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Abstract

The limited creep resistance of wrought Mg—Al alloys restricts their lightweight applications at intermediate temperatures due to the
softening effect of discontinuous precipitation (DP) on the dislocation-controlled creep. Here, we developed a creep-resistant wrought Mg—Al
alloy through microalloying of Y and Ca. The resulting alloy exhibited an order of magnitude enhancement in the creep resistance at 125
°C/50-100 MPa. In contrast to the grain boundary instabilities by DP in the previously reported wrought Mg—Al alloys, we show that the
addition of 0.21Y40.15Ca wt% produces a (Zn+Ca) co-segregation at the grain boundaries as a result of their segregation energy and the
activation energy of grain boundary migration, thereby stabilizing the grain boundaries. The (Zn+Ca) co-segregation inhibits the dynamic
DP and promotes the formation of intragranular Al-enriched clusters, which favorthe formation of Al,Y, Mg;7Al;; nano precipitates, thereby
impeding intragranular dislocation motion during creep. Furthermore, the addition of 0.21Y+0.15Ca wt% facilitates the formation of a fine
and uniform recrystallization structure in the microalloyed alloys compared to AZ80 due to the high activation energy of mobility for the
(Zn+Ca) segregated grain boundary. Therefore, the microalloyed alloys exhibit good tensile properties with 380 MPa tensile strength and 18
% elongation. Our constitutive analysis revealed that the (Y+Ca) microalloying decreased the creep stress exponent by 29 % and increased
the creep resistance in the medium to high-stress range. Microalloying provides a promising way to develop low-cost creep-resistant wrought
Mg-Al alloys.
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction These Mg—Al alloys should also be able to bear long-term

loads without deformation or even cracking at higher temper-

Mg is one of the lightest structural metals. The medium-
temperature creep resistance of Mg—Al wrought alloys is
limited, which presents challenges to meeting the demand
service requirements of lightweight power components used
in the automotive industry [1,2]. For instance, Mg—Al alloys
should withstand stress levels of up to 100 MPa in transmis-
sion housings exposed to temperatures of around 100 °C [3].
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atures, which is known as creep resistance [4]. Other applica-
tions, such as building framework (adiabatic temperature rise
of concrete: ~100 °C) [5], battery compartments for automo-
biles (~90 °C) [6], etc., also require similar creep resistance.
Therefore, the creep resistance of high-strength Mg alloys
under medium temperature conditions needs further study.
The design of creep-resistant Mg alloys typically aims
to reduce or eliminate crystal defects related to deformation
creep [7,8], such as grain boundaries. A single crystal or a
coarse crystal matrix can be chosen and further reinforced
by a high-content rare-earth alloying strategy to prevent in-
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tragranular creep dislocation movement [9,10]. Alternatively,
a high thermal-stability second phase can be selected to pre-
vent intragranular dislocation or grain boundary movement

[[1-13]. Thereby improving the intragranular structure’s
dynamic stability during the creep process. Habibi Eftekhar
et al. [14] reported that modifying the eutectic phase,
globalizing «-Mg dendrites, and fragmenting the distributed
secondary phase improved the intermediate-temperature creep
resistance of AXE622 (Mg—5.88A1-1.62Ca—-0.83Ce—0.46La,
wt%) due to semisolid processing. Chen et al. [15] reported
that 1.2Y+1.0Ca (wt%) addition contributed to an order of
magnitude enhancement in the creep resistance of as-cast
AZ61 alloys at 150 °C/50 MPa, where the ¢,;, decreased
from 1.1 x 1077 s7! to 4.6 x 107 s~!. Rare-earth con-
taining Mg alloys [9], with heat-stable secondary phases, are
typically produced through casting, which results in relatively
large grains, low yield strength and plasticity, and high cost,
making it challenging to meet the demands of high load,
high safety, and cost-effectiveness.

Generally, wrought Mg alloys can maintain their strength
and plasticity at room temperature through fine-grain strength-
ening [16]. At medium and high temperatures, the movement
of dislocations and the diffusion of grain boundaries is more
active compared to room temperature [7], leading to grain
boundary sliding, rotation, and coarsening. As a result, the
stability of the grain structure could be compromised, leading
to significant creep deformation at medium and high temper-
atures during extended periods of use. Therefore, the creep
resistance of fine-grained, deformed Mg-based materials is
significantly lower when compared to that of a coarse-grained
material at medium and high temperatures [17]. Developing
fine-grained Mg alloys with both high mechanical strength
and medium-temperature creep resistance is imperative to en-
sure long-term safe operation at elevated temperatures.

It has been widely reported that dislocation climb is the
primary creep rate controlling mechanism for wrought Mg—Al
alloys under medium temperature and high loading condi-
tions [18] (6/G = 1073-10"2, T/T,,=0.4-0.5). The supersat-
urated «-Mg solid solution in wrought Mg—Al alloys tends
to precipitate at grain boundaries (GBs) at medium temper-
ature [19,20]. On the one hand, GB precipitation converts a
large number of intragranular Al solute atoms into lamellar
precipitates with alternating growth of «-Mg and -Mg;; Al
lamellge near the grain boundaries [21,22], thereby reducing
the Al solute strengthening effect and the availability of intra-
granular precipitation strengthening, resulting in the weaken-
ing of the resistance to intragranular creep dislocation move-
ment [23]. On the other hand, the lamellar discontinuous pre-
cipitation (DP) at grain boundaries is often accompanied by
movement of the «-Mg matrix grain into the adjacent grain,
resulting in grain coarsening. The lamellar DP structure be-
hind moving grain boundaries also provides more interfaces
for grain boundary sliding, which promotes grain boundary
movement and sliding [22]. It is essential to suppress the
DP-induced GB migration and regulate the intragranular pre-
cipitation to enhance the medium-temperature creep resistance
of wrought Mg—Al alloys. This approach enables the simulta-

neous improvement of creep resistance at both grain bound-
aries and ingrain while maintaining the excellent mechanical
properties of the fine-grained matrix.

Microalloying is an economical and effective metallurgi-
cal design method to regulate the properties of Mg alloys
[9,24-26]. Some results [27-29] on the Mg—Al series alloys,
AZ80 (Mg—8Al-0.5Zn (Wt%)), confirm that a small amount
(<0.5 wt%) of alloying elements and their combinations (such
as (Y4 Ca), (Y+Nd), etc.) can both inhibit the recrystalliza-
tion GB migration during hot extrusion processing and obtain
higher mechanical strength and fracture elongation [29]. The
addition of trace (<0.5 wt%) alloying elements (Y, Nd, Ca,
etc.) can effectively reduce the proportion of DP at medium
temperature, inhibit the o-matrix GB migration, and improve
the stability of GB [27]. Thus, the selection of appropriate
microalloying elements and their combinations can effectively
enhance the stability of the GB structure of AZ80 at elevated
temperatures. This inspired us to improve the stability of the
GB structure during the medium-temperature creep process
while maintaining the fine-grain structure of wrought AZ80
alloy by microalloying.

This study focused on the effect of combining 0.21 % Y
and 0.15 % Ca on the steady-state creep rate of fine-grained
annealed AZ80 at 50—-100 MPa/125 °C. This research aimed
to unravel the microscopic mechanism of Y and Ca on Al
solute diffusion, precipitation, grain boundary movement, and
dislocation movement. This work provides a theoretical ba-
sis for developing low-cost, creep-resistant wrought Mg al-
loys. In-situ electron back-scattered diffraction (EBSD) results
demonstrated that discontinuous precipitation-induced grain
boundary migration is the source of grain boundary insta-
bility in wrought Mg—Al alloys under medium-temperature
creep conditions. The Ca alloying element is designed to
segregate at the GB based on the segregation energy crite-
rion and the GB migration activation energy. This reduces the
diffusion of Al and the DP of the GB during the medium-
temperature creep process, thereby stabilizing the medium-
temperature GBs. The solute segregation to the GBs was in-
vestigated using HAADF-STEM, and the microalloying to in-
crease the creep resistance of Mg—Al alloy at medium tem-
perature is discussed.

2. Materials and methods
2.1. Materials preparation and processing

The AZ80 and (Y+Ca) microalloyed AZWX8000 were
processed by resistance melting pure Mg (99.95 wt%), pure
Al (99.9 wt%), pure Zn (99.9 wt%), Mg-30Y (wt%), and Mg-
25Ca (wt%) master alloys. As Table 1 shows, the chemical

Table 1

The chemical compositions of the studied alloys (wt.%).

Alloys Al Zn Y Ca Mg
AZ80 7.99 0.43 — — Bal.
AZWX8000 7.60 0.36 0.21 0.15 Bal.
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Fig. 1. Tensile-creep specimen preparation and schematic of the experimental creep-testing parameters. (a) The geometry of the tensile-creep specimens
machined from the as-extruded sheets (ND, normal direction, TD, transverse direction, and ED, extrusion direction); all dimensions are provided in mm. (b)
Schematic of the stress and specimen temperature, 7, versus creep time, f, for the step-stress creep experiments.

compositions of the studied alloys were measured using an
inductively coupled plasma mass spectrometer (ICP-MS). A
covering flux and CO,+2 vol.% SFe mixed gas protected the
molten Mg from oxidation. The melt was held at 740 °C for
50-60 min and then poured into a mild steel die of 95 mm
diameter. Homogenization annealing was conducted at 420 °C
for 8 h, followed by air cooling. The billets were then ma-
chined into 88 mm diameter round bars. Before direct ex-
trusion, the billets were preheated at 350 °C for 3—4 h. The
extrusion container and die were preheated to 300 °C and 400
°C, respectively. Subsequently, the billets were extruded to 80
mm x 5 mm sheets with an extrusion ratio of approximately
16:1 at a 0.5-1.0 mm/s ram speed.

The tensile-creep specimens were cut along the extru-
sion direction (ED) of the extruded sheets using electri-
cal discharge machining and had a 114.0 mm total length,
50.8 mm gage length and 12.4 mm x 1.8 mm cross-section
(Fig. 1(a)). The tensile-creep samples were then ground us-
ing silicon carbide (SiC) papers through 400, 800, and 1200
grits (US standards) to reduce the surface processing dam-
age, followed by ultrasonic bath cleaning with ethanol. To
dissolve the B-Mg;7Al;; precipitates and regulate the ini-
tial texture, 420 °C/4 h annealing was performed on the ex-
truded AZ80 and AZWX8000 sheets in a sealed quartz glass
tube.

2.2. Microstructural characterization

Metallographic samples were ground using SiC papers
through 400, 800, and 1200 grits. The samples were then
polished through 1.0 pm and 0.25 pm diamond pastes, and
0.04 pm colloidal silica solution was used for the final pol-
ishing. The samples were etched using a solution containing
60 ml ethanol, 20 ml water, 15 ml acetic acid, and 5 ml
nitric acid. The microstructure of the alloys was observed
using a ZEISS Axiolab 5 optical microscope and a TES-
CAN MIRA III FEG scanning electron microscope (SEM)
equipped with an energy dispersive spectroscopy (EDS) sys-
tem. An EDAX-TSL EBSD system was used to identify the
grain size and texture. The step size was 0.2-0.4 pm, and
at least 1000 grains were included in each EBSD map. Data
postprocessing was performed using the EDAX OIM Analy-

sis 7 software. The SEM accelerating voltage was 30 kV and
the working distance was 16 mm. The precipitate character-
ization was performed by transmission electron microscopy
(TEM, JOEL 2100F, 200 keV). Disks of 3 mm diameter were
punched from the creep-tested specimens, ground to a thick-
ness of 0.07 mm, and twin-jet electropolished in a solution
of 4.4 g of lithium chloride, 9.3 g of magnesium perchlorate,
416.6 ml methanol, and 83.4 ml ethanol at —30~—40 °C and
30 mA. The precipitate phases were also identified using a
Bruker D8 ADVANCE X-ray diffraction (XRD) system with
Cu K, radiation (A = 0.154 nm) at 26 ranging between 30°
and 80°.

2.3. Tensile and tensile creep testing

Tensile specimens with the same dimensions as the creep
specimens (Fig. 1(a)) were electro-discharge machined along
the extrusion direction (ED). Uniaxial tension tests were con-
ducted at room temperature using a universal testing machine
(MTS-CMT5105). A constant crosshead displacement rate
(3.0 mm/min), corresponding to an initial strain rate of 1073
s~!, was maintained during the tests. Creep specimens were
ground using SiC planar grinding papers through 400, 800,
and 1200 grits. The specimens were then polished through
1.0 pm and 0.25 wm diamond pastes. Constant-load creep
tests were performed using Applied Test Systems Incorpo-
rated (Butler, PA) lever arm creep machines. The test were
performed using a 20:1 load ratio (a lever amplification of 20
times is used to apply a fixed load to the specimen), in air at
125 °C and applied stresses ranging between 50 and 100 MPa.
The creep strain was continuously measured throughout the
test using a linear variable differential transformer attached to
the gage section. A three-zone split furnace and a current pro-
portioning temperature controller maintained the test temper-
ature within £1 °C. The specimen temperature was measured
using spot-welded chromel-alumel thermocouples on the sur-
face of the gage section. All the creep tests lasted longer
than 400 h. To investigate the influence of different stress
levels on the steady-state creep rate, the creep tests were per-
formed at step-stress levels of 50 MPa, 75 MPa, and 100 MPa
[28,30]. Initially, the a creep test was performed under a load
of 50 MPa for 400 h. Subsequently, the load was raised to
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75 MPa for 40-70 h by increasing the weight, followed by
an increase to 100 MPa for 5-20 h by further increasing the
weight. All the applied creep stresses were kept below the
yield strength. Fig. 1(b) illustrates the stress and tempera-
ture schedule during the tensile creep test. The continuous
change in the cross-sectional area in the arc transition region
produced a continuous tensile stress gradient when 100 MPa
stress was applied to the gage section (see Fig. S1). Based
on the arc transition region geometry parameters, the tensile
stress along the tensile axis continuously decreased with the
cross-section increase in the arc transition region. It would be
useful to study the influence of stress gradient on the GB DP
during intermediate-temperature creep in Mg—Al alloys.

3. Results

3.1. Microstructures and mechanical properties of the
annealed AZSO and AZWX8000

The annealed AZWX8000 exhibited a finer and more uni-
form microstructure than those for AZ80, which resulted in a
narrower grain size distribution (Fig. 2(c)). The average grain
size (d) of the AZ80 was d=37 + 18 wm, which was approxi-
mately two times than that of the AZWX8000 (d=20+8 pwm),
suggesting that the (Y+Ca) microalloying can effectively sup-
press the GB migration during annealing recrystallization
[29]. In addition to the grain refinement, it should be noted
that the (0001) basal texture intensity of the annealed AZ80

[m5+;May 27, 2024;22:4]
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was similar to that of the annealed AZWX8000, which both
eliminates the influence of texture variation or the creep com-
parison [30-34] and provides a constant texture basis for the
follow-up single variable control studies of the impact of
DP on the creep behavior of (Y+Ca) microalloyed Mg—Al
wrought alloys. As revealed by the “Max” intensity value la-
beled in the (0001) pole figures in Fig. 2(a and b), which
represents the multiples of random distribution (MRD), the
intensity of the (0001) basal texture was 15 MRD for both
the annealed AZ80 and the annealed AZWX8000.

The (Y+Ca) microalloying has been shown to contribute
to a fine-grained and textured annealed microstructure, which
improves the mechanical properties of AZ80 sheets. The yield
strength of the AZWX8000 was 160 MPa, which was about
50 MPa higher than that of the AZ80 (110 MPa), and the
elongation-to-fracture of the AZWX8000 was 19.2 %, which
was 5.1 % higher than that of the AZ80 (14.1 %). Thus,
the (Y+4Ca) microalloying increased the tensile strength and
elongation-to-fracture for the annealed AZ80 sheets.

3.2. DP suppression enhanced creep resistance under
similar initial texture

Fig. 3 shows that AZWX8000 exhibited greater creep re-
sistance resulting from a lower DP than AZ80 under a similar
basal texture intensity (15 MRD, see Fig. 2). The creep curves
for AZ80 and AZWX8000 (Fig. 3(a)) show that AZWX8000
exhibited a lower creep strain, &, than that of AZ80. For ex-

c - ND
0.08 1 AZWX8000: d=20+8 pm I_>En
S 0.06
k3]
2 B D 1010
5 0:0%5 AZ80: d=37+18 pm
£
2 0.02- i
0001 2110
0'00_ 11 II III' 1 r III I| T r T - T .
0 20 40 60 80 100 120 140 160 180 200
Diameter (um) 0 IlL 23

Fig. 2. AZWX8000 alloys exhibit a finer and more uniform grain structure than AZ80. EBSD crystal orientation maps and (0001) pole figures of (a) 420
°C/4 h annealed AZ80. (b) 420 °C/4 h annealed AZWX8000. (¢) Grain size histograms of the studied alloys. The maximum intensity values are labeled in
the (0001) pole figures in (a and b), and the sample coordinate system, inverse pole figure color code, and texture intensity color scale are indicated at the

bottom right.
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Fig. 3. AZWX8000 exhibits greater creep resistance resulting from a lower DP content than AZ80 under a similar basal texture intensity (15 MRD). (a) Creep
strain, &, variation with creep time, ¢, for AZWX8000 and AZ80 at 125 °C and stresses of (a-1) 50 MPa, (a-2) 75 MPa, and (a-3) 100 MPa. (b) and (c)
optical photomicrographs before and after creep for AZ80 and AZWXB8000, respectively. (d) Comparison of the minimum creep rate, &, for AZWX8000

and AZ80 at 125 °C in the applied stress range of 50-100 MPa.

ample, AZ80 exhibits 0.02 higher ¢ than AZWX8000 when
creep tested at 50 MPa for 360 h (Fig. 3(a-1)). The ¢ in-
creased rapidly when the stress increased from 50 MPa to
75 MPa or 100 MPa at 125 °C. For example, the ¢ of AZ80
reached 0.01 at 0=75 MPa and ¢+ = 40 h, which was two
times higher than that of AZ80 tested at 0=50 MPa and
t = 40 h (¢=0.005) (Fig. 3(a-1, a-2)).

Almost no DP was evident in either AZ80 or AZWX8000
before creep (see Fig. 3(b-1) and (c-1)), as most of the 8-
Mg7Al;; phases were dissolved into the ¢-Mg matrix during
the annealing treatment. Both AZ80 and AZWX8000 pre-
sented f-Mg;7Al;; XRD peaks for the post-creep specimens
(Fig. 4), which indicates that §-Mg7Al, precipitation in the
form of DP occurred during the 125 °C creep (Fig. 3(b-2,

c-2)). AZ80 exhibited a higher volume percent of DP content
(80+£2 vol.%) than AZWX8000 (20+1 vol.%) after the creep
tests.

DP is sensitive to GB volume (or grain size) in Mg—-Al
alloys because GB diffusion dominates the DP growth at in-
termediate temperatures [35]. The fine-grained AZWX8000
should have exhibited more DP than the coarse-grained AZ80
because of the lower GB volume in the latter (Fig. 2(b)) [27].
However, the AZ80 exhibits four times more DP volume per-
cent than the AZWX8000 after creep, which indicates that the
(Y+Ca) microalloying effectively suppressed the DP growth
during the intermediate-temperature creep. A higher volume
percent of DP will contribute to a higher hardness value in
Mg—Al alloys. The Vickers hardness in the gauge section for

Magnesium and Alloys, https://doi.org/10.1016/j.jma.2024.04.033

Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fine-grained Mg—Al alloys through grain boundary stabilization, Journal of



https://doi.org/10.1016/j.jma.2024.04.033

JID: JMAA

[m5+;May 27, 2024;22:4]

6 L. Ren, Y. Zhao, J. Li et al./Journal of Magnesium and Alloys xxx (xxxx) xxx
60000 5 Table 2
o0 a-Mg The minimum creep rate, &,,,, for the studied alloys at 50 MPa, 75 MPa,
O p-Mg;,AlL,, and 100 MPa.
= 50000
g Alloys Stress/MPa Emin! X1079
%’ AZ80 50 6.6
S 75 67.6
=S 100 540.0
INZNIXS000) AZWXB8000 50 2.1
A
0 T T T T T T T T T 75 7.9
30 40 50 60 70 80
26 (degree) 100 48.9

Fig. 4. X-ray diffraction pattern for AZ80 and AZWX8000 specimens after
the creep tests.

the crept AZ80 was 101.3 & 1.5, which was 27.1 higher than
that for AZWX8000 (74.2 £ 0.5), and this is consistent with
the difference in the DP volume percent between AZWX8000
and AZ80 described above.

Fig. 3(d) shows that the ¢,,;, increased with increasing
stress for the AZ80 and AZWX8000 at 125 °C/50-100 MPa,

and the &,,;, of AZWX8000 was lower than that for AZS80.
For example, the (Y+Ca) microalloying resulted in a de-
crease in &,,, from 5.4 x 1077 s~! (AZ80) to 4.9 x 1073
s~! (AZWX8000) for creep conditions of 125 °C/100 MPa
(Table 2). The (Y+Ca) microalloying resulted in an order of
magnitude decrease in the minimum creep rate at 125 °C/50—
100 MPa.

(1'1?5‘[,. (22005

« ZA=[111]g

ZA=[2110]

Fig. 5. (Y+Ca) microalloying enhanced intragranular precipitation in AZWX8000 during creep. (a) The post-creep optical photomicrograph of AZWX8000
shows the finer intragranular precipitation containing rod-like B-Mgj7Al12 and ALY particles. (b) Corresponding TEM bright field image of the green
rectangular area in (a), revealing the fine intragranular rod-like 8-Mg;7Alj, precipitates (yellow arrows) formed on the basal plane. The electron diffraction
patterns are labeled in (b), and the electron beam is parallel to <2110 > ,. (¢) The enlarged region of the red rectangular area in (b) shows a high-resolution
TEM image of a B precipitate. (d) STEM bright field image of the Al,Y particles and corresponding EDS maps for the alloying elements.

Magnesium and Alloys, https://doi.org/10.1016/j.jma.2024.04.033

Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fine-grained Mg—Al alloys through grain boundary stabilization, Journal of



https://doi.org/10.1016/j.jma.2024.04.033

JID: JMAA

[m5+;May 27, 2024;22:4]

L. Ren, Y. Zhao, J. Li et al./Journal of Magnesium and Alloys xxx (xxxx) xxx 7

3.3. Enriching finer intragranular precipitation during creep

Finely-dispersed precipitates hinder dislocation motion and
slow the minimum creep rate in dislocation-controlled creep
[19]. For example, Gibson et al. [36] reported that the Mg,Sn
precipitate morphology and stability in Mg-Sn—Zn alloys
were altered by 0.1 wt% Na microalloying, which led to an
&min approximately three orders of magnitude lower than that
for the ternary Mg-Sn—Zn alloy at 177 °C/60 MPa. Zeng
et al. [37] tried this approach in ring-rolled AZ80-Ag us-
ing a pre-aging treatment, and they found that the continuous
precipitate-dominated microstructure significantly enhanced
the creep resistance at 120-175 °C/70-90 MPa. In this work,
unlike the large-sized o+ lamellar precipitates that formed
in the vicinity of the GBs during intermediate-temperature
(100-200 °C) aging treatments in other Mg—Al alloys [21],
the finely-dispersed intragranular precipitates, which were
continuous, nanosized, and with high number density (Fig. 5),
formed during the dynamic precipitation during creep of
AZWX8000. Therefore, it is suggested that a microstructure
with a high-volume fraction of the dynamically-formed intra-
granular nanoscale precipitates improves the creep resistance.

Two typical dynamic intragranular precipitates were
present in the creep-deformed AZWX8000 sample, includ-
ing the rod-like B-Mgi7Al;; and Al,Y particles, as shown in

\
‘I'

0001 2110

Fig. 5(a). Fig. 5(b, ¢) shows that the corresponding TEM
bright field image and the high-resolution TEM image of
the intragranular B precipitates, which illustrated that the g
precipitates formed on the (0001) basal plane and exhib-
ited an orientation relationship between the B precipitates
and the o-Mg matrix: (0002), || (220)4, [0110], || [112].
These finely-dispersed nanosized B precipitates enhance the
dislocation-hindering effect during creep [12,38]. The STEM
bright field image of the Al,Y particles and the corresponding
EDS maps for the alloying elements are shown in Fig. 5(d).
Y microalloying brings ALY particles into the AZWX8000,
where the thermally-stable (melting point ~1490 °C [39])
and hard (elastic modulus~152 GPa [11,40]) intragranular
particles contribute additional dislocation-hindering on the
intermediate-temperature creep.

4. Discussions

4.1. In-situ observations of the discontinuous
precipitation-induced grain boundary instability

The GB stability (sliding, migration) affects the creep
properties of Mg alloys. GB migration was observed in situ
using EBSD to verify the effect of DP on the GB stability
of AZ80. The GB position changes were quantitatively com-

Fig. 6. In-situ observation of GB migration during DP growth. EBSD orientation map showing the annealed microstructure in (a) and after subsequent 170
°C/5 min aging in (b) for the AZ80. (c) In-situ representation of the trace line of GB motion in (a and b) on the backscattered electron image, and (c-1)
shows the alternating plates of the «-Mg matrix and 8-Mg;7Alj; secondary phase behind a moving GB during DP growth. The inverse pole figure color code

is indicated in (a).
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pared before and after aging at 170 °C/5 min. Fig. 6(a) shows
that two «o-Mg grain boundaries, GB-1 (Op-Ap) and GB-2
(0p-By), were tracked using EBSD orientation mapping. GB-
1 migrated from Op-Ay to O;-A;, and GB-2 migrated from
0p-By to O,-B; (Fig. 6(b)). The in-situ trace lines of GB-1
and GB-2 were presented in the backscattered electron SEM
image in Fig. 6(c). A quantitative analysis of the GB positions
indicated uniform GB motion during the DP growth. For ex-
ample, the maximum GB migration rates (VGg (max)) of GB-1
and GB-2 reached 2.5 pm/min and 4 pm/min, respectively,
while the migration rates of the triangular GB and the GB-2
middle part were near 0 wm/min. In addition, there were alter-
nating plates of the «-Mg matrix and §-Mgj7Al;, secondary
phase behind a moving GB during DP growth (Fig. 6(c-1)),
and the average interlayer spacing between the « and 8 phases
was approximately 620 nm.

DP growth is a prevalent creep microstructure evolu-
tion feature during intermediate-temperature creep in Mg—Al
alloys [27]. According to Fig. 3(b and c¢), AZ80 and
AZWX8000 exhibit DP growth during creep at 125 °C/50-
100 MPa. The in-situ experimental results illustrate that the
GB instability originates from the DP growth during the creep
at 125 °C/50-100 MPa. Therefore, suppressing DP growth

during intermediate-temperature creep will enhance GB sta-
bility and improve creep resistance.

v, = MF (D

M = Myexp(—Q/kyT) 2

The fundamental kinetic equation for GB motion is ex-
pressed as Eq. (1) [41]. It shows that the boundary normal
velocity (v,) is linearly related to a driving force (F) through
the GB mobility (M). Eq. (2) shows that the mobility of the
thermally-activated GBs decreases with the increase of the
activation energy, Q, which restricts the kinetic exchange
rate of atoms between neighboring grains. Due to its largely
negative GB segregation energy values [42], the Ca alloy-
ing element prefers to be located at the boundary having
high activation energies, suggesting that the Ca solute can
immobilize boundaries.

4.2. (Zn+Ca) co-segregation enhancing the grain boundary
stability

The tension creep results of AZWX8000 in Fig. 3 in-
dicate that the (Y+4Ca) microalloying can suppress the DP

Fig. 7. Zn and Ca segregation at the grain boundary in AZWX8000. (a—c) The HAADF-STEM image and EDS map show Zn and Ca solute segregation to
grain boundaries. (b) and (c) The enlarged region of the green rectangular area in (a) shows BF-STEM and HAADF-STEM images of the grain boundary.
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growth by 75 % during creep at 125 °C/50-100 MPa,
which enhances the intermediate-temperature creep resistance
of wrought AZ80. An original microstructural analysis near
the GBs of AZWX8000 alloys was performed to investigate
the micro-mechanism for improving the creep resistance, see
Fig. 7. A HAADF-STEM image and its corresponding EDS
maps indicated that there is both Zn and Ca solute enrich-
ment at GBs. The BF-STEM and HAADF-STEM images in
Fig. 7(b and c¢) provided more atomic scale details (Fig. 7(a)).
There was a high atomic number contrast feature at the GBs,
consistent with the Zn+Ca enrichment features. This TEM
analysis revealedd that Zn and Ca microalloying elements
(<0.5 wt%) tended to co-segregate at the GB in the Mg-Al
solid solutions.

Some minor microalloying elements inhibited the GB
diffusion-related microstructural features [43]. Somekawa’s
[42] first-principles calculation results indicated that the Zn
and Ca solutes exhibit higher GB segregation energy than Y
microalloying solutes in Mg solid solutions, which means the
Zn and Ca solutes existing at GBs are more stable than Y
or Al solutes, consistent with the (Zn+Ca) co-segregation at
GBs in AZWX8000 (Fig. 7). On the other hand, Mahjoub
et al. [41] studied the correlation between the GB segrega-
tion energy and the GB motion activation energy for differ-
ent alloying elements. Their results suggested that the energy
barrier to the motion of the general GBs is not directly re-
lated to the preference of the solute to partition to the GB. In
other words, GB segregation is a necessary and insufficient
condition of GB mobility hindering. First-principles calcula-
tion results [41] reveal that the Ca and Zn segregation solutes
exhibit higher activation energies than those for the Y solutes
for the GB mobility of Mg alloys. As a result, the Zn and
Ca microalloying solutes in AZWX8000 tend to segregate to-
ward GBs and increase the activation energy for GB mobility,

IniE,,,; .k T)/DGb)
A
N

A
by

AZWX8000
n=4.5

57 54 51
In6/G)

which can effectively suppress GB migration induced by GB
diffusion. In summary, the (Zn+Ca) co-segregation reduces
the GB diffusion, thereby inhibiting GB migration assisted
by DP growth and enhancing the intermediate temperature
creep resistance of AZWX8000.

4.3. Constitutive analysis for the creep mechanism in the
wrought Mg—-Al alloys

According to the phenomenological constitutive relation-
ship provided in Eq. (3), the dominant creep mechanism can
be speculated through constitutive parameters, which is espe-
cially suitable for pure metals and/or stable single-phase mi-
crostructures [1,2]. In comparison, the creep mechanism be-
comes complicated for multiphase polycrystalline microstruc-
tures, such as those for wrought Mg—Al alloys, because mul-
tiple mechanisms work together in a given creep process
[51,52].

eminkT /DGb = A(c /G)"(b/d)" 3)

where, &, is the minimum creep rate (s~'), k is the Boltz-
mann constant (1.38 x 1072 J/K), T is the absolute tem-
perature (K), D is the diffusion coefficient (m?/s), b is the
Poisson vector, A is a constant, o is the loading stress (MPa),
and d is the grain size. Generally, diffusion creep mecha-
nisms (e.g., Nabarro-herring or Coble creep) dominate the
elevated-temperature creep at low stress [1]. Dislocation creep
mechanisms (e.g., Harper-Dorn creep or solute drag creep)
are prevalent in the intermediate-temperature range (100-200
°C) at relatively high stress [2,4,53]. For example, when the
stress exponent n = 1, the creep activation energy Q = 130-
135 kJ/mol, and the grain size exponent p = 2, the dominant
creep mechanism of the Mg solid solution is Nabarro-Herring
diffusion creep. When the stress exponent n = 4-7, the creep

A0Q  As-cast Mg-Al alloys
AZTOg
AZS0
un 9
AZ61
ot ™=
AZ91"‘O
w9
A6 D
Qo Present
AZ80._ AZ91 work
Wrought Mg-Al alloys™ °
100 200 300 400

Ultimate tensile strength (MPa)

Fig. 8. Microalloying enhances the creep resistance of wrought Mg—Al alloys. (a) Constitutive analysis of the normalized minimum creep rate, &,;,, versus
the normalized stress in AZ80 and AZWX8000, where the corresponding stress exponent, n, is labeled in the plot. (b) In the present work, the creep-resistant
wrought Mg—Al alloys exhibit a better balance of creep resistance and ultimate tensile strength than the Mg—Al alloy castings. It is noted that this is a fair com-
parison as the creep data of the cast Mg—Al alloys, including AZ50 [44], AZ61 [45-47], AZ70 [44], AZ80 [28], AZ90 [44], AZ91 [12,24,48-50], were collected
at creep conditions of 125-150 °C/40-65 MPa. All tensile tests were conducted at room temperature and an initial strain rate of approximately 1073 s~1.
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activation energy Q = 60-92 kJ/mol, and the grain size ex-
ponent p = 0, the primary creep mechanism of the Mg solid
solution is a dislocation-controlled creep. Because the creep
conditions investigated in this work involved medium-to-low
temperatures and high-stress levels, the creep mechanism is
expected to be dominated by dislocation creep, which is less
sensitive to grain size than diffusion-dominated creep mech-
anisms. Therefore, the difference in initial grain size caused
by microalloying is not expected to significantly impact the
creep mechanism in this work.

As shown in Fig. 8(a), the stress exponent of AZ80 and
AZWX8000 was n = 6.3 and n = 4.5, respectively, under
creep conditions of 125 °C/50-100 MPa. The constitutive
analysis results suggest that the dislocation-controlled creep

[m5+;May 27, 2024;22:4]
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mechanism dominated the creep behavior in this work [18].
In addition, the GB segregation effect in AZWX8000 can not
only effectively reduce the ¢,,;, at the same stress level but
also reduce the sensitivity of the steady-state creep rate to
the loading stress (stress exponent) in the stress range of 50—
100 MPa. This is expected to translate into improved creep
resistance in the medium-to-high stress range.

The (Zn+Ca) GB co-segregation favored a finer and
more uniform recrystallization structure after the hot ex-
trusion processing and subsequent annealing treatment in
AZWXS8000 (Fig. 2(b)). The tensile strength, yield strength,
and elongation-to-failure increased by 21 %, 41 %, and 30 %,
respectively, between AZWX8000 and AZS80, resulting from
the fine-grain strengthening. Fig. 8(b) shows that the microal-

o/MPa
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3 °
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: y 9
} 01 &7 T -
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Fig. 9. Microalloying enhances the creep resistance stability in the 50-100 MPa creep stress range at 125 °C. The optical micrographs show the difference
in the DP microstructure between (a) AZ80 and (b) AZWX8000 under the stress gradient of 75-100 MPa at 125 °C. (a-1), (b-1) is the enlarged optical
micrograph of the DP containing microstructure for AZ80 and AZWX8000 at 75 MPa, respectively. (a-2), (b-2) is the enlarged optical micrograph of the DP
containing microstructure for AZ80 and AZWX8000 at 92 MPa, respectively. (c) illustrates the stress gradient distribution at the transition region between the
gauge and grip parts (A-B) in the creep test specimen. (d) DP volume fraction, In(Vpp), variation with creep stress, In(o’), for AZWX8000 and AZ80 at 125
°C and AZWX8000 exhibits lower stress sensitivity to DP (§=0) than AZ80 (6=4.4), =A(In(Vpp))/A(In(c)). (e) Creep rate stress exponent, 1, increases as
the DP stress sensitivity, § increases.
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loyed AZWX8000 exhibited a lower &,,;,, under similar creep
testing conditions and its tensile strength was almost double
that of most as-cast Mg—Al alloys [12,24,28,44-50].

4.4. Microalloying enhances the creep resistance stability

Fig. 8(a) demonstrates that microalloying can decrease the
stress exponent of AZ80 from n = 6.3 to n = 4.5, leading to
improved creep resistance stability in the 50-100 MPa stress
range at 125 °C. To investigate the microstructural causes
of this reduced stress sensitivity, we analyzed the DP mi-
crostructure’s sensitivity to stress in the A-B transition re-
gion under a 50-100 MPa stress gradient, as depicted in
Fig. 9(c¢). The microstructure of AZ80 and AZWX8000 un-
der a stress gradient of 75-100 MPa/125 °C is compared in
Fig. 9(a) and (b). When subjected to increasing creep ten-
sile stress (75— 100 MPa), the DP volume percent in AZ80
increases from 19 % to 82 %, while in the transition re-
gion of AZWX8000, the volume percentage of DP remains
stable at around 20 %. These changes align with the Vick-
ers’ hardness characteristics in both materials. Specifically,
in AZ80, the Vickers hardness increases from 75 HV to
110 HV as the DP volume percent increases from 19 %
to 82 %. In contrast, the Vickers hardness of AZWX8000
remains steady at approximately 75 HV in the transition
region.

The microstructure of AZ80 and AZWX8000 after a creep
test at 75 MPa and 92 MPa is depicted in Fig. 9(a-1,
a-2) and (b-1, b-2), respectively. The findings reveal that
microalloying has a impact on reducing the creep stress
sensitivity in dynamic DP growth. The sensitivity index
‘6’ (6=A(n(Vpp))/A(In(c))) measures the proportion of DP
(Vpp) to creep stress (o) in the stress range of 75-92 MPa.
AZB0 exbibited a higher ‘6’ value of 6(azs0=4.4 compared
to AZWX8000 (S(AZWXSOOO):O (Fig. 9(d)) The analysis shows
a positive correlation between the sensitivity exponent ‘n’ of
steady creep rate to stress and the sensitivity index ‘6’ of a
proportion of DP to stress (Fig. 9(e)). The research findings
above serve to confirm that the incorporation of microalloying
agents has a significant impact on reducing the AZ80’s creep
rate stress sensitivity. The root cause of this effect lies in
the microstructural changes induced by microalloying, which
inhibit the stress sensitivity of dynamic DP during creep.

In summary, GB segregation is a crucial consideration
in developing creep-resistant wrought Mg—Al alloys with
attractive mechanical properties, and selecting appropriate
microalloying combinations can provide desirable GB seg-
regation. On the one hand, the (Zn4Ca) GB segregation
in AZWXS8000 inhibits Al solute GB diffusion, reduces
DP-induced GB migration, and improves GB stability dur-
ing intermediate-temperature creep. On the other hand, the
GB diffusion inhibition resulting from GB segregation can
promote intragranular Al solute diffusion. Higher Al solutes
favor multiple Al-containing nano precipitates, including the
rod-like B-Mgj7Al;, and Al,Y particles, which enhance the
dislocation-hindering effect. The GB segregation stabilizes
both the GB migration and intragranular dislocation motion

during creep, thereby improving the intermediate-temperature
creep resistance of wrought Mg—Al alloys.

5. Summary and conclusions

(1) Grain boundary instabilities can originate from discon-
tinuous precipitation (DP)-induced grain boundary mi-
gration during the 125 °C/50-100 MPa creep in wrought
Mg—Al alloys. 0.21Y+0.15Ca wt.% microalloying was
shown to reduce the DP by 75 %, resulting in an order
of magnitude enhancement in the tensile creep resis-
tance of the studied Mg—Al sheets.

(2) The (Zn+Ca) grain boundary co-segregation inhibits
GB diffusion and dynamic DP, promotes the enrichment
of intragranular Al solute, favors multiple Al-containing
nano precipitates (Al Y, Mgj7Al}»), and enhances the
dislocation-hindering effect during creep.

(3) The DP-assisted dislocation-controlled creep mecha-
nism dominates the intermediate-temperature creep be-
havior for wrought Mg—Al alloys. The Y+4Ca microal-
loying decreases the creep stress exponent by 29 % (i.e.,
for AZ80, n = 6.3 and for AZWX8000, n = 4.5), and
thereby results in improved creep resistance in the 50—
100 MPa stress range at 125 °C.

(4) The (Zn+Ca) co-segregation favored a finer and more
uniform recrystallization structure in the microalloyed
AZWX8000 alloys, which exhibited a good balance be-
tween creep resistance, tensile strength, and elongation-
to-failure.
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