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Magnesium is abundant in the Earth’s crust and seawater. Mg alloy is the lightest
metallic structural material, with the advantages of high specific strength, high specific
stiffness, good electromagnetism shield, good damping capacity, good machinability, easy
recycling, etc. Therefore, it has extremely broad application prospects and has drawn
considerable interest in the automobile, electronics, electrical appliance, transportation,
aerospace, aviation, and the national defense military industries. This Special Issue (SI),
“Research Progress in High-Performance Magnesium Alloy and Its Applications”, presents
recent developments and excellent results in the field of Mg alloys, and includes ten articles
covering some interesting and hot aspects of the topic. The purpose of the current Editorial
is to briefly summarize the publications included in this SI.

Plastic processing is a promising method for improving the mechanical properties
of metallic materials. Wrought Mg alloy usually exhibits superior strength and shows
ample application potential. However, Mg alloy seems inferior in plastic deformation
due to its HCP crystal structure, making it unable to provide sufficient independent slip
systems. This SI fortunately covers the recent advances in the regulation of microstructure
and mechanical properties during three traditional plastic processes, i.e., rolling, extruding,
and forging. Twinning is the crystallographic shear process in grain which can change
the grain orientation for a certain angle. Twin boundaries also can divide the matrix
and generate grain refinement. At the same time, twin boundaries as two-dimensional
lattice defects can be recrystallization nucleation sites, which facilitate recrystallization.
It is evident that twinning can be used to improve the mechanical properties of Mg al-
loys. Zhang et al. [1] found that {10-12} twinning is one of the main deformation mecha-
nisms of cast ZK60 Mg alloy during uniaxial compression at room temperature. It plays
an important role in the evolution of microstructure, texture, and mechanical proper-
ties. Lu et al. [2] further developed a high-strength and -toughness Mg-Gd-Y alloy via
MDIF (multidirectional impact forging) using {10-12} twin and correlated recrystalliza-
tion. The forged sample had a fine-grained microstructure with an average grain size of
~5.7 um and a weak nonbasal texture, and showed a high TYS (tensile yield strength) of
337 MPa, an EL (elongation) of 11.5%, and a ST (static toughness) of 50.4 MJ/m?3. It also
presented yield isotropy (the ratio of compression yield strength/tensile yield strength
along the forging direction was ~1.0). Wang et al. [3] investigated the flow behavior of
solution-treated Mg-3.2Bi-0.8Ca (BX31, wt.%) alloy during hot compression under dif-
ferent deformation conditions, and made hot processing maps for confirming a suitable
hot working range. With the assistance of a hot processing map, the as-extruded alloy
exhibited a smooth surface, a fine DRX structure with weak off-basal texture, and good
strength—ductility synergy. In addition, Zhang et al. [4] prepared Mg-3Sn-1Mn-xLa alloy
bars using backward extrusion, and systematically studied the effects of the La content
on the microstructure and mechanical properties of the alloy. With the addition of La, the
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Mg, Sn phases exhibited significant refinement and spheroidization, and the grain size was
significantly refined. Therefore, the mechanical properties of the extruded Mg-3Sn-1Mn-
xLa alloy were significantly enhanced. A Mg alloy rolling sheet usually exhibits a strong
basal texture and bad formability. Wang et al. [5] applied multipass high-temperature
cross-rolling with interpass annealing to Mg-3Y alloy. The Mg-3Y alloy sheet presented a
complete SRXed microstructure consisting of uniform equiaxed grains and a weakened
multiple-peak texture. Systemic characterization and analysis indicated that the enhanced
activity of basal <a> slip and randomized grain orientation played a significant role in
decreasing the anisotropy of the Mg-3Y alloy sheet, which contributed to the formation of
high stretch formability (~6.2 mm) at room temperature.

Mg alloys have attracted great attention as promising biodegradable materials for
orthopedic implants and cardiovascular interventional devices, but the degradation rate is
unbalanced due to their poor corrosion resistance in a physiological environment, which
seriously affects their clinical use. Adding alloying elements and surface modification
technology are two main ways to improve the corrosion resistance of Mg alloys. From the
perspective of corrosion resistance and the biocompatibility of biomedical magnesium alloy
materials, Guo et al. [6] reviewed the application and characteristics of six different surface-
coating modifications in the biomedical magnesium alloy field, including the chemical
conversion method, microarc oxidation method, sol-gel method, electrophoretic deposition,
hydrothermal method, and thermal spraying method, and looked ahead towards the
development prospects of surface-coating modification. Moreover, Fu et al. [7] investigated
the effect of Ca addition on the corrosion behavior of biodegradable Mg-4.0Zn-0.2Mn alloys
in Hank’s solution. It was suggested that the Ca;MgsZn3 acted as a cathode to accelerate
the corrosion process due to the microgalvanic effect.

Although it is generally believed that Mg alloys have excellent casting properties, the
complexity of aerospace structures and imperfect casting technology require the usage of
additive welding technologies. Shalomeev et al. [8] developed a scandium-containing filler
metal from a Mg-Zr-Nd system alloy for the welding of aircraft castings. The proposed
filler material composition with an improved set of properties for the welding of body
castings from a Mg-Zr-Nd system alloy for aircraft engines makes it possible to increase
their reliability and durability in general, extend the service life of aircraft engines, and
gain economic benefits. As a combustible metal powder, Mg may also be used for the
development of advanced weapons and equipment. Ma et al. [9] fabricated MgB, via
a combination of mechanical alloying and heat treatment, and found that its ignition
temperature was greatly reduced in comparison with boron, which suggests that MgB,
may be used in gunpowder, propellant, explosives, and pyrotechnics due to its improved
ignition performance. Additive manufacturing (AM) is largely capable of manufacturing
structures with high complexities. Liu et al. [10] manufactured Al-Mg alloy walls via
WAAM (wire and arc additive manufacturing), which showed better performance than
those produced using the traditional casting process under the optimal process parameters.
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Abstract: In this study, the uniaxial compression of random orientation ZK60 Mg alloy to different
strains was performed at room temperature. The microstructure evolution was characterized mainly
using electron backscattered diffraction (EBSD), and the mechanical property was evaluated by
the Vickers hardness test. During compression, extension twins nucleated, grew, and engulfed the
grain. Twins form a texture with the c-axis parallel to the compression direction. With the massive
nucleation and expansion of extension twins during compression, the twin boundary (TB) brought
the grain refinement, and the twin boundary-dislocation interaction significantly increased the strain
hardening rate of ZK60 Mg alloy, both leading to its significantly increasement of the hardness.

Keywords: Mg alloy; twinning; random orientation; compression; room temperature

1. Introduction

Mg alloy is the lightest structural metal, which can play an important role in energy
saving and emission reduction. In industry, over 80% of Mg components are made by
high-pressure die casting [1], but casting brings defects such as porosity and shrinkage
cavity [2,3]; these defects reduce the consistency of mechanical properties and limit the
widespread use of Mg alloys. In contrast, the Mg alloy processed by rolling, extrusion,
and forging can reduce casting defects, refine the structure and improve mechanical prop-
erties [4-7]. Some wrought Mg alloys made by rotary swaging have a strength of over
700 MPa [5,8], which shows the ample potential of Mg alloy for application.

As a result, studying the microstructure evolution during the plastic forming is critical.
In the mechanical deformation process, dislocation slipping and twinning are the main
deformation methods. For dislocation slipping, non-basal slip is difficult to activate at
room temperature. This phenomenon makes the Mg alloy prone to cracking during cold
working [9]. Then, thermal processing of magnesium alloys was developed to promote
the activation of non-basal slip by increasing the processing temperature. Although the
activation of non-basal slip can be promoted by heating, Mg alloy has a high thermal
conductivity, which is significantly higher than aluminum alloy and steel [10-12]. This
physical property causes the temperature of Mg alloy dropping rapidly during processing,
which results in a narrow processing window for Mg alloy, making it difficult to ensure
that the Mg alloy ingots are deformed within the ideal temperature range. When the
temperature is below the processing window, the large strain will lead to cracking and

Materials 2023, 16, 1163. https:/ /doi.org/10.3390/mal6031163
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strength inhomogeneity of the material [13]. In contrast, the CRSS of twinning is almost
independent of temperature, so the control of Mg alloy microstructure by twinning at room
temperature becomes the preferred choice.

Twinning is the crystallographic shear process in grain which can change the grain
orientation for a certain angle. Twin boundary also can divide the matrix and brings grain
refinement. At the same time, twin boundaries as two-dimensional lattice defects can be
recrystallization nucleation sites, which facilitate recrystallization [14]. It is evident that
twinning can be used to improve the mechanical properties of Mg alloys. As mentioned
above, twinning can effectively regulate the microstructure and improves the mechanical
properties of Mg alloys. We can promote twinning by reducing the temperature since the
CRSS of twinning is less affected by temperature. The CRSS of {10-12} extension twinning
is close to the basal slip in Mg alloy [15], which means the {10-12} twinning can be activated
easily. This means that it is feasible to regulate the microstructure of Mg alloys by twinning.

In previous studies, it has been found that there are many factors affecting the twinning
behavior of Mg alloys, such as temperature [16], alloy composition [17-19], strain [20], etc.
Therefore, we need a lot of systematic research to regulate the twinning behavior in Mg
alloys [21]. Although some studies have been carried out on twinning in Mg alloys, the
twinning behavior is not fully investigated at present, and twinning behavior is complex
and needs to be studied in more depth. For example, rare earth elements can significantly
inhibit twinning and producing the unusual {11-21} twins [22,23]. In addition, the adding
of reinforcing phase in the magnesium alloy can effectively promote the nucleation of twin
variants [24].

Strain also significantly affects the evolution of twinning behavior of Mg alloys during
processing, which will have a significant effect on the final properties of Mg alloys. Many
twinning behavior of single-component Mg alloys has been studied, but it is not detailed
and thorough enough [25,26]. In order to make full use of the regulation of Mg alloy
twinning on the microstructure, more studies are needed on the twinning behavior of Mg
alloys from small strains to failure. In addition, the current studies are based on hot-worked,
strong-textured Mg alloys, and there is a lack of a specific study of a particular Mg alloy,
especially in different strains.

ZK60 Mg alloy is the typical high-strength wrought Mg alloy, and advanced processing
has been widely used on it [27,28]. In this article, the cast ZK60 Mg alloy with random
orientation was selected, and deformed at room temperature. EBSD was mainly used to
analyze its twinning behavior, and related microstructure evolution, texture and mechanical
properties were also investigated.

2. Materials and Methods
2.1. Materials Preparation

The material used in this research is a commercial cast ZK60 (Mg-Zn-Zr) alloy in
homogenized state; Table 1 presents the chemical composition of this alloy. In this study,
the cylinder compression sample was used, with dimensions ®10 x 15 mm, machined by
wire electrical discharge machining.

Table 1. The chemical composition of ZK60 Mg alloy.

Mg Zn Zr Y
wt% Bal. 5.56 0.58 <0.01

2.2. Microstructure Characterization

The phase composition of the specimen was identified by X-ray diffraction analysis
(XRD) (Rigaku D/Max-2500 PC, Tokyo, Japan) with a scan speed of 2° /min. The metallog-
raphy was observed by optical microscope (OM) (Zeiss Axio Observer Z1, Jena, Germany).
The microstructure and the element distribution were observed and analyzed by environ-
mental scanning electron microscope (ESEM) (FEI XL30 FEG, Eindhoven, The Netherland)
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equipped with energy dispersive spectrometer (EDS) (EDAX, Oxfordshire, UK). Transmis-
sion electron microscope (TEM) (JEOL J2100F, Tokyo, Japan) was also used to analyze the
detailed microstructure of the ZK60 Mg alloy.

2.3. Electron Backscatter Diffraction Analyzation

The electron backscatter diffraction (EBSD) specimens were firstly grinded with abra-
sive paper from 200# to 50004, and electrochemical polishing was used at 15 V with the
electrolyte (90% ethanol and 10% perchloric acid) for the 30 s. The EBSD analysis was con-
ducted by ESEM (Thermo Scientific Quattro S, Waltham, MA, USA) equipped with EBSD
detector (EDAX, DigiView, Mahwah, MA, USA). A 20 KeV electron beam was selected with
a spot size of 6.5, and the step size was 2.5 pm. The EBSD data was analyzed by TSL OIM
software (Version 8.62).

2.4. Room Temperature Compression

The specimens were compressed at room temperature with a strain rate of 0.001 s~ 1.
The compression experiment works on the universal testing machine (Shimadzu, AG-X
50 kN, Kyoto, Japan). A schematic of the experimental approach and sampling observation
is illustrated in Figure 1, and the reference directions are defined as CD (compression
direction) and TD (transverse detraction).

Compression Cutting

15 mm

Observing
area

Figure 1. The compression scheme and EBSD sample coordinate system.

2.5. Hardness Test

The Vickers hardness test used the MHVD-1000 AP microhardness tester (Shanghai
Optics And Dine Mechanics Institution, Chinese Academy of Sciences, Shanghai, China)
with an applied load of 500 g and a holding time of 15 s. For experimental confidence,
every specimen was tested eight times at the core area.

3. Results
3.1. Microstructure Characterization of Initial ZK60 Alloy

Figure 2 shows the XRD pattern of the initial ZK60 alloy. The cast ZK60 alloy is mainly
composed x-Mg, and a small amount of MgZn, and Zn,Zr phase. Figure 3 shows the OM
and SEM images of the as-homogenized alloy. The initial microstructure consists polygonal
grains, and most grain size was over 200 um. The petaloid patches were observed in the
interior of the matrix, and some bulk-shaped phases were distributed randomly at the grain
boundary. Figure 3b is the high magnification image of petaloid patches, and a high-density
rod precipitated phase was observed.
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Figure 2. XRD pattern of cast ZK60 Mg alloy.
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Figure 3. (a) Metallograph and (b) SEM image of cast ZK60 Mg alloy.

Figure 4a is the TEM image of the initial ZK60 Mg alloy. The rod precipitated phase
has the preferred orientation, which has been confirmed is parallel with the c-axis of the
grain [29,30]. Figure 4b shows the bright filed STEM image and EDS mapping of dense
distribution of rod phase. From the EDS mapping, we can see the Zn element congregate
at the rod phase. Combined with XRD results, the rod-like precipitated phase can be
identified as MgZny,. Figure 5 shows the SEM-EDS results, and bulk-shaped phases at the
grain boundary were Zn,Zr and ZnZr, which was also identified in the XRD pattern.

Figure 4. (a) TEM image and (b) STEM/EDS mapping of cast ZK60 Mg alloy.



Materials 2023, 16, 1163

Magn
4000x

Dot 1 5um

BSE

Element Wit At% (b) Element Wt% At%
MgK 39.9 66.6 MgK 27.9 55.4
ZnK 376 234 ZnK 30.2 223

225 4.0

ZnZr

Zn,Zr
Magn Det 1 b5ym
5000x  SE

Figure 5. (a,b) the SEM image of particle phase at the grain boundary, and corresponding spot
spectrum EDS results of bulk-shaped phases at grain boundary.

3.2. The Compression Curves

Figure 6 shows the true stress-strain curve and strain hardening rate-true strain curve.
The concave down of the true stress-strain curve and the uplift of strain hardening rate-true
strain curve all manifest the main deformation mechanism of ZK60 Mg alloy is {10-12}
extension twinning [20,31,32]. Table 2 shows the strain of each point in Figure 6. For points
P1 and P2, which are points with small strains, they are mainly used to observe the strain
range in which twinning occurs and whether twinning occurs at small strains. For point
P3, this is the point where the strain hardening rate appears to rise significantly near the
middle of the range taken. Point P4 is located in the area where the strain hardening rate
falls rapidly again after the highest point, and point P5 in the area where the decreasing
trend of strain hardening rate slows down. For the region where P6 is located, there is a
significant decrease in strain hardening rate and fracture may have occurred in this region.

6000
450
400 45000 =
= o
a 350 =
E - 4000 g
> 300 B
8 o
c
.:Il: 250 — 3000 E
S 200" 3
] 1 ©
150 : - 2000 -g —p1
1 ‘m —P2
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:P : ! L Section 6| 1000 5 E:
50 |/ Segllon 3 Selcllon 4 Section 5 h —p5
L L L
! ; ; | 1 P6
0~ ' - . -\ 0 ——Fracture
0.00 0.04 0.08 0.12 0.16 0.20

True strain

Figure 6. The true stress-strain curve and strain hardening rate-true strain curve.

Table 2. The six compression strain points for further microstructure characterization.

P1 P2 P3 P4 P5 P6
True Strain 0.0025 0.0275 0.055 0.091 0.136 0.187
Engineering Strain 0.0025 0.0279 0.057 0.094 0.146 0.206
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3.3. Microstructure Evolution

From Figure 7, the EBSD results show that the initial alloy has equiaxed grains with
curved boundaries, and the pole figure (PF) shows the initial alloy exhibits low texture
intensity and multi-peaks, which means the grains have a random orientation. Figure 7c
shows that the grain size is mainly distributed from 140 to 240 pum, and the average grain
size is 173.6 pm. Because of the noise and some tiny grains. The statistical grain size can
have a small gap from the actual grain size. Figure 7d exhibits that the grain boundaries
are mainly high-angle grain boundaries (HAGBs).

Avg: 58.19°

Avg: 173.6 ym

Area Fraction

Number Fraction

50 100 150 200 250 20 40 60 80 100
Grain Size(pm) Misorientation Angle (°)
Figure 7. (a) The inverse pole figure (IPF) map, (b) pole figure, (c) grain size, and (d) misorientation
angle distribution of as-homogenized ZK60 Mg alloy.

From Figure 8, the IPF map shows no twins nucleated at P1, but in metallography,
small twins can be observed. The tiny morphology and the 2.5 um step size keep the twins
from being indexed by EBSD. At P1 the stress and train were 23.8 MPa and 0.25%. In
Koike’s work the {10-12} extension twin CRSS of polycrystalline Mg alloys is activated at
2-2.8 MPa [33]. Lu et al. found twin nucleates under the strain of 0.3% [34], and Chen et al.
found the twins nucleated at the strain of 0.25% [35]. These previous works confirm that
twins can be nucleated at low strain and stress.

Figure 8. (a)The IPF map and (b) metallography at P1.

Figure 9 shows the IPF + IQ (image quality) + GB (Grain Boundary) map in the
compression process. At P2, twinning can be detected by EBSD. Due to the low CRSS
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of {10-12} extension twinning, even if the grain orientation is not beneficial to the {10-12}
extension twinning, they can still nucleate at P2 [36], and Figure 9a confirms that all twins
at P2 are {10-12} extension twins. In P2’s IPF map, we can see that the twins have parallel
and cross structure. The cross structure is one kind of work hardening method of Mg
alloy [37,38]. Moreover, such cross structure divides the matrix and produces a closed
space restricting the dislocation motion [38] and the further expansion of twins [39]. These
factors make the cross structure need more force to continue the deformation. At P3, many
twins were expanding. In some areas, the twin can merge half the area of the matrix. At P4,
some twins expanded to swallow the entire matrix, which means the matrix was covered
by the twins, and most of the twin boundaries detected were still {10-12} extension twin
boundary. Moreover, some thin twins can be found, and the morphology is the same as
{10-11} compression twins. At P5, due to the large strains and stresses, a large number
of dislocations interactions formed deformation band in the ZK60 Mg alloy. At P6, the
deformation in the specimen is severe, and the index of EBSD is much lower than P1-P5
specimen, and more deformation bands can be observed in Figure 10b.

~ Type of twins Misorientation/axis
1070
— {1012} 86° <1210 >
— {1011} 56° <1210 >

Figure 9. The IPF + IQ + GB map of the specimens at (a) P2, (b) P3, (c) P4, (d) P5, and the correspond-
ing GB map of specimens at (e) P2, (f) P3, (g) P4, (h) P5.

Figure 10. (a) The IPF map and (b) metallography at P6.

3.4. Orientation Statistics

From Figure 11, P1 shows a random distribution of misorientation angle, which means
the microstructure was not explicit changed. At P2, the 86.5° misorientation angle increases
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rapidly, which means the nucleation and expansion of {10-12} extension twinning. At P3, the
fraction of 86.5° decreased slightly, and the low-angle grain boundaries (LAGBs) increased.
Compared with Figure 9, the expansion and merging of {10-12} extension twinning was
the reason for the decrease of 86.5° peak. At P4, the peak of 86.5° decreased obviously,
which means many grains were merged by the twins. Meanwhile, 56.2° misorientation
appeared and it means the {10-11} compression twinning nucleate, which is a coincidence
with Figure 9g. The LAGBs also increased, obviously. As the strain increased to P5, the
misorientation of 86.5° almost disappeared, which means the twinned matrix was all
merged by the {10-12} twins. In comparison with that at P5, the fraction of LAGBs at P6
changes less, and the peak of 56.2° becomes less obvious due to the increase in background
intensity, and from Figure 10b, we can still see the thin twins.
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Figure 11. The misorientation angle at P1, P2, P3, P4, P5, and P6.

Table 3 shows that the LAGBs significantly increased than initial. From P1 to P3, the
LAGB:s increase gradually. From P5 to P6, the LAGBs slightly increased. In the compression
process, the density of the dislocation increases with the increase in the strain, which means
the entanglement and interaction of the dislocations also increased and formed the LAGBs.

Table 3. The fraction of LAGBs and 86.5° twin boundaries.

P1 P2 P3 P4 P5 P6
LAGBs 0.053 0.032 0.569 0.308 0.332 0.479
86.5° & 5° 0.170 0.576 0.676 0.414 0.181 0.154

Figure 12 shows the PFs of the ZK60 Mg alloy in the compression process. From
the PFs, we can see the basal texture intensity of the specimens increased with the strain.
At P4, the basal texture was stable, and P5 had the same texture distribution but higher
intensity. The basal texture is the typical texture of Mg alloy where the c-axis of the grain is
parallel to the compression direction. In Figure 13, we separated the twin and the matrix at
the P3 strain, and it is clear that twinning is the direct reason for the basal texture in the
compressed ZK60 Mg alloy, while the matrix maintains a relatively random orientation.
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Figure 13. (a,d) The IPF Map and (b,c) corresponding PF of the twin and the matrix of P3.

3.5. The Evolution of the Schmid Factor

Figure 14 shows the Schmid Factor (SF) at P2 and P5. The basal slip SF has decreased
slightly. Although the texture intensity of the Mg alloy increases significantly, the Schmid
factor of base slip still has a high level, which means the basal slip remained sufficient to
activate. After being compressed to P5, the SF of prismatic slip decreased a lot. Most of
the grains have a low SF (<0.2) of prismatic slip, indicating the suppression to prismatic
slip. Figure 14c shows the SF of pyramidal <c + a> slip becomes higher, which is similar
to Gui et al.’s work [40], and the activation of pyramidal <c + a> was reasonable with the

high stress at P5.
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Figure 14. The Schmid factor at P2 and P5: (a) the basal slip, (b) the prismatic slip, (c¢) pyramidal
<c + a> slip.
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3.6. The Interaction between Twin and Participate Phase

From Figure 9, we can see that twins did not occur in some grains, the SEM was
used to observe the grains. In Figure 15a, the thin twins nucleate with high density was
shown. In order to investigate the reason of this phenomenon, TEM was used to observe the
relationship between twinning and precipitation phases. From Figure 15b, the TEM image
shows that the rod participates was not sheared by twin; it was kinked by a small angle
which is the same as Robson’s work [41], and much research shows that the participated
phase will inhibit the expansion of twins, which will increase the stress in the matrix. The
increase in stress will provide the additional drive force for twinning nucleation [30,41,42],
which lead to the thin twins nucleate with high density shown in Figure 15a.

Figure 15. (a) The participate phase in the petaloid area, and (b) The TEM image of the participated
phase at TB.

4. Discussion
4.1. The Relationship between Twinning and Strain Hardening at Room Temperature

From Section 3, we can divide the evolution of microstructure into four parts. (a) The
nucleate of the {10-12} extension twins (P1-P2), (b) the growth of {10-12} extension twins
(P2-P4), and (c) the deformation band formed (P4-P5). (d) Fracture (P6).

In the first part (P1-P2), there is an elasto-plastic transition at this stage and the slip is
massively activated makes the decrease in strain hardening rate slow down [43-45]. In the
second part (P2-P4), at P2, the twins grew up in many grains, as shown in Figure 9. The
twins divide the matrix into many small pieces, which brings the grain refinement effect
with obvious strain hardening. Figure 6 shows that, with the increase in the strain, some
grains were merged by the twinning.

In Figure 16, Grain G3 has two different varieties of cross structure, which can lead to
obvious strain hardening. Moreover, the different twin varieties cannot merge with each
other, and their interaction will lead to more strain hardening [46]. In some grains, the
twins grow fast, which have only one variety that will cover the matrix, as shown in Grain
G1 in Figure 16. For Grain G1, we can clearly see the 86.5° {10-12} <11-20> TB between the
matrix and the twin. Given the stress loading direction and the orientation of the matrix,
we can see that the green area is the rest of the matrix, and the blue area is the twin, which
means that the twinning is covering almost the whole grain, and the Grain G2 shows the
same status.

14



Materials 2023, 16, 1163

Type of twins Misorientation/axis

— {1012} 86° <1210 >
— {1011} 56° <1210 >
TD ooot 2710
Figure 16. The IPF + GB map of the P3 specimen. G1 is the grain the matrix was almost covered by

the twin in blue. G2 is the grain which matrix is yellow-green and twinning is blue. G3 is the matrix
in yellow with two twin variants.

In the third part, the generation of extension twins leads to a significant basal texture
in the ZK60 Mg alloy, which promote the activation of pyramid slip. The massive activation
of pyramid slip provided enough strain hardening and make the strain hardening rate
keep a stable value, and the accumulation of slip leads to the creation of deformation bands
which was shown in Figure 9d.

In the fourth part, at P6, crakes occurred. In Figure 17, we can observe the crakes, and
the contraction TBs usually were considered as the cracker source [46].

Figure 17. The crack in the P6 specimen.

4.2. The Mechanical Property Related to Twinning

Figure 18 shows a significant correlation between strain hardening rate and hardness.
With the strain hardening rate decreasing rapidly, P1 shows that the hardness increased,
then the hardness dropped a little; after P2, with the increase in the strain, the hardness con-

15



Materials 2023, 16, 1163

tinued to increase. In short, after compression, the hardness of the specimen continuously
increases in comparison with the initial state.
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Figure 18. The hardness and strain hardening rate evolution with true strain.

The hardness evolution shows a strong relationship with the strain hardening rate.
From Figures 6 and 18, we can clearly see that the in the area around P1, the hardness of the
specimen increased rapidly, which means that the dislocation activation and the interaction
between twinning and dislocation bring the obvious strain hardening. In this part, the
stress was quite low (~50 MPa), so the slip activated should be the basal slip.

Then, from P2-P4, the massive nucleation of the twins and the length of TB increased
rapidly, dividing the matrix and the TB-dislocation interaction, and the twin-twin inter-
action caused the hardness to increase rapidly. In P4-P5, the twins expand to the whole
matrix, which means TB as the barrier potential of dislocation activation is lost, but in this
section, the activation of the basal slip and pyramid slip makes the dislocations have a
strong interaction, and also makes the alloy still have the high hardness.

5. Conclusions

Twinning is one of the main deformation mechanisms of cast ZK60 Mg alloy during
uniaxial compression at room temperature. It plays an important role in the evolution of
microstructure, texture, and mechanical property. Some detailed conclusions can be draw
as follows:

(1) At the beginning of deformation, the {10-12} extension twinning is one of the main
deformation mechanisms and is responsible for the basal texture. Accompanied by
the formation of strong basal texture in the middle and late stage of deformation,
compression twinning and deformation band occurred, which is the main source of
crack initiation leading to failure.

(2) Slip is also an indispensable deformation mechanism. Basal slip still kept sufficient to
activate during the whole compression process. With the strain increase and texture
evolution, non-basal slip gradually turned from prismatic slip to pyramidal <c + a> slip.

(38) During compression, the interaction between the twins, and the interaction between
twin boundaries and dislocations can significantly enhance the strain hardening rate
of Mg alloy, and these two interactions together with the segmentation of grains by
twin boundaries improve the mechanical properties of ZK60 alloy.
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(4) The fine and dense precipitates of Mg-Zn phase in ZK60 Mg alloy will not be cut
when sheared by the twin boundary, but is rotated by a small angle. The precipitation
may hinder the growth of twins, but promote the nucleation of twinning.
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Abstract: High strength and toughness are achieved in the Mg-4.96Gd-2.44Y-0.43Zr alloy by multidi-
rectional impact forging (MDIF). The forged sample has a fine-grained microstructure with an average
grain size of ~5.7 um and a weak non-basal texture, and it was characterized by an optical microscope
(OM), scanning electron microscope (SEM), and electron back-scattering diffraction (EBSD). Tensile
results exhibit the tensile yield strength (TYS) and static toughness (ST) of as-homogenized alloy
dramatically increased after forging and aging, i.e., the TYS increased from 135fé MPa to 337J_r% MPa,
and the ST enhanced from 22.0f8:g MJ/m?3 to 50.4fg:2 M]J/m3. Specifically, the forged Mg-Gd-Y-Zr
alloy owns higher TYS than that of commercial rolled WE54 (Mg-5.25Y-3.5Nd-0.5Zr) and WE43
(Mg-4.0Y-3.0Nd-0.5Zr) alloys.

Keywords: grain refinement; high strength and toughness; {10-12} twin; Mg-Gd-Y alloy; multidirectional
impact forging

1. Introduction

Mg and its alloys, as structural materials for automobile and electronics industries, can
meet the demands of weight reduction and increasing vehicle efficiency [1,2]. Unluckily,
they exhibited relatively low yield strength and toughness in comparison to their com-
petitors Al and Ti alloys [3]. To improve their mechanical property, some strengthening
mechanisms (including solution and precipitation strengthening) have been applied to
block the dislocation glide and achieve the enhancement of the yield strength but the degra-
dation of the toughness [4-6]. In contrast, fine-grained strengthening has been considered
as a promising way for synchronously enhancing the strength and toughness of Mg alloys.
Furthermore, the corresponding strengthening effect in Mg alloys is more remarkable due
to their larger slope coefficient of the Hall-Petch relationship (~3 times larger than that of
aluminum alloy) [7].

Fine-grained AZ31 [8], AZ61 [9], AZ80 alloys [10] have been produced mainly by
conventional deformation routes including rolling, extrusion, and forging, and the cor-
responding recrystallization predominantly proceeded from prior grain boundaries and
then consumed the entire deformed microstructure easily. However, the above recrys-
tallization mechanism was seriously suppressed in some RE (rare earth)-containing Mg
alloys [11,12]. For instance, the microstructure of Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloy
rolled at 400 °C consisted of a large volume of residual coarse grains and some recrystal-
lization distributed at the prior grain boundary [11]. A similar recrystallization behavior
also was witnessed in the microstructure of extruded Mg-7.5Gd-2.5Y-3.5Zn-0.9Ca-0.4Zr
(wt.%) alloy [12]. This should be originated from the strong solute drag or pinning effect
of RE-rich precipitates on dislocation glide and rearrangement, especially for those grain
boundaries having intensive segregation of solute atoms. In other words, these grain
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boundaries have already lost the function of recrystallization nucleation. To produce the
fine-grained RE-containing Mg alloys, it is necessary to offer appropriate nucleation sites
in the grain interior for recrystallization.

Mechanical twinning can serve as an important deformation mechanism in the plastic
deformation of the Mg-RE alloys [13]. The corresponding twin boundaries generated in
the grain interior may be the preliminary candidate for recrystallization nucleation [14].
For common {10-12} extension, {10-11} contraction and {10-11}—{10-12} double twins, the
latter two is difficulty to be utilized well due to their larger critical resolved shear stress
(CRSS > 70 MPa) [15,16] and crack tendency [17]. In contrast, the former {10-12} twin with
relatively low CRSS (~10 MPa) is easy to be activated and accommodates the extension
strain along the c-axis [18]. Hence, the {10-12} twin boundary may take the place of the
initial grain boundary and act as preference nucleation sites for recrystallization of the
RE-containing Mg alloys.

Recently, {10-12} twin activated by multidirectional impact forging (MDIF) has been
successfully applied to activate {10-12} twin and produce fine-grained Mg-6.68Gd-5.9Y-
0.48Zr (wt.%) alloy [19,20]. In contrast to recrystallization assisted by dislocation rear-
rangement, {10-12} twin induced recrystallization has many advantages as follows. Firstly,
mutual intersections of two-dimensional {10-12} twin boundaries are easy to form three-
dimensional recrystallization nuclei. Secondly, the fresh twin boundary can store enough
strain energy to promote recrystallization nucleation through the repeated twin-dislocation
interaction during the dynamic forging procedure [19]. Finally, recrystallization grains initi-
ated from {10-12} twin boundary are more effective in achieving microstructure refinement
of the Mg-Gd-Y alloy alloys.

In the present work, a high-strength and toughness Mg-Gd-Y alloy has been developed
by MDIF using {10-12} twin and correlated recrystallization. Then, the contribution of
{10-12} twins to microstructure refinement and property enhancement of Mg-Gd-Y-Zr alloy
have been discussed in detail.

2. Materials and Methods

The material used in the present study was GW52 alloy ingot (Mg-4.96Gd-2.44Y-0.43Zr,
mass fraction, %). The as-cast GW52 alloy ingot was homogenized at 480 °C for 8 h with
subsequent cooling in air, and then it was cut into some cubic sample with dimensions
of 70 x 70 x 70 mm?>. These cubic samples were first heated to 480 °C in an electric
resistance furnace and kept for 60 min. In addition, the heating rate is 15 °C/min. Then, the
multidirectional impact forging (MDIF) was carried out using an industrial air pneumatic
hammer machine (Shandong Chu Hang Heavy Industry Machinery Co., Ltd., Weifang,
China) with a load gravity of 250 Kg. A pass strain ~0.05 was applied and the average strain
rate was around 20 s~!. The procedure during the MDIF was shown in Figure 1a. One
of the cubic samples was forged to 200 passes with an intermediate annealing treatment
for ~10 min at 480 °C, and it was termed as MDIF100+100 sample (symbol + means an
intermediate annealing treatment for ~10 min after the first 100 forging passes). The
entire forging and annealing process finished in ~15 min. After carefully checking, the
MDIF100+100 sample was free from any surface defects, as shown in its macro-morphology
image Figure 1b.

To examine the microstructure and mechanical property, the MDIF100+100 sample was
sectioned in the center along the last forging direction (LFD), as shown in Figure 1c. The cor-
responding specimens for optical microscopy (OM) (Carl Zeiss AG, Oberkochen, Germany),
scanning electron microscopy (SEM) (Carl Zeiss AG, Oberkochen, Germany), and tension
test was machined from the center part, as indicated by red arrows in Figure 1c. The electron
back-scattering diffraction (EBSD) observations were carried out using a TESCAN-MIRA3
SEM (TESCAN, Brno, Czech Republic) operating at 20 kV and applying a corresponding
probe current of 60 nA. Orientation imaging microscopy was measured at a step size of
1 um and the acquired EBSD data was analyzed using the software of Aztec Crystal 4.3
(Oxford Instruments, Abingdon, UK). Texture analysis was conducted using the Schultz
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reflection method through X-ray diffraction and calculated pole figures were obtained
using the DIFFRAC plus TEXEVAI software (Bruker, Karlsruhe, Germany). The tensile
specimens in dog bone shape were cut from the central part of the forged cubic sample with
a gauge length of 20 mm, a width of 3 mm, and a thickness of 2.5 mm. The compression
specimens in-cylinder were also machined from the same position with a height of 15 mm
and a diameter of 10 mm, as shown in Figure 1c.

70 mm

Figure 1. (a) Schematic illustrations of the MDIF process, (b) macro-morphology of MDIF100+100
sample and (c) schematic diagram describing the orientations of the tensile specimens and the
compression specimens relative to the forged billet.

3. Results
3.1. Initial State of the Alloy

Figure 2 displays the EBSD results of the microstructure of GW52 alloy after homoge-
nization at 480 °C for 8 h. The inverse pole figure exhibit many equiaxed grains with ran-
dom orientation in the microstructure of as-homogenized alloy, as shown in Figure 2a. This
is consistent with the {0001} pole figure in Figure 2d. The corresponding grain boundary
map consists of an as-homogenized microstructure with some second phases in Figure 2b.
Most of these phases in Mg-Gd-Y were identified as cuboid-shaped phases in previous
reference [20], which were detected as YH, through a combined analysis of secondary ion
mass spectrometry (SIMS) and X-ray tomography (XRT). Many black dots in Figure 2b
may be the corrosion products of the second phase produced by electrolytic polishing. The
average grain size of 47 um has been evaluated through the grain size distribution map in
Figure 2c.

3.2. Microstructure and Mechanical Property of MDIF100+100 Sample

Figure 3 gives OM and corresponding {0001} macro texture of the MDIF100+100 sample
of GW52 alloy. It can be observed a deformed microstructure in low magnification of OM
in Figure 3a. High-magnification observation captured some coarse grains ~10 pum and a
large number of small grains ~1 um, as indicated by their respective arrows in Figure 3b.
Besides, the corresponding {0001} macrotexture in Figure 3c illustrates a non-basal texture
with many peaks (the intensity < 3.79 multiples of random (mrd)).
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Figure 2. (a) Inverse pole figure, (b) grain boundary image, (c) grain size distribution map, and
(d) {0001} pole figure of as-homogenized GW52 alloy.

20 pm

Figure 3. (a) Low magnification and (b) high magnification of OM as well as corresponding (c) {0001}
macrotexture of MDIF100+100 sample of GW52 Mg alloy at the center location (~35 mm).
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The corresponding EBSD results of the final forging microstructure were shown
in Figure 4a—e. We noted that flourishing twins were activated in the microstructure,
especially in several coarse regions, as shown in Figure 4a,b. The special boundaries
results in Figure 4b demonstrate that the fraction of {10-12} twin boundary (<11-20> 86°)is
11.8%, while the fraction of {10-11} twin boundary (<11-20> 56°) and {10-11}-{10-12} twin
boundary <11-20> 38° are 0.23% and 0.40%, respectively. This is consistent with the larger
fraction of {10-12} twin boundaries in the misorientation angle of grain boundaries in
Figure 4e. In addition, low angle grain boundaries (LAGBs) also have a larger number
fraction in this forged alloy in Figure 4e. As shown in the grain size distribution histogram
of Figure 4d, the final average grain diameter of the GW52 alloy was decreased to ~5.7 um.
Moreover, the fraction of the fine grins (<20 um) in the final forging microstructure was
about 87%. In particular, the {0001} pole figure in Figure 4d exhibited the fine-grained alloy
possess a non-basal texture (the intensity < 4.13 mrd). Specifically, MDIF with intermediate
annealing treatment is an effective route to produce fine-grained Mg-RE alloys with non-
basal texture.

Grain count:1448
Mean:5.7 pm
Min:3.6 pm
Max:48.9 pm
St.-Dev:3.2 pm

10 20 30 40
Equivalent Circle Diameter (um)
0.
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z
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z
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Figure 4. (a) Inverse pole figure map, (b) band contrast map, (c) {0001} pole figure, (d) grain size
distribution histogram, and (e) misorientation angle of grain boundaries of MDIF100+100 sample of
GW52 alloy at the center location (~35 mm).

Figure 5 presents room temperature tensile engineering stress-strain curves of as-
homogenized, forged, and aged GW52 alloy. The tension results were listed in Table 1. The
static toughness (ST) usually can be measured by the true stress-strain curve, which can
be obtained from their respective engineering stress-strain curve through data processing.
The true stress can be calculated by this equation: S = 0* (1 + ¢). Then, ST was measured by the
equation ST = foe" Sde [21,22]. In addition, S means true stress and ¢k is the value of true strain
after the sample fractured. The corresponding results have been illustrated in Table 1.
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Figure 5. Room temperature tensile engineering stress-strain curves (a—e) and corresponding proper-
ties (f) of as-homogenized, MDIF100+100, and aged MDIF100+100 samples of GW52 alloy with their
respective static toughness: (a) as-homogenized alloy, (b) MDIF100+100, (c) aged at 200 °C for 30 h,
(d) aged at 200 °C for 60 h, (e) aged at 200 °C for 120 h.

Table 1. Room temperature tensile and compressive properties of GW52 alloy.

IYS © UT/cs(MPa)  EL(%)  ST(MJim®  CYS/TYS
(MPa)
As-homogenized-1 139 197 9.6 21.5
As-homogenized-2 137 196 10.0 22.2
As-homogenized-3 130 194 10.4 223
MDIF100+100-ten-1 289 321 14.0 52.5
MDIF100+100-ten-2 283 319 12.3 472 ~1
MDIF100+100-com-1 294 465 13.0 -
MDIF100+100-com-2 310 469 11.0 -
Aged-200 °C-30 h-1 316 341 6.2 29.3
Aged-200 °C-30 h-2 313 346 115 48.4
Aged-200 °C-60 h-1 339 361 12.8 55.7
Aged-200 °C-60 h-2 335 360 10.2 45.0
Aged-200 °C-120 h-1 322 364 7.9 33.9
Aged-200 °C-120 h-2 339 349 10.2 445

TYS, tension yield strength; UTS, ultimate tensile strength; EL, uniform elongation; CYS, compression yield
strength; ST, static toughness.
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It can be observed in Figure 5a that the tensile yield strength (TYS), uniform elongation
(EL), and static toughness (ST) of as-homogenized GW52 alloy were 135f‘51 MPa, l0.0fg:ﬁ%,
and 22.0f8;§ MJ/m3, respectively. After the MDIF of 100+100 passes, the strength, ductility,
and toughness of GW52 alloy were synchronously enhanced in Figure 5b, i.e., the TYS, EL,
and ST dramatically increased to 2861’2 MPa, 13.21’8:8%, and 49.91'%:? MJ/ m?, respectively.
It has been reported that aging treatment at 200 °C was usually applied to Mg-RE alloys
to further enhance their strength [23-25]. In the present work, some tensile specimens of
GW52 alloy were aged at 200 °C for different times (30 h, 60 h, and 120 h). The strength
and toughness often were synchronously enhanced in Figure 5c—e, i.e., foraged alloy at
200 °C for 60 h, the TYS, UTS, and ST sharply increased to 3373 MPa, 361" MPa, and
40.1737 MJ/m?, respectively.

Figure 6a shows the comparison of mechanical properties in numerous forged Mg-Al-
Zn alloys and Mg-Gd-Y-based alloys [10,26-39]. The forged Mg-Al-Zn-based alloys were
generally located at the bottom corner [10,27-33], while the MDIF100+100 sample of GW52
alloy was located at the center part exhibiting a higher TYS. Furthermore, the forged GW52
alloy exhibited excellent strength—ductility balance in comparison to the forged Mg-Gd-Y-
based alloys [34-39]. Specifically, the TYS and EL of the forged GW52 alloy are larger than
that of rolling or extrusion of commercial WE54 and WE43 alloys produced by Magnesium
Elektron Ltd. (Magnesium Elektron, Manchester, UK), in Figures S1 and S2 (Supplementary
Materials), as shown in Figure 6a. Above all, the forged GW52 alloy demonstrates tension-
compression yield symmetry along N3 forging direction (the ratio of CYS/TYS was ~ 1.0) in
Figure 6b, which means that we obtained yield isotropy Mg-Gd-Y alloy with high strength
and toughness. This tension-compression yield symmetry character is rarely examined in
the rolling sheet or extrusion of high-strength Mg-RE alloy [40]. It can be concluded that a
fine-grained GW52 alloy has been produced by MDIF using {10-12} twin and correlated
recrystallization with the excellent mechanical property. Thus, the contribution of {10-12}
twins to microstructure refinement and property enhancement of GW52 alloy should be
discussed in detail.
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Figure 6. (a) Relationships between tensile yield strength and elongation of forged Mg-Al-Zn based

and Mg-Gd-Y-based alloys as well as (b) tension-compression engineering stress-strain curves of
MDIF100+100 sample of GW52 alloy.

4. Discussion
4.1. Contribution of {10-12} Twins to Microstructure Refinement

It has been reported that {10-12} twins usually exerted different functions at dynamic
forging and annealing treatment in our previous works [19,20]. At the dynamic forging

25



Materials 2022, 15, 1508

process, MDIF with a high strain rate and small strain is favorable for twin nucleation but
twin growth [20]. Additionally, the three directional loadings are beneficial for activating
{10-12} twins in 79.8% of grains in the microstructure of the as-homogenized Mg-Gd-Y
alloy [20]. Meanwhile, these twins can divide their parent grains, interact repeatedly
with various dislocations, and then store enough strain energy, eventually promoting the
nucleation of DRX [20]. With the progress of intermediate annealing, above {10-12} twins
with high strain energy can act as preference nucleation sites for static recrystallization,
thereby making for a preliminary microstructure refinement [19]. Next, this fine-grained
microstructure was ready for the next generation of {10-12} twin. At the sequent dynamic
forging passes, the fresh {10-12} twins can be activated again and subdivide those new
grains achieving further microstructure refinement. It can be concluded that MDIF with
intermediate annealing can effectively refine the microstructure of Mg-Gd-Y alloy through
{10-12} twin and correlated recrystallization.

The above microstructural results can be evidenced by the fine-grained microstructure
with extensive {10-12} twins, as shown in inverse pole figure map and band contrast map of
Figure 4a,b. The distribution histogram of grain size had been examined in Figure 4d, and
the average grain size of the GW52 alloy sharply decreased from ~47 pum of as-homogenized
alloy to ~5.7 um. We noted that the fraction of the fine grins (<20 um) dramatically
increased to 87%. This means that MDIF with intermediate annealing had produced a
fine-grained Mg-Gd-Y alloy using {10-12} twin and correlated recrystallization.

4.2. High Strength and Toughness GW52 Alloy

After the MDIF of 100+100 forging passes, the TYS of GW52 alloy increased from
13572 MPa to 286 "3 MPa and the ST also increased from 22.033 MJ/m?, to 49.9716 MJ/m?>.
As a result, the MDIF realized 151 MPa increment (112%) for TYS and 22.0 MJ /m? increment
(117%) for ST. Meanwhile, the average grain size of the alloy sharply decreased from ~47 pm
of as-homogenized alloy to ~5.7 pum. The strengthening and toughening mechanisms will
be discussed in detail as follows.

For the strengthening mechanism, fine-grained strengthening and twin strengthening
should be focused on in the present work. Based on the stress intensity factor, k, obtained
using the Hall-Petch relationship of GW53 alloy [41], the increment of TYS induced by
grain refinement was calculated at about 112 MPa. It can be concluded that fine-grained
strengthening determines the increment of TYS of GW52 alloy. Besides, flourishing twins
were activated in the microstructure, especially in several coarse regions, as shown in
Figure 4a,b. The special boundaries results in Figure 4b demonstrate that the fraction of
{10-12} twin boundary (<11-20> 86°) is 11.8%, while the fraction of {10-11} twin bound-
ary (<11-20> 56°) and {10-11}-{10-12} twin boundary <11-20> 38° are 0.23% and 0.40%,
respectively. As a result, the crack tendency of {10-11} compression and {10-11}-{10-12}
double twin can almost be neglected [42,43]. As a result, a large number of {10-12} twin
boundaries as typical two-dimensional planar defects can interact with basal slip and even
impede the dislocation movement [44]. Therefore, fine grain and twin strengthening play a
key role in the high-strength GW52 alloy.

For the toughening mechanism, intergranular deformation including grain sliding
and grain rotation usually serves as the dominating deformation mechanism in the plastic
deformation of fine-grained GW52 alloy (~5.7 pum). Meanwhile, deformation mechanisms
will have a significant transition from primary basal slip to some potential non-basal slip
in fine-grained alloy with the grain size < 10 um [45]. In addition, a large volume of
{10-12} twin boundaries as typical two-dimensional planar defects exerted an obstructing
effect on dislocation glide and allow the penetration of dislocation under the high stress-
concentration [44]. On the other hand, the fine-grained GW52 alloy with a random texture
tends to activate various dislocation slip, which was evidenced by their higher average
SF (Schmid factor) value (>0.28) for various slip systems (basal slip <a>: {0001} <11-20>,
prismatic slip <a>: {1-100} <11-20>, pyramidal slip <a>: {1-101} <11-20>, and pyramidal
slip <c+a>: {1122} <11-2-3>), as shown in Figure 7. In other words, various slips will
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be activated and steadily accommodate the tensile strain according to the Von Mises
criteria [46]. All of these changes can ensure a uniform deformation and suppress the
premature failure of Mg alloy. Hence, the fine-grained microstructure obtained by MDIF
plays an important role in this high strength and toughness Mg-Gd-Y alloy.
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Figure 7. SF maps and corresponding distribution histograms for various slip systems of
MDIF100+100 sample of GW52 alloy: (a) basal slip <a>:{0001} <11-20>, (b) prismatic slip <a>:{1-100}
<11-20>, (c) pyramidal slip <a>:{1-101} <11-20>, (d) pyramidal slip <c+a>:{11-22} <11-2-3>.

5. Conclusions
Multidirectional impact forging has been applied to grain refinement and property
enhancement of Mg-Gd-Y alloy in the present work. The main results can be summarized
as follows:
(1) Multidirectional impact forging has been proved to be an efficient methodology in
grain refinement and property improvement of Mg-Gd-Y alloy. After the MDIF
of 100+100 forging passes, the TYS of GW52 alloy increased from 135¢ MPa to

286fg MPa and the ST also increased from 22.01“8% M]/m3, to 49.93:? M]/ms. As
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a result, the MDIF realized 151 MPa increment (112%) for TYS and 22.0 MJ/m?
increment (117%) for ST simultaneously.

(2) The MDIF100+100 sample of GW52 alloy has a relatively fine-grained microstructure
~5.7 um, exhibiting a random texture. Furthermore, high TYS of 337f§ MPa, EL of
11‘5212%, and ST of 50.41’;:2 MJ/m3 were gained in the GW52 alloy developed by
MDIF and aging treatment.

(3)  The forged GW52 alloy exhibits yield isotropy (the ratio of compression yield strength/
tensile yield strength along the forging direction is ~1.0). Compared with forged Mg-
Al-Zn and Mg-Gd-Y based alloys, the forged GW52 alloy exhibited excellent strength—
ductility balance resulting from the combined effect of fine-grained strengthening,
twin strengthening, and its non-basal texture.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/mal5041508/s1. Figure S1. Room temperature tensile properties of extruded bars and forged
billets of commercial WE43 and WE54 alloys produced by Elektron Ltd. (London, UK); Figure S2.
Room temperature tensile properties of rolled plate and extruded bar of commercial WE43 alloys
produced by Elektron Ltd (London, UK).
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Abstract: In this work, Mg-3Y sheet was prepared by high temperature cross-rolling and subsequent
short-term annealing. The effect of annealing on microstructure, texture, mechanical properties,
and stretch formability of Mg-3Y sheet was primarily investigated. Micro-nano size coexistence
of 3-Mgy4Y5 phases can be well deformed with matrix. The as-rolled Mg-3Y sheet exhibited a
homogeneous deformation microstructure consisting of deformed grains with extensive kink bands
and dispersed 3-Mgy4Y5 phases. A double peak texture character appeared in as-rolled Mg-3Y
sheet with a split of the texture peaks of about £20° tilted to rolling direction. After annealing, the
as-annealed Mg-3Y sheet presented complete static recrystallized (SRXed) microstructure consisting
of uniform equiaxed grains. The texture orientation distribution was more dispersed and a weakened
multiple-peak texture orientation distribution appeared. In addition, the maximum intensity of
basal plane decreased from 5.2 to 3.1. The change of texture character was attributed to static
recrystallization (SRX) induced by kink bands and grain boundaries. The as-annealed Mg-3Y sheet
with high Schmid factor (SF) for basal <a> slip, prismatic <a> slip, pyramidal <a> slip, and pyramidal
<c+a> slip exhibited high ductility (~25.6%). Simultaneously, enhanced activity of basal <a> slip
and randomized grain orientation played a significant role in decreasing anisotropy for the as-
annealed Mg-3Y sheet, which contributed to the formation of high stretch formability (~6.2 mm) at
room temperature.

Keywords: microstructure; texture; mechanical properties; stretch formability; high temperature
cross-rolling; annealing

1. Introduction

As the lightest structural material, current magnesium (Mg) alloy sheets cannot meet
the requirements of automotive vehicles due to poor room temperature formability [1].
The poor formability and limited ductility of Mg alloys at ambient temperature is
ascribed to their hexagonal closed-packed crystal structure and the associated insufficient
independent slip systems [2-5]. Under hot deformation conditions, more slip systems
would be operated in addition to the basal slip system and new fine grains could be
concurrently developed [3-6]. These can lead to a pronounced improvement in the
ductility and plastic workability of Mg products at not only high temperatures, but also
warm and cold temperatures. However, strong basal texture would develop in rolled Mg
alloy sheets. The basal planes are mainly parallel to the RD-TD plane, where the RD and
TD are rolling and transverse directions [7-9]. The basal slip and extension twinning
during deformation play a dominant role in the development of basal texture. These two
mechanisms align the c-axis of grains with the direction of compressive strain, i.e., in
as-rolled sheets, c-axis parallel with the normal direction (ND). The strong basal texture
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is difficult to remove during subsequent annealing [10]. Therefore, it is necessary to find
a way of weakening the texture in wrought Mg alloys.

One of the methods of texture control is the addition of rare-earth (RE) metals in the Mg
alloys [11-14], which could modify and weaken the intensity of the basal texture of rolled
Mg alloys. Another approach is the improvement of the plastic processing techniques.
In recent years, some processing techniques, such as asymmetric rolling [15,16], cross-
rolling [17], repeated unidirectional bending [18], repetitive bending [19], equal channel
angular rolling [20], wavy roll forming [21], high temperature annealing before and after
warm rolling [22], combination of high temperature and warm rolling [23,24], have been
explored for texture control of Mg alloy sheets. Compared with those processing techniques,
high temperature rolling exhibits different deformation characteristics, such as enhanced
activities of non-basal slips and grain boundary sliding (GBS), which could effectively
weaken the texture [25,26]. It was found that high temperature rolling and subsequent
annealing can significantly improve the stretch formability [27,28] and deep drawability [29]
of Mg alloys at room temperature. Some reports have also shown that basal texture of Mg
alloys could be suppressed by cross-rolling [30-32]. Meanwhile, a decrease in anisotropy in
cross-rolling sheet was reported [33,34].

As mentioned above, Mg alloys with RE elements subjected to high temperature rolling
and cross-rolling have potential to achieve high ductility and high stretch formability at
room temperature. Therefore, in the present study, the Mg alloys with Y addition are
processed by combination of high temperature rolling and cross-rolling under different
conditions (hot rolling condition and hot rolling-annealing condition). The pure Mg is
served as the control sample. The microstructure, texture, mechanical properties, and
stretch formability of Mg-Y alloys are investigated in detail.

2. Materials and Methods

Commercially pure Mg and Mg-3Y (wt%) master alloys were used to prepare the pure
Mg and Mg-3Y (wt%) alloys. The fusion metallurgy was carried out in a mild steel crucible
placed in an electric resistance furnace under an anti-oxidizing flux. After melting, the
melt was cast into a steel mold at 993 K. The as-cast alloys were homogenized at 723 K for
24 h, then cooled down in the air. The alloys were machined into a rectangular shape with
dimensions of 100 mm x 80 mm x 18 mm. Before hot rolling, the as-homogenized samples
were preheated at 773 K for 30 min. Each rolling direction of cross-rolling changed at 90°, as
shown in Figure 1. To reduce strain hardening during the rolling, an incremental duration
per pass was adopted, as shown in Figure 2. The rolling samples were inter-pass annealing
treated at the rolling temperature for 10 min after each pass. After a total reduction of 70%,
the as-rolled sheets were cooled in the air. The recrystallization annealing treatment was
conducted at 748 K for 15 min for the final as-rolled alloy sheet.

Normal Direction (ND)

|

bl

/./....
13
Rolling Direction 2
(RD2)

Tension specimen

=5

5.4mm
Rolling Direction 1
(RDI)

Figure 1. The schematic diagrams of hot cross-rolling.

The chemical compositions of alloys obtained by an X-ray fluorescence analyzer
(XRF, XRF-1800) are listed in Table 1. The phase analysis and macro-texture test were
performed by an X-ray diffraction (XRD, Empyrean) with Cu Ko radiation. The microstruc-
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ture was observed by an optical microscope (OM, Leica MEF4) and a scanning electron
microscope (SEM, SUPRA 55) equipped with energy dispersive X-ray spectroscopy (EDS).
Electron backscattered diffraction (EBSD) analyses were carried out using a field emission
scanning electron microscope (SEM, ZEISS EV55) equipped with an HKL EBSD detector.
Substructure analysis was examined by transmission electron microscope (TEM, Tecnai
G220 S-Twin). The specimens for the OM and SEM observation were prepared following
a standard procedure of grinding, polishing, and etching (1.0 g picric acid+2 mL acetic
acid+3 mL water+20 mL ethanol).
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Figure 2. The reduction per pass, accumulated reduction, and sheet thickness as a function of rolling
pass (red circle, blue triangle and green box represent reduction per pass, accumulated reduction and
sheet thickness respectively).

Table 1. Chemical compositions of the as-cast materials (wt%).

Materials Y Mg
Mg - Bal.
Mg-3Y 2.90 Bal.

Tensile test was carried out using a DNS100 universal testing machine with a strain
rate of 1 x 1073 s~ 1 at room temperature. For each material, three parallel samples with
their long axes parallel to the RD2 were tested. The fracture surface was also observed by
the SUPRA 55 SEM. Erichsen test was carried out to determine the stretch formability of all
parallel samples in each test using GBW-60Z Erichsen testing machine with a punch speed
of 1 mm/min at room temperature. Schematic diagrams of the Erichsen test were shown in
Figure 3. Samples for Erichsen test were machined into dimensions of 60 mm in length,
60 mm in width, and 1 mm in thickness.
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()

(b)

Punch

Blank holder

Figure 3. Schematic diagrams of the Erichsen test setup and punch position are shown (a) before and
(b) after the test.

3. Results and Discussion
3.1. Microstructure of the As-Cast Alloy

The XRD patterns of the as-cast pure Mg and Mg-3Y alloys are shown in Figure 4.
Both samples contain primary «-Mg phase. The additional diffraction peaks corresponding
to the 3-Mg»4Y5 phases can be indexed in the Mg-3Y alloy.

*

Cu Ka & Mg ® Mg,Y;

Intensity/a. u.

L] L] [

(b) J

@ 8 U t ) W
20 30 40 50 60 70 80
Diffraction angle/20°

Figure 4. XRD patterns of the as-cast (a) pure Mg and (b) Mg-3Y alloys.

The macrostructures of as-cast pure Mg and Mg-3Y alloys are presented in Figure 5.
The grain morphology changes from columnar grain to equiaxed grain and the grain size is
clearly refined due to the addition of yttrium. The 3-Mg»4Y5 phases with a cubic crystal
structure (lattice constant a = 11.257 A) cannot act as the heterogeneous nuclei of a-Mg
matrix [35]. However, the solute yttrium distributed on the solid-liquid interface could
drag the dendrites growth during the growth of a-Mg grains, and thus refine the grains [36].
The growth restriction factor (GRF) could also be employed to describe the refining ability of
solute elements in magnesium alloys. The GRF value of yttrium in magnesium is calculated
to 1.7, which indicates that yttrium would have a certain refining ability [37].

The typical as-cast microstructure of the Mg-3Y alloy is shown in Figure 6. In
Figure 6a,c, the Mg-3Y alloy is composed of x-Mg phase and numerous eutectic 3-Mgp1 Y5
phases, which are discretely distributed between the dendrite arms. Most of the 3-Mgo4Y5
phases are bulk-shaped phases with different sizes, as shown in Figure 6b,d. The EDS result
further confirms that the second phases existing in Mg-3Y alloy are 3-Mgp4 Y5 phases, as
shown in Figure 6d.
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Wt.%
35.31
64.69
100.00
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Figure 6. Optical micrographs of (a) low magnification view and (b) high magnification view; SEM
micrographs of (c) low magnification view and (d) high magnification view; (e) the EDS results
corresponded to the secondary phase marked by the red circle of as-cast Mg-3Y alloy.

35



Materials 2022, 15, 4712

The typical bulk-shaped 3-Mg,4Ys5 phases with different sizes, from nanometer to
micrometer, are presented in Figure 7. The size distribution of phases in nano-scale
(Figure 7a,b) primarily varies from 225 to 675 nm (Figure 7e), accounting for about 58% of
the total. In addition, the size distribution in micro-scale (Figure 7c,d) mainly changes from
1.12 to 2.48 um (Figure 7e), accounting for about 34%. Although the size of the 3-Mgy4Y5
phases is fine, there is no clear aggregation. The morphological characteristic of 3-Mga4Y5
phases with micro-nano size coexistence in matrix is formed finally.

Phase size = 447 nm

Phase size = 760 nm

Phase size Phase size 8.76

Element Wt.% At.%
MgK 63.59 86.46
YL 36.41 13.54

Total ~ 100.00

Element Wt.% At.%
Mg K 53.69 80.91
YL 46.31 19.09

Total 100.00

Element Wt.%  At.%

Element Wt.% At.%
Mg K 35.31 66.62 MgK 7.51 22.88
YL 64.69 33.38 YL 92.49

Total 100.00 Total 100.00

70
(e) Average size=1.27ym

Frequency/%
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00 09 18 27 36 45 54 63 72 81 90
Phase size distribution/um

Figure 7. SEM micrographs and EDS results of the secondary phases with different sizes of (a,b)

nano-scale, (c,d) micro-scale, and corresponding phase size distribution histograms (e) of as-cast
Mg-3Y alloy.
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Apart from micro-nano size coexistence characteristic, the Y-segregation layer is also
observed at both nano- and micro-scales, as shown in Figure 8a,b. The 3-Mgp4Y5 phase
core is surrounded by the semi-transparent light grey layer. It is speculated that the semi-
transparent light grey layer might be an Y-segregation layer, which could provide further
growth and development of 3-Mgp4Y5 phases. When the concentration of Y-segregation
layer reaches a certain value, the 3-Mg»4Y5 phase core would consume the Y-segregation
layer to further grow and develop. The 3-Mgp4Y5 phases with relatively larger size (about
>2 um) have no clear Y-segregation layer in Figure 7, which indicates the well development
of 3-Mgp4Y5 phases. Therefore, the micro-nano size coexistence of 3-Mg»4Y5 phases should
be relevant to the solidification segregation behavior of Y [38]. The segregation of Y
during the solidification process results in the formation of Y-rich region (micro-phase) and
Y-depleted region (nano-phase).

Y-segregation layer Y-segregation layer

Micro-scale

Figure 8. SEM micrographs of the secondary phases with Y-segregation layer of (a) nano-scale and
(b) micro-scale of as-cast Mg-3Y alloy.

The nano- and micro-phase were further explored by TEM analysis. Figure 9a,b
presents the bright-field TEM micrograph of nano phase-I and typical selected area electron
diffraction (SAED) pattern of phase-I, respectively. It demonstrates that nano phase-I
displays a rectangular shape, which is in good agreement with the morphology of 3-
Mgo4Y5 phase, as shown in Figure 7a,b. In addition, the nano phase-I is a single crystal.
The typical SAED pattern further ensures that phase-I corresponds to the 3-Mgp4 Y5 phases.
Notably, the interface between phase-I and Mg matrix is clear, which reveals that 3-Mgp4 Y5
phases have good bonding with the matrix. Figure 9¢,d shows the bright-field TEM
micrograph of micro phase-I and local magnification of region A, respectively. Similarly,
the micro phase-I also displays a rectangular shape and good bonding with the matrix.
However, the micro phase-II consists of three parts (grain I-III) in addition to a single
crystal. The 3-Mgy4Y5 phases are verified by the SAED pattern of grain-I and grain-II in
Figure 9e,f. The high-resolution TEM (HR-TEM) observation was also performed at region
B of grain-III, as can be seen in Figure 9g. The fast Fourier transform (FFT) and inverse
FFT were conducted at the selected region C, correspondingly, as shown in Figure 9i,h. On
the basis of the inverse FFT micrograph, the inter-planar spacing of grain-III is 0.301 nm,
which is well consistent with the inter-planar spacing of ideal (321) plane for Mgy4Y5
crystal. Consequently, the micro phase-II is polycrystalline with three grains rather than
the clustering of nano-phases. The nano grain-III is covered by grain-I and grain-II. At the
same time, the nano grain-II is covered by micro grain-I. This phenomenon may indicate
that the micro-phase is developed from the nano-phase, which is well consistent with the
solidification segregation behavior of Y, as mentioned above.
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Figure 9. Bright field TEM micrographs of (a) phase-I, (c) phase-II, and (d) local magnification
corresponding to region A; SAED patterns of (b) phase-, (e) grain-I, and (f) grain-II; (g) HRTEM
micrograph of region B in grain-III; (i) FFT pattern; and (h) inverse FFT micrograph of region C.
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3.2. Microstructures and Micro-Texture Evolution of Alloy Sheets

The optical micrographs of Mg-R and Mg-RA sheets are shown in Figure 10. The
microstructure of as-rolled samples is heterogeneous with a distribution in grain size from
several um to hundreds of um. Apart from some dynamic recrystallized (DRXed) grains
induced via grain boundary, many twins exist in coarse deformed grains. For as-annealed
samples, the heterogeneity of grain size is faded along with grain coarsening.

Figure 10. Optical micrographs of (a) as-rolled and (b) as-annealed pure Mg sheets.

Figure 11a—d shows the microstructure of Mg-3Y-R and Mg-3Y-RA sheets. The mi-
crostructure of Mg-3Y-R sheet contains deformed grains dotted with fine and dispersed
B-Mgo4Ys5 phases. The 3-Mgp4 Y5 phases exist both at grain boundaries and in the interior
of grains. Micron sized 3-Mgp4Y5 phases have no clear change and preserve the original
morphological characteristic under as-cast condition (Figure 11e). Moreover, no apparent
dynamic recrystallization (DRX) is found. In fact, the large second-phase particles (>1 um)
are the ideal sites for the development of DRX nuclei by particle stimulated nucleation
(PSN) [39,40]. However, the PSN effect is absent around the micron-sized 3-Mgy4Y5 phases
(~2.74 pum), as shown in Figure 11e. The fragmentation of 3-Mgy4Y5 phases is observed in
Figure 11f, which indicates that nano-sized phases with weak bonding have been broken
to some extent during rolling. The directional distribution of dispersed (3-Mg»4Y5 phases
emerges. After annealing, the deformed grains change to equiaxed grains with uniform
size for Mg-3Y-RA sheet due to static recrystallization (SRX). The distribution characteristic
of 3-Mg»4Y5 phases has no significant difference from Mg-3Y-R sheets. In comparison with
the Mg-R and Mg-RA sheets (see Figure 10), the Mg-3Y-R and Mg-3Y-RA sheets exhibit
considerably more homogenous microstructures favoring further deformation.

The twinning is depressed with increasing deformation temperature [41] and extensive
wrinkled structures occur in Mg-3Y-R sheet rolled at a quite high temperature of 773 K,
as shown in Figure 12a,c. The wrinkled structures present lath structures with different
contrasts in TEM. No diffraction spots for twins are detected and the interface of these lath
structures is not as straight as twin boundaries, as indicated by Figure 12e. Therefore, these
lath structures should be deformation bands, but twins. The deformation bands are almost
parallel and the top is thin and sharp. Yang X Y et al. [5,42] believed that the deformation
bands are kink bands, which correspond to a low angle dislocation interface. The kink
bands are formed by bending the slip surface when the primary slip is blocked. The
formation of kink bands is closely related to crystal orientation, deformation temperature,
and deformation degree. Similar results have been reported by Zhou B et al. [43] and
Matsumoto T et al. [44]. After annealing, the density number of kink bands decreases
remarkably (Figure 12b,d) and the residual kink bands are discontinuous (Figure 12f).
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Figure 11. Optical micrographs of (a) as-rolled, (c) as-annealed, and corresponding SEM micrographs
of (b) as-rolled and (d) as-annealed Mg-3Y sheets, the secondary phases; () SEM micrograph and
(f) TEM micrograph of Mg-3Y sheets.

EBSD measurements were conducted to further analyze the evolution of the mi-
crostructure and micro-texture on the RD1-ND plane of the alloy sheets. Figure 13a-d
presents the EBSD inverse pole figure (IPF) maps and corresponding grain size distribution
of Mg-3Y sheets. Different colors represent different orientations of the grains. The grains
with similar color indicate that the misorientation angles between these grains are not
significant in Mg-3Y-R sheets. In addition, the average grain size is about 9.76 pm. After
annealing, the grains with multicolor intuitively show the weakening of the preferred orien-
tation of grains. Moreover, the average grain size increases to about 13.8 um. Figure 13e,f
shows (0001), (11-20), and (10-10) pole figures of Mg-3Y sheets. The micro-texture char-

40



Materials 2022, 15, 4712

acteristic of Mg-3Y-R sheet is the (0002) basal texture with a split of basal pole along the
RD2 direction. The (0002) basal texture is weakened for Mg-3Y-RA sheet after annealing.
First, the basal pole splits into multiple peaks and the orientation distribution becomes
broader. The (11-20) and (10-10) planes have a random orientation distribution. Second,
the maximum pole intensity decreases from 7.8 to 3.5 multiples of random orientation
distribution (MRD).

10 1/nm

\

—*=— Kink bands

o

Figure 12. Optical micrographs of (a) as-rolled, (b) as-annealed, and corresponding SEM micrographs
of (c) as-rolled and (d) as-annealed Mg-3Y sheets; TEM micrographs of kink bands of (e) as-rolled
and (f) as-annealed Mg-3Y sheets.
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Figure 13. EBSD IPF maps of (a) as-rolled and (b) as-annealed; grain size distributions of (c) as-rolled
and (d) as-annealed; (0001), (11-20), and (10-10) pole figures of (e) as-rolled and (f) as- annealed Mg-3Y
sheets. Observation along RD2 was applied to IPF triangle.

Grain boundary maps and misorientation angle distributions of Mg-3Y sheets are
shown in Figure 14a—d. The high-angle grain boundaries (HAGBs > 15°) and low-angle
grain boundaries (LAGBs < 15°) are characterized by black and green lines, respectively.
Combined with the misorientation angle distributions, it can be seen that the proportion of
LAGB:s (78.72%) is considerably higher than HAGBs (21.28%) in Mg-3Y-R sheet. Indeed, the
number fraction of boundaries with low misorientation angles (<10°), which are a result of
lattice distortion and subgrain formation within grains caused by dislocation slip, is 75.12%
and dominates the major proportion. Intersection of {10-12} extension twins can lead to the
formation of twin boundaries with a low misorientation angle of ~7.4° [45]. However, a
comparison of the twin boundary map (described below in Figure 15a) with the low-angle
boundary map reveals that Mg-3Y-R sheet does not contain low-angle boundaries formed by
this twin intersection. In contrast, the proportion of HAGBs (88.20%) is considerably higher
than LAGBs (11.80%) in Mg-3Y-RA sheet. Based on [46], the proportion of HAGBs is related
to the amount of recrystallized and deformed grains in the microstructure. A large amount
of recrystallized grains would result in high proportion of HAGBs, meanwhile a large
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amount of deformed grains would result in high proportion of LAGBs. The recrystallization
fraction of Mg-3Y-RA sheet is almost 100%, but the recrystallization fraction is only 4.79% for
Mg-3Y-R sheet (Figure 14e-h). Relative complete SRX process produces a greater proportion
of HAGBs. Furthermore, this results in more random grain orientation distribution and
clear weakening of the (0002) texture.
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Figure 14. Grain boundary maps of (a) as-rolled and (b) as-annealed; misorientation angle distribu-
tions of (c) as-rolled and (d) as-annealed; structure component distribution maps of (e) as-rolled and
(f) as-annealed; and structure fraction distributions of (g) as-rolled and (h) as-annealed Mg-3Y sheets.

43



Materials 2022, 15, 4712

Number fraction

=S

S

N Lo - R s $ I
DI SO TN e o0 (b) R TR LA L I AR NI
WSS SN S /‘-';i?(’*"-%;v’/‘ - ¥ M"\—ﬁqt;xW‘ P AT REN-NA
ﬁ:':\ n 3 o u'})\, B TS ey < {3 QQ e oAt g
Fg >13 T sy B TN RS DI I IAI Beie s
R AR 55 S Py P B S STH IR [EA I IS
S AESEREON Rt LTI S e D P A0 K
s B PR I PP AL SRS
25O S R R IS
7 BRI AL TSN TR
DR RALY S AUAPIIK T
P AD TS o 271 (I3 jrae’ e % AL
\/ w,(l}/\;\ <x§< P »[\A%\. )
§{ \4"7/‘ L 8 ;0:{\‘ A B ok ‘(?L
{C’x’.{'*, Y Dl B ) %S 8Ny
»./g,i/ ) \’? L AT \} e\‘/g‘\. \ %4 &~
R R RN SR S i
\{Lé‘_l'/"',f?ft(, }\32’ \,g \3/37/\’5 129,24 /::;‘/f:\.k’f\i
. J s ea L I0A =
B RPPSASHBIIAS 2 200pm
S-SR AL
LA RIS IRXTON A7 |k
005 0.05
(d)
004 0.04
0.03 g 0.03
=
2
0.02 g 0.02
z
38°
o
0.01 56 sio 0.01
0.00 0.00
0 10 20 30 40 SO 6 70 8 9% 100 0O 10 20 30 40 S5 60 70 8 9 100
Misorientation angle (degree) Misorientation angle (degree)

Grain boundary > 15°
s {1012} extension twin 86°@<1120>
s {1011} contraction twin 56°@<1120>

s (1011} -{1012}double twin 38°@<1120>

Figure 15. Misorientation angle maps showing various twin boundaries of (a) as-rolled and
(b) as-annealed; misorientation angle distributions of (c) as-rolled and (d) as-annealed Mg-3Y sheets.

Misorientation angle maps depicting various twin boundaries and corresponding
misorientation angle distributions of Mg-3Y sheets are shown in Figure 15. The main
twin types present in Mg-3Y sheets are {10-12} extension twin, {10-11} contraction twin,
and {10-11}-{10-12} double twin. Despite the appearance of the different types of twins in
both Mg-3Y-R and Mg-3Y-RA sheets, the fraction of twins is very small. The proportions
of {10-12} extension twin, {10-11} contraction twin, and {10-11}-{10-12} double twin are
0.08%, 0.18%, and 0.47% for Mg-3Y-R sheet, respectively. The total proportion of twins is
about 0.73%, less than 1.0%. As for Mg-3Y-RA sheet, the proportions of {10-12} extension
twin, {10-11} contraction twin, and {10-11}-{10-12} double twin are 1.01%, 1.49%, and 1.11%,
respectively. Although the total proportion (about 3.61%) of twins has some increase after
annealing, the proportion is still very small. The increase in twins proportions may be
attributed to the following two possible reasons. The reduction of total grain boundaries
quantity results from the growth of grains and the preservation of twins during annealing.
In addition, the preservation of twins indicates that the twins cannot act as the favorable
nucleation site for SRX during subsequent short-term annealing. Combined with the
analysis about the change of morphologies and number density of kink bands, the kink
bands should be the favorable nucleation site for SRX except for grain boundaries. As
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mentioned above, few twins prove that the deformation bands should be kink bands, but
twins again.

The kernel average misorientation (KAM) maps and corresponding local misorienta-
tion distributions of Mg-3Y sheets are shown in Figure 16. The KAM map is constructed
based on the average misorientation between a measuring point and all its neighbors.
Consequently, the local misorientation and strain energy can be clearly reflected in the
KAM map [47,48]. In the KAM maps, the KAM values indicate local misorientation, which
we interpret in terms of density of geometrically necessary dislocations to provide the
local strain value (high KAM value = high misorientation = high strain value). The high
strain energy zone could be clearly observed by the red and orange colors. The relatively
uniform distribution of similar colors indicates that the deformation of Mg-3Y-R sheet is
comparatively homogenous except for a few high strain energy zones. The average KAM
value of Mg-3Y-R sheet is found to be higher and drops from 1.57 to 0.38 remarkably after
subsequent short-term annealing. Therefore, most of the areas nearly exhibit a strain-free
state, indicating that SRX is a process of softening the work hardening effect [49,50]. The
release of residual stress is beneficial to the improvement of ductility and stretch formability
of Mg-3Y sheets.
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Figure 16. KAM maps of (a) as-rolled, (b) as-annealed, and corresponding local misorientation
distributions of (c) as-rolled and (d) as-annealed Mg-3Y sheets.

To fully understand the effect of annealing on the ductility of Mg-3Y sheets, the Schmid
factor (SF) distributions of the (0001)<11-20> basal <a> slip, (1-100)<11-20> prismatic <a>
slip, (1-101)<11-20> pyramidal <a> slip, and (11-22)<11-2-3> pyramidal <c+a> slip is
investigated by EBSD analysis. Figure 17 shows the (0001)<11-20> basal <a> slip SF maps
and corresponding SF distributions of Mg-3Y sheets. The blue grains usually have their
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basal planes parallel to the tensile direction, i.e., along the RD2 direction. The blue grains
have a relatively lower basal <a> slip SF and is unfavorable for basal <a> slip. However,
the red grains usually have their basal planes inclined by about 45° to the tensile planes.
Therefore, the red grains have a higher basal <a> slip SF, which is favorable for basal <a>
slip. Compared with Mg-3Y-R sheet, a large number of red grains are observed in Mg-3Y-
RA sheet, which is correlated with the weak texture resulting from SRX during annealing.
As can be seen from the fraction distribution of SF for basal <a> slip of both sheets before
and after annealing, the number fraction of grains gradually decreases with the increasing
SF values (with regard to SF values variation range of 0.3-0.5) in Mg-3Y-R sheet. The
number fraction of grains with the highest SF values (> 0.4) [51] corresponds to the lowest
number fraction of 7.17%. In contrast, there is a gradual increase in SF distribution for
Mg-3Y-RA sheet. The number fraction of grains with a high SF value (> 0.4) is greater than
38.24%. Correspondingly, the average SF for basal <a> slip increases from 0.21 to 0.31 after
annealing. Therefore, the activation of (0001)<11-20> basal <a> slip is further enhanced in
Mg-3Y-RA sheet.
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Figure 17. Basal <a> slip SF maps of (a) as-rolled, (b) as-annealed, and corresponding SF distributions
of (c) as-rolled and (d) as-annealed Mg-3Y sheets.

The (1-100)<11-20> prismatic <a> slip SF maps and corresponding SF distributions of
Mg-3Y sheets are shown in Figure 18. As mentioned above, the prismatic planes of blue
grains are usually parallel to the tensile direction and have relatively lower prismatic <a>
slip SE, which is unfavorable for prismatic <a> slip. The prismatic planes of red grains are
usually inclined by about 45° to the tensile planes and have a higher prismatic <a> slip SF,
which is favorable for prismatic <a> slip. The colors of all grains are approaching the red
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color, which indicates that prismatic <a> slip SF values are high for Mg-3Y-R sheet. The
number fraction of grains with high prismatic <a> slip SF values (>0.4) is about 84.13% and
almost all the SF values of grains are more than 0.3. Nevertheless, the number fraction of
grains with high prismatic <a> slip SF values decreases to 46.15% for Mg-3Y-RA sheet. In
addition, some grains show unfavorable orientation for prismatic <a> slip. Nevertheless,
the average SF for prismatic <a> slip decreases from 0.44 to 0.35 after annealing. Moreover,
the activation of (1-100)<11-20> prismatic <a> slip (smaller value of average SF: 0.35) is
still higher than (0001)<11-20> basal <a> slip (larger value of average SF: 0.31) for both
Mg-3Y sheets.
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Figure 18. Prismatic <a> slip SF maps of (a) as-rolled, (b) as-annealed, and corresponding SF
distributions of (c) as-rolled and (d) as-annealed Mg-3Y sheets.

Figure 19 shows the pyramidal slip (including pyramidal <a> slip and pyramidal
<c+a> slip) SF maps and corresponding SF distributions of Mg-3Y sheets. Similarly,
blue grains with relatively lower pyramidal slip SF are unfavorable for pyramidal slip.
The red grains with a higher pyramidal slip SF are favorable for pyramidal slip. The
(1-101)<11-20> pyramidal <a> slip SF maps and corresponding SF distributions are
displayed in Figure 19a-d. The number fractions of grains with high pyramidal <a>
slip SF values (>0.4) are about 69.05% and 68.33% for Mg-3Y-R and Mg-3Y-RA sheets,
respectively. Nearly all the SF values of grains are more than 0.3 for both Mg-3Y-R
and Mg-3Y-RA sheets. The average SF values for pyramidal <a> slip have no clear
change and maintain the same level before and after annealing. Therefore, annealing has
little effect on the activation of (1-101)<11-20> pyramidal <a> slip. The (11-22)<11-2-3>
pyramidal <c+a> slip SF maps and corresponding SF distributions are displayed in
Figure 19e—f. The number fractions of grains with high pyramidal <c+a> slip SF values
(>0.4) are about 56.75% for Mg-3Y-R sheets. After annealing, the number fraction of
grains with high pyramidal <c+a> slip SF values drops to 29.48% for Mg-3Y-RA sheet.
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Accordingly, the average SF for pyramidal <c+a> slip decreases from 0.40 to 0.33 after
annealing. Similar to (1-100)<11-20> prismatic <a> slip, the activation of (11-22)<11-2-3>
pyramidal <c+a> slip (smaller value of average SF: 0.33) is higher than (0001)<11-20>
basal <a> slip (larger value of average SF: 0.31) for both Mg-3Y sheets.
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Figure 19. Pyramidal <a> slip SF maps of (a) as-rolled, (b) as-annealed, and corresponding SF
distributions of (c) as-rolled and (d) as-annealed; pyramidal <c+a> slip SF maps of (e) as-rolled,
(f) as-annealed, and corresponding SF distributions of (g) as-rolled and (h) as-annealed Mg-3Y sheets.

Combined with the analysis of SF above, it can be concluded that the addition of
Y into Mg promotes the activity of non-basal slip [52,53]. Both average SF values of
prismatic <a> slip, pyramidal <a> slip, and pyramidal <c+a> slip are greater than 0.30 for
Mg-3Y-R and Mg-3Y-RA sheets, which show a high activation (Table 2). The Mg-3Y-RA
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sheet has a crystallographic orientation, which is more favorable for basal <a> slip, but a
little unfavorable for prismatic <a> slip and pyramidal <c+a> slip after SRX. Therefore,
the average SF values of basal <a> slip increase, but decrease for prismatic <a> slip and
pyramidal <c+a> slip. The enhanced activity of basal <a> slip could be beneficial for the
improvement of ductility and stretch formability at room temperature for Mg-3Y-RA sheet.

Table 2. Average Schmid factor (SF) of slip systems in Mg-3Y sheets.

Average Schmid Factor (SF)

Sheets

Basal <a> Prismatic <a> Pyramidal <a> Pyramidal <c+a>
(0001)<11-20> (1-100)<11-20> (1-101)<11-20> (11-22)<11-2-3>
Mg-3Y-R 0.21 0.44 0.43 0.40
Mg-3Y-RA 0.31 0.35 0.42 0.33

3.3. Macro-Texture

The macro-texture of the sheets by means of the (0002) pole figures are displayed in
Figure 20. As expected, a typical strong basal texture is formed in Mg-R sheet, where the
orientation distribution of most basal poles is parallel to the normal direction (Figure 20a).
After annealing, the texture intensity increases from 10.4 to 13.4 MRD, owing to the coars-
ening of grain in Mg-RA sheet, as shown in Figure 20b.

In contrast, the qualitative character of the Mg-3Y-R sheet texture is clearly distinct
from typical basal texture. The texture has a clearly broader distribution of basal poles,
as compared with its distribution in the Mg-R sheet. It was reported that the basal pole
for many Mg alloys containing RE elements would be simple to spread from ND toward
transverse direction (TD), resulting in an ellipse-shape orientation distribution of the (0002)
basal texture [11,54]. However, in our cross-rolling case, the RD1 and RD2 in turn serve
as the TD in a conventional unidirectional rolling. The basal pole would spread toward
RD2 and RD1 by turning. Therefore, the (0002) basal texture of Mg-3Y-R sheet shows a
subrotund orientation distribution (Figure 20c), which is beneficial to reduce the planar
anisotropy between TD and RD [55]. Furthermore, the Mg-3Y-R sheet shows a split of
the basal-pole intensity peak from ND toward RD2, which results in the formation of
a double peak texture. This RD-splitting characteristic may be considered as the result
of activation of pyramidal <c+a> slip [7,56]. Compared with Mg-R sheet, the maximum
intensity of Mg-3Y-R sheet decreases from 10.4 to 5.2 MRD and the new texture components
are formed. To reveal the change of texture and components, the orientation distribution
function (ODF) sections of Mg-3Y-R sheet are presented in Figure 21. The major texture
components of Mg-3Y alloy sheets are summarized in Table 3. There are three relatively
stronger texture fibers with some dominant components in Mg-3Y-R sheet. The first consists
of main texture component of A-{01-17}<-1-231> orientation grains, the second consists
of main texture component of B-{0001}<-1-231> orientation grains, and the third consists
of main texture component of C-{10-17}<-1-231> orientation grains. After annealing, a
considerably weaker sheet texture is obtained in Mg-3Y-RA sheet compared with the Mg-
3Y-R sheet. The orientation distribution of basal poles becomes more randomized and
the (0002) basal maximum intensity further reduces to 3.1 MRD. The tendency of macro-
texture intensity variety is the same as the micro-texture mentioned above. The double
peak texture disappears and a new multiple-peak texture appears. High deformation
temperature enhances the activities of non-basal slips and GBS, which may affect the SRX
kinetics. Deformation at higher temperatures increases the orientation gradients near grain
boundaries due to GBS and/or shearing connected with grain boundary serration [57]. In
the previous work, some of the authors reported that a significant weakening of texture may
be achieved by annealing a rolled AZ31 alloy with a deformation microstructure without
an occurrence of DRX [23,24], which has also been revealed to be due to discontinuous
SRX at pre-existing grain boundaries, i.e., the large orientation gradients and the high local
dislocation densities near grain boundaries are likely to induce SRX at pre-existing grain
boundaries [58]. Therefore, it can be expected that the textures of the sheet rolled at higher

49



Materials 2022, 15, 4712

temperatures weaken more remarkably during annealing if plenty of pre-existing grain
boundaries are contained. Consequently, strong SRX induced by plenty of pre-existing
grain boundaries should be the reason for the change of texture character in Mg-3Y-RA
sheet. In the same way, the ODFs of Mg-3Y-RA sheet are presented in Figure 22 to reveal
the change of texture and components after annealing. The texture fibers and components
vanish and numerous weakened discrete textures and components emerge. Not only
the scatter is increased, but also the intensity is significantly decreased. There are seven
relatively stronger discrete textures with different dominant components (D-] orientation
grains) in Mg-3Y-RA sheet. As pointed by Suh B C et al. [59,60], this multiple-peak texture
is beneficial in obtaining good formability since a large number of grains are favorably
oriented for basal <a> slip to operate during stretch forming in comparison with the

RD-split texture developed in the AXM100 alloy.
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Figure 20. X-ray recalculated (0002) pole figure of (a) as-rolled and (b) as-annealed pure Mg sheets;

(c) as-rolled and (d) as-annealed Mg-3Y sheets.
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Figure 21. ODF sections of as-rolled Mg-3Y sheet (A, B and C are different texture component mark).

Table 3. Major texture components of Mg-3Y alloy sheets.

Mg-3Y-R Sheet Mg-3Y-RA Sheet

Symbol Texture Components Symbol Texture Components

{01-11}<2-1-10>
{01-11}<8-7-16>
{01-13}<0-332>
{11-26}<1-542>
}
}

{01-17}<-1-231>
{0001}<-1-231>
{10-17}<-1-231>

N W

{10-11}<1-210>
{10-11}<0-111>
{10-13}<-4-153>

— =T OmmJ
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Figure 22. ODF sections of as-annealed Mg-3Y sheet (D, E, F, G, H, I and ] are different texture
component mark).

3.4. Mechanical Properties

The macro-morphologies of the final as-rolled Mg-3Y alloy sheet are shown in Figure 23a—.
No crack exists in Mg-3Y-R sheet, indicating the ideal rollability. The tensile stress-strain
curves of the sheets at room temperature are shown in Figure 23d. The 0.2% yield strength
(YS), ultimate tensile strength (UTS), and elongation to failure (FE) are summarized in
Table 4. The YS, UTS, and FE of the Mg-R sheet are 142 + 5 MPa, 196 + 7 MPa, and 6.4
=+ 0.3%, respectively. In contrast, the room temperature YS, UTS, and FE of Mg-RA sheet
slightly decrease to 140 & 3 MPa, 187 & 5 MPa, and 4.6 £ 0.4%, respectively, indicating
worsening strength and ductility. The deterioration of mechanical properties should be
attributed to the coarsening of grain during SRX.

Table 4. Tensile properties of the sheets at room temperature.

Sheets YS UTS FE
(MPa) (MPa) (%)
Mg-R 142 +5 196 +£7 64+03
Mg-RA 140 +3 187 £5 46+04
Mg-3Y-R 202 +4 228 +6 18.6 + 0.6
Mg-3Y-RA 108 + 6 180 £8 25.6 £ 0.8

Compared with Mg-R sheet, the YS and UTS of Mg-3Y-R sheet increase by about
60 and 32 MPa, respectively. The synergistic effect of grain refinement strengthening, sec-
ond phase strengthening, solid solution strengthening, and dislocation strengthening
improves the UTS. The improvement of YS could be contributed to the fine grain strength-
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ening, in accordance with the Hall-Petch relation [61]. As for ductility, the FE of Mg-3Y-R
sheet is about three times the size of Mg-R sheet. The weakened double peak texture and
the refined grains should be the main reason for the improvement of ductility. As the
tensile flow curve shows, the Mg-3Y-RA sheet exhibits a gradual work hardening behavior
and a prolonged portion of plastic instability after necking in the tensile curves. Although
the YS and UTS of Mg-3Y-RA sheets are decreased to 108 & 6 MPa and 180 + 8 MPa,
respectively compared with Mg-3Y-R sheet due to the weakening effect of grain refinement
strengthening and dislocation strengthening, the FE further increases to 25.6 & 0.8% af-
ter annealing. High ductility of Mg-3Y-RA sheet should be derived from the following
four aspects: (1) Significantly reduced kink bands. In tensile process, these existing kink
bands would obstruct the subsequent dislocation motion, and easily act as initiation sites
for crack nucleation and propagation. This would result in the deterioration of the ductility.
(2) Enhanced activity of (0001)<11-20> basal <a> slip. Basal <a> slip could be more easily
activated at lower critical resolved shear stress due to the increased average SF values of
basal <a> slip. (3) Increased strain hardening behavior. It has been generally accepted that
increasing the strain hardening could inhibit the onset of localized deformation, improve
the uniform elongation, and therefore increase the elongation to failure [62,63]. (4) Texture
weakening. The weakened texture can not only contribute to accommodating the basal slip
in tension, but also have a significant impact on the twinning response [62].
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Figure 23. Macro-morphologies of as-rolled Mg-3Y alloy sheet obtained from (a) RD1-RD2 plane,
(b) RD1-ND plane, (c) RD2-ND plane, and (d) typical engineering stress-strain curves of tensile test
for all sheets at room temperature.
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The SEM images of tensile fracture surface are presented in Figure 24. Both the Mg-R
and Mg-RA sheets exhibit large cleavage facets, which contain tear ridges and a small
number of dimples (Figure 24a,b). Therefore, this fracture mode can be categorized as a
quasi-cleavage fracture [51]. However, in the Mg-3Y-R and Mg-3Y-RA sheets, a ductile
fracture surface with elongated dimples is observed (Figure 24c,e). The cleavage facets
are reduced and a tearing characteristic appears in Mg-3Y-RA sheet after annealing. The
appearance of tear ridges should be originated from the grain growth during SRX. In
addition, the cracked particles inside the dimples (marked by yellow rectangle squares
in Figure 24d,f) are observed in both Mg-3Y-R and Mg-3Y-RA sheets. However, the Mg-
3Y-RA sheet possesses deeper dimples compared with the as-rolled condition, indicating
the highest room temperature ductility among all of the sheets. The change of fracture
morphology corresponds well with the improvement of elongation.

Figure 24. SEM micrographs of the fracture surface of (a) as-rolled and (b) as-annealed pure Mg
sheets; (c,d) as-rolled and (e,f) as-annealed Mg-3Y sheets.

3.5. Stretch Formability

The results of Erichsen test are summarized in Table 5. Both Mg-R and Mg-RA sheets
show a poor stretch formability, especially Mg-RA sheet. The index Erichsen (IE) value of
Mg-3Y-R sheet is 4.18 + 0.08 mm, which exhibits relatively good formability compared with
Mg-R and Mg-RA sheets. The improvement of formability originated from the reduction of
basal texture intensity (from 10.4 to 5.2 MRD) and inclination of basal pole (about £20°
tilted to RD2) [15,64—66]. The IE value of Mg-3Y-RA sheet is significantly increased from
4.18 £ 0.08 mm to 6.22 & 0.05 mm after annealing. The Mg-3Y-RA sheet performs a more
significant stretch formability, which is attributed to the further weakened texture. Macro-
morphology of pure Mg and Mg-3Y sheets after the Erichsen test are shown in Figure 25.
Top views of the pure Mg sheets after the Erichsen test reveal that both Mg-R and Mg-RA
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sheets exhibit a surface crack splitting along multiple directions, which corresponds to
the strong butterfly-shaped basal texture (Figure 25¢,d). However, the top view of the
Mg-3Y-R sheet, which has a basal texture with a splitting of basal pole toward the RD2,
exhibits a surface crack parallel to the RD2 after the Erichsen test (Figure 25g). In addition,
the circular arc shaped surface crack appears along the angle between RD1 and RD2 in
Mg-3Y-RA sheet, which could be related to the randomization of texture (Figure 25h). These
results indicate that the splitting of basal pole toward the RD2 and the change of the texture
character would strongly affect the macroscopic fracture behaviors of the sheets during
Erichsen tests.

Table 5. Stretch formability of the sheets at room temperature.

Sheets Pun(clill\gorce (nlllil)
Mg-R 1.33 4+ 0.03 3.3+0.04
Mg-RA 1.19 £ 0.02 2.8 £ 0.06
Mg-3Y-R 2.02 + 0.03 42 +0.08
Mg-3Y-RA 4.61 +0.04 6.2 +£0.05

(a) g IE=33 (b) IE=2.8
.éa_

Figure 25. Macro-morphology of specimens after the Erichsen test at room temperature
of (a,c) as-rolled and (b,d) as-annealed pure Mg sheets; (e,g) as-rolled and (fh) as-annealed
Mg-3Y sheets.
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4. Conclusions

In this study, a multi-pass high temperature cross-rolling with inter-pass annealing
was applied to Mg-3Y alloy. With pure Mg as a reference, the microstructures, texture,
mechanical properties, and stretch formability of Mg-3Y alloy were investigated. The main
conclusions are summarized as follows:

(1) The morphological characteristic of 3-Mgo4Y5 phases with micro-nano size coexis-
tence is formed in Mg matrix, which should be relevant to the solidification segrega-
tion behavior of Y solute.

(2) The Mg-3Y-R sheet exhibits a relatively homogeneous deformed microstructure con-
sisting of deformed grains with extensive kink bands and dispersed second phase
particles. A double peak texture character appears in Mg-3Y-R sheet with a remark-
ably reduced pole density and a split of the texture peaks by about £20° tilted to
rolling direction 2.

(3) The Mg-3Y-RA sheet presents a complete SRXed microstructure consisting of uniform
equiaxed grains. The double texture disappears and a weakened multiple-peak texture
appears. The maximum pole density of (0002) basal plane is further decreased from
5.2 to 3.1 MRD. The change of texture that occurs in the Mg-3Y-RA sheet should be
due to the strong SRX induced by kink bands and grain boundaries.

(4) Compared with the pure Mg, the Mg-3Y alloy sheet achieved a simultaneous im-
provement of ductility and stretch formability via high temperature cross-rolling
and subsequent short-term annealing. High ductility and stretch formability are at-
tributed to the fine dispersed 3-Mgp4Y5 phases, homogeneous SRXed microstructure,
enhanced activity of basal <a> slip and non-basal slip, and weakening of texture.
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Abstract: Mg-3Sn-1Mn-xLa alloy bars were prepared using backward extrusion, and the effects of
the La content on the microstructures and mechanical properties of the alloy were systematically
studied using an optical microscope (OM), X-ray diffraction (XRD), scanning electron microscope
(SEM), transmission electron microscope (TEM), and tensile tests. The results of this research show
that the Mg,Sn phases were mainly formed at the a-Mg grain boundaries and within the grains in
the Mg-35n-1Mn alloy. After adding a certain amount of La, the plate-shaped MgSnLa compounds
consisting of Mgj7Lay, MgySn, and LasSns gradually disappeared in the x-Mg matrix and grain
boundaries. With an increase in La content, the Mg,Sn phase in the crystal was gradually refined
and spheroidized. When the content of La reached 1.5%, the tensile strength of the alloy reached
300 Mpa and the elongation reached 12.6%, i.e., 25% and 85% increases, respectively, compared to
the Mg-3Sn-1Mn alloy. The plate-shaped compound of Mg-3Sn-1Mn-1.5La had an average length of
3000 % 50 nm, while the width was 350 &= 10 nm. Meanwhile, the extruded alloy’s grain size was
significantly refined, and there were many small cleavage steps and dimples in the fracture surface of
the alloy. When the La content reached 2%, the alloy performance showed a downward trend due
to the coarsening of the grains. The formed plate-shaped MgSnLa compounds and Mg,Sn phases
were consistent with the a-Mg matrix. They effectively pinned the dislocations and grain boundaries,
which is the main reason for strengthening the mechanical properties of extrusion alloys.

Keywords: Mg alloy; backward extrusion; tensile strength; failure mechanism

1. Introduction

Magnesium and its alloys have the advantages of low density, high specific strength,
and stiffness and are widely used in aerospace, national defense, the military industry, the
automotive industry, and other fields. However, the low plasticity at room temperature,
poor heat, and poor corrosion resistance of traditional magnesium alloys limits their wide
application [1-5]. Alloying is an effective method to improve the mechanical properties of
magnesium alloys [6]. Previous studies have shown that, when Sn is added to magnesium,
the Mg,Sn phase formed has a high melting point and high hardness, which can effectively
improve the mechanical properties and thermal stability of the alloy, as well as improve the
high-temperature strength and creep resistance of magnesium alloys [7-12]. In addition,
rare earth strengthening is also one of the methods that can effectively improve the mechani-
cal properties of magnesium alloys, because adding rare earth can improve the deformation
ability and strength of magnesium alloys through the precipitation hardening and solid
solution strengthening mechanisms [13-15]. Current research results indicate that adding
rare earth elements such as La, Ce, Ga, Y, and Nd to magnesium alloys can effectively
refine the «a-Mg grains and improve the microstructure of the alloy, thereby significantly
improving the comprehensive mechanical properties of the magnesium alloys [16-19].
Zengin et al. [18] studied the mechanism of the effect of La on the grain refinement process
of magnesium alloys. They found that, during the solidification process of the alloy, the
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enrichment of La atoms at the solid-liquid interface accelerated the nucleation rate while
inhibiting the growth of dendrites.

Grain refinement is a critical way to improve the plasticity and toughness of magne-
sium alloys [5]. In addition to adding rare earths, high-temperature thermoplastic deforma-
tion is also a very effective method. High-temperature large plastic deformation can not
only effectively eliminate internal defects and voids in as-cast magnesium alloys but also
plays a significant role in grain refinement, improving the alloy microstructure’s uniformity
and consistency [20]. The grain refinement after extrusion is attributed to typical dynamic
recrystallization (DRX) occurring during thermoplastic deformation [21,22]. During plastic
deformation, high-density dislocations are introduced into coarse grains, which aggregate
to promote the formation of low-angle grain boundaries (LAGBs). As the strain increases,
a transition occurs from small-angle grain boundaries to high-angle grain boundaries
(HAGBS), resulting in dynamic recrystallization (DRX). During dynamic recrystallization,
precipitates can pin dislocations and grain boundaries, inhibiting grain growth [11,23].
Some studies have reported that, on the one hand, precipitated phases bind dislocations,
increasing the driving force for recrystallization and promoting dynamic recrystallization
(DRX). On the other hand, precipitates bind low-angle grain boundaries (LAGBs) and
grain boundaries generated by dynamic crystallization (DRX), inhibiting the transition
from low-angle grain boundaries to high-angle grain boundaries (HAGBs), thereby delay-
ing dynamic recrystallization [24—27]. Furthermore, other studies have also found that a
series of alloys that have undergone alloying and rare earth alloying, such as Mg-Sn-Ca-
Mn [13,28,29], Mg-Sn-Mn [30,31], Mg-Sn-Zn-Mn [32-34], and Mg-Gd-Y-Zn [35,36], exhibit
excellent mechanical properties at high temperatures and at room temperature.

Magnesium alloys with a hexagonal close-packed (HCP) crystal structure are difficult
to process at room temperature. Currently, they are mainly prepared by casting and
thermoforming processes. Based on the above research, Zhao et al. [11,37,38] designed a
Mg-3Sn-1Mn-1La alloy using a continuous rheo-rolling method. The Mg,Sn phase mainly
exists in the Mg-35n-1Mn alloy without adding La. After adding a certain amount of
La, MgSnLa metal compounds composed of the LasSnz, Mg,Sn, and Mg;;La; phases are
generated. The presence of these metal compounds improves the room-temperature and
high-temperature properties of magnesium alloys. Magnesium alloys can also achieve grain
refinement through hot-extrusion deformation and precipitation, which positively impact
the alloy’s microstructure and comprehensive mechanical properties [18,26]. However,
reports have yet to be made on preparing rare earth magnesium alloys by backward
extrusion and their strengthening effects on the microstructure and properties.

In this study, the effects of La on the microstructure and properties of hot-formed
Mg-3Sn-1Mn-xLa alloy wire produced by the backward-extrusion process were studied.
The objective of the study described here is to reveal the effect of the precipitates on grain
refinement during the hot-forming process and to elucidate the effect of the rare earth
phase on the mechanical properties of the Mg-3Sn-1Mn-xLa alloy. The results and related
discussions will provide an important basis for understanding the fine-grain strengthen-
ing mechanism of Mg-35n-1Mn alloys and developing high-performance La-containing
magnesium alloys.

2. Experimental Procedure

Mg-3Sn-1Mn-xLa alloys were prepared by melting pure Mg (99.99% purity), pure tin
(99.9% purity), Mg-75Mn (wt.%), and Mg-30La (wt.%). Pure Mg and all other raw materials
were preheated in the oven to eliminate water vapor. A resistance furnace (3 kW, SG2-3-9,
Shenyang General Furnace Manufacturing Co., Ltd., Shenyang, China) was used to melt
Mg alloys. The magnesium ingots were then melted in a clay graphite crucible using an
electric resistance furnace at 700 °C to ensure complete homogenization, and the dried
Sn, Mn, and Mg-La master alloys were added in sequence. After mechanical stirring, the
gas and slag were removed. The melts were then degassed with argon and poured into a
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low-carbon steel mold of 180 mm height and 40 mm diameter. The chemical composition
of the Mg alloy is shown in Table 1.

Table 1. Detailed composition of Mg-Sn-Mn-xLa alloys.

Number Nominal Alloy Sn (wt.%) Mn (wt.%) La (wt.%) Mg
#1 Mg-3Sn-1Mn 2.81 0.90 0 Bal
#2 Mg-35n-1Mn+0.5La 2.79 0.89 0.46 Bal
#3 Mg-35n-1Mn+1.0La 2.83 0.91 0.94 Bal
#4 Mg-35n-1Mn+1.5La 2.88 0.93 1.45 Bal
#5 Mg-35Sn-1Mn+2.0La 2.85 0.90 1.92 Bal

The backward-extrusion experiment in this paper used a 300 T single-column vertical
hydraulic compressor to prepare extruded samples. The schematic diagram of its working
principle is shown in Figure 1. Before extrusion processing, the magnesium alloy as-cast
samples were homogenized at 390 °C for 6 h [29,34], while the extrusion cylinder was
preheated to 350 °C. Afterward, backward extrusion was carried out at 380 °C to adjust the
bar diameter from 40 mm to 10 mm, with an extrusion ratio of 16.

Container
Hollow Stem

R —

Extrusion )

Figure 1. Schematic diagram of the backward-extrusion process.

The mechanical properties of the extruded specimens were tested on a SANS electronic
universal tensile testing machine. The geometric dimension of the tensile specimens was
designed according to the GB/T 16865-2013 standard [39], and the detailed sample size
is shown in Figure 2. The phase identification of the surface was performed using X-ray
diffraction (XRD). The specimens were polished and etched with 15 mL HCl + 56 mL
CoHs50H + 47 mL HyO. The microstructure observation and microanalysis were performed
using an OLYMPUS DSX500 optical microscope and a Hitachi S-4800 II scanning electron
microscope. The TEM observations were performed using a field-emission-gun (FEG)
Tecnai G? 20 microscope operating at an accelerating voltage of 200 kV.
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Figure 2. Configuration of the samples used for the tensile tests (unit: mm).

3. Results and Discussions
3.1. Microstructure of As-Cast Alloys

Figure 3 shows the as-cast metallographic microstructure of Mg-35Sn-1Mn-xLa alloys,
mainly composed of primary «x-Mg and secondary phases. The x-Mg in the alloy specifi-
cally presented a dendritic structure, and a large number of grayish-white near-dendritic
forms were «-Mg matrix. At the same time, the secondary phase was black and mainly
distributed along the grain boundaries. The as-cast structure of the alloy without the
addition of La was primarily composed of coarse x-Mg dendrites, interdendrites, and
intermetallic compounds between the dendritic arms. The average grain size of the alloy
was 150 £ 5 um; its distribution is shown in Figure 3a. After the addition of La, a large
number of black intermetallic compounds appeared along the grain boundaries of the alloy
(Figure 3b). With the increase in La content, the number of eutectic compounds increased
gradually, and the dendrites started to show refinement (Figure 3c), which was mainly
because the second-phase particles formed during solidification prevented the further
growth of the dendrites, thus developing finer dendrites. When the La content reached
1.5%, the refinement of the alloy’s dendrites was most obvious, and the second phase
near the grain boundary increased significantly. The average size of the grains showed a
gradual increase to 50 & 2 um. The distribution was relatively uniform, which is due to the
enrichment of La atoms at the solid-liquid interface during solidification leading to the
acceleration of the nucleation rate and the restriction of dendrite growth (Figure 3d). When
the rare earth content continued to increase, the excessive enrichment of the precipitated
phases increased the segregation, and the grains appeared coarsened instead. The average
grain size of the alloy increased to 100 &= 3 pum, as shown in Figure 3e. A more detailed
display and analysis of the precipitates will be further introduced in the following sections.

Figure 4 shows the effect of La concentration on precipitate formation in the Mg-3Sn-
1IMn-xLa (wt.%) alloy as studied by X-ray diffraction for different La concentrations. It
indicates that the sample was mainly composed of x-Mg matrix, and the second-phase
Mg,Sn was only detected in the Mg-35n-1Mn alloy (curve (1)). However, with the addition
of La (curve (2)), the diffraction peaks of the Mg,Sn phase began to weaken, indicating
that with the increase in La concentration, Sn preferentially formed new phases with La,
resulting in a decrease in the Mg,Sn phases. As shown in curve (4) in Figure 4, when the
La concentration increased to 1.5 wt.%, the diffraction peak intensities associated with
the Mg,Sn phase were further decreased. Furthermore, when the La concentration was
0.5 wt.%, the diffraction peaks of the LasSnz phase and Mgj7La, phase appeared. As the
La concentration increased to 1.5 wt.%, the diffraction peak of the LasSns phase increased
and began to appear at a new peak position. At the same time, the diffraction peaks of
the MgjyLa, phase also appeared at a new position, indicating a further increase in the
Mgi7La; phase. Generally speaking, the difference in the diffraction peak intensity of
Mg-35n-1Mn-xLa manifests that the amount of LasSns and MgjyLa, precipitates increased
apparently with increasing La content.
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Figure 3. Optical images of the microstructures of the as-cast magnesium alloy: (a) Mg-3Sn-1Mn,
(b) Mg-3Sn-1Mn+0.5La, (c) Mg-35n-1Mn+1.0La, (d) Mg-35n-1Mn+1.5La, (e) Mg-35n-1Mn+2.0La.
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Figure 4. XRD patterns for the Mg-3Sn-1Mn-xLa alloys with 1#, 2#, and 4#.

Figure 5 shows the as-cast SEM microstructure and EDS spectrum analysis of Mg-
3Sn-1Mn and Mg-3Sn-1Mn-1.5La alloys. It can be seen from Figure 5a,c that there was an
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irregularly distributed second phase near the grain boundary in the Mg-3Sn-1Mn alloy.
Combined with the XRD phase analysis in Figure 4, the second phase was mainly the
Mg,Sn phase. In the Mg-3Sn-1Mn-1.5La alloy, a large number of plate-shaped compounds
were distributed at the grain boundaries, and a small number of small, elongated phases
were also present in the grains. Through the XRD phase analysis results in Figure 4, it can
be seen that the plate-shaped compounds comprised a ternary mixture of LasSnz, Mg,Sn,
and MgjyLa; phases.

$4800 15.0k\ nm x1.50k SE(M)

Figure 5. SEM microstructures of as-cast alloys: (a,c) Mg-35n-1Mn, (b,d) Mg-35n-1Mn+1.5La.

3.2. Microstructure Morphology of Backward-Extrusion Alloy

The microstructure morphology of Mg-35n-1Mn and Mg-35n-1Mn-1.5La alloys after
backward extrusion in the transverse direction (TD) are shown in Figure 6a,b. Compared
with the microstructure of the as-cast Mg alloy in Figure 4, the microstructure had undergone
significant changes, with substantial grain refinement and many precipitates appearing on
the Mg matrix. The main reason is that Mg alloys are prone to dynamic recrystallization
during the hot-forming process to form new recrystallized grains. The accumulation of
dislocations at the grain boundaries or second-phase particles of dynamic recrystallization
grains can promote the occurrence of dynamic recrystallization [23,40,41]. Furthermore, the
microstructure morphology of Mg-35n-1Mn and Mg-35n-1Mn-1.5La alloys in the extrusion
direction (ED) is shown in Figure 6¢,d. As can be seen from Figure 6¢, the grain structure of
the alloy was significantly refined after backward extrusion and typical refined equiaxed
grains appeared. This is mainly attributed to the dynamic recrystallization and hetero-
geneous nucleation of recrystallized grains of the Mg,Sn phase precipitated during the
extrusion process and the hindering effect on grain growth. Previous studies have shown
that equiaxed grains with a uniform distribution can hinder the formation of the void,
thus increasing the elongation to tensile failure [1]. Compared to Mg-35n-1Mn alloy, the
Mg-3Sn-1Mn-1.5La alloy exhibited many black fibrous structures with streamline distribu-
tion along the extrusion direction, which probably resulted from the extrusion deformation
of precipitates.
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Figure 6. Optical microstructures of Mg-Sn-Mn-xLa alloys backward extruded in transverse and
extruded. (a,c) Mg-35n-1Mn (b,d) Mg-3Sn-1Mn+1.5La.

The SEM microstructures of the Mg-3Sn-1Mn and Mg-3Sn-1Mn-1.5La alloys in the
backward-extrusion state are shown in Figure 7a,b. By comparison, it was found that
more dense precipitates appeared on the matrix surface of the Mg-35n-1Mn-1.5La alloy.
Combined with previous XRD analysis, it was found that the precipitates were mainly
composed of a mixture of Mg,Sn and MgSnLa. In addition, it can be observed from
Figure 7c,d that the grains underwent apparent fragmentation during the extrusion de-
formation process, and the second phase was mainly distributed densely along the grain
boundaries. From this, it can be seen that the distribution of the second phase was within
the Mg crystal and at the grain boundaries. To further observe and analyze the structure
and composition of the precipitates, Figure 8 shows the TEM microstructure and EDS
energy spectrum analysis of the two alloys with the extrusion state. It can be seen from
Figure 8a,c that spherical secondary precipitates were evenly distributed in the crystals
of the two alloys. The selected area’s electron diffraction pattern showed a single phase,
and the EDS energy spectrum analysis was carried out at points A and B, respectively, as
shown in Figure 8b,d. It can be determined as the Mg,Sn phase and the Mg,Sn phase in the
crystal of the Mg-35n-1Mn-1.5La alloy was more refined and spheroidized than that of the
Mg-3Sn-1Mn alloy. Zhao et al. [11,31,37] indicate that the TEM images and superimposed
diffraction patterns of the matrix show that the Mg,Sn phase was short-rod, lath-shaped,
and spherical with hundreds of nanometers in thickness and diameter in the Mg-35n-1Mn
alloy. However, the plate-shaped MgSnLa compound can be observed in the as-prepared
Mg-35n-1Mn-1La alloy. Figure 9a—d shows the TEM structure morphology and EDS energy
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spectrum analysis of the Mg-35Sn-1Mn+1.5La alloy’s grain boundary location. It can be
seen that a large number of blocky and plate-shaped second phases were distributed at the
grain boundary. The selected area’s electron diffraction pattern showed that it was a sym-
biotic mixed phase. The EDS analysis results at the junction points A and B are shown in
Figure 9b,d. According to the XRD phase analysis, the blocky or plate-shaped compounds
were mainly a MgSnLa mixture composed of the LasSn3, Mg>Sn, and MgjyLa, phases. The
spherical phase with smaller size (average diameter < 40 nm) was the Mg,Sn phase.

500um

mm x2.00k

Figure 7. SEM microstructures of Mg-Sn-Mn-xLa backward-extruded alloys.

3.3. Tensile Mechanical Properties

Figure 10 shows the stress—strain response curve of Mg-3Sn-1Mn-xLa backward-
extrusion alloy under a room-temperature tensile test. It can be seen from the figure that
the stiffness of all specimens remained consistent during the initial linear elasticity stage.
The ultimate tensile strength of the Mg-3Sn-1Mn alloy was 240 Mpa, and the elongation
at tensile failure was 6.8%. After adding 0.5% La, the mechanical properties of the alloy
underwent significant changes, with a substantial increase in ultimate tensile strength of
270 Mpa and an elongation of 9.2%. The effect of rare earth strengthening on mechanical
properties was very obvious. As the La content continued to increase to 1%, the tensile
strength of the alloy also further increased to 285 Mpa, with an elongation of 10.4% at
this time. When the La content increased to 1.5%, the tensile strength of the alloy also
reached 300 Mpa, and the elongation at this time was as high as 12.6%. When the La
content continued to increase to 2%, the tensile strength of the alloy was 294 Mpa, and
the elongation was 10.7%, indicating a specific decrease in performance. This decrease
was probably caused by the excessive La, reducing the uniformity and refinement of the
metal microstructure. From the above phenomena, we can conclude that adding La can
effectively improve the mechanical properties of the Mg-3Sn-1Mn alloy. As the La content
increases, the mechanical properties of the alloy also improve. However, when the La
content reaches 2%, the alloy performance begins to decline, indicating that the addition of
La should be controlled within a reasonable range. Compared with the Mg-35n-1Mn alloy
without adding the La element, the tensile strength and elongation of the Mg-3Sn-1Mn-xLa
alloy with a 1.5% content increased by 25% and 85%, respectively. This improvement has
significance for the performance strengthening and optimization of magnesium alloys.
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Figure 8. TEM microstructures of Mg-35n-1Mn-xLa and composition analysis. (a,b) Mg-35n-1Mn,
(c,d) Mg-3Sn-1Mn-1.5La.
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Figure 9. TEM microstructures of Mg-35n-1Mn-1.5La and composition analysis.
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Figure 10. Stress—strain curves of Mg-3Sn-1Mn-xLa alloys with backward extruded.

Figure 11 shows the SEM fractography of the tensile-tested samples from backward-
extruded parts at room temperature. It can be seen from Figure 11a that the fracture surface
of the Mg-35n-1Mn alloy was mainly composed of rough tearing edges belonging to a
typical brittle fracture. With the increase in La content, the fracture morphology of the alloy
was significantly refined, and the grain distribution tended to be uniform, possessing the
apparent refinement of an equiaxed grain fracture. At the same time, some small ductile
dimples also appeared, with a mixed fracture feature of brittleness and toughness, as seen
in Figure 11b. This was also the direct reason for the significant improvement in tensile
strength and elongation with the addition of La seen in Figure 10. Continuing to increase
the La content, the number of dimples on the alloy cross-section began to grow, and the
tearing edges significantly decreased and became smaller. The fracture surface of the alloy
began to appear as a cleavage layer, and the plastic characteristics further improved, with
the typical characteristics of brittle fracture and cleavage fracture. The number of fracture
dimples further increased, as shown in Figure 11c. When the La content continued to
increase to 1.5%, the morphology of the fracture pits increased significantly, and the pits’
depth also increased significantly. The cleavage phenomenon began to decrease; the tearing
edges disappeared; and the slight dimples were tightly arranged. The grain refinement
and homogenization phenomenon was more prominent, as shown in Figure 11d. However,
when the La content reached 2.0 wt.%, the distribution of the fracture toughness pits
began to coarsen (Figure 11e), which also confirms why the performance (Figure 10) began
to decline.

3.4. Strengthening Mechanisms

In the Mg-35n-1Mn-xLa alloy, the Mn element is wholly dissolved in the x-Mg matrix
and plays a solid solution strengthening role [33,42,43]. The size and distribution of the
Mg,Sn and SnzRE5 phases have a significant impact on the mechanical properties of
alloys [9,11,44,45]. Sn3REs is a cracked, rod-shaped phase formed by the combination of Sn
and rare earth elements in Mg alloys. The Sn3RE5 phases exhibit superior high-temperature
stability. The interface between the Mg,Sn and SnzREs5 phase and the x-Mg matrix is
relatively stable, and it is difficult to nucleate and generate microcracks during deformation.
Moreover, the formation of the MgySn phase can effectively hinder dislocation slip and
improve the strength of the alloy. Figure 12 shows the TEM microstructure of the Mg-
35n-1Mn-xLa alloy sample after tensile deformation. It can be seen from Figure 12a,b
that Mg,Sn in the Mg-35n-1Mn alloy had a pinning effect on dislocations, which can
effectively hinder the slip of dislocations. When dislocations form and move between
Mg,5Sn phases, due to the pinning effect of Mg,Sn relative to dislocations, dislocations
aggregate between the Mg,Sn phase particles, which hinders the further diffusion of
dislocations and improves the strength of the alloy. When the content of the La element
reaches 1.5 wt.%, as seen in Figure 12¢,d, the plate-shaped MgSnLa compounds formed
near the grain boundary grow perpendicular to the grain boundary direction and extend
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into the grain, pinning the grain boundary to prevent the grain boundary sliding. At
the same time, the plate-shaped MgSnLa compounds can also pin dislocations to prevent
dislocation sliding. When the dislocations move to the plate-shaped compound, due to the
blocking effect of the plate-shaped MgSnLa compounds on the dislocations, the dislocations
accumulate around it. When dislocations move between the plate-shaped compounds,
they are surrounded by plate-shaped MgSnLa compounds, which hinder their further
movement, thus improving the strength of the Mg alloy. Furthermore, from Figure 12e, it
is shown that the hindrance of Mg,5Sn relative dislocations within the crystal is evident.
The interaction between dislocations and Mg,5Sn exhibits a bypass mechanism, resulting
in Orowan strengthening [31]. Some studies have also shown that when dislocations
encounter the Mg,Sn phase, they bypass the phase to undergo Orowan strengthening,
further improving the strength of the alloy [46,47]. As the content of the La element
increases, the Mg,Sn phase gradually refines and spheroidizes, and its distribution tends
to be uniform. The pinning effect of Mg,Sn relative to dislocations and its hindrance
to dislocation movement is enhanced, strengthening the alloy. When the content of the
La element reaches 2.0 wt.%, the plate-shaped MgSnLa compounds gradually increase,
which makes the grain boundary coarser and more pronounced. The pinning effect of the
plate-shaped compounds on the grain boundary is weakened, so the mechanical properties
of the alloy are reduced.

15.0mm X! N 100um

100um Omm x500 SE(M) 100um

100um

Figure 11. SEM micrographs of the fracture morphologies of the tested specimens: (a) Mg-35n-1Mn,
(b) Mg-3Sn-1Mn+0.5La, (c) Mg-35n-1Mn+1.0La, (d) Mg-35n-1Mn+1.5La, (e) Mg-35n-1Mn+2.0La.

71



Materials 2023, 16, 4588

Figure 12. TEM images of backward-extrusion Mg alloy after tensile deformation (a,b) Mg-3Sn-1Mn,
(c—e) Mg-3Sn-1Mn+1.5La.

4. Conclusions

This study investigated the microstructure evolution and mechanical properties of
Mg-35n-1Mn-xLa (x =0, 0.5, 1.5, 2.0 wt.%) alloys prepared using the backward-extrusion
method. Based on the OM, XRD, SEM, and TEM observations and tensile properties, the
main research findings are as follows:

1. In the cast and extruded Mg-35n-1Mn alloys, the main distribution was x-Mg grains
and Mg,5n phases located at grain boundaries and within grains. Mg,5n phases can
improve alloy properties by pinning dislocations and hindering dislocation slip.

2. With the addition of La, the plate-shaped MgSnLa compounds composed of Mgi7Lay,
Mg,Sn, and LasSn3 phases began to be densely distributed along the x-Mg grain bound-
ary, which can act as a pinning for grain boundaries and hinder dislocation slip. At the
same time, the Mg»Sn phases exhibited significant refinement and spheroidization.

3. With the increase in La, the mechanical properties of the extruded Mg-35n-1Mn-xLa
alloy were significantly improved. When the La content reached 1.5%, the tensile
strength at room temperature increased to 300 Mpa, and the elongation reached 12.6%,
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i.e., 25% and 85% increases on the tensile strength (240 MPa) and elongation (6.8%) of
the Mg-3Sn-1Mn alloy without La added, respectively. In addition, the grain size of
rare earth magnesium alloy was significantly refined, and there were numerous small
cleavage steps and dimples in the fracture surface of the sample. However, when
the La content continued to increase to 2%, the alloy’s properties began to show a
downward trend, and there was a coarsening phenomenon in the distribution of the
fracture surface.

Author Contributions: Conceptualization, Y.C.; Methodology, B.D.; Resources, X.Z.; Data curation,
B.D.; Writing—original draft, X.Z.; Writing—review & editing, Y.C.; Supervision, X.Z.; Funding
acquisition, Y.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (52275165)
and the Natural Science Foundation of Chongging, China (CSTB2022NSCQ-MSX1290, cstc2021jcyj-
msxmX0072, and cstc2019jscx-fxydX0036).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Nazeer, F; Long, J.; Yang, Z; Li, C. Superplastic Deformation Behavior of Mg Alloys: A-Review. J. Magnes. Alloy. 2022, 10, 97-109.
[CrossRef]

Liu, B,; Yang, J.; Zhang, X.; Yang, Q.; Zhang, J.; Li, X. Development and Application of Magnesium Alloy Parts for Automotive
OEMs: A Review. |. Magnes. Alloy. 2023, 11, 15-47. [CrossRef]

Liu, B.Y; Liu, E; Yang, N.; Zhai, X.B.; Zhang, L.; Yang, Y,; Li, B.; Li, J.; Ma, E.; Nie, ].E; et al. Large Plasticity in Magnesium
Mediated by Pyramidal Dislocations. Science 2019, 364, 73-75. [CrossRef]

Wang, J.; Zhao, Z.; Bai, P.; Zhang, R.; Zhang, Z.; Wang, L.; Du, W.; Wang, F.; Huang, Z. Microstructure and Mechanical Properties
of AZ31 Magnesium Alloy Prepared Using Wire Arc Additive Manufacturing. J. Alloys Compd. 2023, 939, 168665. [CrossRef]
Zheng, Y.; Zhang, Y.; Liu, Y,; Tian, Y.; Zheng, X.; Chen, L. Research Progress on Microstructure Evolution and Strengthening-
Toughening Mechanism of Mg Alloys by Extrusion. Materials 2023, 16, 3791. [CrossRef]

Fan, R.; Wang, L.; Zhao, S.; Wang, L.; Guo, E. Strengthening of Mg Alloy with Multiple RE Elements with Ag and Zn Doping via
Heat Treatment. Materials 2023, 16, 4155. [CrossRef]

Liu, C.Q.; Chen, HW.; Liu, H.; Zhao, X.J.; Nie, ].F. Metastable Precipitate Phases in Mg-9.8 Wt%5Sn Alloy. Acta Mater. 2018,
144, 590-600. [CrossRef]

Huang, X.; Huang, W. Irrational Crystallography of the (112 0)Mg Mg,Sn Precipitates in an Aged Mg-Sn-Mn Alloy. Mater. Charact.
2019, 151, 260-266. [CrossRef]

Deng, Y.; Sun, W.; Yang, Y.; Zhan, H.; Yan, K.; Zeng, G. Effects of Mg,Sn Precipitation on the Age-Hardening and Deformation
Behaviour of a Mg-Sn-Al-Zn Alloy. Mater. Sci. Eng. A 2023, 867, 144714. [CrossRef]

Liu, H.; Chen, Y.; Tang, Y.; Wei, S.; Niu, G. Tensile and Indentation Creep Behavior of Mg-5% Sn and Mg-5% Sn-2% Di Alloys.
Mater. Sci. Eng. A 2007, 464, 124-128. [CrossRef]

Zhao, Z.Y.; Guan, R.G.; Shen, Y.E; Bai, PK. Grain Refinement Mechanism of Mg-3Sn-1Mn-1La Alloy during Accumulative Hot
Rolling. J. Mater. Sci. Technol. 2021, 91, 251-261. [CrossRef]

Zhao, C.; Chen, X,; Pan, F.; Gao, S.; Zhao, D.; Liu, X. Effect of Sn Content on Strain Hardening Behavior of As-Extruded Mg-Sn
Alloys. Mater. Sci. Eng. A 2018, 713, 244-252. [CrossRef]

Zhang, A.; Kang, R.; Wu, L.; Pan, H.; Xie, H.; Huang, Q.; Liu, Y; Ai, Z.; Ma, L.; Ren, Y.; et al. A New Rare-Earth-Free Mg-5n-Ca-Mn
Wrought Alloy with Ultra-High Strength and Good Ductility. Mater. Sci. Eng. A 2019, 754, 269-274. [CrossRef]

Luo, Q.; Guo, Y;; Liu, B.; Feng, Y.; Zhang, J.; Li, Q.; Chou, K. Thermodynamics and Kinetics of Phase Transformation in Rare
Earth-Magnesium Alloys: A Critical Review. J. Mater. Sci. Technol. 2020, 44, 171-190. [CrossRef]

Najafi, S.; Sheikhani, A.; Sabbaghian, M.; Nagy, P.; Fekete, K.; Gubicza, ]. Modification of the Tensile Performance of an Extruded
ZK60 Magnesium Alloy with the Addition of Rare Earth Elements. Materials 2023, 16, 2828. [CrossRef]

Du, Y.Z,; Qiao, X.G.; Zheng, M.Y.; Wu, K; Xu, S.W. Development of High-Strength, Low-Cost Wrought Mg-2.5mass% Zn Alloy
through Micro-Alloying with Ca and La. Mater. Des. 2015, 85, 549-557. [CrossRef]

Zhang, ].B,; Tong, L.B.; Xu, C.; Jiang, Z.H.; Cheng, L.R.; Kamado, S.; Zhang, H.]J. Influence of Ca-Ce/La Synergistic Alloying on
the Microstructure and Mechanical Properties of Extruded Mg-Zn Alloy. Mater. Sci. Eng. A 2017, 708, 11-20. [CrossRef]

73



Materials 2023, 16, 4588

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Zengin, H.; Turen, Y. Effect of La Content and Extrusion Temperature on Microstructure, Texture and Mechanical Properties of
Mg-Zn-Zr Magnesium Alloy. Mater. Chem. Phys. 2018, 214, 421-430. [CrossRef]

Luo, Q.; Zhai, C.; Gu, Q.; Zhu, W.; Li, Q. Experimental Study and Thermodynamic Evaluation of Mg-La-Zn System. J. Alloys
Compd. 2020, 814, 152297. [CrossRef]

Zengin, H.; Ari, S.; Turan, MLE.; Hassel, A.W. Evolution of Microstructure, Mechanical Properties, and Corrosion Resistance of
Mg-2.2Gd-2.2Zn-0.2Ca (Wt%)Alloy by Extrusion at Various Temperatures. Materials 2023, 16, 3075. [CrossRef]
Toda-Caraballo, I.; Galindo-Nava, E.I; Rivera-Diaz-Del-Castillo, P.E.J. Understanding the Factors Influencing Yield Strength on
Mg Alloys. Acta Mater. 2014, 75, 287-296. [CrossRef]

Son, HW.; Hyun, S.K. Dislocation Characteristics and Dynamic Recrystallization in Hot Deformed AM30 and AZ31 Alloys.
J. Magnes. Alloy. 2022, 10, 3495-3505. [CrossRef]

Mansoor, A.; Du, W; Yu, Z.; Ding, N.; Fu, J.; Lou, F; Liu, K.; Li, S. Effects of Grain Refinement and Precipitate Strengthening on
Mechanical Properties of Double-Extruded Mg-12Gd-2Er-0.4Zr Alloy. J. Alloys Compd. 2022, 898, 162873. [CrossRef]

Wu, Q; Yan, H.; Chen, J.; Xia, W.; Song, M.; Su, B. The Interactions between Dynamic Precipitates and Dynamic Recrystallization
in Mg-5Zn-1Mn Alloys during Hot Compression. Mater. Charact. 2020, 160, 110131. [CrossRef]

Hoseini-Athar, M.M.; Mahmudi, R.; Prasath Babu, R.; Hedstrom, P. Effect of Zn Addition on Dynamic Recrystallization Behavior
of Mg-2Gd Alloy during High-Temperature Deformation. J. Alloys Compd. 2019, 806, 1200-1206. [CrossRef]

Go, J.; Lee, J.U.; Yu, H,; Park, S.H. Influence of Bi Addition on Dynamic Recrystallization and Precipitation Behaviors during Hot
Extrusion of Pure Mg. ]. Mater. Sci. Technol. 2020, 44, 62-75. [CrossRef]

Meng, Y;; Yu, J.; Liu, K;; Yu, H.; Zhang, E; Wu, Y.; Zhang, Z.; Luo, N.; Wang, H. The Evolution of Long-Period Stacking Ordered
Phase and Its Effect on Dynamic Recrystallization in Mg-Gd-Y-Zn-Zr Alloy Processed by Repetitive Upsetting-Extrusion. J. Alloys
Compd. 2020, 828, 154454. [CrossRef]

Chen, X.; Zhang, D.; Xu, J.; Feng, ].; Zhao, Y.; Jiang, B.; Pan, F. Improvement of Mechanical Properties of Hot Extruded and Age
Treated Mg-Zn-Mn-Ca Alloy through Sn Addition. J. Alloys Compd. 2021, 850, 156711. [CrossRef]

Gu, XJ.; Cheng, W.L.; Cheng, S.M.; Liu, Y.H.; Wang, Z.F; Yu, H.; Cui, Z.Q.; Wang, L.F.; Wang, H.X. Tailoring the Microstructure
and Improving the Discharge Properties of Dilute Mg-Sn-Mn-Ca Alloy as Anode for Mg-Air Battery through Homogenization
Prior to Extrusion. J. Mater. Sci. Technol. 2021, 60, 77-89. [CrossRef]

Guan, R.G.; Zhao, Z.Y.; Zhang, H.; Cui, T.; Lee, C.S. Microstructure and Properties of Mg-3Sn-1Mn (Wt%) Alloy Processed by a
Novel Continuous Shearing and Rolling and Heat Treatment. Mater. Sci. Eng. A 2013, 559, 194-200. [CrossRef]

Guan, R.G,; Shen, Y.E; Zhao, Z.Y.; Misra, R.D.K. Nanoscale Precipitates Strengthened Lanthanum-Bearing Mg-35n-1Mn Alloys
through Continuous Rheo-Rolling. Sci. Rep. 2016, 6, 23154. [CrossRef]

Hua, ZM.; Wang, C.; Wang, T.S.; Du, C;; Jin, S.B.; Sha, G.; Gao, Y,; Jia, H.L.; Zha, M.; Wang, H.Y. Large Hardening Response
Mediated by Room-Temperature Dynamic Solute Clustering Behavior in a Dilute Mg-Zn-Ca-Sn-Mn Alloy. Acta Mater. 2022,
240, 118308. [CrossRef]

Hou, C,; Qi, E; Ye, Z.; Zhao, N.; Zhang, D.; Ouyang, X. Effects of Mn Addition on the Microstructure and Mechanical Properties
of Mg-Zn-5Sn Alloys. Mater. Sci. Eng. A 2020, 774, 138933. [CrossRef]

Zhong, L.; Wang, Y.; Dou, Y. On the Improved Tensile Strength and Ductility of Mg--Sn--Zn--Mn Alloy Processed by Aging Prior
to Extrusion. J. Magnes. Alloy. 2019, 7, 637-647. [CrossRef]

Liao, H.; Kim, J.; Lv, J.; Jiang, B.; Chen, X.; Pan, F. Microstructure and Mechanical Properties with Various Pre-Treatment and Zn
Content in Mg-Gd-Y-Zn Alloys. J. Alloys Compd. 2020, 831, 154873. [CrossRef]

Wei, X,; Jin, L.; Liu, C.; Wang, F; Dong, S.; Dong, J. Effect of Pack-Forging on Microstructure and Properties of Mg-Gd-Y-Zn-Zr
Alloy. Mater. Sci. Eng. A 2021, 802, 140674. [CrossRef]

Zhao, Z.; Bai, P,; Guan, R.; Murugadoss, V.; Liu, H.; Wang, X.; Guo, Z. Microstructural Evolution and Mechanical Strengthening
Mechanism of Mg-3Sn-1Mn-1La Alloy after Heat Treatments. Mater. Sci. Eng. A 2018, 734, 200-209. [CrossRef]

Wang, J.H.; Zhao, Z.Y. First Principle Study of MgSnLa Compounds in Mg-3Sn-1Mn-1La Alloy Processed by Rheo-Rolling.
Materials 2022, 15, 1361. [CrossRef]

GB/T 16865-2013; Test Pieces and Method for Tensile Test for Wrought Aluminium and Magnesium Alloys Products. Standardiza-
tion Administration of the People’s Republic of China: Beijing, China, 2013.

Zhao, X.; Li, S.; Zhang, Z.; Gao, P; Kan, S.; Yan, F. Comparisons of Microstructure Homogeneity, Texture and Mechanical
Properties of AZ80 Magnesium Alloy Fabricated by Annular Channel Angular Extrusion and Backward Extrusion. J. Magnes.
Alloy. 2020, 8, 624-639. [CrossRef]

Gui, Y.;; Ouyang, L.; Cui, Y.; Bian, H.; Li, Q.; Chiba, A. Grain Refinement and Weak-Textured Structures Based on the Dynamic
Recrystallization of Mg—9.80Gd-3.78Y-1.12Sm-0.48Zr Alloy. ]. Magnes. Alloy. 2021, 9, 456-466. [CrossRef]

Wan, D.; Wang, J.; Wang, G.; Chen, X,; Linlin; Feng, Z.; Yang, G. Effect of Mn on Damping Capacities, Mechanical Properties, and
Corrosion Behaviour of High Damping Mg-3 Wt.%Ni Based Alloy. Mater. Sci. Eng. A 2008, 494, 139-142. [CrossRef]

Abdiyan, F; Mahmudi, R.; Ghasemi, H.M. Effect of Mn Addition on the Microstructure, Mechanical Properties and Corrosion
Resistance of a Biodegradable Mg-Gd-Zn Alloy. Mater. Chem. Phys. 2021, 271, 124878. [CrossRef]

Zhuo, X.; Zhao, L.; Gao, W.; Wu, Y,; Liu, H.; Zhang, P.; Hu, Z; Jiang, J.; Ma, A. Recent Progress of Mg-Sn Based Alloys: The
Relationship between Aging Response and Mechanical Performance. . Mater. Res. Technol. 2022, 21, 186-211. [CrossRef]

74



Materials 2023, 16, 4588

45. Ding, Z.; Zhi, X,; Liu, B.; Hou, H.; Zhang, S.; Guo, W.; Chen, D.; Zhao, Y. Enhancement of Strength and Elastic Modulus of
Mg-Gd-Y-Zn-Zr Alloy by Sn Addition. Mater. Sci. Eng. A 2022, 854, 143885. [CrossRef]

46. Sasaki, T.T.; Oh-ishi, K.; Ohkubo, T.; Hono, K. Effect of Double Aging and Microalloying on the Age Hardening Behavior of a
Mg-Sn-Zn Alloy. Mater. Sci. Eng. A 2011, 530, 1-8. [CrossRef]

47.  Fu, H.; Guo, J.; Wu, W,; Liu, B.; Peng, Q. High Pressure Aging Synthesis of a Hexagonal Mg,Sn Strengthening Precipitate in
Mg-Sn Alloys. Mater. Lett. 2015, 157, 172-175. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

75






e

% materials

Article

Establishment of Constitutive Model and Analysis of Dynamic
Recrystallization Kinetics of Mg-Bi-Ca Alloy during
Hot Deformation

Qinghang Wang 1>*, Li Wang !, Haowei Zhai !, Yang Chen ® and Shuai Chen !

Citation: Wang, Q.; Wang, L.; Zhai,
H.; Chen, Y.; Chen, S. Establishment
of Constitutive Model and Analysis
of Dynamic Recrystallization Kinetics
of Mg-Bi-Ca Alloy during Hot
Deformation. Materials 2022, 15, 7986.
https:/ /doi.org/10.3390/
mal5227986

Academic Editor: Di Wu

Received: 10 October 2022
Accepted: 1 November 2022
Published: 11 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

School of Mechanical Engineering, Yangzhou University, Yangzhou 225127, China

School of Materials Science and Engineering, Hebei University of Technology, Tianjin 300130, China
School of Materials and Energy, Yunnan University, Kunming 650599, China

*  Correspondence: wangqginghang@yzu.edu.cn; Tel.: +86-188-837-25047

O N

Abstract: The flow behavior of the solution-treated Mg-3.2Bi-0.8Ca (BX31, wt.%) alloy was systemati-
cally investigated during hot compression at different deformation conditions. In the present study,
the strain-related Arrhenius constitutive model and dynamic recrystallization (DRX) kinetic model
were established, and the results showed that both two models had high predictability for the flow
curves and the DRX behavior during hot compression. In addition, the hot processing maps were
also made to confirm a suitable hot working range. Under the assistance of a hot processing map,
the extrusion parameters were selected as 573 K and 0.5 mm/s. After extrusion, the as-extruded
alloy exhibited a smooth surface, a fine DRX structure with weak off-basal texture and good strength—
ductility synergy. The newly developed strong and ductile BX31 alloy will be helpful for enriching
low-cost, high-performance wrought Mg alloy series for extensive applications in industries.

Keywords: Mg-Bi-Ca alloy; hot deformation; constitutive model; dynamic recrystallization kinetics;
microstructure; mechanical properties

1. Introduction

Magnesium and its alloys, as one of the green materials, have shown wide appli-
cation prospects in transportation, electronics and military industry due to its excellent
characteristics, i.e., low density, high specific strength/stiffness, good vibration-reducing
performance, etc. [1]. In recent years, Mg alloys have also made new breakthroughs in
the field of hydrogen storage [2,3]. However, some bottleneck problems still exist, such
as bad corrosion resistance, poor formability and strength—ductility trade of dilemma, to
a large extent restricting commercial applications. In the past decade, some researchers
have tried their best to overcome the imbalance of strength and ductility using rare-earth
(RE) elements [4,5] and severe plastic deformation techniques [6]. Nevertheless, the high
cost and the complex processing vastly limit the applications of Mg alloys. Thus, the
development of low RE-containing, even RE-free Mg alloys, is an imminent requirement.

Up to now, some new Mg alloys, such as Mg-Sm- [7,8], Mg-Ca- [9,10], Mg-Al- [11], Mg-
Sn- [12], Mg-Mn- [13,14] and Mg-Zn-based [15] alloys, have been fabricated successfully
to achieve this goal. In order to further enrich the existing low-cost, high-performance
Mg alloy systems, Mg-Bi-based series alloys have been exploited in recent years, and they
have great potential in developing RE-free materials with outstanding comprehensive
mechanical properties. Al, Zn, Ca, Mn and Sn elements have been attempted to add
into Mg-Bi-based alloys to ameliorate their mechanical properties [16-23]. Among them,
interestingly, wrought Mg-Bi-Ca series alloys exhibit unique mechanical properties, which
are dependent on hot deformation parameters. For instance, Meng et al. [17-19] pointed
out that Ca addition could trigger the texture change in as-extruded Mg-Bi-Ca alloys. As
extrusion temperature or die-exit speed increased, an off-basal texture feature formed,
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inducing a high tensile ductility (~40%) in Mg-1.3Bi-0.9Ca (wt.%) alloy [17,18]. In contrast,
under the conditions of a low extrusion temperature of 280 °C and die-exit speed of 4 mm/s,
a strong basal texture occurred in Mg-1.5Bi-0.8Ca (wt.%) alloy leading to a high tensile yield
strength (~394 MPa) [19]. In order to obtain the strength—ductility synergic Mg-Bi-Ca series
alloys, a two-step deformed Mg-1.3Bi-0.7Ca (wt.%) alloy, with a tensile yield strength of
~351 MPa and elongation-to-failure of ~13.2%, was successfully prepared by extrusion and
subsequent caliber rolling [20]. In summary, such a new highly strong and ductile RE-free
Mg-Bi-Ca alloy will be helpful for enriching low-cost and high-performance wrought Mg
alloy series to achieve extensive applications in industries.

However, until now, the flow behavior, constitutive model, dynamic recrystallization
(DRX) kinetic model and hot processing map of Mg-Bi-Ca series alloys during hot deforma-
tion are rarely reported systematically. It is important to understand the hot flow behavior
of Mg-Bi-Ca series alloys to obtain the desired microstructure and to achieve excellent me-
chanical properties. The Arrhenius-type constitutive model is commonly used to describe
the hot flow behavior, predicting the hot-deformed microstructure and optimizing the hot
processing parameters of Mg alloys [24,25]. In Mg alloys, the chemical composition is a
key factor in influencing the DRX kinetic. When the added alloying elements are soluble
in a substrate, non-basal slip may be activated easily during hot deformation since these
elements (i.e., RE, Ca and Li) obviously change the stacking fault energy for non-basal
slip reducing the ratio of critical resolved shear stresses, (CRSSs) between non-basal and
basal slips [26-28]. Within grains, the activation of massive slip systems accelerates the
dislocation rearrangement to form low-angle grain boundaries (LAGBs), which provide
a precursor for the generation of large-angle grain boundaries (HAGBs). For example,
Li et al. [29] pointed out that Ce addition into AZ80 alloy presented a lower activation
energy than that in without Ce. In addition to non-basal slip, contraction twinning and/or
double twinning also could occur in the early stage of hot deformation in Y-containing
Mg-Sn-Zn alloy, as reported by Wang et al. [30]. These twins offer the DRX nucleation sites,
also promoting the DRX process. On the other hand, as alloying elements are presented as
compounds, two cases exist. In general, large-sized phases (>1 pum) play a role in increasing
the DRX nucleation sites, known as particles stimulate nucleation (PSN). While the phase
size is below 1 pum, they tend to delay the motion of grain boundaries inhibiting the DRX
process. However, on the DRX mechanism of Mg-Bi-Ca series alloys, it is still unknown.

Therefore, in order to investigate the hot deformation behavior of Mg-Bi-Ca series
alloys, in this work, taking a new RE-free Mg-Bi-Ca alloy as an example, hot compressive
tests were performed at different conditions. The Arrhenius constitutive model and the
DRX kinetics of this alloy were established. Based on the data of hot compressive flow
curves, the suitable hot processing range was measured. Finally, the extrusion parameter
was selected to gain the fine complete DRX structure with weak off-texture and obtain the
strength—ductility balance in an as-extruded Mg-Bi-Ca alloy.

2. Materials and Methods

Commercial pure Mg ingot (>99.99%), Mg-10Bi (wt.%) and Mg-25Ca (wt.%) master
alloys were melted at 720 °C in an electric resistance furnace (Shanghai Yuzhi Technology
Co., Ltd, China) under a protective atmosphere (SF:CO; = 1:99). After a series of sitting
and slagging, the melt was poured into a steel mold with ® 80 (in diameter) x 200 (in
height) mm preheated to 350 °C. The chemical composition of the as-cast alloy was detected
by an X-ray fluorescence spectrometer (XRF, LAB CENTER XRF-1800) (Shimadzu, Kyoto,
Japan), and the real chemical composition is 96.0 wt.% Mg, 3.2 wt.% Bi, and 0.8 wt.%
Ca. It can be labeled as BX31. Before hot compression, the solid solution of the as-cast
BX31 alloy was treated at 773 K for 24 h. Subsequently, hot compression tests for samples
with a size of ® 8 x 12 mm (diameter x height) were operated on a Gleeble-3500 thermo-
mechanical simulator (DSI North America Corp, Marlton, Evesham, United States) at
different conditions (temperatures: 573, 623 and 673 K; strain rates: 0.01, 0.1 and 1 sfl).
In addition, the solution-treated BX31 alloy was also extruded into the bar with ® 22 mm
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in diameter at 573 K using an extrusion ratio of 21:1 and a die-exit speed of 0.5 mm/s by
XJ-500 horizontal extruder (WuxiYuanchang Machine Manufacture Co., Wuxi, China). The
room-temperature (RT) tensile properties of the as-extruded sample with 25 mm in gauge
length and ® 5 mm in gauge diameter were machined from the as-extruded bar along
extrusion direction (ED) and measured using CMT6305-300 kN universal tensile testing
machine (MTS Systems Co Ltd, Shanghai, China) at a strain rate of 1 x 1031

The microstructure could be observed by scanning electron microscopy (SEM, Gemini
SEM 300) (Carl Zeiss, Oberkochen, Germany) equipped with an energy dispersive spec-
trometer (EDS) (Carl Zeiss, Oberkochen, Germany) and electron backscattered diffraction
(EBSD, JEOL JSM-7800F) device (Japan Electronics Corporation, Tokyo, Japan). The phase
constitutions were identified by X-ray diffraction (XRD, Rigaku D/Max 2500) (Bruker
AXS, Karlsruhe, Germany). The preparation of EBSD samples was composed of grinding,
washing, blow-drying and electro-polishing at 20 V and 0.03 A for 90 s at 298 K using
AC2. The scanning step size was set as 0.5 um. All EBSD data were analyzed using ATEX
software v2.01.3 (ATEX, Metz, France).

3. Results and Discussion
3.1. Microstructure of the Solution-Treated BX31 Alloy

Figure 1a shows the SEM image of the solution-treated BX31 alloy with a few bright
granular-shaped second phases. The average phase size is about 5 um. Based on the
SEM-EDS mapping scanning results, as shown in Figure 1b—d, these granular-shaped
phases mainly consist of Mg, Bi and Ca elements possibly deemed as Mg-Bi-Ca ternary
phases. Moreover, by combining the SEM-EDS point scanning result from phase 1 marked
by the red arrow in Figure 1a, these ternary phases can be regarded as Mg,Bi,Ca ones,
as displayed in Figure le. The reports of Remennik et al. [31], Meng et al. [17-20] and
Liu et al. [32] are consistent with this result. In addition, Mg3Bi, phases, even Mg,Ca ones,
also could be found in wrought Mg-Bi-Ca series alloys [17-20]. However, the mentioned
these two kinds of phases are almost undetectable in the solution-treated BX31 alloy. We
argue that these dynamically precipitated fine Mg3Bi, and Mg,Ca particles are the products
of a combined effect from deformation force and temperature. On the other hand, the
thermal stability of Mg,Bi,Ca phases is superior to MgzBi, and Mg,Ca ones, based on
the thermodynamics of phase formation [32]. Therefore, in this work, the main phase
constitution in the solution-treated BX31 alloy is Mgy Bi,Ca. In order to further verify this
statement, an XRD test was carried out, and the result is shown in Figure 2. We can see that
two kinds of characteristic diffraction peaks of phases exist: a-Mg and Mg,Bi,Ca, which is
in accordance with the SEM observation.

3.2. Flow Behavior during Hot Compression

Figure 3 shows the compressive flow curves of the solution-treated BX31 alloy at
different deformation conditions. We can see the flow curves contain three stages: (1) Rapid
ascent stage. Dislocations accumulate sharply, giving rise to remarkable work hardening;
(2) Slow descent stage. The flow stress reaches the peak as the strain increases, and
subsequently, dislocations annihilate, giving rise to the decline of the flow stress. This is
mainly attributed to the DRX triggering the dynamic softening [24,25,33]; (3) Steady-state
flow stage. In this stage, the work hardening and the dynamic softening reach a balance,
thereby making the flow stress tend to accord. Figure 4 shows the peak stresses and the
corresponding peak strains at different deformation conditions. There exists an obvious
tendency for the peak stress increment by decreasing the temperature and increasing the
strain rate (see Figure 4a), but the peak strain tends to be decreased (see Figure 4b). This
phenomenon is closely associated with the acceleration of the DRX process.
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Phase 1

Figure 1. (a) SEM image; (b—d) SEM-EDS mapping scanning results from (a); (e) SEM-EDS point
scanning result from phase 1 marked by red arrow in (a).
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Figure 2. XRD result of the solution-treated BX31 alloy.
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Poak stress (MP2)

Peak strain

Figure 4. (a) Peak stresses and (b) peak strains at different deformation conditions. Note that the
color difference is to better distinguish the size of the value.

3.3. Constitutive Model during Hot Compression

The Arrhenius constitutive models are given [34]:

&= Alanlexp(—%) 1

- Q
&= Agexp(po)exp(—pr) 2)
&= A[sinh(aa)]"exp(—g) 3)
RT
where ¢ is the strain rate; o is the flow stress; T is the temperature; Ay, 11, Az, B, A,

and n are material constants; Q is the activation energy; and R is the mole gas constant
(8.314 J/mol K). The n1, B and « can be described as follows [35]:

B

. @

Zener—Hollomon (Z) parameter is introduced to construct the relationship among the
Z, ¢ and T. It can be shown as follows [36]:

Z = éexp(g)

RT ©)
For Equation (3) with Equation (5) together, the ¢ as a function of the Z is expressed as
follows [37]:

U'*lll’l z %—i- z %-&-1
o A A

Under the peak stress condition, these material constants of &, Q, 7 and A are calculated
by Equations (7)—(11).

1
2

(6)

Both sides of Equations (1) and (2) are taken natural logarithms as follows:

Ine = nmylno + InA, — Q

RT @)

- Q2
Ine = Bo +InAy RT (8)
Figure 5a,b show the linear relationships of Iné — Ino and Iné — o, respectively. The

slopes of these two functions are considered the average 1; and 8 values (~7.317 and ~0.089,
respectively). According to Equation (4), the  is estimated by ~0.012.
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and (e) InZ — In[sin h(aop)] under the peak stress condition of the solution-treated BX31 alloy.

Both sides of Equation (3) are taken natural logarithms as follows:

~ . Q
Ine = nl h InA——= 9
ne = nln[sin h(ao)] +In RT )
Figure 5¢ plots the functional relation between In¢ and In|sinh(ac)], and the slope can
be regarded as the average n value (~5.390).
Both sides of Equation (9) are taken partial derivatives as follows:

_ dlne dln[sin h(ac)]|.\
Q= R(aln[sin h(ao)] T)< a(1/T) 5) = RnS (10)

Figure 5d shows the functional relation of In[sin h(xc)]|—1/T, and the average S value
is the slope of this linear relationship, ~3.390. Therefore, the Q value at the peak stress
condition is about 151.9 k] /mol, slightly larger than that of pure Mg (~135 kJ/mol [38]).
Fine precipitates could effectively inhibit dislocation movement during deformation, which
led to an increase in the activation energy during deformation [39]. According to the
reports from the literature [17-20], fine Mg3Bi, and Mg,Ca particles may be dynamically
precipitated from the Mg matrix in Mg-Bi-Ca series alloys, and a part of them was found to
distribute at grain boundaries. Such a grain boundary pinning effect further enhances the
resistance of grain boundary motion, giving rise to the increment of the activation energy
during hot compression. In addition, recently, the Q value has been successfully related to
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the atomistic mechanisms for different engineering materials. Savaedi et al. [40] pointed
out that the average Q value was close to the weighted self-diffusion activation energy for
each element in CoCrFeMnNi alloy. Relevant research was also presented in the report of
Jeong et al. [41]. This kind of analysis, considering the atomistic mechanisms, needs more
attention in future work.

Combining Equation (3) with Equation (5), the following relationship is shown:

InZ = nin[sin h(ao)] + InA (11)

The values of Z can be calculated at different deformation conditions by taking into
the Q value. Figure 5e matches the linear function of InZ — In[sin h(xc)], and the InA is
~26.430 as the intercept of this function. As mentioned above, the Arrhenius constitutive
model at the peak stress condition can be established as follows:

1827 x 10*

& = 3.008 x 10" [sin h(0.0120)]>*exp( )

(12)

Under the case of the strain-related Arrhenius constitutive model, the material con-
stants of «, Q, n and A are closely associated with the strain. By using 6-order polynomial
equations expresses their relations as follows:

a(e) = wee® + ase® 4+ aget + a3’ + ape? 4+ aje + ag (13)
_ 6 5 4 3 2

Q(e) = Qee” + Qse” + Que” + Qae” + Qoe” + Qe+ Qo (14)

n(e) = nee® + nse® + nye* + nze® + noe® + ne + ny (15)

Ale) = exp[InA(e)] = exp(Ase® + Ase® + Age* + Aze® + Are® + Aje+ Ag) (16)

where ¢ is the strain. The coefficients g — g, Qo — Qg, 1o — g and InAg — InAg are listed
in Table 1. Figure 6 shows these material parameters as functions of the strain. Based
on the strain-related Arrhenius constitutive model, the predicted flow stress values at
different strains for each deformation condition can be calculated, and Figure 7 compares
the experiment flow stresses and the predicted values at different deformation conditions.
It can be seen that the strain-related Arrhenius constitutive model is suitable for the flow
curves of the solution-treated BX31 alloy during hot compression. The predictability of this
model can be evaluated by the correlation coefficient (R) and the average absolute relative
error (AARE), and the relative error () as follows [37,42]:

Ly (Er—E) (P —P)

R= — — (17)
VI (B - B) 2, (P = P)
n . P.
AARE(%) = %Z Ei }P‘ x 100% (18)
i=1 1
5(%) = (EEJ> « 100% (19)

where 7 is the size of flow stress set. E; and P; are the values of experiment flow stress and
predicted one, respectively. E and P are the mean values of E; and P;, respectively. The
calculated result shows the R is ~0.9919 and the AARE is ~4.28%, as shown in Figure 8a.
Additionally, the J is deviated at a low range of ~—1.147%, as shown in Figure 8b. It further
suggests that this model works well.
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True stress (MPa)

Table 1. Coefficients in the polynomial fitting of a, Q, n and InA.

4 Q n InA
wg =0.0343 Qo = 138.6302 ng = 5.6236 InAy = 22.9529
ap = —0.5172 Q1 = —1049.6868 ny = —22.5556 InA; = —181.8720
ap =5.1075 Q, =18,785.7115 ny = 432.5720 InA, = 3422.1192
w3 = —25.5741 Q3 = —110,944.6683 nsy = —2667.7302 InAs = —20,427.6000
wy = 67.1.e60 Q4 =303,759.5483 ny =7324.5991 InA4 = 56,149.0301
w5 = —88.9583 Qs = —398,898.1624 ns = —9495.3504 InAs = —73,886.5001
wg =46.1098 Qg =203,225.5371 ng = 4756.1032 InAg = 37,684.4203
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3.4. DRX Kinetics during Hot Compression

In order to describe the DRX kinetics model, in general, the following equation can be
used and expressed [43,44]:

e—eo\"P

XDRX =1- exp |:—kD< ) :| (20)
€0.5

where Xprx is the DRX area fraction, ¢, is the DRX critical strain, (5 is the strain for the

formation of 50% DRX, kp and np are the material constants. ¢, and ¢( 5 can be as a function

of the Z parameter given as follows [44]:

€ = By Z™ 1)

e05 = BoZ™ (22)

where By, By, my and mj are material constants. The corresponding e, and gy 5 values
are obtained by calculating the o, and 0p5 ones that represent the stress values, and
the corresponding initial DRX and 50% DRX occur, respectively. According to the 6-c
relationship (0 represents the work hardening rate), the 0. can be gained. By taking a
special case (573 K and 0.01 s Dasan example in Figure 9a, the key flow stresses, i.e., o,
peak stress (0), saturated stress (0sqt) and steady stress (05s), can be measured. In addition,
the 0y 5 can be calculated as follows [44]:

0y — 005
0, 4 -
Xprx(50%) = F—2 (23)
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Figure 9. (a) 6-0 curve at 573 K and 0.01 s~!. Note that it is divided into three stages marked by I, IT
and III, respectively; (b) relationship between In e. and In Z; (c) relationship between In gy 5 and In Z;
(d) In (—=In (1 — (0p — )/ (0p — 055)))) as a function of In ((¢ —&c)/€05)-

According to the calculation o 6-¢ curve and Equation (23), Table 2 lists the ¢, 095, ¢
and g 5 values at different deformation conditions. Figure 9b,c match the linear functions
from Ine.— InZ and, Ingg5— InZ respectively. Finally, the e, and g5 can be expressed:

. = 0.01162%0823 (24)

€05 = 0.0073201067 (25)
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Table 2. 0, 05, € and ¢ 5 values at different deformation conditions.

Deformation Temperature (K)

Strain Rate (s—1)

573 623 673
0.01 67.5 429 31.9
oc (MPa) 0.1 93.9 56.4 50.3
1 125.8 78.4 72.8
0.01 69.1 47.2 32.0
o5 (MPa) 0.1 102.8 67.5 51.2
1 130.7 88.8 74.8
0.01 0.103 0.086 0.070
& 0.1 0.129 0.119 0.096
1 0.152 0.138 0.111
0.01 0.123 0.101 0.085
€05 0.1 0.155 0.137 0.107
1 0.237 0.181 0.121
Figure 9d shows the linear relationship between In <fl n (1 - ”:g‘: -)) andIn <£€; ‘;C>

at different deformation conditions, and the average kp (~0.015) and np (~3.781) can be

determined by the intercept and slope of this function, respectively. Therefore, the DRX
kinetics model of the solution-treated BX31 alloy can be expressed as follows:

0.0823 \ 3.781

Xpry = 1 — exp [0.015(%) } (26)

Figure 10 shows the Xprx as a function of the ¢ at different deformation conditions.

As for each curve, as it increased the ¢, the Xprx gradually increases along an S shape.

At the same temperature, the Xprx descends with the strain rate. At a low strain rate of

0.01 571, the Xpryx can reach 100% at each temperature when the ¢ is up to 0.7. As the

strain rate enlarges, low temperature obviously declines the DRX degree, especially for the

deformation condition of 573 K and 15! (only ~40% at the 0.7 strain).
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Figure 10. Xppry.c curves at (a) 573 K; (b) 623 K; (c) 673 K for 0.01,0.1 and 15~ .

In order to verify the accuracy of the DRX kinetics model, the hot compressive samples
at 623 K and 0.01 s~ ! are selected to observe the DRX area fractions at different strains
of 0.3 and 0.5. The result is demonstrated in Figure 11. At 0.3 strain, the DRX and the
deformed regions obviously exist (see Figure 11a), and the DRX area fraction is about 36%,
as shown in Figure 11c. As the strain increases to 0.5, the DRX region gradually occupies
the deformed one (see Figure 11b), and at this moment, the DRX area fraction can reach
about 89% shown in Figure 11d. These experiment values are almost accordant with the
predicted ones (~30 and ~92%, respectively) using the DRX kinetics model. Therefore, we
believe the DRX behavior of the solution-treated BX31 alloy can be forecasted by the DRX
kinetics model during hot compression.
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Frequency (%)
Frequency (%)

Max: 13.73 Max: 9.63 Max: 12.36 Max: 8.38
The whole DRX The whole DRX

Figure 11. (a,b) EBSD images of the solution-treated BX31 alloy during the hot compressive strains of
0.3 and 0.5 at 623 K and 0.01 s~, respectively. CD represents the compressive direction; (c,d) DRX
regions selected from (a) and (b), respectively; (e,f) grain size distribution maps of DRX regions from
(c) and (d), respectively; (g,h) (0001) pole figures containing the whole and DRX areas of the samples
with 0.3 and 0.5 strains, respectively.

Furthermore, we also observed that the DRX nucleation preferentially appears at
the original grain boundaries. At a high temperature, the CRSSs of non-basal slips may
decline, likely activating the non-basal slips within grains that easily induce the obvious
orientation gradient. It is also a type of important DRX mechanism (known as continuous
DRX) to promote the formation of the DRXed grains, together with the discontinuous
DRX mechanisms (i.e., twinning nucleation, PSN, etc.). As the strain increases, the DRXed
grains grow, and its average grain size gradually increases from ~10.6 to 13.9 um, as seen
in Figure 1le,f. Generally, the DRX process plays a key role in refining the grains and
weakening the basal texture [43,45]. The DRX area shows a lower basal pole intensity
than the whole one in the (0001) pole figures for the 0.3 and 0.5 strains (see Figure 11g,h).
Interestingly, the subsequent grain growth induces a weaker basal texture. The related
literature has stated that the solute segregation (i.e., Ca) into the boundaries of the basal-
oriented grains promoted the preferred growth of the non-basal-oriented ones, which might
be a crucial factor in weakening the basal texture [33,46].
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In (gls)

3.5. Hot Processing Map during Hot Compression

A dynamic material model is valid to describe the hot processing map. In this model,
an equation is given [47]:

£ o
P:G+]=(ré:/(rdé+/éda 7)
0 0

where P, G and ] represent the power dissipated by the workpiece, plastic deformation and
microstructural evolution, respectively. The ¢ as a function of the ¢ is given [48]:

o=K" (28)

where K and m are a material constant and the strain rate sensitivity coefficient, respectively.
Together Equation (27) with Equation (28), ] is expressed as follows:

. € m mo .
]—U&—/OKS 7m+1as (29)

The efficiency of power dissipation (77) is described as follows [35]:

] _ moe/(m+1)  2m

n=

" Tmax oe/2 T om+1 (30)

Based on the extreme principle, the instability criterion is proposed as follows [27]:

. dln(5My)

i) = T +m<0 (31)
Figure 12 shows the hot processing maps at the 0.3, 0.5 and 0.7 strains. Note that
the shaded regions represent the flow instability ones. At 0.3 strain, the flow instability
region locates at 573~590 K and 0.1~1 s~1, as shown in the top left corner of Figure 12a.
When the strain is up to 0.5, two flow instability regions exist. As for the first region, the
temperature and strain rate expand to ~630 K and ~0.5 s~! (shown in the top left corner of
Figure 12b), and the new-formed second one is between 650~673 K and 0.2~0.6 s~ ! (seen in
the bottom right corner of Figure 12b). As the strain increases to 0.7, the flow instability area
at the top left corner almost never changes, while the second one at the bottom right corner
gradually enlarges to 630~673 K and 0.2~0.7 s~! in Figure 12c. Based on the stress-strain
curves in Figure 3, the solution-treated BX31 alloy lies in a steady-state flow stage after the
0.7 strain, and thus an appropriate hot processing range can be made up by using the result

of Figure 12c.
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Figure 12. Hot processing maps at different strains: (a) 0.3; (b) 0.5; (c) 0.7.
3.6. Analysis of the as-Extruded BX31 Alloy

According to the hot processing range, we can select a suitable extrusion parameter. It
has been widely reported that reducing the extrusion temperature or die-exit speed could
effectively obtain fine grains to improve the mechanical properties of Mg alloys [15,21,49].
Therefore, 573 K and 0.1 s~ ! are selected as the deformation parameters within the range

for hot processing to perform the extrusion process. The average strain rate (g) is a function
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of die-exit speed (Vr) at a given extrusion ratio (Er), billet diameter (D) and extrudate
diameter (Dg) as follows: [50]:
T 6D32VR11’1ER
= Dy -DP

In this work, Er, Dp and Df were set as 21:1, 85 and 22 mm, respectively. Thus, the
corresponding extrusion parameters contain the extrusion temperature of 573 K and the
die-exit speed of 0.5 mm/s.

The solution-treated BX31 alloy is perfectly extruded into a bar at a given deformation
condition. Figure 13a shows the macroscopic morphology of the as-extruded BX31 alloy.
It can be seen that its surface is very smooth by the observation of high magnification.
Obviously, the selected extrusion condition is fitted for the forming of the solution-treated
BX31 alloy. Furthermore, the grain structure and micro-texture feature of the as-extruded
BX31 alloy are measured, as shown in Figure 13b—d. According to the EBSD result from the
longitudinal section, the as-extruded BX31 alloy exhibits a relatively homogeneous and
complete DRX characteristic, and its average grain size is ~4.56 pm. In terms of micro-
texture, a typical RE texture orientation of [2-1-11]//ED is found on the inverse pole figure,
accompanied by the maximum pole intensity of ~2.39. Such a texture was also obtained in
other wrought Ca-containing Mg alloys [17,18,51,52]. Ca is considered a special element,
such as RE ones, being added into Mg alloys to change the stacking fault energies of
non-basal slips, thereby to some extent promoting the activation of non-basal dislocations
during extrusion. This may be a crucial factor for a typical RE texture formation in the
as-extruded BX31 alloy. The detailed DRX mechanism for this alloy during extrusion can
be revealed in future work.
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Figure 13. Microstructure analysis of the as-extruded BX31 alloy from longitudinal section (ED-RD

plane, RD represents radial direction): (a) macroscopic morphology; (b) EBSD map; (c) grain size
distribution map; (d) inverse pole figure.

Additionally, the SEM analysis of the as-extruded BX31 alloy is shown in Figure 14.
There exist some granular-shaped phases distributed along ED, and their average sizes
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are ~2 um (see Figure 14a,b). Based on the SEM-EDS mapping scanning results shown in
Figure 14c—e, these phases mainly also consist of Mg, Bi and Ca elements. Combined with
the SEM-EDS point scanning result from phase 1 marked by red arrow in Figure 14b, these
phases also can be considered as Mg, BiyCa ternary phases. It indicates that they belong to
the broken remains from the second phase in the solution-treated BX31 alloy after extrusion.
These fine second phases accelerate the DRX nucleation, known as the PSN effect.

wt.% at.%
47.7 79.6
128 127
39.7 7.7

Mg2Bi2Ca

Bi BiBi Bi Bi

Figure 14. SEM analysis of the as-extruded BX31 alloy from longitudinal section: (a) SEM image;
(b) high magnified view from red frame in (a); (c—e) SEM-EDS mapping scanning results containing
Mg, Bi and Ca elements from (b); (f) SEM-EDS point scanning result from phase 1 marked by red
arrow in (b).

Figure 15a shows the RT tensile engineering stress—strain curve and the corresponding
tensile data of the as-extruded BX31 alloy. It exhibits a relatively high yield strength
of ~192 MPa, excellent ultimate strength of ~230 MPa and the desired elongation-to-
failure of ~22%. Figure 15b plots the relationship between the yield strength and the
elongation-to-failure for this work and the reported other Mg-Bi-Ca series alloys [17-20].
They are divided into three groups: (1) high strength but low ductility, (2) strength-ductility
synergy and (3) high ductility but low strength. Obviously, the reported other Mg-Bi-Ca
series alloys have a strength—ductility trade-off dilemma. In comparison, the as-extruded
BX31 alloy provides a good balance. Such excellent mechanical performance is mainly
attributed to three aspects: (1) Fine grain size. According to the Hall-Petch law [15,21,49],
fine grains can offer a considerable number of grain boundaries, effectively hindering
the dislocation motions, thereby enhancing the strength of this alloy; (2) Homogeneous
complete DRX structure. On the one hand, the high homogeneity of microstructure to
some extent reduces the degree of stress concentration, and on the other hand, the low
residual dislocation density is beneficial for uniform plastic deformation; (3) The formation
of off-basal texture. Generally, weakening basal texture benefits the improvement of the
ductility in Mg alloys [17,18,52,53]. In this work, the off-basal orientation of [2-1-11]//ED
in the as-extruded BX31 alloy induces a high Schmid factor for basal slip (~0.37 from the
calculation of EBSD data) during tension. The activation of more basal slips accommodates
the larger strains, which is a key factor in increasing the work-hardening capacity and the
ductility of this alloy.
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Figure 15. (a) Tensile engineering stress—strain curve of the as-extruded BX31 alloy; (b) relationship
between the ultimate strength and the elongation-to-failure for this work (marked by red star) and
the reported other Mg-Bi-Ca series alloys (labeled by different symbols). Note that orange and gray
circles represent “high strength but low ductility” and “high ductility but low strength” regions,
respectively. Reproduced with permission from Refs. [17-20]. Copyright 2020, 2022, Elsevier, MDPI.

4. Conclusions

In this work, the hot deformation behavior of the solution-treated BX31 alloy was
systematically studied. The strain-related Arrhenius constitutive model presented a high
predictability for the flow curves during hot compression. The flow curves followed the
DRX-dominated softening mechanism. The DRX nucleation preferentially appears at the
original grain boundaries, and subsequently, non-basal slips might be activated to promote
the continuous DRX at a high deformation temperature. For a given deformation condition,
the DRX benefited from the texture weakening, and interestingly, with increasing the
strain, the DRX growth further reduced the basal texture intensity. This result might be
attributed to the preferred growth of non-basal-oriented grains due to the solute segregation.
According to the hot processing map, a suitable extrusion parameter could be selected,
and the as-extruded BX31 alloy showed a balance of strength and ductility. Such good
comprehensive tensile properties were mainly attributed to the following three aspects:
(i) fine grain size, (ii) homogeneous complete DRX structure and (iii) the formation of
off-basal texture. The newly developed strong and ductile BX31 alloy will be helpful for
enriching low-cost, high-performance wrought Mg alloy series for extensive applications
in industries.
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Abstract: Based on the results achieved in systematic studies of structure formation and the formation
of multicomponent phases, a scandium-containing filler metal from system alloy Mg-Zr-Nd for
welding of aircraft casting was developed. The influence of scandium in magnesium filler alloy on its
mechanical and special properties, such as long-term strength at elevated temperatures, was studied
by the authors. It is established that modification of the magnesium alloy with scandium in an amount
between 0.05 and 0.07% allows a fine-grained structure to be obtained, which increases its plasticity
up to 70% and heat resistance up to 1.8 times due to the formation of complex intermetallic phases
and the microalloying of the solid solution. Welding of the aircraft castings made of magnesium alloy
with scandium-containing filler material allows obtaining a weld with a dense homogeneous fusion
zone and the surrounding area without any defects. The developed filler material for welding surface
defects (cracks, chips, etc.) formed during operation on aircraft engine bodies makes it possible to
restore cast body parts and reuse them. The proposed filler material composition with an improved
set of properties for the welding of body castings from Mg-Zr-Nd system alloy for aircraft engines
makes it possible to increase their reliability and durability in general, extend the service life of
aircraft engines, and obtain a significant economic effect.

Keywords: magnesium alloy; filler material; welding; scandium; microstructure modification; me-
chanical properties

1. Introduction

The development of the aerospace industry results in a constant increase in the com-
plexity of various mechanisms and assemblies, which leads to an increase in their metal
intensity [1,2]. One of the solutions to this problem is the use of lightweight materials with
a high complex of special mechanical properties [3,4]. Cast magnesium alloys are one of the
lightest structural materials, with a density of approximately 1.73 g/cm?; their low density
is approximately 25% that of steel and 60% that of aluminum [4,5]. Furthermore, they have
a high specific strength [6]. This makes them a perfect material for the manufacturing of
aerospace engineering and the aircraft industry [6,7]. Magnesium alloys must have good
casting properties, a high complex of mechanical characteristics, heat resistance, and good
weldability [7,8]. Another advantage of magnesium is its recyclability [8-10].

The complexity of aerospace structures and imperfect casting technology require the
usage of additive welding technologies [11,12]. Therefore, there is evident progress in the
technological trends that combine casting and welding technologies [13,14]. At the same
time, when using magnesium alloys, it is necessary to take into account their following
characteristics: rather low thermal conductivity, high ignition temperature, increased
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deformation and stresses during welding due to the high linear expansion coefficient, high
gas absorption, the possibility of crystallization crack formation due to fusible eutectics,
and large crystallization temperature interval [15,16].

However, magnesium alloys have a lot of advantages, and their applications are
also connected to some challenges, including susceptibility to corrosion, low absolute
strength, difficulty with deformation, weak chemical stability, flammability, and high
price [9,17,18]. Therefore, for engineering and structural applications, magnesium alloys are
modified to strengthen their weaker properties without sacrificing their key features [9,19].
The possible methods of modification are alloying, heat treatment, a new preparation
method, manufacturing processes, and the application of some additives to magnesium
alloys [18,19]. The main objective of these improvements is usually to improve the chemical
stability and mechanical properties of magnesium alloys [18,20,21]. The most popular
reinforcement that has been studied in recent years is nano-sized particles [9,19] and rare
elements [18,20,22]. The additives of rare elements improve the strength and corrosion
resistance of magnesium alloys, despite changing the structure of the metal [5,18,20].
However, some investigations have been provided in this area, although this topic requires
further research [7,18]. One of the promising additives in this group is scandium [20,23,24].

Alloys of the Mg-Zr-Nd system are promising materials for the production of various
molded parts in aerospace engineering [25,26]. They have a fine-grained structure, high
physical and mechanical properties, and heat resistance, but have a tendency to crystallize
cracks [26,27]. Usually, products made of such magnesium alloys by TIG welding are
welded by a non-consumable electrode in an inert gas medium with the use of filler
material. The welding filler material is made from the same alloy. This welding technique
does not produce a high-quality weld. Defects such as micro-cracks and micro-pores can
appear in the weld and seam area [25,28].

The most effective approach in solving the task of increasing the technological strength
of welded joints of cast parts made of magnesium alloys is the development of new additive
scandium-containing materials with an increased level of mechanical properties and heat
resistance, which provide a decrease in the level of residual stresses and the prevention of
cracking [29]. The positive effect of scandium is provided on the one hand by the formation
of complexly alloyed intermetallic phases, which are additional crystallization centers
and refine the grain. On the other hand, the alloy hardening occurs due to the scandium
microalloying of the solid solution. Based on global experience, scandium alloys have a high
level of mechanical properties and heat resistance; in addition, the welded joints of these
alloys are characterized by improved corrosion resistance [23,30]. The usage of scandium
alloys is currently constrained by their relatively high cost. However, the requirement
to reduce the weight and metal consumption of structures allows the prediction of their
widespread use in the near future and ensures the creation of a unified welding technology
of complex alloyed magnesium alloys with an improved set of properties [31-33]. The
solution to this urgent problem is the central task of research.

The purpose of the research is to develop a filler material for welding surface defects
(cracks, chips, etc.) formed during operation on aircraft engine cases. This enables the
restoration of cast body parts and their reuse to ensure reliable and durable operation.

2. Materials and Methods
2.1. Materials

The magnesium alloy, with a nominal composition given in Table 1, was smelted in an
IPM-500 induction crucible using serial technology.

Table 1. The elemental composition of used magnesium alloy.

Element Mg Zr Nd Zn
% by mass 96.0% 0.8% 2.6% 0.6%
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The refining of the alloy was performed with flux VI-2 in a distribution furnace with
batch selection of the melt, which introduced increasing additives of scandium (from 0.05
to 1.0% wt.) Magnesium-scandium ligature (10% Sc, 90% Mg) and standard samples for
mechanical tests @& 12 mm in sand—clay form. The samples were heat treated in Bellevue
and PAP-4M furnaces according to the mode: hardening from 415 4 5 °C, holding time
15 h, cooling in air and aging at 200 £ 5 °C, holding time 8 h, cooling in air.

2.2. Research Methods

Temporary tensile strength and elongation of the samples were determined on a P5
rupture machine P5 at room temperature. The long-term strength at different temperatures
was determined on an AIMA 5-2 bursting machine(Russia) on samples & 5 mm.

To study the weldability of metal heat-treated plates measuring 200 x 100 x 10 mm
of the experimental magnesium alloy, we welded with filler material in the form of cast
electrodes & 8 x 200 mm from the same alloy containing scandium (between 0.06 and
0.07% wt.). Welding was performed with a non-expendable tungsten electrode in argon
medium using a welding transformer TD-500 (Kharkiv, Ukraine), oscillator OSPP-3 (Kiev,
Ukraine), ballast rheostat RB-35 (Ukraine), and an argon flow rate between 14 and 18 1/min.
For mechanical tests, cylindrical samples & 5 mm were made so that the boundary of the
transition zone from the weld to the base metal was in the middle of the samples. This limit
was detected by etching with a reagent consisting of 1% nitric acid, 20% acetic acid, 19%
distilled water, and 60% ethylene glycol.

The quality of the weld was monitored by X-ray. Micro-X-ray spectral analysis of
the phases was performed on an electron microscope JSM-6360LA (Tokyo, Japan). The
microstructure of the metal was studied under a microscope “Neophot 32”. The microhard-
ness of the structural components of the alloy was determined on a microhardness tester
company “Buehler” at a load of 0.1 N.

3. Results
3.1. Microstructure Analysis

The microstructure of the initial heat-treated alloy was a §-solid solution with the
presence of a eutectic (5 + y (MgZr12Nd)) spherical shape (Figure 1a). With increasing
scandium content in the alloy, the size of the eutectic increased (Figure 1b,c).

(b)

Figure 1. Microstructure of the heat-treated alloy ML10, magnification 500 x: (a) without Sc; (b) 0.05%
Sc; (c) 1.0% Sc.

Thus, when more than 0.07% Sc was introduced into the melt, the size of the eutectic
regions increased approximately three times compared to the initial alloy, while the grain
size of the matrix (8) was practically at the same level (Figure 2). Such an increase in the
size of the eutectic phase is due to the presence of an additional amount of fine intermetallic
compounds containing scandium.
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Figure 2. The average size of the structural components: (a) of the magnesium alloy with different
scandium content: a-(d + y)—-phase (a eutectic), (b) -(5)-phase (solid solution).

3.2. Microhardness

The microhardness of the structural components of the experimental alloy increased
with increasing scandium content, both before and after heat treatment. Moreover, after heat
treatment, there was an increase in the microhardness of the matrix and a decrease in the
values of the hardness of the eutectic (Table 2), which is associated with the redistribution
of scandium between structural components.

Table 2. Microhardness of samples of magnesium alloy with different contents of Sc.

Average Microhardness HV (MPa)

Amount of Sc

To Heat Treatment After Heat Treatment
(% by wt.)
Matrix Eutectic Matrix Eutectic

- 662.5 1916.6 1065.7 1320.4
0.02 770.0 2089.3 1078.8 1480.6
0.05 781.0 2094.9 1098.8 1504.7
0.07 827.1 2125.7 11144 1735.6
0.10 835.0 2158.7 1154.5 1891.6
0.30 846.5 2211.8 1187.4 1930.6
0.50 871.5 2285.9 1235.5 1985.7
0.70 904.3 2348.3 1288.4 2130.6
1.00 942.8 2450.7 1320.5 2211.6

3.3. Micro-X-ray Spectral Analysis

Micro-X-ray spectral analysis of the eutectic showed that it has an elemental composi-
tion, as given in Table 3.

Table 3. The obtained results of Micro-X-ray spectral analysis.

Element Mg Zr Nd Si Sc
% by mass 93.52 1.83 4.0 0.08 0.57

The scandium content in the eutectic was between 1.5 and 2.0 times higher than in the
-solid solution. Thus, doping of the magnesium alloy with scandium leads, first of all, to
the saturation of the eutectic phase. This is confirmed by the increase in the microhardness
of the eutectic with the increase in scandium additives in the alloy.

When the scandium content in the alloy is not more than 0.05%, there was an increase
in both mechanical and heat-resistant properties due to the microalloying of structural
components. A further increase in the concentration of scandium in the metal led to
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an increase in the intermetallic phase, redistribution of excess intermetallics at the grain
boundary, and reduced the physical and mechanical characteristics of the material (Table 4).

Table 4. Average mechanical properties and long-term strength of magnesium alloy with different
contents of Sc.

Amount of Sc Mechanical Properties Long-Term Strength at o = 80 MPa, Hours
(% by wt.) oy (MPa) 8 (%) T 1 =150/250 °C T=270°C T =300°C
0 235.0 3.6 1252.0/2.,2 47.5 9.0
0.02 253.0 4.6 1252.0/56.0 53.1 11.1
0.05 245.0 6.3 1252.0/48.7 71.5 16.0
0.07 240.0 4.0 1252.0/64.0 61.6 12.4
0.10 232.0 3.5 1252.0/48.0 36.5 13.4
0.50 235.0 4.0 1251.0/34.1 24.0 6.7
1.00 169.0 3.3 1252.0/8.0 - -

! Tests of samples for long-term strength were performed in stages: at 150 °C (numerator), then at 250 °C
(denominator).

3.4. The Study the Weldability

The positive effect of scandium on the long-term strength of the alloy at elevated
temperatures was noted. The increase in the content of scandium in the alloy, leading to
microalloying of its structural components, helped to increase its heat resistance. Increasing
the temperature during the long-term strength test reduced the time to failure. Fine
intermetallic particles were released unevenly, forming areas of a striped structure with
high microhardness, leading to the destruction of the metal.

In the structure of samples containing more than 0.07% scandium, coarse boundary
inclusions were observed, leading to the rapid destruction of samples during testing. Thus,
the content between 0.05 and 0.06% of the scandium mass in the experimental magnesium
alloy is optimal for the manufacture of filler material with improved properties.

Qualitative indicators of Mg-Zr-Nd alloy castings welded with filler material with
scandium content between 0.05 and 0.06%wt., including the weld and close-seam region,
were studied. The structure of the seam area is characteristic of the heat-treated alloy. In
the structure of the weld, $-solid solution and y-phase located along the grain boundaries
were observed in the form of light gray emissions.

The dimensions of the structural components of the weld in comparison with the
base metal were significantly smaller (Table 5), and the microhardness of the weld was
slightly higher.

Table 5. The average size of structural components, microhardness, and mechanical properties of
welded samples of magnesium alloy.

Average Size of Structural

Amount of Sc Mechanical Properties

(% by wt) Components
o by Wt Matrix (um) Eutectic (um) oy (MPa) S (%)
0 70/34 40/30 235/239 3.6/3.2
0.05-0.06 60/25 45/35 245/253 5.6/6.0

Note: the numerator is the base metal, and the denominator is the weld.

Mechanical tests of samples with a weld showed that the destruction of the metal took
place in the near-seam zone because the weld metal had a fine-grained structure due to
accelerated crystallization, which positively contributed to the improvement of the quality
of the test metal.

An industrial test of the additive alloy with scandium at welding was carried out
during the welding of magnesium alloy body casting elements. There was conducting
welding of elements of fuel pump housings, low-pressure compressor housings, and gear-
box housings, which are integral parts of aircraft engines. After, these areas were cleaned
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Weld metal

until the complete removal of defects and thoroughly degreased. The prepared products
were placed in a thermal oven, heated to 200 °C, kept at this temperature for 6 h, removed
from the oven, and welded. Welding was performed by an argon-arc method using a
non-consumable tungsten electrode and a welding transformer TD-500, oscillator OSPP-3,
and ballast rheostat RB-35. Rods @ 8 x 200 mm made of the studied magnesium alloy
with scandium were used as the filler material. The welded parts were again loaded into a
thermal oven and cooled together with the oven to a temperature not exceeding 120 °C. The
welding areas were monitored and cleaned to obtain the required geometric dimensions.
Welded body casting elements were cut at the welding sites to determine the quality
of the metal. Metallographic and X-ray inspection showed that the weld and the base metal
(Figure 3) had a dense homogeneous structure without defects. The weld microstructure
consisted of a 8-solid solution and intermetallic phase containing Sc, Zr, and Nd.

(b)

Magnesium alloy body casting element after welding: (a) magnification 0.1x;
(b) macrograph.

Figure 3.

In this case, the size of the structural components in the weld was much smaller than
in the main metal (Figure 4). The weld metal did not contain any defects (micropores,
microcracks, etc.) and corresponded to the base metal in terms of mechanical properties.

Base metal

T
v
. A
» o 3

Figure 4. Microstructure of magnesium alloy near the weld zone, magnification 200 x.

The developed technology of welding castings from a magnesium alloy enables the
restoration of difficult case details of aircraft engines in which qualitative indicators satisfy
the requirements of regulatory and technical documentation.
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4. Discussion

This investigation showed the possibility of using magnesium alloys to produce
elements for the aerospace industry. The additive of scandium optimized the microstructure
of the alloy and increased its properties. Other studies in the literature confirm the presented
results, especially the strong influence of scandium on the microstructure of magnesium
alloys [23]. Li et al. [23] showed that a scandium additive of up to 1% wt. refined the
grain sizes of the material. They defined the main mechanism of this phenomenon as the
heterogeneous nucleation mechanism [23].

Additionally, the mechanical properties of the magnesium alloy with scandium were
changed, including the improvement in yield [23,34]. The investigation provided by
Li et al. [34] confirmed the improvement in the Vickers hardness magnesium alloys with
the addition of scandium compared to pure magnesium alloys. One of the implications
of this research is the conclusion that the addition of scandium could enhance the wear
resistance of magnesium alloys [34].

Other research shows that scandium can improve magnesium alloy’s properties, in-
cluding corrosion resistance [35,36]. This fact can support the application of this material not
only in the aerospace industry but also in other areas, such as implant applications [37,38].

Itis worth noting that a similar mechanism was also observed in aluminum-magnesium
alloys as well as other alloys that contain magnesium [39,40].

Another challenge is to study scandium as an additive in the context of material
weldability, which is not a trivial issue [8,41]. In the literature, there are only a few studies
in this area. Most of them are related to the development of additive manufacturing tech-
nologies [5,42,43]. The obtained results show that the addition of scandium could have a
positive influence on the development of welding technology as well as additive manu-
facturing for magnesium alloys and help overcome challenges connected with processing
magnesium alloys [5,44].

Magnesium-based alloys that contain zirconium and neodymium, which form heat-
resistant intermetallic phases and provide the required service characteristics of the alloy at
elevated temperatures, are widely used for the production of heat-resistant magnesium
castings in aircraft engines. The range of cast parts made from this alloy is quite diverse and
involves a combination of different technologies for their manufacturing (casting, welding,
heat treatment, etc.). Welding of the products made of the Mg-Zr-Nd alloy system is carried
out with the use of a filler material and an alloy base. In this case, parts of the complex
configuration are welded poorly; often, microcracks are formed in the welding spots, which
require re-welding. After several unsuccessful welding operations, this product is rejected
and sent for remelting. One way to solve this problem is to develop a new composition of a
filler material with higher mechanical and special properties compared to the base metal.
Therefore, it is important to study the effect of scandium on the structure and properties of
the alloy of the Mg-Zr-Nd system, which already has heat-resistant phases (MgZr) 12Nd
in its composition, which will improve the physical and mechanical characteristics of the
metal in the place of welding.

The research was carried out in two stages:

1. The development of a magnesium-based additive alloy with optimal scandium con-
tent to ensure improved mechanical properties and heat resistance.

2. The investigation of the structure and properties of the base metal and the weld on
samples welded with the developed scandium-containing filler material.

The structure and properties of a magnesium alloy containing neodymium and zirco-
nium and additionally modified with scandium in an amount of up to 1.0% were studied.
Metallographic analysis of the investigated metal showed that additives in the alloy con-
tributed to an increase in the size of the spherical areas of the precipitation of eutectoid.
Thus, when more than 0.07% Sc was introduced into the melt, the size of the eutectoid areas
increased approximately four times compared to the standard alloy, while the size of the
5-phase was approximately at the same level.
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Thermal treatment contributes to the homogeneity of the alloy due to the redistribution
of elements between the dendrite axes and interaxial spaces, as well as additional alloying
of the matrix due to the diffusion of elements from the boundary precipitations of the
(MgZr)12Nd phase.

Micro X-ray diffraction analysis showed that the spherical regions were enriched,
mainly with zirconium, neodymium, and scandium. In modified alloys, the scandium
content in the spherical regions of & + (MgZr)12Nd eutectoid excretions was ~1.5-2.0 times
higher than in the 3-solid solution.

When the content of scandium in the alloy was lower than 0.3%, grain refinement
was observed. A further increase in the filler modifier (up to 1.0% Sc) led to an increase
in the size of the micrograins up to 160 um (in the range of 0.02-0.3% Sc, the size of the
micrograins is ~75 um).

Studies on the heat resistance showed that the samples heated to temperatures of
150-250 °C showed the decomposition of eutectoid. Analysis of the microstructures showed
that in the process of exposure to temperature and prolonged exposure along with the
decomposition of the eutectoid, its dissolution in the matrix with the subsequent release of
intermetallic phases of the (MgZr)12Nd type was the form of finely dispersed particles. At
the same time, the fine intermetallic particles were isolated irregularly, forming areas of a
banded structure characterized by an increase in microhardness values.

It was established that a more complete disintegration of the eutectoid phase was
promoted by the holding time at a given temperature, as well as by the stress value. At
temperature 270 °C, coarsening of the structure was observed due to intensive allocation
of intermetallides, in particular, on borders of grains, which explains the sharp decrease
in the heat resistance of the material. The coarsest boundary separation was detected in
the structure of samples containing more than 0.07% Sc, leading to the rapid destruction of
samples during the long-term strength test.

The 8-solid solution microhardness of the standard alloy (before heat treatment) was
more than three times lower than the microhardness of the isolations in the spherical eutec-
toidal regions. After heat treatment, an increase in matrix microhardness and a decrease
in eutectoid hardness values were observed, indicating an increase in the homogeneity of
the heat-treated alloy. At the same time, an increase in scandium concentration in the alloy
resulted in an increase in microhardness values of structural components both before and
after heat treatment.

When increasing the holding time at temperatures of 150-250 °C, the microhardness
of the alloys under study decreased due to a more complete decomposition of the eutectoid
type & + (MgZr)12Nd.

The addition of scandium to the alloy up to 0.07% contributed to an increase in both
mechanical and heat resistance properties. Further, there was a tendency to decrease the
physical and mechanical properties of the material.

Increasing the long-term strength test temperature to 270 °C reduced the time to failure
by ~6 times. Samples with an additive of 1.0% Sc were destroyed when they were loaded
already at 250 °C because of the formation of microloops and film impurities.

Thus, the scandium content in the metal in the range of 0.05-0.07% contributes to
obtaining a finely dispersed, homogeneous structure and provides the best indices of
mechanical properties and heat resistance of the alloy.

The developed composition of filler material was tested for the welding of magnesium
castings. The structure and properties of the base metal and the weld were studied on the
products welded with the developed scandium-containing filler material.

Some of the aircraft engine casings were welded with the use of the experimental filler
material. After, they were cut for metallographic control and the production of samples
for mechanical tests. Metallographic control of the welded hull elements showed that the
weld metal and the base of the part had a dense homogeneous structure without defects.
The microstructure of the base metal was characteristic of the heat-treated state; the weld
consisted of a §-solid solution and an intermetallic phase. At the same time, the size of the
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structural components in the weld was much smaller than in the base metal. To control the
mechanical properties, samples were cut from the welded body parts. The samples were
taken so that the boundary of the transition zone from the weld to the base metal was in
the middle part of the samples. To determine this limit, samples were etched with a reagent
consisting of 1% nitric acid, 20% acetic acid, 19% distilled water, and 60% ethylene glycol.
X-ray control established good quality of welding. By the level of mechanical properties
(ov = 230-235 MPa, 6 = 3.5-4.0%), the examined metal exceeded the indices of the base
metal, and in that specimen, destruction during tests was not along the weld but along the
base metal.

Thus, the usage of scandium-containing filler material for welding complex hulls of
aircraft engines made of a magnesium alloy of the Mg-Zr-Nd system allows for a high-
quality weld and ensures the reliable operation of critical units. It is worth stressing that
similar research is also being developed for others alloys, such as aluminum [45,46], and
some obtained results could be an inspiration for others materials.

5. Conclusions

The application of scandium-containing filler material for welding products made of
Mg-Zr-Nd alloy system helps improve significant mechanical properties, heat resistance,
and the reliability of aircraft structures in general. Moreover, the developed technology for
welding cast products made of magnesium alloy with scandium-containing filler enhances
their operational characteristics and extends the service life of the aircraft mechanisms
and units and results in a significant economic effect. The provided research allows us to
formulate the following conclusions:

e  The modification of the magnesium alloy with scandium in an amount of scandium
between 0.05 and 0.06 of the mass allows us to obtain a fine-grained structure, an
increase in the level of mechanical properties, and long-term strength at 250 °C due to
the formation of complex intermetallic phases and a microalloying &-solid solution.

o Welding of elements of cast parts from the alloy system, using Mg-Zr-Nd filler material
containing scandium, enabled a dense homogeneous zone of alloying to be obtained
with high mechanical properties.

e  Industrial testing of the technological process of welding casting elements with scan-
dium filler material allowed us to recommend it in the production process to obtain
complex structures that meet operational regulatory requirements.
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Abstract: The effect of the CayMggZn3 phase on the corrosion behavior of biodegradable Mg-4.0Zn-
0.2Mn-xCa (ZM-xCa, x = 0.1, 0.3, 0.5 and 1.0 wt.%) alloys in Hank’s solution was investigated with
respect to phase spacing, morphology, distribution and volume fraction. With the increase in Ca
addition, the volume fraction of the Ca;MggZn3 phase increased from 2.5% to 7.6%, while its spacing
declined monotonically from 43 pum to 30 um. The Volta potentials of secondary phases relative to the
Mg matrix were measured by using scanning kelvin probe force microscopy (SKPEM). The results
show that the Volta potential of the intragranular spherical CayMgsZn3 phase (+109 mV) was higher
than that of the dendritic CapMgeZn3 phase (+80 mV). It is suggested that the CayMggZn3 acted as a
cathode to accelerate the corrosion process due to the micro-galvanic effect. The corrosion preferred to
occur around the spherical CayMgsZn3 phase at the early stage and developed into the intragranular
region. The corrosion rate increased slightly with increasing Ca content from 0.1 wt.% to 0.5 wt.%
because of the enhanced micro-galvanic corrosion effect. The decrease in the phase spacing and sharp
increase in the secondary phase content resulted in a dramatic increase in the corrosion rate of the
ZM-1.0Ca alloy.

Keywords: Mg-Zn-Mn-Ca; CayMgsZn3 phase; corrosion behaviors; SKPFM

1. Introduction

Magnesium (Mg) alloys have attracted great attention as promising biodegradable
materials for orthopedic implants and cardiovascular interventional devices [1-5]. Com-
pared with traditional metallic biomaterials, such as stainless steels and titanium alloys, Mg
alloys reduce the stress-shielding risk [6]. Mg alloys usually degrade within a few weeks,
and the produced Mngr ions can be advantageous for bone healing without toxicity [7].
However, the uncontrolled corrosion of Mg alloys may lead to unexpected mechanical
failure before tissue recovery. This is a major problem for Mg alloys being used as clinical
implants in a physiological environment with a high chloride and/or pH of 7.4-7.6 [7].
Therefore, controlling the corrosion of Mg alloys is becoming an urgent problem.

Alloying is one of the most effective methods to improve corrosion resistance and
sustain the mechanical properties of Mg alloys [8,9]. Aluminum (Al) and rare earth elements
are usually selected to modify the degradation rate of Mg alloys, but their adverse effects on
biocompatibility with the human body have to be fully considered. For example, excessive
Al usually causes nerve toxicity and restrains human body growth [10-14], while rare earth
elements increase the risk of thrombosis [3]. In addition, alloying may result in precipitation
of secondary phases and typically accelerate galvanic corrosion of Mg alloys, leading to the
consequence of local corrosion and collapse of Mg implants. Thus, it is necessary to design
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and control secondary phases by choosing reasonable alloying elements, as well as heat
treatments, to reduce their impacts on the corrosion rate of Mg alloys.

Manganese (Mn) is a beneficial element for improving the corrosion resistance of Mg
alloys [15-18]. Studies have shown that Mn addition resulted in forming a MnO; film on
the surface of Mg alloys, inhibiting the permeation of chloride ions and improving corrosion
resistance [17,18]. Zinc (Zn) is one of the most essential elements for the physiological
functions of the human body [2], but Zn accelerates the corrosion rate because of forming
the MgyxZny phase [19-21]. As reported by Song [22], the MgxZny, phase acted as a micro-
cathode and accelerated corrosion as its volume fraction increased. Calcium (Ca) is an
indispensable element of human bone, which not only accelerates bone healing [23] but
also enhances corrosion resistance and mechanical performance of the implant. When Ca is
added to Mg-Zn alloys, the Mg,Ca and Ca,MgsZnj3 phases are usually formed according
to the atomic ratio of Zn/Ca [24-26]. Although previous studies have indicated that the
CayMgeZn3 phase has dominating effects on the corrosion rate of Mg-Zn-Ca alloys [27-30],
its detailed corrosion behavior has not been entirely understood. In this work, we have
focused on the effects of the CayMggZn3 phase with respect to its morphology, distribution
and volume fractions on the corrosion behavior of Mg-4.0Zn-0.2Mn-xCa alloys in Hank’s
simulate solution, a solution similar to human body fluid, which is generally used for
in vitro corrosion experiments. Its composition is given in Section 2.4. The corrosion
mechanism is discussed.

2. Materials and Methods
2.1. Material Fabrication

The materials used in this work were cast in the laboratory. The as-cast Mg-4.0Zn-
0.2Mn-xCa alloys (denoted as ZM-xCa alloys, x = 0.1, 0.3, 0.5 and 1.0 wt.%) were prepared
using high-purity Mg (99.95 wt.%), high-purity Zn (99.99 wt.%), Mg-Mn and Mg-Ca master
alloys procured from Hunan Research and Institute of Rare Earth and Material. Melting
(Changsha, China) was conducted in an electrical resistance furnace under a mixed gas
of N, and SFg (the ratio of N, and SFg was 100:1). The melt was kept at 750 °C for
20 min, then poured into a steel mold (preheated at 200 °C) at 720 °C and cooled to room
temperature. The actual chemical compositions of the ZM-xCa alloys were examined
by X-ray fluorescence (XRF, Magix-PW2403 with a test resolution of 0.0001), as shown
in Table 1.

Table 1. Actual compositions of the ZM-xCa alloys (wt.%).

Actual Compositions (wt.%)

Alloys -
Zn Mn Ca Si Mg
ZM-0.1Ca 4.13 0.20 0.12 <0.02 Bal.
ZM-0.3Ca 3.81 0.17 0.34 <0.02 Bal.
ZM-0.5Ca 3.78 0.18 0.56 <0.03 Bal.
ZM-1.0Ca 3.76 0.18 0.95 <0.02 Bal.

2.2. Microstructural Characterization

Microstructure observation was conducted using an optical microscope (AXIO IMAGER
A2M) and a scanning electron microscope (SEM, HITACHI S3400N, HITACHI, Tokoy,
Japan) equipped with energy dispersive X-ray spectroscopy (EDS). The nominal distance
between secondary phases (phase spacing) and the volume fraction of precipitates were
determined by Image-Pro Plus 6.0 software (Media Cybernetics, Houston, TX, USA), and
10 images were selected for data statistics at least. The samples for optical microscope
observation were ground up to 5000# SiC grit papers (Federation of European Producers
of Abrasives, FEPA standard) and polished with 0.5 pm diamond paste, etched by 5%
HNO3/CyHgO solution for 10~20 s. X-ray diffraction (XRD, D/MAX-3C, Rigaku, Tokyo,
Japan) with Cu K« radiation was used to analyze phases with a step of 0.02° in the scanning
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range of 10~90° at room temperature. The microstructure features of secondary phases were
characterized by transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan)
equipped with an Oxford energy spectrum system (EDX can give semi-quantitative analysis,
Oxford Instruments, Abingdon, UK) at an accelerating voltage of 200 kV. The dwelling time
was 100 ms, and the anode voltage was 15 mV, with a current of 10 mA. Three-dimensional
(38D) distribution of secondary phases was analyzed by X-ray Microscope (XRM, Xradia
520 Versa, ZEISS, Oberkochen, Baden-Wiirttemberg, Germany) with a high effective pixel
size of 1.5 um at a voltage of 80 kV and a power of 7 W. The specimen (cylindrical shape)
with dimensions of 1.8 mm x 25 mm was prepared for the 3D morphology test. The
Object Research System (ORS) Visual software (Object Research System, Montreal, QC,
Canada) was used to analyze the experimental data obtained by X-ray Microscope to
reconstruct the 3D tomography image of the secondary phase.

2.3. Local Volta Potential Measurement

The potentials (relative nobility potential) of secondary phases were measured by
scanning kelvin probe force microscopy (SKPFM, Bruker Icon, Bruker, Billerica, MA, USA)
in the tapping mode at room temperature (~25 °C) and a relative humidity of ~50%.
A magnetic etched silicon probe was used to measure the relative Volta potential, with a
bias potential of 5 V applied to the sample. The tip height is 100 nm, pixel resolution is
20 nm, and scan rate is 0.5 Hz. Prior to the SKPFM test, the samples were polished with
diamond paste and alcohol. The samples were vacuum packed immediately after drying
with cold air. The Volta potential differences were analyzed using NanoScope Analysis 2.0
software (Bruker, Billerica, MA, USA).

2.4. In Vitro Immersion Test

The immersion test was carried out in Hank’s physiological solution (8.00 g/L NaCl,
0.40 g/LKCl, 0.14 g/L CaCl, 0.35 g/L NaHCO3, 0.1 g/L MgCl,-6H,0, 0.06 g/L MgSO4-7H,0,
0.06 g/L KH,POy4 and 0.06 g/L Na,HPO4-12H,0, pH = 7.4) at 37 + 0.4 °C with differ-
ent periods. The samples (10 x 10 x 10 mm?) used for corrosion studies were cut from
the cast block, and then ground up to 2000# SiC grit papers. Subsequently, the samples
were cleaned ultrasonically with acetone and ethanol solutions, respectively. The ratio of
sample surface area to solution volume was 1 cm?:150 mL and the solution was renewed
every two days. After immersion, the samples for SEM were ultrasonically cleaned with
200 g/L CrO3 + 10 g/L AgNOj3 solution for 10 min to remove the surface corrosion prod-
ucts. The average corrosion rate (estimated by weight loss, Vc) was calculated according to
the following equation [31,32]:

3650 x (W, — W)

Ve DAT

@

where, V¢ is the corrosion rate (mm/y), W, is the sample weight before immersion (g), W
is the sample weight after removing corrosion products (g), D is the density (g/ cm?), A is
the sample surface area exposed to the solution (cm?), and T is the immersion time (d).

2.5. Electrochemical Measurement

The samples were sealed in epoxy resin to expose only one surface (1 cm?) for elec-
trochemical measurement. The measurement was conducted by an electrochemical work-
station (Autolab, Metrohm, Herisau, Appenzell Ausserrhoden, Switzerland) with a three-
electrode system, in which the saturated calomel electrode (SCE), the platinum mesh and
the sample were used as reference electrode, counter electrode and working electrode,
respectively. The potentiodynamic polarization tests were performed in Hank’s solution
(about 200 mL) at a constant scanning rate of 0.5 mv/s, and the voltage range to open
circuit potential (OCP) was +300 mv, and the OCP monitored time was 120 s. The elec-
trochemical parameters, such as corrosion potential (Er) and corrosion current density
(icorr) were obtained by Tafel extrapolation. The electrochemical impedance spectroscopy

109



Materials 2022, 15, 2079

(EIS) measurement was carried out in a frequency range from 100 kHz to 100 mHz with
a perturbation of 10 mV, and the EIS data (Frequency, Z’ and Z”, about 220 data points)
were fitted using ZView3.1 software (Scribner Associates, Southern Pines, NC, USA). All
measurements were repeated at least three times to ensure the reproducibility of the results.

3. Results
3.1. Microstructure of ZM-xCa Alloys

Figure 1 shows the OM (a—-d) and SEM (a;-d;) micrographs of the ZM-xCa alloys. As
shown in Figure 1, the dendritic and spherical phases are mainly distributed along grain
boundaries and within grains, respectively. Although the distribution of the secondary
phases hardly changed, the grain size decreased with an increase in the Ca amount. Table 2
lists the microstructure characteristics of the ZM-xCa alloys.

b <J.

\ 25 pm

Figure 1. OM (a-d) and SEM (a;—d;) micrographs of the as-cast ZM-0.1Ca (a,a1), ZM-0.3Ca (b,by),
ZM-0.5Ca (c,c1) and ZM-1.0Ca (d,dq) alloys.
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Table 2. Microstructure characteristics of the ZM-xCa alloys (wt.%).

Alloys Volume Fraction of Secondary Phase (%) Secondary Phase Spacing (um)
ZM-0.1Ca 25402 434+£20
ZM-0.3Ca 3.0£02 393 +2.1
ZM-0.5Ca 42+03 325+15
ZM-1.0Ca 7.6+04 301 £1.2

This indicates that the total volume fraction of the secondary phases increased from
2.5% to 7.6%, while spacing declined from 43 pum to 30 um when the added Ca amount
increased from 0.1 wt.% to 1.0 wt.%.

Figure 2 shows the XRD patterns of the ZM-xCa alloys. Only x-Mg and Ca,MgsZn3
peaks are present in all ZM-xCa alloys. In addition, the diffraction intensity of the
CayMgeZn3 peak increased with an increase in the Ca amount, indicating that Ca pro-
moted the eutectic precipitation of the CaMggsZn3 phase. Figure 3 shows the TEM images
and EDS results of the ZM-0.3Ca and ZM-0.5Ca alloys. The phases in these two alloys
were located at grain boundaries and had a strip morphology. According to the EDS
results, these secondary phases are inferred to be CapMgsZn3, showing a hexagonal crystal
structure [33-36].
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Figure 2. XRD patterns of ZM-xCa alloys: (a) ZM-0.1Ca, (b) ZM-0.3Ca, (c) ZM-0.5Ca and (d) ZM-1.0Ca.

Wt.% At%

Mg 39 59
Ca 22 19
Zn 39 22

Wt.%  At.%

Mg 34 53
Ca 21 20
Zn 45 27

Figure 3. TEM images and EDS results of the secondary phases: (a,b) ZM-0.3Ca and (c,d) ZM-0.5Ca alloys.
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3.2. Electrochemical Properties of the ZM-xCa Alloys

Two typical CayMggZns phases, namely the spherical (Figure 4a) and dendritic
(Figure 4b) phases in the ZM-0.3Ca alloy, were chosen to conduct SKPFM analysis. The
Volta potential differences between Ca,MgsZn3z phases and Mg matrix are revealed in
Figure 4c—f.
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Figure 4. SEM images and SKPFM analysis of the ZM-0.3Ca alloy: (a) SEM images of the spherical
secondary phase and (b) the dendritic secondary phase; (c) SKPFM maps of the spherical secondary
phase and (d) the dendritic secondary phase; (e) the Volta potential profile of line as indicated in (c);
(f) the Volta potential profile of line as indicated in (d).

From Figure 4c,d, it can be determined whether the spherical or the dendritic phase
is brighter than the Mg matrix. The SKPFM work function mode supports the idea that
the light color demonstrates more positive potential than the dark one, i.e., the light color
represents the cathodic area, whereas the dark one stands for anodic one [37,38]. According
to the line-profile analyses shown in Figure 4e,f, the spherical phase exhibited a relatively
higher Volta potential difference (about +109 mV) than the dendritic phase (about +80 mV).
These results imply that the spherical phase has a stronger acceleration effect than micro-
galvanic corrosion.

The potentiodynamic polarization curves of the ZM-xCa alloys in Hank’s solution are
presented in Figure 5a. The values of electrochemical parameters, i.e., corrosion potential
(Ecorr), corrosion current density (icory) and breakdown potential (Ej) are summarized
in Table 3. It can be found that the E.y, moved in the negative direction, but the ¢y
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consistently increased with an increase in the Ca amount, and the ZM-0.1Ca alloy displayed
the lowest iz value of 5.90 x 10~7A/cm?. In the potentiodynamic polarization test, the
corrosion potential is a thermodynamic parameter that reflects the probability of the
corrosion tendency, while the corrosion current density is a kinetic parameter that signifies
the corrosion rate [39]. The most positive corrosion potential, as well as the lowest corrosion
current density of the ZM-0.1Ca alloy, indicates that it has the best corrosion resistant
property. Moreover, the ZM-0.1Ca alloy has the most positive breakdown potential (Eb) of
—1.450 V, which indicates that the corrosion reaction is more difficult to proceed because of
the formed corrosion film [40].
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Figure 5. Potentiodynamic polarization curves (a) and electrochemical impedance spectra of the ZM-xCa
alloys: (b) Nyquist plots, (¢) Bode impedance and Bode phase angle plots, and (d) Equivalent circuit.

Table 3. Electrochemical parameters of the ZM-xCa alloys.

Alloys Ecorr (V) icorr (Alcm?) E, (V)
ZM-0.1Ca —1.530 5.90 x 1077 —1.450
ZM-0.3Ca —1.575 6.63 x 1077 —1.524
ZM-0.5Ca —1.617 6.77 x 1077 —1.527
ZM-1.0Ca —1.662 1.31 x 1076 —1.542

Figure 5b-d indicates the EIS results of the ZM-xCa alloys. As shown in Figure 5b, the
Nyquist plots of the four alloys are composed of capacitance loops at high frequency and
an inductive loop at low frequency. All of the Nyquist plots are similar in shape except for
the diameter of the loop. This result demonstrates that the corrosion mechanism of the four
alloys is similar, but their corrosion rates are different. According to the Nyquist plots, the
corrosion rate ranks as ZM-0.1Ca < ZM-0.3Ca < ZM-0.5Ca < ZM-1.0Ca. In addition, the
inductive loop at a low frequency implies a breakdown of the protective corrosion-products
film [41]. Figure 5c shows the impedance modulus (1Z 1), as well as the Bode phase angle
plots of the ZM-xCa alloys. The largest impedance modulus (1 Z ) of the ZM-0.1Ca alloy
represents the best corrosion protection resulting from the corrosion-product film. The
maximum crest of the Bode phase angle plot also reflects the difficulty of charge transfer of
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the ZM-0.1Ca alloy. Figure 5d indicates the fitted equivalent circuit using the EIS data. R,
Rf and R are solution resistance, film resistance and charge transfer resistance, respectively.
CPE; represents the constant phase element of corrosion product film, CPE; represents
the double layer capacitance. L and R, are the inductance and inductance resistance. The
detailed fitting results are listed in Table 4.

Table 4. The fitting results of the EIS spectra of ZM-xCa alloys.

Allovs R Ry CPE; N CPE, N Ret Rr L Rp
y (Q cm?) (Qem?) (107 Flem?) 1 (107 F/cm?) 2 kQem?) (kQem?) (Hem?)  (kQcm?)
ZM-0.1Ca 25.48 281.31 7.60 0.73 6.31 0.90 31.29 53.97 2.26 x 10° 20.11
ZM-0.3Ca 2241 278.43 9.13 0.70 6.66 0.89 25.17 70.05 1.61 x 10° 18.80
ZM-0.5Ca 22.40 230.21 11.71 0.69 8.83 0.85 45.69 20.25 1.12 x 106 14.28
ZM-1.0Ca 2157 206.30 19.08 0.66 5.16 0.88 10.80 16.90 2.30 x 106 6.86

The polarization resistance (R,), which is inversely proportional to the corrosion rate,
is an important parameter for evaluating the corrosion performance of an alloy. Its value
was calculated using the following equation:

RctRL

—_— 2
RCH‘RL ( )

Rp= RS +Rf —+

The calculated R, of the ZM-xCa alloys is also listed in Table 4. The largest R, of the
ZM-0.1Ca alloy demonstrated its best corrosion resistance, which is consistent with the
polarization result.

3.3. Corrosion Behaviors of ZM-xCa Alloys

Figure 6 shows the corrosion rates of the ZM-xCa alloys by weight loss after immersion
in Hank’s solution for 7 days and 14 days, respectively.
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Figure 6. Corrosion rates of the ZM-xCa alloys obtained by weight loss after immersion in Hank’s
solution for different times.

The corrosion rate increases with an increase in the added Ca amount for neither 7-day
nor 14-day immersion. The corrosion rate increased slowly when the added Ca amount was
less than 0.5 wt.%; however, it sharply increased for the ZM-1.0Ca alloy. In particular, the
14-day corrosion rate of the ZM-1.0Ca alloy is about three times that of the ZM-0.1Ca alloy.
These results demonstrate that excessive Ca addition destructs the corrosion resistance of
the ZM-xCa alloys.
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The surface morphologies after removal of corrosion products of the ZM-xCa alloys
with various immersion times are displayed in Figure 7. After 7-day immersion, a shallow
corrosion area extended with an increase in the added Ca amount, as shown in Figure 7a—c,e.
On the other hand, corrosion morphology also changes significantly with corrosion time.
In the case of the ZM-1.0Ca alloy, plenty of tiny corrosion pits appeared after 3-day immer-
sion (Figure 7d), and an almost whole corroded morphology was presented after 7-day
immersion (Figure 7e). The corrosion pits became corrosion cavities with an extension
of the corrosion time. The corrosion cavity became deeper and wider and reached about
554 pm after 14-day immersion (Figure 7d;—f;).

Figure 7. Surface morphologies after removal of the corrosion products with various immersion times
in Hank’s solution of the ZM-xCa alloys: (a-c) ZM-0.1Ca, ZM-0.3Ca and ZM-0.5Ca alloys immersed
for 7-day; (d,dy), (e,e1) and (f,f1) ZM-1.0Ca alloy immersed for 3-day, 7-day and 14-day, respectively.

4. Discussion

The CapMgsZn3 phase plays a significant role in the corrosion process of magne-
sium alloys [42,43]. In the present study, the corrosion behavior of the ZM-xCa alloys
is investigated by altering the CayMgsZn3 phase morphology, distribution and volume
fraction. Figure 8 shows the 3D topographical characteristics of the CayMggZn3 phase in the
ZM-0.3Ca alloy, giving an intuitive distribution of the secondary phase. It was found that
there are two kinds of morphologies of the CayMgeZn3 phase, one spherical and the other
dendritic. In addition, the dendritic (marked with red color) Ca;MggZn3 phase precipitated
at grain boundaries and connected with each other, forming a continuous network, while
the spherical (marked with violet color) CayMgeZn3 phase was distributed within grains.
These results are consistent with the optical images shown in Figure 1.

The Volta potential in air is widely used in the corrosion field to assess the corrosion
tendency of Mg alloys [42-44]. According to the SKPFM results shown in Figure 4, the
Volta potential of either the dendritic or the spherical CayMgsZn3 phase is higher than that
of the Mg matrix; hence, not only the dendritic but also the spherical Ca;MggZnj3 phase
acts as a cathode, while the Mg matrix acts as an anode in micro-galvanic corrosion. As
a result, the Mg matrix dissolves preferentially during the immersion period. Therefore,
the total amount of the CapMgeZn3 phase, as well as its phase spacing, plays a controlling
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role in the corrosion process; that is, the higher the volume fraction and/or the smaller
the phase spacing, the higher the corrosion rate. Figure 9 shows the relationship between
the corrosion rate, the volume fraction and the spacing of the secondary phase in the
ZM-xCa alloys. With the increase in the volume fraction and decrease in the spacing of the
secondary phase, the corrosion rate of the ZM-xCa alloys after 14-day immersion increases.
The increase in the total secondary phase creates more micro-galvanic positions, and the
shortening phase spacing decreases the distance between the corrosion pits. These two
aspects simultaneously promoted the corrosion rate of the ZM-xCa alloys.

Figure 8. Three-dimensional topographical characteristics of the CayMgsZn3 secondary phase in the
ZM-0.3Ca alloy: (a) perspective view, (b) sectional view of the perpendicular Y axle.
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Figure 9. Relationship between corrosion rate, secondary phase spacing and volume fraction of the
ZM-xCa alloys.

Because the SKPFM results show that the Volta potential of the spherical Ca,MgeZn;3
phase is higher than that of the dendritic one, the spherical phase is electrochemically pre-
ferred as a cathode to accelerate Mg matrix (anode) dissolution in the micro-galvanic couple.

We discussed the ion exchange process and formation of the corrosion products during
the corrosion process of Mg alloy in our previous studies [3,31]. We do not discuss this in
the present investigation. The present research focuses on the effect of secondary phase
characteristics on the corrosion behavior of Mg alloys. Figure 10 intuitively illustrates a
schematic view of the corrosion behavior of the ZM-0.1Ca and ZM-1.0 alloys. The corrosion
process occurs preferentially around spherical phases in stage I (as shown in Figure 10a,d).
Because of the dissolution of the Mg matrix around the spherical phase, it falls off and forms
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corrosion pits in stage II. If the phase spacing is large, for example, in the ZM-0.1Ca alloy,
the corrosion process is difficult to proceed to another phase; hence, small corrosion pits are
formed (as shown in Figure 10b). As immersion continues, the corrosion process proceeds
into grains, and the corrosion process occurs around the dendritic phase distributing
at grain boundaries. This corrosion is different from that in grains. Instead of forming
corrosion pits, a corrosion “channel” along the dendritic phase is formed, which induces
the corrosion process to proceed into the interior grains, as shown in Figure 10b,d. For the
alloy with a high Ca content, corrosion penetrates speedily and continuously along grain
boundaries. Because of falling off these dendritic phases and dissolution of grains, large
corrosion cavities are formed in stage III (see Figure 10f), resulting in a rapid corrosion
rate. However, in the case of Zn-0.1Ca alloy, the corrosion pits caused by pitting corrosion
are difficult to connect; hence, independent small-scale corrosion pits are generated in the
Zn-0.1Ca alloy (as shown in Figure 10c), resulting in slow mass loss.
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Figure 10. Schematic illustration of corrosion process of the investigated alloys in Hank’s solution:
(a—c) ZM-0.1Ca alloy and (d-f) ZM-1.0Ca alloy.

5. Conclusions

1. The cast ZM-xCa (0.1, 0.3, 0.5 and 1.0 wt.%) alloys contain the intragranular spherical
CapMggZn3 phase and the dendritic one at grain boundaries. The volume fraction
of the CapMgZn3 phase gradually increased from 2.5% to 7.6%, while its spacing
declined monotonically from 43.0 pm to 30.0 um with an increase in the added Ca
amount from 0.1 wt.% to 1.0 wt.%.

2. The Volta potential of the spherical CaMggZn3 phase (+109 mV) was higher than
that of the dendritic phase (+80 mV); hence, the spherical phase was electrochemically
preferred as a cathode to accelerate Mg matrix (anode) dissolution in the micro-
galvanic couple.

3. The corrosion rate obtained by weight loss increased slightly with increasing Ca
content from 0.1 wt.% to 0.5 wt.% because of the enhanced micro-galvanic corrosion
effect. The decrease in the phase spacing and sharp increase in the secondary phase
content resulted in a dramatic increase in the corrosion rate of the ZM-1.0Ca alloy.
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Abstract: Boron and its alloys have been explored a lot and it is expected that they can replace pure
aluminum powder in the energetic formulation of active materials. MgB, compounds were prepared
and characterized by a combination of mechanical alloying and heat treatment. The ignition and
combustion of boron-magnesium alloys were studied with the ignition wire method and laser ignition
infrared temperature measurement. The results show that MgB, has good ignition characteristics
with maximum ignition temperatures obtained by the two various methods of 1292 K and 1293 K,
respectively. Compared with boron, the ignition temperature of MgB5 is greatly reduced after alloying.
The ignition reaction of MgB, mainly occurs on the surface and the ignition process has two stages.
In the initial stage of ignition, the large flame morphology and combustion state are close to the
combustion with gaseous Mg, whereas the subsequent combustion process is close to the combustion
process of B. Compared with boron, the ignition temperature of MgB, is greatly reduced which
suggests that MgB, may be used in gunpowder, propellant, explosives, and pyrotechnics due to its
improved ignition performance.

Keywords: boride; MgB,; mechanical alloying; ignition; combustion; flame temperature

1. Introduction

As an energetic material, combustible metal powder is widely used in gunpowder,
propellant, explosives, and pyrotechnics [1-6]. The reaction of metal powder and oxidant
can provide the power for gun projectile launching and rocket missile propulsion. It is
the power energy of the warhead explosion and the energy source that realizes smoke
interference and combustion damage. The performance of metal powder to a large extent
determines the level of combat technology of weapons and equipment, and is the core
technology to achieve long-range strike and high-efficiency damage, and is the key material
basis for the development of advanced weapons and equipment.

Among the combustible metal powders, magnesium is easy to ignite and burn but has
a low calorific value. Compared with magnesium, boron has a very high calorific value.
Its mass calorific value is 2.3 times that of magnesium and 1.9 times that of aluminum,
and its volume calorific value is 3.09 times that of magnesium and 1.66 times that of
aluminum. However, the ignition temperature of boron is high. In the combustion process,
the liquid boron oxide that is generated hinders the reaction between boron and the oxidizer;
moreover, the boron particles are easy to agglomerate, which makes the combustion
difficult to continue. These factors lead to the low combustion efficiency of boron and
underutilization of boron’s high energy [3,7,8]. To solve the above problems, we prepared
a new alloy material based on the synergistic effect with lower ignition temperature, faster
combustion speed, weaker combustion agglomeration, and more complete combustion
than a single metal powder material [9-12], important for improving the performance of
propellants, explosives, and pyrotechnics.

The preparation of boron-containing alloys, such as Al-Ti-B and Ti-B alloys, has
been reported by previous studies [13-17]. Shtessel et al. [10] prepared a series of Al-Mg,
Al-Mg-H, and Al-B alloys by high-energy ball milling. Birol et al. [18] also prepared Al-B
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alloys from Al and B,O3 by ball milling, whereas Korchagin et al. [19] synthesized NizB
using high-energy ball milling of a mixture of Ni and B powders. Guo et al. prepared MgB,
by a high-temperature sintering method at 1173 K [16,17].

Many methods based on differential thermal analysis (DTA) have been reported for
estimating the ignition temperature of materials. In the mature and stable method, the
ignition temperature is obtained by extrapolating the reaction temperature. However,
this approach is subject to atmospheric factors, heating rate, and other parameters dur-
ing testing. Shoshin et al. [20] studied the ignition of Al-Ti alloy in the air by coating
a wire with the powder and measuring its temperature during electrical heating. Other
researchers used lasers of different powers to measure the ignition and combustion charac-
teristics [21-23]. Zhao [24] used a contact thermocouple to assess the ignition temperature
of metal fuel in different atmospheres. Yang and co-workers [25] used planar flame burners
to ignite modified boron and examine its combustion characteristics. Whittaker et al. [13]
found that AlB; is an energetic fuel with a high heat of combustion. Arkhipov et al. [26]
studied the ignition and combustion of propellants of Al, B, and Al-B powders with binders
with oxidizing agents (ammonium perchlorate or ammonium nitrate).

In this study, MgB, was prepared by a combination of mechanical alloying and heat
treatment, and the ignition and combustion of boron-magnesium alloys were studied with
the ignition wire method and laser ignition infrared temperature measurement.

2. Materials and Methods
2.1. Materials and Instruments

Atomized spherical magnesium powder (Mg) has a particle size <45 um and purity of
99.9%, Shanghai Shuitian Material Technology Co., Ltd., Shanghai, China. The amorphous
boron powder (B) had a particle size of 1~3 um and purity of 99.7%, Liaoning Yingkou Fine
Chemical Company. MgB, was prepared by a combination of mechanical alloying and heat
treatment.

The following instruments were used: a vibrating high-energy ball mill (Beijing Non-
ferrous Metals Research Institute, Beijing, China), a vacuum operation box (ZKX-2, Nanjing
Nanda Instrument Factory, Nanjing, China), a tube furnace (SGL-1700-II, Shanghai Jujing
Precision Instrument Manufacturing Co., Ltd., Shanghai, China), an X-ray diffractometer
(D8 ADVANCE, Bruker, Karlsruhe, Germany), an S-4800 cold field emission scanning
electron microscope (Hitachi, Tokyo, Japan), and a microcomputer automatic calorimeter
(TRHW-7000E, Hebi City Tianrun Electronic Technology Co., Ltd., Hebi, China).

2.2. Preparation of MgB,

The Mg and B powders in a mole ratio of 1:2 were placed in a stainless steel ball mill
jar. The ball mill tank was sealed with an O-ring and passed through a flow of 0.1 MPa
argon three times for three minutes. The vibrating high-energy ball mill used stainless steel
balls of either ¢10 mm or mixed sizes (92 mm, @5 mm, and @10 mm in a mass ratio of
1:1:3) at 20:1 mass to the powder materials. Powder loading and sampling operation were
both carried out in a vacuum operation box filled with argon gas. During milling, the ball
mill had a three-dimensional motion of rotational oscillation and vibration. The ball milling
time was 12 min, and after milling, the powder was sealed in a vacuumed quartz glass tube
and placed in a tube furnace with a flowing Ar atmosphere at 20 mL/min. The furnace
was heated from room temperature (298 K) to 853 K at a rate of 5 K/min and held for 10 h.

2.3. Performance Test

The structure of the product was analyzed by X-ray diffraction (XRD) using Cu target
Ko radiation (0.15406 nm), a working voltage of 40 kV, a working current of 20 mA, and 20
angle scan range of 10-90° in steps of 0.02° at a scanning speed of 0.5° /min.

The setup for measuring the ignition temperature is shown in Figure 1. The sample
powder was placed on the wound ignition wire. After the power was turned on, the
ignition wire was gradually heated, and we assume that at the point of powder ignition the
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powder and the wire had the same temperature. The timing of the ignition was monitored
by a photodetector, and the temperature change in the ignition wire was measured by an
infrared thermocouple. To avoid the heat released by sample combustion interfering with
the temperature measurement, the infrared thermocouple monitored other parts of the
ignition wire not covered with the sample powder. The light intensity and temperature
data during the experiments were recorded by the data acquisition instrument.

[ A W
Data Infrared
thermocoup|
|| ™ Ignition
PhotodetectoV'\ Sample powder wire

A 4
Ji ]
Power Rheostat
Figure 1. The sketch of the ignition temperature tester.

The ignition wire was a 0Cr27A17Mo2 iron chrome aluminum alloy wire 0.5 mm in
diameter. An SY5480S36 DC switching power supply with a maximum output of 480 W di-
rectly heated the ignition wire. The supply had overcurrent protection, and its current was
not less than 10 A to provide instantaneous large current through the ignition wire. To facil-
itate the determination of the ignition starting time, the DC power supply was controlled
by a solid-state relay (SSR200D40, Hangzhou Guojing Technology, Hangzhou, China). The
temperature was measured using an infrared thermocouple (OS37-20-K, OMEGA Com-
pany, Austin, TX, USA) supplemented by a temperature transmitter (TXDIN1620, OMEGA
Company, Austin, TX, USA), control line, and switching power supply (YMGUD-2030LIXA,
Yongming Power Company, Taiyuan, China). The infrared thermocouple output was the
K-type, the temperature range was 533-1923 K, and the temperature accuracy was £2%
in the linear zone and 5% in the other ranges. The spectra of combustion for Mg, B, and
MgB, powders had a wavelength range of 300-900, 450-650, and 300-800, respectively,
with peak wavelengths of 497.7, 546, and 546.8/579 nm. The test equipment used Thorlabs’
DET10A photodiode, which is a silicon-based photodetector with a detection wavelength
covering the visible range and a peak response at 730 nm in the near-infrared region. The
data acquisition was carried out with a N19222 card (National Instruments, Austin, TX,
USA) with a maximum sampling rate of 500 K, and LABVIEW software.

The laser ignition system consisted of three parts: laser igniter, combustion chamber,
and data acquisition device, as shown in Figure 2. The laser igniter included three main
parts: fiber-coupled semiconductor laser, laser power supply, and an optical coupler.
The microscopic high-speed photography-infrared thermography synchronization device
recorded the flame, the sample morphology, and the temperature field during the MgB,
ignition and combustion processes. The thermal imaging camera (SC325, FLIR Systems,
Inc., Tigard, OR, USA) could record in a temperature range up to 2273 K. The high-speed
camera (FASTCAM-APX-RS, Photron, Arizona, CA, USA) had an AF Micro-Nikkor 60 mm
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/2.8 D macro lens. To facilitate the observation of the ignition and combustion process
of small particles, an AF Micro-Nikkor 60 mm f/2.8 D lens with macro function (Nikon
Corporation, Tokyo, Japan) was used. In the experiment, a continuous laser with a power
of 4 W was used to ignite and burn 50 mg of micro-clustered sample in an air atmosphere
of 0.1 MPa. Infrared thermal imagers and high-speed cameras simultaneously detected
changes in the flame topography and temperature field. The surface morphology of the
particles was directly observed by high-speed photography plus the macro lens, and the
shooting speed was 2000 frames per second.

End cap
High spee
camera !nfrared thermal
imager
Observation
window
//Combustion
Sample powder chamber
[] [
Combustion table I |
g ——o)
Optical fiber

Laser igniter

Figure 2. Schematic diagram of laser ignition experimental system.

The micro-machine automatic calorimeter was used in an oxygen atmosphere of 3 MPa.
The volume of the oxygen bomb was 300 mL, and the sample amount of the single test was
0.5 g. The combustion heat tests were performed on the samples of Mg, B, and MgB,.

3. Results
3.1. Preparation and Characterization of MgB,

The XRD spectrum of the prepared MgB, was compared with the PDF card standard
spectrum by XRD spectrum software Jade, as shown in Figure 3.

* * MgB,
15,000
@
=
=
(=]
\; 10,000}
=
=}
2
=
5000} -
*
*
* *  x
* * *
100 500 300 a6 000 60 00 %0 90
20/°

Figure 3. Comparison of the XRD patterns of prepared MgB, and PDF Card.
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The position of the spectrum peak and the corresponding intensity are consistent
with the standard spectrum peak in the PDF card, and there is basically no spurious peak,
indicating that the product is MgB, with high purity.

3.2. Experimental Study of MigB, Ignition Performance

In this paper, the test device was designed to completely close the switch, and the
resistance wire started to heat up as the starting moment; that is, the solid-state relay
was fully turned on, and the control voltage continued to be higher than 3.5 V as the
heating start time. Theoretically, the temperature and intensity of the powder change
during the powder ignition process, and the temperature at the moment of the mutation
is the ignition temperature. Since the temperature of the heating wire is increased after
the electric wire is energized, it gradually becomes brighter. It is known that the output
voltage of the photodiode is not more than 0.3 V during the heating process of the ignition
wire. Therefore, the design of the test device is such that the light intensity continuously
exceeds 0.3 V as the ignition starting time. The first peak of the light intensity is the moment
when the powder is completely ignited, and the average temperature of the corresponding
ignition wire is the powder ignition temperature. Since the infrared thermocouple test
delay is 80 ms, the temperature curve is shifted back from the start time by 80 ms during
data processing. The period of temperature change of the ignition wire is about 20 ms;
that is, the infrared thermocouple outputs effective temperature measurement data after
continuous testing for 20 ms. If the powder ignition time is less than 20 ms after ignition,
start time is taken as the ignition duration, and the corresponding ignition wire temperature
is the ignition temperature. The obtained magnesium powder ignition temperature curve
is shown in Figure 4.
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Figure 4. The ignition temperature curves of Mg powder.

The blue curve is the temperature, and the red curve is the voltage value of the pho-
todiode. It can be seen from the test that the average ignition temperature of magnesium
powder is 719 K, which is the same value reported in the literature [25]. Therefore, the fea-
sibility of the test device is verified by the ignition temperature test of magnesium powder.

The procedure of the MgB, ignition temperature test included adjusting the varistor
shown in Figure 1 and reducing the loop load resistance by 1 Q). The obtained curve shows
that the ignition temperature of the boron-magnesium alloy is 1292 K, as shown in Figure 5.
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Figure 5. Curves of MgB, ignition temperature test.

In the laser ignition experimental system shown in Figure 2, the micro-cluster of the
MgB, sample was placed on the combustion table. The laser fiber was adjusted to face
the center of the micro-cluster, and then the focal length of the macro lens was adjusted to
ensure that the micro-cluster was in the focus position, while simultaneously turning on
the infrared thermal imager. The ignition experiment started by triggering the high-speed
camera and turning on the laser power. The temperature during ignition and combustion of
the MgB, sample in the infrared thermal imaging test is shown in Figure 6 and the infrared
temperature measurements at different time points are shown in Table 1 and Figure 7.

Figure 6. Infrared temperature measurements during ignition and combustion of the of the MgB, sample.
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Table 1. Infrared temperature of the MgB, sample at different time points.

t(s)

0

0.034 0.068 0.135 0.174 0.209 0.300 0.333 0.527

T(K)

290

381 445 617 705 730 969 1293 1163
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Figure 7. The curve of MgB, sample ignition temperature.

The MgB, sample reached the highest ignition temperature of 1293 K at 0.333 s, and
a flame appeared on the surface of the sample. Macek et al. studied the ignition and
combustion of boron particles which showed that the ignition temperature of boron is
about 2000 K under the air atmosphere [27]. The boron powder is surrounded by the highly
viscous boron oxide B,O3 produced during the ignition and combustion process, so that the
ignition and combustion of boron powders are difficult to carry out. Compared with boron,
the MgB, sample ignition temperature was lower by 700 K, indicating that the ignition
performance is significantly improved after boron alloying.

3.3. Study of the Combustion Properties of MgB,

Infrared thermal imagers and high-speed cameras were used to simultaneously detect
changes in flame topography and temperature field distribution. Among them, the initial
ignition timing of the sample is ty, and the continuous burning time of the sample is t. A
comparison of the high-speed photographic test results of the ignition reactions of Mg, B,
and MgB, samples is shown in Figure 8.

It can be seen from Figure 8 that the flame size of Mg is large, and the flame size of
B is small during the combustion process, and the flame morphology does not change
much during the combustion process, whereas the flame of the MgB, sample is large at the
initial stage. The flame of the MgB, sample becomes smaller after 2/3 t, but the duration
is still longer. This is because Mg has a low melting point and a low boiling point, and is
easily melted and vaporized during ignition and combustion, so that gaseous Mg is easily
formed during combustion. Boron has a relatively high melting point and boiling point,
and is not easily vaporized during ignition and combustion, and its combustion process
is close to solid phase combustion. The combustion of the MgB, sample can be seen as a
two-stage process. During the ignition and initial combustion stages, the MgB, sample can
form part of the gaseous Mg, thus forming a larger flame, and then approaching the solid
phase combustion with B.
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Figure 8. Burning flame morphology of Mg (a), B (b), and MgB, (c) samples.

The ignition experiments of the Mg, B, and MgB, samples were repeated five times,
combined with the infrared test data, and the characteristic parameters thereof are shown
in Table 2. Mg burns fastest whereas B burns the slowest. MgB, sample burns at a medium
speed, but its maximum combustion temperature is close to Mg.

Table 2. Characteristic ignition parameters of Mg, B, and MgB, samples.

Parameter Sample Mg B MgB,
Burning time(s) 0.41 0.86 0.53
Ignition temperature(K) 719 2000 1293

4. Conclusions

An ignition study of the boron-magnesium alloy was carried out by using the ignition
wire method and the laser ignition infrared temperature measurement method. Compared
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with boron, the ignition temperature of MgB; is greatly reduced, suggesting improved
ignition performance. The main conclusions obtained can be summarized as:

1.  The results show the maximum ignition temperatures of MgB, obtained by the
two methods are 1292 K and 1293 K, respectively.

2. The calculation results of temperature change during MgB, laser ignition were in
good agreement with the experimental results, indicating that the calculation model
is capable of describing the temperature change of the particle ignition process.

3. The flame morphology and combustion state are close to the combustion with gaseous
Mg in the initial stage. However, the subsequent combustion process is close to the
combustion process of B. Compared with Mg and B, the MgB, sample burns at a
medium speed.
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Abstract: Magnesium alloy, as an absorbable and implantable biomaterial, has been greatly developed
in the application field of biomaterials in recent years due to its excellent biocompatibility and
biomechanics. However, due to the poor corrosion resistance of magnesium alloy in the physiological
environment, the degradation rate will be unbalanced, which seriously affects the clinical use. There
are two main ways to improve the corrosion resistance of magnesium alloy: one is by adding alloying
elements, the other is by surface modification technology. Compared with adding alloy elements, the
surface coating modification has the following advantages: (1) The surface coating modification is
carried out without changing the matrix elements of magnesium alloy, avoiding the introduction of
other elements; (2) The corrosion resistance of magnesium alloy can be improved by relatively simple
physical, chemical, or electrochemical improvement. From the perspective of corrosion resistance and
biocompatibility of biomedical magnesium alloy materials, this paper summarizes the application and
characteristics of six different surface coating modifications in the biomedical magnesium alloy field,
including chemical conversion method, micro-arc oxidation method, sol-gel method, electrophoretic
deposition, hydrothermal method, and thermal spraying method. In the last section, it looks forward
to the development prospect of surface coating modification and points out that preparing modified
coatings on the implant surface combined with various modification post-treatment technologies is
the main direction to improve biocompatibility and realize clinical functionalization.

Keywords: magnesium alloy; biocompatibility; surface coating modification; corrosion resistance;
implantable bio-metal materials

1. Introduction

Medical metal materials play an important role in the repair and replacement of bone
defects caused by bone joint diseases and trauma [1]. Magnesium is a macroelement needed
in the human body, so the degradation of magnesium in the human body is generally con-
sidered as non-toxic [2]. At the same time, magnesium alloy can be dynamically degraded
after being implanted into the human body, so excessive Mg?* will be discharged out of
the human body through the circulation system [3]. In addition, the elastic modulus of
magnesium alloy implanted in the human body is similar to that of bone, so the stress
shielding effect can be improved to a certain extent [4,5]. Compared with polymers, ceram-
ics, and other medical implantable metals, magnesium alloy materials have good human
biochemical compatibility, unique degradability, and reliable mechanical properties [6,7].
However, because the chemical properties of medical magnesium alloy are too active and
the corrosion rate in the human body is too fast, the supporting strength of the material
decreases sharply in a short time, and the biocompatibility is very poor, which affects its
application effect [8]. Moreover, as a heterogeneous material, its safety needs to be further
improved before it can be widely used in clinical orthopedics [9]. At present, research
shows that the surface coating modification of magnesium alloy can not only improve the
corrosion resistance of magnesium alloy but also improve its mechanical properties and
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biocompatibility, so it is of great significance to master the surface coating modification of
different magnesium alloys [10-12]. In recent years, with the progress of research, the sur-
face structure has been considered as one of the important factors affecting the combination
of implants and bones [13,14], and its morphology can regulate the growth orientation of
cells [15], and processing controllable surface structure is of great significance to improving
the biocompatibility of materials [16]. Based on previous studies, this paper discusses
the characteristics of different surface coating modification technologies of magnesium
alloys and their effects on corrosion resistance and biocompatibility of magnesium alloys
and discusses the future development trend of surface coating modification of biomedical
magnesium alloys in the future.

2. Effect of Surface Coating Modification on Biocompatibility of Magnesium Alloy

Surface modification technology refers to the formation of protective coatings with
different functions on the surface of substrate materials by various technological methods
to achieve the desired purpose, which is a very important surface modification method in
surface engineering technology [17]. A barrier can be formed by adding coating treatment
on the metal surface to control the degradation rate of magnesium alloy [18]. The bio-
compatibility of magnesium alloy mainly means that magnesium alloy, as a bone implant,
will not bring adverse reactions to the body on the basis of realizing connection, fixation,
and maintaining normal healing of the body. In the whole healing process, magnesium
alloy must first ensure that it can support the fracture site and ensure the normal healing
of bones [19]. Second, the process of gradual corrosion and degradation of magnesium
alloy in the human body should be at a moderate speed. Too fast will cause the bone
not to heal in a short time, which will lead to treatment failure. Too slow will cause the
patient’s treatment time to be too long [20], and the substances produced by corrosion and
degradation should not be harmful to the human body. For example, hydrogen generated
by the chemical reaction between magnesium electrochemical potential and electrolytes in
an aqueous environment will lead to inflammation [21]. Finally, on the premise of ensur-
ing basic function, magnesium alloy is treated on its surface to make it beneficial to cell
growth, thus further improving biocompatibility. Common metal surface coating treatment
methods include chemical conversion method, sol-gel method, micro-arc oxidation method,
electrodeposition method, and hydrothermal treatment.

3. Effect of Chemical Transformation on Biocompatibility

Chemical conversion method is a method of converting the surface of the material
itself into a coating, which belongs to the in-situ growth of the material and has good
coating adhesion [22]. In the process of conversion coating, the substrate to be protected
is immersed in the solution that reacts with the surface, changing the concentration of
metal ions and the pH value of the interface of the metal solution so that the substrate
material itself is converted into another material, forming a coating with good adhesion [23].
Chemical conversion method is a method with convenient production, small upfront
investment, quick response, and controllable production conditions. Because the surface of
the material itself is converted into a coating, the ceramic film has a strong bonding force,
and it can transform one nano-material into another new nano-structure that is difficult
to prepare directly, complex, and has unique properties. Therefore, this technology has a
broad application prospect. Chemical conversion coating usually includes chromate coating,
phosphate coating, fluorine-containing coating, etc. However, considering that chromate
will leach out of the coating and lead to cancer, the coatings of chemical conversion method
mainly focus on phosphate coating and fluorine-containing coating.

3.1. Study on Phosphate Coating

In the study of biocompatibility of phosphate coating, the first thing to study is cell
culture in vitro. Xu et al. [24] coated calcium phosphate coating on magnesium alloy
surfaces by the chemical transformation method, and cell line L929 showed good growth

132



Materials 2022, 15, 3291

rate and proliferation characteristics in in vitro cell experiments. Figure 1 shows the
contrast diagram of new bone cells that were not coated with calcium phosphate coating
after 4 weeks of culture. Calcium phosphate coated magnesium alloy was implanted
in vivo to study the early bone reaction. The results showed that calcium phosphate
coated magnesium alloy showed significantly improved bone conduction and osteogenesis
ability in the first four weeks after operation. Calcium phosphate coated magnesium alloy
provided significantly good surface bioactivity for magnesium alloy and promoted the
early bone growth at the implant/bone interface. Lorenz et al. [25] studied the effect of
calcium/magnesium phosphate coating on the surface of magnesium on the survival rate
of mouse fibroblasts in cell culture experiments. After soaking in NaOH-SBF, a mixed
calcium/magnesium phosphate coating was formed on pure magnesium. Compared
with the magnesium surface simply soaked in NaOH solution, the cell survival rate was
improved. Figure 2 shows the change of cell fluorescence imaging and cell diffusion area
with culture time. The results show that chemical transformation with NaOH-SBF solution
can improve the reactivity, chemical properties, and roughness of the material surface and
provide a feasible strategy for cell survival on the magnesium surface. With the in-depth
study of biocompatibility of magnesium alloy, people began to introduce implants into
animals for research. Yang et al. [26] coated calcium phosphate coating on magnesium alloy
(AZ31). The samples were implanted into rabbits to study the early bone reaction. This is
because the slow biodegradation rate confirms the positive effect of phosphate coating.

Figure 1. Comparison diagram of newly-born bone cells coated with (a,b) calcium phosphate around
the culture. Reprinted with permission from Ref. [24]. Copyright 2019 Copyright Elsevier.
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Figure 2. Mouse fibroblasts on Mg surface that had been pre-treated by soaking in M-SBF at 37 °C for
5 days. Fluorescence imaging of cells and cell spreading area as a function of culture time. Reprinted
with permission from Ref. [25]. Copyright 2009 Copyright Elsevier.

To sum up, the reason why phosphate coating has good biocompatibility is that after
the implant is implanted into the animal body, the surface begins to dissolve in body fluid
and releases a large amount of calcium and phosphorus ions, which partially supersaturates
the body fluid ions near the bone, which is beneficial to the formation and growth of bone
cells. Furthermore, with the increase in time, the concentration of Mg2+ in body fluid
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increases, and it combines with calcium ions to form the nucleation of Ca-P compounds,
which leads to the growth of Ca-P on magnesium alloy, which is beneficial for osteoblasts
to adhere to the phosphate surface. Obviously, phosphate conversion coating has high
temperature resistance, chemical stability, and excellent biocompatibility and is a good
substitute for chromate as a biological coating. However, the phosphate conversion coating
prepared on the surface of magnesium alloy by chemical conversion method generally has
defects such as porosity and cracks, and the solution pollutes the environment, resulting
in a high cost of treating the three wastes, which does not meet the needs of high-quality
clean production and sustainable development strategy in China.

3.2. Study on Fluorine-Containing Coating

In the research on fluorine-containing coating, the mechanism that magnesium fluoride
coating can delay corrosion is mainly used. In the research on cell culture of magnesium
alloy in vitro, Carboneras et al. [27] studied the biodegradation kinetics of powder metal-
lurgy magnesium, cast magnesium, and magnesium alloy AZ31, which was evaluated by
electrochemical impedance spectroscopy measurement in cell culture medium (DMEM). In
order to reduce their degradation rate, chemical conversion treatment was carried out in
hydrogen fluoride during the experiment to form magnesium fluoride coating. Figure 3
shows the SEM surface morphology of magnesium fluoride coating material after immer-
sion in DMEM for 11 days. The results showed that magnesium fluoride coating slowed
down the biodegradation rate, especially on cast magnesium and magnesium alloy AZ31,
and delayed the corrosion time for at least one week. This is because the formed coating
has inherent protective properties, such as high density, low water solubility, and high
insulation caused by high impedance. Chiu et al. [28] used pure magnesium as the substrate
and soaked it in hydrofluoric acid at room temperature to obtain a dense and crack-free
magnesium fluoride coating with a thickness of 1.5pum on the surface. Magnesium fluoride
coating is mainly composed of tetragonal magnesium difluoride, and the crystallite size is
estimated to be several nanometers. The results show that with a good electrode impedance
of 0.18 kQcm?, the corrosion current density is reduced by 40 times. This is because the
magnesium fluoride coating is chemically inert and can be used as an anticorrosive barrier
coating. In a word, chemical conversion treatment of fluorinated coating is a simple and
promising method to improve the corrosion resistance of magnesium in Hank’s solution,
and it can also be used as the pretreatment step of subsequent coating. In the exploration of
magnesium alloy as an implant in animals, Witte et al. [29] studied whether the extruded
magnesium alloy LAE442 coated with magnesium fluoride was corroded and degraded by
appropriate host reaction in rabbits. The results show that the fluorine-coated implant can
effectively delay the corrosion of magnesium alloy and has an acceptable host reaction in
rabbits. This is because the dense magnesium fluoride coating plays an isolation role, effec-
tively reducing the hydrogen generated by the reaction between body fluid and magnesium
alloy and reducing the toxic effect caused by hydrogen evolution. Moreover, the corrosion
products formed in the coating materials are compounds rich in calcium and phosphorus,
which are necessary for bone health, which also confirms the clinical application of mag-
nesium fluoride coating as biodegradable implant. However, magnesium fluoride (MgF,)
coating seems to stimulate local synovial tissue during the dissolution process, and pitting
corrosion is larger than that of uncoated alloy after the coating is broken.

Fluoride conversion coating has good corrosion resistance, improves cell response and
biocompatibility, and is an effective coating widely used in the biomedical field. However,
although fluoride conversion coating can provide protection for magnesium alloy at the
initial stage of implantation, it is difficult to provide long-term effective corrosion protection
for magnesium alloy because the coating is very thin. At the same time, because excessive
fluoride will have a negative impact on human bones, and the release process of fluoride
ions during the degradation of magnesium implants and its toxicity to surrounding tissues
are still unclear, the safety of fluoride coating still needs many clinical experiments to study.

134



Materials 2022, 15, 3291

Figure 3. SEM surface morphology of the magnesium fluoride-coated materials after 11 days of
immersion in DMEM: (a) PM Mg, (b) cast Mg, and (c) AZ31 alloy. Reprinted with permission from
Ref. [27]. Copyright 2011 Copyright Elsevier.

4. Effect of Micro-Arc Oxidation on Biocompatibility

Micro-arc oxidation (MAO), also known as plasma electrolytic oxidation (PEO) or
micro-plasma oxidation (MPO), is a high-pressure plasma-assisted anodizing process [30].
Micro-arc oxidation has the following advantages: (1) Improved surface hardness, with
microhardness of 1000 to 2000 HV, up to 3000 HV, which is comparable to that of cemented
carbide; (2) good wear resistance, which fundamentally overcomes the shortcomings of soft
metal materials such as aluminum and magnesium alloy in application; (3) good insulation
performance, with insulation resistance up to 100 m(); (4) the solution is environmentally
friendly and meets the requirements of environmental protection discharge. Micro-arc
oxidation electrolyte does not contain toxic substances and heavy metal elements, and it
has strong anti-pollution ability and a high recycling rate, thus causing little environmental
pollution; (5) the reaction is carried out at room temperature, which is convenient to operate
and easy to master. In the coating surface modification process, the micro-arc oxidation
process is often used for titanium alloy, and it plays an important role. In recent years, both
of them have developed rapidly. The similarities are an alkaline oxidation environment, the
conventional oxidation system includes phosphate electrolyte, and there is little difference
in arc voltage and oxidation speed [31,32]. Moreover, after oxidation at 350-360 V for
15-20 min, the corrosion current of MAO coating on titanium alloy surface is lower than
that of magnesium alloy, and the corrosion voltage is higher than that of magnesium
alloy, so titanium alloy coating is more corrosion resistant [33,34], which also includes
the application of titanium alloy. However, magnesium alloy is more suitable for bone
plate because of its unique degradability, which can degrade in vivo to avoid the pain of
secondary removal.

The morphology and chemical properties of MAO coating depend not only on the
composition of electrolyte and properties of alloy, but also on processing parameters such
as current density [35], voltage [36], heat treatment time [37], power supply mode, and
loading parameters [38]. Generally, MAO coating on magnesium alloy consists of a porous
outer layer and a thin barrier inner layer. Due to the discharge caused by the current
breaking through the local growth layer in the process of micro-arc oxidation, characteristic
micropores are produced on the surface of the coating. This porous coating provides certain
corrosion protection for the magnesium substrate, and it can also act as an intermediate
layer to improve the bonding force of the composite coating [39].

Yu et al. [40] formed ceramic bioactive coating on ZK61 magnesium alloy substrate
by micro-arc oxidation, and the static corrosion test by soaking in simulated body fluid
(SBF) verified that the coating could improve the corrosion resistance of the substrate.
However, the static corrosion medium studied by Yu cannot effectively and truly approach
the dynamic physiological flow state of body fluid in the human body. Han et al. [41]
designed the flow field to simulate the biological corrosion performance of the human body
in real physiological environment, providing a new scientific theoretical basis. However, the
characteristic micropores formed by micro-arc oxidation also provide a path for corrosive
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solution, which leads corrosive ions to contact the magnesium matrix and react with it.
The solutions are usually divided into two categories, one is to form self-sealing coating
by adding elements or particles, and the other is to carry out post-treatment by a two-
step method combined with other processes. Ding et al. [42] prepared a ceramic coating
containing hydroxyapatite (HA) on biodegradable MggsZny9Cas magnesium alloy by
micro-arc oxidation by adding hydroxyapatite (HA) particles in the electrolyte. Figure 4
shows the scanning electron microscope image of the micro-arc oxidation coating. The
results showed that the biocompatibility was the best when HA concentration was 0.4 g/L.
Li et al. [43] showed that by adding rare earth elements, the corrosion resistance is improved
by reducing the active area of the substrate surface. With the deepening of research, in
recent years, strontium [44], gallic acid [45], and copper [46], which can enhance bone
formation and antibacterial effects, have been added to electrolyte solutions.

Figure 4. SEM images of blood platelet adhesion on the micro-arc oxidation (MAO) coating HA-
containing coating: (a) SEM images with scale of 10um, (b) SEM images with scale of 2um. Reprinted
with permission from Ref. [42]. Copyright 2018 Copyright Elsevier.

Post-treatment is carried out by a two-step method combined with other processes,
one of which is chemical treatment such as the sol-gel method and electrophoretic deposi-
tion method, which will be summarized below. The other is physical treatment, such as
sliding friction technology and ultrasonic cold forging. Hu et al. [47] combined sliding
friction technology (SFT) developed by our research group with MAO, Yang et al. [48]
combined with MAO by ultrasonic cold forging (UCFT), and Lavanya et al. [49] combined
it with powder coating double layer, all of which improved the corrosion resistance of
magnesium alloys.

The reason why micro-arc oxidation coating can delay corrosion is that magnesium
alloy with MAO coating is immersed in Hanks, with the increase in soaking time, the thin
barrier inner layer will prevent further penetration of the corrosion medium, resulting in
slow corrosion rate. Moreover, in Hanks, the corrosion products obtained by spontaneous
mineralization can realize the self-protection of the coating and slow down the corrosion
rate of the coating. By improving the micro-arc oxidation process, adding HA particles
or rare earth, strontium, and copper elements into the electrolyte can change the surface
morphology, resulting in the increase in hydrophilicity, which reduces the absorption
tendency of protein, platelets, and coagulation factors. High surface roughness provides
favorable attachment points for cell growth and migration, thus improving the blood
compatibility of implanted materials. Moreover, compared with ordinary MAO coating, the
coating containing HA has fewer cracks and pores, which further inhibits the penetration
of the corrosive medium and has good corrosion resistance [50,51]. The combination of
sliding technology (SFT), ultrasonic cold forging (UCFT), and powder coating double layer
with micro-arc oxidation is effective because of the grain refinement of the coating. The
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deformed layer with plastic deformation was obtained by SFT treatment, and the grain size
of the uppermost layer of the deformed layer was refined to nano-scale, which could make
the cells show an extended polygonal shape, have strong adhesion with the coating, and
show many filamentary pseudopods. Through UCFT treatment, the surface of magnesium
alloy can be nano-sized, the pore diameter can be reduced, the number of pores can be
increased, the compactness can be improved, and the defects of film can be reduced.

Although micro-arc oxidation can control pores by adding polymer sealing coating
and combining with other methods, the high experimental cost is still an important reason
why this method is difficult to be widely applied. Moreover, the oxidation voltage is much
higher than that of conventional anodic oxidation, so safety protection measures should be
taken during operation. During the experiment, the temperature of electrolyte rises rapidly,
and large-capacity refrigeration and heat exchange equipment is required, which requires a
large investment in the early stage.

5. Effect of Sol-Gel Method on Biocompatibility

Sol-gel method is a method in which liquid compounds with high chemical activity
components undergo a series of chemical reactions to form gels and then oxidize into
solids [52]. Sol-gel method is a general technology that has many advantages. (1) Because
the raw materials are dispersed in the solvent, the reactants can be evenly mixed at the
molecular level. When forming gel, it can be easily and evenly covered on the surface, espe-
cially suitable for irregular and complex surfaces. (2) Because of the step of solution reaction,
it is easy to mix some trace elements uniformly and quantitatively, so as to achieve uniform
doping at the molecular level. (3) Compared with the solid-phase reaction, the chemical
reaction in solution is easier to carry out, and requires a lower synthesis temperature. It is
generally believed that the diffusion of components in sol-gel system is in the nanometer
range, whereas that in solid-phase reaction is in the micrometer range, so the purity of the
formed coating is higher. Effective coatings with improved properties can be provided by
changing the ratio of precursor to solvent, hydrolysis agent, curing temperature, hydrolysis
rate, and deposition time [53]. There are two methods to prepare sol-gel: (a) inorganic and
(b) organic. The inorganic method is to gel suspended colloidal particles with a particle size
of 1-1000 nm to form a network. Nezamdoust et al. [54] used sol-gel coating containing
different amounts of hydroxylated nano-diamond (HND) particles to treat magnesium
alloy with corrosion resistance. Amaravathy et al. [55] synthesized niobium oxide (NbOs)
coating on magnesium alloy by the sol-gel method. The surface characterization of the
coating shows that the coating is composed of porous nanoparticles with a grain size
of approximately 48 nm. Figure 5 shows the contrast of AZ31 with and without Nb,Os
coating. Niobium oxide coating has high microhardness and bonding strength, provides
good surface anticorrosion protection, reduces degradation rate, and significantly enhances
cell adhesion. Figure 6 shows the DAPI staining of osteoblast nuclei living on different
magnesium alloy surfaces. Generally, the organic method is to dissolve metal monomer in
organic solvent. Habib et al. [56] used tetraethoxysilane (TEOS) and methyltriethoxysilane
(MTES) as raw materials to prepare sol-gel coating. The reason for the improvement of
corrosion resistance is mainly the formation of a dense Si-O-Si network. Khramov et al. [57]
prepared phosphate hybrid silane coating by mixing diethylphoxyethyl triethoxysilane
and tetraethoxysilane in different molar ratios through hydrolysis and condensation. The
enhancement of corrosion was due to the chemical reaction between phosphate and alloy
surface, thus improving the hydrolysis stable P-O-Mg bond. In addition, the sol-gel method
can not only combine with the matrix material at the molecular level to obtain uniform
coating, but also be used as a sealing method for coatings with micropores and microcracks,
such as MAO and CaP, to prepare mesoporous coatings [58,59]. Zhang et al. [60] prepared
aminated hydroxyl cellulose (AHEC) coating on the surface after micro-arc oxidation by
the sol-gel method, covering the pores of the micro-arc oxidation layer. Liu et al. [61]
performed sol-gel post-treatment on the CaP coating to repair the pore gap of the coating.
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(a)

(a) (b)
——200um

Figure 5. SEM analyses of (a) uncoated AZ31, (b) Nb20O5 coated AZ31 substrate. Reprinted with
permission from Ref. [55]. Copyright 2014 Copyright Elsevier.

(@)

—200um ——200um

Figure 6. DAPI staining of nuclei of live osteoblast cells showing blue fluorescence on (a) uncoated
and (b) Nb,Os coated substrates after incubation with MG63 osteoblast cells for 24 h and (¢) nuclei of
live cells observed on Nb,Os coated substrate after 48 h of incubation with MG63 osteoblast cells.
(Ethidium bromide/acridine orange combined stain causes live cells to fluoresce green, whereas
apoptotic cells cause the distinctive red-orange fluorescence.) Reprinted with permission from
Ref. [55]. Copyright 2014 Copyright Elsevier.

The inorganic method can alleviate the corrosion because the hydroxide formed on
the surface of the coating enhances the surface energy and improves the hydrophilicity
through mechanical interlocking with ions. The nano-scale roughness of the coating is
conducive to cell adhesion, porosity is conducive to bone integration, provides more contact
surfaces for cell pseudopodia, and provides a way for cell nutrition penetration, so the
morphology, proliferation rate, and expansion of cells are improved. The reason why
the organic method can alleviate corrosion is that the formed silane-based sol-gel coating
has low electrical reaction sensitivity with Mg, is easy to be chemically modified, and its
chemical properties have low cytotoxicity to cells. Silicon and oxygen elements form a
dense Si-O-5i network, which has stronger adhesion. In addition, the sealing moon, as a
microporous and microcrack coating, can delay corrosion, because the permeable water
of the sol condensation solvent diffuses, and the coating is preferentially attacked in the
presence of water. At the same time, hydrogen generated by corrosion can be discharged
through pores of the coating, and the hydrophilic porous structure on the surface promotes
cell proliferation. Therefore, as a porous organic material, sol coagulation can not only act as
a sealing layer, but can also provide good conditions for cell adhesion and proliferation [62].
However, the whole sol-gel process takes a long time, often several days or weeks. There
are a lot of micropores in the gel, which will escape many gases and organic substances
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and cause shrinkage. The internal stress generated in the heat treatment process often
leads to the cracking of the coating and reduces the corrosion resistance of the coating.
Therefore, sol-gel coating technology needs further optimization, and how to control the
coating thickness by changing parameters in the future to protect magnesium alloy matrix
is a big development direction.

6. Effect of Electrophoretic Deposition on Biocompatibility

Electrophoretic deposition (EPD) is a process in which particles in suspension are
deposited on the surface of a substrate using a DC electric field. The specific operation
process generally means that under the action of the external DC electric field, the particles
in the suspension move towards one end with opposite charges and gradually deposit a
coating on the substrate material. The most critical factor affecting the surface morphology
of the coating is suspension, including particle size, liquid dielectric constant, conductiv-
ity, medium viscosity, electromotive force, and stability of suspension [63]. In addition,
deposition time, applied voltage, solid concentration in suspension, and substrate conduc-
tivity also have significant influence on the electrophoresis process [64]. Electrophoretic
deposition has the advantage of forming a layer in a short time, requiring only simple
equipment. In the application of electrophoretic deposition, hydroxyapatite coating is
typically prepared. Antoniac et al. [65] prepared a uniform and continuous HAP coating
with a thickness of approximately 15-16um on the surface of Mg-Zn-Mn biodegradable
alloys (ZMX410 and ZM21) by controlling the electrophoretic deposition parameters and
compared the biodegradation rates before and after coating. Figure 7 shows the SEM
micrographs of Mg alloy without coating and coated with HAP. The results show that the
coating reduces the corrosion current density and improves the biocompatibility. This is
because carbonation leads to the improvement of surface hydrophilicity and polarization
resistance, which effectively improve the corrosion resistance of Mg-Zn-Mn alloy in a
simulated environment. In addition, Wang et al. [66] prepared an HA layer with biological
activity on MAO coating by the EPD method. MAO coating surface is loose and porous,
which provides a good position for the deposition of HA particles, and HA particles will
not easily fall off the sample surface, thus improving the corrosion resistance.

Figure 7. Comparison of SEM micrographs of Mg alloy coated with HAP and uncoated with HAP:
(a) Mg alloy uncoated with HAP, (b) Mg alloy coated with HAP. Reprinted with permission from
Ref. [65]. Copyright 2020 Copyright Elsevier.

Electrophoretic deposition has many advantages: (1) The preparation of HA coat-
ing is carried out in a mild environment, so there is no thermal stress at the interface
between the substrate and the coating. This process can avoid the phase change and
brittle fracture caused by high-temperature spraying, which is conducive to enhancing the
bonding strength between the substrate and the coating. (2) Electrophoretic deposition is
a non-linear process, so it is not limited by the shape and uniformity of the magnesium
alloy surface. Ceramic coating can be prepared on the substrate with complex shape and
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porous surface, and the coating is plump, uniform, flat, and smooth. Electrophoresis has
high dispersion ability, and even in the concave part of the product, a completely uniform
protective film can be formed. (3) The thickness of the coating can vary in a large range. By
accurately controlling the thickness and shape of the coating, it can vary from one micron to
one hundred microns. The thickness of the coating can be controlled by adjusting different
operating voltages to achieve extremely high corrosion resistance. (4) The deposition is fast,
the yield is high, and it only takes a few seconds or minutes. The changeable preparation
technology makes it have a broad commercial value. However, during electrophoretic
deposition, HA particles are unevenly dispersed, and it is easy to form hydrogen bubbles
at the magnesium surface, which seriously affects coating density and interfacial bonding
strength. At the initial stage of electrophoresis, the investment is relatively large, and
the workpiece that can be made can only be conductive. Of course, it can also be elec-
trophoresed on plastic now, but a conductive layer has to be added. In the future, coatings
with better biocompatibility and cell compatibility can be developed by combining with
other methods to achieve better application in organisms.

7. Effect of Hydrothermal Method on Biocompatibility

Hydrothermal method refers to a method of preparing materials by dissolving and
recrystallizing powder with water as solvent in a completely sealed pressure vessel. The
main difference between the hydrothermal method and other wet chemical methods, such
as the sol-gel method, lies in temperature and pressure. Hydrothermal methods usually use
a temperature between 130 °C and 250 °C, and the corresponding water vapor pressure is
0.3 ~ 4 MPa. The coating prepared by hydrothermal method has the following advantages:
(1) The coating can be directly obtained without high-temperature calcination, which
avoids grain growth, defect formation, and impurity introduction during calcination, so the
prepared coating has high sintering activity. (2) The prepared powder has the advantages
of complete grain development, small particle size, uniform distribution, and light particle
agglomeration, and it can be used as cheaper raw materials. The crystal structure, crystal
morphology, and grain purity of nanoparticles can be controlled by adjusting the reaction
conditions. The particle size range of the obtained powder materials is usually 0.1 pm to
several microns, and some of them can reach tens of nanometers. Uniform coating can
be prepared on surfaces with nonlinear and complex shapes. (3) The prepared calcium
phosphate coating has high interfacial bonding strength and density, which is conducive to
significantly improving the corrosion resistance of magnesium alloy biomaterials.

Compared with other technologies, the principle of preparing calcium phosphate
(Ca-P) coating, especially hydroxyapatite coating (HAP), on the surface of magnesium
alloy by hydrothermal treatment is relatively simple, and the operational device is easy to
control. Therefore, more and more scholars use this method to carry out surface modifi-
cation treatment on implantable biomedical magnesium alloy. Kang et al. [67] deposited
superhydrophobic hydroxyapatite coating on magnesium alloy (Mg-Gd-1.5Nd-0.3Zn-0.3Zr)
containing stearic acid and calcium phosphate compound by the one-step hydrothermal
method. Figure 8 shows the SEM micrograph of superhydrophobic hydroxyapatite coating,
and the test results show that the coating has low corrosion current density. This is because
the superhydrophobic coating can make air stay in the layered structure of the coating,
effectively reduce the contact between corrosive solution and the surface, and inhibit
the exchange between corrosive ions and the surface. With the deepening of research,
there have been many modified HAP in recent years. Zhou et al. [68] prepared a new
type of hydroxyapatite coating which is denser than ordinary HA coating through the
induction of poly dopamine, making it more corrosion-resistant. Peng et al. [69] enhanced
the osteoinductivity of HA coating by adding zinc oxide nanoparticles with antibacterial
activity. Yang et al. [70] introduced cationic surfactant tetradecyl trimethyl ammonium
bromide (TTAB) for the first time and in-situ hydrothermally synthesized dense anti-
corrosive magnesium—aluminum layered double hydroxide films on AZ31 magnesium
alloy. In addition, hydrothermal method is often combined with chemical conversion
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method [71], micro-arc oxidation method [72], and sol coagulation method [73] to improve
the coating performance.

'»‘!'Jv "N

Figure 8. Shows the SEM micrograph of superhydrophobic hydroxyapatite coating. Reprinted with
permission from Ref. [67]. Copyright 2018 Copyright Elsevier.

The core of the hydrothermal method is to select biocompatible materials with func-
tional groups that coordinate with calcium ions, such as polydopamine, zinc oxide nanopar-
ticles, amino acids, etc., which can chelate with calcium ions. The preparation of superhy-
drophobic coating can effectively improve the corrosion resistance of magnesium alloy, but
the effect of superhydrophobic coating on the biological properties of magnesium alloy
needs further study. In addition, the composite coating formed by other methods can also
effectively improve the antibacterial and bone-guiding properties of calcium phosphate
coatings, synthesize calcium phosphate coatings with different morphologies and phase
compositions, significantly refine the grains of artificially synthesized HA crystals, and
reduce their clustering effect [74]. It is worth noting that in order to protect the magnesium
alloy coating for a long time, the density, thickness, solubility, and antibacterial ability of the
coating must be comprehensively considered. These abilities of coatings are closely related
to their chemical composition and micro-morphology, which directly affect the degradation
rate. Therefore, it is a future development trend to design HA coating with comprehensive
ability and strong bonding strength between coating and Mg matrix. However, the disad-
vantages of the hydrothermal method are obvious. The process is carried out in a closed
container, and the growth process, which is not intuitive, cannot be observed. Moreover,
it requires high equipment requirements, has great technical difficulty (strict control of
temperature and pressure), and requires high-temperature and high-pressure steps, which
makes it more dependent on production equipment. Therefore, the hydrothermal method
tends to develop at low-temperature and low-pressure, that is, the temperature is lower
than 100 °C and the pressure is close to one standard atmospheric pressure. Generally, only
oxide powders can be prepared by the hydrothermal method, but there is a lack of in-depth
research on the control of influencing factors of crystal nucleation and crystal growth, and
no satisfactory conclusion has been reached.

8. Effect of Thermal Spraying Method

Thermal spraying is the use of high temperature and high speed to melt powder
or metal wires as raw materials and deposit one material on the surface of another [75].
According to different heat sources, thermal spraying can be divided into flame thermal
spraying, arc thermal spraying, plasma spraying, etc. Among them, plasma spraying
(PSP) is the most common one in magnesium alloy surface modification. Plasma spraying
systems consist of electric control power supply, plc-based operator control station, gas
mass flow system, closed-loop water cooling system, powder feeder, and plasma torch.
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The unique features of plasma spraying process are: (1) it can melt a variety of metals,
ceramics, or composite materials [76,77]; (2) the deposition rate is high [78]; (3) the obtained
coating is uniform [79]; and (4) the coating can be controlled by a variety of parameter
settings [80]. Most importantly, the particle velocity of plasma spraying is higher than that
of flame spraying and arc spraying, so the coating is denser and the surface morphology is
finer [81].

In the preparation of medical magnesium alloy coating, spraying HA particles is
the most common. Gao et al. [82] improve the corrosion resistance and bioactivity of
magnesium alloy by plasma spraying hydroxyapatite coating. Figure 9 shows the surface
morphology and cross-section microstructure of the coating. In recent years, with the
deepening of research, everyone began to improve HA coating. Yao et al. [83] added zinc
to hydroxyapatite. The corrosion rate of zinc was lower than that of magnesium, and zinc
had a positive effect on bone mineralization and cell protein synthesis, thus improving
the long-term viability and bone binding ability of the HA coating. Singh et al. [84]
successfully sprayed Ta/Ti coating on AZ31B magnesium alloy by the plasma spraying
process, which has high hardness and reduced wear rate. This behavior is attributed to the
high passivation property of cold sprayed Ta/Ti coatings and the rough surface (island
shape) of these coatings, which can provide proper nucleation sites for the formation and
growth of calcium phosphate compounds in Hanks solution, and the dense structure of
Ta layer hinders the penetration of corrosive solution. Mohajernia et al. [85] prepared a
hydroxyapatite coating containing multi-walled carbon nanotubes (MWCNTs). Due to the
high melting point of MWCNTs, they remained intact during plasma spraying and acted as
a bridge between melted /semi-melted fragments, thus improving the fracture toughness
of the HAP coating.

Figure 9. (a) Surface morphology of coating, (b) microstructure of coating section. Reprinted with
permission from Ref. [82]. Copyright 2018 Copyright Elsevier.

Plasma spraying is mainly used in medical magnesium alloy to enhance its sur-
face hardness. The grain size grows, the strengthening phase disappears, and the grain
boundary strengthening phase grows, which is the fundamental reason for the hardness
enhancement of the alloy. Moreover, the plasma spraying speed is very high, so the coating
is denser and the surface morphology is finer. Specifically, during plasma spraying, molten
HA particles hit magnesium alloy and rapidly solidified to form an amorphous phase, par-
tially decomposed to form (3-Caz(POy),, and the rest of the HA particles cooled to form HA
phase, so the coating consists of amorphous phase, 3-Caz(PO4),, and HA phase. Compared
with HA, amorphous phase and f3- Caz(POy), have higher solubility and degradation rate.
The generated calcium and phosphorus ions react with protein molecules of bone cells,
stimulating the growth of bone, and making implant materials form chemical-biological
combination with bone, but at the same time, it also leads to the instability of the coating
under the combined action of load and corrosion. The HA crystal is composed of unmelted
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or partially melted raw materials and recrystallized molten particles, which have a slow
cooling rate, so they are not transformed into the amorphous phase. The dissolution rate of
crystals in vivo and in vitro is slow, which is not conducive to bone growth, but it improves
the mechanical properties of the coating and ensures the lasting bonding strength, which
is particularly important at the interface between the coating and the implant. From the
surface morphology of the coating, it can be seen from Figure 9 that the coating is composed
of flat particles and a small amount of pores. The pores and rough structure of the plasma
sprayed coating not only change the mechanical transmission mode of bone/implant, but
also facilitate the climbing, growth, migration, and other activities of bone cells. For the
development of HA coating in recent years, the modification is mainly aimed at improving
the compactness of coating and reducing pore cracks. By adding Zn into HA coating by
plasma spraying technology, ZnO clusters are formed on the surface of the coating, which
enhances the bonding between particles, and the dense double-layer structure formed
hinders the penetration corrosion of electrolyte to magnesium alloy substrate. According
to the difference of thermal conductivity between HA and Ta, adding Ta can adjust the
crystallinity of the coating, make the surface relatively flat, reduce the fused solidified
particles, and improve the protective ability of the surface. Multi-walled carbon nanotubes
(MWNTs) can improve the fracture toughness of the coating and limit the crack propaga-
tion, because they act as a bridge, and more energy is required to destroy it. Moreover,
the existence of MWNTs will reduce the content of the secondary phase, thus affecting
the fracture mechanism. However, the HA coating formed by plasma spraying has rough
micro-scale, pores, and cracks, and poor bone conductivity. The high temperature in the
processing leads to the decomposition of the calcium phosphate phase and the formation
of the amorphous phase, and the purity and crystallinity of the coating are low, which
accelerates the dissolution of the HA coating, leading to its loss of synchronization with
the life of the implant. As far as the development of plasma spraying metal-based ceramic
coatings is concerned, in order to further improve the density of coatings and reduce the
cost of plasma spraying ceramic coatings, efforts should be made in the following aspects.
First, optimize the coating composition and process parameters, and combine with more
methods. Second, according to the requirements of different parts, a new type of envi-
ronmentally friendly hole sealing agent was developed. Finally, while meeting different
requirements, the production equipment is optimized and the production cost is reduced.
Among many preparation methods of nano-ceramic coatings, thermal spraying technology
is the most likely to produce market benefits in a short time.

9. Summary and Prospect

In this paper, six surface modification methods—chemical conversion method, micro-
arc oxidation method, sol-gel method, electrophoretic deposition, hydrothermal method,
and thermal spraying method—are reviewed. Chemical conversion method has good
binding force because its own material is converted into coating. Micro-arc oxidation
method combines with sol-gel method, which is often used as sealing layer, to obtain better
coating. Electrophoretic deposition is not limited by the shape of magnesium alloy and can
quickly form uniform and smooth coating. Because the hydrothermal method does not
need high-temperature calcination treatment, the coating has high sintering activity, and
thermal spraying improves metallographic structure and corrosion resistance by melting
various materials. To compare the differences of the six methods more conveniently, their
definitions, advantages and disadvantages, characteristics, and the number of literature
publications are summarized in Table 1. Because magnesium alloy is implanted into the
body as a bone plate, it must have strong mechanical properties, good corrosion resistance,
and biocompatibility. At present, the most studied method is coating priming by micro-arc
oxidation and then post-treatment by sol-gel method. However, the cost of this method is
much higher than that of hydrothermal method and thermal spraying method. Considering
that the coating of the implant should not fall off and be uniform, chemical conversion
method and electrophoretic deposition can solve this problem well. In order to understand
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the development of the six methods, the number of publications was searched in the Web of
Science database. There were 992 articles on the chemical conversion method, and the most
published in 2019 was about 120. Micro-arc oxidation method (693) published the most
in 2019, about 80 articles. Sol method (559) published the most in 2018, about 60 articles.
Electrophoretic deposition method (618) published the most in 2019, about 80 articles.
Hydrothermal method (394) published the most in 2021, with about 65 articles. Thermal
spraying method (188) published the most in 2019, about 30 articles. However, these
technical methods are not very mature in three aspects. (1) Biological safety: At present,
most of the research on medical coated magnesium alloy is in vitro research, and only a few
alloys are implanted into animals. However, the actual internal environment of the human
body is more complicated, and it is impossible to accurately grasp the problems such as
excessive hydrogen evolution, inflammation, and degradation of metal elements poisoning,
and there is still a long way to go before clinical application. (2) Surface properties: Medical
coated magnesium alloy has different functions due to different implantation sites. For
example, the surface morphology of magnesium alloy bone plate needs to be conducive
to the growth of cells, and the surface of magnesium alloy vascular support tube needs
antithrombotic performance, etc. At present, although there are many methods to form
coatings, it is difficult for the morphology formed on the surface to reach the ideal state.
(8) Mechanical properties: At present, the research of medical coated magnesium alloy
is mainly used as bone screws, but a single coating cannot provide stable degradation
protection and cannot achieve the purpose of effectively connecting broken bones.

Table 1. Comparison of modification methods of medical magnesium alloy surface coating.

Method Chemical Microarc Sol Coagulation Electrophoretic Hydrothermal Thermal
Conversion Oxidation 8 Deposition Method Spraying
Particles are . .
The material itself is High-voltage The liquid is deposited on the With water as The Powder g
. ) . solvent, the deposited on the
transformed into a plasma assisted converted into gel surface of the . .
Concept . . [ o powder is surface at high
coating through anodic oxidation  and then oxidized substrate by .
X X . R dissolved and temperature and
chemical changes. process. into a solid. direct current . :
L recrystallized. high speed.
electric field.
With high Uniform film Uniform coat can Avoids impurity
The coating has hardness, it is formation, often be prepared on a entry and defect High deposition
Adv. good binding force often used as the used as the prep X growth in that rate, uniform
substrate with s .
and low cost. base coat of the second step calcination coating.
i . . complex shape.
irst step. sealing coating. process.
Porous, cracked, (;haractensﬂc Results in thermal ~ Large investment, ng}.l equipment Poor bonding
. micropores make . L2 requirements and strength and
Disad. and pollutes the - . stress cracking of difficult process - .
. it corrosion- . technical environmental
environment. . the coating. control. Jon . .
resistant. difficulties. pollution.
Coating with As th d Avoid Improving
Self-transformation, high hardness s the secqn embrittlement Coating has high metallographic
Feature A . step of sealing - o Lo
good binding force. and abrasion coatin caused by high sintering activity. structure and
resistance. & temperature. corrosion resistance.
Number 992 693 559 618 394 188

In view of the above problems, the development trend of medical coated magnesium
alloy in the future is as follows: (1) Mastering the degradation mechanism of medical coated
magnesium alloy through in vitro research and animal in vivo research, and studying the
degradation conditions in human body through corrosion simulation, the coating can avoid
using metal elements that may lead to poisoning, and can alleviate the precipitation of
hydrogen. Coating magnesium alloy for medical use will reduce the cost on the basis
of green production, and it will be widely used in clinical settings. (2) To improve the
pertinence of magnesium alloy coating, various methods can be used at the same time to
form ideal coating with pore size, surface roughness, hydrophilicity, and hydrophobicity.
(3) Through the simulation of corrosion mechanics, the stress situation of each part is
judged, and the mechanical properties (such as hardness, strength, etc.) are enhanced by
multi-coating superposition in places with large stress. Multi-coating superposition is the
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development trend in the future, which makes medical coated magnesium alloy widely
used for flexible coating. In a word, surface coating modification has created the possibility
for further application of magnesium alloy in the medical field. It is believed that with the
continuous development of surface coating modification technology of magnesium alloy,
magnesium alloy will play a greater role in the field of biomedical valuable materials.
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Abstract: A wire arc additive manufacturing system, based on cold metal transfer technology, was
utilized to manufacture the Al-Mg alloy walls. ER5556 wire was used as the filler metal to deposit
Al-Mg alloys layer by layer. Based on the orthogonal experiments, the process parameters of the
welding current, welding speed and gas flow, as well as interlayer residence time, were adjusted
to investigate the microstructure, phase composition and crystal orientation as well as material
properties of Al-Mg alloyed additive. The results show that the grain size of Al-Mg alloyed additive
becomes smaller with the decrease of welding current or increased welding speed. It is easier to
obtain the additive parts with better grain uniformity with the increase of gas flow or interlayer
residence time. The phase composition of Al-Mg alloyed additive consists of x-Al matrix and y
(Al1Mg17) phase. The eutectic reaction occurs during the additive manufacturing process, and the
liquefying film is formed on the x-Al matrix and coated on the y phase surface. The crystal grows
preferentially along the <111> and <101> orientations. When the welding current is 90 A, the welding
speed is 700 mm/min, the gas flow is 22.5 L/min and the interlayer residence time is 5 min, the
Al-Mg alloy additive obtains the highest tensile strength. Under the optimal process parameters, the
average grain size of Al-Mg alloyed additive is 25 um, the transverse tensile strength reaches 382
MPa, the impact absorption energy is 26 J, and the corrosion current density is 3.485 x 107 A-cm™2.
Both tensile and impact fracture modes of Al-Mg alloyed additive are ductile fractures. From the
current view, the Al-Mg alloys manufactured by WAAM-CMT have a better performance than those
produced by the traditional casting process.

Keywords: wire arc additive manufacturing; cold metal transfer; Al-Mg alloys; orthogonal experiment;
microstructure; mechanical properties

1. Introduction

Additive manufacturing (AM) technology is a bottom-up layer-by-layer manufactur-
ing method based on digital models [1,2], which has been widely utilized in consumer
electronics, automotive engineering, aerospace as well as other industries [3]. Wire and arc
additive manufacturing (WAAM) is a kind of AM technology that utilizes arc as the heat
source and metal wire as a stacking material to manufacture components [4]. There are
numerous branches of AM technology, which are selected according to the performance of
the additive metal, the shape and size of the additive product, etc. Selective laser sintering
(SLS) [5] and selective laser melting (SLM) [6-9] are generally used for complex components
with high forming accuracy and small volume. For metal components with high forming
environment requirements and a high energy absorption rate, electron beam freeform
fabrication (EBF?) technology with wire feeding is generally adopted [10]. Compared with
AM technologies such as SLS, SLM and EBF3, WAAM has the technological advantages
of low equipment energy consumption, high material utilization rate and high deposition
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efficiency. It is suitable for additive manufacturing of large-sized components and has been
widely used by researchers at home and abroad [11,12].

Aluminum alloys have low density, high strength, good electrical conductivity, thermal
conductivity and corrosion resistance as well as machinability, and are widely utilized
in aerospace and transportation as well as civil industry [13]. Al-Mg alloys belong to
the 5XXX series of aluminum alloys. Compared with other aluminum alloys, the Mg
element, as a crucial strengthening element, improves the strength and the corrosion
resistance of Al-Mg alloys [14,15]. However, traditional aluminum alloy forming methods
such as casting, forging and machining face challenges in meeting the current demand
for intricate structural components [16,17]. Therefore, the use of WAAM technology to
manufacture aluminum alloy components has become the focus of urgent research. Cold
metal transfer (CMT) is a new melt inert gas welding technology [18,19]. In the welding
process, the droplet of the welding wire makes contact with the molten puddle, a short
circuit occurs, and the arc voltage is instantaneously close to zero. During the short
circuit transition, the CMT welding technology can pull the droplet through the wire
pulling back to overcome the surface tension of the droplet and avoid droplet rejection
and necking burst [20,21]. Compared with other welding technologies using arc as the
heat source, CMT welding technology has the characteristics of low heat input and no
spatter as well as good forming quality, and has received extensive attention in recent
years [22-24]. Cong B [25] utilized WAAM-CMT technology to manufacture Al-6.3%Cu
alloys to investigate the application potential of aluminum alloys. The results showed that
pores were produced when CMT additive was used to manufacture aluminum alloys, but
the porosity defects were effectively eliminated by setting appropriate welding process
parameters. Gu J [26] utilized the interlayer rolling technology to process 5087 aluminum
alloys produced by the WAAM-CMT technology, which significantly reduced the number of
aluminum alloyed pores and provided a solution to the problem of porosity defects during
the welding process of the aluminum alloys. Geng H [27] utilized WAAM technology to
manufacture 5A06 aluminum alloys and found that the tensile properties of the additive
parts were anisotropic, with a difference of 22 MPa between transverse and longitudinal
tensile strength. Zhang C [28] used variable polarity CMT as an additive heat source of
Al-6Mg alloys, and the grain size of Al-6Mg was 20.6-28.5 um. In addition to investigating
the defects and microstructures of aluminum alloys manufactured by WAAM-CMT, it
is also of great significance to investigate additive properties. Horgar A [29] utilized
WAAM-CMT technology and AA5183 Al-Mg alloys welding wire as filling material, and
the tensile strength of the sample was 293 MPa. Gu J [30] manufactured 5087 Al-Mg alloyed
components with the WAAM-CMT process, and the average microhardness of the alloys
was 107.2 HV. Su C [31] utilized the WAAM-CMT process to manufacture the Al-Mg alloys
and found that the crystal size on the surface of the alloys was 42.9-88.7 um, while that on
the inside of the alloys was 37.7-77.6 um. The average tensile strength of the sample was
about 255 MPa.

At present, some progress has been made in the research of the WAAM-CMT process
for additive manufacturing of Al-Mg alloyed materials [32-34]. However, there are still
gaps in the related study of the WAAM-CMT process for the additive manufacturing
of 5556 Al-Mg alloys. To further expand the application of Al-Mg alloys in the field of
additive manufacturing, a WAAM-CMT system was established to manufacture Al-Mg
alloyed additive walls. Based on the orthogonal experiments, the process parameters of the
welding current (WC), welding speed (WS), gas flow (GF) and interlayer residence time
(IRT) were adjusted to investigate the walking path and optimal process parameters of
Al-Mg alloyed additive. The evolution law of microstructures and the effect of different
process parameters on the mechanical properties of Al-Mg alloyed additive were analyzed.

2. Materials and Methods

The WAAM-CMT system consists of a TranspulsSynergic 3200 CMT welder man-
ufactured by Fronius Austria and a computer numerical control (CNC) system. The
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additive manufacturing experiment was carried out on a 5052 Al-Mg alloyed substrate
with 200 mm x 180 mm x 6 mm using ER5556 Al-Mg alloyed wire with a diameter of
1.2 mm as filler wire. The chemical composition of welding wire and substrate is shown in
Table 1. During the experiment, the welding torch was controlled by the CNC system to
complete the X, Y and Z axis movement on the welding platform, and pure Ar was used
as the experimental protective gas. The dry elongation of the welding wire was 12 mm,
the walking distance along the X direction was set as 150 mm, and the increment in the Z
direction (the distance of the welding torch elevation after each deposition) was set as 2 mm.
The number of layers of the additive was 20. Before the experiment, the substrate surface
was wiped with acetone and it was ensured that the welding wire was dry. Combined
with the purpose of the investigation, WC, WS, GF and IRT were taken as the orthogonal
experimental variables to optimize the parameters. The orthogonal experiment table of
Lys(5*) was designed as shown in Table 2.

Table 1. Chemical composition of the substrate and filler material (mass fraction/%).

Materials Si Fe Cu Mn Mg Cr Zn Ti Al
5052 0.25 0.40 0.10 0.10 22-2.8 0.15-0.35 0.10 0.01 Bal.
ER5556 0.07 0.17 0.01 0.61 4.90 0.11 0.08 0.09 Bal.

Table 2. Range of matrix building parameters with four factors and five levels.

Levels
Factors
1 2 3 4 5
WC/A 90 100 110 120 130
WS/mm-min 1 400 500 600 700 800
GF/L-min~! 12.5 15.0 17.5 20.0 22.5
IRT/min 1 2 3 4 5

The sampling location and size of the samples prepared for microstructure, tensile
properties, and impact properties are shown in Figure 1. The microstructures of the Al-Mg
alloyed wall (middle part) were observed. The sample was cut by a DK7763 super CNC
wire-cutting machine according to the specified size, and the size of the metallographic
piece was 10 mm x 2.5 mm X 1.5 mm. The size of the tensile specimen was determined
according to GB/T 228.1-2021 “Metallic materials—Tensile testing—Part 1: Method of
test at room temperature”. After grinding, electrolytic polishing was carried out in the
DE-3010 electrolytic polishing corrosion tester with corrosion voltage controlled at 20 V, and
the corrosion reagent was an alcohol solution of 10% perchloric acid. Three groups of tensile
specimens were cut along the parallel and perpendicular to the processing direction, and
the tensile strength was measured and averaged. The impact sample size was determined
according to GB/T 229-2020 “Metallic materials—Charpy pendulum impact test—Part
1: Test method”. Three groups of impact samples were cut along the processing direction,
and the impact absorption energy was measured and averaged.
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Figure 1. Schematic diagram of the sampling location and size.
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A D/max-RB X-ray diffractometer (XRD) was utilized to analyze the phase compo-
sition of the additive. The scanning range was 5-90°. The microstructures of the Al-Mg
alloyed components were analyzed by OLYMPUS-CK40M metallographic microscope
(OM), S-4800 scanning electron microscope (SEM) and energy dispersive spectrometer
(EDS). Electron back-scattered diffraction (EBSD) was used to obtain the orientation infor-
mation of microscopic crystals in different process parameters and measure the average
grain size. The testing equipment was 5-4800 SEM with an EBSD probe. The data pro-
cessing software of Channel 5 was used to calibrate the texture and crystal orientation
of EBSD photos. At room temperature, the tensile test was carried out by a WDW-100B
electronic universal testing machine at a tensile rate of 2 mm/min, and the impact test was
carried out by the ZBC2602-C impact testing machine. The tensile and impact fracture
morphologies were photographed by SEM. The PARSTAT-2273 electrochemical workstation
was utilized to test the corrosion resistance of the sample by simulating seawater with a
3.5 wt% NaCl solution.

3. Results
3.1. Effect of the Walking Path on Al-Mg Alloyed Additive

The Al-Mg alloyed additive under different walking paths is shown in Figure 2. It is
observed that the forming effect of the Al-Mg alloyed additive walls under the reciprocating
walking path is better than that under the unidirectional walking path. The additive parts
collapse at the end of each layer under the unidirectional walking path. The unidirectional
additive is a discontinuous process. At the end of each welding layer, the welding torch is
raised and returned to the starting position to continue depositing the next layer of metal.
In additive deposition, the initial part of the additive goes through the arc burning and arc
extinguishing process of the CMT welding machine successively so that Al-Mg alloyed
welding wire is melted and deposited on the surface of the substrate.

|

Figure 2. Al-Mg alloyed additive under different walking paths.

As the welding torch moves towards the specified deposition route, the arc burning
and arc extinguishing processes are repeated, and the deposited Al-Mg alloys undergo
the processes of heating and heat preservation as well as subcooling again. At the end of
the additive, the metal is no longer subjected to an intricate thermal cycle as the welding
torch discontinues moving forward because of arc extinction. Eventually, as the number
of additive layers increases, collapse occurs at the end of unidirectional addition. It is
observed that the WAAM walking path has a particular influence on the geometry of the
additive. The continuous reciprocating way makes the thermal cycle at the beginning or
end of the additive highly symmetrical but also improves the wetting effect during the
additive process. Therefore, the Al-Mg alloyed additive manufactured by WAAM-CMT
using the reciprocating walking path has a continuous forming, good appearance and no
obvious welding defects, which avoids the problem of collapse in the additive process.
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3.2. Optimal Process Parameters Based on Orthogonal Experiment

Based on the reciprocating additive manufacturing walking path, the transverse tensile
strength (TTS) of Al-Mg alloyed additive components were measured under different
process parameters in the orthogonal experiment. The results are shown in Table 3. The
direction of transverse tensile strength is the walking direction of the welding torch. The
effect of thermal cycling conditions on the alloys is the same in this direction, so the
microstructural distribution of the alloys is more uniform. The TTS is finally taken as the
criterion to evaluate the mechanical properties of the orthogonal experiments.

Table 3. Experimental results of transverse tensile strength under orthogonal process parameters.

No. WC/A WS/mm-min~! GF/Lmin~! IRT/min TTS/MPa| No. WC/A WS/mm-min-! GF/L-min~! IRT/min TTS/MPa
1 90 400 12.5 1 331 17 120 500 225 3 296
2 90 500 15.0 2 316 18 120 600 12.5 4 284
3 90 600 17.5 3 304 19 120 700 15.0 5 319
4 90 700 20.0 4 337 20 120 800 17.5 1 311
5 90 800 225 5 367 21 130 400 225 4 307
6 100 400 15.0 3 361 22 130 500 12.5 5 308
7 100 500 17.5 4 337 23 130 600 15.0 1 285
8 100 600 20.0 5 309 24 130 700 17.5 2 329
9 100 700 225 1 323 25 130 800 20.0 3 293
10 100 800 12.5 2 300
11 110 400 175 5 309 kg 331.24 316.37 305.60 310.30
12 110 500 20.0 1 315 ko 326.15 314.40 310.56 310.56
13 110 600 225 2 311 ks 309.49 298.63 299.57 299.57
14 110 700 125 3 304 ky 296.71 322.48 305.68 319.57
15 110 800 15.0 4 309 ks 304.27 315.98 320.60 327.86
16 120 400 20.0 2 274 R 3453 23.85 21.03 28.29

K; is the average value of all TTS results of this factor at the level of i, and R is the range
of K. In other words, R = kmax — kmin. The larger k; indicates the optimal experimental
results at the i level. The larger R is, the greater the influence of this factor on the experimen-
tal results is. According to the range analysis results, the optimal process parameters at the
highest TTS are as follows: WC =90 A, WS = 700 mm/min, GF = 22.5 L/min, IRT = 5 min.
At this time, the TTS of Al-Mg alloyed additive can reach 382 MPa. Under the experimental
parameters, WC is the most crucial factor affecting the TTS of Al-Mg alloyed additive.

4. Discussion
4.1. Pore Analysis of Al-Mg Alloyed Additive under Orthogonal Experiment

The metallographic microstructures and porosity of Al-Mg alloyed walls are shown in
Table 4. The black granular material is a porosity defect formed during the additive process.
Due to the good thermal conductivity of aluminum alloys, the molten puddle cooling
speed is extremely fast. The escape time of bubbles in the molten puddle is not sufficiently
fast, and the molten puddle begins to crystallize and solidify, thus forming the porosity
defects. According to Li Z et al. [35], the pores formed in the aluminum alloyed additive
process are especially hydrogen pores. The hydrogen pores mainly generate heterogeneous
nucleated particles at grain boundaries and grow up through free diffusion and merger.
The results demonstrate a competitive growth relationship between the formation of pores
and the crystal structure. When the heat input of the additive is smaller, the grain size of
the alloys becomes more minor, and the size and number of pores generated are smaller.
On the contrary, the larger the additive heat input, the larger the number and size of pores.
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Table 4. Al-Mg metallographic structure under orthogonal process parameters.

0.4% .8% 3.0%

i G L
0.5%

1 The specific values of 01#-25# orthogonal process parameters correspond to Table 3 above.

It can be seen from Table 4 that the formation of porosity is closely related to the heat
input during the additive process. Porosity is the total area of the pore divided by that
of metallography. To ensure the accuracy of the experiment, the average value of each
parameter sample was taken from three groups. To improve the tensile strength of the
alloy, the porosity must be reduced. The porosity is the highest under the experimental
parameters of 16# (WC =120 A, WS = 400 mm/min, GF = 20 L/min, IRT = 5 min), and the
higher porosity results in a sharp decrease in the TTS under 16# orthogonal parameters.
At the same time, it is observed that under the practical parameters of 5# (WC =90 A,
WS = 800 mm/min, GF = 22.5 L/min, IRT = 5 min), the porosity is the lower, and the
corresponding TTS is the highest. The reason is that under the experimental parameters
of 5#, the welding current is small, and the welding speed is considerable, resulting in
low heat input in the depositing process. On the one hand, the lower the welding heat
input, the less the elements evaporated due to overheating during the additive process,
and the fewer bubbles were generated in the molten puddle, which is the main factor in
avoiding the formation of pores. On the other hand, the smaller the welding heat input,
the shorter the residence time of the molten puddle at a high temperature, and the more
sufficient the escape time of tiny bubbles in the molten puddle was, to reduce the porosity
and give the Al-Mg alloyed additive better mechanical properties. In addition, compared
with the experimental parameters of 16#, the experimental parameters of 5# have a faster
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gas flow protection to isolate the gas in the outside air from penetrating the Al-Mg alloys
and strengthen the security of the alloyed structure. Therefore, under the WAAM-CMT
process, decreasing the welding current or increasing the welding speed is to decrease the
heat input. WAAM-CMT technology can effectively reduce or even eliminate pore defects
due to the reduction of heat input, thus enhancing the mechanical properties of Al-Mg
alloyed additives.

4.2. Grain Size Analysis of AI-Mg Alloyed Additive under Different Process Parameters

The influence of different process parameters on the EBSD microstructure of Al-Mg
alloyed additive was studied by single-factor analysis, and the test results are shown in
Figure 3. The grains with different grain orientations were marked with different colors by
EBSD to analyze the grain sizes. Figure 3a shows the EBSD microstructure of Al-Mg alloyed
additive manufactured under the process parameters of WC =90 A, WS = 800 mm /min, GF
=22.5L/min as well as IRT = 5 min. Taking Figure 3a as the contrasting sample, the process
conditions in Figure 3b—e only change the welding current, welding speed and gas flow, as
well as interlayer residence time, while keeping other process parameters unchanged.

(d) (e)

Figure 3. EBSD microstructure of Al-Mg alloyed additive under different process parameters: (a) Con-
trasting sample (90 A, 800 mm/min, 22.5 L/min, 5 min); (b) 130 A welding current; (c) 400 mm/min
welding speed; (d) 12.5 L/min gas flow; (e) 1 min interlayer residence time.

Figure 3b shows the EBSD microstructure of the additive under the welding current of
130 A. Compared with Figure 3a (90 A), the microstructures of the additive become coarser
with the increase of welding current. The reason is that the growth of welding current
increases the heat input in the WAAM-CMT process. The rise in the heat input increases the
heat dissipation time of the additive, and the grain has sufficient time to grow. Therefore,
the grain size is relatively coarse when the welding current is 130 A. Figure 3¢ shows the
EBSD microstructure of additive at a welding speed of 400 mm/min. In the WAAM-CMT
process, welding speed is also one of the crucial factors affecting the heat input of additive.
Compared with Figure 3a (800 mm/min), when the welding speed is slower, the volume
of arc melting wire per unit length is more extensive, resulting in increased additive heat
input and grain coarsening of the Al-Mg alloyed additive. Therefore, decreasing welding
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current or increasing welding speed can reduce the heat input of the welding process, refine
grain size and form an equiaxed grain structure.

Figure 3d shows the EBSD microstructure of the additive at a gas flow rate of 12.5 L/min.
Compared with Figure 3a (22.5 L/min), the grains are columnar, and the size distribution
is uneven when the gas flow rate is slow. The reason is that the shielding gas plays a role
in isolating the outside air and can also play a role in optimizing the weld bead. When the
gas flow is languid, the weld bead is weakened by the gas pressure, causing the grains to
grow outward in the form of columnar crystals. Figure 3e shows the EBSD microstructure
of the additive under the interlayer residence time of 1 min. Compared with Figure 3a
(5 min), itis found that the microstructural microstructure obtained under different interlayer
residence time is good. Still, when the interlayer residence time is 5 min, the grain size
distribution of the additive is more uniform. The reason is that interlayer residence time
plays an essential role in improving the thermal accumulation effect of additive parts. The
shorter the residence time between layers, the less heat accumulated in each layer is lost.
The accumulated heat will prolong the holding time of grains, and the grains of Al-Mg
alloyed additive have sufficient conditions to grow. As the number of additive layers
increases, the heat accumulation effect becomes more evident. Therefore, increasing gas
flow rate and prolonging interlayer residence time is beneficial for obtaining the grains with
good uniformity.

In the WAAM-CMT process, the additive heat input is the fundamental factor affecting
the crystal size of the additive, and the additive heat input is mainly affected by the welding
current and welding speed. As the welding current decreases from 130 A to 90 A, or as
the welding speed increases from 400 mm/min to 800 mm/min, the grain size of Al-Mg
alloys becomes smaller. The results of the EBSD grain size analysis demonstrate that the
microstructures of Al-Mg alloyed additive are mainly equiaxed grain and columnar grain.
Due to the existence of columnar crystals, the Al-Mg alloyed additive is anisotropic. As
the gas flow rate increases from 12.5 L/min to 22.5 L/min, the equiaxed grains are easily
obtained. The reduction of columnar crystals gives the material better microstructures and
properties. With the interlayer residence time increasing from 1 min to 5 min, it is easier to
obtain Al-Mg alloyed additive with good microstructural uniformity and fine grain size.
The results of orthogonal tensile experiments demonstrate that the optimal tensile strength
of Al-Mg alloys is brought under the conditions of 90 A welding current, 700 mm/min
welding speed, 22.5 L/min gas flow rate and 5 min interlayer residence time. The average
grain size of the additive is 25 um under the optimal process parameters measured by the
transverse scribing method in Channel 5 software, and the measurement method is shown
in Figure 4.

Figure 4. Grain size of Al-Mg alloyed additive measured by scribing method.

4.3. Phase Analysis of Al-Mg Alloyed Additive

The XRD pattern of the Al-Mg alloyed additive is shown in Figure 5. It can be seen
that there are only diffraction peaks of the x-Al phase and a small amount of Al;;Mg;7
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phase in the XRD pattern of the sample. Due to the relatively small content of other
elements, they do not appear in the XRD pattern. Under the action of the CMT welding heat
source, Al-Mg alloyed welding wire melts to form a molten puddle. As the CMT welding
technology has the characteristics of short-circuit transition, the decrease of arc and droplet
temperature leads to the extremely short existence of the molten puddle. The molten puddle,
after supercooling, will crystallize and precipitate on the substrate or the previous Al-Mg
alloyed layer. When the temperature reaches between eutectic temperature and liquidus
temperature, the material will undergo the eutectic reaction: L = Mg + v (Al;;Mgy7).
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Figure 5. XRD pattern of Al-Mg alloyed additive.

Although the heat accumulated by the last metal layer on the previous metal layer
is increasing, the area of the molten puddle cooling to the surrounding environment is
also increasing. When the number of layers increases to a certain height, the sediments
stay in thermal equilibrium. The heat accumulation in the WAAM-CMT process is the
main reason for the microstructural transformation. Under the heat accumulation effect,
the preheating effect of the former layer of metal on the last layer of metal is gradually
strengthened, which leads to the extension of the holding time for the growth of various
microstructures in Al-Mg alloys, thus forming larger grains. With the increase of additive
layers, the heat absorption and dissipation of the molten puddle reaches a balanced state
in unit time, and the heat accumulation effect gradually tends to be gentle. Therefore, the
interception position of the metallographic sample is the 10th layer of the additive wall.

Line energy is an essential means to characterize heat input. The calculation formula
of line energy is g = UI/V, where U is the welding voltage, I is the welding current, and V
is the welding speed. Under WC =90 A, GF = 20 L/min as well as IRT = 2 min, the SEM
microstructure of Al-Mg alloyed additive with different line energy is shown in Figure 6.

Figure 6. SEM microstructure of Al-Mg alloyed additive under different linear energies: (a) 1440 J/cm
line energy; (b) 1800 J/cm line energy.

Figure 6a shows the SEM microstructure of the additive at different magnifications
under the condition of 1440 J/cm line energy. It is observed that the a-Al phase is the
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alloyed matrix, and there is a region of liquefaction. In addition, the eutectic reaction occurs
to form the Mg and y phase. When the next layer of metal is deposited, the upper layer
of metal is liquefied again by the Mg and y phase due to heating then redissolved into
the molten x-Al matrix. However, due to the extremely short time of the CMT welding
heat source, the solid-state phase transformation of the y phase is minimal, so the y phase
does not have enough time to dissolve into the x-Al matrix fully. When the temperature
is reduced to the eutectic reaction temperature, the Mg and 'y phase will crystallize again,
forming the eutectic liquid phase. As the eutectic reaction time is extremely short, the
liquefied film is formed at the part of the original Mg and y phase as the temperature
continues to decrease. Figure 6b shows the SEM microstructure of the additive under
the condition of 1800 J/cm line energy. Compared with 1440 J/cm line energy, with the
increase of heat input, the nucleation of y phase crystal is not uniform, accompanied by the
appearance of a large-grained 'y phase microstructure. To determine the composition of
black particles in the SEM microstructure of Al-Mg alloyed additive, EDS point scanning
was performed for the black particles, as shown in Figure 7. EDS point scanning results
demonstrate that Al and Mg are the main elements in the particles. Combined with the
XRD pattern and analysis results, it is verified that the black substance is the y phase
microstructure. The microstructures are improved by reducing the heat input, thereby
increasing the mechanical properties of the Al-Mg alloyed additive. On the one hand,
reducing the heat input can avoid the formation of the y phase with large grains. On
the other hand, the decrease of heat input makes the grains fine and uniform, and the
dislocation movement is hindered by the effect of fine-grain strengthening to improve the
mechanical properties of Al-Mg alloyed additive.
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Figure 7. EDS point scanning results of Al-Mg alloyed additive.

The chemical composition of the additive is shown in Table 5. The results show that
the Mg element content decreases from 4.9% to 4.68%, and the loss rate is 4.49%. Yuan,
T [36] fabricated the Al-Mg alloy by the WAAM-TIG technology and studied the loss of
the Mg element under different process parameters. The results show that the loss rate of
the Mg element is 5.56% at the optimum process parameters. Because the WAAM-CMT
has the significant advantage of the short circuit transition, the loss of Mg element in the
Al-Mg alloy is slightly reduced compared with the WAAM-TIG.

Table 5. Chemical composition of the substrate and additive material (mass fraction/%).

Materials Si Fe Cu Mn Mg Cr Zn Ti Al
5052 0.25 039 011 0.10 2.54 0.21 0.09 0.01 Bal.
5556 0.08 0.18  0.01 0.63 4.68 0.12 0.07 0.10 Bal.

4.4. Crystal Orientation Analysis of Al-Mg Alloyed Additive

Using EBSD crystal orientation imaging technology to obtain crystal orientation mea-
surement data is beneficial for analyzing the change of texture in the sample. Figure 8 is
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the polar diagram of Al-Mg alloyed additive on different planes when the TTS is optimal.
It can be seen that there is a <111> texture on the XY plane at 45° off the X direction, while
there is no preferred orientation on other crystal planes. The results indicate that AI-Mg
alloyed additive grows preferentially in the <111> orientation, which is consistent with the
close-packed plane of o-Al with the face-centered cubic crystal structure.
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Figure 8. Polar diagrams of Al-Mg alloyed additive on different planes.

To further verify the rationality of the analysis, the samples were processed with an
inverse pole diagram as shown in Figure 9. By calibrating the crystal coordinates with the
samples, it is found that the texture of the sample exists not only in the <111> orientation
but also in the <101> orientation. However, the crystal orientation intensity of the <101>
is less than that of the <111>. The <101> plane is the close-packed plane of the y phase
with the body-centered cubic structure, indicating that the crystal grows preferentially
along the <111> plane during the additive process. On the contrary, if the y phase is
preferentially extended, the liquefied film will not form at the part of the Mg and y phase.
Therefore, in the process of manufacturing Al-Mg alloyed additive with WAAM-CMT
technology, the crystals grow preferentially along the <111> and <101> orientations. In
contrast, the crystals which deviate significantly from the <111> and <101> orientations
will discontinue growing. The crystal orientation distribution of the Al-Mg alloyed additive
is shown in Figure 10. In the aluminum alloyed matrix, Mg mainly grows along with the
<101> orientation and forms the y phase, resulting in lattice distortion, which significantly
strengthens the hinderance of dislocation movement and has a solid solution strengthening
effect on the alloys.

101

Figure 9. Inverse pole diagrams of Al-Mg alloyed additive on different planes.

nax4.80

Figure 10. Orientation distribution diagram of Al-Mg alloyed additive.
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4.5. Performance Analysis of AI-Mg Alloyed Additive
4.5.1. Analysis of Tensile Properties and Fracture Morphology

The transverse and longitudinal tensile strengths of the Al-Mg alloyed additive mea-
sured under different process parameters of the orthogonal experiment in Table 3 above
are shown in Figure 11.
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Figure 11. Tensile strength of Al-Mg alloyed additive under different process parameters.

There is little difference between the transverse and longitudinal tensile strengths of the
Al-Mg alloyed additive on the whole. Still, the transverse tensile strength of the additive is
slightly higher than the longitudinal tensile strength. The reason is that in the process of the
additive, each layer of metal in the transverse direction is heated to melt and supercooled to
crystallize, forming a uniform and stable Al-Mg alloyed microstructure. In the longitudinal
order, the problem of interlayer microstructural combination needs to be considered. Due
to the longitudinal gradient diffusion of heat centered on the welding torch and the gravity
effect of liquid metal, the heating cycle and heat accumulation conditions of the lower metal
and the upper metal are different, so the longitudinal interlayer microstructure combination
is worse than the transverse interlayer microstructure combination.

The microstructures of the Al-Mg alloyed additives manufactured by WAAM-CMT
technology are anisotropic, but the effect is not obvious. The average tensile strength of
the Al-Mg alloyed additives is 310 MPa, which is approximately 30% higher than that of
the matrix. Traditional Al-Mg alloys are manufactured by stabilizing annealing or work
hardening process, and the tensile strength is generally between 200 MPa and 400 MPa [37].
The optimum tensile strength of the Al-Mg alloyed additive manufactured by WAAM-CMT
technology is 382 MPa, which is higher than that of the annealed Al-Mg alloys and some
machined Al-Mg alloyed forgings. The tensile stress—strain curve of the optimal parameters
is shown in Figure 12. The experimental results can provide the experimental basis and
data reference for the manufacturing process of Al-Mg alloys by WAAM-CMT.

The SEM morphology of transverse tensile fracture of the additive is shown in
Figure 13. It can be seen that the cross-sectional area at the rupture of the tensile specimen
shrinks, and the necking phenomenon occurs. It demonstrates that during resisting tensile
deformation, dislocations are constantly produced inside the material, and the dislocations
at grain boundaries or y phase particles are used to fight the tensile deformation caused
by the outside of the material. The fracture surface of the sample is gray—white, with a
cup-cone shape around it and a tearing edge. A large number of dimples were observed in
the fracture under a high-power microscope. Therefore, the fracture mode of the Al-Mg
alloyed additive is a ductile fracture. In general, the formation of the dimple of Al-Mg alloys
is related to the precipitation of the y phase, and the size, microstructure and distribution
of the y phase affect the fracture mode of the material.
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Figure 12. The tensile stress-strain curve of the optimal parameters.

Figure 13. SEM morphology of transverse tensile fracture of Al-Mg alloyed additive.

4.5.2. Analysis of Impact Properties and Fracture Morphology

The impact property is also a crucial mechanical property index for Al-Mg alloyed
additive according to the different service environments of materials. Under WC =90 A,
WS = 700 mm/min, GF = 22.5 L/min and IRT = 5 min, the average impact absorption
energy of Al-Mg alloyed additive measured at room temperature is 26.19 J, which is higher
than the standard value of 24.00 ] of Al-Mg alloys. Yan X [38] adopted the plasma arc
welding process to weld the 5052 Al-Mg alloyed substrates with ER5356 Al-Mg alloyed
welding wire, and the average impact absorption energy was 19.60 J. Compared with this
process, the impact property of Al-Mg alloyed additive manufactured by WAAM-CMT
technology is improved by 22%.

The impact fracture morphology of the additive is shown in Figure 14. There are
many dimples at the impact fracture, which indicates that the fracture mode is ductile
fracture. The Al-Mg alloy grains manufactured by WAAM-CMT are mainly equiaxed.
Once subjected to the impact load, the grains will produce plastic deformation along the
shear slip direction. Compared with the SEM microstructure of the Al-Mg alloyed additive
in Figure 6 above, the grains are elongated to produce the small-angle grain boundaries
under the action of shear stress. The large-angle grain boundaries are generated from
the small-angle grain boundaries with plastic deformation, which is finally manifested
as the microscopic morphology in Figure 14. The sediments formed at grain boundaries
become the core of grain recrystallization and promote the impact deformation resistance
of microstructures. Under the impact load, the dislocation cannot resist the impact load,
and fracture failure occurs at the weak position, such as the grain boundary, before it has
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sufficient time to accumulate to the grain boundary or y phase fully. In conclusion, Al-
Mg alloyed additive manufactured by WAAM-CMT technology has excellent mechanical
properties and can meet the basic requirements of modern production and manufacturing.

Figure 14. SEM morphology of impact fracture of Al-Mg alloyed additive.

4.5.3. Corrosion Resistance Analysis

Electrochemical tests were carried out on 5556 Al-Mg alloyed additive and 5052 Al-Mg
alloyed experimental substrates, and the polarization curves were measured as shown in
Figure 15. Itis observed that the corrosion current density (Icorr) of Al-Mg alloyed additive is
3.485 x 107° A-cm~2, while that of Al-Mg experimental substrate is 4.685 x 107% A-cm~2.
The corrosion current density of Al-Mg experimental substrate is slightly higher than that
of the additive. The higher the corrosion current density, the faster the corrosion rate of the
material. In addition, the corrosion potential (Ecorr) of the 5556 additive is —0.95 V, while
that of the substrate is —0.99 V. The more positive the corrosion potential, the stronger
the corrosion inertness of the material. Therefore, the additive provides better corrosion
resistance than the substrate. Compared with the x-Al matrix, the y phase is the anode, and
the corrosion reaction occurs preferentially. Therefore, the alloys have a great sensitivity to
intergranular corrosion.
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Figure 15. Polarization curves of Al-Mg alloys.
References [39,40] show that the properties of the Al-Mg alloy are improved with the
increase of the Mg element content. However, when the content of the Mg element exceeds

7%, the precipitates of the Mg element increase and the crystallization hot crack occurs. In
the study, the Mg content of the 5556 Al-Mg additive manufactured by WAAM-CMT is
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4.68%, while the Mg content of the 5052 Al-Mg substrate is 2.54%. Since the Mg content
of the 5556 Al-Mg additive is higher than that of the 5052 Al-Mg alloy, the y phase with a
relatively large volume fraction acts as a corrosion barrier to inhibit the corrosion of the
matrix. Therefore, the 5556 Al-Mg alloy additive has better corrosion resistance. From
the current view, the 5052 Al-Mg alloy is one of the most commonly used Al-Mg alloys.
Because of its good corrosion resistance, it is widely utilized in the manufacturing of aircraft
fuel tanks and ship sheet metal components. According to the polarization curve data, the
corrosion resistance of 5556 Al-Mg alloyed additive is 1.34 times that of 5052 Al-Mg alloyed
substrate. Therefore, 5556 Al-Mg alloyed additives can be operated in a particular seawater
corrosion environment.

5. Conclusions

(1) For Al-Mg alloyed additive manufactured by WAAM-CMT, the forming effect
of the reciprocating walking path is better than that of the unidirectional walking path.
Based on the orthogonal experiment, the optimal process parameters for the highest tensile
strength are as follows: 90 A of welding current, 700 mm /min of welding speed, 22.5 L/min
of gas flow and 5 min of interlayer residence time;

(2) As the welding current decreases from 130 A to 90 A, the welding speed increases
from 400 mm/min to 800 mm/min, the gas flow increases from 12.5 L /min to 22.5 L /min,
the interlayer residence time increases from 1 min to 5 min, and the grain size of Al-
Mg alloyed additive is gradually refined. The microstructures are mainly equiaxed and
columnar crystals. Under the optimal process parameters, the average grain size of Al-Mg
alloyed additive is 25 pm;

(3) Al-Mg alloyed additive is mainly composed of the x-Al phase and a small amount
of Al;yMg;7 phase, and the eutectic reaction will occur in the additive process: L = Mg + vy
(Al1Mg17). Mg exists in the form of Alj;Mg;7 solid solution in Al-Mg alloyed additive.
With the alternation of the thermal cycle, the eutectic reaction results in liquefied film at
the original Mg and y phase locations. The larger the welding heat input, the larger the
grain size of the liquid film. During the process of WAAM-CMT manufacturing, the crystals
of Al-Mg alloyed additive mainly grow preferentially along the orientations of <111> and
<101>. At the same time, the preferred strength of <111> is greater than that of <101>;

(4) The maximum tensile strength of Al-Mg alloyed additive is 382 MPa, the average
tensile strength is 310 MPa, and the average impact absorption energy is 26.19 J. Under
static tensile load or impact load, ductile fracture occurs in all Al-Mg alloyed additive parts,
and there are many dimples in the fracture. The corrosion resistance of the Al-Mg alloyed
additive is better than that of the substrate.
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