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Abstract

:

The WC and high chromium cast iron (HCCI) welded layers were prepared on Q235 low carbon steel by hardfacing technique in order to improve high-temperature performance. The microstructure and mechanical properties of the welded layer were investigated. It was found that Fe3W3C is the major strengthening phase of the WC welded layer. Furthermore, a high-temperature three-body abrasive wear experiment was designed and conducted on the welded layers. The results show that the wear resistance of the WC welded layer was much better than that of the HCCI welded layer at both room and high temperatures. During the high-temperature abrasive wear process, the Fe3W3C phase can effectively strengthen the matrix and hence, contribute to improved wear resistance.
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1. Introduction


Q235 low carbon steel has been widely used as structural material due to its good plasticity and welding performance. However, low hardness and poor wear resistance, especially at elevated temperatures, limit its application at severe wear conditions. Thus, surface hardening and coating techniques have been applied to improve the wear resistance of Q235 steel [1,2,3].



Among all the existing techniques, hardfacing is one of the most attractive methods due to its exceptionally low cost, high hardness of welded layer, excellent interfacial bonding force, and low residual stress [1,3,4,5]. It should be noted that hardfacing can not only repair damaged workpieces but also form a cladding metal layer with excellent properties, such as wear resistance, heat resistance, or corrosion resistance on the surface of the workpiece. The properties of the surfacing layer are controlled by the compositions of the surfacing electrode. For instance, a high-manganese steel surfacing electrode was used to obtain a fully austenitic layer with high work-hardening rate, high toughness, and good wear resistance [6]. Furthermore, ceramic particles, such as WC, TiC, and SiC, were introduced to the surfacing electrodes [2,4,7,8,9]. The ceramic reinforced welded layer can be applied to the strongly worn parts, such as concrete mixer blades, high-speed sand mixing boxes, and bulldozers. It is noted that WC is a favorable reinforcement in steels due to its good wettability with the matrix [2,10,11]. Furthermore, it is expected that the WC-containing surfacing layer can also be applied to workpieces that service at high temperatures. However, compared to the room-temperature properties [1], the high-temperature properties of the WC welded layer have received less attention in the literature.



In this study, the WC welded layer and high chromium cast iron (HCCI) welded layer were fabricated on a low carbon steel matrix (Q235) by a continuous multiple-layer surfacing technique. The microstructure of the welded layers was investigated. The hardness of the welded layers was measured at room and high temperatures. Furthermore, a three-body abrasive wear resistance test setup was designed to evaluate the wear properties of the welded layer at high temperatures and room temperature.




2. Experimental Procedures


2.1. Materials and Microstructure Observation


The WC and HCCI welding electrodes (Ø3.2 mm) were provided by the Guangzhou Xinzuan Wear-resistant Material Factory. Their approximate chemical compositions are shown in Table 1. The hardfacing was conducted on a Q235 plate with dimensions of 90 × 90 × 10 mm3. The welding was carried out by a ZX7-400 welding machine with a current of 120–135 A. The thickness of the welded layer was about 3–5 mm.



The cross-sections of the specimens were polished for microstructure observation. The morphology and energy dispersive spectrometer (EDS) element investigations were carried out by a scanning electronic microscope (SEM, Nova NanoSEM 430, FEI, Hillsboro, OR, USA) at 20 V. The phase constituents of the specimens were investigated in a high-resolution X-ray diffractometer (XRD, Smartlab, Science, Japan) at a stable voltage of 40 KV. The profile of the wear traces on the specimen surface was obtained by a 3D profilometer (Bruker, Billerica, MA, USA).




2.2. Mechanical Properties Tests


The hardness of the specimen was measured at room and high temperatures. The force selected for the Vickers microhardness measurement (VPro, Shanghai, China) was 200 mN, and the holding time was 10 s. The high temperature hardness tests were conducted in an ARCHIMEDES tester (HRN/T150, Sike, Ruhr, Germany) protected by a high purity argon atmosphere. Before the wear tests, the specimen was cleaned in alcohol. The wear tests were carried out by a high-temperature wear test machine (MMU-5G, SiDa Instruments Co., Ltd., Jinan, China) with a loading force of 1000 N and a rotation speed of 100 r/min. The geometry of the specimen was 30 × 30 mm2 with a thickness of 3–5 mm. We used the stainless steel (1Cr18Ni9Ti) as a counter grinding part. The geometry of the counter part was carefully designed in order to create the three-body wear configurations. The abrasive sand could be leaked continuously from the channel in the center of the rotating shaft, as shown in Figure 1. The specimen was embedded in the sand. The abrasive sand was white corundum with a size of about 0.2 mm, and the flow rate of the abrasive alumina powder was about 50 g/min. The time of the abrasive wear test was 60 min for both room and high temperatures. A 20 min pregrinding process was conducted on each specimen. The mass of specimens before and after the test was measured by a high-resolution balance with a readability of 0.1 mg (METTLER TOLEDO).





3. Results


Figure 2 shows the XRD patterns of the WC and HCCI welded layers. It shows that the WC welded layer contains three phases: Fe3W3C, BCC iron, and WC. Contrary to conventional views, the Fe3W3C is the main phase of the WC welded layer, as shown in Figure 2a. The intensity of the diffraction peaks of WC phase is very weak compared to the other two phases. This demonstrates that the WC particle is not stable during the welding process in the present Fe–WC system. On the other hand, the Fe–Cr phase is the dominant phase of the HCCI welded layer, as shown in Figure 2b. The fine peaks in Figure 2b belong to the Cr7C3 and Cr23C6 phases in the HCCI welded layer.



Figure 3 displays the cross-section microstructure of the WC and HCCI welded layers. Both welded layers show good bonding with the matrix since no interfacial cracks were observed in the SEM. Some pores can be found in the interface of the WC welded layer, as shown in Figure 3a, but there is no pore in the interior of the welded layer, as shown in Figure 3b. Higher magnification images show that the microstructure of the WC welded layer contains two categories of particles, and these particles are W-rich, as shown in Figure 3b. Combined with the XRD results, we can conclude that the particles in the WC welded layer are mainly the Fe3W3C phase. For the HCCI welded layer, the microstructure consists of two interconnected phases, as shown in Figure 3d.



Furthermore, we conducted the Vickers hardness tests to evaluate the hardness changes from the welded layer to the matrix of the WC and HCCI layers. Figure 4a,b show the indentations on the hardfacing layer and matrix. Five tests were conducted for each data point. Figure 4c shows the hardness results. It shows that the hardness of the hardfacing layer is much higher than that of the matrix. Furthermore, the hardness of the WC welded layer is higher than that of the HCCI hardfacing layer in the same distances from the welding interface.



In order to evaluate the high-temperature properties of the hardfacing layers, Figure 4b shows the results of the temperature-dependent hardness tests. It is noted that the hardness of the WC layers is higher than that of the HCCI welded layer at all the temperatures. Meanwhile, the hardness of the WC welded layer just decreases slightly with temperature at temperatures lower than 600 °C, as shown in Figure 4b. The HRC of the WC welded layer at 800 °C is as high as 52 HRC. For comparison, the hardness of the HCCI welded layer decreases quickly with temperature and the hardness becomes as low as 37 HRC at the temperature of 800 °C. This shows that the WC welded layer has a higher hardness than the HCCI welded layer, especially at high temperatures.



Table 2 shows the abrasive wear properties of the WC and HCCI welded layers at room temperature. Weight loss was used to evaluate wear resistance. It shows that the weight loss of the HCCI layer is about two times that of the WC welded layer. In other words, the wear resistance of the present WC hardfacing layer is twice that of the HCCI hardfacing layer, which is consistent with the hardness test results as shown in Figure 4c. The abrasive properties can be investigated by weight loss at room temperature. However, obvious weight gain can be caused by oxidation at high temperatures. Therefore, we conduct profile analysis on the wear trace on the specimens after an abrasive wear test, as shown in Figure 5. The volume loss of the trace was calculated. Four profiles were used to obtain statistically reliable data. Table 3 shows the volume loss results at room and high temperatures of two welded layers. Wear resistance was reflected by the reciprocal of volume loss. This shows that the wear resistance of the WC welded layer is about twice that of the HCCI layer at room temperature, which is consistent with the results provided in Table 2. However, at 800 °C, the wear resistance of the WC welded layer is three times that of the HCCI welded layer. This demonstrates that the present WC welded layer has excellent wear resistance at high temperatures.



Figure 6 shows the worn surface of the WC welded layer Figure 6a,b and the HCCI welded layer Figure 6c,d. And the cross-section profiles of both the welded layers at room temperature and high temperature. For the WC welded layer at room temperature conditions, Fe3W3C particles can be observed on the worn surface, as shown in Figure 6a. A higher magnification SEM image (Figure 6b) shows that there are no interior and interfacial cracks in the Fe3W3C particles after wear tests. The extrusion of the Fe3W3C particles shows that the presence of these particles can effectively resist wear and hence, improve the wear resistance. For comparison, the worn surface of HCCI at room temperature is very flat and consists of many large grooves. Figure 7 shows the worn surface after abrasive wear tests at 800 °C. Compared with Figure 6, it shows that oxidation takes place obviously at high temperatures, since the worn surface becomes porous, as shown in Figure 7b,d. The oxidation process will accelerate weight loss during the abrasive wear process. Furthermore, some fine grooves were found in the HCCI welded layer, as shown in Figure 7d. This shows that microcutting may be the dominant failure mechanism for the HCCI welded layer at high temperatures. For comparison, obvious particle extrusion was observed on the worn surface of the WC welded layer after abrasive tests at 800 °C, as shown in Figure 7b. This shows that the Fe3W3C particles can also resist wear at high temperatures.




4. Discussion


The microstructure, hardness, and abrasive wear properties of the WC and HCCI welded layers were investigated in this work. Contrary to conventional views, we find that the WC welded layer contains a minor WC phase. The Fe3W3C phase is the dominant strengthening particle in the WC welded layer. This shows that the WC particles will decompose during the welding process. Figure 8 is a schematic diagram that shows the formation processes of the Fe3W3C phase. During the welding process, while the temperature reaches a temperature of about 2870 °C, the WC particle begins to melt and the C and W atoms dissolve from the compounds (Figure 8a). As the temperature rises continuously, the molten pool emerges at the highest temperature and long-range diffusion of C, W, and Fe atoms occurs (Figure 8b). During the cooling stage, the Fe3W3C phase is formed firstly due to its low binding energy, as shown in Figure 8c. As the reaction continues, when the localized Fe is consumed by the formations of the Fe3W3C phase, some WC particles are formed, as shown in Figure 8d.



Based on the above results, the excellent wear resistance of the WC welded layer is caused by the formation of Fe3W3C particles. As shown in Figure 3a, it was found that different shapes of Fe3W3C particles are randomly distributed on the surface and the maximum size of Fe3W3C particles is less than 15 μm. On the contrary, although the hard phase can be observed on the surface of the HCCI welded layer, the size of the primary Fe–Cr phase exceeds 50 μm and it is not suitable for wear conditions. Therefore, the fine Fe3W3C particles contribute to the excellent mechanical properties of the WC welded layer. It has been reported that fine and sphere WC particles have a better strengthening effect than that of the irregular WC particles in the Co matrix welded layer, since the presence of a round particle can reduce the residual stress formed during solidification [2]. However, in the present Fe–WC welding system, the introduction of spherical WC particles is not necessary because most of the WC phase will transform to the Fe3W3C phase.



The present experimental results show that the wear resistance of the WC welded layer is better than that of the HCCI welded layer. The difference of wear properties and worn surface of these two welded layers can be due to the different hardness (Figure 4c,d). For the high-temperature abrasive wear tests, oxidation occurs simultaneously; the oxide scale is brittle and can be readily removed during the wear process. Therefore, corrosion and microcutting are the dominant mechanisms for the mass loss of the HCCI welded layer at high temperatures. However, for the WC welded layer, the Fe3W3C particles emerge on the surface and no fracture and pull-out are found. It suggests that Fe3W3C may have high oxidation resistance, thus, contributing to the improved wear resistance at high temperatures.




5. Conclusions


	
The WC and HCCI hardfacing layers were prepared on the Q235 matrix. The welded layers have higher hardness than the matrix.



	
The Fe3W3C is the dominant strengthening phase in the WC welded layer. The hardness of the WC welded layer is HRC 61 and HRC 51 at room temperature and 800 °C, respectively.



	
The abrasive wear resistance of the WC welded layer is better than that of the HCCI welded layer. Specifically, the abrasive wear resistance of the WC welded layer is twice that of the HCCI welded layer at room temperature, and is triple at 800 °C.
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Figure 1. The high-temperature three-body abrasive wear-resistant setup and the geometries of specimen. 
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Figure 2. The XRD patterns of the WC welded layer (a) and HCCI welded layer (b). 
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Figure 3. The SEM image of the cross-section of the welded layers: (a,b) WC welded layer; (c,d) HCCI welded layer. 
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Figure 4. The hardness of the welded layer at room and high temperatures: (a,b) the indentations on the WC and HCCI hardfacing layers; (c) the Vickers hardness changes from the welded layer to the matrix; (d) the high temperature HRC hardness of both the welded layers. 
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Figure 5. Profile of abrasive wear traces at room temperature (a) and 800 °C (b). 
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Figure 6. The worn surface after abrasive wear test at room temperature: (a,b) WC welded layer. (c,d) HCCI welded layer. 
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Figure 7. The worn surface after abrasive wear test at 800 °C: (a,b) WC welded layer. (c,d) HCCI welded layer. 






Figure 7. The worn surface after abrasive wear test at 800 °C: (a,b) WC welded layer. (c,d) HCCI welded layer.



[image: Coatings 10 00852 g007]







[image: Coatings 10 00852 g008 550] 





Figure 8. Schematic diagram showing the formation process of the Fe3W3C phase: (a) the dissolution of WC, (b) the diffusion of W, C, and Fe atoms in liquid, (c) formation of Fe3W3C, and (d) the formation of WC. 
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Table 1. The main compositions of welding rods.
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Welding Rod

	
Main Element

	
Weight Percent (%)






	
WC

	
C

	
1.5–3.0




	
W

	
40–50




	
Fe

	
10–20




	
HCCI

	
C

	
2.0–3.5




	
Cr

	
16–20




	
B

	
1–2




	
Fe

	
40–50
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Table 2. Abrasive wear weight loss at room temperature.






Table 2. Abrasive wear weight loss at room temperature.





	Sample
	Weight Loss

Δm (g)
	Standard Deviation (g)
	Wear Resistance (1/Δm, 1/g)





	1#
	0.0890
	0.0135
	11.23



	2#
	0.1609
	0.0231
	6.21
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Table 3. Volume loss of abrasive wear at room and high temperatures.






Table 3. Volume loss of abrasive wear at room and high temperatures.





	Sample
	Volume Loss ΔV (mm3)
	Standard Deviation (mm3)
	Wear Resistance (1/ΔV, 1/mm3)





	WC-RT
	7.22
	0.66
	0.139



	HCCI-RT
	14.13
	1.84
	0.071



	WC-800 °C
	13.01
	0.75
	0.077



	HCCI-800 °C
	37.83
	12
	0.026











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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