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Abstract: Rare-earth-containing Mg alloys are a group of widely investigated alloys due to the
disperse nano-sized precipitations formed during heat treatment. The underlying formation and
strengthening mechanisms of precipitation is critical for their industrial applications. In this work, we
systematically studied the evolution of precipitations in a Mg-10Gd alloy, based on the atomic-scaled
TEM and HAADF-STEM observations. Especially, the in-depth transition mechanism from G.P. Zone
to β”, β’, βT and βM is proposed, as well as their relationships with mechanical properties. It is
found that blocking effect of precipitations improves the strength significantly, according to the
Orowan mechanism. The elliptic cylinder shaped β’ phase, with a base-centered orthorhombic lattice
structure, provides significant strengthening effects, which enhance the hardness and ultimate tensile
strength from 72 HV and 170 MPa to 120 HV and 300 MPa.

Keywords: Mg-Gd alloy; precipitation; mechanical properties; HADDF-STEM

1. Introduction

As the lightest structural metal in industrial applications, magnesium alloys have been
intensively investigated due to their contributions in energy conservation and environment
protection [1–4]. Owing to their hexagonal close-packed (HCP) lattice structure, the easy
slip systems in Mg alloys are insufficient to support the stable plastic deformation at room
temperature [5–10]. It is well established that the factor of Hall–Petch equation of Mg alloys
is high, while the strengthening is difficult to achieve by work hardening, because of the
low ductility [11–17]. Recent research has revealed that precipitation hardening is the most
effective way to improve the strength of Mg alloys at both room temperature and elevated
temperatures [18–22].

Compared with conventional wrought Mg alloys, including Mg-Sn, Mg-Al and Mg-Zn
system alloys, the Mg alloys containing rare earth elements exhibit outstanding strength-
ening effects, such as the solution strengthening and age hardening [23–26]. Gadolinium
(Gd) is one of the most popular rare earth elements in Mg alloys, because its solubility
decreases rapidly with the decreasing of temperature [27]. Aging treatment is an effective
way to enhance the strength of Mg-Gd system alloys, owing to the disperse nano-sized
precipitations. High density of precipitations with nano size are formed to provide blocking
effect on dislocation, thus improving the mechanical properties significantly [28–30]. In
general, the effect of age hardening is affected by many factors, such as temperature, time,
content and type of elements [31–35]. The structures of precipitations in Mg-Gd system
alloys have a specific evolution sequence, which is proposed as: S.S.S.S (Supersaturated
Solid solution) β”→ βT→ β′→ β1→ β [24]. Li et al. produced a Mg-14Gd alloy with high
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tensile strength of 445 MPa after aging treatment, in which the significant enhancement
of strength is contributed by the cylindrical precipitate β′ phase [36]. He et al. reported
that β′ phase has a base-centered orthorhombic (b.c.o.) structure with lattice parameters of
a = 0.64 nm, b = 2.22 nm, c = 0.52 nm, which was identified by electron microdiffraction
analysis [37]. Nie et al. reported that β′ phase has a stoichiometry of Mg7Gd with lattice
parameters of a = 0.650 nm, b = 2.272 nm, and c = 0.521 nm [38]. It has been revealed that
the cylindrical precipitates provide highest blocking effect, thus increasing the critical shear
stress (CRSS) of dislocation slips [39].

Given that the β′ phase is the main strengthening precipitate in Mg-Gd alloy, it is
therefore critical to fully understand its formation and strengthening mechanism. In
the present work, the evolution of precipitations and their corresponding effect on the
mechanical properties of a Mg-10Gd alloy are systematically investigated using atomic-
scaled transmission electron microscope (TEM) and high-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM) characterizations. The relationship
between microstructures and mechanical properties during aging treatment is bridged.

2. Materials and Methods

The Mg-10Gd (wt.%) alloy used in this study were prepared from high-purity Mg and
Gd (99.95%) using an electric-resistant furnace protected by a mixed atmosphere of CO2
and SF6. The as-cast ingots were solution treated at 520 ◦C for 8 h, followed by quenching
in warm water with 70 ◦C. Isothermal aging were performed at 200 ◦C, 225 ◦C and 250 ◦C
for 0–250 h, respectively. The microstructural evolution of Mg-10Gd alloy treated at 200 ◦C
for 0–250 h were observed by optical microscopy (OM) (BX41, OLYMPUS, Tokyo, Japan),
all samples were ground with sandpaper of 320, 800, 1200 and 2000 grits, then polished
by a woolen cloth with 1 µm diamond suspension to a mirror finish surface. The etching
solution was comprised of 50 mL ethyl alcohol with 3 g picric acid, 20 mL deionized water
and 20 mL acetic acid, and the holding time for etching is about 10–15 s. The average grain
sizes were calculated by the linear intercept method for measuring ~100 grains.

The Vickers hardness were tested by a HMV-G hardness tester (Shimadzu, Kyoto,
Japan) with a load of 150 g and a holding time of 15 s. At least 10 indents for each sample
were recorded to ensure the accuracy of the results. The samples for tensile test were cut into
dog-bone-shaped specimens, with gage length, width and thickness of 8 mm, 6.6 mm and
1.5 mm, respectively. Quasi-static uniaxial tensile texts were performed on a LTM-20KN
testing machine (walter+bai ag, Löhningen, Switzerland) with a strain rate of 3 × 10−3 s−1.
The TEM specimens were polished using SiC abrasive papers of 320-2000# to a thickness of
~60 µm. Then, the pre-thinning process was performed using a Dimple Grinder machine
(Gatan Model 657) (Gatan, Pleasanton, CA, USA) to further reduce the thickness to ~25 µm.
Ion milling was carried out using Precision Ion Polishing System (PIPS, Gatan model 695)
(Gatan, Pleasanton, CA, USA) at −25 ◦C with low angle (<3.5◦) with an ion beam energy of
3 KeV. Atomic-resolution high-angle annular dark-field (HAADF) observation was carried
out on an aberration-corrected scanning transmission electron microscope (STEM) (Titan
G2 60-300) (Thermofisher, Hillsboro, OR, USA) with accelerate voltage of 300 kV. The
atomic model was established using CrystalMaker software (Version2.5.1, CrystalMaker®

for Windows, UK).

3. Results and Discussion

Figure 1a shows the aging hardening curves of Mg-10Gd alloy treated at different
temperatures. The initial micro-hardness is ~72 HV. In this stage, solid solution is the main
strengthening mechanism. Moreover, the stacking fault energy is significantly decreased by
rare earth (Gd), which introduces non-basal slips to increase the ductility of Mg alloys [40].
The sample aged at 200 ◦C for 70 h exhibits a highest hardness of ~120 HV. Note that,
the grain size keeps stable in a range of 130~150 µm during the whole aging treatment
(Figure 1b, more details are shown in optical view, marked by red dotted box). Thus, the
improvement of hardness is mainly due to the precipitations.
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Figure 1. Mechanical properties of the aged Mg-10Gd alloys. (a) Vickers hardness curves of the
samples aged at 200 ◦C, 225 ◦C and 250 ◦C, respectively; (b) a stable grain size during aging treatment
at 200 ◦C, the inserted image as marked by red dotted box shows grain size with ageing time for
0 h, 70 h, 250 h, respectively; (c) engineering stress-strain curves of the samples aged at 200 ◦C
with different times; (d) a high linear correlation between strength and hardness of the sample aged
at 200 ◦C.

Figure 1c shows the tensile stress–strain curves of samples aged at 200 ◦C. Before aging
treatment, the Tensile Yield Strength (TYS), Ultimate Tensile Strength (UTS) and uniform
elongation were 125 MPa, 170 MPa and 6.4%, respectively. The strength shows a significant
improvement with increasing of aging time. The peak aged condition occurred at 70 h, and
the TYS and UTS enhanced to 250 MPa and 300 MPa, respectively. On another side, all
the aged samples exhibited decrease of ductility. The uniform elongation of the peak aged
sample is only 3%. Figure 1d shows the relationship between strength and hardness. The
linear fitting equation can be approximated as:

TYS = 1.92 HV − 15.28 (1)

UTS = 2.3 HV + 14.77 (2)

The factor of R-Square of Equations (1) and (2) are 0.986 and 0.963, indicating a high
linear correlation between strength and hardness. Thus, the improvement of strength can
be simply predicted by the values of hardness.

The significant improvement of strength in Mg-10Gd alloy is due to the dissolution of
Gd from the Mg matrix, forming high density of nano-scaled precipitations. Nucleation of
precipitation starts at very early stage of aging treatment (0.5 h), as marked by the white
arrows in Figure 2a,b. However, neither the bright field image in Figure 2a or the selected
area diffraction pattern (SADP) in Figure 2b cannot obtain the exact microstructure of the
precipitates clearly. Consequently, how to trace the position of Gd atom is critical to reveal
the formation mechanism of the precipitations. According to Equation (3), the intensity of
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atomic columns in a HAADF-STEM image is approximately proportional to the square of
the atomic number Z [41].

σ(θ) =
e4Z2dΩ

16(4πε0E0)
2sin4 θ

2

(3)

where σ is scattering cross section, θ is scattering seimi-angle, Ω is solid angle, e is electron
charge, Z is atomic number, ε0 is dielectric constant and E0 is energy of the electrons.
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Figure 2. TEM images of Mg-10Gd alloy aged at 200 ◦C for 0.5 h. (a) Bright field TEM image
taken along [0001] zone axis; (b) corresponding selected area diffraction pattern; (c,d) atomic-scaled
HADDF-STEM images from [0001] and [1210] zone axis, respectively.

As shown in Figure 2c,d, due to a much higher Z contrast of Gd, the brighter spots
represent those of Gd-enriched columns. The G.P. zone and β” phase are marked by red
cycles and yellow arrows, respectively. It is clear that the G.P. zone shows higher contrast
than the surrounding matrix, though is not a strict periodic structure. It is reasonable to
propose the G.P. zone as a precursor of precipitations, which has also been found in other
metallic materials [42]. In the earliest stage of aging, we observe some β” phase formed
in the adjacent areas of G.P. zone. The typical structure of β” phase viewing from [0001]
zone axis is a hexagon with six Gd enriched atomic columns at the apexes, as marked by
the yellow dotted circles in Figure 2c. The β” phase has a D019 crystal structure (hexagon,
a = 0.640 nm and c = 0.520 nm) [43]. The morphology of β” phase is a thin column, with
the major axis parallel to c-axis of Mg matrix view from [1210] zone axis. According
to atomic-scaled microstructure analysis, the stoichiometric composition of β” phase is
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Mg3Gd, and the orientation relationship of β” phase and matrix is [0001]β”//[0001]α,
(1210)β”//(1210)α.

Figure 3 shows the HAADF-STEM images of the peak aged sample. It is found that
high density of β’ phase dispersed in grain interior. The morphology from [0001] zone
axis is an elliptic shape, which shows a size of ~50 nm in length and ~10 nm in width
(Figure 3a). As shown in Figure 3b, the average thickness of β’ phase along c-axis is ~100
nm (Figure 3b). Consequently, the three-dimensional structure of β’ phase is an elliptic
cylinder. The morphology of β’ phase has sufficiently high effect on blocking the slip of
<a> dislocations that is dominated in plastic deformation at room temperature. Figure 3c
shows the atomic structure of β’ phase, the Gd- and Mg-enriched columns are marked by
orange and blue spheres, respectively. Clearly, the minimum period structure from [0001]
zone axis is no longer the hexagon marked by the yellow dotted circles in Figure 2c. The β’
phase is a coherent precipitate that all the Gd atoms occupy the positions of original Mg
atoms. The minimum period structure is a rectangle with length and width of 2.25 nm and
0.66 nm, respectively. Figure 3c shows that ordered substitution of Gd atoms increases the
spacing of {1010} planes to four times of the origin Mg matrix, which introduces three super
lattice spots in the SADP, inserted in Figure 3b. Based on the above experimental results,
a three-dimensional unit cell of β’ phase is established in Figure 3c. The structure of β’
phase is b.c.o structure with lattice parameters of a = 0.66 nm, b = 2.25 nm and c = 0.52 nm.
According to the unit cell, its composition is confirmed as Mg7Gd. Thus, the concentration
of Gd element increases significantly during the transformation from β” phase to β’ phase.
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Figure 3. Microstructure of β’ phase in the Mg-10Gd alloy aged at 200 ◦C for 70 h. (a) HADDF-STEM
image in [0001] zone axis; (b) HADDF-STEM image in [1210] zone axis; (c) three-dimensional atomic
model of the unit cell of β’ phase.

Figure 4 shows the microstructure of over aged Mg-10Gd alloy. All the micrographs are
taken from [0001] zone axis. After aging treatment for 200 h, the dominated precipitate still
isβ’ phase. However, the length ofβ’ phase is increased to more than 100 nm. Theβ’ phases,
similar to connected chains, divides the grain to lots of cells with a diameter of ~50 nm.
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Figure 4b shows a close-up HAADF-STEM image. Interestingly, the microstructures at
the necking parts between main bodies of β’ phases are different, as marked by the white
arrows. Two typical morphologies with “zig-zag” and “hexagon” shapes, respectively,
are observed. As shown in Figure 4c, the metastable phase with zig-zag shape between
β’ phase is βT phase. The βT phase has an orthorhombic crystal structure with lattice
parameters of a = 0.64 nm, b = 3.33 nm and c = 0.52 nm, with a composition of Mg5Gd [24].
In contrast, another metastable phase, with six brighter spots at the apex of a hexagon,
is also found, as shown in Figure 4d. This metastable phase is proposed as βM phase in
Ref [44]. Both the βT and βM phases are metastable, forming during the transition of β’
phase to β1 phase. Owing to the increasing of spacing between the precipitates, the strength
of the over-aged sample is decreased.
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Figure 4. HAADF-STEM images of the Mg-10Gd alloy aged at 200 ◦C for 200 h. (a,b) low magnifica-
tion image in [0001] zone axis; (c,d) atomic microstructure show two β’ phases connected by βT and
βM phases, respectively.

To clarify the evolution of β’ phase, we statistically analyzed the changing of precipi-
tate size during aging treatment. As listed in Table 1, a clearly nucleation and growth of β’
phase is occurred during the period from 10–30 h. However, the growing speed decreases
significantly after 30 h. During the period from 30–70 h, the density of β’ phase is increased
significantly, resulting in rapid increasement of the hardness. During the over aged period
(from 70 to 200 h), the length and width of β’ phase stays stable, while the thickness along
the c-axis exhibits a slight increase from 45 to 48 nm.
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Table 1. The size of β’phases in Mg-10Gd alloy with different states.

Aging Time Size Along Short
Axis (dt, nm)

Size Along Long
Axis (lt, nm)

Size Along <0001>
Direction (nm)

10 h 5.3 5.81 12.83
30 h 11.46 7.58 28.18
50 h 13.72 8.1 31.83
70 h 16.97 9.1 45.69

200 h 16.64 10.68 48.8

It is well studied that the mechanism of plastic deformation of Mg alloys is dominated
by basal slip. As shown in Figure 5a, the section of basal planes and precipitates is
critical for the blocking effect of dislocation slips. In other words, the <a> dislocations
with Burger’s vector of <1210> will be blocked by the elliptic barriers. As illustrated in
Figure 5b, the β’ phase has a larger area than those of the β”, βT and βM phases. Nie et al.
reported that a higher strengthening of precipitates is related to two factors. One is the
larger effective diameter of the precipitation sections, while the other is the higher density
of precipitates [39]. According to the Orowan mechanism, the elliptic cylinder β’ phase
provides significant pinning effect on the basal slips.
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Figure 5. Schematic diagram of the interaction between β’ phase morphology and <a> dislocations.
(a) pinning effect of β’ phase to basal slip; (b) projection of β’ phases on a (0001) plane.

4. Conclusions

In this work, a systematic analysis on evolution of precipitations and corresponding
effect on mechanical properties are investigated. The Orowan mechanism is proposed
as the main strengthening mechanism in the aged Mg-10Gd alloy. The key findings are
summarized as follows:

1. Significant improvement of mechanical properties is achieved by aging treatment,
which has a linear correlation with hardness. An optimized aging treatment that
perform at 200 ◦C for 70 h improves the hardness to 120 HV from the initial 72 HV,
and the UTS is increased from 170 MPa to 300 MPa;

2. Most precipitations nucleated at early stage of aging treatment are G.P. Zone and β”
phases. The morphology of β” phase is a thin column, with a D019 crystal structure
(hexagon, a = 0.640 nm and c = 0.520 nm). The orientation relationship of β” phase
and matrix is [0001]β”//[0001]α, (1210)β”//(1210)α;

3. At the stage of peak aging, a high density of β’ phase is formed and dispersed in
grain interior. The three-dimensional structure of β’ phase is an elliptic cylinder. The
structure of β’ phase is base-centered orthorhombic (b.c.o) with lattice parameters of
a = 0.66 nm, b = 2.25 nm and c = 0.52 nm. According to the unit cell, its composition is
confirmed as Mg7Gd;

4. The enhanced strength of Mg-10Gd alloy is mainly attributed to the type of precip-
itations and their densities. It is found that nucleation of precipitation occurs with
only 0.5 h of aging. Owing to the continuously increasing growth of the β’ phase
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during 10–70 h of aging, the strength is enhanced significantly, though this comes at
the expense of ductility. The phase transformation of β’ phase occurs at the over-aging
stage, which transforms into the intermediate transition phases, including βT and βM
phases, leading to a slight decrease of strength.
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