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Abstract

:

Stellite 6 alloy has excellent wear resistance, corrosion resistance, and oxidation resistance, however the difficulties in traditional processing limit its wide application. Additive manufacturing technology that has emerged in recent years is expected to provide a new way for the processing of stellite 6 alloy. In this study, two square thin-walled stellite 6 parts were fabricated through the wire arc additive manufacturing technology. At the same time, the effect of stress relief annealing on the mechanical performance of the fabricated stellite 6 part was studied and compared with the corresponding casting part. The results indicate that the additive manufacturing stellite 6 components exhibit satisfactory quality and appearance. Moreover, the microstructure of the additive manufacturing part is much finer than that of the casting part. From the substrate to the top region of the additive manufacturing part, the morphology of the dendrites changes from columnar to equiaxed, and the hardness increases firstly and then decreases gradually. In addition, the average hardness of the additive manufacturing part is ~7–8 HRC higher than the casting part. The ultimate tensile strength and yield strength is ~150MPa higher than the casting part, while the elongation is almost the same. The stress relief annealing has no significant effect on the hardness of the AM part, but it can slightly improve the strength.
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1. Introduction


As a kind of cemented carbide, Co-based alloys have excellent wear resistance, thermal fatigue resistance, and corrosion resistance [1,2,3,4]. Stellite 6 alloy is a typical Co-based alloy, and is widely used under extremely corrosive and wearing conditions, such as the aero engine, industrial gas turbine, and nuclear industries [5,6]. At the expense of the great physical and mechanical properties, stellite 6 alloy is difficult to be fabricated by traditional methods. Great efforts have been undertaken to investigate the coating and manufacturing methods of stellite 6 alloy. Aykut et al. systematically investigated the tool wear, chip morphology and cutting force of the stellite alloy in face milling process [7]. It is shown that cutting force increases with the depth of cut and feed, but is independent of cutting speed. Malayoglu et al. studied the advantages of the hot isostatically pressed method of manufacturing stellite 6 alloy and found that excellent corrosion resistance can be obtained compared to the casting method [8]. Apay et al. improved the wear resistance of the AISI 1015 steel through surface hardfacing stellite 6 alloy [9]. All of these methods have played an important role in promoting the application of this alloy. However, to the best of our knowledge, there is no study of fabricating stellite 6 parts by means of additive manufacturing technology. Little is known about the performance of additive manufacturing stellite 6 parts. The present research attempts to fabricate the stellite 6 components with additive manufacturing technology, which is considered to provide a new and advanced fabrication method for the stellite 6 alloy.



As a near net-shape forming technology, additive manufacturing (AM) is widely used in the fabrication of traditional difficult-to-cut metals, such as titanium, molybdenum, magnesium alloys, etc. [10,11,12,13,14]. It is a promising method based on the principle of layer by layer accumulation with a heat source moving in a specific path [14]. Wire arc additive manufacturing (WAAM) uses arc as the heat source and wire as the feedstock. WAAM has been rapidly developed in recent years. Compared with the laser additive manufacturing and electron beam additive manufacturing, WAAM has the advantages of fabricating large structural components because of its higher deposition rate, higher material utilization rate, and lower cost [15,16,17].



Based on the consideration above, the present research is aimed at fabricating the stellite 6 components with WAAM technology. The performance of this component was compared with the casting part to investigate the feasibility of the additive manufacturing method. Furthermore, experiments are designed to verify whether the stress relief annealing has an effect on the performance of WAAM-fabricated stellite 6 component. The microstructure, hardness, and tensile properties were investigated for stellite 6 components.




2. Experimental Procedures


2.1. Experimental Set up and Manufacturing Process


The schematic of the WAAM equipment (Make: BIT, Beijing, China, Model: WAAM 2) used in this work is shown in Figure 1a. It mainly consists of computer numerical control (CNC) machine unit, gas tungsten arc welding (GTAW) equipment unit, wire feeding unit, and argon protection unit. The actual picture of the whole equipment is shown in Figure 1b. For the sake of preventing the oxidation from affecting the performance of the stellite 6 parts, the whole manufacturing process was executed in a sealed working chamber with an argon purity of 99.99%. The raw material used in this experiment is stellite 6 flux-cored wire with the diameter of 1.2 mm, its chemical composition is listed in Table 1. The material of the substrate was 304L and it was treated by mechanical polishing before fixed on the workbench. Its length, width, and thickness are 150 mm, 150 mm, and 5 mm, respectively. Its basic chemical composition is shown in Table 1. Based on our previous research of the WAAM processing, the parameters used in this work were optimized and listed in Table 2. Two thin-walled squares (50 mm in width, 50 mm in length, and 50 layers in height) were manufactured using the same parameter. One was used for testing performance directly, and the other was tested after stress relief annealing as explained below.



The main purpose of this paper is to verify the performance of the stellite 6 parts manufactured by WAAM technology. Three stellite 6 parts with different processing conditions were used for the comparison of the microstructure, hardness, and tensile properties. It includes a deposition part (WAAM part), a heat treatment part (WAAM part after stress relief annealing), and a casting part. The heat treated part, having the same manufacturing parameters with deposition part, is used to verify whether residual stress of the WAAM has an effect on the performance of stellite 6 component. The process of stress relief annealing process consist on heating up to 600 °C for two hours, then air cooled to room temperature. The size of the casting sample is 30 mm × 20 mm × 50 mm and its chemical composition is shown in Table 1.




2.2. Characterization


The deposition part and heat treated part were cut in the same way because they have the same shape. As is shown in Figure 2a, in order to measure the hardness at different locations, a strip-like sample, 15 mm wide, was cut-out. The surface of the hardness testing sample has been mechanically polished to meet the test requirement. Over three drawing samples were cut from the transverse and longitudinal direction respectively to verify whether there is anisotropy of tensile properties. The size of the sample is illustrated in Figure 2c. The test data was averaged, and the fracture surface was analyzed by the scanning electron microscope (SEM) (Make: FEI, Hillsboro, OR, USA; Model: QUANTA FEG 650). At the same time, a 20 mm × 20 mm square was cut-out, then half of it was used to make metallographic sample and the other half was used to measure the chemical composition. The metallographic sample was polished with SiC papers. Afterwards, a mixture solution of H2O:CH3COOH:HCl:HNO3 with a ratio of 1:1:4:1 was used for the etching. The microstructure was characterized by optical microscope (Make: CEWEI, Shanghai, China, Model: LW600LJT) and SEM. The cutting plot of the casting block is shown in Figure 2b, which also includes drawing samples, hardness testing parts, and metallographic parts. The dendritic arm spacing was measured by Image-Pro Plus 6.0 software (6.0, Media Cybernetics, Rockville, MD, USA).





3. Results and Conclusions


3.1. Macrostructure and Composition


The macro-image of the stellite 6 square part manufactured by the WAAM is shown in Figure 3a. It can been seen that the general shape is good, and there are no collapse and spatter phenomenon which have been reported in other researches [18]. The width of the thin wall is about 6.5 mm and the height is about 56 mm. According to previous research, the size of the WAAM component is decided by the shape of the molten pool [19]. Generally, high arc heat input results in a molten pool with decreased height and increased width [19,20]. The whole height of the part is equal to the layer thickness multiplied by the quantity of the layer. This expectation is in good agreement with the experiment result. In addition, although the entire additive manufacturing process is carried out under argon protected atmosphere, the surface of the part does not exhibit metallic luster, which is due to the presence of partial volatiles in the flux-cored wire during the AM process.



The part used for composition test after mechanical polishing is presented in Figure 3b. It can be found from the appearance that there are no macro defects in the AM stellite 6 component. Furthermore, no layer bands appear on the inner surface, which is often reported in the AM components of titanium alloys [21]. Table 3 shows the chemical composition of the WAAM stellite 6 part. The composition of the component is almost consistent with the original feedstock. The subtle differences of the composition (like Fe, Mn, and Cr) are due to interlayer dilution caused by excessive arc heat input during the WAAM process. This leads to the small amount diffusion of elements between the layers and the substrate.




3.2. Microstructure and Hardness


The stress relief annealing does not change the microstructure of the stellite 6 alloy, only the microstructure of the WAAM component and casting block is presented. Figure 4a,c shows the optical microstructure (low magnification) and Figure 4b,d shows the SEM microstructure (high magnification) of the WAAM part and casting part, respectively. Both of their microstructures consisted of hypoeutectic structure. The hypoeutectic structure includes primary dendrites and interdendritic eutectics. The light region with the dendrites form is a Co-rich γ solid solution (fcc) and the dark region is the interdendritic eutectics, mainly consisting of γ-Co with the carbides of M7C3 (hcp). Here the M generally includes Co, Cr, and Fe [3,9]. The high hardness and excellent wear resistance of stellite 6 alloy are mainly due to the presence of the carbides, which are usually distributed in interdendritic areas and grain boundaries [22,23].



Compared with the casting block, it is noticeable that the dendritic branches of the WAAM component are extremely fine. As is known, the cooling rate during the WAAM process is much higher than that during casting for the reason of the little size of molten pool. The high cooling rate leads to the refinement of the microstructure. Moreover, this refinement phenomenon is also greatly observed in the eutectic structure. As is shown in Figure 4b,d, due to the fine microstructure of the WAAM part, the eutectic carbides mostly exhibit lamellar shape, whereas the casting block exhibits an obviously coarse appearance [5]. According to the previous studies, the shape and size of the carbides will affect the hardness of the parts [24,25]. The refinement of the microstructure and the difference in the morphology of the eutectic carbides may improve the mechanical performance of the WAAM parts.



A strip-shaped additive manufacturing stellite 6 part with a substrate is used to measure the difference in hardness at different locations. As is shown in Figure 5a, from bottom-to-top, six regions were selected to measure the hardness. At the same time, the microstructures of these areas were studied respectively to explore its evolution. The hardness test results are presented in Figure 6a. It can be found that the hardness increases firstly and then decreases gradually from the bottom to the top region. As is mentioned above, there is the substrate-elemental dilution phenomenon at the beginning of the WAAM process, which leads to the lower hardness of region b, and there is an increase trend from region b to c, as shown in Figure 5a. Starting from region c, the process of WAAM becomes stable and the hardness decreases gradually, which is mainly caused by the evolution of the microstructure. The reason for the microstructure change is that the cooling rate gradually decreases during the process of the WAAM [26]. In addition, the dendritic arm spacing tends to become larger with the decrease of the cooling rate. Such increase in spacing may result in the decline of the hardness [27,28]. It can be seen from Figure 5b–g that the dendritic arm spacing increases greatly from the bottom to top region, which has good agreement with the theory mentioned above. The primary arm spacing was found to change from 5.31 μm to 10.09 μm, and the secondary arm spacing change from 1.75 μm to 3.76 μm. This also explains the gradual decrease of hardness.



According to Figure 5b–g, it is found that the morphology of the solid solution has the trend of changing from the columnar dendrites to equiaxed dendrites. At the beginning of the WAAM process, there is great heat loss and large temperature gradient for the reason of the cold substrate. Therefore, the epitaxial growth is the main grain growth mode [2], as shown in Figure 5b. Subsequently, the secondary dendrites began to appear and then gradually transformed to equiaxed dendrites, which is mainly caused by the heat accumulation and repeated thermal cycling during the process of WAAM.



Because the hardness of the strip part varies slightly from bottom to top, ten points are taken from the middle position (from 25 to 35 layers) to test the hardness. Then the data was averaged and compared with the hardness of the casting block. The same method was applied to the heat treated part. The results are presented in the Figure 6b, and it can be seen that the hardness of WAAM part and heat treatment part is nearly (7–8) HRC higher than the casting block. The hardness of the stellite 6 is mainly decided by the dendritic arm spacing size as mentioned. It is the significant microstructure refinement of the WAAM part that leads to the decrease in spacing, which contributes to the high hardness. According to measurement, the primary dendritic arm spacing of the casting block is as high as 30.37 μm, while the additive manufacturing part is only 8.28 μm on average. Moreover, no changes were found in hardness after the stress relief annealing. This indicates that the residual stress after the WAAM process has little effect on the hardness of the stellite 6 alloy.




3.3. Tensile Properties


Because the AM technology is based on the principle of the scatter accumulation, which means manufacturing part layer-by-layer, the mechanical properties of the entire part are affected by the overlap quality between each molten pool in the transverse direction, as well as the remelting quality between each layer in the longitudinal direction. Furthermore, the columnar grain formed by the complex thermal cycling during the AM process can lead to the anisotropy of the mechanical properties, which has been reported in other studies [19,29]. Based on these considerations, in this work, over three longitudinal and transverse tensile samples are taken to test the anisotropy phenomenon. The results are averaged and presented in Table 4. It includes ultimate tensile strength (UTS), yield strength (YS), and elongation (EL). According to the result, it can be seen that both the transverse and the longitudinal direction have excellent mechanical properties, which means that the melting overlap quality in the two directions are better and no defects appear. In addition, the transverse and longitudinal mechanical properties of the deposited part and heat treatment part are basically the same, and no obvious anisotropy phenomenon emerges, as shown in Figure 7a–c. As mentioned above, although the morphology of dendrites changes from columnar to equiaxed, the columnar dendrites mainly exist at the bottom (from 0 to 10 layer) of the AM part. A large number of equiaxed dendrites appear in the middle and lower (from 8 to 25 layer) position of the part. The emergence of the equiaxed dendrites leads to no significant anisotropy in mechanical properties. Therefore, the evolution of the microstructures does not have a significant impact on the mechanical properties. The stellite 6 part with comprehensive mechanical properties can be obtained by the WAAM technology.



Since the differences of the two directions are not obvious, the values of tensile properties of the two directions are compared with the casting block on average. The results are shown in Figure 7d. It can be seen that the UTS and YS of the deposition and the heat treatment part are ~150 MPa higher than the casting part, but the EL of the three components are almost the same. According to the previous work, the fracture of the stellite 6 mainly occurs at the interface of the carbide and the matrix [30,31]. The thin microstructure of the WAAM component leads to larger amount of and more tortuous interface of the carbide and the matrix. The high quantity and tortuousness of the interface contribute to better mechanical properties through limiting the crack propagation. As known, the fracture mode of stellite 6 alloy belongs to the brittle fracture, which means the thin microstructure has little effect on the EL. Therefore, the EL of the WAAM part has hardly been improved. In addition, after the stress relief annealing, the mechanical properties of the stellite 6 part have been slightly improved, compared with the deposition part, as shown in Figure 7d. This shows that the residual stress after the WAAM process will affect the mechanical properties of the stellite 6 part to some extent. Therefore, it is necessary to carry out the relevant stress relief annealing after the WAAM process.



Figure 8a,b shows the fracture surface of the deposition part in the longitudinal and transverse direction, respectively. The morphologies of the fracture surface in these two directions are almost the same, which is expected because there is no anisotropy in the mechanical properties. In addition, although stress relief annealing can slightly improve the performance of the WAAM stellite 6 component, the fracture surface images do not show the differences, as shown in Figure 8c. This is because the stress relief annealing only removes the effect of residual stress on mechanical properties and does not change the microstructures. Figure 8d shows the fracture surface of the casting component. It can be seen that the fracture surface shows obvious brittle fracture phenomenon, which is caused by the coarse microstructure of the casting. Based on the analysis above, compared with the casting component, the WAAM stellite 6 part has great refinement in the microstructure. Although the elongation has not changed much, the hardness and mechanical properties have been greatly improved, which have great significance in promoting the application of stellite 6 alloys.





4. Conclusions


In this work, WAAM technology was adopted to fabricate stellite 6 components. Two thin-walled square parts were fabricated, and one for them is subjected to the stress relief annealing process. The microstructure, hardness and mechanical properties of these two components were investigated and compared with the stellite 6 casting part. The main conclusions are as follows.

	
The stellite 6 part manufactured by the WAAM has good forming quality and appearance. The composition of the stellite 6 components is slightly changed compared with the raw materials due to the element diffusion between each layers and substrate.



	
The microstructure of the WAAM Stellite 6 component is much thinner than that of the casting part. From the substrate to the top region, the morphology of dendrites changes from the columnar to equiaxed, and the dendritic arm spacing tend to increase.



	
The hardness of WAAM part rises firstly, and then decreases gradually from the bottom to top regions. Both WAAM part and stress relief annealing component is ~7–8 HRC higher than casting part. The stress relief annealing has no obvious effect on improving the hardness of AM stellite 6 parts.



	
There is almost no anisotropy of the mechanical properties. The UTS and YS of the WAAM component are much better than that of the casting part, but the EL is almost the same. The stress relief annealing process can improve the mechanical properties of the WAAM stellite 6 parts to some extent.
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Figure 1. (a) Principles schematic of the wire arc additive manufacturing system. (b) Overview of the wire arc additive manufacturing equipment. 
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Figure 2. (a) Cutting plot of the deposition part and the heat treatment part. (b) Cutting plot of the casting part. (c) The dimensions of the tensile sample. 
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Figure 3. (a) Stellite 6 square part manufactured by wire arc additive manufacturing. (b) Macro-image of the composition testing specimen. 
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Figure 4. Optical (a,c) and SEM (b,d) microstructure images of the wire arc additive manufacturing stellite 6 part and casting part. 
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Figure 5. (a) Strip macrosection of the wire arc additive manufacturing stellite 6 part; (b–g) microstructure of regions b–g. 
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Figure 6. (a) Hardness of the b–g regions. (b) Hardness of the casting, heat treatment, and deposition part. 
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Figure 7. Tensile properties of deposition and heat treatment part: (a) Ultimate tensile properties; (b) yield strength; and (c) elongation. (d) Tensile properties of the casting, deposition, and heat treatment part. 
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Figure 8. SEM images of the fracture surface: (a) longitudinal direction of the deposition part; (b) transverse direction of the deposition part; (c) longitudinal direction of heat treatment part; (d) casting part. 
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Table 1. Chemical composition of the raw wire, 304L, and casting block (wt.%).
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	Material
	C
	Si
	Mn
	Ni
	Cr
	Fe
	Co
	W
	others





	Raw wire
	1
	0.9
	1
	-
	28
	3
	Bal
	4.5
	<3



	304L
	0.03
	1
	2
	8–12
	18–20
	Bal
	-
	-
	<0.065



	Casting
	1.2
	1.2
	1
	3
	29
	3
	Bal
	4.5
	-
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Table 2. Deposition parameters used in this study.
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	Deposition Parameters
	Values





	Wire feed speed (cm/min)
	100



	Peak current (A)
	200



	Peak time ratio
	25%



	Base to peak current ratio
	10%



	Layer thickness (mm)
	1.1



	Pulse frequency (Hz)
	1.5
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Table 3. Chemical composition of the arc additive manufacturing stellite 6 part (wt.%).






Table 3. Chemical composition of the arc additive manufacturing stellite 6 part (wt.%).





	Cr
	Fe
	Mn
	Mo
	Ni
	Si
	W
	C





	28.92
	4.19
	1.56
	0.013
	2.5
	0.92
	3.9
	1.38
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Table 4. Room temperature tensile properties of deposition and heat treatment parts.






Table 4. Room temperature tensile properties of deposition and heat treatment parts.





	
Groups

	
Direction

	
UTS (MPa)

	
YS (MPa)

	
EL (%)






	
Deposition

	
L

	
965 ± 44

	
748 ± 9

	
1.79 ± 0.35




	
T

	
922 ± 33

	
757 ± 40

	
1.30 ± 0.06




	
Heat treatment

	
L

	
953 ± 43

	
725 ± 7

	
1.71 ± 0.24




	
T

	
1019 ± 11

	
778 ± 20

	
1.73 ± 0.17
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