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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 0.21Y + 0.15Ca 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 Al2 Y, Mg17 Al12 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. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Mg is one of the lightest structural metals. The medium-
emperature creep resistance of Mg–Al wrought alloys is
imited, which presents challenges to meeting the demand
ervice requirements of lightweight power components used
n the automotive industry [ 1 , 2 ]. For instance, Mg–Al alloys
hould withstand stress levels of up to 100 MPa in transmis-
ion housings exposed to temperatures of around 100 °C [ 3 ].
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hese Mg–Al alloys should also be able to bear long-term
oads without deformation or even cracking at higher temper-
tures, which is known as creep resistance [ 4 ]. Other applica-
ions, such as building framework (adiabatic temperature rise
f concrete: ∼100 °C) [ 5 ], battery compartments for automo-
iles ( ∼90 °C) [ 6 ], etc., also require similar creep resistance.
herefore, the creep resistance of high-strength Mg alloys
nder medium temperature conditions needs further study. 

The design of creep-resistant Mg alloys typically aims
o reduce or eliminate crystal defects related to deformation
reep [ 7 , 8 ], such as grain boundaries. A single crystal or a
oarse crystal matrix can be chosen and further reinforced
y a high-content rare-earth alloying strategy to prevent in-
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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. 
ragranular creep dislocation movement [ 9 , 10 ]. Alternatively,
 high thermal-stability second phase can be selected to pre-
ent intragranular dislocation or grain boundary movement 
 11–13 ]. Thereby improving the intragranular structure ̓s
ynamic stability during the creep process. Habibi Eftekhar
t al. [ 14 ] reported that modifying the eutectic phase,
lobalizing α-Mg dendrites, and fragmenting the distributed
econdary phase improved the intermediate-temperature creep
esistance of AXE622 (Mg–5.88Al–1.62Ca–0.83Ce–0.46La,
t%) due to semisolid processing. Chen et al. [ 15 ] reported

hat 1.2Y + 1.0Ca (wt%) addition contributed to an order of
agnitude enhancement in the creep resistance of as-cast
Z61 alloys at 150 ◦C/50 MPa, where the ε min decreased

rom 1.1 × 10−7 s−1 to 4.6 × 10−9 s−1 . Rare-earth con-
aining Mg alloys [ 9 ], with heat-stable secondary phases, are
ypically produced through casting, which results in relatively
arge grains, low yield strength and plasticity, and high cost,
aking it challenging to meet the demands of high load,

igh safety, and cost-effectiveness. 
Generally, wrought Mg alloys can maintain their strength

nd plasticity at room temperature through fine-grain strength-
ning [ 16 ]. At medium and high temperatures, the movement
f dislocations and the diffusion of grain boundaries is more
ctive compared to room temperature [ 7 ], leading to grain
oundary sliding, rotation, and coarsening. As a result, the
tability of the grain structure could be compromised, leading
o significant creep deformation at medium and high temper-
tures during extended periods of use. Therefore, the creep
esistance of fine-grained, deformed Mg-based materials is
ignificantly lower when compared to that of a coarse-grained
aterial at medium and high temperatures [ 17 ]. Developing
ne-grained Mg alloys with both high mechanical strength
nd medium-temperature creep resistance is imperative to en-
ure long-term safe operation at elevated temperatures. 

It has been widely reported that dislocation climb is the
rimary creep rate controlling mechanism for wrought Mg–Al
lloys under medium temperature and high loading condi-
ions [ 18 ] ( σ / G = 10−3 –10−2 , T / Tm 

= 0.4–0.5). The supersat-
rated α-Mg solid solution in wrought Mg–Al alloys tends
o precipitate at grain boundaries (GBs) at medium temper-
ture [ 19 , 20 ]. On the one hand, GB precipitation converts a
arge number of intragranular Al solute atoms into lamellar
recipitates with alternating growth of α-Mg and β-Mg17 Al12 

amellge near the grain boundaries [ 21 , 22 ], thereby reducing
he Al solute strengthening effect and the availability of intra-
ranular precipitation strengthening, resulting in the weaken-
ng of the resistance to intragranular creep dislocation move-
ent [ 23 ]. On the other hand, the lamellar discontinuous pre-

ipitation (DP) at grain boundaries is often accompanied by
ovement of the α-Mg matrix grain into the adjacent grain,

esulting in grain coarsening. The lamellar DP structure be-
ind moving grain boundaries also provides more interfaces
or grain boundary sliding, which promotes grain boundary
ovement and sliding [ 22 ]. It is essential to suppress the
P-induced GB migration and regulate the intragranular pre-

ipitation to enhance the medium-temperature creep resistance
f wrought Mg–Al alloys. This approach enables the simulta-
Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.04.033 
eous improvement of creep resistance at both grain bound-
ries and ingrain while maintaining the excellent mechanical
roperties of the fine-grained matrix. 

Microalloying is an economical and effective metallurgi-
al design method to regulate the properties of Mg alloys
 9 , 24–26 ]. Some results [ 27–29 ] on the Mg–Al series alloys,
Z80 (Mg–8Al–0.5Zn (wt%)), confirm that a small amount

 < 0.5 wt%) of alloying elements and their combinations (such
s (Y + Ca), (Y + Nd), etc.) can both inhibit the recrystalliza-
ion GB migration during hot extrusion processing and obtain
igher mechanical strength and fracture elongation [ 29 ]. The
ddition of trace ( < 0.5 wt%) alloying elements (Y, Nd, Ca,
tc.) can effectively reduce the proportion of DP at medium
emperature, inhibit the α-matrix GB migration, and improve
he stability of GB [ 27 ]. Thus, the selection of appropriate

icroalloying elements and their combinations can effectively
nhance the stability of the GB structure of AZ80 at elevated
emperatures. This inspired us to improve the stability of the
B structure during the medium-temperature creep process
hile maintaining the fine-grain structure of wrought AZ80

lloy by microalloying. 
This study focused on the effect of combining 0.21 % Y

nd 0.15 % Ca on the steady-state creep rate of fine-grained
nnealed AZ80 at 50–100 MPa/125 ◦C. This research aimed
o unravel the microscopic mechanism of Y and Ca on Al
olute diffusion, precipitation, grain boundary movement, and
islocation movement. This work provides a theoretical ba-
is for developing low-cost, creep-resistant wrought Mg al-
oys. In-situ electron back-scattered diffraction (EBSD) results
emonstrated that discontinuous precipitation-induced grain
oundary migration is the source of grain boundary insta-
ility in wrought Mg–Al alloys under medium-temperature
reep conditions. The Ca alloying element is designed to
egregate at the GB based on the segregation energy crite-
ion and the GB migration activation energy. This reduces the
iffusion of Al and the DP of the GB during the medium-
emperature creep process, thereby stabilizing the medium-
emperature GBs. The solute segregation to the GBs was in-
estigated using HAADF-STEM, and the microalloying to in-
rease the creep resistance of Mg–Al alloy at medium tem-
erature is discussed. 

. Materials and methods 

.1. Materials preparation and processing 

The AZ80 and (Y + Ca) microalloyed AZWX8000 were
rocessed by resistance melting pure Mg (99.95 wt%), pure
l (99.9 wt%), pure Zn (99.9 wt%), Mg-30Y (wt%), and Mg-
5Ca (wt%) master alloys. As Table 1 shows, the chemical
e-grained Mg–Al alloys through grain boundary stabilization, Journal of 
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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, T , versus creep time, t , for the step-stress creep experiments. 
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ompositions of the studied alloys were measured using an
nductively coupled plasma mass spectrometer (ICP-MS). A
overing flux and CO2 + 2 vol.% SF6 mixed gas protected the
olten Mg from oxidation. The melt was held at 740 °C for

0–60 min and then poured into a mild steel die of 95 mm
iameter. Homogenization annealing was conducted at 420 °C
or 8 h, followed by air cooling. The billets were then ma-
hined into 88 mm diameter round bars. Before direct ex-
rusion, the billets were preheated at 350 °C for 3–4 h. The
xtrusion container and die were preheated to 300 ◦C and 400
C, respectively. Subsequently, the billets were extruded to 80
m × 5 mm sheets with an extrusion ratio of approximately

6:1 at a 0.5–1.0 mm/s ram speed. 
The tensile-creep specimens were cut along the extru-

ion direction (ED) of the extruded sheets using electri-
al discharge machining and had a 114.0 mm total length,
0.8 mm gage length and 12.4 mm × 1.8 mm cross-section
 Fig. 1 (a) ). The tensile-creep samples were then ground us-
ng silicon carbide (SiC) papers through 400, 800, and 1200
rits (US standards) to reduce the surface processing dam-
ge, followed by ultrasonic bath cleaning with ethanol. To
issolve the β-Mg17 Al12 precipitates and regulate the ini-
ial texture, 420 ◦C/4 h annealing was performed on the ex-
ruded AZ80 and AZWX8000 sheets in a sealed quartz glass
ube. 

.2. Microstructural characterization 

Metallographic samples were ground using SiC papers
hrough 400, 800, and 1200 grits. The samples were then
olished through 1.0 μm and 0.25 μm diamond pastes, and
.04 μm colloidal silica solution was used for the final pol-
shing. The samples were etched using a solution containing
0 ml ethanol, 20 ml water, 15 ml acetic acid, and 5 ml
itric acid. The microstructure of the alloys was observed
sing a ZEISS Axiolab 5 optical microscope and a TES-
AN MIRA III FEG scanning electron microscope (SEM)
quipped with an energy dispersive spectroscopy (EDS) sys-
em. An EDAX-TSL EBSD system was used to identify the
rain size and texture. The step size was 0.2–0.4 μm, and
t least 1000 grains were included in each EBSD map. Data
ostprocessing was performed using the EDAX OIM Analy-
Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.04.033 
is 7 software. The SEM accelerating voltage was 30 kV and
he working distance was 16 mm. The precipitate character-
zation was performed by transmission electron microscopy
TEM, JOEL 2100F, 200 keV). Disks of 3 mm diameter were
unched from the creep-tested specimens, ground to a thick-
ess of 0.07 mm, and twin-jet electropolished in a solution
f 4.4 g of lithium chloride, 9.3 g of magnesium perchlorate,
16.6 ml methanol, and 83.4 ml ethanol at −30 ∼−40 °C and
0 mA. The precipitate phases were also identified using a
ruker D8 ADVANCE X-ray diffraction (XRD) system with
u Kα1 radiation ( λ = 0.154 nm) at 2 θ ranging between 30 °
nd 80 °. 

.3. Tensile and tensile creep testing 

Tensile specimens with the same dimensions as the creep
pecimens ( Fig. 1 (a) ) were electro-discharge machined along
he extrusion direction (ED). Uniaxial tension tests were con-
ucted 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 10−3 

−1 , was maintained during the tests. Creep specimens were
round using SiC planar grinding papers through 400, 800,
nd 1200 grits. The specimens were then polished through
.0 μm and 0.25 μm diamond pastes. Constant-load creep
ests were performed using Applied Test Systems Incorpo-
ated (Butler, PA) lever arm creep machines. The test were
erformed using a 20:1 load ratio (a lever amplification of 20
imes is used to apply a fixed load to the specimen), in air at
25 ◦C and applied stresses ranging between 50 and 100 MPa.
he creep strain was continuously measured throughout the

est using a linear variable differential transformer attached to
he gage section. A three-zone split furnace and a current pro-
ortioning temperature controller maintained the test temper-
ture within ±1 °C. The specimen temperature was measured
sing spot-welded chromel-alumel thermocouples on the sur-
ace of the gage section. All the creep tests lasted longer
han 400 h. To investigate the influence of different stress
evels on the steady-state creep rate, the creep tests were per-
ormed at step-stress levels of 50 MPa, 75 MPa, and 100 MPa
 28 , 30 ]. Initially, the a creep test was performed under a load
f 50 MPa for 400 h. Subsequently, the load was raised to
e-grained Mg–Al alloys through grain boundary stabilization, Journal of 
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5 MPa for 40–70 h by increasing the weight, followed by
n increase to 100 MPa for 5–20 h by further increasing the
eight. All the applied creep stresses were kept below the
ield strength. Fig. 1 (b) illustrates the stress and tempera-
ure schedule during the tensile creep test. The continuous
hange in the cross-sectional area in the arc transition region
roduced a continuous tensile stress gradient when 100 MPa
tress was applied to the gage section (see Fig. S1). Based
n the arc transition region geometry parameters, the tensile
tress along the tensile axis continuously decreased with the
ross-section increase in the arc transition region. It would be
seful to study the influence of stress gradient on the GB DP
uring intermediate-temperature creep in Mg–Al alloys. 

. Results 

.1. Microstructures and mechanical properties of the 
nnealed AZ80 and AZWX8000 

The annealed AZWX8000 exhibited a finer and more uni-
orm microstructure than those for AZ80, which resulted in a
arrower grain size distribution ( Fig. 2 (c) ). The average grain
ize ( d̄ ) of the AZ80 was d̄ = 37 ± 18 μm, which was approxi-
ately two times than that of the AZWX8000 ( d̄ = 20 ±8 μm),

uggesting that the (Y + Ca) microalloying can effectively sup-
ress the GB migration during annealing recrystallization
 29 ]. In addition to the grain refinement, it should be noted
hat the (0001) basal texture intensity of the annealed AZ80
ig. 2. AZWX8000 alloys exhibit a finer and more uniform grain structure than
C/4 h annealed AZ80. (b) 420 ◦C/4 h annealed AZWX8000. (c) Grain size hist
he (0001) pole figures in (a and b) , and the sample coordinate system, inverse 
ottom right. 

Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.04.033 
as similar to that of the annealed AZWX8000, which both
liminates the influence of texture variation or the creep com-
arison [ 30–34 ] and provides a constant texture basis for the
ollow-up single variable control studies of the impact of
P on the creep behavior of (Y + Ca) microalloyed Mg–Al
rought alloys. As revealed by the “Max” intensity value la-
eled in the (0001) pole figures in Fig. 2 (a and b) , which
epresents the multiples of random distribution (MRD), the
ntensity of the (0001) basal texture was 15 MRD for both
he annealed AZ80 and the annealed AZWX8000. 

The (Y + Ca) microalloying has been shown to contribute
o a fine-grained and textured annealed microstructure, which
mproves the mechanical properties of AZ80 sheets. The yield
trength of the AZWX8000 was 160 MPa, which was about
0 MPa higher than that of the AZ80 (110 MPa), and the
longation-to-fracture of the AZWX8000 was 19.2 %, which
as 5.1 % higher than that of the AZ80 (14.1 %). Thus,

he (Y + Ca) microalloying increased the tensile strength and
longation-to-fracture for the annealed AZ80 sheets. 

.2. DP suppression enhanced creep resistance under 
imilar initial texture 

Fig. 3 shows that AZWX8000 exhibited greater creep re-
istance resulting from a lower DP than AZ80 under a similar
asal texture intensity (15 MRD, see Fig. 2 ). The creep curves
or AZ80 and AZWX8000 ( Fig. 3 (a) ) show that AZWX8000
xhibited a lower creep strain, ε, than that of AZ80. For ex-
 AZ80. EBSD crystal orientation maps and (0001) pole figures of (a) 420 
ograms of the studied alloys. The maximum intensity values are labeled in 
pole figure color code, and texture intensity color scale are indicated at the 

e-grained Mg–Al alloys through grain boundary stabilization, Journal of 
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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, ε, variation with creep time, t , 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 AZWX8000, respectively. (d) Comparison of the minimum creep rate, ε̇min , for AZWX8000 
and AZ80 at 125 ◦C in the applied stress range of 50–100 MPa. 
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mple, AZ80 exhibits 0.02 higher ε than AZWX8000 when
reep tested at 50 MPa for 360 h ( Fig. 3 (a-1) ). The ε in-
reased rapidly when the stress increased from 50 MPa to
5 MPa or 100 MPa at 125 ◦C. For example, the ε of AZ80
eached 0.01 at σ= 75 MPa and t = 40 h, which was two
imes higher than that of AZ80 tested at σ= 50 MPa and
 = 40 h ( ε= 0.005) ( Fig. 3 (a-1, a-2) ). 

Almost no DP was evident in either AZ80 or AZWX8000
efore creep (see Fig. 3 (b-1) and (c-1) ), as most of the β-
g17 Al12 phases were dissolved into the α-Mg matrix during

he annealing treatment. Both AZ80 and AZWX8000 pre-
ented β-Mg17 Al12 XRD peaks for the post-creep specimens
 Fig. 4 ), which indicates that β-Mg17 Al12 precipitation in the
orm of DP occurred during the 125 ◦C creep ( Fig. 3 (b-2,
Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.04.033 
-2) ). AZ80 exhibited a higher volume percent of DP content
80 ±2 vol.%) than AZWX8000 (20 ±1 vol.%) after the creep
ests. 

DP is sensitive to GB volume (or grain size) in Mg–Al
lloys because GB diffusion dominates the DP growth at in-
ermediate temperatures [ 35 ]. The fine-grained AZWX8000
hould have exhibited more DP than the coarse-grained AZ80
ecause of the lower GB volume in the latter ( Fig. 2 ( b) ) [ 27 ].
owever, the AZ80 exhibits four times more DP volume per-

ent than the AZWX8000 after creep, which indicates that the
Y + Ca) microalloying effectively suppressed the DP growth
uring the intermediate-temperature creep. A higher volume
ercent of DP will contribute to a higher hardness value in
g–Al alloys. The Vickers hardness in the gauge section for
e-grained Mg–Al alloys through grain boundary stabilization, Journal of 
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Fig. 4. X-ray diffraction pattern for AZ80 and AZWX8000 specimens after 
the creep tests. 
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Table 2 
The minimum creep rate, ε min , for the studied alloys at 50 MPa, 75 MPa, 
and 100 MPa. 

Alloys Stress/MPa ε min / ×10−9 

AZ80 50 6.6 
75 67.6 
100 540.0 

AZWX8000 50 2.1 
75 7.9 
100 48.9 

a  

F  

c
s  

(  

m
100 MPa. 

F
s
r
p
T

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

Fig. 3 (d) shows that the ε min increased with increasing
tress for the AZ80 and AZWX8000 at 125 ◦C/50–100 MPa,
ig. 5. (Y + Ca) microalloying enhanced intragranular precipitation in AZWX800
hows the finer intragranular precipitation containing rod-like β-Mg17 Al12 and 
ectangular area in (a), revealing the fine intragranular rod-like β-Mg17 Al12 prec
atterns are labeled in (b) , and the electron beam is parallel to < 21̄ ̄1 0 > a . (c) Th
EM image of a β precipitate. (d) STEM bright field image of the Al2 Y particle

Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.04.033 
nd the ε min of AZWX8000 was lower than that for AZ80.
or example, the (Y + Ca) microalloying resulted in a de-
rease in 

ε min from 5.4 × 10−7 s−1 (AZ80) to 4.9 × 10−8 

−1 (AZWX8000) for creep conditions of 125 ◦C/100 MPa
 Table 2 ). The (Y + Ca) microalloying resulted in an order of
agnitude decrease in the minimum creep rate at 125 ◦C/50–
0 during creep. (a) The post-creep optical photomicrograph of AZWX8000 
Al2 Y particles. (b) Corresponding TEM bright field image of the green 

ipitates (yellow arrows) formed on the basal plane. The electron diffraction 
e enlarged region of the red rectangular area in (b) shows a high-resolution 
s and corresponding EDS maps for the alloying elements. 
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.3. Enriching finer intragranular precipitation during creep 

Finely-dispersed precipitates hinder dislocation motion and
low the minimum creep rate in dislocation-controlled creep
 19 ]. For example, Gibson et al. [ 36 ] reported that the Mg2 Sn
recipitate morphology and stability in Mg–Sn–Zn alloys
ere altered by 0.1 wt% Na microalloying, which led to an
 min approximately three orders of magnitude lower than that
or the ternary Mg–Sn–Zn alloy at 177 ◦C/60 MPa. Zeng
t al. [ 37 ] tried this approach in ring-rolled AZ80-Ag us-
ng a pre-aging treatment, and they found that the continuous
recipitate-dominated microstructure significantly enhanced
he creep resistance at 120–175 °C/70–90 MPa. In this work,
nlike the large-sized α+ β lamellar precipitates that formed
n the vicinity of the GBs during intermediate-temperature
100–200 ◦C) aging treatments in other Mg–Al alloys [ 21 ],
he finely-dispersed intragranular precipitates, which were
ontinuous, nanosized, and with high number density ( Fig. 5 ),
ormed during the dynamic precipitation during creep of
ZWX8000. Therefore, it is suggested that a microstructure
ith a high-volume fraction of the dynamically-formed intra-
ranular nanoscale precipitates improves the creep resistance.

Two typical dynamic intragranular precipitates were
resent in the creep-deformed AZWX8000 sample, includ-
ng the rod-like β-Mg17 Al12 and Al2 Y particles, as shown in
ig. 6. In-situ observation of GB migration during DP growth. EBSD orientation
C/5 min aging in (b) for the AZ80. (c) In-situ representation of the trace line 
hows the alternating plates of the α-Mg matrix and β-Mg17 Al12 secondary phase
s indicated in (a) . 

Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
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ig. 5 (a) . Fig. 5 (b, c) shows that the corresponding TEM
right field image and the high-resolution TEM image of
he intragranular β precipitates, which illustrated that the β
recipitates formed on the (0001) basal plane and exhib-
ted an orientation relationship between the β precipitates
nd the α-Mg matrix: (0002 ) α ‖ (2̄ 20 ) β, [011̄ 0 ] α ‖ [112̄ ] β .
hese finely-dispersed nanosized β precipitates enhance the
islocation-hindering effect during creep [ 12 , 38 ]. The STEM
right field image of the Al2 Y particles and the corresponding
DS maps for the alloying elements are shown in Fig. 5 (d) .
 microalloying brings Al2 Y particles into the AZWX8000,
here the thermally-stable (melting point ∼1490 ◦C [ 39 ])

nd hard (elastic modulus ∼152 GPa [ 11 , 40 ]) intragranular
articles contribute additional dislocation-hindering on the
ntermediate-temperature creep. 

. Discussions 

.1. In-situ observations of the discontinuous 
recipitation-induced grain boundary instability 

The GB stability (sliding, migration) affects the creep
roperties of Mg alloys. GB migration was observed in situ
sing EBSD to verify the effect of DP on the GB stability
f AZ80. The GB position changes were quantitatively com-
 map showing the annealed microstructure in (a) and after subsequent 170 
of GB motion in (a and b) on the backscattered electron image, and (c-1) 
 behind a moving GB during DP growth. The inverse pole figure color code 
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ared before and after aging at 170 ◦C/5 min. Fig. 6 (a) shows
hat two α-Mg grain boundaries, GB-1 ( O0 - A0 ) and GB-2
 O0 - B0 ), were tracked using EBSD orientation mapping. GB-
 migrated from O0 - A0 to O1 - A1 , and GB-2 migrated from
0 - B0 to O1 - B1 ( Fig. 6 (b) ). The in-situ trace lines of GB-1

nd GB-2 were presented in the backscattered electron SEM
mage in Fig. 6 (c) . A quantitative analysis of the GB positions
ndicated uniform GB motion during the DP growth. For ex-
mple, the maximum GB migration rates ( VGB (max) ) of GB-1
nd GB-2 reached 2.5 μm/min and 4 μm/min, respectively,
hile the migration rates of the triangular GB and the GB-2
iddle part were near 0 μm/min. In addition, there were alter-

ating plates of the α-Mg matrix and β-Mg17 Al12 secondary
hase behind a moving GB during DP growth ( Fig. 6 (c-1 )),
nd the average interlayer spacing between the α and β phases
as approximately 620 nm. 
DP growth is a prevalent creep microstructure evolu-

ion feature during intermediate-temperature creep in Mg–Al
lloys [ 27 ]. According to Fig. 3 (b and c) , AZ80 and
ZWX8000 exhibit DP growth during creep at 125 ◦C/50–
00 MPa. The in-situ experimental results illustrate that the
B instability originates from the DP growth during the creep

t 125 ◦C/50–100 MPa. Therefore, suppressing DP growth
ig. 7. Zn and Ca segregation at the grain boundary in AZWX8000. (a–c) The H
rain boundaries. (b) and (c) The enlarged region of the green rectangular area in

Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.04.033 
uring intermediate-temperature creep will enhance GB sta-
ility and improve creep resistance. 

n = MF (1) 

 = M0 exp( −Q/kb T ) (2) 

The fundamental kinetic equation for GB motion is ex-
ressed as Eq. (1) [ 41 ]. It shows that the boundary normal
elocity ( vn ) is linearly related to a driving force ( F ) through
he GB mobility ( M ). Eq. (2) shows that the mobility of the
hermally-activated GBs decreases with the increase of the
ctivation energy, Q , which restricts the kinetic exchange
ate of atoms between neighboring grains. Due to its largely
egative GB segregation energy values [ 42 ], the Ca alloy-
ng element prefers to be located at the boundary having
igh activation energies, suggesting that the Ca solute can
mmobilize boundaries. 

.2. (Zn + Ca) co-segregation enhancing the grain boundary 
tability 

The tension creep results of AZWX8000 in Fig. 3 in-
icate that the (Y + Ca) microalloying can suppress the DP
AADF-STEM image and EDS map show Zn and Ca solute segregation to 
 (a) shows BF-STEM and HAADF-STEM images of the grain boundary. 
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rowth by 75 % during creep at 125 ◦C/50–100 MPa,
hich enhances the intermediate-temperature creep resistance
f wrought AZ80. An original microstructural analysis near
he GBs of AZWX8000 alloys was performed to investigate
he micro-mechanism for improving the creep resistance, see
ig. 7 . A HAADF-STEM image and its corresponding EDS
aps indicated that there is both Zn and Ca solute enrich-
ent at GBs. The BF-STEM and HAADF-STEM images in
ig. 7 (b and c) provided more atomic scale details ( Fig. 7 (a) ).
here was a high atomic number contrast feature at the GBs,
onsistent with the Zn + Ca enrichment features. This TEM
nalysis revealedd that Zn and Ca microalloying elements
 < 0.5 wt%) tended to co-segregate at the GB in the Mg-Al
olid solutions. 

Some minor microalloying elements inhibited the GB
iffusion-related microstructural features [ 43 ]. Somekawa’s
 42 ] first-principles calculation results indicated that the Zn
nd Ca solutes exhibit higher GB segregation energy than Y
icroalloying solutes in Mg solid solutions, which means the
n and Ca solutes existing at GBs are more stable than Y
r Al solutes, consistent with the (Zn + Ca) co-segregation at
Bs in AZWX8000 ( Fig. 7 ). On the other hand, Mahjoub

t al. [ 41 ] studied the correlation between the GB segrega-
ion energy and the GB motion activation energy for differ-
nt alloying elements. Their results suggested that the energy
arrier to the motion of the general GBs is not directly re-
ated to the preference of the solute to partition to the GB. In
ther words, GB segregation is a necessary and insufficient
ondition of GB mobility hindering. First-principles calcula-
ion results [ 41 ] reveal that the Ca and Zn segregation solutes
xhibit higher activation energies than those for the Y solutes
or the GB mobility of Mg alloys. As a result, the Zn and
a microalloying solutes in AZWX8000 tend to segregate to-
ard GBs and increase the activation energy for GB mobility,
ig. 8. Microalloying enhances the creep resistance of wrought Mg–Al alloys. (a
he normalized stress in AZ80 and AZWX8000, where the corresponding stress ex
rought Mg–Al alloys exhibit a better balance of creep resistance and ultimate ten
arison as the creep data of the cast Mg–Al alloys, including AZ50 [ 44 ], AZ61 [ 45
t creep conditions of 125–150 ◦C/40–65 MPa. All tensile tests were conducted a

Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.04.033 
hich can effectively suppress GB migration induced by GB
iffusion. In summary, the (Zn + Ca) co-segregation reduces
he GB diffusion, thereby inhibiting GB migration assisted
y DP growth and enhancing the intermediate temperature
reep resistance of AZWX8000. 

.3. Constitutive analysis for the creep mechanism in the 
rought Mg–Al alloys 

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

 min kT /DGb = A(σ/G ) n (b/d ) p (3)

here, ε min is the minimum creep rate (s−1 ), k is the Boltz-
ann constant (1.38 × 10−23 J/K), T is the absolute tem-

erature (K), D is the diffusion coefficient (m2 /s), b is the
oisson vector, A is a constant, σ is the loading stress (MPa),
nd d is the grain size. Generally, diffusion creep mecha-
isms (e.g., Nabarro-herring or Coble creep) dominate the
levated-temperature creep at low stress [ 1 ]. Dislocation creep
echanisms (e.g., Harper–Dorn creep or solute drag creep)

re prevalent in the intermediate-temperature range (100–200
C) at relatively high stress [ 2 , 4 , 53 ]. For example, when the
tress exponent n = 1, the creep activation energy Q = 130–
35 kJ/mol, and the grain size exponent p = 2, the dominant
reep mechanism of the Mg solid solution is Nabarro-Herring
iffusion creep. When the stress exponent n = 4–7, the creep
) Constitutive analysis of the normalized minimum creep rate, ε̇min , versus 
ponent, n , is labeled in the plot. (b) In the present work, the creep-resistant 

sile strength than the Mg–Al alloy castings. It is noted that this is a fair com- 
–47 ], AZ70 [ 44 ], AZ80 [ 28 ], AZ90 [ 44 ], AZ91 [ 12 , 24 , 48–50 ], were collected 
t room temperature and an initial strain rate of approximately 10−3 s−1 . 
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ctivation energy Q = 60–92 kJ/mol, and the grain size ex-
onent p = 0, the primary creep mechanism of the Mg solid
olution is a dislocation-controlled creep. Because the creep
onditions investigated in this work involved medium-to-low
emperatures and high-stress levels, the creep mechanism is
xpected to be dominated by dislocation creep, which is less
ensitive to grain size than diffusion-dominated creep mech-
nisms. Therefore, the difference in initial grain size caused
y microalloying is not expected to significantly impact the
reep mechanism in this work. 

As shown in Fig. 8 (a) , the stress exponent of AZ80 and
ZWX8000 was n = 6.3 and n = 4.5, respectively, under

reep conditions of 125 ◦C/50–100 MPa. The constitutive
nalysis results suggest that the dislocation-controlled creep
ig. 9. Microalloying enhances the creep resistance stability in the 50–100 MPa 
n the DP microstructure between (a) AZ80 and (b) AZWX8000 under the stre

icrograph of the DP containing microstructure for AZ80 and AZWX8000 at 75 
ontaining microstructure for AZ80 and AZWX8000 at 92 MPa, respectively. (c) 
auge and grip parts ( A-B ) in the creep test specimen. (d) DP volume fraction, ln
C and AZWX8000 exhibits lower stress sensitivity to DP ( δ= 0) than AZ80 ( δ=
he DP stress sensitivity, δ increases. 

Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
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echanism dominated the creep behavior in this work [ 18 ].
n addition, the GB segregation effect in AZWX8000 can not
nly effectively reduce the ε min at the same stress level but
lso reduce the sensitivity of the steady-state creep rate to
he loading stress (stress exponent) in the stress range of 50–
00 MPa. This is expected to translate into improved creep
esistance in the medium-to-high stress range. 

The (Zn + Ca) GB co-segregation favored a finer and
ore uniform recrystallization structure after the hot ex-

rusion processing and subsequent annealing treatment in
ZWX8000 ( Fig. 2 (b) ). The tensile strength, yield strength,

nd elongation-to-failure increased by 21 %, 41 %, and 30 %,
espectively, between AZWX8000 and AZ80, resulting from
he fine-grain strengthening. Fig. 8 (b) shows that the microal-
creep stress range at 125 ◦C. The optical micrographs show the difference 
ss gradient of 75–100 MPa at 125 ◦C. (a-1), (b-1) is the enlarged optical 
MPa, respectively. (a-2), (b-2) is the enlarged optical micrograph of the DP 
illustrates the stress gradient distribution at the transition region between the 
( VDP ), variation with creep stress, ln( σ ), for AZWX8000 and AZ80 at 125 
 4.4), δ=	(ln( VDP ))/ 	(ln( σ )). (e) Creep rate stress exponent, n , increases as 
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oyed AZWX8000 exhibited a lower ε min under similar creep
esting conditions and its tensile strength was almost double
hat of most as-cast Mg–Al alloys [ 12 , 24 , 28 , 44–50 ]. 

.4. Microalloying enhances the creep resistance stability 

Fig. 8 (a) demonstrates that microalloying can decrease the
tress exponent of AZ80 from n = 6.3 to n = 4.5, leading to
mproved creep resistance stability in the 50–100 MPa stress
ange at 125 ◦C. To investigate the microstructural causes
f this reduced stress sensitivity, we analyzed the DP mi-
rostructure’s sensitivity to stress in the A - B transition re-
ion under a 50–100 MPa stress gradient, as depicted in
ig. 9 (c) . The microstructure of AZ80 and AZWX8000 un-
er a stress gradient of 75–100 MPa/125 ◦C is compared in
ig. 9 (a) and (b) . When subjected to increasing creep ten-
ile stress (75→ 100 MPa), the DP volume percent in AZ80
ncreases from 19 % to 82 %, while in the transition re-
ion of AZWX8000, the volume percentage of DP remains
table at around 20 %. These changes align with the Vick-
rs’ hardness characteristics in both materials. Specifically,
n AZ80, the Vickers hardness increases from 75 HV to
10 HV as the DP volume percent increases from 19 %
o 82 %. In contrast, the Vickers hardness of AZWX8000
emains steady at approximately 75 HV in the transition
egion. 

The microstructure of AZ80 and AZWX8000 after a creep
est at 75 MPa and 92 MPa is depicted in Fig. 9 (a-1,
-2) and (b-1, b-2) , respectively. The findings reveal that
icroalloying has a impact on reducing the creep stress

ensitivity in dynamic DP growth. The sensitivity index
 δ’ ( δ=	(ln( VDP ))/ 	(ln( σ ))) measures the proportion of DP
 VDP ) to creep stress ( σ ) in the stress range of 75–92 MPa.
Z80 exbibited a higher ‘ δ’ value of δ(AZ80) = 4.4 compared

o AZWX8000 δ(AZWX8000) = 0 ( Fig. 9 (d) ). The analysis shows
 positive correlation between the sensitivity exponent ‘ n ’ of
teady creep rate to stress and the sensitivity index ‘ δ’ of a
roportion of DP to stress ( Fig. 9 (e) ). The research findings
bove serve to confirm that the incorporation of microalloying
gents has a significant impact on reducing the AZ80’s creep
ate stress sensitivity. The root cause of this effect lies in
he microstructural changes induced by microalloying, which
nhibit the stress sensitivity of dynamic DP during creep. 

In summary, GB segregation is a crucial consideration
n developing creep-resistant wrought Mg–Al alloys with
ttractive mechanical properties, and selecting appropriate
icroalloying combinations can provide desirable GB seg-

egation. On the one hand, the (Zn + Ca) GB segregation
n AZWX8000 inhibits Al solute GB diffusion, reduces
P-induced GB migration, and improves GB stability dur-

ng intermediate-temperature creep. On the other hand, the
B diffusion inhibition resulting from GB segregation can
romote intragranular Al solute diffusion. Higher Al solutes
avor multiple Al-containing nano precipitates, including the
od-like β-Mg17 Al12 and Al2 Y particles, which enhance the
islocation-hindering effect. The GB segregation stabilizes
oth the GB migration and intragranular dislocation motion
Please cite this article as: L. Ren, Y. Zhao, J. Li et al., Inhibiting creep in fin
Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2024.04.033 
uring creep, thereby improving the intermediate-temperature
reep resistance of wrought Mg–Al alloys. 

. 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 (Al2 Y, Mg17 Al12 ), 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 + Ca 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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