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A B S T R A C T

Magnesium alloys are renowned for their high strength-to-weight ratio and low density, making them highly 
sought-after in the lightweight engineering sector. Among these, the high-strength magnesium alloy WE43, 
characterized by its Mg-4Y-3RE composition, stands out for its superior mechanical strength and thermal sta
bility. These properties, coupled with its creep resistance, render WE43 a suitable alloy in elevated temperature 
applications, particularly in aerospace and automotive engineering. Despite its potential, the characterization of 
the load direction- and temperature-dependent deformation behavior remains incomplete for WE43, especially in 
additive manufacturing contexts. This study explores the quasi-static and cyclic creep properties of WE43 pro
duced via laser-based powder bed fusion.

The research involved tensile and compression testing to evaluate quasi-static deformation and tensile- 
compression asymmetry. Cyclic creep behavior was studied under diverse mechanical (tension, compression) 
and thermal (RT, 200 ◦C, 300 ◦C) conditions by load-increase fatigue tests. Microstructural analyses based on 
cross-sections, XRD and computed tomography were conducted to assess manufacturing quality and identify 
potential inhomogeneities. The results reveal the interplay between mechanical load, temperature, and structural 
integrity in WE43. It could be shown that especially at 300 ◦C increased creep rates occure.

1. Introduction

Magnesium alloys, particularly WE43, have garnered significant 
attention in engineering applications due to their high strength-to- 
weight ratio and low density. WE43, composed primarily of magne
sium with additions of yttrium, neodymium, gadolinium, and zirco
nium, exhibits notable mechanical strength and, compared to other Mg 
alloys, high thermal stability and creep resistance, making it suitable for 
elevated temperature environments such as aerospace and automotive 
industries [1,2].

Traditional manufacturing methods for magnesium alloys, including 
casting and extrusion, often face limitations in design flexibility and may 
result in microstructural inhomogeneities, e.g. pores, that may affect 
mechanical performance. The different production methods can induce 
significant anisotropy due to directional solidification or deformation 
patterns. In casting, directional solidification leads to the formation of 
dendritic grain structures, porosity, and chemical segregation. The 

dendrites grow preferentially along thermal gradients, introducing 
anisotropy in both mechanical properties and defect distribution. 
Additionally, porosity tends to localize along interdendritic regions, 
where solute-enriched zones resist proper feeding during solidification 
[3,4]. In extrusion, intense plastic deformation along the extrusion axis 
elongates grains and aligns crystallographic basal planes, resulting in 
pronounced anisotropy. This causes strong directionality in mechanical 
behavior (e.g., yield strength, ductility, fatigue) due to the 
texture-dependent activation of slip and twinning in the HCP structure 
of magnesium [5]. Even additive manufacturing methods such as 
laser-based powder bed fusion (PBF-LB/M), though offering high 
geometrical freedom, introduce their own types of anisotropy. The 
layer-wise build-up and rapid thermal gradients lead to columnar grain 
growth aligned with the build direction and potential interlayer 
porosity. This structural orientation causes directional mechanical 
behavior and tension-compression asymmetry in the final parts [6]. 
Especially for magnesium challenges exist due to the poor weldability 
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properties [7]. The aforementioned limitations restrict the potential of 
magnesium alloys in advanced applications, where uniformity and 
defect-free structures are critical. PBF-LB/M allows for the fabrication of 
complex geometries with the potential of precise control over micro
structure and mechanical properties by adjusting process parameters 
such as laser power, scan speed, and layer thickness [8–10]. Moreover, 
recent process controls have reduced porosity and oxidation issues [8,
11,12]. Despite these advancements, further optimization of AM pa
rameters is essential to produce defect-free components with adequate 
microstructure and anisotropy for critical applications.

Creep behavior in WE43 is strongly temperature- and stress- 
dependent. At lower temperatures and stress levels, creep deformation 
is dominated by dislocation motion and precipitate interactions, which 
effectively resist deformation [13,14]. However, as temperatures rise, 
diffusion-based mechanisms, such as lattice diffusion (Nabarro-Herring 
creep) and grain boundary diffusion (Coble creep), become more 
prominent [15–17]. These mechanisms allow atoms to migrate through 
the crystal lattice or along grain boundaries, leading to time-dependent 
deformation [18,19].

The transition from dislocation-controlled to diffusion-controlled 
creep is often observed in WE43 at temperatures approaching 300 ◦C, 
corresponding to the onset of precipitate coarsening and grain boundary 
weakening. Grain boundary sliding becomes a significant factor in this 
regime, especially in fine-grained structures, which are more susceptible 
to this type of deformation [20,21]. Moreover, the applied stress level 
influences the activation of these mechanisms. At high stresses, dislo
cation climb becomes dominant, while at lower stresses, diffusion and 
grain boundary sliding prevail [19,22].

Additive manufacturing (AM) enables precise control over material 
microstructure and the production of complex geometries, but it in
troduces specific challenges for creep resistance. AM-produced materials 
often exhibit unique microstructural features, such as fine grains, 
anisotropic textures, porosity, and residual stresses caused by rapid 
cooling and localized heat inputs [23,24]. These characteristics can 
either enhance or impair creep behavior depending on the material and 
loading conditions [25,26]. For magnesium alloys such as WE43, the 
hexagonal close-packed (HCP) crystal structure limits dislocation ac
tivity, making the alloy inherently prone to grain boundary sliding [27,
28]. However, the homogeneous distribution of precipitates improves 
creep resistance by pinning dislocations. Post-processing treatments, 
like hot isostatic pressing (HIP), are often employed to reduce porosity 
and improve the high-temperature stability of AM-produced compo
nents. Materials with fine grains or a high fraction of grain boundaries 
are particularly susceptible to cyclic creep due to the promotion of grain 
boundary sliding and crack initiation [29].

WE43′s biocompatibility enables its use in bioresorbable AM im
plants, where cyclic creep resistance is critical, which can be reduced by 
RE-containing Mg alloys [30,31].

In such biomedical scenarios, the primary loading is cyclic and 
multiaxial, often arising from walking or muscle movement. Creep 
deformation under these conditions typically occurs as cyclic (ratchet
ing) creep, where a small plastic strain accumulates per cycle even at 
stress levels below the yield strength [30]. Typical operating conditions 
for biodegradable magnesium implants involve body temperature (~37 
◦C), stress amplitudes of 5–30 MPa, and load frequencies between 0.5–3 
Hz, depending on location and patient activity [32,33]. While classical 
steady-state (constant-stress) creep is minimal at these temperatures, 
cyclic creep becomes a key degradation mode over weeks to months due 
to repeated physiological loading [33]. Therefore, understanding the 
load-direction- and temperature-dependence of cyclic creep is essential 
to predict long-term implant performance and avoid premature loss of 
mechanical integrity. This study specifically investigates the material 
response under such repeated loading conditions, and thus focuses on 
the mechanisms of cyclic creep, rather than traditional constant-load 
creep.

The alloy’s ability to be processed via AM facilitates the creation of 

patient-specific geometries, potentially reducing the need for secondary 
surgeries [34]. However, a critical aspect of its biomedical application is 
the control of creep to maintain mechanical integrity throughout the 
healing process.

Key challenges include optimizing AM processing and alloy compo
sition to ensure defect-free, homogeneous structures and cost-efficiency. 
This includes refining process parameters, such as laser power and scan 
speed, and improving powder quality to achieve consistent results. The 
aim of this paper is to address these gaps by systematically investigating 
the creep behavior of additively manufactured WE43 magnesium alloy, 
particularly under quasi-static and cyclic loading at elevated tempera
tures. The investigations seek to correlate microstructural features with 
deformation mechanisms and explore the implications of these findings 
for high-temperature applications. The results will clarify the mecha
nisms of static and cyclic creep to enhance the performance and reli
ability of WE43 in demanding operational conditions.

2. Experimental procedure

2.1. Material

The experimental investigation focusses on exploring the quasi-static 
and cyclic creep behavior of WE43 magnesium alloy, which was addi
tively manufactured using laser-based powder bed fusion (PBF-LB/M). 
The powder was delivered by New Materials Development GmbH 
(Rosenheim, Germany). WE43 was chosen due to its high mechanical 
strength, creep resistance, and thermal stability, making it an ideal 
candidate for elevated temperature applications. The alloy, primarily 
composed of magnesium with rare earth elements such as yttrium, 
neodymium, gadolinium, and zirconium, exhibits a balance of me
chanical properties suitable for demanding aerospace, automotive, and 
biomedical applications. However, its high sensitivity to temperature 
and manufacturing conditions necessitated a detailed investigation of its 
behavior under different thermal and mechanical loads. 97.3 % of the 
particles exhibit a grain size 〈 53 µm and 2.7 % a grain size 〉 53 µm. The 
chemical composition of the powder is given in Table 1.

2.2. Additive manufacturing process

Additive manufacturing was performed using the PBF-system SLM 
125HL by Nikon SLM Solutions. The WE43 powder underwent pre
processing to ensure its quality. The powder, with a particle size range of 
15 to 53 µm, displayed a spherical morphology with minimal agglom
eration. The elemental composition included yttrium, neodymium, 
gadolinium, and zirconium, forming a robust microstructure upon so
lidification. Scanning electron microscopy (Fig. 1) confirmed the pow
der’s suitability for the PBF-LB/M process, since a homogeneous size 
distribution with round particles is evident.

The additive manufacturing process was carried out using a 100 W 
yttrium fiber laser. A preheating temperature of 200 ◦C was applied to 
the build plate to reduce residual stresses, while the laser power, scan 
speed, and hatch distance were systematically varied to identify optimal 
processing parameters. The manufacturing trials revealed significant 
dependencies of porosity and mechanical quality on the laser parame
ters and the positional placement of specimens on the build plate. Fig. 2b 
shows the microstructure of as-build additive manufactured WE43 
specimens with conventional specimen design (Fig. 2a) containing 
several cracks in the surface areas and significant porosity in the inner 
areas due to the thermal conditions in the material and the non- 
optimized scanning strategy.

Table 1 
Chemical composition of WE43 magnesium powder (in wt %).

Y Gd Nd Zr Fe Zn Mg

Powder 3.76 1.24 2.47 0.40 0.01 0.21 Bal.
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To identify suitable manufacturing parameters, a series of pre
liminary trials was performed (see Supplementary material A). Based on 
these results, the final process parameters were selected to minimize 
porosity and maximize mechanical properties of the samples. The 
optimization process of the process parameters using the adopted ge
ometry led to a laser power of 75 W, a scanning speed of 300 mm/s, a 
hatch distance of 60 µm, a layer height of 40 µm and a defocusing of 2.5 
mm.

2.3. Specimen design

To address the aforementioned initial challenges with porosity and 
near-surface cracks in the manufactured specimens, the design of the 
tensile specimens was iteratively optimized. Initial geometries (Fig. 2a) 
suffered from cracks and excessive porosity (Fig. 2b), particularly in the 
top layers, where thermal gradients were most pronounced. To mitigate 
these issues, a blind hole was introduced into the upper and lower ends 
of fatigue specimens (Fig. 2c), effectively reducing heat accumulation 
and enhancing thermal uniformity during the build process. In addition, 
the scanned area was reduced by this strategy in order to minimize the 
addition of thermal stresses. Microstructural analyses and subsequent 
metallography (Fig. 2d) as well as X-ray computed tomography (CT) 
scans (chapter 3.1) confirmed that the final specimens (Fig. 2e) achieved 
near-complete density with negligible porosity and without cracks. Post- 
processing of the fabricated specimens involved mechanical detachment 
from the build plate, followed by precision grinding and polishing to 
prevent influences of surface roughness.

2.4. Metallography and microscopy

The microstructural analysis of the WE43 magnesium alloy was 
conducted using light microscopy to examine the grain structure, pre
cipitate distribution, and surface quality. The samples were embedded in 
a conductive mounting resin to provide stability during polishing and 
imaging. A sequential polishing process was employed, beginning with 
coarse grinding using silicon carbide papers of progressively finer grit 
sizes, followed by polishing with diamond suspensions (3 µm and 1 µm) 
to achieve a mirror-like surface. The final step involved vibratory pol
ishing with colloidal silica to remove any residual surface deformation 
and scratches, allowing for a detailed view of microstructural features.

All optical microscopy images were captured using a Keyence VK- 
X1000, equipped with a high-resolution digital camera and advanced 
illumination settings for enhanced contrast. In order to identify the melt 
pools within the microstructure, the specimens shown in Fig. 4 were 
etched using nitric acid with a concentration of 3 %.

2.5. Residual stress measurement

In order to identify the occurring phases, XRD (X-ray diffraction) 
measurements were performed using a Bruker D8 Discover diffractom
eter. In the context of phase analyses, diffractograms were taken using 
the parameters given in Table 2. The specimens were ground and pol
ished as described in chapter 2.4 prior to the XRD measurements. The 
diffractometer was equipped with Cu Kα radiation (λ = 1.5406 Å). The 
scans were performed in Bragg–Brentano geometry over a 2θ range of 
19◦–81◦, with a step size of 0.05◦ and a counting time of 7.5 s/step.

Measurements were carried out on the XY plane (perpendicular to 

Fig. 1. SEM image of the WE43 alloy powder [10].

Fig. 2. Initial specimen geometry for tensile and fatigue investigations (a) with subsequent crack and pore containing cross-sections (b), adopted specimen geometry 
with blind holes at front sides (c) with subsequent nearly crack free and negligible pore containing microstructure (d), additively manufactured WE43 alloy spec
imens on the build platform (e), BD: build direction.
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the build direction), corresponding to the layering direction of the PBF- 
LB/M process. This orientation allows for evaluating texture-related 
phase visibility and comparing dominant phases aligned with the layer 
plane. The obtained diffraction peaks were indexed using ICDD database 
references for hexagonal Mg, Mg₃Gd, and Y₂O₃. The presence of Y₂O₃ has 
also been reported in other studies on PBF-LB/M-produced WE43 [6], 
and is attributed to residual oxygen in the build chamber atmosphere 
reacting with yttrium during laser melting.

2.6. Computed tomography

In addition to the metallographic investigations of the microstruc
ture, the defect structure was characterized by means of X-ray computed 
tomography (CT) using a Nikon XT H 160 system. For all tensile and 
compression specimens a scan power of 15 W, a current of 150 mA and a 
voltage of 100 kV was used, leading to an achieved resolution of 9 µm. 
The computed tomography scans, analyzed using VGStudio Max 2.2 
software, quantified the size, shape, and volume of internal defects.

2.7. Quasi-static characterization

Quasi-static mechanical testing was conducted to characterize dif
ferences between tension and compression load direction on additively 
manufactured WE43 alloy. Tensile and compression tests were per
formed at room temperature (RT), 200 ◦C, and 300 ◦C. These tests 
measured the stress-strain response of the alloy under quasi-static 
loading conditions and provided the temperature-dependent mechani
cal properties. The tests were carried out strain-controlled using a 
Schenck PC63M with Instron 8800 electronics servohydraulic testing 
system with a strain rate of ε̇ = 0.00025 s-1 in the elastic region (εt <1 %) 
and ε̇ = 0.0067 s-1 in the elastic-plastic region (εt > 1 %). For the control 
of the strain, a Sandner extensometer with ceramic knifes was used. The 
test setup for quasi-static as well as cyclic investigations in depicted in 
Fig. 3a.

The tensile specimens (Fig. 3b) were build based on the geometry 
optimization during the AM process. Compression specimens (Fig. 3c) 

were machined as rods to ensure parallel end faces and uniform 
dimensions.

2.8. Cyclic characterization

The cyclic investigations were carried out in order to evaluate the 
alloy’s performance under repeated mechanical loading, particularly its 
creep behavior in tensile and compressive conditions. For a rapid 
qualification of the cyclic properties, load increase tests (LIT) were 
conducted, during which the load is increased (tension-tension) or 
decreased (compression-compression) in every cycle up to the failure of 
the specimen (see [35,36]) The tests were conducted using the identical 
servohydraulic testing system equipped with high-temperature exten
someter compared to the quasi-static tests. Specimens were subjected to 
cyclic loading at a frequency of f = 10 Hz and a stress amplitude of σa =

4.5 MPa. The tests were carried out at RT, 200 ◦C, and 300 ◦C to simulate 
realistic operational conditions. Due to the high complexity and 
resource requirements of producing defect-free magnesium specimens 
for multiple testing conditions using PBF-LB/M, this study focused on 
representative single samples per condition for quasi-static as well as 
cyclic characterization.

3. Results and discussion

3.1. Microstructure and defect structure

The microstructural investigations of the additively manufactured 
WE43 specimens (Fig. 4) reveal a highly dense material structure, with 
computed tomography (CT) scans (Fig. 6) confirming a density of 99.5 % 
across the optimized specimens. Isolated defects are detected, predom
inantly in the peripheral regions of the build plate. These results align 
with studies highlighting the sensitivity of PBF-LB/M to spatial thermal 
and smoke variations, which can exacerbate porosity and defect for
mation when process parameters are not adequately controlled [8,37].

The light microscopy images show a typical macrostructure for 
additively manufactured material with clearly visible melt pools con
taining small circular grains (about 3.7 ± 2.5 µm), determined by means 
of EBSD (EDAX Super Velocity in a Tescan MIRA 3 SEM, 15 kV accel
eration voltage, beam intensity 12, step size 50 nm) and aligned grains 
based on the laser pathways. It gets clear that the optimized specimens 
exhibit a fine-grained microstructure with well-dispersed precipitates, 
especially at the grain boundaries. These secondary phases, determined 
in detail by the XRD measurements (Fig. 5) play a critical role in 
impeding dislocation movement and enhancing creep resistance at 

Table 2 
Parameters for XRD investigations.

Parameter Unit Value Parameter Unit Value

Target – Cu Wave length k-α1 Å 1.54
Bragg angle 2Θ ​ 19–81 Voltage V kV 40
Collimator Ø mm 0.3 Current I mA 40
Step size ​ 0.05 Dwell time s 7.5

Fig. 3. Test setup for quasi-static and cyclic investigations under high temperature (a), specimen geometry for tensile tests and tension-tension fatigue tests (b), 
specimen geometry for compression tests and compression-compression fatigue tests (c), dimensions in mm.
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elevated temperatures. The uniform distribution of these precipitates is 
consistent with prior studies, which emphasize the importance of ther
mal stability in rare-earth-containing magnesium alloys for their high- 
temperature applications [6,8]. Additionally, grain boundary forma
tion indicates minimal sliding activity, confirming that the PBF-LB/M 
process, under optimized parameters, can produce specimens with su
perior microstructural integrity.

The X-ray diffraction (XRD) analysis (Fig. 5) reveals a microstruc
tural composition predominantly characterized by α-Mg as the primary 
phase, accompanied by the secondary phases Mg3RE (Mg3Gd) and Y2O3. 
The diffraction peaks corresponding to magnesium (Mg) exhibit strong 
intensities, confirming the presence of a hexagonal close-packed (HCP) 
structure as the matrix phase. The presence of Mg3Gd precipitates in
dicates the formation of intermetallic compounds that are known to 
contribute to the strengthening of the alloy through precipitation 
hardening mechanisms, as also reported in conventionally processed 
WE43 alloys [38,39]. Additionally, the detection of Y2O3 suggests the 
presence of yttrium-based oxide inclusions, which may form due to 
oxygen affinity during the laser powder bed fusion process, as observed 
in prior studies on rare-earth-containing magnesium alloys [40].

Compared to conventionally cast WE43 alloys, which typically 
exhibit larger and more dispersed intermetallic precipitates due to 
slower cooling rates [5], the XRD results confirm that the additive 
manufacturing process promotes refined microstructural features, likely 
leading to enhanced mechanical properties [41]. The formation of 
Mg3Gd precipitates aligns with previous reports indicating that 
rare-earth elements, particularly gadolinium, effectively strengthen 
magnesium alloys by refining the microstructure and impeding dislo
cation movement [42]. Moreover, the relatively sharp and well-defined 
diffraction peaks suggest a high degree of crystallinity, which is essential 

for maintaining mechanical integrity under cyclic and creep loading 
conditions.

The presence of Y2O3 phases, while beneficial for oxidation resis
tance, may also influence mechanical properties by affecting grain 
boundary cohesion. Prior studies have indicated that oxide particles at 
grain boundaries can serve as crack initiation sites during cyclic loading, 
potentially impacting fatigue performance [43]. However, under 
compression-dominated loading conditions, such oxides can contribute 
to enhanced creep resistance by restricting grain boundary sliding, a 
critical deformation mechanism at elevated temperatures [44].

The computed tomography (CT) reconstructions (Fig. 6) reveal 
comparatively few defects, indicating a high-quality laser-based powder 
bed fusion (PBF-LB/M) process. However, a notable observation is the 
orientation of these defects, which appear predominantly aligned 
perpendicular to the loading direction. This orientation of the defects, 
evaluated based on the difference of the projected area in and perpen
dicular to the build direction suggests that the pores are located at the 
interfaces between individual layers during the additive manufacturing 
process, where incomplete fusion or insufficient thermal bonding may 
have occurred (lack of fusion porosity). Such inter-layer defect distri
bution is characteristic of AM processes and has been similarly observed 
in studies of other metallic alloys produced via PBF-LB/M [45,46].

The defect size and frequency observed are significantly reduced 
compared to conventionally manufactured AM components, where 
porosity levels can reach up to 2–3 % under non-optimized conditions. 
In the present case, the defects are small, sparse, and isolated, suggesting 
an overall porosity below 0.5 %, which therefore can be treated as nearly 
dense. This low porosity aligns with the optimization of process pa
rameters, such as laser power, scan speed, and hatch distance, and 
especially the geometrical optimization described in chapter 2, to ach
ieve near-full density, as highlighted in previous studies on magnesium 
alloys. For comparison, work by Liu et al. [47] on additively manufac
tured metals demonstrates that minimizing inter-layer porosity directly 
improves strength and fatigue resistance, as fewer defects act as crack 
initiation sites under mechanical, especially cyclic loading.

While this low porosity supports improved mechanical properties, 
the orientation of remaining defects, especially inter-layer pores 
perpendicular to the loading direction, may locally reduce tensile 
strength and fatigue life due to enhanced grain boundary sliding and 
early crack initiation under cyclic or high-temperature loading. In 
addition, this defect orientation is particularly relevant for creep 
behavior, as inter-layer voids can act as pathways for grain boundary 
sliding and void coalescence under sustained high-temperature stresses.

3.2. Quasi-static behavior

The quasi-static mechanical behavior of additively manufactured 
WE43 specimens reveals a distinct anisotropy between tensile (Fig. 7a) 
and compressive (Fig. 7b) loading conditions at all investigated tem
peratures - room temperature (RT), 200 ◦C and 300 ◦C. This anisotropy 

Fig. 4. Metallographic images of additively manufactured WE43 magnesium alloy.

Fig. 5. Diffraction pattern gained by XRD measurements for phase analysis.
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Fig. 6. Volume reconstruction of additively manufactured WE43 specimens with characteristic defect parameters.

Fig. 7. Quasistatic tensile (a) and compression (b) tests of additively manufactured WE43 alloy at room temperature (RT), 200 ◦C and 300 ◦C.

Fig. 8. Tensile (a) and compression (b) properties of additively manufactured WE43 alloy.
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arises primarily from microstructural characteristics, stress-state- 
dependent deformation mechanisms, and the inherent features of the 
additive manufacturing (AM) process. Fig. 8a (tensile) and Fig. 8b 
(compression) represent the evaluated yield strength/compression limit, 
ultimate tensile/compression strength and fracture strain.

At room temperature, the tensile yield strength reaches approxi
mately 270 MPa, with an ultimate tensile strength (UTS) of around 310 
MPa and a fracture strain of about 6 %. In contrast, under compressive 
loading, the yield strength is higher at 330 MPa, which is consistent with 
the expected asymmetry in tension-compression response of magnesium 
alloys due to twinning mechanisms [43,48,49]. The ultimate compres
sive strength exceeds 470 MPa and a significantly larger fracture strain 
of 9 %. Tensile failure occurs earlier due to the alignment of inter-layer 
defects, which are inherent to the AM process, perpendicular to the 
loading direction. These defects, including small voids and incomplete 
fusion zones, act as stress concentrators under tensile stresses, promot
ing early crack initiation and propagation. In compression, these same 
defects are less critical, as the compressive forces close voids rather than 
propagate cracks.

At 200 ◦C, the anisotropy between tension and compression persists. 
The tensile yield strength drops to approximately 160 MPa, with an 
ultimate tensile strength of 216 MPa, while the fracture strain decreases 
to about 7 %. This behavior reflects the onset of thermally activated 
deformation mechanisms, such as dislocation climb and the activation of 
additional slip systems, which enhance ductility. In compression, the 
yield strength remains higher at 270 MPa, and the ultimate compressive 
strength reaches approximately 400 MPa, with the fracture strain 
increasing to 10 %. This greater ductility under compressive loading 
arises from the stabilization of grain boundaries and the suppression of 
crack growth, which further delays failure.

At 300 ◦C, the anisotropy becomes even more pronounced. Under 
tensile loading, the yield strength decreases significantly to 115 MPa, 
with the UTS dropping to approximately 131MPa. The fracture strain, 
however, increases to around 10 %, reflecting a transition to grain 
boundary sliding and diffusion-driven creep mechanisms. The 
compressive stress-strain curve for 300 ◦C reveals a distinct behavior 
where no significant drop in nominal stress occurs after reaching the 
peak value. Instead, the stress continues to increase gradually with 
ongoing strain (reaching > 52 %), displaying a steady rise in nominal 
stress throughout the deformation process. This behavior is in contrast 
to the tensile stress-strain response at the same temperature, where a 
clear decrease of nominal stress due to necking occurs after the peak 
value is reached.

The steady increase in nominal stress under compression at elevated 
temperatures is attributed to the activation of basal slip systems in the 
HCP structure of magnesium [50]. At 300 ◦C, thermal activation reduces 
the critical resolved shear stresses (CRSS) of non-basal systems, enabling 
dislocation climb and diffusional mechanisms to support plasticity 
without marked stress softening. This behavior is supported by studies 
showing enhanced basal slip and constrained grain boundary sliding 
under compression [51,52]. Li et al. [53] further observed that sup
pressed tensile stresses at grain boundaries delay strain localization, 
promoting gradual stress build-up and reduced damage, especially by 
coalescence and sliding, compared to tension.

Compared to conventionally cast WE43, the additively manufactured 
material exhibits similar behavior under compression at 300 ◦C, but 
benefits from a much finer grain structure (3.8 µm vs. ~38 µm, [37]). 
This refinement enhances basal slip and dislocation mobility, contrib
uting to the steady stress increase [54,55], while the absence of casting 
defects delays failure mechanisms like intergranular cracking.

The pronounced anisotropy between tension and compression arises 
from the layer-wise AM microstructure: elongated grains and inter-layer 
boundaries aligned perpendicular to the build direction promote failure 
in tension, whereas compression stabilizes these features and suppresses 
crack propagation [45]. Additionally, strengthening precipitates 
contribute to this asymmetry. At low temperatures, they effectively pin 

dislocations [6], but at 300 ◦C, coarsening and partial dissolution of 
precipitations reduce their effect, more so under tension due to grain 
boundary weakening [13,19].

While AM WE43 outperforms cast material at room temperature 
(250 – 280 MPa tensile strength) due to refined grains and rapid solid
ification, both show converging behavior at high temperatures where 
grain boundary sliding and precipitate coarsening dominate. Nonethe
less, AM specimens maintain slightly higher fracture strains at 300 ◦C, 
likely due to their defect-free microstructure [18,56].

3.3. Cyclic behavior

The fatigue investigations of additively manufactured WE43 speci
mens under tensile and compressive loading conditions reveal a 
behavior influenced by temperature, loading mode, and microstructural 
mechanisms. Fig. 9 and 10 show the results of the cyclic investigations. 
σa is the stress amplitude. εₐ,ₚ denotes the plastic strain amplitude, i.e., 
half the difference between the plastic strain at maximum and minimum 
load. εₘ,ₜ refers to the total mean strain, representing the average of total 
strain over a load cycle. At room temperature (RT), the material exhibits 
a stable cyclic behavior in both tension and compression, characterized 
by minimal plastic strain accumulation and negligible creep effects. 
Under tensile loading (Fig. 9), the maximum stress increases slightly 
over the number of cycles, indicating initial cyclic hardening due to 
dislocation accumulation and interaction. The plastic strain amplitude 
remains low and stable throughout the fatigue life, and total mean strain 
does not evolve significantly, reflecting a microstructure that effectively 
resists damage initiation and crack propagation under cyclic stress at RT.

In compression (Fig. 10), the behavior is similarly stable, with the 
total mean streain showing a gradual reduction, indicating minimal 
cyclic softening. The plastic strain amplitude remains nearly constant, 
demonstrating cyclic hardening effects similar to those in tension. 
However, under compression, the material achieves a more stable and 
delayed fatigue response due to the suppression of crack initiation and 
propagation, as compressive stresses prevent crack propagation and 
close inter-layer defects and voids, reducing their impact on fatigue 
performance [57]. At RT, both stress states indicate that the fine-grained 
microstructure and uniformly distributed precipitates effectively 
strengthen the material and delay fatigue failure.

At 200 ◦C, thermally activated mechanisms begin to influence ma
terial behavior. Under tensile loading, moderate stress softening and a 
gradual increase in plastic strain amplitude occur, along with noticeable 
mean strain evolution, indicating the onset of creep processes like 
dislocation climb and grain boundary mobility. The curves are compa
rable to RT. Crack initiation at inter-layer voids and grain boundaries 
contributes to damage accumulation and softening. In cyclic compres
sion at 200 ◦C, the material shows greater resistance to degradation. 
Minimum stress declines slowly, and plastic strain amplitude remains 
stable until late cycles, reflecting delayed damage. The compressive 
stress state limits void opening and crack propagation, resulting in 
slower strain accumulation.

At 300 ◦C, creep mechanisms dominate. Tension leads to strong 
softening, a sharp rise in plastic strain amplitude, and rapid mean strain 
evolution, driven by grain boundary sliding and void coalescence. Pre
cipitate coarsening and grain boundary opening accelerate damage, 
reducing fatigue life. In contrast, under compression at 300 ◦C, the 
plastic strain amplitude increases progressively due to efficient basal slip 
activation. Grain boundary opening is suppressed, and deformation is 
governed by dislocation climb and diffusion. Total mean strain rises 
more gradually, highlighting WE43’s superior resistance to compressive 
fatigue at elevated temperatures.

The comparison between cyclic and quasi-static behavior further 
emphasizes the impact of stress state and temperature. Under quasi- 
static loading, the material demonstrates steady deformation under 
compression at 300 ◦C due to the activation of basal slip and dislocation 
mechanisms, whereas tension leads to significant strain softening. In 
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cyclic loading, the repeated stress cycles amplify microstructural dam
age accumulation, particularly under tensile stresses, where crack 
initiation and propagation are accelerated. In compression, the sup
pression of tensile cracks and void growth results in a more gradual 
accumulation of plastic strain and a longer fatigue life.

When compared to conventionally cast WE43, the additively man
ufactured material exhibits superior fatigue performance at RT due to its 
finer grain structure and reduced porosity. Cast materials, which often 
feature coarser grains and larger defects, are more prone to early crack 
initiation and fatigue failure. At elevated temperatures, both cast and 
AM specimens experience reductions in fatigue life due to precipitate 
coarsening and grain boundary weakening [19]. However, the refined 
microstructure of AM WE43 may delay these processes, resulting in 
slightly improved resistance to cyclic creep and better overall perfor
mance under compressive loading. Similar trends have been reported in 
literature for magnesium alloys such as ZK60 and AZ31, where 
compressive loading consistently results in longer fatigue life compared 
to tension due to the mitigation of crack initiation and the activation of 

basal slip systems [48,49].

4. Conclusions and outlook

This study investigated the quasi-static and cyclic creep behavior of 
the high-performance WE43 magnesium alloy, produced via laser-based 
powder bed fusion. The results highlighted the intricate relationships 
between microstructural details, temperature, and loading conditions.

The microstructural analysis revealed that optimized PBF-LB/M 
processing parameters yielded specimens with near-complete density 
and well-dispersed precipitates. These microstructural features play an 
important role in enhancing creep resistance by impeding dislocation 
motion and stabilizing grain boundaries. However, at elevated temper
atures, the coarsening and dissolution of precipitates significantly 
reduced their effectiveness, leading to grain boundary sliding and 
accelerated deformation.

Quasi-static tests demonstrated that WE43 retains high strength and 
low creep rates at room temperature and up to 200 ◦C, making it suitable 

Fig. 9. Load increase test of additively manufactured WE43 alloy in tension-tension loading.

Fig. 10. Load increase test of additively manufactured WE43 alloy in compression-compression loading.
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for moderate thermal applications. At 300 ◦C, the alloy exhibited sub
stantial degradation and activation of additional slip systems, with creep 
behavior dominated by diffusion mechanisms and grain boundary 
sliding. These findings align with theoretical models of creep in fine- 
grained magnesium alloys, emphasizing the importance of microstruc
tural stability in extending the operational temperature range.

Cyclic tests further underscored the alloy’s temperature-dependent 
behavior. At room temperature, cyclic hardening delayed the onset of 
creep deformation, while at 200 ◦C, moderate creep strain accumulation 
reflected a balance between dislocation mobility and precipitate sta
bility for compression. At 300 ◦C, however, rapid creep strain accumu
lation and reduced fatigue life occur. The transition from dislocation- 
mediated mechanisms to grain boundary sliding and void coalescence 
was evident in both tensile and compression fatigue tests.

These findings underscore the need for alloy design strategies that 
enhance the thermal stability of WE43, such as optimizing rare earth 
content or introducing alternative stabilizing elements. For biomedical 
applications, the study highlighted the importance of controlling creep 
behavior to ensure the mechanical integrity of resorbable implants, 
particularly in environments with fluctuating thermal conditions.

Future work should focus on the process development and alloying 
strategy, especially the adoption of process parameters to reduce 
porosity and investigate the influence on precipitations. Furthermore, 
advanced characterization techniques for predictive modeling of creep 
deformation, and innovative alloying strategies for further enhancement 
of the material’s performance should be taken into account. In further 
studies, a detailed link to the microstructure by means of fractography 
and SEM will be delivered. In addition, the use for biomedical applica
tions like implants will be investigated, since magnesium, especially 
WE43 is a well-suited biomaterial.
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