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Abstract


This paper investigates the effect of cold working via layer-by-layer peening on the microstructure and properties of a 308LSi steel workpiece produced by the wire deposition welding with a consumable electrode following the principle of 3D printing. The microstructure, phase composition and mechanical properties of the metal are studied before and after the workpiece synthesis. In the microstructure of the workpieces produced by peening, there is, in addition to austenite, a small quantity of fine-dispersed carbides and residual δ-ferrite in the interdendritic spaces. It is demonstrated that the use of layer-by-layer cold working in the process of deposition welding enables eliminating transcrystallization of the deposited metal, promotes an increase in the microstructure’s degree of dispersion and a more uniform distribution of fine-dispersed carbides in the volume of the dendrites. It is found that these structural features of the deposited metal in the additive manufacturing of a workpiece with layer-by-layer peening lead to an enhancement of the strength characteristics as compared to the material produced by the conventional wire deposition welding. Meanwhile, the level of the ductility characteristics remains high.
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1. Introduction


The modern production of complex large-sized metallic products using conventional processes (casting, forging, stamping, etc.) faces major difficulties and requires large expenses for process planning. Additive manufacturing processes enable considerable acceleration of the process planning and reduction of the costs for the manufacture of finished products [1]. In particular, additive manufacturing (AM) processes are widely applied in the manufacture or repair of complex metallic products by means of local restoration by a metallic wire or powder [2,3,4]. Depending on the heat source, AM processes are divided into wire arc additive manufacturing (WAAM), laser powder bed fusion (LPBF) and electron-beam melting [3,4]. Compared to powder-based additive manufacturing processes, WAAM offers high deposition rates as well as enhanced material utilization [5].



The most widely applied processes where wires are used as filler materials are arc processes: argon-arc welding with consumable and non-consumable electrodes, current straight-polarity plasma welding with a non-consumable electrode. One of the new methods among AM processes is plasma deposition welding with a consumable electrode (plasma-metal inert gas welding) that combines consumable-electrode arc welding and plasma welding [6,7]. Plasma-metal inert gas (Plasma-MIG) welding can be defined as a combination of plasma arc welding (PAW) and gas-metal arc welding (GMAW) [8] within a single torch, where a filler wire is fed through the plasma nozzle orifice. The plasma MIG hybrid welding torch is coaxial with the MIG electrode placed in the center, and the ring electrode in which the plasma arc is generated at the circumference [9,10]. The use of two heat sources (a plasma arc from a non-consumable anode and an arc from a consumable electrode) enables regulation of the heat input into the products in a wide range, increases productivity to 10 kg/h and above, and provides a high quality. The axial feed of a wire electrode excludes the use of the systems of wire feed orientation with respect to the welding trajectory. As a result, this process has a number of advantages: a high stability and performance of the deposition welding process, regulation of the deposition welding process parameters in a wide range, the absence of spattering, control of the filler metal droplet transfer, and so forth. Due to the reverse-polarity plasma arc, the process of the cathodic cleaning of the deposition welding zone is realized where oxide films are effectively broken and removed, the wetting and spreading of the deposited metal are improved [11,12].



Many studies in the area of additive manufacturing are focused on a different series of steels, considering the fact that almost 80% (weight percent) of all metallic parts for engineering applications are made of steel [1,2,3,4,13]. Most often used in AM are austenitic steels. They have the same problems common for materials synthesized by additive manufacturing, related to residual stresses, anisotropy and pore formation [13]. The use of a wire filler material does not fully eliminate these drawbacks, which affects the strength and fatigue characteristics of a metal, as well as its corrosion resistance. In the present study, it is proposed to solve this problem by means of combining several processes where each layer of deposited metal after cooling is subjected to work hardening. Such plastic deformation treatment is known and applied for welded products with a view to increase their service life [14,15]. It was shown in [16,17,18], using several alloys as examples, that the use of layer-by-layer peening during the additive manufacturing of a workpiece reduces stresses, decreases grain size and, as a consequence, increases the mechanical characteristics to the level of the basic metal, reduces the metal’s porosity and anisotropy. In the article [19] there was also shown a significant decrease in the anisotropy of the mechanical properties when layer-by-layer shot peening was applied. This approach was used in the present study during the wire plasma deposition welding of workpieces from the 308LSi austenitic steel. The aim of this study was to investigate the effect of layer-by-layer peening on the microstructure, phase composition and mechanical properties of the workpieces produced by the Plasma-MIG hybrid welding.




2. Materials and Methods


The OK Autrod 308LSi ESAB welding wire was used to produce the pilot workpieces. According to EN ISO 14343-2017, the material’s yield strength is 400 MPa. The wire’s chemical composition is given in Table 1. The material of this chemical composition refers to austenitic stainless steels. The wire’s ferrite number (FN) is 8, which denotes that the content of the ferritic phase in the deposited metal is within a range of 3–8% (~4.5%).



The deposition welding was carried out using a plasma device for Plasma-MIG deposition welding designed at Perm National Research Polytechnic University. The principle of the facility is shown in Figure 1. A KEDR-400 power supply was used as the power supply for the consumable electrode, and a Kedr Arc-319 power supply for TIG welding was used as the power supply for the plasma arc.



The Plasma-MIG layer-by-layer depositions of wire material and deformation treatment are implemented on one platform using a CNC machine with an integral SA7401H AIRPRO air hammer manufactured by Airpro Industry Corp. (New Taipei, Taiwan). The principle of the facility is shown in Figure 2.



The deposition welding of the walls with and without interpass work hardening (peening) was carried out via the selected deposition regime: plasma arc current Ia = 120 A; consumable electrode arc current Ie = 210 A; arc voltage U = 23–24 V; wire feed speed Vwire = 6.6 m/min; torch movement speed Vdep = 90 cm/min; volume of argon supplied to the welding torch Qshield = 7.5 L/min; volume of argon supplied to plasma forming nozzle Qpl = 2.5 L/min. Peening was carried out via a previously selected regime: air hammer movement speed Vham = 100 mm/min (linear number of strokes N/L = 28.2 strokes/mm at the standard hammer stroke frequency N = 2820 strokes/min); the hammer tip was a semisphere with a radius of R = 20 mm; stroke energy E = 19.74 J. The hammer’s pressing force created by the air cylinder was 300 N. The temperature at which the peening of the deposited layers was conducted was T = 250–300 °C.



Workpiece samples for the study of the structure and mechanical characteristics of the deposited metal were produced in the form of a flat wall (Figure 3), where X is the horizontal direction along the deposition direction, and Z is the vertical.



Microstructural studies were performed for the polished sections cut out in the transverse and longitudinal directions of the deposition welding of the wall workpiece. To reveal the microstructure, Vasiliev’s chemical agent was used to treat the polished sections (hydrochloric acid 500 mL, sulphuric acid 250 mL, blue vitriol 100 g, water 500 mL). The studies were conducted on an Altami CM0745-T stereomicroscope (LLC Altami, Saint Petersburg, Russia) and an Altami MET 1T inverted light microscope (LLC Altami, Saint Petersburg, Russia) with a magnification up to 1000× using the Altami Studio 3.5 software (LLC Altami, Saint Petersburg, Russia). To study the microstructure and determine the local chemical composition of the phases, we used two scanning electron microscopes. A JEOL JSM 6490 microscope (JEOL Ltd., Tokyo, Japan) with an Inca X-sight Oxford Instruments attachment (JEOL Ltd., Tokyo, Japan) for local X-ray spectral microanalysis was used at 20 kV and a HITACHI S-3400N high-resolution (3–10 nm) scanning electron microscope (Hitachi Ltd., Tokyo, Japan) equipped with a Bruker EDS XFlash Detektor (Bruker Corp., Billerica, MA, USA) 4010 was used at 5 kV.



The phase composition of the samples was studied using a Shimadzu XRD-7000 X-ray diffractometer (Shimadzu, Kyoto, Japan). To separate the Kβ component of X-ray radiation, a monochromator was used during the analysis. The X-ray photography conditions were as follows: the range of the scan angle 2θ from 40 to 120 deg, Cu X-ray tube, tube voltage 30 kV, tube current 30 mA, scan speed 1 deg/min, scan step 0.01 deg, DS 1 deg, SS 1 deg, RS 0.15 mm. The X-ray diffraction patterns were processed using the PANalytical X’Pert HighScore Plus Ver.2.1 software (Malvern Panalytical Ltd., Malvern, UK). The phase composition of the samples under analysis was determined using the ICDD PDF-2 Release 2012 database.



Hardness was tested by the Vickers method using an automated micro- and microhardness tester Emco-Test Durascan 50 (EMCO-TEST Prüfmaschinen GmbH, Kuchl, Austria), ser. No. 119, under a load of 100 g. One hundred measurements were made in the form of a 5 × 20 net: 5 width measurements with a step of 0.1 mm and 20 depth measurements with a step of 0.05 mm.



To find the mechanical properties, samples were cut out from the walls produced by deposition welding in accordance with Figure 4.



The largest variation in characteristics during additive growth is usually observed for samples in the vertical direction. So, three specimens and six specimens in the vertical have been tested for the tensile strength for each wall. Tensile tests were performed at room temperature with a strain rate of 1 × 10−3 s−1 using an Instron 8801 servohydraulic system (Instron, Norwood, MA, USA) on standard (ISO 6892-1:2016) samples with a diameter of 5 mm and a gauge length of 25 mm (Figure 4b).




3. Results


3.1. Macrostructure and Microstructure


The macrostructure of the samples in the longitudinal and transverse sections is shown in Figure 5. Multi-layer deposition welding without layer-by-layer peening produces a macrostructure characteristic of oriented metal transcrystallization, where grains of a columnar shape grow through several deposited layers in the direction opposite to the maximum heat removal. In this crystallization, during the cooling of the liquid metal of a deposited layer the melted grains of a previous layer become crystallization centers, and further grain growth occurs with the preservation of crystallographic orientation. As a result, long columnar grains are formed that grow through the deposited layers. In addition, clearly seen in the macrostructure of the metal deposited without layer-by-layer peening are boundaries between the layers with a thin transition zone (Figure 5a,b).



The macrostructure of the samples deposited with layer-by-layer peening lacks the features characteristic of metal transcrystallization. The boundaries between the deposited layers are best seen in the longitudinal section (Figure 5d).



Figure 6 presents the optical images showing the microstructure of the metal workpieces subjected to deposition welding with and without layer-by-layer peening. In both cases, the microstructure has a dendritic arrangement characteristic of the deposited metal of an austenitic steel [2]. For the sample without layer-by-layer peening, visible in Figure 6a are the columnar shape of the dendrites, fusion zones between the layers and the growth of dendrites through fusion zones characteristic of the workpiece macrostructure (see Figure 5a,c). The microstructure of the metal deposited with layer-by-layer peening presented in Figure 6b is characterized by equiaxed-shape dendrites with a small fraction of columnar dendrites in individual layers.



Figure 7 shows the skeletal dendritic structure at a boundary between the deposited layers. It should be noted that the microstructure of the metal inside a layer in the workpieces produced without peening is characterized by a pronounced anisotropy and metallographic texture (Figure 7a), unlike the microstructure of the metal deposited with peening (Figure 7b).




3.2. Layer-by-Layer Chemical Analysis of the Workpieces


Figure 8 shows the SEM images of the structure of the samples at 2500× magnification and the direction of layer-by-layer local chemical analysis. Figure 9 shows the concentrations of the main alloying elements Cr and Ni in accordance with the scheme presented in Figure 8.



To analyze the chemical element distribution, successive accumulation of the X-ray spectrum along the lines marked in Figure 8 was carried out. Based on the results of the EDS analysis, line charts were built showing the variations of the local chemical composition (Figure 9).



It can be seen that the deposited metal is characterized by high gradients of the variation of Cr and Ni concentrations in the carbide phase. The local Cr concentration increases by 7% and reaches 27% wt., with the Ni concentration simultaneously decreasing by the same 7% in the interdendritic space (Figure 9a). Layer-by-layer peening leads to the formation of a developed network of fine precipitates with the Cr concentration increased to 25% that has a more blurred character (Figure 9b), which may be related to the resolution capability of the used detector. Mn and Si concentrations practically did not vary.




3.3. Phase Composition of the Samples Subjected to Deposition Welding


Figure 10 shows the X-ray diffraction patterns of the samples. The peaks in the diffraction pattern for the metal deposited without peening (1) coincide with peaks 2, 3 and 4 in the diffraction pattern for the metal deposited with layer-by-layer peening (2).



The X-ray diffraction patterns were processed using the PANalytical X’Pert HighScore Plus Ver. 2.1 software. The peaks in the diffraction patterns for both samples are characterized by the following phase composition: austenite; solid solution based on γ-Fe; complex carbides Cr2Fe14C. A high intensity of the γ-Fe (220) peak in the sample produced by deposition welding without peening indicates the predominant crystallization of austenite dendrites in one crystallographic direction, which testifies to texture formation, which correlates with the transcrystalline character of the sample’s macrostructure. For the metal produced with layer-by-layer peening, the peaks in the diffraction pattern correspond to the reflection angles from a larger number of crystallographic planes γ-Fe (Figure 10).



It should be noted that the sensitivity of XRD is reduced when a phase content is below 5%, although a refection from δ-Fe was found in both samples when the X-ray diffraction patterns were deciphered using the above-mentioned software. In sample 1, its intensity was very small, and in the X-ray diffraction pattern for sample 2 the γ(111) peak apparently overlapped with the δ-ferrite peak.



The microstructural studies of the workpieces performed using an optical microscope confirmed that, during the metal crystallization, not only was δ-ferrite formed in interdendritic spaces, but also a small quantity of small-dispersed carbides. This was observed for both deposition welding without peening and deposition welding with peening (Figure 11a,b). It can be seen in Figure 11 that, in polarized light, the planar and isotropic structural constituents, such as austenite and ferrite, remain dark [20,21]. It can be noted that in the case of deposition welding with layer-by-layer peening, the quantity of carbide particles in interdendritic boundaries is somewhat larger than in the case of deposition welding without deformation, and they are more uniformly distributed (Figure 11b), which correlates with the distribution of Cr in the sample section (Figure 9b).



Figure 12 presents the SEM images showing the microstructure of the interdendritic space for the samples with and without layer-by-layer peening. In addition to austenite and skeletal δ-ferrite, dispersed particles, presumably of carbides, are revealed (Figure 12c,d). In the metal produced by deposition welding without peening, carbides are larger in size (Figure 12a) than those in the metal produced by deposition welding with peening (Figure 12b). The chemical composition of the fine-dispersed particles determined with the use of an energy-dispersive spectrometer mounted on a scanning electron microscope with high resolution enables assuming that the particles (marked as an example in Figure 12c,d) represent carbide compounds with a complex composition.




3.4. Mechanical Properties of the Samples Produced by Deposition Welding


The Vickers microhardness testing was performed in such a manner as to include the areas of the upper and lower layers. Based on the test results, microhardness maps were built. Figure 13 presents the microhardness test results. In the figure, the fusion zone is marked by a line, the values in depth (h) with a “−” sign correspond to the lower layer, those with a “+” sign correspond to the upper layer.



The obtained measurement data were statistically processed, the results are presented in Table 2 and in Figure 14.



The presented results demonstrate that when layer-by-layer cold peening is used, the total level of hardness increases by 50 HV, but a more uniform hardness distribution is observed in the case of deposition welding without peening.



The mechanical characteristics, obtained as a result of tensile tests, for the metal deposited using different process variants are presented in Table 3. For the sake of comparison, the table also lists the requirements to the mechanical properties specified for the metal deposited by 308LSi wire welding in accordance with EN ISO 14343-2017 and for the AISI 304 L steel produced by conventional methods in accordance with ASTM A240. Table 3 demonstrates that wire deposition welding with layer-by-layer peening increased strength while preserving high ductility.





4. Discussion


Based on the results of the study, the features of the formation of macro- and microstructure and phase composition in the workpiece from the 308LSi alloy produced by Plasma-MIG hybrid welding with the use of layer-by-layer cold working have been revealed.



First, in both cases a dendritic microstructure is formed, characteristic of layer-by-layer wire deposition welding of austenitic steels [2]. A difference in the shape of the dendrites was revealed. In particular, in the regular regime of deposition welding (without layer-by-layer peening) the dendrites are characterized by a columnar shape and grow through the fusion zone (Figure 6a). Such structures were observed in [2] during deposition welding by WAAM. The introduction of cold working after the cooling of a layer led to the formation of dendrites with predominantly a more equiaxed shape (Figure 6b). The microstructure of the metal inside the layer in the workpieces produced using peening is characterized by a less pronounced anisotropy and metallographic texture (Figure 7b). Apparently, during cold working, the level of stress and the dislocation density in the surface layer increase, which promotes a change in the direction of crystallite growth in the next layer and, as a consequence, a refinement of the microstructure.



Therefore, during the crystallization of a new deposited layer, the number of crystallization centers increases and, as a result, a more dispersed microstructure is formed than in the case of deposition welding without peening.



The studies of the phase composition of the metal produced via different regimes demonstrate that the crystallized metal consists of austenite and carbides that precipitated during cooling from the Cr-rich austenite. In the X-ray diffraction pattens of the samples produced using cold peening, peaks from δ-ferrite are observed (Figure 10). It is known from the literature data [22,23] that the crystallization of austenitic steels (like 308L) in a range of temperatures between the liquidus and the solidus occurs via the following mechanism: austenite is formed as the first phase, then eutectic ferrite precipitates in the interdendritic space. Eutectic ferrite is formed from the last portions of the Cr- and Ni-rich liquid phase via the liquidation mechanism:


L → L + γ → L + γ + (γ+ δ)eut → γ + δeut











Correspondingly, the structure of the crystallized metal represents austentite’s dendrites (γ) and residual delta-ferrite (δ) at the boundaries of dendrites and cells. Normally, the content of residual δ-ferrite in a deposited metal does not exceed 8% [23]. It can be assumed that residual δ-ferrite is present in both samples produced with and without peening. Apparently, in both cases peaks in the X-ray diffraction pattens had low intensity. Meanwhile, according to [2] the content of residual δ-ferrite under different parameters of the WAAM treatment of the 316 L steel was from 13% to 17%.



The data of the X-ray phase analysis data correlate with the results of the microstructural studies on optical and scanning microscopes and indicate that, at the final stage of crystallization, carbide compounds precipitate from the last portions of the liquid phase in the layers deposited using both process variants. Apparently, the formation of fine-dispersed carbides may be associated with a continuous thermal cycle. It appears that, in the process of the deposition of a new layer, the preceding layer experiences a high-temperature heating below the solidus temperature. Such heating may promote carbide precipitation in interdendritic spaces enriched with carbon and chromium, predominantly at the boundaries between dendrites and cells. Due to the fact that, in the case of deposition welding with layer-by-layer cold working, a more dispersed structure is formed, the carbide size is smaller and they are more uniformly distributed in the structure (Figure 11).



The results of the microhardness testing of the samples produced by both variants of deposition welding show that when layer-by-layer cold peening is used, the total level of hardness increases by 50 HV due to an increase in the microstructure’s degree of dispersion. At the same time, a less uniform hardness distribution is observed in the case of deposition welding with peening (Figure 14). This could evidently be attributed to the different degrees of dispersion of the microstructure inside a layer and in the near-boundary regions corresponding to the surface of the filler wire subjected to cold working (Figure 7b). Such a regularity was observed earlier in [16].



The tensile mechanical tests of the samples demonstrate that the use of layer-by-layer cold peening during the plasma wire deposition welding Plasma-MIG leads to the enhancement of the strength characteristics while preserving the ductility characteristics at a high level as compared to deposition welding without peening (UTS 710 and 555 MPa, respectively). The anisotropy of properties does not increase either. The use of the subsequent heat treatment of the obtained samples would perhaps additionally reduce the scatter of the characteristic values in the vertical and horizontal directions, which will be necessarily investigated in subsequent works. It should be noted that the ultimate tensile strength of the 316 L steel metal produced by the conventional WAAM method is within a range of 520–570 MPa [2], which correlates with the level of strength of the sample produced in the present work without layer-by-layer peening (598 MPa).



Thus, the results obtained in the present study demonstrate that the Plasma-MIG hybrid process that combines arc deposition welding with a consumable electrode and plasma deposition welding is a promising method for manufacturing large-sized parts. The introduction of deformation treatment in the process of the layer-by-layer synthesis of a workpiece leads to grain size reduction, a decrease in the anisotropy of the macro- and microstructure and, consequently, an increase in the mechanical characteristics of a workpiece. This research area is in its development stage and opens prospects for producing workpieces with a minimum machining allowance and high service characteristics. At the same time, its wide application in industry requires solving various materials-science and processing tasks. This includes the tasks of providing the precision of a workpiece and the specified structure and properties of a metal, such as fusion penetration depth, area of the fusion zone between layers, rates of metal heating and cooling, time for which a metal is in the molten state, chemical composition of metal layers, loss of alloying elements, and so forth. It should be noted that layer-by-layer shot peening reduces the productivity of the process (by a factor of 1.5–2), but this fact can fade into the background in the manufacture of critical products, when the level and reproducibility of the mechanical properties of the material of the part are of paramount importance.




5. Conclusions


The following conclusions can be made based on the results of the study of the workpieces produced from the 308LSi steel by Plasma-MIG wire deposition welding and Plasma-MIG wire deposition welding with layer-by-layer peening:




	
In the process of Plasma-MIG deposition welding, a columnar dendritic structure is formed that is characteristic of oriented metal transcrystallization with a specific crystallographic orientation. The use of layer-by-layer cold peening during Plasma-MIG deposition welding enables eliminating transcrystallization of the deposited metal and promotes an increase in the fraction of equiaxed dendrites and the degree of dispersion of the microstructure.



	
During Plasma-MIG deposition welding and Plasma-MIG deposition welding with layer-by-layer cold peening, in addition to austenite, a certain quantity of fine-dispersed carbides and residual δ-ferrite form in the interdendritic space. A more uniform distribution of fine-dispersed carbides in the volume of the dendrites is observed in the case of deposition welding with layer-by-layer peening.



	
It is shown that the use of layer-by-layer cold peening during plasma wire deposition welding leads to an increase in the strength characteristics from 555 to 710 MPa, while preserving the ductility characteristics at a high level.
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Figure 1. Principle of plasma arc welding (deposition welding) with a consumable electrode–Plasma-MIG: 1–plasma arc power supply; 2–non-consumable electrode; 3–contact tip; 4–consumable electrode; 5–plasma gas; 6–shielding gas; 7–power supply for the consumable electrode arc; 8–plasma arc; 9–consumable electrode arc. 
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Figure 2. Principle of the facility for implementing Plasma-MIG hybrid welding and layer-by-layer peening. 
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Figure 3. View of the workpiece: (a) side view, XZ; (b) the view from above XY. 
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Figure 4. Plan of sampling sites for examination and a scheme for cutting out samples for mechanical tests (a) and the drawing of the tensile specimen in millimeters (b). 
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Figure 5. Macrostructure of the deposited metal: (a,b)—deposition welding without layer-by-layer peeing, (c,d)—deposition welding with layer-by-layer peening; (a,c)—transverse section, (b,d)—longitudinal section. 
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Figure 6. General view of the microstructure of the metal deposited without (a) and with (b) layer-by-layer peening. 






Figure 6. General view of the microstructure of the metal deposited without (a) and with (b) layer-by-layer peening.



[image: Metals 12 00082 g006]







[image: Metals 12 00082 g007] 





Figure 7. Microstructure of the metal at a boundary between the deposited layers in a sample produced without (a) and with (b) cold peening. 
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Figure 8. Microstructure of the deposited metal without (a) and with (b) layer-by-layer peening. 
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Figure 9. Distribution of the alloying elements (Cr, Ni) along the EDS lines: (a) deposition welding without peening; (b) deposition welding with peening. 
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Figure 10. X-ray diffraction patterns for the steel samples after plasma deposition welding without layer-by-layer peening (line 1) and with layer-by-layer peening (line 2). 
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Figure 11. Microstructure inside a layer for the samples after deposition welding without (a) and with (b) layer-by-layer peening. Polarized light. 
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Figure 12. SEM images of the microstructure and carbide particles in the metal deposited without peening (a,c) and with peening (b,d). 
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Figure 13. Microhardness maps for the transition zone between layers (a,c) and measurement examples (b,d): (a,b)—welding deposition without peening; (c,d)—welding deposition with layer-by-layer peening; h—measurements in layer depth, (b)—measurements in layer width. 
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Figure 14. Diagrams of the frequency distribution of the microhardness values: (a)—deposition welding without peening; (b)—deposition welding with layer-by-layer peening. 
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Table 1. Chemical composition (wt.%) of the 308LSi wire according to EN ISO 14343-2017.
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	C
	Mn
	Si
	Cr
	Ni
	P
	S





	≥0.03
	1.50–2.10
	0.65–1.00
	19.5–21.0
	9.0–11.0
	≥0.030
	≥0.020










 





Table 2. Microhardness HV0.1 of the samples produced using different process variants.
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	Values
	Without Layer-by-Layer Deformation
	With Layer-by-Layer Deformation





	Average value
	201.36
	250



	Minimum value
	180
	224



	Maximum value
	217
	279



	σ–Root-mean-square deviation
	7.16
	11.35



	υ–Variation coefficient (%)
	3.56
	4.54










 





Table 3. Results from the testing of the mechanical properties.
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	Fabrication Method
	Specimen Orientation
	UTS

[MPa]
	YS0.2

[MPa]
	Elongation, δ [%]
	Reduction

Area, ψ [%]





	Plasma-MIG deposition welding
	Z
	555 ± 7
	295 ± 5
	34 ± 3
	72 ± 10



	Plasma-MIG deposition welding
	X
	560 ± 10
	300 ± 10
	50 ± 5
	60 ± 5



	Plasma-MIG deposition welding with layer-by-layer peening
	Z
	710 ± 20
	550 ± 30
	30 ± 6
	50 ± 2



	Plasma-MIG deposition welding with layer-by-layer peening
	X
	740 ± 20
	570 ± 30
	36 ± 1
	56 ± 6



	308LSi according to EN ISO 14343-2017
	-
	570
	400
	36
	-



	AISI 304 L steel according to ASTM A240 (thick sheet)
	-
	≥485
	≥170
	40
	-
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