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ABSTRACT
Mg–Gd based alloys are typical high strength magnesium
alloys owing to their outstanding age hardening behavior.
The mechanical strength of aged Mg–Gd alloys is enhanced
by high density prismatic-shaped precipitates in Mg matrix.
Moreover, the addition of Ag has been found to enhance
the strength of Mg–Gd based alloys further by forming a
plate-shaped precipitate, named as γ′′, on basal planes of
Mg. However, the structure of this precipitate is not well
understood due to the complex alloying system. In this
work, the atomic structure of γ′′ phase is investigated using
atomic-resolution high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM). Based on
the accurate atomic structure from three independent
directions, e.g. in [0001]Mg, [�2110]Mg and [01�10]Mg zone
axes, the unit cell of γ′′ is well established. The γ′′ phase has
a hexagonal structure, and its lattice parameters are a =
0.55 nm and c = 0.42 nm. The orientation relationship
between γ′′ phase and Mg matrix is (0001)γ′′//(0001)Mg and
<�2110>γ′′//<�1010>Mg.
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1. Introduction

Due to the low density and good castability, magnesium alloys show a promising
prospect in the applications of light weighting and energy saving. However, rela-
tive low strength limits the application of magnesium alloys in industrial pro-
ductions [1,2]. Hence, magnesium alloys containing a series of strengthening
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elements have been developed. Among them, rare earth containing magnesium
alloys (Mg-RE alloys), especially the Mg–Gd based alloys, are designed for their
excellent age hardening effects [3–11]. For example, Li et al. [12] developed a
Mg–14Gd alloy which obtained an ultimate tensile strength of 482 MPa
after aging treatment. It has been well investigated that the high strength of
Mg–Gd based alloys is mostly attributed to the β′ phase which is formed on
prismatic planes of Mg matrix [13–15]. Nie et al. reported that the critical
resolved shear stress (CRSS) increment induced by plate-shaped precipitates
formed on prismatic planes of Mg matrix is significantly larger than other
precipitations [16].

Based on the investigations of Mg–Gd binary alloys, the Mg–Gd–Y ternary
alloys were developed for industrial applications. For one thing, the addition
of yttrium was added to reduce the cost of raw materials effectively without
sacrificing much precipitation strengthening [17]. It has been reported that a
part of Gd atoms in β′ phase are replaced by Y atoms in Mg–Gd–Y alloys
[18]. While, the price of Mg–Y master alloy is much lower than the Mg–Gd
master alloy. For another, yttrium addition was reported to promote the non-
basal slips in Mg alloys, which improve the formability of Mg significantly
[19,20]. Therefore, extensive researches on Mg–Gd–Y alloys were carried out
due to their excellent comprehensive performances [21–23].

Recent researches indicate that the addition of Ag can enhance the strength of
Mg–Gd–Y alloys additionally [24–29]. Gao et al. [24] found that the hardness of
Mg–6Gd–0.2Zr alloy was improved from 59 to 90 VHN by adding 2 wt.% of Ag.
The increase of strength is affected by the extra basal plate precipitate coexisting
with β′ phase. Such precipitations are consistent with the ideal precipitation
microstructure in Mg–Gd based alloys, in which both the basal slip and non-
basal slip of dislocations are effectively obstructed by precipitates [16,30,31]. It
has been reported that the basal plate precipitate formed in Ag-containing
Mg–Gd based alloy is similar to the γ′′ phase formed in Mg–Gd–Zn alloys
[32–36]. Different from the well-studied β′ phase, the structure of basal plate
precipitate, especially its atomic structure, is still unclear. Saito et al. [35,36] pro-
posed that the γ′′ phase in Mg–Gd–Zn alloys is composed of Gd/Zn-enriched
layer and Mg layer. While Nie et al. [33] believed that the γ′′ phase is composed
of Gd-enriched layer and Zn-enriched layer. The main reason for the contro-
versy is that high resolution transmission electron microscopy (HRTEM) can
only provide two-dimensional (2D) projection of the precipitates. However, it
is difficult to obtain an accurate three-dimensional (3D) lattice structure with
less than three projections from independent zone axes. In this work, the two
Mg–Gd–Y alloys with similar compositions except for Ag containing were com-
paratively studied to explain the effect of Ag addition on precipitation behavior
of Mg–Gd based alloy. The Gd and Ag are proven as the main alloying elements
to form γ′′ phase using energy-dispersive X-ray spectroscopy (EDS) mapping.
Since the image intensity of the atomic columns is proportional to the square
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of the atomic number Z [37], we were able to obtain Z contrast images to differ-
entiate heavy solute atoms (Mg: 12, Gd: 64 and Ag: 47) in precipitates. The
atomic positions of each atom in γ′′ phase were identified by the atomic-resol-
ution HAADF-STEM images viewed along [0001]Mg, [�2110]Mg and [01�10]Mg

zone axes, respectively. The convincing 3D atomic structure of γ′′ unit cell
was established based on experimental and simulated results. In addition, the
formation process of γ′′ phase was discussed.

2. Materials and methods

Chemical compositions of the two alloys are Mg–8.5Gd–2.3Y (wt.%) except for
2 wt.% of Ag. The alloys were prepared from high purity Mg, Ag metals and Mg-
25RE (wt.%) (RE = Y and Gd) master alloys in an electric resistant furnace under
the mixed atmosphere of CO2 and SF6. The as-cast ingots were solution treated
at 500°C for 12 h followed by quenching in hot water with 70°C. Isothermal
ageing was performed at 200°C in silicon oil for 0–64 h. TEM samples were
cut from the aged samples, then polished and dimpled to a thickness of
∼30 μm. Ion milling was carried out using Precision Ion Polishing System
(PIPS, Gatan model 695) at −25°C to avoid the damage on microstructure.
The HAADF-STEM observation was performed on an FEI Titan G2 60–300
TEM with probe-spherical aberration at 300 kV. The atomic model was estab-
lished using Crystal Maker software.

3. Results and discussion

Figure 1 shows the low magnification HAADF-STEM images of the Mg–Gd–Y
and Mg–Gd–Y–Ag alloys aged at 200°C for 50 h. The brighter contrast in the
images represent the heavier atom with a larger atomic number [37]. It is notice-
able that the morphologies of the precipitations in the two alloys are different.
Figure 1(a,b) shows the precipitates in Mg–Gd–Y alloy viewed from [�2110]Mg

and [0001]Mg zone axes, respectively. The precipitates in Mg–Gd–Y alloy are
elliptical shape when observed from [0001]Mg direction as shown in Figure 1
(b), which is the typical β′ phase in the Mg–Gd system alloys [38–41]. Interest-
ingly, there are two kinds of precipitates in Mg–Gd–Y–Ag alloy aged in the same
condition. Co-exiting with β′ phase, another precipitate which has horizontal
strips parallel to the basal plane is observed in the matrix. The space between
the horizontal strips is not a constant, which is larger than that of between
the vertical strips (∼1.1 nm) as shown in Figure 1(c). The morphology of the
additional precipitate is same to the γ′′ phase reported in Ref. [32–35, 42]. As
shown in Figure 1(d), the morphology of this precipitate is in circle shape
viewed from the [0001]Mg direction.

EDS mapping of Mg–Gd–Y–Ag alloy was performed in the region including
both β′ and γ′′ phases, as shown in Figure 2(a). It exhibits that the phases are
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mainly composed of Mg, Gd and Ag elements, while the Y is almost absent in the
precipitates of Mg–Gd–Y–Ag alloy (see the Figure 2(b)–(d)). Similar results were
found in the twin boundary segregation and interfacial phase of the same alloy
[23,29]. The first principle calculation indicated that Ag has a negative energy
value to form the precipitates in Mg–Gd–Y–Ag alloy, while the energies of Y
and Zr are positive [23]. Owing to the easily precipitating of Ag, the tendency
for precipitation of Y is negligible. Thus, only Gd, Ag and Mg will be considered
in analyzing atomic occupation in this work.

Figure 3(a) shows the atomic-resolution HAADF-STEM image of γ′′ phase
viewed along [0001]Mg zone axis. This image is composed of the upper original
part and bottom inverse Fourier-filtered (IFFT) part. Figure 3(b) shows the
enlarged IFFT image of region A. As shown in Figure 3(b), there are three
types of atomic columns which have different contrasts marked by orange,

Figure 1. Low-magnified HAADF-STEM images of the samples aged at 200°C for 50 h: (a) and (b)
the Mg–Gd–Y alloy viewed along [�2110]Mg and [0001]Mg zone axes; (c) and (d) the Mg–Gd–Y–Ag
alloy viewed along [�2110]Mg and [0001]Mg zone axes, respectively.
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green and blue colors, respectively. Figure 3(c) and (d) show the integrating
intensity of column brightness obtained from regions I and II. The atomic
columns with the weakest brightness (marked by the blue points) have an inten-
sity of ∼4 × 102, which is close to the α-Mg columns in the matrix. It is used as a
benchmark brightness to investigate other segregated atomic columns compara-
tively. Clearly, the other two kinds of columns in this zone axis marked by green
and orange points are much brighter, which show intensities of ∼7 × 102 and
∼13 × 102, respectively. According to Equation (1), the intensity of atomic

Figure 2. EDS chemical mapping of the β′ and γ′′ phase in Mg–Gd–Y–Ag alloy: (a) the HAADF-
STEM image, and the corresponding (b) Mg-Kα; (c) Ag-Kα; (d) Gd-Kα; and (e) Y-Kα distributions.

Figure 3. (a) The atomic-resolution HAADF-STEM image of γ′′ phase, viewed along [0001]Mg
zone axis. The upper part is the original HAADF image, and the bottom part is the IFFT
image; (b) enlarged image of the region A; (c) and (d) brightness analysis of atomic columns
implemented from the regions I and II.
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columns in a HAADF image is approximately proportional to the square of
atomic number Z [43].

s(u) = e4Z2dV

16(4p10E0)
2sin4

u

2

, (1)

pwhere s is scattering cross section, u is scattering semi-angle, V is the solid
angle, e is electron charge, Z is an atomic number, 10 is the dielectric constant
and E0 is the energy of the electrons.

Based on this equation, the intensity brightness indicates that the other two
columns marked by orange and green points are Gd and Ag enriched
columns, respectively. Figure 3(c) shows that the Gd and Mg enriched
columns are symmetrical to an Ag column, and the distances between two Gd
columns and two Mg columns along <�2110>Mg direction are ∼1.01 and ∼
0.32 nm, respectively. As shown in Figure 3(b), two concentric hexagons are
observed, which have Gd andMg columns at the apexes of hexagon, respectively.
The side length of the bigger hexagon is ∼0.56 nm, which has the Ag columns at
the midpoint of each side. Similarly, the smaller hexagon exhibits the same struc-
ture, which also has Ag columns at the midpoint of each side. The side length of
the smaller hexagon is ∼0.32 nm.

Figure 4(a) shows the HAADF-STEM image of γ′′ phase viewed along
[�2110]Mg zone axis, which is composed of a right original part and a left IFFT
parts. There are four γ′′ phases in the observed region, which exhibit strip-
shape morphology parallel to the <0�110>Mg direction. There are three adjacent
layers in each γ′′ phase, which have much brighter contrast than the Mg matrix.

Figure 4. (a) The atomic-resolution HAADF-STEM image of γ′′ phase, viewed along [�2110]Mg
zone axis. The right part is the original HAADF image, and the rest is the IFFT image; (b) enlarged
image of the region B; (c) and (d) the brightness analysis of atomic columns implemented from
the regions III and IV.
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The γ′′ phases are alternately stacked with layers of Mg matrix along <0001>Mg

direction. Most of them have three Mg layers as shown in Figure 4(a). Figure 4
(b) shows an enlarged IFFT image of region B. It is found that the stacking
sequence of atomic layers in γ′′ phase is BCB, which is different from the…
ABAB… stacking sequence of Mg matrix.

Figure 4(c,d) shows the integrating intensity of column brightness obtained
from regions III and IV. As shown in Figure 4(c), the brightness morphology
of γ′′ phase like a sandwich, which has two brightest atomic layers on the top
and bottom, and a weaker layer in the middle. The brightness of Mg column
in the matrix is weaker than the columns in γ′′ phase. Hence, the middle layer
of γ′′ phase is probably composed of Ag enriched columns, and the two brightest
layers on the top and bottom are proposed to be Gd-enriched columns. The
spacing between the two Gd layers is ∼0.42 nm, which is smaller than the
length of c (0.52 nm) in Mg matrix. The spacing of Mg columns in the same
layer is two times as the spacing of Ag columns (∼0.15 nm).

Figure 5(a) shows the atomic-resolution HAADF-STEM image of γ′′ phase
viewed along [01�10]Mg zone axis. Also, the right part is the original HAADF
image, and the left one is the IFFT image. The morphology of γ′′ observed
along this direction is similar to that of [�2110]Mg direction, exhibiting the
strip-shape parallel to basal planes of Mg matrix. This morphology indicates
that γ′′ phase in Mg–Gd–Y–Ag alloy is a basal plate precipitate, and has only
three atomic layers thicknesses in the [0001]Mg direction. Figure 5(b) is the
enlarged image of region C. The atomic columns with different brightness are
also marked by the orange, green and blue colors, respectively. Note that, the
top and bottom layers in γ′′ phase are not composed of Gd columns. There
are two Mg columns between each Gd column in the same layer. Figure 5(c,

Figure 5. (a) The atomic-resolution HAADF-STEM image of γ′′ phase, viewed along [01�10]Mg
zone axis. The right part is the original HAADF image, and the rest is the IFFT image; (b) enlarged
image of the region C; (c) and (d) the brightness analysis of atomic columns implemented from
the regions V and VI.
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d) show the integrating intensity of column brightness obtained from regions V
and VI. The distance between Ag columns in the middle layer is ∼0.25 nm,
which is larger than the space of Ag columns viewed from [�2110]Mg zone axis
(Figure 4).

Figure 6 shows the selected area diffraction pattern (SADP) and correspond-
ing simulated patterns in [0001]Mg zone axis. The simulated diffraction patterns
(Figure 6(b,c)) indicate that the SADP in Figure 6(a) is mixed by pure Mg and γ′′

phase. Owing to the high intensity of Mg matrix, the spots of {1�100}Mg are very
bright. It reveals that the spots of {1�210}γ′′ are overlapped with the spots of
{1�100}Mg. The interplanar spacing of (1�210)γ′′ and (1�100)γ′′ obtained from the
SADP diffraction patterns are 0.274 and 0.470 nm, respectively. Based on the
above analysis, the crystal structure of γ′′ phase is determined as a hexagonal
structure. The HAADF-STEM images in Figures 4 and 5 indicate that the γ′′

phase is a basal plate precipitate with only three basal layers. It is hard to
obtain a clear SADP in [11�20] or [10�10] zone axes due to the ultra-thin lamellar
structure of γ′′ phase. The c-axis length of γ′′ phase is measured by the HAADF-
STEM images in Figures 4 and 5, which shows an interplanar spacing of (0001)

γ′′ of ∼0.21 nm.
According to the atomic positions in γ′′ phase shown in the above analysis,

the 3D unit cell model of γ′′ is established as shown in Figure 7(a). The
orange, green and blue spheres represent Gd, Ag and Mg atoms, respectively.
It shows that the γ′′ phase has a hexagonal crystal structure, with a space
group of P6/mmm. The lattice parameters of γ′′ phase are a = 0.55 nm and c
= 0.42 nm. The orientation relationship between γ′′ phase and Mg matrix is
(0001)γ′′//(0001)Mg and <�2110>γ′′//<�1010>Mg. Total atom number in the unit
cell is six, and the ratio of Mg, Gd and Ag is 2:1:3. The composition of γ′′

phase obtained from the model is Mg2Gd1Ag3. Figure 7(b)–(d) show the
model of γ′′ phase and corresponding IFFT images viewed along [0001]Mg,
[�2110]Mg and [01�10]Mg, respectively. The model exhibits a good match with
the HAADF-STEM images. As shown in Figure 7(c,d), the Ag columns
marked by green and red arrows have different brightness. It is because that

Figure 6. (a) The SADP of γ′′ phase viewed from [0001]Mg zone axis, (b) and (c) corresponding
simulated diffraction patterns of γ′′ phase and pure Mg in [0001]Mg zone axis, respectively.
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the atomic spacing in the two columns is different, which results to different
number of Ag atoms in these columns.

Note that, the models of γ′′ phase were controversial in previous works. Two
different lattice structure have been proposed in different works [42,44]. The
main reason for this controversy is both of them had insufficient experimental
data from only two zone axes, i.e. the <11�20> and <10�10> zone axes. Both of
the two zone axes are parallel to the basal plane of Mg matrix. Therefore, the
researchers had to speculate the atomic occupation of alloying elements in
(0001) plane. In this work, the structure of γ′′ phase is convinced by HAADF-
STEM images from three independent zone axes, which provides solid evidence
for structure determination. The SADP result also exhibits a good agreement
with the simulated pattern of crystal model as shown in Figure 6.

In addition, the microstructure of γ′′ phase in Mg–Gd–Y–Ag alloy is greatly
different from the LPSO phase reported in Zn containing Mg alloys [31,44,45].

Figure 7. (a) The 3D atomic model of the unit cell of γ′′ phase; (b)–(d) the model of γ′′ phase and
corresponding IFFT images viewed along [0001]Mg, [�2110]Mg and [01�10] Mg, respectively.
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The LPSO phases have ABC stacking in some layers of basal planes, which
induce local FCC stacking in the HCP structural Mg matrix. However, the
crystal structure of γ′′ phase in Mg–Gd–Y–Ag alloy is still an HCP structure.
While the orientation of crystal structure is rotated for 30 degrees along c-axis
of the Mg matrix as revealed in the SADP analysis in Figure 6.

4. Conclusions

The γ′′ phase, which is induced by Ag, co-exists with β′ phase in Mg–Gd–Y–Ag
alloy. The Gd and Ag are proven as the main alloying elements of both the β′ and
γ′′ phases. The atomic structure of the γ′′ phase in Mg–Gd–Y–Ag alloy has been
investigated using atomic-resolution HAADF-STEM imaging viewed from three
independent directions. The accurate atomic model of γ′′ phase is determined as
a hexagonal structure, which has lattice parameters of a = 0.55 nm and c =
0.42 nm. The orientation relationship between γ′′ phase and Mg matrix is
(0001)γ′′//(0001)Mg and <�2110>γ′′//<�1010>Mg.
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