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A B S T R A C T

Mg alloys containing high Gd are featured by the outstanding aging hardening response. Here we conduct a sys-
tematic study on the hardening behavior and precipitation evolution in a Mg 10Gd alloy during isothermal ag-
ing at 200–250 °C by atomic-resolution high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM). The optimum aging temperature of Mg 10Gd is 200 °C with peak hardness of 102.4 HV.
Hardness improvement of the aged samples at 200 °C mainly originates from precipitation strengthening, and β’
nano-precipitates with fine size of 10 nm are the main strengthening phases. The samples exhibit a certain aging
hardening effect at 225 °C with peak hardness of 89.4 HV, due to the gourd-shaped β’ precipitates with coarse
size of 100 nm. Furthermore, various metastable nanoscale structures (including short-range ordered GP zones,
β”, βT, βM and βF′ phases) are observed in the aged samples, and their formation mechanisms are rationalized in
detail.

1. Introduction

With energy conservation and environmental protection formally
proposed in recent years, magnesium (Mg) and its alloys are considered
as the lightest promising structural materials for potential applications
in aerospace, automotive and biomedical industries [1–3]. However,
compared with other metallic materials such as steels, aluminum alloys
and titanium alloys, Mg alloys exhibit the lower strength at room and
high temperature [4–6]. To date, it has been widely proven that precip-
itation hardening is an effective and convenient approach to improve
the strength of various Mg alloys, including the prototypical Mg Al,
Mg Zn and Mg-rare earth (RE) based alloys [7–9]. Gd is a common RE
element that offers Mg alloys with the strong aging hardening effect.
The mechanical properties are closely related to the type, size and spac-
ing of nanoscale precipitates in Mg Gd alloys [10–12].

The aging precipitation kinetics of Mg Gd alloys has been inten-
sively studied using both computational and experimental tools, and its
affecting factors (including Gd content, deformation amount, grain size,
etc.) have been reported in previous literatures [13–19]. Zhang et al.
[9] and Li et al. [14] found that Mg alloys with Gd content of above

10 wt% exhibited a remarkable aging hardening response, which was
largely attributed to the increased driving force of precipitates caused
by high supersaturation of Gd element during the aging process. Čížek
et al. [15] investigated the influence of deformation on precipitation
process in Mg 15Gd alloy by transmission electron microscopy (TEM)
combined with positron lifetime spectroscopy. Their results suggested
that dislocations facilitated nucleation of precipitates, and the required
optimum aging temperature was decreased with increasing deforma-
tion amount, leading to a higher peak hardness in cold rolled samples
after aging treatment. Wan et al. [16] further reported that grain refine-
ment was beneficial to enhancing the peak hardness and strength in the
aged Mg-Gd-Y-Zr alloy. Meanwhile, the aging hardening responses in
rolled Mg-14Gd-2Ag-0.5Zr alloys with different grain sizes were stud-
ied by Li et al. [17]. They found that compared with the coarse-grained
sample with an average grain size ( ) of 20 μm, the significantly im-
proved aging hardening response was obtained in the fine-grained sam-
ple ( =3 μm) due to the segregation of solute atoms into the nano sub-
grain boundaries during aging process. Moreover, previous researches
also revealed that aging temperature served as a key factor altering the
precipitation behavior in Mg Gd based alloys [20–23]. It was found
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Fig. 1. Microstructure analysis of Mg Gd alloy before aging treatment: (a) and (b) optical microstructure of solid solute and annealed samples, respectively; (c)
grain size distribution of annealed sample; (d) SEM images showing annealed sample, and the eutectic compounds are marked by A and C green circles; (e) EDS spec-
trum with element contents. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that the time required to reach the peak hardness was reduced gradu-
ally with raising aging temperature, and ideal strengthening effects
could be obtained in the samples aged at 200–250 °C. In addition, the
precipitation sequences and some novel phases of Mg Gd alloys have
also been clarified in recent studies using Cs-corrected HAADF-STEM
[24–28]. However, the effect of age temperature on the hardening re-
sponse in Mg Gd alloys still lacks systematic investigations, and the
detailed precipitate features at atomic scale are not fully understood
due to the limited resolution of traditional characterization methods.

In the present work, the hardening behavior and precipitation evo-
lution in Mg 10Gd binary alloy aged at 200–250 °C for 5–80 h were
comprehensively studied via advanced atomic-resolution HAADF-
STEM. The age-hardening curves of Mg 10Gd samples were obtained.
In addition, the atomic structures of precipitate phases as well as their
formation mechanisms were analyzed and rationalized in detail. The
findings obtained in this study contribute to rationally designing heat
treatment process for the optimization of mechanical properties in Mg
alloys with high RE content.

2. Experimental procedures

The Mg 10Gd (wt%) ingots were prepared by melting high purity
Mg (99.99%) and Mg 25Gd (wt%) master alloys in an electric resis-
tance furnace under a mixed protective atmosphere of CO2 and SF6 with
the volume ratio of 100:1. The details of alloy preparation have been re-
ported in our previous studies [29]. Then, the as-cast ingots were ho-
mogenized at 530 °C for 12 h followed by water quenching, and ma-
chined into sheets with thickness of 4.5 mm. Cold rolling was carried
out from 4.5 mm to 3.6 mm thickness with a total reduction of ~20%.
The rolled samples were annealed at 450 °C for 20 min with argon pro-
tection. The actual chemical composition of the studied alloys was Mg-
9.8Gd (wt%), which was tested by an inductively coupled plasma (ICP,
Plasma 3000) apparatus. The alloys are brief to Mg Gd alloys for con-
venience in following.

Isothermal aging experiments were performed in an oil bath furnace
at 200 °C, 225 °C and 250 °C for 5–80 h. Vickers microhardness was
measured by a Shimadzu HMV-G hardness tester with a load of 980.7
mN and a dwell time of 15 s. Twenty indentations were tested to obtain
reliable results for each sample. The microstructures of Mg Gd sam-
ples before and after aging treatment were examined by an Olympus
BX41M-LED optical microscope (OM). Samples for OM observations
were ground with sandpapers of 320, 800, 1200 and 2000 grits, fol-
lowed by mechanical polishing to mirror-like surfaces, and then etched
by an ethanol solution with 5 vol% of nitric acid. Electron back scatter-
ing diffraction (EBSD) analysis was performed on a Zeiss Auriga scan-
ning electron microscope (SEM) equipped with Channel 5 software. The
accelerate voltage and scanning step size were set as 15 kV and 2 μm,
respectively. EBSD specimen surfaces were mechanically polished and
then electropolished in an electrolyte containing 97 vol% ethanol and
3 vol% perchloric acid at 20 V and − 30 °C for 120 s. HAADF-STEM
and bright-field TEM observations were carried out using an aberration-
corrected high-resolution transmission electron microscope (FEI Titan
G2 60–300) operated at 300 kV. TEM foils were sliced from the aged
samples by a Buehler Isomet low-speed saw and gently ground to a final
thickness of ~25 μm, and then ion-milled to perforation at a Gatan PIPS
691 machine with a low beam energy (4 keV) and a low angle (5°).

3. Results and discussions

3.1. Microstructures of solutioned and annealed mg Gd samples

Fig. 1a shows the microstructure of solid solute Mg Gd sample,
which exhibits a typical coarse-grained structure with grain size of
150–200 μm. After cold rolling and annealing treatment, significant mi-
crostructural refinement is obtained (Fig. 1b), which has an average
grain size ( ) of ~27.4 μm (Fig. 1c). Meanwhile, some small block
phases (marked by the green circles of A and C) are found in the an-
nealed sample, which are residual eutectic compounds of incomplete
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Fig. 2. EBSD micrographs of annealed Mg Gd alloy: (a) sketch of the coordinate reference system of sample, EBSD micrograph is taken from the dash rectangle
area; (b) inverse pole figure mapping; (c) HCP phase and grain boundary mapping; (d) grain size distribution; (e) grain boundary misorientation distribution.

Fig. 3. Pole figures of (0001), (11 0) and (10 0) in Mg Gd sample.

solid solution, as shown in Fig. 1d. Based on the corresponding EDS
spectrum in Fig. 1e, these eutectic compounds are mainly rich in Gd ele-
ment with mass fraction higher than 60%.

EBSD analysis was performed along the normal direction (ND) of
the Mg Gd rolling sheet, as shown in Fig. 2a. The annealed sample ex-
hibits a uniform distributed grain structure (Fig. 2b), and its average
grain size ( ) is ~28.1 μm (Fig. 2d). Meanwhile, Fig. 2c shows the dis-
tribution map of grain boundary, in which high angle grain boundaries
(HAGBs, >15°) and low angle grain boundaries (LAGBs, 2–15°) are
marked by black and red lines, respectively. The fraction of LAGBs is

only ~15% (Fig. 2e), which also indicates that the dislocations were
mostly recovered during the annealing process, achieving fully recrys-
tallization after annealing.

Fig. 3 shows the pole figures of (0001), (11 0) and (10 0) of an-
nealed sample. Clearly, (0001) pole figure is characterized by a typical
bimodal texture with maximum intensity value of 10.61 mrd, and the
angle between c-axis of grains and ND direction is ~39°, which show-
ing a weak basal texture of Mg Gd annealed plate.
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Fig. 4. Optical micrography of Mg Gd alloy after aging treatment: (a-1) to (a-3) aged at 200 °C for 10 h, 40 h and 80 h, respectively; (b-1) to (b-3) aged at 225 °C
for 10 h, 40 h and 80 h, respectively; (c-1) to (c-3) aged at 250 °C for 10 h, 40 h and 80 h, respectively.

Fig. 5. Age-hardening curves of Mg Gd samples treated at 200 °C, 225 °C and
250 °C, respectively.

3.2. Aging microstructures and hardening curves

Fig. 4 shows the metallographic structures of Mg Gd samples af-
ter aging treatment at 200 °C, 225 °C and 250 °C from 10 h to 40 h and
80 h, respectively. Since the aging temperature is much lower than the
recrystallization temperature (450 °C) of Mg 10Gd alloy, all the aged
samples exhibit a close average grain size. As shown in Fig. 4a-1, a-2
and a-3, no significant difference is found in the microstructure contrast
of three samples, which annealed at 200 °C for 10, 40 and 80 h, respec-
tively. As the temperature increases to 225 °C, the image contrast of the
samples aged for 40 and 80 h (Fig. 4b-2 and b-3) exhibits much differ-
ent from that of aged for 10 h (Fig. 4b-1), which is mainly due to the
formation of nano-precipitates in the samples. As the aging temperature
increases to 250 °C, some floccules composed of coarse precipitates are
observed in the samples treated for 40 h and 80 h (Fig. 4c-2 and c-3).

Fig. 5 shows the age hardening curves of Mg Gd samples treated
at three temperatures of 200 °C, 225 °C and 250 °C for 5–80 h. It is
clearly that the annealed sample exhibits an improvement of micro-
hardness from 70.3 HV to 102.4 HV after aging at 200 °C for 20 h.
Then, the hardness of the samples keeps stable during the next 20 h at
200 °C. The aging time for reaching the peak stage (88.5 HV) at 225 °C
is 30 h, and the hardness decreases to 75.2 HV after aging for 80 h. In a
sharp contrast, the hardness values of the samples have little change
during 80 h of aging treatment, which indicates no hardening effect at
250 °C. Thus, the optimum aging temperature for Mg Gd alloy is
200 °C, and it exhibits a certain aging hardening effect at 225 °C. Since
the average grain sizes of the aged samples are not changed, the micro-
hardness enhancement is induced by precipitation strengthening. Dis-
tinct hardening effects are obtained in the Mg Gd samples treated by
different aging processes, and the essential reason is that significant dif-
ferences are found in the density and morphology of precipitates in
each aged sample, which are needed to be further characterized and an-
alyzed by TEM.

3.3. Precipitates evolution

Fig. 6 shows the HAADF-STEM images of Mg Gd samples under
different aging time at 200 °C. In the initial stage (aging for 5 h), the de-
composition rate of supersaturated solid solutions in the sample is ac-
celerated, and some solute Gd-rich regions are observed as well as ini-
tial nucleated precipitates, as shown in Fig. 6a. The petal-like β” phases,
ordered GP zones and local disordered Gd-rich clusters are formed in
this stage. Owing to the weak resistance of these small phases to dislo-
cation slipping, the microhardness of Mg Gd sample only shows a
slight increasing. In order to reduce the local energy concentration, Gd
atoms of the initial nucleated β” phases are orderly arranged, and the
projections of these smallest β” cells on the (0001) plane present regular
hexagons with twice the size of magnesium matrix. The β” phase ex-
hibits the D019 superlattice structure with lattice constants of
a = 0.64 nm and c = 0.52 nm, and its orientation relationships with
the Mg matrix are [0001]β”//[0001]α and (2 0)β”//(2 0)α. The habit
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Fig. 6. HAADF-STEM images of Mg Gd samples under different aging time at 200 °C: (a) aging time of 5 h; (b) aging time of 10 h; (c-1) aging time of 20 h; (c-2) lo-
cal enlarged image of (c-1); (c-3) and (c-4) morphology of β’ precipitate at the [0001]α and [2 0]α zone axis, respectively.

plane of β” phase is {2 0}α, and its chemical composition is Mg3Gd
[30–32].

As the aging time increases to 10 h, some new phases with ordered
zigzag structures are formed in the matrix, which are determined as β’
phases marked by yellow circles in Fig. 6b. The density of β’ phases is
relatively low with a size of ~10 nm. Besides β’ phases, the initial petal-
like β” phases and GP zones are still observed in the Mg matrix, which
further indicates that the aging precipitation process of Mg 10Gd al-
loy is a dynamic and continuous process, in which the nucleation, phase
transformation and growth behavior occur simultaneously. Apps et al.
[33] pointed out that the β” phase plays a role of nucleation site in the
formation of β’ phase, and the Gd atoms of β” phase are reordered and
evolved into β’ phase. Compared with the annealed sample, the micro-
hardness of this sample aged for 10 h is improved to 81.9 HV.

When the aging time further increases to 20 h, as shown in Fig. 6c-1
and c-2 at the [0001]α zone axis, numerous nano-sized β’ strengthening

phases with zigzag structures are observed in the sample. Compared
with the sample aged for 10 h, the size and density of these β’ phases in-
crease significantly, resulting in the hardness remarkably improved to
102.4 HV. Fig. 6c-3 shows that some antennular-shaped structures
composed of β” and βT phases are formed at the edge of β’ precipitates.
The βT phases are also named tail-like structures raised by Zhang et al.
[26]. The β” and βT phases exhibit a lower nucleation barrier, and β’
phases are connected by above two metastable phases to reduce the
elastic strain and achieve growth [34]. Furthermore, the antennular-
shaped structures continue to transform to β’ phases during aging treat-
ment. Fig. 6c-4 shows the morphology of β’ precipitate observed from
the [2 0]α zone axis, and its length along the <01 0 > direction is
~6 nm. Compared with the basal precipitate plates and prismatic rods,
β’ precipitates provide a stronger blocking effect on basal dislocation
slipping, leading to a better precipitation strengthening effect [7,10].
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Fig. 7. Atomic model of β’ precipitate: (a) 3D model; (b) [0001] zone axis; (c)
[2 0] zone axis.

The nano-scaled β’ precipitates are the main strengthening phases in
the peak aging stage at 200 °C. Based on the atomic morphologies ob-
served from [0001]α and [2 0]α directions (see Fig. 6c-3 and c-4), the
atomic model of crystal structure for β’ precipitate is established, as
shown in Fig. 7. The β’ phase exhibits a c-axis base-centered orthogonal
(cbco) structure distributed coherent with the Mg matrix, and its forma-
tion mainly origins from Mg atoms substituted by Gd atoms in the lat-
tice. The lattice constants of β’ phase are a = 0.642 nm, b = 2.224 nm
and c = 0.52 nm, and its orientation relationships with the Mg matrix

are [001]β’//[0001]α and (100)β’//(2 0)α. The habit plane of β’ phase
is {2 0}α, and its chemical composition is Mg7Gd [35,36].

When the aging temperature increases to 225 °C, as shown in Fig.
8a, the morphology of precipitates changes significantly, showing the
gourd-shaped structures with average long-axis size of ~100 nm. The
microhardness of the sample aged for 40 h is improved to 89.4 HV, but
the strengthening effect is inferior to that of the samples aged at 200 °C.
Furthermore, the high resolution HAADF-STEM image (Fig. 8b) shows
that the main body of the gourd-shaped precipitates are still β’ phases,
and two different metastable phases (βM and βF′) are observed in the
connection region between β’ phases. The characteristics of βM phase is
that Gd atoms are arranged in the form of continuous regular hexagons,
and βF′ phase is characterized by the zigzag-arranged Gd atoms contain-
ing the same orientation relationship. Both βM and βF′ phases are also
considered to be the intermediate phases appeared in the process of β’
phases transforming into incoherent β1 phases [25,26]. When the aging
time further prolongs to 80 h, the chain-like structure formed by the ag-
gregation of precipitates appears in the sample, as shown in Fig. 8c.
Meanwhile, the dispersed β’ phases grow up and coarsen gradually,
eventually forming β1 phases marked by purple arrows in Fig. 8d. These
two types of phases (β’ and β1) coexist in this sample, but the strength-
ening effect becomes lower, resulting in the microhardness down to
75.2 HV.

At present, a reasonable explanation for the nucleation mechanism
of β1 phase is that at the necking position of β’ phase under decomposi-
tion state, β1 phase is nucleated and subsequently coarsened by con-
suming β’ phase with the diffusion of solute Gd atoms [26]. The β1
phase exhibits the face-centered cubic (FCC) structure with lattice con-
stant of a = 0.73 nm, and its orientation relationships with the Mg ma-
trix are [001]β1//[0001]α and (1 2)β1//(10 0)α. The habit plane of β1
phase is {10 0}α, and its chemical composition is Mg3Gd [37]. The β1

Fig. 8. Precipitate morphology of Mg Gd samples under different aging time at 225 °C: (a) and (b) HAADF-STEM images under aging time of 40 h; (c) and (d) TEM
images under aging time of 80 h.
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Fig. 9. TEM images of Mg Gd sample aged at 250 °C for 80 h: (a) rod-shaped β precipitates; (b) square-shaped β precipitates.

Fig. 10. Schematic illustration of the precipitation evolutions of Mg 10Gd alloy under different aging process.

phase is coherent with the Mg matrix on the habit plane, but the inter-
faces formed at the top and bottom planes perpendicular to the habit
plane are semi-coherent [34].

Fig. 9 shows the morphology of precipitates in Mg Gd sample
aged at 250 °C for 80 h. Numerous rod-shaped β phases marked by
white arrows in Fig. 9a are formed in the matrix, as well as square-
shaped β phases with average long-axis size of ~600 nm (Fig. 9b). The
lattice constant of equilibrium β phase is a = 2.23 nm, and its orienta-
tion relationships with the Mg matrix are [110]β//[0001]α and
( 12)β//(1 00)α [37].

From the perspective of aging precipitation kinetics of Mg 10Gd
alloy, the rapid diffusion rate of solute Gd atoms facilitates the dynamic
precipitation of β’ nano-phases, and the time required to reach the peak
aging stage is short, resulting in the optimum hardening effect in the
samples aged at 200 °C. When aging temperature exceeds the suitable
range, the whole precipitation process occurs quite rapidly, and the
solute supersaturation in Mg matrix decreases quickly after reaching
the peak stage, which causing the reduction of driving forces for solid
solution decomposition [38]. The β’ precipitates grow up and coarsen
gradually or evolve into other phases (such as β1 and β), which leading

to the undesirable strengthening effect in the samples treated at over
225 °C.

Above all, the stages of microstructural changes and precipitation
evolutions of Mg 10Gd alloy treated by different aging process are
schematically illustrated in Fig. 10. Similar grain structures are ob-
served in Mg 10Gd alloy after different aging treatment, but diverse
precipitate morphologies are formed in the matrix. β’ nano-precipitates
are visible in the peak aging stage at 200 °C for over 20 h. With increas-
ing aging temperature to 225 °C, gourd-shaped β’ precipitates become
the dominating strengthening phases, and β’ phases grow up and
coarsen gradually with the prolong of aging time. The highest aging
temperature of 250 °C results in the continuing occurrence of phase
transformations, leading to coarse rod-shaped and square-shaped β
phases formed in the samples aged for over 40 h.

4. Conclusions

In summary, the aging hardening characteristic and precipitate evo-
lution of Mg 10Gd alloy at different temperatures were systemati-
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cally investigated by characterizing methods including OM, EBSD, TEM
and HAADF-STEM. The key findings are summarized as follows:

(1) The optimum aging temperature of Mg 10Gd alloy is 200 °C,
and the peak hardness reaches up to 102.4 HV. The aging hardening ef-
fect is weakened at 225 °C and vanished at 250 °C.

(2) The average grain sizes are stable during aging. The microhard-
ness improvements mainly result from precipitation hardening. β’
nano-precipitates with fine size of ~10 nm are the main strengthening
phases. The strengthening effect of the aged samples at 225 °C de-
creases with peak hardness of 89.4 HV, which is mainly due to the
coarse gourd-shaped β’ precipitates with a size of ~100 nm.

(3) The aging treatment of Mg 10Gd alloy is a dynamic and con-
tinuous process, in which various metastable structures (including
short-range ordered GP zones, β”, βT, βM and βF′ phases) are observed in
the aged samples.
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