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ABSTRACT

Achieving high strength-ductility synergy in hard-to-deform high-alloyed Mg-Gd-Y-Zn-Zr alloys by
rolling remains a great challenge. In this work, a Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (wt.%) alloy sheet pos-
sessing a high yield strength (YS) of ~ 385 MPa, ultimate tensile strength (UTS) of ~ 420 MPa and
elongation of ~ 19% was achieved via a single-pass hard-plate rolling (HPR) process. The high YS
is mainly from amounts of submicron FGs and strong interactions between densely distributed y’
precipitates and pyramidal <c + a > dislocations in CGs. The activation of multiple slip systems,
HDI-hardening effect, and crack suppression effect from y’ particles, endow the excellent ductility.
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The hard-to-deform WE94 alloy sheet exhibiting a superior strength-ductility synergy has been pre-
pared by a single-pass HPR process. The bimodal grain structure containing substantial ultrafine
grains coupling with inhomogeneously-distributed nano-scale precipitates accounts for the superior

mechanical properties.

1. Introduction

The pursuit of lightweight promotes the development
of Mg alloys due to their low density, while their
applications are heavily hindered by the low strength
[1-3]. Mg alloys containing rare-earth (RE) elements
are currently promising candidates for achieving high
strength via introducing high-density precipitates [4,5].
The Mg-Gd-Y system has aroused great interest due
to notable precipitation strengthening from the pris-
matic 8’ phase (MgyRE) [6,7]. Additionally, introducing
basal LPSO and/or the y’ precipitates (Zn/Gd-segregated

closely packed planes which stack in the sequence of
ABCA) with a large aspect ratio by adding Zn element
enables multiple precipitation strengthening effects in
Mg-Gd-Y system alloys [8,9]. For example, a Mg-10Gd-
4Y-1.5Zn-0.5Zr alloy with a yield strength (YS) higher
than 400 MPa has been developed, which is compara-
ble to high-strength Al alloys [10]. However, the ultra-
high strength of Mg-Gd-Y-Zn-Zr alloys is usually at the
expense of ductility, e.g. the Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr
alloy subjected to conventional rolling and peak-aging,
exhibits a high YS of ~426 MPa but a low ductility of
4.5% [11].
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Recently, tailoring heterogeneous microstructures is
proposed to be an effective strategy to obtain supe-
rior strength-ductility combinations [12]. Our previous
works have demonstrated that strength and ductility can
be improved simultaneously by manipulating bimodal
structures consisting of coarse grains (CGs) and fine
grains (FGs) [13,14]. The interaction between CGs and
FGs could induce the hetero-deformation induced (HDI)
strengthening and HDI-hardening effect through strain
partitioning [15]. Nevertheless, the HDI-strengthening
and HDI-hardening effects in bimodal microstructures
often fail to be fully utilized due to relatively low inter-
face density resulting from the difficulty in refining FGs
[16]. Although bimodal-grained Mg-Gd-Y-Zn-Zr alloys
have been achieved via extrusion with low speeds at
high temperatures (> 400°C), FGs with average sizes
of 1-3pum are usually obtained as dynamic recrystal-
lization (DRX) and subsequent grain growth occur eas-
ily [6,17,18]. Large strain rolling is another potential
method to refine microstructure, e.g. the bimodal Mg-
6Al-1Mn alloy sheet with recrystallized grains of 1 um
was prepared through single-pass large strain rolling with
a reduction of ~80% [19]. However, it is difficult to
apply large strain rolling on high-alloyed Mg-Gd-Y-Zn-
Zr alloys, because they are hard-to-deform, usually with
high strength but poor formability [20]. Thereby, real-
izing substantial grain refinement down to sub-micron
scale in Mg-Gd-Y-Zn-Zr alloys remains a challenge.

Furthermore, the formation of bimodal grain struc-
ture usually accompanies heterogeneous precipitation
behavior of second phase particles [21-23], e.g. the
B’ particles only precipitated in deformed CGs in the
bimodal-grained Mg-13Gd alloy [22]. The uneven dis-
tribution of precipitates would significantly affect prop-
erties through generating disparate blocking effects on
different dominant slip systems activated in CGs and
FGs [24]. However, the influence of heterogeneously-
distributed precipitates in bimodal-grained Mg-Gd-Y-
Zn-Zr alloys on properties has received less attention.

In this study, we report a multi-scale heterogeneous
Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr (WE94) alloy sheet pre-
pared by a simple hard-plate rolling (HPR) process,
which exhibits a bimodal grain structure consisting
of strong basal-textured CGs and weak basal-textured
submicron FGs, plus heterogeneously-distributed nano-
scale y’ precipitates. To the best of our knowledge, this
is the first one to realize a large thickness reduction by
a single-pass rolling in the hard-to-deform WE94 alloy,
which cannot be achieved using conventional rolling
methods. Notably, a high strength-ductility synergy with
a YS of ~385MPa, an ultimate tensile strength (UTS)
of ~420 MPa and an elongation of ~19% is achieved.
A further increase in strength with a YS of ~460 MPa
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and an UTS of ~521 MPa is realized after peak-aging,
accompanied by a well-maintained ductility of ~11%.
The underlying mechanisms for the formation of hetero-
geneous microstructure in terms of grains and precipi-
tates, as well as the superior strength-ductility synergy,
are systematically investigated.

2. Materials and methods

The high-quality WE94 ingot was produced by semi-
continuous casting. Then, it was extruded into rods with
a diameter of ~152mm under 450°C with an extru-
sion ratio of ~ 5:1 and an extrusion rate of ~2 mm/min.
The microstructure of as-extruded WE94 alloy was
shown in Fig. S1. Rolling samples with dimension of
50 x 20 x 6 mm were cut from as-extruded rods. After-
wards, HPR was applied, i.e. two hard plates covering up
and down of rolling samples, with the rolling direction
(RD) parallelling to the extrusion direction. The rolling
samples were rolled to ~ 1 mm by a single pass HPR with
areduction of ~ 85% at 500°C (denoted as HPRed alloy).
Finally, the HPRed alloy was subjected to artificial aging
at 150°C, 175°C and 200°C for different durations.
Tensile test specimens with dimensions of 10 x 4 x 1

mm in the gauge section (parallelling to the RD)
were tensioned to failure at room temperature under
a strain rate of 1 x 1073 s~! using an AGS-X-100kN
electric universal testing machine equipped with an
extensometer. The microstructure was characterized
by scanning electronic microscopy (SEM, Sigma 500,
ZEISS) equipped with an energy dispersive spectrometer
(EDS, X-Max, Oxford Instruments) analyzer and elec-
tron backscatter diffraction (EBSD, Symmetry, Oxford
Instruments). Activated slip systems are identified via
matching actual slip traces in SEM micrographs with the-
oretical slip traces [25]. Nano-sized particles were inves-
tigated by transmission electron microscopy (TEM, JEM-
2100, JEOL) and 3-dimensional atom probe tomography
(APT). Thin foils for TEM were prepared by mechanical
polishing, followed by ion milling at 3kV-5kV for ~3h.
APT analysis was performed on samples fabricated by
a standard electro-polishing method [25], under ultra-
violet laser pulse mode at a pulse energy of 40 pJ and a
pulse repetition rate of 200 kHz.

3. Results and discussion

Hardness evolution curves of the HPRed alloy at dif-
ferent aging temperatures are shown in Figure 1(a).
The shortest time (~32h) for the peak hardness
value (~ 137.4 42 Hv) is achieved at 200°C. Thus, the
peak-aged alloy at 200°C was chosen for subsequent
investigations. Figure 1(b) presents tensile engineering
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Figure 1. (a) Hardness evolution curves of the HPRed alloy during aging; (b) tensile engineering stress-strain
9 y g aging g g

curves for as-extruded, HPRed and peak-aged alloys; a comparison of (c) UTS and (d) toughness values as a function of elongation
between the HPRed and peak-aged alloys in this work and previously reported Mg-Gd-Y-Zn-Zr alloys [8,11,18,20,26-41].

strain-stress curves of the as-extruded, HPRed and peak-
aged alloys. Compared with the as-extruded alloy, the
HPRed alloy exhibits much higher strength and duc-
tility, with a YS of ~385MPa, an UTS of ~420 MPa
and an elongation of ~ 19%, respectively. It is impres-
sive that the simple single-pass HPR process leads to
an excellent strength-ductility synergy in hard-to-deform
WE94 alloy, in comparison to counterparts prepared
via extrusion, conventional rolling, etc. (Figure 1(c))
[8,11,18,20,26-41]. Moreover, the toughness of HPRed
alloy reaches 8.0 x 107 J/m?, far exceeding those of
reported Mg-Gd-Y-Zn-Zr alloys with similar composi-
tions [8,11,18,20,26-41]. After peak-aging at 200°C, the
YS and UTS of the HPRed alloy are further improved
to ~460 MPa and ~ 521 MPa, respectively, accompa-
nied by a decent elongation of ~11%. Although the
ductility decreases to some extent after aging, both the
present HPRed and peak-aged alloys show impressive
strength-ductility synergy.

Figure 2 presents microstructures of the HPRed alloy.
Here, grains with sizes smaller than 2 pm are defined as

FGs and the others are CGs. The HPRed alloy exhibits
a typical bimodal microstructure consisting of strong
basal-textured CGs and weak basal-textured FGs (Figure
2(a-d)). Note that the average size of FGs is ~ 0.6 um
in the present HPRed alloy, which is much smaller than
those of FGs (1.6-3.7 um) in bimodal-grained Mg-Gd-Y-
Zn-Zr alloys fabricated by extrusion, conventional rolling
or accumulative roll-bonding [11,26,40]. This is closely
related to the single-pass HPR process with a large reduc-
tion (~ 85%), which avoids grain growth caused by mul-
tiple heating procedures. Additionally, profuse submi-
cron block-shaped particles distributing along bound-
aries of FGs are identified as B-Mgs(Gd, Y) particles
(fcc, F43m, a = 2.23nm) (Figure 2(e-g)) [42], corre-
sponding with XRD results (Fig. S2(b)). On the one
hand, some of the pre-existed B particles in the as-
extruded alloy are fragmented and refined under the high
strain introduced by HPR. On the other hand, the HPR
process promotes the dynamic precipitation of 8 parti-
cles. These dense submicron § particles could effectively
inhibit grain growth by pinning effect, contributing to
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Figure 2. Microstructures of the HPRed alloy: (a) and (c) EBSD IPF images with corresponding legend; (b) grain size distribution of the
FG region; (d-f) BF-TEM images of the FG region; (g) HRTEM image of the 8 phase at boundaries; (h) and (i) BF-TEM images showing y’
particles in the FG and CG region, respectively; (j) HRTEM image and corresponding FFT pattern of y’ particles.

substantial grain refinement [27]. At the same time, the
heterogeneous precipitation of y” particles is identified,
i.e. y’ particles are frequently observed in CGs while a
few distribute in FGs (Figure 2(h—j)). Based on statistics
of TEM results, the number density of )’ particles per
volume, N, was calculated by assuming the thickness of
the examined region to be 100 nm [43]. The N of y' par-
ticles in CGs (7.9 x 10*! m~3) is about four times that in
FGs (2.0 x 10*! m™3). This is closely associated with dis-
location characteristics of the bimodal grain structure, i.e.
CGs have higher dislocation density compared with FGs.
Moreover, dislocation tangles introduced by HPR are
beneficial to promoting precipitation during subsequent
aging (Figure 2(f)).

Figure 3(a,b) presents the microstructure of the peak-
aged alloy. Note that FGs are well retained after peak-
aging as the average grain size only increases slightly from
~0.6 to ~0.7um (Figure 3(a-c)), indicating a strong
grain coarsening resistance. Another feature is that g par-
ticles are basically unchanged after aging (Figure 3(c)),
while the co-segregation of Zn and Gd elements is found
at the boundaries of FGs (Figure 3(d)). The strong seg-
regation of solute atoms could reduce boundary energy
to decrease the driving force for grain growth [25].
Therefore, both the dense submicron 8 particles and co-
segregation of Zn and Gd atoms at boundaries account
for the limited growth of FGs during aging. Addition-
ally, the heterogeneous distribution of y’ particles is
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still distinctive (Figure 3(e,i)). The number density of
y’ particles in CGs and FGs is ~1.2 x 10> m~3 and
~3.4 x 10?! m™3. Compared with the HPRed alloy, the
number density of y’ particles in both the FGs and CGs
increases in the peak-aged alloy, indicating its further
precipitation during aging. Moreover, numerous nano-
sized B’ particles are observed in the peak-aged alloy
(Figure 3(g-j)). The distribution of B’ particles is rela-
tively heterogeneous and number densities in CGs and
FGsare ~9.0 x 1022 m~3 and ~4.2 x 10*2 m~3, respec-
tively.

Further information on the chemical composition and
3-dimensional orientation of precipitates in the peak-
aged alloy is revealed by APT analysis (Figure 4). The
Gd-rich blocky B’ particles and Zn-rich plate-shaped y’
particles are displayed. Given the special orientation rela-
tionship between 8’ and y’ phases (precipitated on pris-
matic and basal planes, respectively), the generated nano-
scale closed volumes are visualized intuitively (Figure 4).
The influence of co-existence of 8’ and y’ particles on
mechanical properties will be discussed later.

To explore mechanisms responsible for the superior
elongation of ~19%, slip trace analysis has been con-
ducted on the HPRed alloy stretched to a strain of ~ 12%.
Evident slip traces can be observed in CGs (Figure 5(a)).
Particularly, multiple slip systems, including the pris-
matic <a> slip (P1), pyramidal <a> slip (P2) and
pyramidal <c + a> slip (P3 and P4), are activated in
different regions of the observed CG (Figure 5(a,b)). The
promoted activation of non-basal slips in CGs is mainly
attributed to the high content of RE elements, e.g. the
addition of Y can decrease the SF energy and facilitate the
nucleation of < ¢+ a> dislocations [44]. The frequently
activated non-basal dislocations in CGs, especially pyra-
midal <c+ a> dislocations (marked by red lines), can
be further confirmed by TEM images (Figure 5(c-f)).
Moreover, cross-slips are observed in the HPRed alloy
stretched to 12% (Figure 5(d)), which could also increase
plasticity [45]. The easily activated multiple slip systems
in CGs make great contributions to the high ductility and
strain-hardenability [13]. Additionally, FGs exhibiting a
weakened basal texture could provide enhanced ability in
accommodating plastic deformation, as basal slips could
occur more easily in grains having large SFy,,1 value [46].

From loading-unloading-reloading stress—strain curves
of the peak-aged alloy, large hysteresis loops can be
observed (Fig. S3). It suggests that such bimodal
microstructure is potential in exerting a pronounced
HDI-hardening effect, contributing to the high ductil-
ity. Moreover, y’ particles featuring high aspect ratios are
plastically deformable and capable of suppressing crack
propagation, playing an important role in delaying frac-
ture during post-necking deformation [17]. Thereby, the

excellent ductility of present HPRed alloy is attributed
to the collective effects of RE elements in solid solution
and multi-scale heterogeneous microstructure, despite
the existence of some blocky LPSO phases where cracks
tend to initiate (as shown in Fig. S2).

The high YS (~385MPa) of the HPRed alloy can
be mainly ascribed to the considerable grain bound-
ary strengthening up to ~130MPa originating from
substantial submicron FGs, in addition to the solution
strengthening, dislocation strengthening and precipita-
tion strengthening (see details in Supplementary mate-
rials). Note that the grain boundary strengthening con-
tribution in the present HPRed alloy is much higher in
comparison to the previously reported Mg-Gd-Y-Zn-Zr
alloys, where grain boundary strengthening contribution
usually ranges from 67-74 MPa [6,40].

Furthermore, the heterogeneous distribution of y’
particles, i.e. more densely in CGs than FGs, is favor-
able for the YS enhancement. It has been reported that
y’ particles have a stronger effect in blocking pyrami-
dal <c + a> dislocations than basal dislocations [6].
Additionally, the strong interaction between y’ particles
and pyramidal <c + a> dislocations has been demon-
strated by Figure 5(e,f), showing that pyramidal <c +
a> dislocations bow between y’ particles. Hence, the
high-density y’ particles in CGs are effective in blocking
the highly-activated pyramidal < c+ a > dislocations in
CGs [6]. It provides considerable precipitation strength-
ening (~ 71 MPa), which far exceeds the reported values
(8-52 MPa) in literature [6,47].

After peak-aging, the YS of the HPRed alloy is
increased by ~ 75 MPa, reaching ~ 460 MPa. The signif-
icantly improved YS is due to the further precipitated y’
particles and high-density g’ particles induced by aging
[6,36], despite the inevitable dislocation recovery and
slight grain growth. According to calculations, a signifi-
cant precipitation strengthening effect can be provided by
the co-precipitation of 8’ and y’ particles in the present
peak-aged alloy, accounting for ~39% of the ultrahigh
YS. While it may be underestimated as the nanoscale
closed volumes formed by prismatic 8’ and basal y’
particles could further block movements of either basal
dislocations or non-basal dislocations [17].

The elongation of the HPRed alloy decreases from
~19% to ~11% after peak-aging, mainly due to the
stress concentration and crack initiation induced by
B’ precipitates [17]. Nevertheless, the ductility of the
present peak-aged alloy is still superior to other reported
Mg-Gd-Y-Zn-Zr alloys [8,11,18,20,26-41]. In addition
to the contribution of heterogeneous microstructure to
enhanced work hardening ability and ductility, the high-
density y’ particles could inhibit crack propagation effec-
tively and thus enhance the ductility [17].
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4. Conclusions

In summary, a superior strength-ductility combination
(a YS of ~385MPa and an elongation of ~19%) is
achieved in the multi-scale heterogeneous WE94 alloy
sheet via a simple HPR process. The high YS is mainly
caused by pronounced grain boundary strengthening
from submicron FGs and precipitation strengthening
from strong interactions between densely distributed y’
particles and pyramidal <c + a> dislocations activated
in CGs. The activation of multiple slip systems and HDI-
hardening effect from the bimodal grain structure, along
with crack suppression effect from y’ particles, endow
the HPRed WE94 alloy sheets with excellent ductility.
After peak-aging, a further increased YS of ~ 460 MPa
and a decent ductility of ~11% are achieved. The co-
precipitation of B’ and y’ particles contributes to the
further enhanced strength. This work provides a refer-
ence for fabricating high-strength and ductile Mg-RE
alloy sheets by manipulating bimodal grain structures,
coupling with controlling the heterogeneous distribution
of precipitates.
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