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Abstract: Excellent ductility and high strength were achieved in the Mg-10.6Gd-2Ag
(wt. %) alloy via an industrial-scale equal channel angular pressing (ECAP). The ECAP
alloy exhibits an extremely high ductility (elongation of 22.6 %) as well as a high
strength (ultimate tensile strength of 417.2 MPa). This ductility exceeds the known
ductility limit of the existing high-strength Mg-RE wrought alloys. After peak-aging,
an optimal ultimate tensile strength of 460.3 MPa is obtained accompanied by a
moderate ductility (elongation of 8.9 %). The excellent ductility originates from the
fine and full DRXed microstructure, which involves the homogenous and fine equiaxed
grains, the cobblestone-like submicron particles distributed along the a-Mg grain
boundaries, and the weak and approximately random texture. The submicron particles
are identified as the dynamically precipitated Ag-containing MgsGd-typed compound.
After peak-aging, co-existence of the high-density basal y” plates and the relatively low-
density prismatic S’ plates are observed in the a-Mg grain interior, and an interfacial
phase is found to segregate in some a-Mg grain boundaries. The high strength is mainly
ascribed to the synergistic effect of the fine grains, the high-frequency high angle
boundaries, and the additional co-precipitates of the 4’ plates and the y" plates in the
aged alloy.
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1. Introduction

Mg alloys are the lightest structural metallic materials and thus possess many
advantages such as high specific strength and high specific stiffness, which exhibits
very attractive application potential, especially in the automobile, aircraft and 3C
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industries. However, the absolute strength and ductility of the current developed Mg
alloys at room temperature are still much lower than that of Al alloys and steels, which
restrict their widespread commercial applications. Developing high strength and
ductility Mg alloys is still a great challenge.

If we define that the high-strength Mg alloys are those with ultimate tensile strength
(UTS) of above 400 MPa, it can be found that almost all the high-strength Mg alloys
are the alloys containing rare earth elements (Mg-RE alloys) and achieve high strength
via heat deformation process combined with heat treatment. The analysis of the
published literature shows that the majority of the developed high-strength Mg-Re
alloys so far have a poor ductility (elongation < 10 %) [1, 2], and thus the strength-
ductility trade-off is extremely outstanding in these alloys. For example, Le et al. [3]
reported the Mg-6Gd-3Y-2Nd-0.4Zr (wt%) alloy prepared by the combined processes
of hot extrusion and aging exhibited a high UTS of 435 MPa companied by a low
elongation (EL) of 5%. Recently, Yu et al. [4] developed a high-strength Mg-11.7Gd-
4.9Y-0.3Zr (wt%) alloy with UTS of 500 MPa via the route of pre-deformation
annealing, hot extrusion, and aging process, while a low ductility (elongation of 2.7%)
is still inevitable. In these alloys, high strength is generally ascribed to the fine gains,
strong basal texture and high-density nano-precipitates, such as g’, 5", y"and y" phases
[5, 6]. To further improve the mechanical properties, a high RE concentration (>13%)
and complicated processing route are necessary [7-9], which increases the cost and
density of the alloys and thus weakens their lightweight advantage.

Recent researches demonstrated that the addition of silver (Ag) could enhance the
hardness and strength of the Mg-Gd alloys via forming the nano-scale plate-like
precipitates on basal plane during aging [10-13]. Although a high strength, even over
600 MPa, can be obtained in Ag-containing Mg-Gd alloys, a poor ductility is still
outstanding [14-16]. This is because the inter-precipitate spacing is usually only a few
nanometers, which significantly hinders dislocation slip and twinning. In this work, we
conducted an industrial-scale ECAP on the developed Mg-10.6Gd-2Ag (wt. %) alloy
followed by post-aging to obtain high strength and ductility. The excellent ductility
(elongation of 22.6 %) and high strength (> 400 MPa) were achieved in the ECAP alloy,
which jumps out of the ‘banana curve’ region of the high-strength Mg-RE wrought
alloys containing comparable alloying addition (< 13 wt. %). The microstructures of
this alloy at different processing states were characterized and carefully linked to its
mechanical properties to reveal the underlying strengthening and toughening
mechanism.



2. Materials and Methods

Ternary Mg-10.6Gd-2Ag alloy (wt. %) ingots with a diameter of 900 mm were
prepared using the die-casting process. The ingot was machined into the cubic samples
with dimensions of 50 mm x 50 mm x 100 mm for the subsequent process. The cubic
samples were firstly solid solution treated at 773 K for 24 h followed by the water
guenching, and the resultant alloy was designated as ‘ss alloy’. Then, a rotational die
equal channel angular pressing (ECAP) with two equal square channels (50 mm x 50
mm x 100 mm) was continually conducted on the samples for 8 passes with a ram speed
of 3 mm/s at a constant temperature of 623 K, followed by the water cooling. The
resultant alloy was signed as ‘ECAP alloy’. Finally, some ECAP samples were
isothermally aged at 453 K. The peak-aged ECAP alloy was named as ‘ECAP-aged
alloy’. The sample was lubricated by the grease mixed with molybdenum disulfide and
graphite to reduce the friction. The detailed operation principle of the RD-ECAP can
be found in our earlier work [17, 18]. Due to the friction between die and samples, the
circumference of the samples shows different deformation and resultant microstructure
and properties from their middle during ECAP. Hence, the outermost layer (5 mm in
thickness) of the ECAP and ECAP-aged alloys was excised, and the middle layer was
used to investigate the microstructure and mechanical behavior. Previous reports
indicated that the whole microstructure became much homogenized after multi-passes
ECAP [18]. Therefore, the samples for microstructure characterization and mechanical
properties testing were randomly chosen from the middle of the ECAP and ECAP-aged
alloys. The observed consistency of the microstructure observations and the small
deviation of mechanical properties confirm the uniformity of the ECAP and ECAP-
aged alloys (much more on this later).

The microstructures were characterized by an optical microscope (OM) Olympus
BX51M, an electron backscattered diffraction (EBSD) HKL-EBSD system and a
transmission electron microscope (TEM) FEI Tecnai G2. The OM samples were
prepared by grinding, polishing and etching. The EBSD samples were ground and
polished, and then ion polished. The TEM samples were prepared via twin-jet polishing
with a solution of 2% perchloric ethanol at 253 K. The phase composition was measured
by X-ray diffraction (XRD).

Tensile tests were conducted using a testing machine SUNS UTM4204X at room
temperature with a constant tensile speed of 0.5 mm/min. The dog-bone shaped
specimens with a gauge size of 2 mm x 2 mm x 7.5 mm were used. At least three



measurements were performed for each condition. The micro-hardness was measured
using an HXD-1000TC microhardness-testing instrument on the surface of the sample.
The applied load was 4.9 N, and the holding duration was 15 s. The average
microhardness value of the eight test points was used.

3. Results and discussion

3.1 The age-hardening response of the ECAP alloy
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Fig. 1 Hardness curves of the ECAP alloy at 453 K.

Fig. 1 shows the age-hardening curve of the ECAP alloy during isothermal aging at
453 K. On the start of the aging, the hardness increases immediately without any
incubation time until 60 hours, and then slowly increases to its peak value of 119.6 HV
at 204 hours. After that, the hardness slowly declines with the increase in the aging time.
The accelerated hardening at an early stage could be linked to the addition of Ag [11].
The hardness increase (AH) of the ECAP-aged alloy (i.e., the peak-aged alloy) is 16.8
HV compared to the ECAP alloy. Interestingly, the hardness increase of the ECAP alloy
is 19.9 HV compared to ss alloy. This indicates that the aging treatment gives rise to
comparable improvement in hardness to the ECAP processing for the Mg-10.6Gd-2Ag
alloy.

3.2 Microstructure evolution during processing

Fig. 2a shows the optical microstructure of the Mg-10.6Gd-2Ag alloy in different
processing states. A dendritic structure with a typical grain size of about 150 um
characterizes the microstructure of the as-cast alloy. This dendritic structure consists of
the primary a-Mg and interdendritic eutectic in which the second phase is dispersed
along the grain boundaries of the primary a-Mg. After solid solution treatment at 773
K for 24 h, most of the eutectic structure is disappeared, while some discontinuous



second phase particles are still visible in the a-Mg matrix, as shown in Fig. 2b. The
average grain size of the ss alloy reaches to 187.5 + 24.4 um, indicating visible grain
growth during solid solution treating. After 8 passes ECAP, the grain size is
significantly decreased, as shown in Fig. 2c. Also, plenty of particles are uniformly
dispersed in the refined a-Mg matrix, indicating that the ECAP processing involves
intensive dynamical precipitation. As a result, a uniform microstructure is achieved in
the ECAP alloy. After further aging to peak hardness, negligible change is found in
optical microstructure, implying nano-precipitates are formed in the ECAP-aged alloy
considering its improved hardness.

Fig. 2 Optical microstructure of (a) the as-cast alloy, (b) the ss alloy, (c) the ECAP
alloy and (d) the ECAP-aged alloy.

Fig. 3 shows the XRD patterns of the Mg-10.6Gd-2Ag alloy in different processing
states to reveal the phase composition evolution. The characteristic peaks confirm that
the as-cast alloy is composed of a-Mg and well-known MgsGd phase which is widely
observed in the as-cast Mg-Gd system alloys [19]. After solid solution treatment, the
peaks representing the MgsGd phase are almost disappeared, giving rise to an almost
single-phase a-Mg solid solution. After 8 passes ECAP, the peaks representing the
MgsGd phase reappear but their intensities are weak compared to the as-cast alloy. This
demonstrates that the precipitates during the ECAP processing are the MgsGd phase



particles. After further aging to peak hardness, the XRD pattern has no remarkable
change. Therefore, TEM observations are necessary to reveal the microstructure
different between the ECAP alloy and the ECAP-aged alloy.
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Fig. 3 XRD patterns of the as-cast alloy, the ss alloy, the ECAP alloy and the ECAP-
aged alloy.

Fig. 4 shows the EBSD inverse pole figure mapping, grain size statistics, and pole
figures of the ECAP alloy and the ECAP-aged alloy along extruding direction. Both the
alloys possess the homogenous and fine equiaxed grains, as shown in Fig. 4a and d.
The average grain size of the two alloys is comparable and less than 2 um, which is
much smaller than that of the as-cast alloy and the ss alloy. Both the alloys exhibit weak
and approximately random texture, which is ascribed to the addition of rare earth
elements, as shown in Fig. 4 ¢ and f. Moreover, rare low-angle boundaries (LABS) are
observed in the two alloys, which implies low dislocation density, as indicated in Fig.
4a and d. The equiaxed grains and rare LABs suggest that dynamical recrystallization
(DRX) is well developed during the ECAP processing for the Mg-10.6Gd-2Ag alloy.
As a result, the ECAP and ECAP-aged alloys exhibit stable and almost full DRXed
grain microstructure, which implies excellent mechanical properties.
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Fig. 4 (a, d) EBSD inverse pole figure mapping, (b, d) grain size statistics, and (c, f)
pole figures of (a-c) the ECAP alloy and (d-f) the ECAP-aged alloy. The white curves
in (a, d) mark the LABs (2° < 8 < 15°) and the black curves mark the high-angle
boundaries (HABs, § > 15°).

Fig. 5 shows the bright-field (BF) images of the ECAP alloy before and after aging
treatment. As shown in Fig. 5a, the fine equiaxed grains with low dislocation density
are observed in the ECAP alloy. It indicates that a full DRX occurred during the ECAP
processing. This result coincides with the EBSD result in Fig. 4. Moreover, plenty of
the cobblestone-like precipitates, which have an average size of ~0.4 um, are uniformly
distributed along the a-Mg grain boundaries. Owing to their efficient inhibition in grain
growth [20], these dynamically precipitated particles play an important role in the grain
refinement during the ECAP processing. Previous studies hypothesized that this phase
was the Ag-containing MgsGd-typed compound [16, 21]. Our XRD analysis confirms



its MgsGd-typed compound, while the exact composition of the dynamic precipitation
is still unclear, which is worthy to be further studied in the future.

Compared with the two samples before and after aging (Fig. 5a and b), it is hard to
tell the difference between the size of the grain boundary precipitates. However, a large
number of the nano-precipitates are found in the a-Mg grain interior of the ECAP-aged
alloy. To further clarify this precipitate microstructure of the ECAP-aged alloy, a high-
magnification TEM BF image and corresponding selected area electron diffraction
(SAED) pattern are given in Fig. 5¢c. The ECAP-aged alloy contains a large number of
the uniformly distributed plate-like precipitates in basal planes as marked by yellow
arrows in Fig. 5c, which exhibit a typical size of ~20 nm in length and ~1.5 nm in
thickness. These precipitates were frequently observed in the aging treated Mg-Gd-Ag
alloys, which were defined as y" phases [12, 13, 22]. Zhou et al. [23] indicated that the
microstructure of the y" phase in the Mg-Gd-Y-Ag alloy was HCP, which had lattice
parameters of a = 0.5 nm and ¢ = 0.42 nm. The orientation of crystal structure was
rotated for 30 degrees along c-axis of the matrix. The composition of " phase was
proposed as Mg.Gd:Ags. Moreover, 5' phase on a prismatic plane is also found to
coexist with y" phase as marked by red arrows in Fig. 5c. The density of the g’ phase is
slightly lower than the y" phase. However, the ' phase is believed as the predominant
precipitate phase in peak-aged Mg-Gd(-Zr) alloys, which has a base-centered
orthorhombic Bravais lattice (a =0.650 nm, b =2.272 nm, and ¢ = 0.521 nm) [22]. The
dark diffraction spots and streaks, as marked by green arrows in the inset of Fig. 5c,
further confirm the co-existence of the y" plates and the prismatic ' plates in the ECAP-
aged alloys [22, 24]. The ' phase operates in conjunction with the y" phase to
obstructed both the basal slip and non-basal slip in Mg, which is effective to enhance
the mechanical properties of the Mg alloys [10, 22, 25, 26].

Some grain boundaries of the ECAP-aged alloy are segregated by an interfacial
phase, as marked by blue arrows in Fig. 5b. High-magnification TEM BF image
indicates that the interfacial phase is similar to the conventional precipitates segregated
at grain boundaries (Fig. 5d). Zhou et al. [10] demonstrated that this interfacial phase
was a monoclinic structure with a stoichiometry of MgsGdAgs, which had lattice
parameters of a = 1.2 nm, b = 1.04 nm, and ¢ = 1.59 nm. Ag segregation to grain
boundaries played a critical role in the formation of this interfacial phase. The grain
boundaries with interfacial phase are regarded to be high stability due to the low energy
nature, which exhibits huge potential in tuning the microstructure and mechanical
properties [27-30].



Fig. 5 TEM BF images of (a) the ECAP alloy and (b-d) ECAP-aged alloys.
Enlargement of (c) a typical grain and (d) a grain boundary segregated by interfacial
phase in ECAP-aged alloy. The inset in (c) shows the corresponding [1010]. SAED
pattern.

3.3 Mechanical properties

Fig. 6a and b show the typical tensile stress-strain curves and collected mechanical
properties of the as-cast, ECAP, and ECAP-aged alloys. The ECAP alloy exhibits a high
tensile yield strength (TYS) of 317.1 MPa and a ultimate tensile strength (UTS) of
417.2 MPa, as well as an extremely high elongation (EL) of 22.6 %, which are three
times as strong (UTS) and two times as ductility as the as-cast alloy. This states a
simultaneously improved strength and ductility compared to the as-cast alloy. After
peak-aging, an optimal strength (TY'S of 396.4 MPa and UTS of 460.3 MPa) is obtained
accompanied by a moderate ductility (EL of 8.9 %).



The UTS of the typical high-strength Mg-RE wrought alloys with alloying addition
< 13 wt. % are compared, including the present Mg-10.6Gd-2Ag alloy and the reported
Zn-free Mg-RE alloys [3], Mg-Y-Zn alloys [31-34], Mg-Zn-RE alloys [35, 36], as
shown in Fig. 6¢. The high-strength Mg-RE wrought alloys generally undergo a trade-
off between the strength and ductility, especially suffer a disadvantage of poor ductility.
The comparison shows that the present ECAP alloy and the ECAP-aged alloy jump out
of the *banana curve’ region, and can exceed the known strength and ductility limits of
the high-strength Mg-RE wrought alloys containing comparable alloying addition. To
our knowledge, the ductility of the present ECAP alloy exceeds that of all the reported
high-strength Mg-RE wrought alloys (UTS > 400 MPa) [1, 2]. Although some Mg-RE
wrought alloys possess higher strength than the present alloy, the higher alloying
addition is necessary [1]. The results clearly show that the Mg-10.6Gd-2Ag alloy is in
a region of high strength, good ductility and low alloying.
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Fig. 6 (a) Typical tensile stress-strain curves and (b) mechanical properties of the as-
cast, ECAP and ECAP-aged alloys. (c) Comparison of UTS vs. EL for the present Mg-
10.6Gd-2Ag alloy and recently developed high-strength Mg-RE alloys [3, 30-35].

The high strength and excellent ductility in the present ECAP and ECAP-aged
alloys can be linked to those microstructures. The alloys feature the complex structures



of (i) the fine and full DRXed a-Mg grains with the average size less than 2 um, (ii) the
high-frequency HABS, (iii) the homogeneously distributed submicron precipitates, (iv)
the additional high-density nano-precipitates in the ECAP-aged alloy. The high strength
originates from the compound effect of the above microstructures. Firstly, the fine
grains are responsible for the enhanced strength by restricting dislocation slipping, as
expressed by well-known Hall-Petch (HP) relationship (y = oo + krpd®® ), where d is
the average grain size, oo is the friction stress and knp is the HP constant. The fine grains
can also reduce stress concentration and preventing necking, and may activate other
deformation modes, such as grain boundary sliding, grain boundary rotation in Mg alloy,
and thus contribute to enhanced ductility [37]. Moreover, the full DRXed a-Mg grains
with low-density dislocations can accumulate abundant dislocations in grain interior.
The dislocation storage provides work hardening and suppresses strain instability with
macroscopic necking, and thus increases the ductility. Secondly, HABs with
misorientation over 15 ° is widely believed to possess higher resistance to dislocation
slipping than LABs. Herein, the high-frequency HABs contribute to a great
improvement in strength. Their contribution can be coupled to the HP relationship, i.e.,
modified HP relationship [aagy = kre (d/f)0° ], where f is the number fraction of HABs
[38]. Alternatively, the average grain size is obtained just considering HABs, i.e.,
neglecting subgrains. From previous studies on AZ31, kyp is in a range of 161 ~ 411
MPa.um®° [39], the calculated TYS increment due to the fine grains and HABs is in a
range of 118.53 ~ 302.58 MPa. Thirdly, a large number of the submicron precipitates
also contribute to improvement in strength via Orowan mechanism (0growan =

MGb
2mAN1—v

modulus of a-Mg matrix, b (= 0.32 nm) is the Burgers vector of the gliding dislocations,

log%p), where M (=2.5) is the Taylor factor, G (=17.2 GPa) is the shear

v (= 0.3) is the Poisson ratio, 4 is the effective inter-precipitate spacing, and is
approximately equal to the average grain size, and dp is the mean planar diameter of the
precipitates on the slip planes [38]. The strength increment due to Orowan
strengthening in the ECAP alloy and the ECAP-aged alloy are calculated to be 6.35
MPa and 5.47 MPa. Finally, the high-density nano-precipitates provide an additional
strengthening effect in the ECAP-aged alloy. The co-existence of the 4' phase and the
y"" phase precipitates is regard to effectively contribute to the strengthening of the Ag-
containing Mg-Gd alloy by suppressing both the basal slip and non-basal slip [10, 22,
25, 26]. The resultant strength increment is equal to the strength difference between the
ECAP-aged alloy and the ECAP alloy (79.3MPa). Therefore, the high strength mainly
stems from the synergistic effect of the fine grain structure, the high-frequency HABS,



and the additional co-precipitates of the 4' phase and the y" phase in the ECAP-aged
alloy. The excellent ductility originates from the fine and full DRXed a-Mg grains.

4 Conclusion

In summary, we have developed a high-strength Mg-10.6Gd-2Ag alloy via an
industrial-scale ECAP. Excellent ductility and high strength were achieved in this alloy.
The main conclusions can be made as follows:

(1) The ECAP alloy exhibits an extremely high ductility (EL of 22.6 %) which
exceeds the known ductility limit of the high-strength Mg-RE wrought alloys (UTS >
400 MPa), as well as a high strength (TYS of 317.1 MPa and UTS of 417.2 MPa). After
peak-aging, an optimal strength (TYS of 396.4 MPa and UTS of 460.3 MPa) is obtained
accompanied by a moderate ductility (EL of 8.9 %), which jumps out of the ‘banana
curve’ region of the existing high-strength Mg-RE wrought alloys containing
comparable alloying addition (< 13 wt. %).

(2) The ECAP alloy possesses a full DRXed microstructure, which involves the
homogenous and fine equiaxed grains, the cobblestone-like submicron particles
distributed along the a-Mg grain boundaries, and the weak and approximately random
texture. The average grain size is less than 2 um. These submicron particles are
identified as the dynamically precipitated Ag-containing MgsGd-typed compound
during ECAP processing.

(3) At peak-aged condition, co-existence of the high-density basal y" plates and
the relatively low-density prismatic ' plates are observed in the a-Mg grain interior,
which is regard to effectively contribute to the strengthening of Mg alloy by suppressing
both the basal slip and non-basal slip. An interfacial phase is also found to segregate in
some grain boundaries, which endows these grains with high stability.

(4) The high strength mainly stems from the synergistic effect of the fine grain
structure, the high-frequency HABs, and the additional co-precipitates of the 4* plates
and the y" plates in the ECAP-aged alloy. The excellent ductility originates from the
fine and full DRXed a-Mg grains.
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