To understand the effect of NbC addition on flank wear, the BUE was removed using 3% Nital solution.



Figure 8 depicts microscopic observations of flank wear on composite cladding specimens with different NbC content levels after a cutting distance of 1200 m. The NCR-7 cladding specimen without NbC exhibited normal wear characteristics on its upper edge (Figure 8a). However, after the incorporation of NbC (30 and 50 wt.%), the cutting tools exhibited triangular wear patterns (Figure 8b,c). Notably, the composite cladding specimen with high NbC addition has higher surface hardness, but it has a considerable wear width after the cutting test. As the NbC content was increased, the degree of flank wear became more pronounced, leading to an increased wear width. This result may be attributed to the cladding tool in the side direction undergoing a larger stress during the cutting process. To understand the relationship between tool life and wear behavior, the study measured the tools’ wear width. In general, cutting conditions directly affect the type of flank wear surface formed. According to the JIS B 4011 specifications [38], a relatively uniform wear surface indicates normal wear, and the width of such wear can be estimated by calculating the average value of flank wear. Moreover, an irregular or triangular wear surface indicates abnormal wear, and the width of such wear can be estimated by calculating the maximum wear value (Figure 9).



Figure 10 illustrates plots of the degree of flank wear on the composite cladding tools with different NbC content levels as a function of cutting distance. According to the ISO 3685:1993 definition of tool life [39], an average wear value (VB) of >0.3 mm or a maximum wear value (VBmax) of >0.6 mm indicates that a tool has reached the end of its life. In this study, the degree of flank wear increased as the NbC content was increased, indicating that the addition of NbC did not improve cladding layer wear resistance. The NCR-7 cladding tool without NbC reached its life limit after the cutting distance exceeded 800 m. However, the tool with 30 wt.% NbC approached its life limit at the beginning (300 m) of the cutting tests. This study initially expected that the distribution of NbC within the cladding layer could enhance its wear resistance by forming a wear-resistant skeleton [40]. However, the addition of excess NbC increased structural stress and brittleness in the cladding layer, thereby reducing its wear resistance [36].



This study explored the relationship between NbC content and wear types by examining the surface morphology of the flank wear observed for each composite cladding tool after a 1200 m cutting distance (Figure 11). All composite cladding tools exhibited similar flank wear morphologies, which were predominately characterized by plastic grooves and surface polish. The presence of the plastic grooves suggested that plastic wear was the primary wear mechanism in the cutting tests. The formation of these grooves was attributed to ploughing and microcutting processes; ploughing resulted in the formation of raised portions on the workpiece surfaces, but these portions could be dislodged through repeated abrasion stress (Figure 11). This study determined that the mechanism underlying flank wear could involve cutting-induced material removal and plough-induced fatigue damage through repeated plastic deformation. In addition, brittle fractures within the microstructures could lead to wear, especially in brittle materials. In this context, the addition of carbides could reduce the wear resistance of the cladding layer, possibly due to the NbC carbides detaching from the cladding layer during the cutting process.





4. Conclusions


	(1)

	
The PTA-fabricated NCR-7 specimens exhibited uniform microstructures composed of dendrites and interdendritic eutectic mixtures. The NCR-7 microstructures were primarily composed of γ(Ni, Fe), Cr7C3, Cr23C6, and CrB phases, which contributed to the specimens’ considerable hardness, indicating that the specimens can be used in wear-resistant coating applications.




	(2)

	
Mixing NbC powder with NCR-7 powder introduced NbC hardening particles to the matrix of the PTA composite cladding. Compared with the NCR-7 specimen without NbC, the composite claddings with 30 and 50 wt.% NbC exhibited greater surface hardness due to dispersion strengthening. An analysis of interfacial elements revealed a substantial dilution effect caused by the thermal energy introduced in PTA welding. The composite claddings with NbC addition had considerable Nb content and a wider HAZ.




	(3)

	
Cutting tests revealed that the flank wear observed on the composite cladding tools exhibited a triangular wear morphology, which intensified as the NbC content was increased. The composite cladding tools with high NbC content exhibited failure at the beginning (300 m) of the cutting tests. The composite cladding tools composed of an excessive quantity of hardened NbC particles were prone to fracture due to stress concentration during the cutting tests. Thus, brittle fractures within the microstructures of the cladding tools directly shortened the lifespan of the tools. In addition, the study determined that material removal and fatigue wear during cutting contributed to the functional failure of the tools.
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Figure 1. (a) Microstructure of ductile iron. (b) Dimensions of PTA cladding specimen. 
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Figure 2. (a) Surface hardness of NCR-7 cladding specimen and (b) hardness of NCR-7 cladding specimens in SD direction under different arc currents. 
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Figure 3. Microstructures of NCR-7 specimen with various NbC powder content levels: (a) 0, (b) 30, and (c) 50 wt.%. 
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Figure 4. SEM images of NCR-7 specimen with various NbC powder content levels: (a) 0, (b) 30, and (c) 50 wt.%. 
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Figure 5. XRD patterns of PTA composite cladding specimens. 
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Figure 6. Depth profile of PTA cladding specimen with various NbC powder content levels: (a) 0, (b) 30, and (c) 50 wt.%. 
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Figure 7. Images of flank wear observed on NCR-7 cladding tools after different cutting distances: (a) 300 and (b) 1200 m. 
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Figure 8. Microscopic images of flank wear on the composite cladding tools with different NbC content levels obtained after cutting tests of 1200 m: (a) 0, (b) 30, and (c) 50 wt.%. 
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Figure 9. Patterns of flank wear: (a) normal wear, (b) irregular wear, (c) triangular wear, (d) boundary wear, and (e) alloy’s common wear. 
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Figure 10. Flank wear observed on composite cladding tools with different NbC content levels as a function of cutting distance. 
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Figure 11. SEM images of flank wear on the composite cladding tools with different NbC content levels: (a) 0, (b) 30, and (c) 50 wt.%. 
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Table 1. Chemical composition of Ni-based alloy powder (wt.%).
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	Cr
	C
	Si
	B
	Ni





	NCR-7
	19.0
	0.95
	4.7
	3.5
	Bal.










 





Table 2. Chemical composition of ductile iron specimen (wt.%).
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	C
	Si
	Mn
	P
	S
	Cr
	Cu
	Mg
	Fe





	3.50
	2.78
	0.32
	0.01
	0.015
	0.21
	0.60
	0.03
	Bal.










 





Table 3. Experimental conditions for PTA cladding and cut testing.






Table 3. Experimental conditions for PTA cladding and cut testing.





	
PTA cladding

	
Powder flux

	
2400 g/h




	
Plasma gas (Ar)

	
4 L/min




	
Powder delivery gas (Ar)

	
3 L/min




	
Shielding gas (Ar)

	
24 L/min




	
Overlay current

	
100–140 A




	
Overlay voltage

	
32 V




	
Travel speed

	
80 mm/min




	
Nozzle vibration

	
70 times/min




	
Cu