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Abstract 

The high reactivity of the material is one of the key issues in powder-based additive manufacturing of biodegradable Mg-alloys. In 

fact, the powder feedstock is highly inflammable and difficult to manage in laser powder-bed fusion and metal deposition. On the 

other hand, wire feedstock can provide an intrinsically safer solution for the purpose. However, the process should be developed 

for maintaining geometrical precision and deposition quality. In this work, micro laser metal wire deposition ( LMWD) of a 

biodegradable Mg-alloy with Dy as the main alloying element (Resoloy) is demonstrated. A flash-pumped Nd:YAG laser was used 

along with a custom-built wire feeder. Single-tracks were deposited and analysed for their geometrical attributes, microhardness, 

and deposition efficiency. The results were evaluated to determine the processability of the heat sensitive Mg-alloy with respect to 

an austenitic stainless steel with known processability. Despite a narrow processability window, single-track deposits were 

successfully produced. Micrometric feature resolution was maintained with crack and pore free deposits. 

© 2018 Elsevier Ltd. All rights reserved. 
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1. Introduction 

The use of Mg alloys for biomedical applications has gained increased attention over the past decade. The high 

corrosion rate of these materials is considered as the main drawback for most of the mechanical applications regarding 

automotive, aviation, and aerospace fields. On the other hand, the same can be exploited as a biodegradability feature 
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for bioimplant manufacturing. Mg plays a key role on the functioning of the human metabolism influencing growth 

factor effectiveness, co-regulating energy metabolism, cell proliferation, protein synthesis, onset of DNA synthesis 

[1]. Hence biocompatibility of these alloys is an almost intrinsic feature. Stents [2][3], orthopaedic implants [4], 

sutures, plates, and screws [1] are some of the biomedical implants that can be produced using biocompatible and 

biodegradable Mg alloys. The manufacturing methods employed to produce the final device has a critical impact on 

the biological and biodegradation performance of the implant. The Mg-alloys possess low deformability, which 

renders production raw materials used for the production of biodegradable implants such as minitubes, wires, and 

plates considerably difficult [3,5–7]. Laser based manufacturing methods are also often employed during the 

manufacturing of biomedical implants. Laser microcutting is the principal method used for producing cardiovascular 

stents, which is often followed by chemical etching and electropolishing steps. Laser welding is used to assemble wires 

and plates. Processing of Mg and its alloys with a laser beam generates further complexity due to the high reactivity 

of the material [8] and low melting and vaporization points [9]. Especially in laser welding, variations in alloy 

composition, crack and pore formation, undercut generation are common defects, which can reduce the performance 

of the biodegradable implant [10][11]. 

Metal additive manufacturing techniques have opened up several possibilities for biomedical implant design [12]. 

Customized implants fit for patient with tailored mechanical properties are some of the possibilities [13–15]. Most of 

these manufacturing techniques rely on the use of an energetic beam for melting a powder or wire precursor following 

a desired trajectory. Commonly a laser beam is used due to its high intensity, which provides high process resolution 

and full melting of the precursor. The use of directed energy deposition (DED) techniques with a Mg-alloy wire 

feedstock can essentially be a valid option, which has been treated sparingly in literature. This is commonly due to the 

reduced process resolution in terms of smallest dimensions of layer thickness and width achievable [16]. Indeed, DED 

techniques have found more interest in terms of higher deposition rates and increased material use efficiency in the 

literature for especially constructing larger components [17–19]. The process resolution depends on the size of the 

wire feedstock and the used energy source, which can be a plasma, an electric arc, a laser or an electron beam. Laser 

beams provide the flexibility of operating in ambient atmosphere as well as a high intensity beam. Several works are 

reported in the literature, where the deposit width is 5 to 15 times the wire diameter and the used wire diameter is 

around 1 mm [20–23]. More recently, the attention towards higher precision in metal wire deposition processes has 

emerged. Jhavar et al proposed a micro plasma transferred arc (μPTA) wire deposition process, where a 0.3 mm 

diameter AISI P20 tool steel, could be deposited with a track width of approximately 2 mm [24]. Further reduction of 

the feature size depends highly on the control over the energy deposition rate. From this point of view, the use pulsed 

wave (PW) lasers can provide the solution [25][26]. Demir [27] has demonstrated the use of a ms-long pulsed Nd:YAG 

laser for micro laser metal wire deposition (LMWD). Thin-walled structures with 0.7 mm wall thickness and high 

aspect ratio were successfully deposited from a 0.5 mm AISI 301 wire. With confirmed feasibility of the approach, its 

extension to heat sensitive materials such as biodegradable Mg alloys is a natural consequence. As a matter of fact, 

metal wire deposition of Mg-alloys has received very little attention from the research communities.  

Accordingly, this work evaluates the processing characteristics of a commercial biodegradable Mg-alloy with rare 

earth addition (Resoloy) by  LMWD. The first part of the work consists of a single-track deposition study revealing 

the processability window, the geometrical characteristics, microhardness and microstructure of the deposits obtained 

within. In the second part, an analytical model is employed to estimate the temperature gradients to better explain the 

limits in the processability. Comparisons with an austenitic stainless steel with known processability is made use of in 

order to better explain these limitations. 

2. Experimental methods and materials 

2.1. Material 

A commercial Mg alloy with dysprosium as the main alloying element and a patented chemical composition was 

the used wire material (Resoloy, Fort Wayne Metals, Fort Wayne, Indiana, USA) [28]. Dy has high solubility in Mg, 

and together they form intermetallic precipitates. The precipitates can dissolve or re-precipitate according to the 

applied heat treatments. Hence, the material is characterized by high tensile strength, good fatigue behaviour [29], as 
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well as a reduced corrosion rate in  compared to more conventional Mg alloys [28]. The wires were produced by cold 

drawing with 0.5 mm diameter and were then annealed.  

2.2. LMWD system 

A customized  LMWD system was employed throughout the study [27]. The system consisted of an automated 

laser welding station (Powerweld HL 124P from Trumpf, Ditzingen, Germany), a flash pumped Nd:YAG and a 

custom build wire feeding system, namely Lachesis. The laser source provided 120 W maximum average power with 

pulse durations (τ) in  s to ms regime and a maximum pulse repetition rate (PRR) at 300 Hz. The maximum pulse 

energy (E) and the maximum peak power (Ppeak) were of 50 J and 5 kW respectively. The laser beam was transmitted 

through fiber delivery with 0.4 mm core diameter, which was then focused with 200 mm collimating and 150 mm 

focal lenses. The minimum spot diameter was 0.3 mm, which could be automatically regulated to up to 5 mm. 

Substrates were mounted on the positioning system that provided two linear and a rotational axis. The laser head could 

be moved along a third axis to maintain the focal point at the desired height. The wire feed rate (WFR) was regulated 

via a Labview interface, synchronising the laser emission at the start of each new layer. The system details are shown 

in Fig.1, whereas the main specifications are reported in Table 1. 

 

 
Fig. 1. Details of the  WLMD system. a) Processing zone showing the wire feeder assembly. b) Close up image of the deposition zone 

showing the wire and substrate feed directions. 

     Table 1. Main characteristics of the prototype WLMD system. 

Parameter Value 

Laser system Trumpf PowerWeld HL 124P 

Laser type Flash pumped Nd:YAG 

Emission wavelength (λ) 1064 nm 
Max average power (Pavg) 120 W 

Max peak power (Ppk) 5 kW 

Max pulse energy (E) 50 J 

Pulse duration (τ) 0.3-20 ms 

Pulse repetition rate (PRR) 1-300 Hz 
Beam parameter product (BPP) 16 mm·mrad 

Min. beam diameter (d0) 300 m  

Maximum wire feed rate (WFR) 900 mm/min 

Wire diameter (dw) 0.3-0.5 mm 

2.3. Characterization 

Surface morphology of the deposits was investigated with focus variation microscopy (Infinite Focus, Alicona, 

Graz, Austria). Images were acquired with 5X magnification with 1  m lateral and 4 m vertical estimated 

resolutions. Transversal cross-sections of single-tracks were made by abrasive saw cutting and abrasive paper 

polishing. Samples were later etched to reveal microstructure with a solution of 90 mL ethanol, 10 mL HNO3. Optical 
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microscopy images were taken to measure the geometrical attributes of the deposited tracks (Leitz Ergolux 200 from 

Leica, Wetzlar, Germany). 

2.4. Experimental plan 

Single track experiments were carried out after the determination of the feasibility window through preliminary 

tests not reported here for the sake of brevity. Front feeding with a 30° feeding angle was conveniently adopted from 

previous studies. Stable processing conditions were realized with a relatively low wire feed rate (WFR) at 128 mm/min 

and low pulse repetition rate (PRR) at 10 Hz. In order to allow for a full coverage of the wire, spot diameter (ds) was 

chosen 60% larger than the wire diameter at 0.8 mm. Due to the low rigidity of the Mg alloy wire, transverse speed 

(v) could be varied between 50 and 70 mm/s. Within the feasibility window pulse energy (E) could be varied between 

2 and 3 J, whereas pulse duration (τ) between 3 and 5 ms. Higher pulse energies and lower pulse duration resulted in 

complete material consumption due to evaporation. Lower pulse energies and higher pulse durations resulted in no 

adhesion of the deposited wire. Within this feasibility window A 23 factorial plan with central points were executed. 

Linear tracks of 10 mm length were produced. Corner points were replicated 3 times, whereas 6 replications were 

produced for the central point. The main geometrical characteristics of the deposited single-tracks height (h), and 

width (w) were measured as depicted in Fig. 2 to calculated the aspect ratio defined as h/w. Deposit area (Ad) was 

measured in order to evaluate the deposition efficiency calculated from: 

η =
𝐴𝑑

𝜋
4

∙𝑑𝑤
2∙𝑊𝐹𝑅∙

1
𝑣

∙𝑁
          (1) 

where dw is the wire diameter, and N is the number of layers, which is equal to 1 throughout the study. The results 

were evaluated against fluence, which is defined as: 

𝐹 =
𝐸∙𝑃𝑅𝑅

𝑑𝑠∙𝑣
            (2) 

The effect of process properties on material’s mechanical properties was evaluated through microhardness 

measurements. Six measurements were taken for each combination. Analysis of variance (ANOVA) was applied to 

the response variables with statistical significance level at 5%. Details of the experimental plan in single-layer 

deposition study is summarized in Table 2. 

 
Fig. 2. Schematic description of the measured geometrical characteristics of the single-track deposits. 

Table 2. Fixed and varied parameters in the study of single-layer depositions experiments. 

Fixed parameters Level 

Spot diameter, ds (mm) 0.8 

Pulse repetition rate, PRR (Hz) 10 

Wire feeding angle,   (°) 30 

Wire feeding direction Front 
Wire feed rate, WFR (mm/min) 128 

Shielding gas Ar at 1.5 bar 

  

Varied parameters Levels  
Low Mid High 

Pulse energy, E (J) 2 3 4 

Pulse duration, τ (ms) 3 4 5 

Transverse speed, v (mm/min) 50 60 70 
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3. Results 

3.1. Single-track deposition geometry 

Over the 30-run experimental plan only 3 deposits could not be realized, providing at least two replications for 

each parameter combination. In Fig.3, example 3D images of the single-track deposits are shown. The overall results 

show that the single tracks can be deposited without surface cracks. The surface morphology mainly consists of the 

overlapped molten tracks resulting from the pulsed emission profile of the laser. Fig.4 shows representative transveral 

cross-section images belonging to the different parameter combinations. Over the experimented range the deposit with 

(w) varied between approximately 450 and 915 m, whereas the deposit height (h) was between 140 and 600  m. It 

can be observed that very limited or partial dilution is present in the experimented region. Partial detachments are 

visible in the case of low pulse energy (E=2 J). This is expected to be due to a very limited amount of dilution in the 

process and a delamination caused by the mounting and polishing procedures. With the highest pulse energy (E=4 J), 

the deposits short, flat, and the penetration depth remains limited around 50 and 100  m. Such profile change indicates 

a possible material loss, as the deposit area (Ad) is significantly reduced as well. In addition to a narrow feasibility 

window, the observed deposit morphologies confirm the low processability of the material under the laser beam. 

However, the dimensional range remains still within sub-milimetric range. On the other hand, the bioabsorbable 

Resoloy shows intact material structure without cracks despite the fast heating and cooling rates associated to the 

process. 

 

Fig. 3. Surface morphology of deposited single tracks. a) E=2 J; =3 ms; v=70 mm/min; b) E=3 J; =4 ms; v=60 mm/min; c) E=4 J; =5 ms; v=50 

mm/min. Deposition direction is from right to left in the images 

 

Fig. 4. Cross-section images of the single-layer depositions as function of process parameters. 
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Table 3 the results of ANOVA over aspect ratio h/w is reported, Fig. 5 shows the main effects plot of this response 

variable. As the ANOVA table confirms the only significant factor is the pulse energy (E), which generates a linear 

decreasing trend over the aspect ratio as it increases. As observed in the cross-section morphologies, with increases 

energy the deposits tend to become wider and shorter. Indeed, for micrometric applications control over both width 

and height is important. It should be considered that the minimum feature dimension will be constrained by the wire 

dimension. The laser beam will redistribute the fed wire volume over the deposited trajectory by melting causing a 

widening of the track with respect to the wire diameter [30]. The deposit height can be lower or higher, which depends 

on also the wire feed rate (WFR) and the energy input, which may generate material loss due to vaporization. 

Concerning also thin-walled structures, where the height of structure is expected to be much more than the width, the 

use of aspect ratio is adequate. Theoretically, the h/w aspect ratio can be 1 at maximum, in the absence of any flattening 

of the wire due to remelting and redistribution of the wire. The low energy content results in providing high aspect 

ratio values, appropriate for the thin-walled structure production. However, the same region corresponds to very low 

dilution zones, which appear to generate incomplete penetration zones. For multi-layered deposits, it should be noted 

that the successive deposited layers provide remelting of the previous ones. Hence, the use of low energy input can be 

beneficial after a first layer realized with high energy input allowing to adhere well to the substrate plate. 

 

 
Fig. 5 Main effects plot for aspect ratio h/w. Insignificant parameters are shaded in grey. 

Table 3. ANOVA table for single track aspect ratio (h/w). 

Source DF Adj SS Adj MS F-Value P-Value 

Model 8 0.88543 0.110679 3.70 0.011 

Linear 3 0.83191 0.277304 9.28 0.001 
Pulse energy, E (J) 1 0.74412 0.74412 24.89 0.000 

Pulse duration, τ (ms) 1 0.08889 0.08889 2.97 0.103 

Transverse speed, v (mm/min) 1 0.01495 0.01495 0.50 0.489 

2-way interactions 3 0.04934 0.016447 0.55 0.655 
E*τ 1 0.02609 0.02609 0.87 0.363 

E*v 1 0.01519 0.01519 0.51 0.486 

τ*v 1 0.01042 0.01042 0.35 0.563 

3-way interactions 1 0.00359 0.00359 0.12 0.733 

E*τ*v 1 0.00359 0.00359 0.12 0.733 
Curvature 1 0.00000 0.000003 0.00 0.992 

Error 17 0.50825 0.029897   

Total 25 1.39369    

S= 0.17 R2=63.5% R2
adj=46.4%  

3.2. Deposition efficiency 

Besides determining the fraction of the material that is effectively deposited, the deposition efficiency is also an 

important indicator to whether the process is melting or vaporization dominant. A regression equation has fitted 

linking fluence to the measured deposition efficiency values, as expressed in the following equation. 

𝜂 = 15.1/𝐹 (𝐽/𝑚𝑚2)         (3) 

Table 4 reports the ANOVA table for the regression analysis, which confirm the model fits the data adequately 

with high R2
adj, and without lack-of-fit. The model depicts a decay in the deposition efficiency as depicted in Fig. 6. 
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The only coefficient of the equation can be used as an indicator how processable is the material without excessive loss 

of vaporization. Compared to a previously studied material, AISI 301 stainless steel, the biodegradable Mg-alloy 

Resoloy shows around 46% lower overall efficiency (AISI 301=21/F (J/mm2)) [27].  

Table 4. ANOVA table for the regression analysis for deposition efficiency (). 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 1 5.58694 5.58694 282.75 0.000 

Linear 1 5.58694 5.58694 282.75 0.000 

1/F (J/mm2) 26 0.51374 0.01976   
Error 4 0.01723 0.00431 0.19 0.941 

Lack-of-fit 22 0.49651 0.02257   

Pure error 27 6.10068    

Total      

S= 0.14 R2=91.6% R2
adj=91.3%  

 

 
Fig. 6. Deposition efficiency as a function of fluence in the experimented region. 

4. Conclusions 

The present work demonstrates the single-track deposition of a biodegradable Mg-alloy with rare earth wires with 

a pulsed laser operating at ms pulse regime. The main aim of the work has been to identify the processability of this 

heat sensitive alloy and the possibility to achieve sub-milimetric process resolution for future use in biodegradable 

implant production by additive manufacturing. The main outcomes of the work are as follows. 

• The biodegradable Mg-alloy possesses a narrow process window. This is mainly due its low melting and 

vaporization points. Despite the high sensitivity to the energy input, the deposits were crack and pore free. 

• Within the processing window, the main influential parameter is the pulse energy, which can vary the aspect 

ratio h/w between 0.3 and 0.7 in average. The achieved single layers were in micrometric range both in terms 

of width and height confirming the feasibility of the process. 

• The processability of the biodegradable Mg-alloy is compared to a highly processable austenitic AISI 301 

steel. The biodegradable Mg-alloy shows lower overall deposition efficiency. These are mainly due to the 

low melting and vaporization points of the Mg-alloy as well as its high conductivity.  

The results underline the delicate processing conditions required for the Mg-alloys also with the wire feedstock. 

Multiple-layer deposition conditions should be further investigated to evaluate the heat accumulation between 

consecutive layers and its effect on the material properties as well as the deposit geometry. 
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