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Abstract 
 

The combined manufacturing approach has the potential to facilitate large-scale manufacturing processes, enable on-site 

manufacturing, and limit welding and joining processes currently used to create complex and flexible components. Laser 

Metal Wire Deposition (W-LMD) has emerged as a highly promising technology in the field of additive manufacturing 

(AM). The use of wire feedstock as a cost-effective and safe alternative to powder ensures optimal productivity and meets 

the demands of the industry. W-LMD would be employed in combined manufacturing for the repair of existing 

components or the incorporation of intricate features into existing components, thereby facilitating the integration of 

additive manufacturing across a range of sectors. Nevertheless, an investigation is necessary to determine whether the 

inherent AM process related defect or inhomogeneity affects the performance of the hybrid components in question. This 

study examines the microstructural and mechanical performance of hybrid W-LMD components in continuous, 

interrupted, and combined manufacturing scenarios. The results demonstrated that the process development strategy is of 

vital in the production of fully consolidated components (density > 99.9%) for a stable process, irrespective of the 

deposition scenarios. The tensile properties varied with the process conditions, emphasizing the importance of considering 

deposition conditions for heat-sensitive alloys in combined manufacturing. The findings aim to provide valuable insights 

applicable to the production of real industrial components using W-LMD. 

1. Introduction 

Laser metal deposition (LMD) is a direct energy deposition (DED) additive manufacturing process in which 3D 

parts are fabricated layer by layer by directly melting and depositing the material on the substrate [1]. LMD can be further 

classified into Wire Laser Metal Deposition (W-LMD) and Powder Laser Metal Deposition (P-LMD) based on the type 

of material feedstock used [2]. 

Powder LMD remains the most popular of the two processes. However, higher costs, higher energy consumption 

during powder feedstock production, more material waste (up to 40% of powder wastage [3]), and safety issues related 

to fine metal powder handling make wire feedstocks an appealing alternative. Moreover, the higher feed rates and 

improved material efficiency of W-LMD represent a great advantage for the fabrication of massive parts [3–6]. 

Nonetheless, the W-LMD process often generates undesirable residual stresses in the deposited part while also being 

challenging in terms of controlling the process itself [7], [8], [9]. Moreover, P-LMD has an advantage over W-LMD 

owing to its ability to deposit more complex geometries, which is attributed to its higher resolution and better surface 

finishing [10]. In addition, W-LMD is more sensitive to uncontrolled standoff distance variations, resulting in defects 

such as stubbing and dripping [11]. A deviation in the deposition height was observed because of the widening of the 

melt pool along the deposition direction, which was attributed to inadequate heat convection [12]. The height and width 

of the deposited layer were affected by the process parameters. Predefining a suitable process window is instrumental in 

achieving defect-free complex components [13], [14]. Garmendia et al. and Takushima et al. independently proposed a 

closed-loop control system integrated with in-process measurements of height deviations to resolve the stubbing and 

dripping issues [15], [16]. Becker et al. investigated the feasibility of a stepwise reduction in laser power to mitigate heat 

accumulation, and their findings indicated that although this adjustment influenced the geometry and height of the melt 

pool, it did not solve the issue of geometrical deformation due to heat accumulation [12]. Teichmann et al. reported that 



 

 

using a dynamic force-controlled wire feeding system improves the stability of the process [17]. Moreover, Akbari et al. 

and Wang et al. investigated the mechanical properties of W-LMD components, Kovacevic et al. and Brubaker et al. 

reported that the mechanical properties of the W-LMD parts were comparable to those of conventionally manufactured 

parts [18], [19]. 

Austenitic stainless steel AISI 316L is a widely used material owing to its balanced combination of thermo-

physical, mechanical, and chemical properties, which include high strength, ductility, and corrosion resistance, making it 

well-suited for a broad spectrum of industries. These include aerospace, biomedical applications, the oil and gas sector, 

and the automotive industry [20–22]. Furthermore, SS AISI 316L is one of the most extensively investigated and utilized 

materials in Additive Manufacturing processes. This fact is demonstrated by the extensive scientific literature attesting to 

AISI316L good weldability and overall processability [20], [23]. The existing literature on W-LMD of AISI 316L is 

summarized in Table 1. 
Table 1 Literature on W-LMD of AISI 316L 

Author 

Wire 

diameter 

(mm) 

Laser 

Power 

(W) 

Wire feed 

rate 

(mm/s)  

Scan 

speed 

(mm/s) 

Geometry of 

deposition 
Objective 

Kovacevic 

et al. [18] 
1.2 1000 12 8 

Horizontal and 

vertical rectangular 

blocks 

To study mechanical and 

microstructure properties of 

W-LMD of AISI 316L. 

Zapata et al. 

[13] 
1 1200-2200 6.7-30.4 6.67-33.37 Cylinder (Ø40mm) 

To investigate the effect of 

process parameters on the 

geometry of depositions. 

Wang et al. 

[24] 
0.8 2000 46.7 7 

Rectangular and 

thin-wall deposition 

To study multi-layer wire 

deposition of AISI 316L. 

Caiazzo et 

al. [14] 
1.2 1600 6.7-20 1.67-3.33 Single layers 

To investigate W-LMD of 

AISI 316L for repair and 

maintenance. 

Brubaker et 

al. [19] 
0.9 300 14 6 

Thin-walled 

rectangular blocks 

To study mechanical and 

microstructure properties of 

W-LMD of AISI 316L. 

Garmendia 

et al. [15] 
0.8 1500 50 16-24 Rectangular blocks 

Development of novel in-

process height control. 

Teichmann 

et al. [17] 
0.8 650-950 15 5 

Single layers and 

hollow rectangular 

depositions. 

Investigate force control 

wire deposition of AISI 

316L. 

Xu et al. 

[25] 
0.8 1600-3200 26.7-53.3 3-9 

Single layer and a 

thin-walled 

rectangular block. 

To study mechanical and 

microstructure properties of 

W-LMD of AISI 316L. 

Bernauer et 

al.[26] 
1 1200-2000 18.3-21.7 16.7-25 Rectangular blocks 

To study optimal process 

strategies to produce solid 

structures with W-LMD 

Yuanqing et 

al. [27] 
NA 2000-2800 33.3–46.7 5–7.7 Rectangular blocks 

To investigate the effect of 

process parameters on the 

geometrical precision of W-

LMD deposition 

Bernauer et 

al.[28] 
1 1200 18.3 16.7 Cuboids 

To investigate the effect of 

thermal histories on 

microstructure and 

mechanical properties of 

W-LMD of AISI 316L 

 

 

 

 



 

 

Hybrid additive manufacturing is a relatively modern trend in the integration of different additive manufacturing 

techniques in the traditional manufacturing production chain. The high deposition rate, good process flexibility, minimum 

dilution compared to welding, easily achievable metallurgical bonding, and wide application make LMD an excellent 

choice for hybrid additive and subtractive manufacturing [29–31]. Extensive research efforts have been dedicated to the 

exploration of hybrid manufacturing with P-LMD to repair and remanufacture components of various alloy compositions 

[30]-[31],[32–36]. In contrast, studies on W-LMD have been notably less explored, with fewer studies addressing repair 

and hybrid manufacturing. In this context, Shrestha et al. demonstrated the feasibility of W-LMD for the repair of 

Integrally Bladed Rotors (IBR/blisks). Their investigation involved thin additive specimens composed of a combination 

of half-conventional and half additively manufactured (AM) materials [37]. Bozeman et al. investigated the cladding of 

stainless steel on a carbon steel component with a wire feedstock[38]. In these studies, hybrid manufacturing refers to 

processes combining additive and subtractive manufacturing for repair and remanufacturing, multi-material deposition, 

and combining two or more AM processes [29], [38–47]. 

There is a gap in the literature regarding the W-LMD deposition of components over existing parts made by 

other conventional processes. Hybrid manufacturing in terms of the fabrication of AM geometries on existing components 

manufactured by traditional processes is referred to in the present work as Comanufacturing (contraction of “Combined 

Manufacturing”). Here, the AM technique is used to produce a part on another substrate part, which is manufactured using 

traditional manufacturing methods such as casting or milling. 

Combined manufacturing can be potentially implemented to facilitate the incorporation of AM into various 

sectors and applications. AM is complementary to conventional manufacturing processes, thereby taking advantage of 

both the processes. Simple geometries can be fabricated using traditional processes, whereas more complex geometries 

can be fabricated directly on these conventionally produced components using AM [48–50]. Another application of 

combined manufacturing is the fabrication of multi-material components to improve the functional properties of existing 

parts and to combine materials that are difficult to process with either conventional processes or additive manufacturing 

[47]. In the construction and architecture fields, W-LMD complements conventional building techniques, where some 

parts of the structure feature traditional building components, while other parts are fabricated through W-LMD [51] to 

optimize weight, reduce material use, improve structural and functional properties, and make complex and flexible design 

works that conventionally require formworks, structural supports, and reinforced bars, among others, to support complex 

geometry. These structures are often fabricated off-site and assembled on-site via welding or connecting nodes [52–

58],[59]. However, these nodes and welds are often expensive or aesthetically unpleasing, and transportation from off-

site is time-consuming, labor-intensive, and resource-intensive [56],[59]. Thus, combined manufacturing would  be used 

to overcome these drawbacks by fabrication of the final component directly onto the convention structure. The advantages 

of combined manufacturing include the feasibility of large-scale manufacturing processes, feasibility of on-site 

manufacturing, enhancement of structural and functional properties, and automation of the manufacturing process by 

removing the labor-intensive welding and joining processes [47], [56], [59]. 

Nevertheless, despite the advantages of integrating AM with conventional manufacturing for superalloys and 

steels, this integration remains constrained within the industrial sector. his can be attributed to the challenge of adapting 

the 3D printing process parameters for each distinct material and calibrating them in accordance with the geometry of the 

CNC substrate. Furthermore, the quality of these combined manufactured components would be determined by the quality 

of the additively manufactured sections[10,28,60]. The optimization of the AM process to ensure the absence of defects 

in AM parts is a crucial factor in the adoption of combined manufacturing. The interface of these additive-manufactured 

components may be susceptible to deformation and defects based on the AM process and the material used. Furthermore, 

the inherent heterogenous microstructure of the AM parts resulting from intricate thermal histories may exert a 

considerable influence on the final mechanical performance of these components. It is necessary to evaluate the 

performance of these combined manufactured components. Previous studies on the effect of process interruption in other 

AM processes indicate that deformation at the point of interruption could cause premature failure, especially for heat 

sensitive alloys [61–64]. Nevertheless, to the best of the authors' knowledge, similar studies for W-LMD are lacking in 

the literature.Consequently, the present study explores the potential of hybrid deposition with W-LMD by examining the 

deposition of a thick-walled cylinder on an existing conventional hollow cylinder under three deposition conditions: 

continuous deposition, interrupted deposition, and combined manufacturing. A W-LMD robotic system equipped with a 

laser system and coaxial wire feeder was employed to conduct an experimental campaign to establish a process window 

by varying the laser power, wire feed rate, and robot scan speed. Finally, the deposition on existing parts with W-LMD 

of AISI 316L was validated with the microstructure and mechanical characterization of the final piece. 



 

 

2. Materials and methods 

2.1. Materials 

Considering the investigation of combined manufacturing routes, AISI 316L stainless steel (SS) was chosen as 

the feedstock material. The material composition followed the EN ISO 14343-A standard (nominal composition 19 12 3 

L Si). The feedstock material for the W-LMD process was supplied in a standard spool of 1 mm diameter wire while the 

substrates consisted of 10 mm thick SS AISI 316L plates. These substrates shared an equivalent nominal composition 

with the filler wire, and were obtained via hot rolling.  

To explore the characteristics of a combined route that encompasses both the wire-based LMD process and 

conventional manufacturing, the traditionally manufactured component consisted of an SS 316L tube with an external 

diameter of 60 mm and a thickness of 7 mm. The tubular elements were fabricated by machining a cold-rolled rod with 

an initial diameter of 67 mm. Machining a solid rod was preferred over using a hollow bar to ensure a constant thickness 

required for the tensile tests (refer to paragraph 2.3). The machined tube was subsequently welded to the SSAISI316L 

substrate for compatibility with the substrate fixture system. 

2.2. Coaxial wire LMD system 

The in-house prototype robotic deposition cell at the Mechanical Engineering Department in Politecnico di 

Milano, namely Additube (BLM Group, Cantù, Italy), was employed coupled with a coaxial wire deposition head and the 

corresponding integration hardware. The Additube set-up features a 6-axis anthropomorphic robot (IRB 4600 45/2.05, 

ABB Ltd, Zürich, Switzerland) and a 2-axis positioner (IRBP A-250, ABB Ltd, Zürich, Switzerland) housed within a 

laser-safe cabin. A multimode fiber laser source with a maximum power of 3 kW was employed (YLS-3000-CUT, IPG 

Photonics, Oxford, USA) with a 100 µm feeding fiber diameter connected to a fiber-to-fiber coupler to enable the use of 

a processing fiber diameter of 400 µm. The deposition arrangement, connected to the processing fiber, is equipped with 

a coaxial W-LMD head CoaxPrinter (Precitec GmbH, Gaggenau, Germany), which features beam-shaping optics that can 

obtain a ring-shaped laser power distribution and allows coaxial feeding of the wire. The auxiliary hardware for wire 

handling included a Viper VPR-03 wire feeder (Carpano Equipment Srl, Bologna, Italy) and a DIX DRE 360 wire 

straightener (Dinse GmbH, Norderstedt, Germany). The programming of the deposition paths, as well as the control of 

the laser source and auxiliary equipment, was carried out using RobotStudio software (ABB Ltd, Zürich, Switzerland). 

The main specifications of the system are detailed in Table 2. 

 

Table 2 Main specification of the coaxial W-LMD system 

Specification  Value 

Deposition head Precitec CoaxPrinter 

Robot  ABB IRB 4600 45/2.05 

Positioner ABB IRBP A-250 

Maximum emission power, Pmax (W) 3000 

Laser emission wavelength, λ (mm) 1070 

Beam quality factor, M2 47 

Processing fiber diameter, df (µm) 400 

Wire feeder Carpano Equipment Viper VPR-03 

Wire straightener  Dinse DIX DRE 360 

 

2.3. Experimental design and characterization 

Prior to assessing the quality of the LMD wire deposition process and specifically comparing the behavior at the 

interface in three distinct scenarios—pure W-LMD deposition in a continuous manner, W-LMD deposition that was 

interrupted and then resumed, and W-LMD deposition over a part previously manufactured with a different processing 

method— the W-LMD process parameters were determined. This was achieved using an experimental methodology 



 

 

guided by the principles of Design of Experiments (DoE). This approach is essential for ensuring the robustness and 

reproducibility of the chosen process solution. 

Characterization of the process conditions began with an initial single-track deposition campaign. The single 

tracks were analyzed qualitatively to identify a defect free feasibility window. Based on learnings from this initial 

campaign, a process parameter set was identified for multi-pass and multi-track depositions. Subsequently, the study was 

extended to the exploration of multi-pass and multilayer depositions, building upon the insights gained from the outcomes 

of the initial campaign. 

2.3.1. Design of the single-track deposition campaign 

Single tracks with a length of 40 mm were deposited over the AISI316L standard substrate by varying the process 

parameters to understand their influence on process stability. One replicate per process condition was performed because 

of the exploratory nature of the campaign. Preliminary experiments, not detailed here for the sake of brevity, indicated a 

rough range of parameters. The standoff distance (SD), defined as the distance between the substrate and a reference point 

of the laser head, was fixed at 105 mm from the protective glass metal flange. Additionally, the shielding gas (Ar) and its 

flow rate (10 l/min), wire material, and diameter were kept constant. The variable parameters included the laser power 

(P), varied across five different levels (P=1000-1250-1500-1750-2000 W), the relative speed between the tool center 

point and the substrate (Vtcp), varied at four different levels (Vtcp=15-25-35-45 mm/s), and the wire feeding speed (Vwire) 

varied at four levels (Vwire=90-135-180-225 cm/min). Table 3 provides an overview of the fixed and variable parameters 

used in the current experimental plan. 

 

Table 3 Fixed and variable parameters for the single-track deposition 

Fixed parameters Value 

Standoff distance, SD (mm) 105 

Shielding gas composition  Ar 

Shielding gas flow rate (l/min) 10 

Wire material AISI 316L 

Wire diameter, d (mm) 1 

Variable parameters Value 

Power, P (W) 1000-1250-1500-1750-2000 

Tool center point speed, Vtcp (mm/s) 15-25-35-45 

Wire feeding speed, Vwire (cm/min) 90-135-180-225 

 

Given that a single track merely represents the initial phase in defining the process parameter conditions and 

necessitates exploration within a substantial process feasibility range (comprising 80 distinct conditions, see Table 3) the 

evaluation of single-track quality was conducted in a qualitative manner. This assessment was performed using a method 

reliant on the judgments of two experienced operators. 

The single-track deposits were qualitatively characterized through visual assessment, followed by their 

characterization into three classes: 

0- Deposition not achieved (unstable) 

1- Defected deposition 

2- Quality deposition 

The primary aim of this initial single-track campaign is to generate a process feasibility map that identifies regions of 

process stability, evaluated qualitatively with respect to the varied process parameters.  

Following the process robustness analysis and qualitative identification of the feasible region, a stable process 

condition was identified with the adopted process parameter values listed in the table below. 

 

 

 

 

 

 



 

 

 

 

Table 4 Selected process parameters for the single-track deposition 

Fixed parameters for the single-track 

condition 

Value 

Standoff distance, SD (mm) 105 

Shielding gas composition  Ar 

Shielding gas flow rate (l/min) 10  

Wire material AISI 316L 

Wire diameter, d (mm) 1 

Power, P (W) 1500 

Tool center point speed, Vtcp (mm/s) 25 

Wire feeding speed, Vwire (cm/min) 135 

2.3.2. Design of the multi-pass and multilayer deposition of tubular parts 

Thick-walled tubes with a diameter of 60 mm, height of 120 mm, and thickness of approximately 7 mm were 

deposited in different configurations. In all the configurations, the process parameters were derived from the prior 

deposition campaign. 

To achieve vertical growth and create three-dimensional geometries, the parameters of the single track must be 

complemented by the values of overlapping, overlap % (to achieve adjacent multi-passes), and height increment value, 

Z-step increment (to achieve multilayers). The overlap parameter was configured to correspond to 50% of the track width, 

while the height increment of each layer was 75% of the height of the single layer. These parameter values were selected 

in accordance with the recommendation offered by the hardware producer, and with insights gathered from literature 

survey [26,28,65] 

Single-track width and layer height measurements were performed using an optical 3D measuring instrument 

(Bruker Alicona, Graz, Austria) to reconstruct the 3D surfaces of the tracks, and the height and width were measured, as 

shown in Table 2. 

 
Fig. 1 Schematics of measurements performed on single track and layer 

 

The scan strategy for the deposition was executed using Robot Studio (ABB) and featured for each build layer, 

an outer round finishing pass, several infill passes in a spiral form, and an inner round finishing pass. Notably, the direction 

of the infill spirals was reversed for each layer (from inner to outer, and vice versa). This strategy ensured continuous 

uninterrupted deposition, with only one start for each geometry. Fig. 2 shows a graphical rendering of the employed scan 

strategy along with the geometrical parameters employed. Table 4 provides an overview of the parameters employed in 

the multi-pass and multilayer experimental plans. 

 



 

 

 
Fig. 2 Visual representation of (a) the scan strategy employed for multi-pass and multilayer tubular deposition, (b) track 

width, layer height, and overlap (OV), and (c) Z-step 

 

Table 5 Parameters employed for the multi-pass and multilayer cylindrical component 

Parameter  Value 

Standoff distance, SD (mm) 105 

Shielding gas Ar 

Wire material AISI 316L 

Wire diameter, d (mm) 1 

Power, P (W) 1500 

Tool centre point speed, Vtcp (mm/s) 25 

Wire feeding speed, Vwire (cm/min) 135 

Overlap, mm 1.1 

Z step increment, mm 0.8 

 

Three distinct manufacturing strategies were employed to compare the different manufacturing routes. 

1. Continuous deposition: a thick-walled tube was deposited onto a standard substrate through a single deposition step, 

without interruption, up to an elevation of 120 mm. 

2. Interrupted deposition: a thick-walled tube was deposited on a standard substrate. The deposition was deliberately 

interrupted at an elevation of 60 mm, during which it was allowed to cool to ambient temperature. Subsequently, the 

deposition was restarted to complete the tube at an elevation of 120 mm.  

3. Combined manufacturing: a thick-walled tube, characterized by a height of 60 mm, was superimposed onto the 

traditionally pre-manufactured SS AISI316L tube (described in 2.1c). This hybrid component resulted in a geometry 

with a total height of 120 mm, with the lower portion produced by the conventional cold rolling process and the upper 

portion produced by additive manufacturing.  



 

 

Fig. 3 shows a representation of the three types of multi-pass and multilayer configurations, along with the three 

different components manufactured in the present study.  

 

 
Fig. 3 Different manufacturing strategies for multi-pass and multilayer tubular components 

2.3.3. Characterization of the multi-pass and multilayer deposition of tubular parts 

The three components were characterized in terms of their density, mechanical properties, and microstructure. 

From each of the three strategies – continuous, interrupted and combined – five tensile test specimens and one vertical 

cross-section were obtained using micro wire EDM cutting (as shown in Fig. 4a). The resulting vertical cross-sections, 

one for each of the three distinct strategies, were polished and then examined using an optical microscope (Quick Vision 

Pro, Mitutoyo, Kanagawa, Japan) at 20 fold magnification to check for the presence of processing porosity with image 

processing software (ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA). 

 

 
Fig. 4 Schematic representation of: (a) extracted test specimens from the depositions and, (b) tensile test specifications 

according to ASTM E8 

 

The same vertical cross section was subjected to additional polishing via vibro-polishing and electropolishing. 

Subsequently, these cross sections were employed for microstructural analysis using Electron Backscatter Diffraction 

(EBSD) at a low misorientation angle. This analysis was conducted using a Scanning Electron Microscope (ZIESS Sigma, 

Oxford Instruments, Oxfordshire, UK). Furthermore, the same cross sections were chemically etched with a solution of 

HCl: HNO3:H2O (1:1:1) to observe the melt pool passes. 

https://www.google.com/search?q=Kawasaki,+Kanagawa&stick=H4sIAAAAAAAAAONgVuLUz9U3SC8wM8t7xGjCLfDyxz1hKe1Ja05eY1Tl4grOyC93zSvJLKkUEudig7J4pbi5ELp4FrEKeSeWJxYnZmfqKHgn5iWmA3kABwurDlkAAAA&sa=X&ved=2ahUKEwjHjObX84H5AhUcXfEDHWCnCfoQzIcDKAB6BAgMEAE


 

 

The mechanical properties were investigated from two perspectives: microhardness and static tensile properties. 

In terms of microhardness measurements, indentations were made along the deposition at uniform intervals using a 

microhardness testing machine (MH3, Metkon®, Bursa, Turkey) for all three manufacturing strategies under a load of 

500 gf for a dwell time of 15s, following ISO 6507. Furthermore, for 2-interrupted deposition and 3-combined 

manufacturing strategies, additional indentations were made in the region of the interface under the same load and dwell 

time to obtain average measurements to identify possible inhomogeneities in the mechanical behavior of the 

manufacturing strategies. 

Flat tensile manufacturing strategies were extracted from the 7 mm wall thickness, as depicted in Fig. 4 a, to 

obtain a curvature-free tensile test specimen with a thickness of 4 m. These tensile specimens were subsequently tested 

using a tensile testing machine (Alliance RT/100, MTS Landmark®, Turin, Italy), with a testing range of 100KN and a 

1N resolution. The specimens and tests adhered to the ASTM E8 standard ( Fig. 4 b)[66]. The fracture surfaces were 

analyzed using a Scanning Electron Microscope (ZIESS Sigma, Oxford Instruments plc, Oxfordshire, UK). 

3. Results and discussion 

3.1. Single-track depositions 

During the deposition of the single tracks, as described in Section 2.3.1, two primary instability phenomena were 

observed that could inhibit the deposition of the material. The first is wire stubbing against the substrate, where the wire 

is not fully melted and makes contact with the substrate and gets stuck. The second is the dripping phenomenon, in which 

droplets are deposited instead of a proper track. These phenomena have been previously identified in the literature [13,67–

70]. With the exception of these macro defects, which always lead to mark as quality “0 – Deposition not realized” the 

corresponding track, the single tracks were characterized, as described in Section 2.3.1 to establish the process window. 

Fig. 5 presents a comprehensive overview of the different conditions encountered during the experimental campaign and 

their corresponding quality categories. 

 

 
Fig. 5 Different conditions for the categorization of the single tracks 

 

By plotting the obtained quality of each track versus the process parameters, the regions where process stability 

was achieved are graphically represented. Fig. 6 shows the obtained process window, highlighting the regions in green 

where good depositions were obtained. The influence of process parameter variations on the stability is also clear. 

 
Fig. 6 Qualitative process window obtained by the single-track experimental campaign and selected process parameter 

conditions 

 



 

 

From Fig. 6 it is evident that the increase in power results in an expanded process window, enabling the use of 

higher wire feeding speeds and TCP speeds. Furthermore, it is noteworthy that the four working points with Vwire=90-135 

cm/min and Vtcp=15-25 mm/s maintain stability across all power levels. Hence, these working points in terms of Vwire and 

Vtcp were regarded as particularly favorable for obtaining process stability under varying power input conditions, such as 

in multi-pass and multilayer tubular parts. In fact, the expected thermal build-up and slight variations in the power input 

due to the more complex dynamics should not adversely affect the process stability when the mentioned Vwire and Vtcp are 

selected. 

For the fabrication of multi-pass and multilayer tubular components, Vwire=135 cm/min and Vtcp=25 mm/s were 

chosen primarily because of the resulting higher productivity. With respect to the laser power, an intermediate level of 

P=1500 W was selected. This selection ensures the retention of process stability against both positive and negative 

variations in power input that might arise during the process. In summary, the parameters for the multi-pass and multilayer 

parts were chosen to enhance the process robustness. They correspond to the single-track condition marked in yellow in 

Fig. 6 and summarized in Table 3. 

Subsequently, a single track, produced under the selected conditions in Table 3, was acquired and measured 

using the procedure outlined in section 2.3.2 with Alicona 3D microscope, as shown in the example of Fig. 7 a, b. Then, 

the average width was calculated. which was used to derive the values of overlap %, corresponding to 50% of the track 

width. 

 

  
Fig. 7 (a) 3D acquisition of single track, (b) profile measurement of the single track, and (c) 3D acquisition of single 

layer 

 



 

 

3.2. Multi-pass and multilayer tubular parts 

3.2.1. Deposition for multi-pass, multilayer tubular parts 

A single layer made up of five single tracks with overlap value derived from single track measurements were 

deposited and measured for track height as seen in Fig. 7c and as outlined in the section 2.3.2. Based on these 

measurements, geometrical parameter z-step (layer wise increment of the deposition head, Fig. 2 c) corresponding to 75% 

of the average measured single track height was set. Subsequently, cylindrical components were deposited with an overlap 

of 1.1 mm and height increment of 0.8 mm, as summarized in Table 4. Fig. 8 illustrates the visual characteristics of the 

three manufactured strategies, with all three measuring approximately 120 mm in height and 7 mm in thickness. The first 

manufacturing strategy, manufactured through continuous deposition, exhibited a typical surface texture of wire LMD 

process [70]. Conversely, the second manufacturing strategy, interrupted deposition, clearly exhibited the interface of the 

interruption in the deposition. In the third manufacturing strategy, the hollow cylindrical base was laser welded onto the 

substrate. The discoloration observed at the interface of traditionally manufactured and additive manufactured parts is 

attributed to the surface oxidation resulting from the high-energy wire LMD deposition process. 

 

 
Fig. 8 Visual aspect of the three manufacturing strategies produced: (a) 1-Continuous deposition, (b) 2-Interrupted 

deposition, (c) 3-Combined manufacturing 

3.2.2. Density and internal defects 

Fig. 9 presents the typical aspect of the metallographic cross-section of the manufacturing strategies through W-

LMD observed at two different magnifications. The section illustrates that the full consolidation of the cylindrical tubes 

was obtained, although a limited level of process porosity is present. The sporadic pores exhibited a circular shape, 

eliminating concerns related to the employed scan strategy, as an improper overlapping parameter would result in 

irregularly shaped pores. Instead, their appearance suggests a potential connection to other process parameters in general, 

and to shielding gas management in particular, as already observed in [71,72]. This issue is therefore addressable through 

careful optimization, which is beyond the scope of the current work. Furthermore, it is important to note the presence of 

very small, dispersed pores (diameter <1µm), noticeable only under very high magnification. These pores were excluded 

from the density analysis. Conversely, no macro defects were detected in the cross-sectional analysis. 

The density of the manufactured W-LMD portion for each manufacturing strategy was measured analyzing the 

polished cross section with ImageJ as described in section 2.3.3, resulting in values exceeding 99.9% for all manufacturing 

strategies. A summary of the measured densities is presented in Table 6Error! Reference source not found.. The density 

values were not significantly different among the three types of manufactured parts, confirming the stability of the 

deposition process parameters. 

 

 



 

 

 
Fig. 9 Typical aspect of the metallographic cross section for the investigated W-LMD: (a) at low magnification (100X), 

and (b) high magnification (1000X) 

 

Table 6 Results of the density analysis of the additively manufactured portion in all the three different manufacturing 

strategies 

Manufacturing strategy Relative density % 

1 - Continuous deposition 99.94±0.05 

2 – Interrupted deposition 99.97±0.02 

3 - Combined manufacturing 99.95±0.03 

3.2.3. Microstructure analysis 

Fig. 10 shows the etched metallographic cross sections of the central region in each manufacturing strategy. The 

red dotted line is positioned at half of the manufacturing strategy height to indicate the transition point for the two 

manufacturing strategies, 2-interrupted deposition and 3-combined manufacturing respectively. 

Etching exposes the single passes path within the manufacturing strategy and allows for further investigation 

into the potential presence of discontinuity near the intersection for manufacturing strategies 2 and 3. From Fig. 10, it can 

be noted that manufacturing strategy 1-continuous deposition and 2-interrupted deposition exhibit a highly similar aspect, 

both featuring a regular single-passes path. The interruption in the deposition of manufacturing strategy 2 did not appear 

to significantly influence the path. However, as expected, the interface of manufacturing strategy 3 between the 

conventionally manufactured part and AM part is clearly visible. 

Fig. 11 illustrates the interfaces of 2-interrupted deposition and 3-combined manufacturing deposition. The 

microstructure at the intersection of 2-interrupted deposition (Fig. 11 (a), (b) ) is predominantly austenite (γ)  with a 

secondary phase of δ-ferrite as seen in the literature [24,28,73]. At higher magnification of the interface region, columnar 

dendrites are observed to be present throughout the region, growing epitaxially along the build direction and forming 

columnar grains.  At the intersection of the 3-combined manufacturing deposition (Fig. 11 (c), (d)), a notable distinction 

in the microstructure is evident. The AM part exhibits dendritic growth of columnar dendrites, with a phase composition 



 

 

analogous to that observed in the 2-interrupted deposition region. In contrast, the base material displays the grain 

boundaries of equiaxed grains and exhibits solely the austenitic phase, devoid of delta ferrite. 

 

 
Fig. 10 Metallographic cross-sections of the central region of the manufacturing strategies after etching: (a) 1-

Continuous deposition, (b) 2-Interrupted deposition, and (c) 3-Combined manufacturing 

 

 
Fig. 11 Metallographic cross-sections of interface of the manufacturing strategies after etching: (a),(b) 2-Interrupted 

deposition, and (c), (d) 3-Combined Manufacturing 

 

Fig. 12 depicts the microstructure of the central region of each manufacturing strategy obtained using EBSD. 

The red dotted line is positioned at half of the manufacturing strategy height to indicate the intersection between the two 

parts for manufacturing strategy 2-interrupted deposition and 3-combined manufacturing. In the case of manufacturing 

strategy 3-combined manufacturing, at the intersection, a noticeable transition can be observed: from the small equiaxed 

grains of the conventionally manufactured part to the W-LMD material, where the grains are significantly elongated along 

the build direction. This elongation follows the direction of heat flow in the workpiece, which aligns with the build 

direction. Consequently, this heat-flow-induced grain elongation leads to anisotropy in mechanical properties. 

 



 

 

 
Fig. 12 EBSD acquisitions of the central region of the manufacturing strategies for microstructure analysis: (a) 1-

Continuous deposition, (b) 2-Interrupted deposition, (c) 3-Combined manufacturing 

 

Furthermore, this microstructure suggests that the mechanical properties of manufacturing strategy 3-combined 

manufacturing are not homogenous, particularly in the region near the junction between the traditionally manufactured 

part and the W-LMD part. This aspect is further elaborated upon in subsequent sections. On the other hand, the 

microstructure at the junction between the two parts of the manufacturing strategy 2-interrupted deposition largely 

resembles the steady-state condition (as represented by manufacturing strategy 1-continuous deposition), characterized 

by large and elongated grains. As a result, interruption of the deposition process is anticipated to have minimal to no 

effect on the properties of the manufacturing strategy.  

3.2.4. Microhardness properties 

Fig. 13 shows the microhardness measurements obtained for the three manufacturing strategies. Fig. 13 a shows full 

profile measurements along the build direction, and Fig. 13 b shows the fine profile measurements at the interface of 2-

interrupted deposition and 3-combined manufacturing to provide a comprehensive representation of the microhardness 

trend across the manufacturing strategies. The theoretical transition layer, collocated at 60 mm, is indicated by a dashed 

red line. 

A common trend observed in all manufacturing strategies is a slight decrease in microhardness values as the deposition 

proceeds. This behavior aligns with the thermal cycles experienced by the manufacturing strategy during the deposition 

process. As the deposition proceeds, heat accumulates, causing the deposited material to cool at a slower rate compared 

to the initial deposition layer. Consequently, there was a gradual reduction in microhardness throughout the wire LMD. 

However, this decrease was minimal because of the SS316L low sensibility to thermal cycling. 

Notably, at the interfaces of manufacturing strategy 2-interrupted deposition and 3-combined manufacturing, 

there was a slight increase in the microhardness values after the interface. This can be attributed to the faster cooling 

observed during the initial phases of deposition due to presence of a cold substrate, which contrasts with the more stable 

cooling conditions reached during the subsequent wire LMD process. 

In summary, these results indicate that the deposition process could intrinsically introduce slight variations in 

microhardness, particularly during the initial stages of each deposition. It is worth noting that this behavior could be more 

pronounced if SS 316L steel was replaced with a more heat-sensitive alloy. 

 



 

 

 
Fig. 13 Overview of microhardness measurements across three manufacturing strategies, (a) microhardness along the 

build direction (b)finer measurements in the interface region for interrupted and combined depositions 

3.2.5. Tensile properties 

Five tensile test specimens for each condition, respectively 1-continuous deposition, 2-interrupted deposition, and 3-

combined manufacturing, underwent static tensile testing according to the protocol introduced in Section 2.3.3. 

Additionally, five tensile test specimens obtained from an equivalent sized cylinder produced entirely through cold rolling 

were included in three different manufacturing routes. The latter was considered as the reference component against which 

to compare the tensile strength and mechanical properties. 

The stress vs strain curve obtained, as depicted in Fig. 14a, exhibits a characteristic ductile behavior, confirmed by 

the physical appearance of the tested manufacturing strategies, where an extended plastic deformation is evident. In 

addition, the typical 45° orientation of the fracture surfaces with respect to the direction of the applied load further 

corroborates this ductile response. This observation was further supported by the subsequent examination of the fracture 

surfaces, as discussed in the following section. 

 

 
Fig. 14 (a) Representative stress vs strain curves obtained for the three manufacturing strategies, (b) tensile 

manufacturing strategies showing the breakage for 1- continuous deposition,2-interrupted deposition, and 3-combined 

manufacturing vs traditionally manufactured 



 

 

 

The primary observation from all the tested manufacturing strategies is that, in cases where there is a 

discontinuity, such as in manufacturing strategy 2–interrupted deposition and manufacturing strategy 3–combined 

manufacturing, the fracture location does not align with the discontinuity itself, as illustrated in the three examples of Fig. 

14b. 

This observation suggests that the bonding between the two parts of the mentioned manufacturing strategies is 

equally or even more resistant than the rest of the manufacturing strategies, indicating that it does not represent a critical 

weak point. This result supports the microstructural observations discussed in the previous paragraph concerning the 

intersection area of the two 2-interrupted deposition and 3-combined manufacturing routes. For route 3-combined 

manufacturing, the fracture consistently occurred within the AM part of the reduced section of the tensile manufacturing 

strategy. This implies weakening of the material beyond the interface. This weakening is possibly a result of the rapidly 

changing cooling dynamics in that area, which leads to uneven microstructure and residual stresses. Furthermore, because 

the reduced section is centered on the interface between the two manufacturing strategy parts, it comprises of half AM-

deposited material and half conventionally manufactured material. Consequently, it suggests that the AM material has a 

lower tensile strength compared to its conventionally manufactured counterpart (produced by cold rolling), a conclusion 

validated by the tensile test executed on fully conventionally manufactured manufacturing strategies. This observation is 

further substantiated in a subsequent section. 

The difference in the strength values seen for the 3-combined manufacturing component could be explained by 

the change in the grain sizes seen between the AM and conventional base. The grain boundaries act to impede the 

movement of dislocations. The presence of a greater number of grain boundaries in the conventional base material has 

the effect of enhancing the tensile strength, although this is accompanied by a reduction in ductility. Conversely, the fewer 

grain boundaries observed in the AM part results in a reduction in the number of barriers to dislocation movement, which 

in turn diminishes the strength of the material. [28,74].  

The fracture surfaces acquired using SEM are depicted in Fig. 15, exhibiting similar features for all three types 

of manufacturing routes. The wire LMD deposits show indications of micropores (d-e), along with deep and dense dimples 

accompanied by traces of micropores. These dimple features are distinctive traits of ductile fractures and are frequently 

observed in SS AISI 316L processed W-LMD [24,25,73]. 

 



 

 

 
Fig. 15 Fracture surfaces of the tensile manufacturing strategies: (a, d, g) for 1-continuous deposition, (b, e, h) 2-

interrupted deposition, and (c, f, j) 3-combined manufacturing 

 

 



 

 

 
Fig. 16 Overview of the tensile tests results: (a) typical aspect of the stress vs strain curve obtained, (b) Yield Strength 

and Ultimate Tensile Strength, (b) Elongation at fracture 

 

Variations in YS and UTS are present among different manufacturing strategies. Both tensile properties 

improved from the manufacturing strategy of 1-continuos deposition to 3-combined manufacturing. On the other hand, 

the elongation at fracture followed the opposite trend, decreasing slightly from manufacturing strategy 1-continuos to 

manufacturing strategy 2-interrupted deposition and more severely from manufacturing strategy 2 to manufacturing 

strategy 3. The influence of the manufacturing strategy was statistically significant. 

An increase in the YS of 8% and 16% was observed for manufacturing strategies 2 and 3, respectively, with 

respect to manufacturing strategy 1. On the other hand, the UTS increases by 2% and 7%, respectively, for manufacturing 

strategies 2 and 3 with respect to manufacturing strategy 1. A% saw decreases of 5% and 25%, respectively, for 

manufacturing strategies 2 and 3 with respect to manufacturing strategy 1. These results show that a greater variation in 

mechanical properties is observed in manufacturing strategy 3, where there is a significant decrease in A% and thus 

reduced ductility with respect to manufacturing strategies 1 and 2. The motivation for such results can be partially 

attributed to microstructural differences. Manufacturing strategy 3 is the one in which the microstructure is clearly 

affected (compared to a steady-state condition) near the interface between the AM material and substrate, which explains 

most of the significantly different mechanical properties observed with respect to manufacturing strategies 1 and 2. 

Furthermore, manufacturing strategies 2 and 3 are expected to have residual stresses in the intersection region caused by 

the deposition of material over a cooler AM-manufactured part (for manufacturing strategy 2) or conventionally 

manufactured parts (manufacturing strategy 3). These residual stresses contributed to the change of the mechanical 

properties observed for manufacturing strategies 2 and 3 with respect to manufacturing strategy 1. 

In summary, for manufacturing strategy 2, the slight variations in the mechanical properties can be attributed 

completely to the residual stresses induced by the interruption of the deposition process. For manufacturing strategy 3, a 

combination of residual stresses and altered microstructure in the first deposited layers of the AM portion of the 



 

 

manufacturing strategy (included in the reduced section of the tensile manufacturing strategy) explains the significant 

variations in terms of the mechanical properties with respect to the steady-state case of manufacturing strategy 1. 

The tensile tests performed for a rolled component, which represents the substrate for manufacturing strategy 3–

combined manufacturing, show that for YS and UTS, the values obtained are comparable with manufacturing strategy 3–

combined manufacturing, whereas A% for manufacturing strategy 3–combined manufacturing saw a decrease of 40% 

with respect to the rolled case. This sharp difference can be explained again considering the presence of the interface in 

the manufacturing strategy, highlighted through both EBSD and metallographic cross-section analyses in Section 3.2.3. 

Comparing the results with the reference values for the wrought and annealed state, it can be observed that all 

the manufacturing strategies produced by AM were comparable to or exceeded the mechanical properties expected for 

the same material in the wrought state, both in terms of tensile strength and elongation. Manufacturing strategy 3, which 

had the lowest fracture elongation, remained equal to or superior to the wrought reference in terms of mechanical 

properties[75]. 

4. Conclusions 

The combination of W-LMD and combined manufacturing demonstrates considerable potential for the application 

of AM in the fabrication of large-scale and complex components. The current deposition rates with WLMD indicate that 

large-scale deposition would be carried out over an extended period, during which interruptions would be inevitable. 

Furthermore, the use of conventional fabrication techniques would be necessary to capitalize on the advantages of 

individual processes. This study examines the impact of these manufacturing scenarios on the mechanical  performance 

of hybrid WLMD components. This study presents the process development from single tracks to cylindrical multi-

pass/multilayer components and their analysis in terms of density, microstructure, and mechanical properties. The 

extensive process optimization conducted in the present study ensured the deposition of defect-free interfaces, particularly 

in the interrupted and combined manufacturing components, thereby facilitating large-scale depositions. However, the 

slight variations in tensile performance observed across the three scenarios warrant consideration in the design of these 

components. The main results are summarized as follows. 

• The use of a process development strategy composed of the qualitative analysis of single tracks, process window 

mapping, and parameter selection based on process stability allows for the production of fully consolidated  

hybrid components. 

• The relative density obtained for the multi-pass/multilayer components always exceeded 99.9%, confirming the 

approach used for parameter selection. 

• The microstructure appears to be mostly uniform throughout the manufacturing strategy of 1-continuous 

deposition and 2-interrupted deposition, with large and elongated grains along the build direction, while a clear 

interface between the two halves of the manufacturing strategy can be distinguished in manufacturing strategy 

3-combined manufacturing, with a sharp transition from the small and equiaxed grains of the substrate to the 

increasingly larger and elongated grains of the AM part of the manufacturing strategy. 

• The microhardness profile along the build direction of each manufacturing strategy shows slight variations near 

the interfaces for manufacturing strategy 2-interrupted deposition and 3-combined manufacturing, with a 

generally decreasing trend as the build proceeds owing to thermal accumulation. 

• The tensile tests highlighted a generally ductile behavior for all manufacturing strategies, and a fracture location 

never coincided with the interface for manufacturing strategy 2-interrupted deposition and 3-combined 

manufacturing, confirming the full bonding between the two halves of the manufacturing strategies. 

• The UTS was 557 ± 1 MPa, 570 ± 1 MPa, and 595 ± 2 MPa, with an elongation at fracture of 53.0 ± 1.4, 50.2 ± 

0.8, and 39.8 ± 0.8, respectively, for manufacturing strategy 1-continuous deposition, 2-interrupted deposition, 

and 3-combined manufacturing. These values were in the lower range compared to the measurement of the 

traditionally cold rolled AISI 316l tube but exceeded those obtained for the same alloy in the wrought and 

annealed states in the literature. 

• The manufacturing strategy has been shown to influence the mechanical properties. This is especially noticeable 

in the case of manufacturing strategy 3-combined manufacturing. This aspect should be considered when AM is 

employed to add features to existing components and/or when the substrate is a part of the finished part, 

particularly when more heat-sensitive alloys are employed. 



 

 

This study presents a preliminary analysis that highlights the influence of processing conditions (interruptions and 

combined manufacturing) on the properties of the final part. Further developments of this work will include a more 

comprehensive mechanical characterization, including an investigation of different scan strategies, an investigation of the 

possible presence of anisotropy, an investigation of fatigue behavior, and an investigation of the effect of heat treatment 

on the resulting properties. Moreover, the same approach could be applied to other, more heat-sensitive alloys to verify 

the results of the present work and further assess the degree of influence of the processing condition. Furthermore, the 

process stability could be enhanced through the implementation of process monitoring and the control of thermal stress, 

which is induced for the purpose of achieving homogeneous deposition.   
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