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Abstract

:

This study surveys the influences of travel speed, voltage, and intensity on the characteristics of low-carbon steel samples generated by the Wire Arc Additive Manufacturing (WAAM) technique. The results indicated that the WAAM samples have isotropy grain shape, with grain size number values varying from about 8 to 12. Interestingly, the WAAM sample achieves better mechanical properties with a higher ultimate tensile strength (UTS) value and higher elongation at break value than the original wire. The UTS value of the WAAM sample is 21–40% higher than the original steel wire. The WAAM sample with a travel rate of 350 mm·min−1, a voltage of 24 V, and an electrical intensity of 120 A reaches the highest UTS value of 694 MPa. The WAAM sample with a travel rate of 400 mm·min−1, a voltage of 22 V, and an electrical intensity of 170 A gains the lowest UTS value of 599 MPa. Moreover, the elongation values oscillate around 41–57%, two or three times higher than the original steel wire. SEM microstructure reveals a ductile fracture surface with dimples of the samples after the tensile test, indicating the toughness of the samples. The fracture surface also shows the equiaxial shape and grain size of the WAAM samples. According to Taguchi analyses, the travel rate factor greatly impacts grain size. The voltage factor has the highest effect on the UTS value. The intensity factor has the most significant impact on the elongation value.
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1. Introduction


Recently, additive manufacturing (AM) has emerged as a promising manufacturing method that, in many cases, could replace traditional manufacturing methods [1,2,3]. The original material shapes for AM method are powder or wire, and they are melted and adhered to generate the designed forms. Powder materials require a laser beam or electron beam which are expensive and high-energy consumption devices, despite the fact that they could build high-resolution parts [4,5,6,7]. Compared to powder materials, wire shapes have the merits of saving fusion energy and time during the additive process. Significantly, the metal wire could create high mechanical characteristics that could be applied in marine, aerospace, and automobile industries [8,9,10].



Due to the availability of arc generation devices, the Wire Arc Additive Manufacturing (WAAM) technique has attracted much attention [11,12,13,14,15]. Additionally, wires in various sizes and material types can be easily found on the market. This method has the benefits of high productivity, low cost, industrial readiness, and the capacity to produce large numbers of products [16,17,18,19,20]. During the WAAM process, many factors, such as material selection, travel rate, electrical voltage, and electrical intensity, are the main parameters that impact the sample quality. Prado-Cerqueira et al. [21] showed that with an AWS ER70S-6 steel wire, 0.8 mm diameter, the optimal travel rate should be 400 mm·min−1; increasing the travel rate over 400 mm·min−1 reduces the shape accuracy and surface quality. According to Wang et al. [22], the WAAM sample’s tensile strength could be increased to 540 MPa by using 316L stainless steel wire at 22.1 A, 135 V, and 600 mm·min−1. In contrast, Lou et al. [23] examined how the arc mode affected the wire’s 6061 aluminum alloy properties. They suggested that a small-power pulsed arc is preferable for increasing efficiency. Popov et al. [24] proved that the WAAM technique could achieve a deposition rate of 50–130 g·min−1, which is significantly higher than laser or electron beam techniques. In laser/electron beam techniques, the deposition rate can only reach 2–10 g·min−1. Besides the advantage of a high deposition rate, Evans et al. [25] pinpointed that the WAAM technique does not require a vacuum and a powder recycling system in contrast to a technique using powder. Martina et al. [26] applied the WAAM technique to fabricate a 3D printing component from a 17–4 pH stainless steel wire. The deposition rate was 9.5 kg.h−1, and the travel speed reached 1200 mm·min−1 when the printing was assisted with a tandem torch. Takagi et al. [27] used magnesium alloys to conduct WAAM components and indicated that the printed components had a lower rate of defects than conventional techniques. The tensile strength of the printed component was sufficient compared to the bulk materials. Interestingly, Shi et al. [28] designed an active cooling system consisting of a cooling well that removes excessive heat input during printing. The cooling system helped increase 9–15% wire-feed and reduced 42–54% dwell time.



Interestingly, Yildiz et al. [29] studied the WAAM process of high-strength low, alloy steel wire. This study pointed out that the orientation of the tensile specimen influences the tensile properties. The samples with horizontal direction are more substantial than the vertical ones. The tensile strength, yield strength, and elongation values of the horizontal direction are 509 MPa, 955 MPa, and 20.1%, while in the vertical direction, these values are 493 MPa, 934 MPa, and 17.4 MPa. Xiong et al. [30] stated that increasing the travel and wire feeding rates leads to an increase in surface roughness. Hosseini et al. [31] studied the effects of printing paths on the shape of the duplex stainless steel sample. Suitable printing paths could achieve uniform layer shapes. Feng et al. [32] surveyed the influence of single and double-wire feeding systems on the surface quality of the WAAM sample. They revealed that the double-wire feeding system could increase the printed sample’s efficiency and surface quality. The summary of some previous WAAM studies is presented in Table 1. The WAAM process could become a manufacturing method that, in many cases, could replace conventional manufacturing methods. Wire shapes can save fusion energy and time during the additive process compared to powder materials. Significantly, the metal wire could create high mechanical characteristics that could be applied in the marine, aerospace, and automobile industries. Therefore, the Wire Arc Additive Manufacturing (WAAM) technique has attracted much attention. During the WAAM process, many factors, such as material selection, travel rate, electrical voltage, and electrical intensity and devices, impact the sample quality. Thus, this special issue focuses on the effects of parameters and devices on the characteristics of the WAAM sample. The characteristics of a popular mild steel wire such as AWS E70S-6 are rarely discussed.



In this study, we aim to investigate the effects of travel rate, electrical voltage, and electrical intensity on the microstructure and mechanical properties of the WAAM sample. The selected printing wire is AWS E70S-6. Remarkably, the sample is printed using a CNC machine and a conventional welding machine. The results could be easily applied in the industry as the printing wire and the equipment are available. Additionally, the study reveals the optimal parameters for achieving the desired mechanical properties and microstructure.




2. Experimental Methods


Figure 1 shows the typical WAAM process. The preparation process to generate a 3D printing steel sample is presented in Figure 2. Initially, the welding gun is fixed on a CNC machine. After that, the sample is printed on an S20C steel base to reduce the heat and avoid sample deformation. The composition of the S20C steel base is presented in Table 2. The steel wire used for this process is AWS A5.18 ER 70S-6 with a 0.8 mm diameter. The wire has a minimum tensile strength of 496 MPa and a 22% elongation value. The chemical composition of the AWS A5.18 ER 70S-6 steel wire is shown in Table 3. The sample shape is then created in accordance with ASTM E8/E8M-13 standards. After preliminary tests to eliminate some welding problems, the WAAM process parameters are set in Table 4. Each sample number has three samples, and three sample numbers create 01 sample group. The sample in the same group has the same voltage and intensity. Table 4 is built by some tests before conducting experiments. We also considered some previous studies that were mentioned in the introduction section. Moreover, the Minitab software also helps us design the experiment and analyze the results.



After printing, the block is cut into smaller samples by wire-cutting method. WAAM samples are analyzed via the microstructure and the mechanical properties. The samples are polished using the grinding polishing MP-2B machine and etched with Nital 4% solution before being examined for metallurgical microstructure. The microstructures are observed via optical and SEM microscopes (JEOL 5410 LV, Japan), and the mechanical properties are investigated by a tensile test machine (SANS model CHT4106, China). The mechanical analyses involve Minitab software with L8 orthogonal array, three factors, and two levels. The orthogonal array is relatively small but helps point out the affecting rate between different factors.




3. Results and Discussion


3.1. Microstructure


Figure 3 shows the microstructures of the WAAM samples at different process parameters. The figure demonstrates that the microstructures comprise a pearlite phase that scatters on the ferrite matrix and a white ferrite phase, as shown in Figure 3h. These metallurgy microstructures show the low-carbon steel structure of the welding wire due to the dominant ferrite phase compared to the pearlite phase [33,34,35]. Furthermore, the grain shape of the samples has a better isotropy shape than the textured grain of welding wire, which has an anisotropy shape. The reason is that the melting and solidification during the WAAM process reshape the steel samples’ grain size structure, eliminating the initial wire’s original anisotropy shape. The grain sizes of different process parameters have a similar range, and more than the difference between these grain sizes is required. To further evaluate and compare the grain size of these samples, the grain size distribution is presented in the following result.



Figure 4 shows the grain size number distribution of WAAM samples at different process parameters. The grain dimensions are measured via ImageJ software and classified using the ASTM E112 standard:


  N   (   M   100   )   2   =   2   ( n − 1 )    



(1)




where N is the number of grains per square inch, n is the grain size number, and M is the magnification. Before melting to form the WAAM sample, the original grain size number of the steel wire that suffered the cold drawing process varies from 11 to 12. Generally, the grain size numbers vary around 8–12, primarily concentrated in the 9–11 range. The average grain area values range from 62 µm2 to 207 µm2, as shown in Table 5. These results indicate that sample 5 with F = 350 mm·min−1, U = 24 V, and I = 170 A has the smallest grain size. On the other hand, sample 10 with F = 300 mm·min−1, U = 22 V, and I = 120 A has the largest grain size. Notably, with the same voltage of 22 V, sample group 1 with the intensity of 170 A has a smaller average grain size of 92 µm2 than other cases. In contrast, sample group 4, with the intensity of 120 A, has the largest average grain size with 134.3 µm2. Overall, the electrical intensity significantly impacts the sample grain size. A Taguchi analysis is conducted in the following results to compare these parameters’ influence on the grain size.



Table 6 presents the response table for Signal-to-Noise ratios for grain size, applying the criteria “smaller is better”. Factor travel rate recycled has levels of 300 mm·min−1 and 300 mm·min−1; factor voltage has levels of 22 V and 24 V; factor intensity has levels of 120 V and 170 V. The results demonstrate that factor travel rate is the most impact factor of the grain size. The intensity rate has a lower influence rate, while the voltage factor has the lowest influence rate. Increased travel rate and intensity could lead to a smaller grain size, while increasing the voltage leads to more apparent grain size, as shown in Figure 5.




3.2. Tensile Strength


Figure 6 represents the stress-strain diagrams of the WAAM samples at different process parameters. Each sample number has three samples, and the average mechanical properties of the WAAM samples are shown in Table 7. The ultimate tensile strength (UTS) values range from 599 MPa to 694 MPa. Remarkably, compared to the original welding wire AWS A5.18 ER 70S-6, which possesses a UTS value of 496 MP, the WAAM sample obtains a considerably higher UTS value. The UTS value of the WAAM sample is 21–40% higher than the original steel wire. The reason is the rapid melting and cooling rates during the printing process, leading to a fine microstructure of the WAAM sample [36]. In addition, sample 8 with F = 350 mm·min−1, U = 24 V, and I = 120 A reaches the highest UTS value of 694 MPa. On the contrary, sample 3 with F = 400 mm·min−1, U = 22 V, and I = 170 A gains the lowest UTS value of 599 MPa. Furthermore, compared to other travel rates, a 350 mm·min−1 travel rate creates higher UTS values than samples. In detail, when considering inside the small group 1–4 with the same voltage and ampere values, samples 2, 5, 8, and 11 with a travel rate of 350 mm·min−1 have higher UTS values. Furthermore, group 3 appears to obtain the highest average UTS value of 639 MPa, while group 4 has the lowest highest average UTS value of 639 MPa compared to other groups. The reason for the yield strength value of sample 4 could be explained by the Hall–Petch equation, in which a larger grain size leads to a lower strength. Sample 4, with a grain size of 166 µm2, which is the large grain size, has very low UTS values of 602 MPa. On the contrary, samples 5 and 12 have high yield strengths of 518 MPa and 521 MPa due to the small grain size of 62 µm2 and 79 µm2.



The response table for Signal-to-Noise ratios for UTS values using the maxim “larger is better” is shown in Table 8. The UTS value is most significantly impacted by factor voltage and the travel rate has a lower influence rate, while the intensity factor has the lowest influence rate. Unlike the grain size response, where the voltage factor is the most negligible impact factor, the voltage factor is now the most impact factor on the UTS value. Figure 7 demonstrates that while the intensity has little effect on the UTS value, a higher travel rate and a lower voltage may result in a higher UTS value.



Table 7 shows the elongation of WAAM samples at different process parameters. Interestingly, compared to the original welding wire AWS A5.18 ER 70S-6, which has an elongation of 22%, the WAAM sample obtains an exceedingly higher elongation value. The elongation values oscillate around 41–57%, two or three times higher than the original wire. The reason for this significant improvement may be the same as the reason for the increase in UTS value. The macrostructure of the printing pathway leads to an increase in the ductility of the sample. Moreover, samples 10, 11, and 12 with low voltage and intensity (U = 22 V, I = 120 A) present high elongation values of 55%, 57%, and 54%. On the contrary, samples 1, 2, and 3 with higher intensity (U = 22 V, I = 170 A) represent high elongation values of 48%, 41%, and 41%.



Table 9 shows the response table for Signal-to-Noise ratios for elongation values using the “larger is better” criterion; factor intensity significantly influences the elongation value. Voltage has the lowest influence rate, while the travel rate factor has the lowest. In contrast to the UTS value response where the intensity factor has the most negligible impact, the intensity factor now has the most significant effect on the elongation value. Figure 8 shows that increasing the voltage can result in a higher elongation value. When the travel rate and intensity rise, the elongation value decreases.




3.3. SEM Results


Figure 9 illustrates the SEM fracture surface of WAAM samples at different process parameters. The results point out the ductile fracture surface with dimples of the samples after the tensile test, indicating the high elasticity of the pieces [37,38,39,40]. Moreover, the fracture surface also reveals the equiaxial shape and grain size. For example, samples 4 and 10 with grain sizes 166 µm2 and 207 µm2 have larger dimple sizes. At the same time, samples 5 and 12, with grain sizes 62 µm2 and 79 µm2, have small dimple sizes. In addition, samples 6–12 with lower intensity (U = 22–24 V, I = 120 A) demonstrate mostly deeper dimples as they have more excellent ductility. Notably, some pores appear in Figure 9b,h,i, corresponding to samples 2, 8, and 9. These pores appear due to the shrinkage and emission of dissolved gas during solidification [41,42,43]. The supply of CO2 gas during the WAAM process also contributes to the formation of pores.





4. Conclusions


This study examines the microstructure and mechanical properties of low-carbon steel samples produced by the WAAM technique. The effects of travel rate, voltage, and intensity are investigated. The results show that the microstructure of the WAAM samples has an isotropy grain shape, with grain size number values varying from about 8–12. The smallest grain size area is 62 µm2, while the largest grain size is 207 µm2. Remarkably, the WAAM sample gains better mechanical properties with a higher UTS value and higher elongation at break value than the original wire. Compared to the original steel wire, the UTS value of the WAAM samples is 21–40% higher, varying from 599 MPa to 694 MPa. The sample that achieves the maximum UTS value of 694 MPa has a travel rate of 350 mm·min−1, a voltage of 24 V, and an electrical intensity of 120 A. The lowest UTS value, 599 MPa, is obtained by the WAAM sample with a travel rate of 400 mm·min−1, a voltage of 22 V, and an electrical intensity of 170 A. The elongation at break of the WAAM samples is also two or three times higher than the original wire, oscillating around 41–57%. The SEM results indicate the dimple shape of the fracture surface, resulting from a high-toughness fracture. Taguchi analyses show that factor travel rate is the most impact factor of the grain size. The voltage factor most impacts the UTS value, while the intensity factor most significantly impacts the elongation at break value.
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Figure 1. The mechanism of the WAAM process. 
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Figure 2. The WAAM equipment and samples: (a) sample size, (b) CNC machine, (c) welding machine MIG Tan Thanh TTC 253I, (d) steel base with printed samples, (e) sample block for cutting, (f) cut samples, and (g) sample for tensile test. 
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Figure 3. Microstructure of WAAM samples at different process parameters: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5, (f) sample 6, (g) sample 7, (h) sample 8, (i) sample 9, (j) sample 10, (k) sample 11, and (l) sample 12. 
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Figure 4. Grain size number distribution following ASTM E112-10 grain size number standard of WAAM samples at different process parameters: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5, (f) sample 6, (g) sample 7, (h) sample 8, (i) sample 9, (j) sample 10, (k) sample 11, and (l) sample 12. 
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Figure 5. Taguchi analysis for grain size: (a) Main Effects Plot for Means, and (b) SN ratios for Signal-to-Noise ratios (smaller is better). 
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Figure 6. Stress-strain diagrams of WAAM samples at different process parameters: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5, (f) sample 6, (g) sample 7, (h) sample 8, (i) sample 9, (j) sample 10, (k) sample 11, and (l) sample 12. 
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Figure 7. Taguchi analysis for UTS value: (a) Main Effects Plot for Means, and (b) SN ratios for Signal-to-Noise ratios (larger is better). 
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Figure 8. Taguchi analysis for elongation value: (a) Main Effects Plot for Means, and (b) SN ratios for Signal-to-Noise ratios (larger is better). 
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Figure 9. SEM fracture surface of WAAM samples at different process parameters: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sample 5, (f) sample 6, (g) sample 7, (h) sample 8, (i) sample 9, (j) sample 10, (k) sample 11, and (l) sample 12. 
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Table 1. Summary of some prior WAAM reports.
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	Materials
	Process Parameters
	Characteristics
	References





	AWS ER70S-6 steel wire
	Increase travel rate
	Reduce the shape accuracy and surface quality
	Prado-Cerqueira et al. [21]



	6061 aluminum alloy wire
	Small-power pulsed arc
	Increase efficiency
	Lou et al. [23]



	2325 aluminum alloy wire
	Cooling rate with the active cooling system
	Increase wire feeding rate and reduce dwell time
	Shi et al. [28]



	H08MnSi low-carbon steel wire
	Increase travel rate, wire feeding rate
	Surface roughness increase
	Xiong et al. [30]



	Duplex stainless steel
	Deposition paths
	Uniform layer shape
	Hosseini et al. [31]



	316L stainless steel wire
	Single-wire and double-wire feed
	Better surface quality
	Feng et al. [32]
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Table 2. Chemical composition of S20C steel base.
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	Weight %
	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Cu





	S20C
	0.18–0.23
	0.15–0.35
	0.3–0.6
	0.03 max
	0.035 max
	0.2 max
	0.2 max
	0.3 max
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Table 3. Chemical composition of welding wire grade AWS A5.18 ER 70S-6.
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	Weight %
	C
	Mn
	Si
	P
	S
	Ni
	Cr
	Mo
	V
	Cu





	ER 70S-6
	0.06–0.15
	1.40–1.85
	0.80–1.15
	0.025 max
	0.035 max
	0.15 max
	0.15 max
	0.15 max
	0.03 max
	0.05 max
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Table 4. The WAAM process parameters of the experiment.






Table 4. The WAAM process parameters of the experiment.





	
Sample

	

	
Travel Rate (mm·min−1)

	
Voltage (V)

	
Intensity (A)






	
1

	
Group 1

	
300

	
22

	
170




	
2

	
350

	
22

	
170




	
3

	
400

	
22

	
170




	
4

	
Group 2

	
300

	
24

	
170




	
5

	
350

	
24

	
170




	
6

	
400

	
24

	
170




	
7

	
Group 3

	
300

	
24

	
120




	
8

	
350

	
24

	
120




	
9

	
400

	
24

	
120




	
10

	
Group 4

	
300

	
22

	
120




	
11

	
350

	
22

	
120




	
12

	
400

	
22

	
120
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Table 5. Average grain size area of WAAM samples at different process parameters.
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	Sample
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12





	Grain size (µm2)
	90
	84
	103
	166
	62
	94
	107
	137
	147
	207
	117
	79
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Table 6. Response table for Signal-to-Noise ratios for grain size (smaller is better).
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	Level
	Travel Rate
	Voltage
	Intensity





	1
	−42.60
	−40.90
	−42.05



	2
	−40.25
	−41.95
	−40.80



	Delta
	2.34
	1.05
	1.25



	Rank
	1
	3
	2
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Table 7. Average mechanical properties of the WAAM samples at different process parameters.
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	Sample
	Yield Strength (MPa)
	UTS (MPa)
	Elongation at Break (%)





	1
	519
	631
	48

41



	2
	509
	625
	41



	3
	492
	599
	41



	4
	495
	602
	52



	5
	518
	626
	41



	6
	499
	611
	54



	7
	496
	608
	56



	8
	590
	694
	46



	9
	514
	616
	56



	10
	512
	601
	55



	11
	511
	618
	57



	12
	521
	618
	54
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Table 8. Response table for Signal-to-Noise ratios for UTS value (larger is better).
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	Level
	Travel Rate
	Voltage
	Intensity





	1
	55.71
	55.74
	55.72



	2
	55.72
	55.70
	55.72



	Delta
	0.01
	0.04
	0.00



	Rank
	2
	1
	3
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Table 9. Response table for Signal-to-Noise ratios for elongation value (larger is better).
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	Level
	Travel Rate
	Voltage
	Intensity





	1
	34.43
	33.83
	34.85



	2
	34.13
	34.72
	33.71



	Delta
	0.30
	0.89
	1.13



	Rank
	3
	2
	1
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