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Abstract

Despite the advancements in additive manufacturing to prepare personalized implants of 

complex geometries, additive manufacturing of Mg alloys has posed significant challenges. In 

this work, commercially pure (Cp) Mg and Mg-2Ag-2Sn alloys were additively manufactured 

via laser-powder bed fusion (L-PBF). Elemental powders were ball-milled to prepare the alloy 

powder for L-PBF. Optimized fabrication parameters were determined by preparing tracks at 

varying laser parameters. Non-spherical powders could be successfully utilized in this process. 

Microstructural analysis by optical microscopy, X-ray diffraction, scanning electron 

microscopy, and energy-dispersive X-ray spectroscopy revealed the presence of different 

phases, including some Al uptakes from the substrate. Hardness studies revealed a 63% 

increase in the hardness of the Mg-2Ag-2Sn alloy compared to Cp Mg. Additionally, the 

fabricated Mg-2Ag-2Sn alloy system demonstrated almost two-and-a-half-fold improved 

corrosion resistance than Cp-Mg, making them potentially viable for orthopaedic implants. 

This study presents, demonstrates the fabrication of Cp Mg via additive manufacturing by laser 

powder bed fusion (LPBF), accompanied by systematic optimization of processing parameters. 

Furthermore, a comparative analysis between pure Mg and the Mg-2Ag-2Sn alloy is conducted 

to evaluate their properties. These results demonstrate that LPBF is a promising process for the 

advanced manufacturing of Mg-based alloys for biomedical applications. 

Keywords: Additive Manufacturing; Mg alloy; Biomaterials; 3D printing 
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1. Introduction

Magnesium (Mg) alloys are one of the most promising materials for biodegradable implants 

and lightweight structures, and are often regarded as the metals of the future1–5. However, 

biomedical applications of Mg alloys are limited by their rapid degradation in aqueous medium 
6–9. Toward modulating corrosion rate, researchers are increasingly focused on developing 

novel Mg-alloys that combine good mechanical properties, degradation rates, and bioactivity 

for next-generation resorbable implants 7,9–12. Specifically, silver (Ag) and tin (Sn) have 

attracted much attention as alloying elements for enhancing the biomedical performance of 

pure Mg for orthopedic applications 13,14. 

In additive manufacturing, laser powder bed fusion (LPBF) offers several advantages for 

producing lightweight and customized products 3,8,15. Fabrication of Mg alloys by LPBF is of 

much interest to prepare parts for biomedical applications and other industries 3,10. Owing to 

its low melting temperature and high propensity for oxidation, additive manufacturing of Mg 

poses many technical challenges. Additive manufacturing of a few Mg alloys via LPBF has 

been attempted with limited success 2,3,7–10,1516. Some reports on the processing of 

commercially pure (Cp) Mg LPBF alloy are available in the literature. However, all these 

studies used pre-alloyed spherical powders, and the processing routes to obtain these powders 

make them expensive. A key bottleneck in processing novel alloys by LPBF is the lack of pre-

alloyed powders. In-situ alloying, employing mixed powder feedstocks in LPBF, offers an 

alternate, flexible route to explore a vast compositional space and elemental combinations, 

enabling the creation of functionally graded materials17,18. In recent years, we and others have 

explored in-situ alloying of elemental powders to prepare alloys by LPBF 19–21.  

Conventionally, most studies on additive manufacturing of alloys by LPBF utilize pre-

alloyed powders prepared by atomization from a homogenous alloy melt. This approach yields 

excellent starting compositional homogeneity upon melting in LPBF22,23. Pre-alloyed powders 

also tend to exhibit consistent flow behavior and well-characterized solidification windows, 

reducing local chemistry variations or unexpected eutectic formation. However, pre-alloyed 

powders are more expensive because melting, homogenizing, and gas atomizing a fully alloyed 

material adds processing steps and higher energy costs. In contrast, in-situ alloying and mixing 

elemental powders to form alloys directly in the build chamber can markedly lower raw-

material costs by using simpler, often cheaper elemental feeds. Liang et al. showed that adding 

1 wt.% Y to ZK60 via ball milling reduces powder costs compared to sourcing dedicated gas-

atomized ZK60-Y feedstock 24. However, the use of mixed elemental powders can generate 
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local compositional inhomogeneities owing to incomplete mixing or localized segregation, 

which can degrade mechanical properties.

Additionally, elemental-powder routes also bring distinct process challenges. Individual 

powders have different melting points, densities, and surface oxides, so their fluidity under the 

melt pool can vary significantly. During in-situ alloying, disparate oxides can agglomerate or 

form large oxide inclusions in the melt pool, disrupting flow and promoting porosity 25. By 

contrast, pre-alloyed powders already include stable oxides that minimally disrupt fluidity 23.  

Despite these challenges, in-situ alloying presents a compelling approach for developing novel 

alloys with tailored properties. 

In the present work, Cp-Mg and Mg-2Ag-2Sn alloys were processed by LPBF to establish 

the feasibility of this processing route. Pre-mixed elemental powders were used as feed for 

LPBF toward preparing the alloy. The role of process parameters on the microstructure, 

hardness, and corrosion was investigated. Moreover, a comparative study between 

microstructure and biocorrosion was performed for Cp-Mg and Mg-2Ag-2Sn prepared via 

LPBF.  The approach proposed in this study can be used as a viable method for preparing 

additively manufactured parts of magnesium alloys, with implications for creating personalized 

resorbable implants.

2. Materials and methods 

To prepare alloy powder, Cp-Mg particles, tin (Sn) particles (average particle size (APS) 

of 45 m), and silver (Ag) particles (APS of 6 m) were blended in a planetary ball mill 

(Supplementary Information (SI) file, Figures S1-S2). The detailed powder processing 

procedure is mentioned in the SI file (Section A). The blended powders were sieved and dried 

in the oven at 120 C. In the customized setup of LPBF, 200 grams of dried powder were 

poured into the chamber cavity, and 75 µm of powder was spread over the aluminum substrate 

(ϕ50 mm × 10 mm) using a spreader after raising the chamber by the same height. This process 

was continued until a track thickness of 1 mm was reached. A fiber laser (IPG Photonics (India) 

Pvt. Ltd.) with a maximum power of 500 W (air-cooled) and a wavelength of 1070 nm was 

used for the experiments. Printing was performed in a vacuum chamber maintained at 10-5 bars 

and oxygen < 5 ppm with continuous Argon gas purging. Table 1 compiles different 

combinations of laser power (W) and scanning speed (m/s) for LPBF to print alloy tracks using 

a fixed hatch spacing of 1 mm and a thickness of 75 µm. Energy density (J/mm3) was calculated 

using the formula given below. 
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Energy Density = 
𝑃

𝑆.𝑉.𝑡                         (1)

Where P = laser power; S = hatch spacing; V = scan speed; t = layer thickness

Porosity and crack density were quantified by thresholding SEM images of polished 

cross‐sections in ImageJ to create binary masks of defects. Pore area was measured as the sum 

of connected void‐pixel areas. Porosity (%) was calculated as (ΣApores/Atotal)×100. Cracks were 

identified as elongated features (aspect ratio >5) in the same mask, with crack density given by 

Ncracks/Atotal (cracks.mm⁻²). Each value represents the mean ± SD over five non‐overlapping 

0.35 mm² fields per track. 
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Table 1: LPBF process parameters for Mg-2Ag-2Sn

Track Number Laser Power (W) Scan Speed (m/s) Energy density (J/mm3)

T1 200 0.02 133

T2 200 0.03 88

T3 200 0.04 66

T4 240 0.02 160

T5 240 0.03 107

T6 240 0.04 80

T7 280 0.02 188

T8 280 0.03 124

T9 280 0.04 93

T10 320 0.02 213

T11 320 0.03 142

T12 320 0.04 107

T13 360 0.02 240

T14 360 0.03 160

T15 360 0.04 120

T16 400 0.02 267

T17 400 0.03 178

T18 400 0.04 133

T19 440 0.02 293

T20 440 0.03 196

T21 440 0.04 150

T22 300 0.02 200

T23 300 0.03 133

T24 300 0.04 100

An X-ray diffractometer (Bruker, D8 ADVANCE, operated at 40 kV and 30 mA) equipped 

with Cu-Ka radiation (λ = 1.54 Å) was used to analyze the phases. X-ray diffraction (XRD) 

patterns were recorded in the 2θ range of 30 - 80 with a step size of 0.02 and a scan rate of 

2/min. Microstructural analysis was carried out using a TESCAN Scanning Electron 

Microscope (SEM, MIRA3) equipped with an energy-dispersive spectrometer (EDS). Prior to 

Page 6 of 33Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/5
/2

02
5 

1:
04

:1
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA00390C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00390c


7

analysis, the samples were mechanically ground, polished, and etched using an acetic-picrate 

solution. Using ImageJ software (version 1.42), a quantitative image analysis was carried out 

to extract quantitative information, such as grain size and porosity, from microstructure images. 

The corrosion assessment of the alloy was conducted in simulated body fluid (SBF), and 

the details can be found in the SI file (Section B)26–28. Tafel analysis of the corrosion plots was 

done using the ECLab software (Version 10.38) BioLogic (2014)29.

For Vickers microhardness measurements, samples were polished up to 5000 emery paper, 

followed by diamond polishing. A 0.5 kgf load was applied to the mirror-polished sample 

surface for 15 seconds. Five indentations were taken at different positions of the sample.

The alloy powder prepared by ball milling was dried at 120 °C to attain the flowability of 

powders and then processed via LPBF to prepare the tracks and circular parts of Mg-2Ag-2Sn 

alloy. In the current study, elemental powders were mechanically milled and sieved up to 25 

µm, which was found to be well-suited for LPBF and printed successfully (Figures S1-S2).

3. Results and discussion  

Different laser energy densities were used to print Cp-Mg and Mg-2Ag-2Sn tracks to 

evaluate the feasibility of additive manufacturing by LPBF. A short stripe width scanning 

strategy, combined with high-power, high-speed scanning, can produce large, stable melt pools 

with low aspect ratios30. The short stripe width strategy involves using short scanning vectors 

(on the scale of 1 mm), minimizing the cooling time between adjacent scans. This results in a 

brief "thermal rest time," facilitating the transition from typical single-track to larger melt 

pools. This approach has been shown to reduce porosity, improve homogeneity, and increase 

printing speed compared to conventional Gaussian laser scanning. The printing strategy used 

in the current study to print the alloy using the elemental powders using LPBF follows a similar 

type of strategy to obtain highly dense fabricated parts.

Figures S3-S4 present the LPBF chamber, illustrating the powder bed along with the 

printed tracks and circular parts. Figure 1 (a-e) depicts the SEM micrographs of the tracks for 

various conditions (T11, T14, T17, T7, and T20; refer to Table 1), showing noticeable track 

thicknesses of 40-70 µm. Other conditions did not yield continuous and uniform tracks. 

Porosity and crack density analyses were performed for these tracks using ImageJ software for 

these five conditions that yielded continuous tracks, as listed in Table 1. Among these 

conditions, T17 showed the highest thickness of 70 µm.

At a relatively low energy density of 142 J/mm3, larger pores were observed in T11 (white 

arrows in Figure 1(a)). For T14, at an energy density of 160 J/mm3, enhanced fusion and 
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necking between particles were observed (marked by white arrows), which led to a significant 

reduction in the pores (Figure 1(b)). Further, as the energy density increased to 178 J/mm3 for 

T17, a complete fusion of the particles was found and resulted in a dense and uniform printing 

with minimal pores (red color in Figure 1(c)). However, even at a higher energy density of 188 

J/mm3 for T7, initiation of cracks was observed between the adjacent layers (Figure 1(d)), 

which further intensified to 196 J/mm3 for T20 (white arrows in Figure 1(e)).

A relatively low laser energy density (Figure 1(a)) caused the powder layer to melt only 

partially, resulting in pockets of non-dense powder. Conversely, cracks at excessively high 

energy densities (Figure 1(e)) likely arose due to residual stresses owing to the thermal 

contraction caused by excessive melting and rapid solidification of the tracks. Thus, laser 

energy densities beyond 196 J/mm3 caused the tracks to accumulate considerable thermal 

stresses, resulting in significant defects. Taken together, T17 yielded tracks with a complete 

fusion of particles with minimal defects. 

In the scientific literature, Ling et al. reported an energy density of 53.6-95.2 J.mm-3 for 

printing dense WE43 parts using LPBF, whereas Jauer et al. and Gangireddy et al. reported 

40.7 J.mm-3 and 238.1 J.mm-3, respectively, for the same16,22,31. ZK60 parts were successfully 

printed by Liang et al. with 292 J.mm-3 energy density, whereas Wei et al. utilized 416.66 

J.mm-324,32. In a different study, 166.7 J.mm-3 was determined to be optimal to print AZ91 and 

AZ31 alloys33. Thus, these values can range widely from 50 - 420 J.mm-3 based on the alloy 

printed. Notably, all the earlier studies were performed with pre-alloyed powders. 

This study is distinct from the conventional approach of using spherical pre-

alloyed powders in Laser Powder Bed Fusion (LPBF) and instead utilizes non-spherical, ball-

milled elemental powders (Mg, Ag, Sn). Unlike costly pre-alloyed WE43 and ZK60 powders—

produced via melt homogenization and gas atomization—the elemental approach enables 

flexible, on-demand composition control (e.g., Mg-2Ag-2Sn) without the need for an 

intermediate alloying step. Despite lower cost, the elemental route achieves comparable results, 

such as fine α-Mg grain sizes (<10 μm), high density (~99%), and enhanced mechanical and 

corrosion properties. However, while pre-alloyed powders offer consistent composition and 

fluidity, in situ alloying demands strict control over powder mixing, oxygen content, and melt-

pool behavior to avoid defects like segregation or cracking.23,24. 

The interaction of the laser with the powder interaction, particularly molten pool evolution, 

directly affects the final part quality. At low energy density values, incomplete melting leads 

to insufficient liquid formation, resulting in high-viscosity molten pools that cannot spread, 

causing lack-of-fusion pores. Higher energy density ensures complete melting and induces 
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keyhole formation due to metal vapor recoil, enhancing heat and mass transfer via Marangoni 

convection, which further leads to a reduction in porosity and other defects within the printed 

material 34. An increase in the energy density reduces defect density to yield dense parts, such 

that the  T17 condition offers the best parameters among the different conditions studied here. 

Excessive energy density increases evaporation, aggravating the keyhole effect and trapping 

vapor during solidification, leading to keyhole defects. Mg alloys, with their lower boiling 

points and higher vapour pressures, are more prone to evaporation, preventing stable keyhole 

formation 16 In the current study, 178 J.mm-3 provided sufficient energy density to fuse particles 

and form melt pools desirable to yield highly dense parts. The process parameters of T17 were 

subsequently used to prepare circular samples of Mg-2Ag-2Sn alloy (Figure 1(f)). The EDS 

analyses of the track and circular part are shown in Figure S5. Notably, the edges of all samples 

appeared thicker, which arises as the laser reaches the ends of the track to print a layer. It stops 

momentarily before restarting to print a new layer, thereby causing extended melting and 

solidification. As the edges are directly exposed to the atmosphere, they quickly dissipate heat 

and solidify rapidly as they cool. However, in the case of T11, proper melting and diffusion 

could not be achieved due to insufficient energy density. In contrast, since the laser stops for a 

considerable amount of time at the ends, this allows for melting and solidification, further 

leading to higher material printing and thicker edges than those found in the center (red color 

in Figure 1(a)).
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Figure 1. SEM images of tracks prepared at different parameters (a) T11, (b) T14, (c) T17, 

(d) T7, and (e) T20, and (f) circular parts printed at optimized parameters (T17).

XRD peaks of the additively manufactured Cp-Mg and Mg-2Ag-2Sn alloy revealed the 

presence of α-Mg, Mg0.42Al0.58, MgAl2O4, and AlMg peaks in both the samples (Figure 2). The 

high laser energy employed during the LPBF process appears to have induced the formation of 

various Mg-Al phases in the fabricated samples, likely as a result of interaction with the 

aluminum substrate. These observations corroborate the EDS findings (Figures 3(c) and S5(c, 

d)). The presence of Mg0.42Al0.58, MgAl2O4, and AlMg phases could be eliminated by replacing 

the Al substrate with Mg. The Mg-2Ag-2Sn alloy revealed additional characteristic peaks of 

intermetallic phases of Mg2Sn, AgMg3, AgMg4, and Ag3Sn. These intermetallic phases are 

attributed to rapid non-equilibrium cooling, forming different metastable phases 3,9.  
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Figure 2. XRD patterns of Cp-Mg and Mg-2Ag-2Sn circular samples prepared at 

optimized process parameters (T17)

In Figure 3b, nail-like features are visible in the Mg-2Ag-2Sn alloy processed by 

optimized laser parameters, indicating the presence of Mg2Sn. These observations correlate 

well with the EDS results shown in Figure 3(d) and XRD results (Figure 2), whereas no such 

features were observed for the Cp-Mg sample (Figure 3(a, c)), like those reported earlier35. In 

addition, cracks and pores were observed in such alloy systems2. SEM and EDS analyses 

(Figure 3(b)) reveal that the Mg-2Ag-2Sn alloy contains Mg2Sn phase within the predominant 

Mg-matrix, which manifests as elongated, nail-like precipitates (mean length ≈ 1.2 µm, width 

≈ 0.2 µm) within the matrix. X-ray diffraction further identifies additional phases (AgMg3, 

AgMg4, Ag3Sn) dispersed throughout the Mg matrix. Moreover, the diffraction data suggest 

the presence of Ag3Sn in addition to other phases in the alloy system. Additionally, it can be 

further inferred that Mg2Sn with a volume fraction of 4.5% is finely dispersed within the matrix 

with a significant volume fraction of Ag3Sn and other phases. Figure 3(e) indicates the 

presence of Ag and Sn within the matrix in addition to Mg when the spectrum is taken from 

the matrix, suggesting the possibility of the formation of different phases, including Ag and 

Sn. The formation of such phases, especially Mg2S and Ag3Sn, confirms the formation of a 

passive layer over the surface of the alloy, thereby protecting it from corrosion35.

As shown in Figure 3(f), porosity was quantified from SEM cross-sections of 
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tracks T11–T20, revealing a decrease from ~23.1% at 142 J/mm³ (T11) to a minimum of 5% 

at 178 J/mm³ (T17), followed by an increase to ~15% at >188 J/mm³ due to crack-induced 

defects. Below ~150 J/mm³, insufficient melting leads to lack-of-fusion porosity, while above 

~190 J/mm³, keyholing and Mg vaporization cause cracks and deep voids 36. The optimal 

energy density of 178 J/mm³ ensures balanced melt-pool dynamics via balanced Marangoni 

convection which promotes melt‐pool homogeneity and expels entrapped gas with vapor recoil, 

resulting in stable, single‐track pools with minimize porosity and cracking, as summarized in 

Table 137 whereas, below ~160 J/mm³, porosity falls rapidly as melting improves, and above 

~185 J/mm³, defects rise sharply due to keyhole instability and stress cracking.
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Figure 3. (a, b) SEM micrographs of Cp-Mg and Mg-2Ag-2Sn alloy, respectively, and (c, d-

e) their corresponding EDS spectra of alloy (f) porosity and crack density vs. Track number 

plot for different tracks

The composition homogenization of printed tracks in LPBF is governed by the 

solidification process. Initially, "solute capture" reduces composition differences between 

supersaturated α-Mg and different phases present in the alloy. Convection in the molten pool 

further promotes liquid homogenization. He et al.'s fluid flow model suggests that convection 

is driven by buoyancy and Marangoni forces. The dominance of each force can be assessed by 
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the ratio of the surface-tension Reynolds number (Ma) to the buoyancy-related Grashof number 

(Gr)38.

𝑅𝑠/𝑏 = 𝑀𝑎
𝐺𝑟

=
𝐿𝑅×|∂𝑦

∂𝑇|
𝑔𝜌𝛿𝐿3

𝑏
                             (2)

    Where, LR is the pool radius, half the width of the scanning track, and ∂γ/∂T is the 

temperature coefficient of surface tension. Other parameters include gravitational acceleration 

(g), material density (ρ), thermal expansion coefficient (δ), and the buoyancy force 

characteristic length (Lb), roughly one-eighth of the scanning track width. For a sample 

fabricated at 178 J/mm³ with an average track width of 75 µm, Rs/b is approximately 15.5 × 

10⁷. This suggests that fluid flow is primarily driven by Marangoni convection. The maximum 

liquid velocity correlates positively with the temperature gradient, which, due to the Gaussian 

laser distribution and small pool size in LPBF, generates a strong temperature gradient. This 

enhances Marangoni convection, promoting homogeneous dispersion of Mg and Sn elements.

Figure 4. (a) Cross-sectional view of LPBF printed circular Mg-2Ag-2Sn and Cp-Mg 

samples on Aluminium substrate; Hardness measurement on the (b) aluminum substrate, 

(c) interface of the substrate and LPBF printed Mg-2Ag-2Sn alloy, (d) LPBF printed Mg-

2Ag-2Sn alloy, and (e) LPBF printed Cp-Mg

As shown in Figure 4a-b, the microhardness at the cross-section of the aluminum 

substrate was found to be 32 ± 0.7 HV (mean ± S.D. for n = 5 indents), which matches well 

with studies reported previously 39. However, the hardness value at the interface of the 

aluminum substrate and printed Mg-2Ag-2Sn alloys in Figure 4c was found to be 54 ± 6 HV 

(n = 5), which was 70% higher than the hardness of the aluminum substrate. Figure 4d shows 

the hardness of the additively manufactured Mg-2Ag-2Sn alloy, which was found to be 133 ± 
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14 HV (n = 10). The increase in the hardness is due to the presence of the intermetallic phases 

formed with Sn and Ag, as confirmed by XRD and BSE analysis. The hardness of Cp-Mg 

printed by LPBF was determined to be 83 ± 7 HV (n = 5), which can be seen in Figure 4e. The 

markedly enhanced hardness of Mg-2Ag-2Sn alloy compared to Cp-Mg is a result of 

incorporating Sn and Ag into the Mg-based alloy. Sn forms intermetallics, such as Mg2Sn, as 

confirmed by XRD, which impart hardness to the alloy. Ag also improves hardness via grain 

refinement and solid solution strengthening, and by increasing the number density, size, and 

volume fraction of Mg2Sn precipitates 40–46. By encouraging dispersive precipitation and 

raising the volume fraction of Mg2Sn precipitates43, Ag can enhance the hardness of the Mg-

Ag-Sn. Sn refines the precipitates, increases the volume of the secondary phase, and modifies 

the type of intermetallic phase, thereby increasing their number density. It is reported that this 

effect enhances age-hardening response at an earlier stage, leading to higher strength and 

moderate elongation 47–49. The high hardness of the additively manufactured samples of both 

alloys results from the combination of dense parts with minimal porosities and homogeneous 

distribution of the elements. Owing to optimized fabrication parameters, the hardness of both 

Cp-Mg and Mg-2Ag-2Sn alloys was increased post-printing compared with that of wrought 

Mg due to the formation of dense parts with reduced porosities50. An optimal parameter of 

printing caused the homogeneous distribution of the elements within the printed alloy, resulting 

in an alloy with reduced porosity and increased hardness. Thus, T17 was determined to be the 

optimal condition for printing dense parts. 

To qualify as a biomedical material, Mg-alloys must exhibit a good combination of 

mechanical properties and corrosion resistance. The properties measured for the test samples 

prepared herein were extrapolated using widely applied formulae. The hardness (Hv) can be 

converted to GPa and MPa by multiplying 9.807 and 0.009807, respectively, by the Hv values 
51,52. Furthermore, the elastic modulus (E in GPa) and Yield strength (YS in MPa) can be 

obtained using the standard formula 53,54 mentioned in Equations (3) and (4), and their 

corresponding values are tabulated in Table 2.

𝐸 = 𝐻𝑣

0.036                                  (3)

𝑌𝑆 = 𝐻𝑣

3                                      (4)
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To validate the calculated yield strength, a comprehensive analysis of the strengthening 

mechanisms was conducted to quantify the individual contributions of each strengthening 

factor to the overall yield strength of the LPBF Mg-2Ag-2Sn alloy (σalloy). This was achieved 

by decomposing the total yield strength into three well-established components, each added to 

the frictional strength of pure LPBF Mg (σ₀ ≈ 214.4 MPa)23, as reported in previous studies. 

The resulting strengthening behavior of the alloy is described by Equation (5).

𝜎𝑎𝑙𝑙𝑜𝑦 = 𝜎𝑜 +∆𝜎𝑆𝑆 + ∆𝜎𝑂𝑟 + ∆𝜎𝐻𝑃                                                   (5)

where Δσss is the solid‐solution term, ΔσOr comes from Orowan dispersion, and ΔσHP arises 

from grain refinement (the Hall-Petch effect)55. Solute atoms create elastic‐strain fields that pin 

dislocations, fine Mg2Sn/Ag3Sn particles force dislocations to bow and loop around obstacles, 

and grain boundaries act as barriers to slip transmission. Different models were used to 

calculate these contributions to the yield strength 36,56–63. Fleischer model is applied to calculate 

the Δσ𝑠𝑠
56,60–62

:

Δσ𝑠𝑠 = 𝑘𝑐2/3 (6)

With c being the total atomic fraction of solutes (Ag +Sn) in the α-Mg matrix. Solute atoms of 

Ag and Sn substitute into the Mg lattice, producing localized lattice distortions that interact 

with dislocation stress fields and increase the stress required to move them. EDS line scans 

from Figure 3(c, d) depict cAg ≈ 0.33 at % and cSn ≈ 0.51 at. %, so, c ≈ 0.84 at. %. In Mg binary 

alloys, strong solutes such as Ag and Sn typically exhibit Fleischer‐model constants k in the 

order of 100–300 MPa 64–67. Both Ag and Sn markedly strengthen Mg, with Ag showing 

particularly pronounced effects. A reasonable estimate for k in Mg-Ag-Sn solid solutions lies 

between 150 and 250 MPa. The exact value depends on the relative concentrations and mutual 

interactions of Ag and Sn in the Cp‐Mg matrix, but this range is consistent with the strong 

hardening observed in Mg-Ag and Mg-Sn systems. Thereby, choosing k = 200 MPa yields 

Δσ𝑠𝑠 ≈ 200 × 0.00842/3 ≈ 8.13 MPa. 

For Orowan strengthening, the classic Ashby-Orowan relation is used for Mg-2Ag-

2Sn63.

∆𝜎𝑂𝑟 = 0.13𝐺𝑏
𝜆

ln( 𝑑
2𝑏

) with 𝜆 = 𝑑

2 𝑓
𝜋

                             (7)                                                           
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Here, G ≈ 17 GPa and b ≈ 0.32 nm for Mg, while SEM‐based areal analysis on the LPBF 

specimens showed Mg2Sn needles with mean diameter d ≈ 1.2 µm and volume fraction f ≈ 

0.04558. Dislocations must bow between these hard intermetallics. λ represents the average 

interparticle spacing. Substituting these values gives λ ≈ 1.2 µm/(2√(0.045/π)) ≈ 0.5 µm, 

leading to ΔσOr ≈ 120 MPa, reflecting the additional stress needed to loop dislocations around 

the Mg2Sn/Ag3Sn particles. 

Finally, grain‐refinement strengthening was estimated via the Hall-Petch relation59.

ΔσHP=kHP (d-1/2 - d0
-1/2)                                                     (8)

where kHP ≈ 0.26 MPa·m1/2 for Mg, d₀ (cast Mg grain size) ≈ 20 µm, and d (LPBF grain size) 

≈ 8 µm (from SEM). Thus, ΔσHP ≈ 80 MPa. Grain boundaries serve as barriers to dislocation 

motion: as grains refine, the distance a dislocation can travel decreases, raising the stress for 

slip.

Summing these contributions, σpredicted is calculated to be 422.5 MPa, which is a close 

approximation (within 10 %) of our experimentally measured yield strength of ≈ 415 MPa. 

This close agreement validates that solid‐solution (≈ 14.5 MPa), Orowan (≈ 120 MPa), and 

grain‐refinement (≈ 80 MPa) mechanisms collectively account for the observed strengthening 

in the LPBF Mg-2Ag-2Sn alloy. 
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Figure 5. (a) Tafel plot, (b) Nyquist plot, and (c) Bode plot of Cp-Mg and Mg-2Ag-2Sn 

circular samples prepared at optimized process parameters (T17)
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The corrosion tests conducted on the Cp-Mg and Mg-2Ag-2Sn alloys demonstrated that 

the presence of Ag and Sn in the Mg improves their corrosion resistance, confirmed by the 

corrosion parameters determined from the Tafel plot (Figure 5a; red color). Ag and Sn are well 

known to enhance the corrosion resistance properties of Mg alloys by forming different phases 

with Mg13,14. Different intermetallic phases of Mg-Sn, Mg-Ag, and Ag-Sn, which appeared in 

Figure 2, enhance corrosion resistance by acting as a stable protective barrier against the 

incoming corrosive ions through the solution. Finely dispersed Mg2Sn and Ag3Sn in the 

sample, as observed in Figure 3b, support uniform surface passivation35. Mg2Sn enhances the 

corrosion resistance of Mg alloys by forming stable passive layers, as reported previously13. 

Increasing Sn content in Mg-Sn alloys enhances corrosion resistance 68. Mg-10Sn alloys exhibit 

significantly lower corrosion rates and reduced cathodic activation compared to pure Mg68. 

While Mg2Sn intermetallic may initially promote pitting corrosion through cathodic sites, a 

passivation layer eventually forms, further improving corrosion resistance as reported 

previously 69. A uniform distribution of Mg2Sn phases also helps reduce corrosion rates 70. It 

has been reported that Ag in Al-Mg alloys enhances intergranular corrosion resistance by 

preventing certain phase formations and increasing corrosion potential 71. Similarly, the Mg2Sn 

and Ag3Sn act as intermetallic phases, but their lower quantities can reduce the galvanic 

corrosion. In Mg-2Ag-2Sn alloys, lower quantities of Mg2Sn and Ag3Sn phases 

homogeneously and uniformly distributed within the alloy improve corrosion resistance by 

facilitating the formation of a stable, protective passivation layer 70. While higher 

concentrations of these phases can cause Galvanic corrosion by acting as cathodes, lower 

amounts promote a more uniform phase distribution, reducing localized corrosion. This results 

in enhanced overall corrosion resistance as the passivation layer effectively protects the alloy 

matrix from degradation. It has been reported previously that a high corrosion potential and 

low corrosion current lead to a higher corrosion resistance for the alloy 27,72,73. High corrosion 

potential and lower corrosion current values (Table S1) of the additively manufactured Mg-

Ag-Sn alloy confirmed the enhanced corrosion resistance compared to Cp-Mg, which is an 

important attribute for the use of this alloy in biomedical applications. 

Figure 5b-c depicts the results of EIS studies performed on the sample in the form of 

Nyquist and Bode plots. The Nyquist plot (Figure 5b) depicts the presence of three loops 

consisting of one high-frequency capacitance loop, one medium-frequency capacitance loop, 

and one low-frequency inductance loop. The medium-frequency capacitive loop reflects the 
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influence of the surface film on corrosion, while the high-frequency loop corresponds to the 

relaxation process of electrochemical impedance, associated with sample degradation 70,74. 

Polarization resistance (Rp) is a well-known parameter used to assess the corrosion resistance 

of a sample in corrosive environments. 

 𝑅𝑝 = 𝑅𝑐𝑡 + 𝑅𝐿                                                                     (9)

Where Rct is charge transfer resistance and RL represents the inductance resistance due 

to localized corrosion. 

The radius of the circular loop in a Nyquist plot is directly proportional to (Rp) the 

corrosion resistance for the alloy system 16,69,70,73,75. It can be observed from Figure 5b that the 

resistance of the medium frequency capacitive loop is larger for Mg-2Ag-2Sn alloy than that 

of Cp-Mg, which indicates that the surface film for the ternary alloy was more protective 

compared to that of pure Mg. Low-frequency region plots contribute to the pitting corrosion in 

the corrosion process 70. All alloys exhibit an inductive loop at low frequencies, indicating 

pitting behavior and the breakdown of the corrosion product layer 69. It is evident that the 

inductive resistance loop has a smaller diameter for the Mg-2Ag-2Sn alloy when compared to 

that of Cp-Mg, indicating that the corrosion product films or layers forming on the surface of 

pure Mg alloy are weak and break easily when compared to those of the alloy. The adherent 

protective film for Mg-2Ag-2Sn alloy is evident from the smaller inductive loop (in Figure 

5c), which is attributed to the presence of Ag and Sn. Additionally, the charge transfer 

resistance (Rct) and the polarization resistance (Rp) of the Mg-2Ag-2Sn alloy were higher than 

those of the Cp-Mg alloy. Thus, Mg-2Ag-2Sn alloy has superior corrosion resistance due to 

the presence of various phases. 

The presence of higher impedance values in the Bode plot is considered an indication 

of higher corrosion resistance 69. The Bode plot in Figure 5c depicts the |Z|-Frequency curve. 

Mg-2Ag-2Sn shows five-fold higher impedance values compared to Cp-Mg alloy, which also 

indicates higher corrosion resistance. The increase in overall corrosion resistance of Mg-2Ag-

2Sn alloy can be attributed to the formation of protective films of Sn reported previously 76. 

The EIS studies agreed with the Tafel findings. Previous studies have shown that the corrosion 

resistance of Mg alloys depends on the types, densities, distributions, and volume fractions of 

precipitates40–46. Additionally, defects such as pores or cracks accelerate the degradation of the 

matrix. Proper heat treatment enhances microstructural uniformity, eliminates defects, and 

promotes fine, evenly distributed precipitates, reducing micro-galvanic corrosion. As a result, 

uniform corrosion progresses more slowly, leading to a relatively stable corrosion film. 
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In this study, the alloy shows low corrosion current density and high impedance values, 

which could be attributed to the formation of a protective surface film. Based on earlier reports, 

it is likely that finely dispersed intermetallic phases like Mg2Sn and Ag3Sn act as micro-

cathodes that promote local alkalization during corrosion, leading to the formation of a two-

layered passivation film. The inner layer is likely composed of Mg(OH)2, which adheres well 

to the substrate, while the outer layer may consist of SnO2, and possibly Ag-based compounds 

such as Ag2O or AgCl, which provide enhanced chemical stability. Prior work on Mg-Sn alloys 

shows that SnO2 preferentially segregates at the outer film layer, imparting superior barrier 

properties versus pure Mg(OH)2
77. Mg(OH)2 likely forms a more adherent inner layer, 

anchoring the passive film to the substrate 16,27. The resulting bilayer, an inner Mg-based 

hydroxide overlain by a thin, dense SnO2 network, resists Cl⁻ penetration and minimizes 

localized dissolution. This synergy between Mg2Sn and Ag3Sn (which may similarly oxidize 

to Ag2O/AgCl under chloride attack) plausibly enhances overall impedance and suppresses pit 

initiation as observed in our electrochemical impedance spectra and polarization scans. The 

corrosion mechanism presumably involves micro-galvanic cells formed between the α-Mg 

matrix (anode) and the intermetallic particles (cathodes). Cathodic water reduction around 

these intermetallics likely raises the local pH, encouraging the precipitation of Mg(OH)2 and 

tin oxides. Prior studies on Mg-Sn alloys show that SnO2 enriches the outer layer and stabilizes 

it against Cl⁻ attack 78–80,81. Therefore, we surmise that, based on our high impedance and low 

icorr values, a similar mixed oxide forms here in the current study. Although more work is 

warranted to establish the mechanism, this proposed mechanism is in good agreement with 

previous findings on Mg-Sn alloys, which report a bilayer oxide structure with SnO2 enriching 

the outer surface. Such a configuration is believed to hinder chloride ion penetration and delay 

pit formation.

Additionally, the fine and uniform distribution of Mg2Sn and Ag3Sn in our alloy may 

help suppress deep pit formation, as observed in earlier laser-processed Mg alloys. Rather than 

initiating large pits, the intermetallics support rapid re-passivation and generate a more uniform 

corrosion morphology. Overall, while more detailed chemical analysis is needed, the current 

findings suggest that the alloy’s corrosion resistance may arise from a synergistic oxide film 

structure, consistent with mechanisms reported in prior Mg-Sn systems. Previous reports show 

that in Mg-Sn alloys, Sn‐rich phases typically dictate pit characteristics: in conventional cast 

Mg-Sn materials, coarse Mg₂Sn particles often become pit initiation sites, producing deep, 

irregular cavities 77,82,83. In contrast, LPBF specimens in the current study contain fine Mg2Sn 
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needles (~1.2 µm long) and Ag3Sn nodules (~0.5 µm in diameter), uniformly dispersed at 

approximately 4.5 vol% and 1.2 vol%, respectively. This microstructure yields a high density 

of shallow, evenly distributed pits (< 5 µm deep) rather than a few deep defects. Previous 

studies reported that such fine dispersions shift pit morphology from hemispherical craters to 

stalactite‐like, submicron surface features 77. In our alloy, the mixed‐oxide film forming around 

each microcell rapidly re‐passivates local anodic sites, promoting a more uniform corrosion 

front and minimizing grain undercutting. A similar behavior has been observed in 

laser‐processed Mg–Sn–Zn alloys, where submicron SnO₂ networks inhibit pit coalescence 

and lateral growth 84. 

Based on the measurements reported in this study, the corrosion rate was calculated for 

the current alloys using the following formula reported in the literature and listed in Eqn. 

(10)73,85. 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑚𝑝𝑦) = (3.16∗108∗𝑖𝑐𝑜𝑟𝑟∗𝑀)
(𝑧∗𝐹∗𝜌)                         (10)

where icorr is the corrosion current density in (A/cm2), M is the molar mass of Magnesium in 

(24.15 g/mol), F is the Faraday’s constant (96,500 C/mol), z is the number of electrons 

transferred for each metal atom (2 electrons) and ρ is the metal density (1.74 g/cm3).

Previously reported data on Mg alloys processed by LPBF for biomedical applications 

are presented in Table 2 and compared with the outcomes of the present study. The corrosion 

rate of the current alloy system was calculated using two established methodologies from the 

literature, both yielding consistent results as shown in Table 2 70,73. The hardness of printed 

alloy was found to be comparable to that of the previously reported alloys. Additionally, 

Young’s modulus (E) and Yield strength (Ys) closely align with those of human cortical bone. 

According to clinical recommendations, an ideal corrosion rate for orthopedic implants should 

be below 0.5 mmpy86. The degradation rate of the alloy in simulated body fluid (SBF) was 

found to be below this threshold, thereby fulfilling a key requirement for its suitability as a 

biodegradable biomedical implant86.
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Table 2: Comparison of mechanical properties and corrosion rate of the present study with alloys in the literature

Sample Hardness 

(Hv)

Young’s modulus 

(GPa)

Yield strength 

(MPa)

Ecorr 

(V)

icorr 

(µA.cm-2)

Corrosion rate 

(mmpy)

Reference

Cp-Mg 83 22.6 271.3 -1.58 98.83 2.25 Present work

Mg-2Ag-2Sn 133 36.2 434.8 -1.38 42.21 0.96 Present work

Wrought Mg 60 - - - - - 50

AZ91D 85-100 - 254 - 33

WE43 87-96 - - - 87

WE43 74.7-95.3 - 250 0.65-0.68 16

Human bone 33.3-43.8 3-20 104-121 - 86,88,89
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While indirect additive manufacturing approaches, such as solvent-cast extrusion, binder 

jetting followed by sintering, and paste extrusion, have successfully produced Cp-Mg 

components, direct fusion-based techniques, such as LPBF and wire-arc additive 

manufacturing (WAAM), have been limited to magnesium alloys90–93. Although preliminary 

or experimental efforts have attempted SLM with pure Mg powders, no reports have 

conclusively demonstrated the fabrication of fully dense, defect-free bulk parts via direct 

melting93. The processing of unalloyed Mg using such methods remains particularly 

challenging due to its high flammability, susceptibility to oxidation and evaporation, and a 

pronounced tendency toward porosity and cracking 90,91. One combined computational and 

experimental study investigated melt-pool dynamics during SLM of pure Mg; however, it did 

not achieve or confirm successful printing of defect-free, consolidated bulk structures93. To the 

best of our knowledge, the processing of Cp-Mg via LPBF has not been reported. This work 

demonstrates the successful fabrication of pure Mg for the first time using LPBF, including the 

systematic optimization of process parameters. Despite substantial challenges in tuning the 

LPBF chamber environment, specifically powder deposition and material buildup, parameter 

refinement enabled the successful printing of continuous layers with thicknesses of 

approximately 600-700 µm. This deposition was sufficient to conduct a comprehensive 

evaluation of the material’s properties, as presented herein. In addition, a novel Mg-2Ag-2Sn 

alloy, designed for biomedical applications, was fabricated using the optimized LPBF 

parameters, allowing for a comparative assessment with Cp-Mg.

4. Conclusion

In this study, additive manufacturing of Cp-Mg and Mg-2Ag-2Sn alloy by LPBF was 

successfully demonstrated. The alloy was realized by in situ alloying of pre-mixed elemental 

powders during LPBF, which overcomes a key limitation for the widespread adoption of these 

emerging technologies for processing different alloys. A laser power of 400 W and a scan speed 

of 0.03 m/s were determined to be well-suited for processing the two alloys. The additively 

manufactured parts were found to contain α-Mg, Mg0.42Al0.58, MgAl2O4, and AlMg phases in 

both alloys, with additional peaks of Mg2Sn, AgMg3, AgMg4, and Ag3Sn for the Mg-2Ag-2Sn 

alloy. The high corrosion potential, low corrosion current values, larger Nyquist loop 

diameters, and five times higher impedance values confirm the higher corrosion resistance of 

Mg-2Ag-2Sn alloy compared to Cp-Mg. The incorporation of Ag and Sn into the alloy 

enhanced the hardness of Mg by 63%. Thus, the desired combination of mechanical properties 
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and corrosion resistance of Mg-2Ag-2Sn compared to Cp-Mg demonstrates that LPBF is a 

viable route for the in-situ production of the alloy. These findings have important implications 

in the fabrication of next-generation bioresorbable implants that are personalized to meet the 

individual needs of patients.  
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