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Abstract: The effects of the co-addition of Ni and Zn on the microstructure and mechanical properties of the extruded Mg-6.84Y-
2.45Cu (MYC, wt%) alloy were researched. Results show that the as-cast Mg-6.79Y-1.21Cu-1.12Ni-1.25Zn (MYCNZ, wt%) alloy
consists of the a-Mg, a few Y-rich phases, lamellar 18R-long period stacking ordered (LPSO) phase, and granular Mg,(Cu, Ni, Zn)
phase. After the homogenization process, phase transformation occurs in MYCNZ alloy. Some 18R-LPSO phases at the grain
boundary are transformed into the thin striped 14H-LPSO phase in the grains. After extrusion, the amount, morphology, and
distribution of the second phase are changed, and the grain size of the extruded MYCNZ alloy is significantly reduced to
approximately 2.62 pm. Additionally, a weaker basal texture is formed in the extruded MYCNZ alloy. The tensile results indicate that
the co-addition of Ni and Zn significantly enhances the tensile strength of the extruded MYC alloy while maintaining good ductility.
The tensile yield strength (o, ,), ultimate tensile strength (,), and elongation to failure (¢,) of the extruded MYCNZ alloy are 266.9
MPa, 299.8 MPa, and 20.1%, respectively. This alloy has a good strength-plastic synergistic effect. The excellent tensile strength of
the extruded MYCNZ alloy at room temperature is mainly due to grain refinement and the second phase strengthening effect, and its
outstanding ductility is ascribed to the texture weakening and activation of non-basal slips.
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1 Introduction TM alloys are mainly attributed to the precipitation

strengthening, similar fiber reinforcement in composite

Magnesium (Mg) alloys have gained significant attention materials, and kink strengthening resulting from LPSO

]

owing to their low density, high specific strength, and phase®™¥. It is noteworthy that these three types of

commendable heat resistance' . However, in comparison to
aluminum (Al) alloys and steel, the inferior tensile strengths
and inadequate room-temperature ductility of these alloys
significantly impede their development and utilization.
Currently, the wrought Mg-rare earth (RE) -transition metal
(TM) alloys with a long period stacking ordered (LPSO)
phase have demonstrated excellent mechanical properties at
room temperature (RT)™?,

In addition to grain boundary strengthening and texture
strengthening, the high mechanical properties of the Mg-RE-
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strengthening mechanisms are directly influenced by the
properties of LPSO phase, such as morphology, number, size,
and structure”'”. Therefore, altering the properties of LPSO
phase through alloying, heat treatment, and hot processing,
including rolling, extrusion, and forging, is an effective
method to improve the mechanical properties of Mg-RE-TM
alloys™. For example, the addition of Zn into Mg-Y(Co)
alloys can significantly decrease the critical resolved shear
stress (CRSS) for both basal and non-basal slip systems,
thereby facilitating the activation of non-basal slips and
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improving the ductility of the alloys"*'. Notably, the ex-
truded Mg-1.4Y-0.6Zn-0.2Co (at%) alloy exhibits an excellent
elongation to failure (g) of 32%, surpassing that of the
previously reported Mg-RE series alloys"*. The addition of
3% Ni can facilitate the precipitation of a multitude of
LPSO phases and significantly refine the grains of Mg-3Y
(at%) alloy, thereby enhancing RT tensile properties. Further-
more, the increase in volume fraction of the bulk LPSO phase,
which impedes dislocation movement in both dynamic
recrystallization (DRX) and non-DRX grains of the extruded
Mg-Y-Ni alloy, contributes to the enhancement in yield
strength (0,,=502 MPa) !, Additionally, Zhang et al"”
demonstrated that the co-addition of Cu and Ni into the Mg-
2Y alloy after homogenization and extrusion could signifi-
cantly refine LPSO phases and increase their amount, effec-
tively increasing the tensile properties of the Mg, Y,Cu,Ni,
(at%) alloy. Zhou et al'"”’ confirmed that the alloying of 1.1wt%
Zn and 0.5wt% Zr not only refined grains but also promoted
the formation of LPSO kink bands in the extruded Mg-5.5Gd-
4.4Y (wt%) alloy. The LPSO kink bands not only impeded the
dislocation movement but also regulated stress concentration
during plastic deformation. The dual effects enhanced the
workability and ductility of the extruded Mg-Gd-Y-Zn-Zr
alloy. Bi et al"” pointed out that the co-addition of 0.5at% Zn
and 0.5at% Ni into Mg-2Y (at%) alloy led to the precipitation
of LPSO phase with three kinds of morphologies (blocky,
lamellar, and thin striped) and increased the volume fraction
of LPSO phase. As a result, the extruded Mg-2Y-0.5Zn-0.5Ni
(at%) alloy demonstrated excellent strength and ductility with
tensile yield strength (o,,), ultimate tensile strength (o,), and
elongation to failure (g¢) of 336 MPa, 389 MPa, and 12.6%,
respectively.

As previously mentioned, most studies have focused on the
effects of the addition of one or two types of TM elements on
the microstructure and mechanical properties of Mg-Y alloys.
However, the effects of incorporating three TM elements into
Mg-Y alloys are rarely reported. Considering the disparity
in the atomic radius and solid solubility of TM elements in
the a-Mg matrix, the addition of multiple TM elements un-
doubtedly alters the properties of LPSO phases.

Therefore, in this research, the extruded Mg-2Y-0.5Cu-
0.5Zn-0.5Ni (at%) alloy was prepared and its microstructure
evolution and mechanical properties were examined. The
corresponding strengthening and toughening mechanisms
were also discussed. The research provided valuable refer-
ences for the development of high-performance Mg alloys.

2 Experiment

The Mg-6.79Y-1.21Cu-1.12Ni-1.25Zn (MYCNZ, wt% )
alloys were fabricated by high-purity Mg (99.99%), Zn
(99.99%), and master alloys of Mg-15Cu (wt% ), Mg-15Ni
(Wt%), and Mg-20Y (wt%). Melting process was conducted in
a graphite crucible positioned within a pit-type resistance
furnace (SG2-7.5-12) at 720 °C under a gas mixture condition
of CO, and SF,. A cylindrical ingot with 90 mm in diameter
and 500 mm in length was obtained from a water-cooled mold

and then homogenization was conducted at 400 °C for 12 h.
Subsequently, the homogenized ingot was extruded into a
sheet (width: 40 mm; thickness: 10 mm) using a 630 t
extruder. Besides, the extruded sheet was water-quenched to
prevent grain growth of the alloy. The extrusion parameters
comprised the temperature of 366 °C, speed of 0.5 m/s, and
extrusion ratio of 17:1.

The microstructure of the samples was analyzed using laser
confocal optical microscope (OM, LSM 800) and scanning
electron microscope (SEM, JEM-2100F) coupled with energy
dispersive spectrometer (EDS). The phase structure and
composition were characterized by X-ray diffractometer
(XRD, Rigaku D/max 2500 PC). The samples for OM and
SEM observation were prepared by grinding and mechanical
polishing. Subsequently, the samples were subjected to an acid
etching process for approximately 15-25 s. The acid solution
consisted of 5 g picric acid and 4vol% nitric acid. The electron
backscattered diffraction (EBSD) data of the extruded alloy
were analyzed, including average grain sizes, pole figure (PF),
and inverse pole figure (IPF). EBSD measurements were
conducted at steps of 0.2 and 0.4 pum with an operating
voltage of 20 kV. All EBSD data were processed and analyzed
by Channel 5 software. Furthermore, transmission electron
microscope (TEM, FEI Talos F200X) was employed to
investigate the phase structure and dislocation distribution of
the extruded alloy. High-resolution bright-field TEM (HRTEM)
images and selected area electron diffraction (SAED) patterns
were obtained simultaneously during TEM observation.

The tensile testing was conducted using a tensile tester
(AGS-X 300 kN) with the Y10/5 extensometer at RT at the
strain rate of 1x107 s™. To ensure the data accuracy, three
samples of 43 mmx8 mmx2.5 mm were employed for the
tensile tests along the extrusion direction (ED). The
engineering stress-engineering strain curves were obtained
using Origin software, and the tensile surface morphology of
alloys was observed by SEM.

3 Results and Discussion

3.1 Microstructures

Fig.1 displays OM and SEM images of the MYCNZ alloy
at as-cast, homogenized, and extruded states. Compared with
those of the extruded Mg-2Y-0.5Cu (MYC, at%) alloy, the co-
addition of Zn and Ni not only refines the grains but also
modifies the second phase!¥. The as-cast MYCNZ alloy is
composed of the a-Mg matrix, numerous lamellar phases, and
a small number of irregular particles, as shown in Fig.la and
1d. Based on EDS results, the gray lamellar phases observed
at the dendrite grain boundary are confirmed as 18R-LPSO
phases, while the particle phases are MgY and Y-rich phases.
Additionally, the presence of 18R-LPSO phases in the as-cast
alloy is further confirmed by XRD patterns, as shown in Fig.2.
However, the MgY and Y-rich phases are not indexed due to
their small amount. It is worth noting that the co-addition of
Zn and Ni results in the formation of larger-size square
granular phases at the grain boundaries in the as-cast MYCNZ
alloy. The diffraction peak of those phase shifts a little bit
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Fig.1 OM (a—c) and SEM (d—f) images of as-cast (a, d), as-homogenized (b, ), and extruded (c, f) MYCNZ alloys

towards the left side, compared with that of the Mg,Cu phase
in as-cast MYC alloy. Based on the chemical composition of
Mg-17.7Cu-11.1Ni-4.6Zn (at% ) alloy, the granular phase is
identified as Mg,(Cu, Ni, Zn) phase.

OM and SEM microstructures of as-homogenized MYCNZ
alloy are shown in Fig. 1b and le, respectively. After
homogenization, some thin striped phases are precipitated in
the a-Mg matrix. In comparison to that of the as-cast alloy, the
number of these thin striped phases increases, whereas the
amount of the lamellar phases decreases. The thin striped
phase is identified as 14H-LPSO phase"”. Therefore, it can be
concluded that a phase transition occurs during the
homogenization process, wherein parts of the lamellar 18R-
LPSO phases at the grain boundary are transformed into thin
striped 14H-LPSO phases within the grains. This phenomenon
can also be observed in other Mg-RE-TM alloys"**". Fig. Ic
and 1f show OM and SEM images of the extruded MYCNZ
alloy, respectively. During extrusion, the grains in the
extruded alloy undergo significant refinement attributed to
DRX. In addition, multiple second phases are remarkably
broken and primarily distributed along ED with a significant
quantity of thin striped LPSO phases precipitated within the
o-Mg matrix. LPSO phases of three morphologies appear in
the extruded alloy, containing blocky shape, lamellar shape
(distributed along ED), and thin striped shape within the
grains. Based on EDS analysis, the thin striped phases are
14H-LPSO phase, whereas the phases with lamellar and
blocky morphologies are identified as 18R-LPSO phases.
Compared with those of extruded MYC alloy, the co-addition
of Ni and Zn only alters the volume fraction and chemical
composition of LPSO phase, and its crystalline structure does
not change. Firstly, the volume fraction of LPSO phase de-
creases after the addition of Ni and Zn, which is primarily
attributed to the consumption of elements Cu, Ni, and Zn to
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Fig.2 XRD patterns of as-cast, as-homogenized, and extruded
MYCNZ alloys

form a large number of Mg,(Cu, Ni, Zn) phase in the Mg
matrix. Secondly, the chemical composition of the 18R-LPSO
phase changes from Mg-4Y-4Cu (at%) in the extruded MYC
alloy to Mg-4Y-0.5Cu-1.6Ni-1.9Zn (at% ) in the extruded
MYCNZ alloy. Similarly, the chemical composition of the
14H-LPSO phase undergoes a transition from Mg-4Y-6Cu
(at%) to Mg-4.3Y-1.5Cu-2.2Ni-2.2Zn (at%). The typical square
granular phases are precipitated in the Mg matrix of the
extruded MYCNZ alloy, and their volume fraction (6.4%) is
higher than that of the extruded MYC alloy (4.04%)"*. The
increase in the number of these particle phases can enhance
the tensile properties of the extruded alloy.

EBSD maps of the extruded MYCNZ alloy are shown in
Fig.3. IPF in Fig.3a reveals the significant occurrence of DRX
in the extruded alloy with an average grain size of
approximately 2.62 um (Fig. 3c). As shown in Fig. 3b, the
extruded MYCNZ alloy displays a {0001} <1120> basal
texture with a maximum texture intensity of 4.05 with
multiple random distributions (MRDs). It is found that the co-
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Fig.3 EBSD maps of extruded MYCNZ alloy: (a) IPF and (b) PFs; grain size distribution of extruded MYCNZ alloy (c); Schmid factor
distributions of basal slip texture (d), prismatic slip texture (e), and pyramidal slip texture (f) of extruded MYCNZ alloy

addition of Zn and Ni weakens the texture of the extruded
alloy, thereby enhancing its ductility". Fig.3d—3f show the
distribution of Schmid factor (SF) of different slip systems
in the extruded MYCNZ alloy. The results reveal that the
basal <a> slip in the extruded MYCNZ alloy displays the
lowest Schmid factor with an average value of 0.259.
According to the Schmid law, slip systems with Schmid factor
closer to 0.5 demonstrate higher possibility for activation™".
The average Schmid factor value of the non-basal slip textures
is approximately 0.4, which is beneficial to the activation of
the non-basal slips and contributes to exceptional ductility in
the extruded alloys. CRSS of the slip plane is closely related
to the initiation of dislocations™. In this research, CRSS
values of corresponding slip planes are calculated. Neverthe-
less, the values of strain (¢) and stress (o) are related to shear
strain (y) and critical shear stress (z) on slip planes in extruded
alloys™. CRSS values for the basal plane (z,,,), prismatic
plane (z,,), and pyramidal plane (7,4 O 7...) of the
extruded MYC alloy are determined as 49.75, 102.35, and
101.57 MPa, respectively. Those of MYCNZ alloys and
69.13, 129.51, and 12891 MPa, as shown in Fig. 4a.
Therefore, the lower CRSS ratios of ©

prism/rbasal and Tp /Z'basal

yramidal

of two extruded alloys indicate a higher probability of the
activation of non-basal slips”*, as shown in Fig.4b.

The distributions of the low-angle grain boundaries
(LAGBs: 2° < 4 <15° ) and high-angle grain boundaries
(HAGBs: #>15°) are shown in Fig. 5a, where green lines
represent LAGBs and black lines represent HAGBs. The
extruded MYCNZ alloy exhibits a similar distribution of grain
boundaries to the extruded MYC alloy, showing a minor
proportion of LAGBs (8.6%) and a significant proportion of
HAGBs (91.4%). The presence of these LAGBs, on the one
hand, impedes the dislocation movement to enhance the yield
strength of the alloy; on the other hand, it facilitates the
deformation coordination and mitigates stress concentration
near the second phases within a -Mg matrix to delay the
fracture initiation. In contrast, the presence of HAGBs
represents the extent of DRX. However, LAGBs can
effectively absorb dislocations and subsequently be
transformed into HAGBs during the extrusion process,
thereby promoting DRX. The volume fraction of DRXed
grains increases as the transformation from LAGBs to
HAGBs occurs, resulting in a concomitant reduction in grain
size™. Simultaneously, a great number of dislocations form
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Fig.4 Comparison of CRSS (a) and CRSS ratio (b) of different slip systems in extruded MYC and MYCNZ alloys
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of extruded MYCNZ alloy

within the deformed grains during the hot extrusion process.
The kernel average misorientation (KAM) value is commonly
used to estimate the geometrically necessary dislocations
(GNDs) in alloys. Fig. 5¢ shows KAM map of the extruded
MYCNZ alloy. GND is accumulated within plastic strain
gradient fields and it is considered as an indispensable factor
for accommodating the local lattice strains. GND density
(p°™™) can be calculated through Eq.(1)"?, as follows:
GND _ Ael
ub

where A#, represents KAM value in radian, u represents the
step size of EBSD test (0.2 um for the extruded MYCNZ
alloy), and b denotes the value of Burgers vector of Mg (3.21x
10" m™). Consequently, the p™° value of the extruded
MYCNZ alloy is 5.71x10" m™. This is mainly due to the
LPSO and Mg,(Cu, Ni, Zn) phases distributed along ED,
which effectively hinder the grain boundary mobility during
the hot
accumulation

Fig. 6 reveals the crystal structure and distribution of the
precipitated phases in the extruded MYCNZ alloy. As shown
in Fig.6d, the lamellar phase has a lattice spacing of 4.7 nm
along the c-axis, which is around 18 times larger than the
lattice spacing of the a-Mg matrix (0.26 nm). As shown in
Fig. 6g, the corresponding SAED pattern shows five weakly
diffracted spots between the reflections of (0001),,, and
(0002),,. This observation demonstrates that the lamellar
phase is the 18R-LPSO phase"”. Similarly, because the thin
striped phase combined has lattice spacing of 3.63 nm along
the c-axis in Fig.6e and has 13 faint diffraction spots between
reflections of (0001),,, and (0002),,, in Fig.6h, this phase is
identified as the 14H-LPSO phase™ ™. The granular phase
exhibits an interplanar spacing of 0.474 nm, as shown in

(M

extrusion dislocation

[27]

process, resulting in

Fig.6f, which is similar to the Mg,Cu phase in MYC alloy"®.
Based on XRD results (Fig.2) and SAED pattern in Fig. 6i,
it can be inferred that the granular phase corresponds to
Mg,(Cu, Ni, Zn) phase, exhibiting a tetragonal structure
within the Fddd orthorhombic system with a lattice parameter
of a=0.28 pm.

To understand the types and distribution of dislocations in
the extruded alloy, Fig.7 shows the bright-field and dark-field
TEM images of the dislocation distribution within the a-Mg
matrix of the extruded MYCNZ alloy. The phenomenon of nu-
merous observed dislocations is consistent with the calculated
dislocation densities from EBSD results. The corresponding
variations of dislocation types with g and b vectors, are listed
in Table 1. Combined with the data in Table 1, based on the
g *b vector rule, as g=[0002], only <c+a> slips are visible. At
g=[1010] and b=1/3[2110] and 1/3[1120], the <a> slips are
visible. At g=[1010] and b=1/3[1213] and 1/3[1213], <c+a>
slips are invisible. When g=[1011] and b=1/3[1210], the <a>
slips are invisible. Meanwhile, with g= [1011] and &=
1/3[2113] and 1/3[1123], <c+a> slips are invisible. The weak-
beam dark-field TEM images in Fig. 7d—7f with different g
vectors indicate the presence of multiple <c+a> dislocations
and a significant number of <a> dislocations in the extruded
MYCNZ alloy. Thus, the co-addition of Ni and Zn can easily
result in more non-basal dislocation slips, which can coor-
dinate the c-axis strain. Additionally, the activated <cta>
dislocations play a crucial role in the plastic deformation of
alloys.

3.2 Mechanical properties

Fig.8a presents the hardness values of both extruded alloys.
The extruded MYCNZ alloy exhibits a higher hardness (72.7
HV) compared with the extruded MYC alloy (57.7 HV),
which is primarily attributed to dispersion strengthening from
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Fig.6 Bright-field TEM images (a—c), HRTEM images (d—f), and corresponding SAED patterns (g—i) of 18R-LPSO phase (a, d, g), 14H-LPSO
phase (b, ¢, h), and Mg,(Cu, Ni, Zn) phase (c, g, i)
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Fig.7 Bright-field (a—c) and dark-field (d—f) TEM images of dislocation distributions and types of extruded MYCNZ alloy: (a, d) g=[0002],
(b, ¢) g=[1010], and (c, f) g=[1011]

a higher volume fraction of square granular phases and grain with strain rate of 1x107 s™". The corresponding mechanical
boundary strengthening®™. Fig. 8b depicts the engineering properties of extruded MYC and MYCNZ alloys are listed in
stress-engineering strain curves of the extruded alloys at RT Table 2. At RT, the extruded MYCNZ alloy demonstrates
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Table 1 Variation of dislocation types with diffraction vectors and Burgers vectors for extruded MYCNZ alloy

b/x1/3
g <a> <cta> <c>
£110]  +[1210] £[2110] £[1123]  +[1213]  +[2113] =+[1123] +[1213] £[2113] +[0003]
[0002] 0 0 0 +2 +2 +2 2 2 2 +2
[1010] +1 0 +1 +1 0 +1 +1 0 +1 0
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Fig.8 Hardness (a) and engineering stress-engineering strain curves (b) of extruded MYC and MYCNZ alloys

Table 2 Mechanical properties of extruded MYC and MYCNZ
alloys at RT

Extruded alloy  ¢/MPa  ¢,,/MPa  ¢/%  Hardness/HV
MYC 257.8 207.3 22.0 57.7
MYCNZ 299.8 266.9 20.1 72.7

yield strength (g,,) of 266.9 MPa, ultimate tensile strength (o,)
of 299.8 MPa, and elongation to fracture (g) of 20.1%.
Compared with those of the extruded MYC alloy, ¢,, and o,
values of the extruded MYCNZ alloy increase by 28.7% and
16.3%, respectively. Besides, the extruded MYC and MYCNZ
alloys show excellent elongation to fracture (g) values of
22.0% and 20.1%, respectively. In addition, the extruded
MYCNZ alloy exhibits a higher o,;;x¢, value (6.03 GPa-%)
than the extruded MYC alloy (5.67 GPa-%)"". Therefore, the
above experimental indicate that the alloy
demonstrates a high strength-ductility synergy by the co-
addition of Ni and Zn. Fig. 9 displays the tensile fracture
morphologies of the extruded MYC and MYCNZ alloys.
Fig.9a exhibits an obvious necking phenomenon in the tensile
samples of both extruded alloys after fracture, indicating the
ductile fracture behavior. As shown in Fig. 9b and 9f, the
extension direction of microcracks in two extruded alloys is
almost perpendicular to the direction of stretching, which
thereby proves that the normal stress leads to the nucleation
and propagation of microcracks”". As shown in Fig.9c and 9g,
a significant number of microcracks are observed surrounding
certain particles and LPSO phases. Meanwhile, a multitude of
slip lines appear near

results

the microcracks with kinking
phenomena, which indicates the non-basal slips. Thus, good
ductility of both extruded alloys is caused by the substantial
activation of the non-basal slips. Moreover, the presence of
numerous dimples on the fracture surfaces also further

confirms that these two extruded alloys have good ductility™.
3.3 Effects of co-addition of Ni and Zn on tensile yield
strength of Mg-Y-Cu alloy

The enhancement in mechanical properties of the extruded
MYCNZ
strengthening, dislocation strengthening, and second phase
strengthening. To quantify the role of various strengthening
mechanisms on the tensile yield strength of extruded alloys,

alloy primarily arises from grain boundary

the contributing values of these primary strengthening
mechanisms are calculated™, as follows:

Oys = 0gp T Oloca T Oec (2)
where o, 04, 0., and o, indicate the contributing value of
yield strength, grain boundary strengthening, dislocation
strengthening, and second phase strengthening, respectively.

Firstly, the contribution of grain boundary strengthening to
the yield strength of extruded alloys can be calculated using
the Hall-Petch formula®", as follows:

Ogu = 0y + kd '? (3)
where g, is the frictional stress, d is the average grain size, and
k is a fixed stress concentration factor. In this case, o,=16 MPa
and k=220 MPa-um™"” for Mg-Y alloy™. In this research, the
average grain size of the extruded MYCNZ alloy is 2.62 pm.
Therefore, the calculated value for the extruded MYCNZ alloy
is 151.9 MPa. Secondly, the contribution to strengthening
from residual dislocations® can be evaluated, as follows:

G = 0GD./p @)
where o represents a constant value of 0.2, G denotes the
shear modulus (approximately 17 GPa), b is the value of
Burgers vector (|b|=0.32 nm), and p represents the dislocation
density of the extruded alloy. Based on the preceding
calculation, the p™" of the extruded MYCNZ alloy is
determined as 5.71x10" m™. The calculated value for the
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Fig.9 Tensile fracture morphologies of extruded MYC alloy (a—d) and MYCNZ alloy (e-h)

extruded MYCNZ alloy is approximately 26 MPa. Thirdly, the
second phase can be further classified into the lamellar 18R-
LPSO phase, blocky 18R-LPSO phase, granular Mg,(Cu, Ni,
Zn) phase, and thin striped 14H-LPSO phase. Among these
18R-LPSO phase
strengthening phase due to its exceptional hardness and elastic

particles, the lamellar serves as a
modulus. This phase effectively undergoes load transfer from
the soft a-Mg matrix, allowing the extruded alloy to withstand
higher stresses. Thus, the contribution of the lamellar phase to

yield strength can be determined by the load transfer

formula®™, as follows:
Aoy g = Viop+ o, (1 - V) (5
o,=K]I1C{+K2C; + K3C;, + KA4C; + Ong (6)
e e &€
K — . MP b 2 + SFE 2 _ b®SFE 14/3
= G8IMPa) < [(G776) *(567) ~ 508 I (D

where V; represents the volume fraction of the 18R-LPSO
lamellar phase; o, and o, are the yield strengths of the LPSO
phase and a-Mg solid solution, respectively, with g, =70 MPa
and 07205 MPa; n is the locking parameter of 1/2; K_ is
functions and modulus differences concerning atomic size
mismatch between solute and matrix; C, denotes the
concentration of the solute atoms; ¢, stands for the size
mismatch; &g, refers to the chemical mismatch. In the
extruded MYCNZ alloy, the volume fraction of the lamellar
18R-LPSO phase is 11.6%, contributing to yield strength by
21.8 MPa. Additionally, the blocky 18R-LPSO phase and
granular Mg,(Cu, Ni, Zn) phase with average size below 1 um
can effectively impede dislocation movement. Thus, the
granular Mg,(Cu, Ni, Zn) phase and blocky 18R-LPSO phase
exhibit significant resistance to the dispersion strength-
ening™”, as expressed by Eq.(8), as follows:

Ao, = 49yG Ve ®)
where y is a factor associated with the Poisson’s ratio with y=
1/[2(1-v)], ©=0.35, and ¢ =G"/[G"-p(G"-G,)]; G,, represents

the shear modulus of the a-Mg matrix value (16.6 GPa); G is
the shear modulus of the 18R-LPSO phase (21.5 GPa)""; 1
denotes the volume fraction of the blocky 18R-LPSO phases
and granular phases Mg,(Cu, Ni, Zn); ¢ stands for the uniform
plastic strain (¢ =0.01). The volume fractions of the blocky
18R-LPSO phases and granular Mg,(Cu, Ni, Zn) phases are
2.6% and 6.4%, respectively. Thus, the enhancement value in
yield strength by the granular Mg,(Cu, Ni, Zn) phases and the
blocky 18R-LPSO phases are 45.2 and 16.1 MPa, respec-
tively. The thin striped 14H-LPSO phases and stalking faults
in the a-Mg matrix can be regarded as the strengthening phase
of the extruded MYCNZ alloy. During deformation, these
phases increase the yield strength of the extruded alloy by
hindering dislocation movement, and their contributions can
be quantified using the Orowan strengthening mechanism™",

as follows:

A = 220 (%) ©)

i1 -v) b

where G represents the shear modulus of the a-Mg matrix
with the value of 16.6 GPa, b denotes the value of Burgers
vector as 0.32 nm, v is the Poisson’s ratio as 0.35, and d,
represents the average diameter of the thin striped 14H-LPSO
phase and stacking faults. The results are listed in Table 3.
Additionally, 4 is the measured average particle spacing,
which can be expressed by Eq.(10), as follows:

lptp
7 = 03931, - 0.8661,

p

) =0.825 (10)

where [ is the average length, 7, is the average width, and V is
volume fraction of the thin striped 14H-LPSO phase and
stacking faults. The corresponding calculation results are
presented in Table 3. Thus, the yield strength caused by the
Orowan mechanism of the extruded MYCNZ alloy is 11.4
MPa. Fig.10 and Table 3 show the contribution from various
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Table 3 Various strengthening mechanisms and corresponding microstructure parameters of extruded MYCNZ alloy

AllOy d(J/ UGB/ pGND/m’Z Ao-loca/ VB-l SR/ VMgz(Cu, Ni, Zny Ao-p/ VL-ISR/ AO-L/ V14H~SFS/ d14H+SFs/ /114H+SF5/ AO-Omwan
um  MPa MPa % % MPa % MPa % um pm MPa
MYCNZ 2.62 1519 5.71x10" 26 2.6 6.4 61.3 11.6 21.8 5.1 0.27 0.66 11.4

Note: d; is mean grain size; o, is the increment in yield strength due to grain refinement; P is GND density; Ao

bearing strengthening; V, .. is the volume fraction of blocky phase; ¥,

mean particle size; 4 is interparticle distance; 7,

14H+SFs 14H+SFs

caused by particle strengthening.

Orowan strengthening
I Dispersion strengthening
Il Dislocation strengthening
9 Lamellar 18R-LPSO
B Grain refinement

W

(=

(=]
T

4
(=]
T

—

W

o
T

Yield Strength Contribution/MPa
2z 2 B
S S

W
(=]
T

Measured Calculated

Fig. 10 Yield strength contributed by different strengthening mecha-
nisms of extruded MYCNZ alloy

strengthening mechanisms to yield strength of the extruded
MYCNZ alloy. Among these strengthening mechanisms, grain
refinement is the primary factor to enhance yield strength,
followed by LPSO phase strengthening.

3.4 Effects of co-addition of Ni and Zn on ductility of Mg-

Y-Cu alloy

The co-addition of Ni and Zn not only enhances the tensile
strength, but also retains the ductility of the extruded MYC
alloy. Firstly, the co-addition of Ni and Zn results in an
obvious random texture, weakening the basal texture of the
extruded MYCNZ alloy (Fig.3). The presence of numerous
DRX grains in the extruded alloy is responsible for the
weakened texture intensity, effectively enhancing the ductility
of the extruded alloy"". Secondly, the grain size of the
extruded MYCNZ alloy is significantly refined to 2.62 pum
after the co-addition of Ni and Zn. This is mainly due to DRX
behavior of dispersed submicron particles through the particle-
stimulated nucleation mechanism™. These fine DRX grains,
on the one hand, can reduce the dislocation pileup within the
individual grains, leading to uniform distribution of the
deformation of alloy; on the other hand, they can facilitate the
grain rotation and the grain boundary sliding, thereby
suppressing the formation of microcracks”. Moreover, this
grain refinement also prevents the transition from <c+a>
dislocations to immovable <ct+a> or <c¢> dislocations,
ultimately enhancing the ductility of Mg alloys™”. Thirdly, a
significant quantity of <a> and <c+a> dislocations appear in
the a-Mg matrix of the extruded MYCNZ alloy (Fig.7). This
phenomenon is beneficial to the ductility of Mg-based alloys
as it accommodates c-axis strain and satisfies the Von-Mises

2,(Cu, Ni, Zn)
in lamellar phase; Ao, is the yield strength increment in dispersion strengthening; V]

is the volume fraction of 14H-LPSO phase and SFs; Ag,,

is yield strength increment in load-

loca

is the volume fraction of particle phase; Ag, is the yield strength increment

is the volume fraction of lamellar 18R-LPSO phase; d, .. is the

is the yield strength increment

L-18R

rowan

deformation criterion!*'..

Meanwhile, the slip resistance
between the basal and non-basal slip systems is effectively
reduced, which is beneficial to the initiation of the non-basal
slips and enhances the ductility of Mg-based alloys™*’. The
lower /7, and 7./t values of both extruded alloys
(Fig.4) suggest that the non-basal slips are easily activated,
thereby promoting more homogeneous plastic deformation
of the grains and reducing the stress concentration™'. Finally,

it can be seen that the presence of the kink bands of

cta>’

LPSO phase can alter the stress concentration during

H Therefore,

deformation, ultimately enhancing ductility
the aforementioned size, orientation, and distribution of
grains are closely associated with the high ductility in

the extruded MYCNZ alloy.
4 Conclusions

1) The as-cast MYCNZ alloy consists of 18R-LPSO phase,
Mg,(Cu, Ni, Zn) phase, and a smaller amount of MgY and
Y-rich phase. After homogenization, the alloy undergoes a
phase transition from the 18R-LPSO phase to the 14H-LPSO
phase. Compared with the homogenized MYC alloy, the
volume fraction of LPSO phases in MYCNZ alloy decreases,
whereas that of the granular phase shows a significant
increase of 58.4%.

2) After extrusion, the grains of the homogenized MYC and
MYCNZ alloys are significantly refined and the average grain
sizes are approximately 3.69 and 2.62 um, respectively. The
extruded MYCNZ alloy shows a weaker basal texture with
texture intensity of 4.05, compared with the extruded MYC
alloy. Additionally, the non-basal slips can be observed in the
extruded MYCNZ alloy, including <a¢> and <cta>
dislocations.

3) The extruded MYCNZ alloy has higher ¢,, and ¢,, whose
values are 266.9 and 299.8 MPa, increasing by 28.7% and
16.3%, respectively, compared with those of the extruded
MYC alloy. This result indicates that the extruded MYCNZ
alloy exhibits a better synergy effect of strength and ductility
(0yrs* £,=6.03 GPa-% ), compared with that of the extruded
MYC alloy (5.67 GPa-%). The excellent combined mechan-
ical properties of the extruded MYCNZ alloy are mainly
attributed to grain refinement, LPSO phase strengthening,
weakening texture, and the activation of non-basal slips.
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Ni 1 Zn 8 &R M ES Mg-Y-Cu & & BB LA F RN

BRITRIVE, BREEE Y, 2 Y, WA, ZuAR ', BREE?
(1. 22N TR Aidt@g st n TS5 HA A E R E A, Hilt 22M 730050)
(2. ZINEET R MERSE TR, HN =M 730050)
(3. BINTR AR B R AR AR, 500 $7FH 550000)

B E. U7 NI Zn ESHRINNE &S Mg-6.84Y-2.45Cu (MYC, FESED S EBMARRMIEMER NI, SRR, %5
Mg-6.79Y-1.21Cu-1.12Ni-1.25Zn (MYCNZ, BESHD &4448H a-Mg. JZH R 18R-K A HIHELFT T (LPSO) #. Mg,(Cu, Ni, Zn)Hi
BIAH DL S D s Y MR Y50 )G, MYCNZ &4 KA T HAE, 34 & S b ER 1 18R-LPSO AH L 28 3 i N A AR 11 14H-
LPSOM. )G, &E8 AHMEE . TREMAMAKAE T 8L, FRGERRT B8 A022.62 um, Z& S HTE R T H 55 M 5T 41
Flo PrRIGSs HEH, NiM Zo E SHRMEERE T HESMYC A S MBI smRE, RN 7 RIFM8EE. FIESMYCNZ 54
B JEE R B B2 L W R 7 e R T S K 2R 93 9 266.9 MPa. 299.8 MPa F120.1%. %4 4 A AT RO v v R 208 . 3% &
MYCNZ & & 76 S35 T s Prho s 5 2% i T R gn b S —MIsRAG, 10 B 40 ) 28 1k oE LR 8T S 554 A 3 T 7 485 0 T
KHEIF: BT K Mg-Y-Cu(Ni, Zn)&4:; LPSOM; WALl JisEnt

fEB i SR, 55, 19814F&, WL, #d%, SMELTREEMAEA OER R T 5 A A ERE LR, Hilr 2N
730050, HLif: 0931-2976378, E-mail: glbi@163.com



