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1 Introduction
Mg alloys are promising lightweight materials owing 
to their low density (approximately 1.74 g·cm-3), high 
specific strength, excellent damping and vibration 
reduction properties, and outstanding electrical and 
thermal conductivities. They have a wide range of 
applications in various sectors including aerospace, 
automotive, rail transportation, and consumer electronics 
(3C products) [1, 2]. Numerous Mg alloys have been 
developed, including those containing Si in the Mg2Si 
reinforced phase. This phase is known for its high 
hardness (4.5 GPa), high elastic modulus (120 GPa), low 
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density (1.93 g·cm-3), high melting point (1,085 °C),
and low coefficient of thermal expansion (7.5×10-6 K-1) [3, 4]. 
However, the morphology of the primary phase of Mg2Si 
under solidification conditions is highly sensitive to the 
solidification rate. It tends to coarsen when solidified 
by conventional casting, which degrades mechanical 
properties and limits engineering applications of the Mg 
alloys [5]. For achieving a desirable morphology of the 
Mg2Si phase, there are two main approaches: (1) adding 
elements such as P, Sb, Sr, Zn, Ca, and Re to modify the 
Mg2Si phase [6-11], and (2) achieving higher solidification 
rates via process control to refine the Mg2Si phase [12-14].

Additive manufacturing technology is becoming 
increasingly mature and has industrial applications 
in the small-batch manufacturing of complex-shaped 
parts. Wire arc additive manufacturing (WAAM), as 
a rising additive manufacturing method, has unique 
safety advantages for Mg alloys owing to the use of 
wires rather than powder as the raw material [15, 16].
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Fig. 1: Schematics of microstructure sample position and tensile specimens (a), dimensions of tensile test 
samples (unit: mm) (b), and microhardness measurement location (c)

In wire arc additive manufacturing, an electric arc is employed 
as the heat source to facilitate layered clad formation. The 
characteristics of this process, namely the small melt-pool sizes 
and rapid melting and solidification [17, 18], are well-suited to the 
material and process properties of Mg-Si alloys. Consequently, 
the combination of Mg-Si alloys with wire arc additive 
manufacturing presents a promising avenue for engineering 
applications.

In this study, the Mg-6wt.% Si (Mg-6Si) specimens were 
fabricated using wire arc additive manufacturing, employing 
the gas tungsten arc welding (GTAW) technique with rapid 
cooling. The morphological characteristics of the intermetallic 
compound Mg2Si phase in the Mg-6Si alloy and its impact on 
the mechanical properties of the alloy were studied. As-cast 
specimens were also fabricated in a metal mold for comparison. 
The objective is to refine the Mg2Si phase within Mg alloys that 
contain Si, with the aim of offering engineering guidance for the 
development of high-performance Mg-Si alloys designed for 
additive manufacturing processes.

2 Experiment
As-cast Mg-6Si alloy specimens for comparison were prepared 
via metal mold casting with a mixture of 0.5vol.% SF6 and 
99.5vol.% Ar gas in a protected induction furnace. Pure Si 

was added to the molten Mg at 780 °C, and then, the melt was 
stirred manually using a steel rod for about 5 min and held for 
20 min to dissolve the silicon completely. Finally, the alloy was 
poured into a steel mold preheated to 250 °C. A rectangular 
ingot with dimensions of 150 mm×200 mm×120 mm was 
obtained.

The XJ-500 extruder was used to prepare Φ1.2 mm Mg-6Si
alloy as the raw material for the welding wire of GTAW-WAAM, 
and the substrate was made of magnesium-silicon alloy plate 
with the size of 100 mm×800 mm×10 mm. In the wire arc 
additive manufacturing process, an OTC AVP360 frequency 
AC/DC welder with tungsten argon arc welding was used. Before 
WAAM, the substrates were ground with sandpapers, degreased 
with ethanol, and then fixed on a workbench. The welding 
current used in this study was an alternating current (AC),
and the diameter of the tungsten electrode was 2.4 mm.

According to the experimental experiences, the optimized 
experimental parameters for the additive experiment were 
a current of 100 A, moving speed of 450 mm·min-1, and 
interlayer cooling time of 2 min. Argon gas with 99.99% purity 
and a flow rate of 15 L·min-1 was used as the protective gas. 
The Mg-6Si alloy was deposited on the substrate using a 
unidirectional scanning strategy. Subsequently, the microstructure, 
tensile strength, and microhardness of the deposited samples 
were determined, as shown in Fig. 1.

(a) (b)

(c)

Table 1: Chemical compositions of the welding wire and 
Mg-6Si WAAM sample (wt.%)

Materials Si Mg

Wire 5.65 Bal.

WAAM sample 5.92 Bal.

An induc t ive ly coupled p lasma op t ica l emiss ion 
spectrometer was used to measure the chemical compositions 
of the wire and the Mg-6Si WAAM sample, and the results are 
shown in Table 1. A Vickers hardness tester (HXD-1000TM) 
was used to measure the Vickers microhardness distribution 
along the deposition direction at a load of 200 gf with a 
holding time of 10 s. The spacing between each hardness 
measurement point was maintained at 500 μm. The tensile 
mechanical properties were tested at room temperature and 
150 °C using a universal testing machine (MTS-CMT5105), 
with a crosshead speed of 0.1 mm·min-1. Three specimens 
were tested for each group to obtain reliable results.

Metallographic specimens were cut from the middle region of 
the deposited layer, and the polished samples were etched with 

5% nitric alcohol for 12 s. The metallographic microstructure 
was examined using an optical microscope (OM), and the
microstructure of the deposited layer and fracture surface 
of the tensile specimens were analyzed using a scanning 
electron microscope (SEM, JSM-7800F, JEOL) equipped 
with an energy-dispersive X-ray spectrometer (EDS). The 
phase constitution of the specimens was confirmed using 
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Fig. 2: Mechanical properties (a) of WAAM and as-cast Mg-6Si alloys at room temperature (RT) and 150 °C, and 
their microhardness distributions (b)

Fig. 3: SEM images showing the fracture morphologies of WAAM tensile samples at room temperature (a, b) 
and 150 °C (c, d)

the X-ray diffraction (XRD) analysis. The grain size of the 
Mg2Si phase and orientation relationship in the deposited layer 
were examined via electron backscatter diffraction (EBSD; 
JSM-7800F, JEOL). The EBSD samples were subjected to 
Ar-ion polishing with a step size of 0.67 μm.

3 Results 
3.1 Mechanical properties
Figure 2(a) presents the tensile properties of the WAAM and 
as-cast Mg-6Si alloys at room temperature and 150 °C. The 
average tensile strength of WAAM at room temperature and 
150 °C are 140 MPa and 91 MPa, an increase of 63.4% and 
21.3%, respectively, over those of the as-cast Mg-6Si sample. 
The elongation is slightly lower than that of the as-cast
state. The alloy exhibits anisotropic tensile properties, with 
the tensile strength of the longitudinal specimens at room 

temperature and 150 °C being lower than that of the transversal 
specimens, as shown in Fig. 2(a). The average microhardness 
of the WAAM specimen (77.6 HV) is 36.6% higher than that 
of the cast samples [56.8 HV, Fig. 2(b)].

Figure 3 presents the tensile fracture morphologies of 
the WAAM Mg-6Si alloy at room temperature and 150 °C. 
Evidently, the typical brittle fracture features, such as smooth 
planes with cracks, cleavage planes, and bright white inclusions, 
indicate that the material is brittle, and the cracks at fracture 
surface may originate from the interface between the matrix 
and the inclusions. Smooth planes with cracks are identified as 
the second phase containing Si, and the bright white inclusions 
are oxides, as indicated by the EDS mapping results in Fig. 4. 
In addition, cracks are observed along the boundary of the 
Si-containing phase, and some of them expand through the 
interior of this phase. The fracture at room temperature and 
150 °C exhibits similar characteristics.

(a) (b)

(a)

(c)

(b)

(d)

ast
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Fig. 5: XRD patterns of as-cast and WAAM Mg-6Si

Fig. 4: Fracture morphologies and EDS mapping results of WAAM tensile samples at room temperature (a-d) 
and 150 °C (e-h)

(a) (b) (c) (d)

(e) (f) (g) (h)

3.2 Microstructures
Figure 5 presents the XRD analysis results for the as-cast 
and WAAM Mg-6Si alloys. Evidently, both the as-cast and 
WAAM Mg-6Si alloys mainly consist of α-Mg and Mg2Si 
phases, and no Si peak is observed, indicating that during the 
preparation process of the specimens, due to sufficient energy 
and composition fluctuations, sufficient amounts of Si and Mg 
react to form the secondary phase Mg2Si. This finding aligns 
with results reported in a previously reported study [19].

particles, gray Chinese-script-type structures with needles, and 
a bright white matrix.

In this study, two types of Mg2Si phases are observed: a 
coarse (intracrystalline) incipient phase precipitated, and a 
fine (intercrystalline) eutectic phase precipitated subsequently. 
Based on a previous study [3], XRD and EDS results, and phase 
diagrams, it is inferred that the black granular particles are the 
preferential crystalline Mg2Si phase, the gray Chinese-script-type
structures with needles are the eutectic Mg2Si phase, and the 
bright white matrix is the α-Mg phase. The black particles in the 
microstructure of the WAAM samples are finer than those in the 
as-cast counterparts. Furthermore, the number of diffused black 
particles in the WAAM samples is larger than those in the as-cast
ones. Additionally, their number increases significantly, and the 
sharp polygonal corners of the boundary are relatively blunt, 
as shown in Fig. 6(c). Moreover, the gray Chinese-script-type
structure with needles that is present in the as-cast state 
persist after the arc action during welding, but their quantity is 
significantly reduced, as shown in Figs. 6(d) and (h).

SEM images of the as-cast and WAAM Mg-6Si alloys 
are presented in Fig. 7. Evidently, the Mg2Si phase resulting 
from conventional casting consists of chunky particles and 
lamellar Chinese-script-type structures, as shown in Figs. 7 
and 8. In Fig. 7, the Mg2Si phase in the WAAM state exhibits 
regular small granular particles, short rods, dots, and needles 
precipitated along the inter-dendritic crystals. The EDS 
results in Table 2 indicate that the regular small particles and 
fine point- and needle-like particles surrounding them are 
composed of the Mg2Si phase. It can also be observed that the 
Mg2Si phase is finer and more diffused, which is consistent 
with the metallographic microstructure observations.

Owing to the large temperature gradient in the melt pool 
under arc-augmented conditions, the incipient Mg2Si phase 
solidifies almost simultaneously, forming an octahedral 
morphology [9], as shown in Fig. 9. A fraction of α-Mg is 
separately distributed in and around the incipient Mg2Si 
phase, possibly because Mg-6Si is a hypereutectic alloy, and 
the growth of the Mg2Si phase in the eutectic microstructure 

Figure 6 shows macroscopic optical photographs of the 
Mg-6Si alloys prepared via wire arc additive manufacturing and 
conventional casting. No obvious cracks, unfused defects, or 
other defects are observed on the cross-section of the Mg-6Si
alloy in both the as-cast or WAAM state. The secondary phase 
in the WAAM state mainly consists of numerous equiaxed 
crystals and some granular phases, whereas in the as-cast state, 
it mainly consists of massive and granular phases, indicating 
that there is a significant difference in the kinetic behaviors of 
phase formation between the two samples in the preparation 
process. Furthermore, a comparison of the metallographic 
images of the Mg-6Si alloy in both the as-cast and WAAM 
samples reveals that metallographs of both the WAAM and 
as-cast alloys exhibit three different features: black granular 
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Fig. 7: Microstructures of as-cast (a, c) and WAAM (b, d) Mg-6Si alloys

Fig. 6: OM images of as-cast (a-d) and WAAM (e-h) Mg-6Si alloys

is dependent on the incipient Mg2Si phase [19]. Moreover, the 
rapid cooling conditions induced by the electric arc make the 
solidification behavior of the alloy melt pool deviate from 
the equilibrium solidification path. This deviation alters the 
eutectic composition, causing the initially precipitated incipient 
Mg2Si phase to solidify rapidly and serve as a heterogeneous 
nucleation site. Consequently, the α-Mg matrix remains in and 
around the incipient phase as the temperature decreases during 
the solidification of the surrounding liquid phase.

Figure 10 shows antipodal plots [inverse pole figure (IPF)] 
of the EBSD-YOZ cross-sections of Mg-6Si alloys in the 
WAAM and as-cast states, which are derived from a statistical 

analysis of the grain size distribution. The maximum grain 
size of the as-cast specimen is greater than 165 μm, whereas 
that of the WAAM specimen is smaller than 95 μm. The 
average grain size of the Mg-6Si specimens in the as-cast state 
is 51.36 μm, which is 3.5 times larger than that of the WAAM 
specimen, with an average grain size of 14.77 μm.

The maximum s ize of the as-cas t Mg 2Si phase i s 
127 μm, whereas that of the WAAM Mg2Si phase does not 
exceed 45 μm. The average sizes of the Mg2Si phase in as-cast 
and WAAM specimens are 42.88 μm and 9.20 μm, respectively. 
The average size of WAAW alloy is decreased by nearly 
5 times compared to that of as-cast alloy.

(a)

(c)

(b)

(d)

(a) (b) (c) (d)

(e) (f) (g) (h)
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Fig. 8: SEM images of the eutectic Mg2Si phase in as-cast (a-c) and WAAM (d-f) alloys

(d) (e) (f)

Fig. 9: SEM images of the primary Mg2Si phase in as-cast (a, c) and WAAM (b, d) alloys

(a)

(c)

(b)

(d)

Table 2: EDS analyses of Positions A, B, C, and D indicated 
in Figs. 8 and 9

Position
Chemical composition (at.%)

Mg Si

A 97.65 2.35

B 94.57 5.43

C 66.30 33.70

D 67.51 32.49

4 Discussion 
4.1 Strengthening and fracture of WAAM 
 Mg-6Si alloys
The morphology and size of the secondary phase affect 
mechanical properties of the alloys. The beneficial impact 
of the finely dispersed secondary phases on the mechanical 
properties of the material is evident. The high-temperature arc 
generated by the arc additive welding causes rapid cooling, 
resulting in dissolution of the Mg2Si phase, and consequently, 
Si and Mg are redistributed in the alloy owing to diffusion. The 

(a) (b) (c)
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Fig. 10: EBSD IPF maps and statistics of the grain size of as-cast (a, c, e) and WAAM (b, d, f) Mg-6Si alloys

(c)

(e)

(d)

(a) (b)

(f)

size and morphology of the Mg2Si crystals undergo changes 
from their initial as-cast state, attributed to the in situ formation 
of Mg2Si crystals during the rapid cooling process. The grain 
refinement is the result of two processes: grain nucleation and 
grain growth. After rapid cooling, the incipient Mg2Si phase is 
formed preferentially over the α-Mg phase owing to its higher 
melting point. According to the metal solidification theory [20]:

(1)

where G represents the thermal temperature gradient, v represents 
the solidification rate, m is the slope of the liquids phase 
line, D is the diffusion coefficient, C0 represents the solute 
concentration, and k is the equilibrium partition coefficient. 
Increased supercooling reduces the critical nucleation radius 
and nucleation work, leading to the formation of numerous 
nuclei. Additionally, rapid solidification and short-term growth 
conditions restrict the kinetic behavior of grains, resulting 

in refinement. Furthermore, under external stresses, the 
smoothing of sharp corners reduces the degree of penetration 
of grain boundaries into the matrix and slows the expansion 
of cracks, thereby improving the mechanical properties. 
Moreover, the increase in the specific surface area of the finely 
dispersed incipient Mg2Si phase leads to an enhancement 
in plugging due to the presence of dislocation movements 
during the deformation of the material under the application 
of external force. This results in an increased bonding strength 
at the interface between Mg2Si and Mg. According to the 
classical Hall-Petch relationship, there is a synergistic effect 
of refinement strengthening and dispersion strengthening 
throughout the microstructure. Notably, the observed superior 
strength and hardness of the Mg-6Si alloy in the WAAM state, 
compared to those in the as-cast state, can be attributed to this 
synergistic effect. The results of the present study indicate that 
WAAM is effective for grain refinement and strengthening of 
Mg alloys.
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Fig. 12: EBSD analysis of the crystallographic orientation 
of the Mg2Si phase and surrounding α-Mg matrix 
in wire arc additive manufacturing (a), including 
the orientations of the Mg2Si phase (b), and the 
surrounding α-Mg matrix (c)

In addition, there is a substantial reduction in the amount of 
acicular Mg2Si phases in the WAAM samples compared with 
their as-cast counterparts, which enhances the mechanical 
properties of the alloy, as shown in Fig. 5. The coarse acicular 
Mg2Si phase tends to function as a crack initiation point in the 
alloy, when subjected to external forces, the acicular structure 
tends to cause stress concentration. Thus, cracks initiate and 
propagate along the acicular phase, leading to the premature 
failure of the Mg-6Si alloy before it achieves its anticipated 
properties.

Figure 11 shows the EBSD kernel average misorientation 
(KAM) plots and their distributions for as-cast and WAAM 
Mg-6Si alloys. The KAM plot shows the distribution of the 
mean orientation difference, with blue color indicating a small 
KAM value and red color indicating a large KAM value, 
suggesting a higher defect density or residual stress. As shown 
in Fig. 11(b), there are more green distributions at the interface 
between the Mg2Si phase and the α-Mg matrix, indicating a 
high dislocation density and significant stress concentration 
between the Mg2Si phase and the α-Mg matrix [21, 22], which 
suggests that the subsequent cyclic repetitive heating does 

not completely eliminate the internal stresses of the wire arc 
additive manufacturing process. Under external stresses, small 
cracks typically form at the interfaces between phases where 
the stresses are concentrated. These cracks then propagate 
through both the Mg2Si phase and the α-Mg interface, resulting 
in material failure. In addition to the tensile fracture shown in 
Fig. 3, the cracks expand along the phase interface, exhibiting 
characteristics of intergranular fracture. Furthermore, some 
of them pass through the coarse incipient Mg2Si phase when 
expanding, exhibiting characteristics of transgranular fracture, 
as indicated by the yellow arrows in Fig. 4.

The mechanical properties of the Mg-6Si alloys processed 
using wire arc additive manufacturing in the present study are 
still not satisfactory. However, there is a significant improvement 
compared to the as-cast state, with the average tensile strengths 
of the WAAM Mg-6Si alloy increasing by 63.4% at room 
temperature and by 21.3% at 150 °C. Additionally, the hardness 
is increased by 36.6% when compared to the as-cast state. 
Future enhancements in the mechanical properties of Mg-Si 
alloys can be achieved by refining the Mg2Si phase under arc 
conditions to reduce internal stresses.

Fig. 11: EBSD KAM diagram and distribution of Mg-6Si in the as-cast (a) and WAAM (b, c) states

(a) (b) (c)

4.2 Orientation relationship between Mg2Si 
phase and α-Mg matrix phase

The orientation distribution information of the Mg2Si phase 
and the α-Mg matrix phase was obtained by EBSD (Fig. 12). 
A total of 50 crystal distributions of the Mg2Si phase and the 
surrounding α-Mg matrix were counted to ensure the accuracy 
of the results. Analysis using Aztec software identified no clear 
orientation relationship between Mg2Si and α-Mg under the 
action of arc.

Furthermore, this study presents several orientation 
relationships between the Mg2Si phase and α-Mg, with reference 
to earlier studies on orientation relationships in Mg-Si systems. 
For instance, Yang et al. [23] identified a specific orientation 
relationship between Mg2Si and the α-Mg matrix in the 
Mg-5Sn-2Si-1.5Al-1Zn-0.8Sb alloy through TEM, e.g., 
(220) Mg2Si || (0 12) α-Mg, [001] Mg2Si || [0111] α-Mg. 
Fritz et al. [24]  observed the following orientation relationships: 
(0001) α-Mg || (010) Mg2Si, [01 0] α-Mg || [001] Mg2Si. 
Ding et al. [25] employed friction stir processing (FSP) to 
prepare Mg-Al composite plates and found that the orientation 
relations of Mg2Si and α-Mg were ( 100) α-Mg || ( 0) Mg2Si, 
[22 1] α-Mg || [001] Mg2Si. The orientation relationships of 

(a)

(b)

(c)
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Fig. 13: EBSD distribution of the Mg2Si phase of the WAAM alloy with inverse pole figure (IPF) color (a), and 
statistical plots of the proportion of special crystallographic orientations (b), (c), and (d)

Mg2Si phase and α-Mg known in the above three studies were 
denoted respectively as OR1, OR2, and OR3, respectively. 

These orientation relationships were analyzed using Aztec 
(Fig. 13). Figure 13(a) shows the EBSD distribution of the 
Mg2Si phase in the WAAM state with antipodal map color 
distribution; Figs. 13(b), (c), and (d) show statistical plots 
of the proportions with different specific crystallographic 
orientations.

The proportions of OR1, OR2, and OR3 in the Mg-6Si 
prepared by wire arc additive manufacturing are 2.34%, 2.19%, 
and 3.53%, respectively. Statistically, it can be assumed that the 
Mg-6Si samples prepared by wire arc additive manufacturing do 
not have a specific crystallographic orientation relationship.

5 Conclusions
(1) The microstructure of Mg-6Si alloys fabricated via wire 

arc additive manufacturing consists of acicular and granular 
Mg2Si phases and α-Mg. In contrast, the Mg2Si phase formed 
under conventional casting consists of coarse massive lamellar 
Chinese-script-like phases.

(2) The average tensile strengths of WAAM specimens at 
room temperature and 150 °C are 140 MPa and 91 MPa, an 
increase of 63.4% and 21.3%, respectively, over those of the 
as-cast Mg-6Si. However, the elongation is slightly lower 
than that of the as-cast state. The alloy exhibits anisotropic 
tensile properties, with the tensile strength of the longitudinal 
specimens at room temperature and 150 °C being lower than 
that of the transversal specimens. The WAAM specimens 
present an average microhardness of 77.6 HV, 36.6% higher 

than that of the as-cast specimens (56.8 HV).
(3) There are significant stresses at the interface between the 

Mg2Si phase and α-Mg, and the cracks at the tensile fracture 
expand along this interface. Some cracks pass through the 
coarse Mg2Si phase during expansion, exhibiting a mixture of 
transgranular and intergranular fractures. 

(4) WAAM refines both the Mg2Si phase and the overall grain 
resulting in a more homogeneous morphology and improved 
mechanical properties. No discernible orientation relationship 
is observed between Mg2Si and α-Mg. In the WAAM state, the 
acicular Mg2Si phase is distributed along the grain boundaries, 
and present in a significantly reduced quantity compared to the 
as-cast state. In contrast, the granular Mg2Si phase is finer and 
more dispersed, with a considerably higher amount. The average 
grain size of the Mg2Si phase is about 9.20 μm, which is about 5 
times smaller than that of the as-cast alloy.
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