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A B S T R A C T

Magnesium (Mg) alloys reinforced with long-period stacking ordered (LPSO) structures exhibit considerable 
potential for achieving enhanced mechanical properties. Despite progress in understanding tensile and 
compressive deformation mechanisms at elevated temperatures, the comprehension of the creep behavior of 
these alloys under varying conditions remains incomplete. The present study investigates the creep behavior of 
three Mg-Y-Zn alloys containing varying contents of LPSO structures under different temperature and stress 
conditions. The findings reveal that at 150 ◦C, the LPSO phase content has an insignificant effect on the creep 
resistance of the alloys. However, as temperature exceeds 200 ◦C, the creep resistance deteriorates with 
increasing LPSO phase content. Notably, at higher temperatures (300 ◦C), the alloys exhibit superplasticity 
during creep deformation, which is attributed to the diffusion of solute atoms facilitated through stacking faults 
within the LPSO structures. A creep constitutive equation was developed for temperatures between 150℃ and 
200 ℃ and stress levels of 170–230 MPa, revealing high stress exponents (n = 7.1–8.6) and low activation 
energies (Qc=80.98–90.63 kJ⋅mol− 1) for the alloys. These results align with power-law dislocation creep, indi
cating threshold stress fields resulting from load transfer between the α-Mg matrix and the LPSO phase. After 
adjustment for the threshold stress, the stress exponents imply diffusional creep as the primary mechanism. The 
findings in this research contribute to understanding creep mechanisms in these alloys and offer insights into 
optimizing their performance for diverse applications.

1. Introduction

Magnesium (Mg) alloys have gained significant attention in in
dustries such as automotive, railway and aerospace due to their excel
lent strength-to-weight ratio, making them ideal for lightweight 
structural applications [1,2]. However, their widespread use has been 
limited by poor creep resistance in high-temperature applications, 
which remains a critical challenge [3]. The creep properties of Mg alloys 
are influenced by various factors, including grain size [4], alloying el
ements [5], phases [6], and their morphological characteristics [7]. 
Understanding these factors is essential for improving the performance 
of Mg alloys under high-temperature and stress conditions.

One promising approach to enhancing creep resistance of Mg alloys 
is the addition of rare-earth (RE) elements [8]. Solid solution 

strengthening and dynamic precipitation strengthening are two key 
mechanisms that have shown potential in improving the creep perfor
mance of Mg alloys. For instance, a study has demonstrated that binary 
Mg-RE alloys exhibit improved high-temperature mechanical properties 
due to the short-range ordered strengthening effect [9]. Similarly, 
another study investigated the role of Gd solutes in extruded Mg-Gd 
alloy, revealing that interactions between dislocations and RE atoms 
enhance creep resistance by forming dislocation structures and pro
moting dynamic precipitation [10].

Another effective strategy involves integrating thermally stable 
phases into the alloy, such as long-period stacking ordered (LPSO) 
structures, into Mg-RE-Zn alloys. These LPSO structures are known for 
their exceptional mechanical properties across a range of temperatures 
[11–13]. In Mg alloys with LPSO phases, the material exhibits high stress 
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exponents and activation energies, particularly at low temperatures and 
high strain rates [14]. The improved creep resistance is attributed to the 
ability of the LPSO phase to bear loads, similar to reinforcement in metal 
matrix composites. For example, Garcés et al., studied the creep resis
tance of a Mg97Y2Zn1 (at%) alloy containing 18 R and 14H-LPSO 
structures at temperatures ranging from 200 ℃ to 350 ℃ [15]. They 
found that the 14H-LPSO structure outperformed the 18R-LPSO variant 
at low temperatures and high strain rates, acting as a barrier within the 
α-Mg grains to resist deformation. On the other hand, at higher tem
peratures and lower strain rates, the 18R-LPSO demonstrated better 
creep resistance by hindering the movement of dislocations through 
solute atoms. These findings highlight the superior creep resistance of 
LPSO-reinforced Mg alloys compared to other Mg-RE alloys [8].

Despite these advancements, the relationship between LPSO phase 
content and creep resistance remains poorly understood. While the 
studies have shown a positive correlation between increased LPSO 
content and enhanced creep resistance, the underlying mechanisms are 
not fully elucidated [16]. Recent research has demonstrated that opti
mizing the microstructure through heat treatment can significantly 
improve creep resistance in α-Mg/LPSO duplex Mg-Y-Zn alloys [17]. 
However, a deeper understanding of the factors governing creep 
behavior in LPSO-containing Mg alloys is necessary to guide the design 
of microstructures and developing alloys with superior performance.

In this study, we investigate the creep characteristics of extruded Mg- 
LPSO dual-phase alloys, focusing on the influence of LPSO phase con
tent, temperature, and applied stress levels. Additionally, we develop a 
creep constitutive equation to provide insights into the creep properties 
of these alloys. By elucidating the mechanisms underlying creep resis
tance, this work aims to contribute to the development of Mg alloys with 
enhanced performance for high-temperature applications.

2. Experimental procedures

2.1. Materials

To prepare the Mg-Y-Zn alloys, pure Mg (99.95 wt%), pure Zn 
(99.99 wt%), and Mg-25 wt%Y master alloys were used as raw mate
rials. During melting of the alloys, a protective atmosphere comprising 
1.0 vol% SF6 and 99.0 vol% CO2 was used to prevent oxidation. The melt 
was kept at 750 ℃ for 30 mins to ensure a uniform composition, then 
gradually cooled to 725 ℃ before being poured into a preheated cylin
drical steel mold [18]. Billets with different alloying contents were cast 
through this process. The chemical compositions of the three cast billets 
were analyzed using inductively coupled plasma atomic emission 
spectroscopy (ICP-AES), as shown in Table 1. The as-cast alloys were 
subjected to homogenization at 400 ℃ for 24 hours. Hot extrusion was 
conducted at the same temperature. This step was carried out with an 
extrusion speed of 2 mm⋅s− 1, producing round bars with a diameter of 
14 mm, corresponding to an extrusion ratio of 18:1.

2.2. Creep tests

The creep tests were conducted using a WinCCS-controlled lever arm 
tester (model # 2320-MM) manufactured by Applied Test Systems 
(ATS). The testing machine comprises an extensometer frame (Series 
4124 A), a load train consisting of two series 4043 pull rods and two 
series 4031 A threaded couplings, and two displacement encoders (left 

and right). Additionally, the machine features a thermocouple junction 
where two K-type thermocouples (top and bottom) are connected. The 
samples were prepared in accordance with the ASTM E606M standard, 
as shown in Fig. 1. The samples were gradually heated to the specified 
temperatures for ~1 hour and held at each temperature for 0.5 hours. 
Five temperatures were selected for the creep testing: 150 ◦C, 175 ◦C, 
200 ◦C, 250 ◦C, and 300 ◦C. Manual intervention was employed for some 
tests to halt the process within the secondary region, allowing the 
extraction of creep parameters for use with the Mukherjee-Bird-Dorn 
Equation [19].

2.3. Electron microscopy and synchrotron X-ray diffraction

Microstructures of the alloy were characterized using scanning 
electron microscopy (SEM) and electron backscattered diffraction 
(EBSD) with a MIRA 3 LHM, TESCAN instrument. Sample surfaces were 
first mechanically ground with sandpaper, then electro-polished in an 
ethanol solution containing 10 % perchloric acid electrolyte for SEM 
and EBSD experiments. Electro-polishing was performed under condi
tions of 30 V and 0.5 A at a temperature of − 35 0C for 150 s. EBSD 
measurements were carried out at an accelerating voltage of 20 kV with 
a scan step size of 500 nm. The acquired EBSD data were processed using 
TSL OIM Analysis 7 software (EDAX Inc). To investigate finer micro
structures, transmission electron microscopy (TEM) was employed using 
a JEOL JEM-2100F microscope. TEM samples were prepared by twin-jet 
electropolishing in a 4 % perchloric acid-ethanol solution at 30 V and 
− 40 0C, followed by ion milling for further refinement. Additionally, 
synchrotron X-ray diffraction experiments were conducted at beamline 
P21.2 of Deutsches Elektronen-Synchrotron (DESY) with an energy of 
82 keV. The beam size was set to 500 × 500 μm², enabling the exami
nation of a larger volume (0.25 cm³). Diffraction patterns were analyzed 
using the open-source software pyFAI (https://github.com/kif/pyFAI).

3. Results

3.1. Initial microstructure

The microstructure of the three alloys consists of LPSO phase and 
α-Mg grains. As illustrated in Fig. 2(a-f), the secondary electron (SE) 
images and image quality (IQ) maps display the features of the extruded 
Mg-Y-Zn alloys. The SE images demonstrate the fibrous alignment of the 
LPSO phase along the extrusion direction (ED), while the IQ maps reveal 
that the α-Mg grains underwent complete dynamic recrystallization 
(DRX) during hot extrusion. The average grain sizes of α-Mg in the Y1, 
Y2, and Y4 alloys were measured as 6.6 ± 2.3 μm, 4.4 ± 1.5 μm, and 
3.0 ± 1.2 μm, respectively. The corresponding area fractions of the 
LPSO phase, measured as 4.5 ± 0.8 % for Y1 alloy, 27.3 ± 0.5 % for Y2 
alloy, and 49.8 ± 1.1 % for Y4 alloy, respectively. Two-dimensional 
(2D) X-ray diffraction patterns and one-dimensional (1D) X-ray 
diffraction profiles were shown in Fig. 2(g, h), revealing polycrystalline 
materials [20]. The diffraction peaks were identified as belonging to the 
LPSO phase and Mg phase, consistent with the microstructures pre
sented in Fig. 2(a-f).

To further investigate the microstructure of the Y2 alloy, bright field 
(BF) image was recorded as shown in Fig. 3(a), demonstrating a 
“sandwiched structure” where LPSO phases are interspersed with Mg 
matrix. The representative selected area electron diffraction (SAED) 
pattern confirms the LPSO phase with 18R-type stacking sequence, 
consistent with prior studies on alloys with similar compositions [11,12, 
21]. In addition, the α-Mg matrix contains numerous stacking faults 
(SFs), as illustrated in the BF image in Fig. 3(b). The corresponding 
SAED pattern indicates that these SFs were formed on the {0002} planes. 
Such microstructure features have implications for the creep perfor
mance, which will be discussed in later sections.

In a previous study, we evaluated the thermal stability of the LPSO 
phase and α-Mg phase in a Mg-Y-Zn alloy using differential scanning 

Table 1 
Chemical compositions (in wt%) of the Mg-Y-Zn alloys analyzed by ICP-AES.

Alloys Elements

Y Zn Mn Cu Ni Fe Mg

Y1 1.714 1.391 0.0124 0.0071 0.0016 0.0159 Bal.
Y2 8.805 2.856 0.0130 0.0019 0.0030 0.0293 Bal.
Y4 11.270 4.865 0.1156 0.0013 0.0357 0.0154 Bal.
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calorimetry (DSC) analysis [12]. The results revealed that the dissolu
tion temperatures of the LPSO phase and α-Mg phase are 536.5 ◦C and 
628.4 ◦C, respectively. According to the creep criterion [22], the critical 
temperature for high-temperature creep in the α-Mg phase is approxi
mately 204.7 ◦C, while for the LPSO phase, it is around 161 ◦C.

3.2. Effect of LPSO content on creep deformation at 150 ◦C

Fig. 4 presents the creep curves of the Y1, Y2, and Y4 alloys at the 
temperature of 150 ◦C and an applied stress of 170 MPa. It is evident 
from the curves that the specimens initially exhibit instantaneous strain, 
primarily composed of elastic strain, when the applied stress is below the 

yield stress. Subsequently, the alloys undergo time-dependent creep 
deformation. The complete creep deformation can be divided into three 
stages. During the primary creep stage, known as the deceleration creep 
or transitional creep stage, the Y1 alloy exhibits the highest creep strain 
rate (dε/dt), while the Y4 alloy demonstrates the lowest. Based on the 
analysis of high-temperature tensile deformation in a Mg-LPSO alloy, it 
was observed that the LPSO phase plays a significant role in strength
ening the material when deformed below 200 ◦C [12]. Moreover, the 
size of the LPSO phase surpasses that of the α-Mg grains, and the main 
strengthening mechanism is load transfer in these bulk fiber-reinforced 
alloys [23]. The harder LPSO phases bear a greater portion of the load, 
thus reducing the load on the α-Mg matrix. As a result, the creep rates of 

Fig. 1. Creep specimen following the American Society for Testing and Materials (ASTM) E606M standard.

Fig. 2. Secondary electron images ((a), (c), and (e)), image quality (IQ) maps ((b), (d), and (f)), synchrotron X-ray diffraction patterns (g), and the 1D X-ray 
diffraction profiles (h) of the three Mg-Y-Zn alloys, showing the grain structure, phase constitution, and phase content of the alloys.

J. Wang et al.                                                                                                                                                                                                                                    Journal of Alloys and Compounds 1024 (2025) 180110 

3 



the high content LPSO-containing Mg alloys in the first stage are lower 
than those of the low content LPSO-containing Mg alloys.

The secondary creep stage deformation is known as the steady-state 
creep stage. At 150 ◦C, the content of the LPSO phase has a small effect 
on the creep rate of the alloy during this stage. The steady creep rates of 
all three alloys are on the order of 10− 10 s− 1. The Y1 alloy exhibited the 
lowest creep rate of 2.55 × 10− 10 s− 1, while the Y4 alloy demonstrated 
the highest creep rate of 4.80 × 10− 10 s− 1. It can be inferred that 
increasing the volume fraction of LPSO phase has an insignificant effect 
on the creep performance of the alloys at the temperature around 150 ◦C 
(T/Tm ≈ 0.2, Tm is the melting temperature). During the creep defor
mation, changes in properties such as hardness, elastic modulus, and 
internal friction occur over time, indicating alterations in the micro
structure. Dislocation slip is an important mechanism throughout the 
entire creep deformation, particularly at lower temperatures and under 
higher stress conditions.

3.3. Temperature-dependent creep deformation

The creep behavior of the LPSO Mg alloy exhibited noticeable vari
ations as the temperature changed under a specific applied stress. Fig. 5
shows the creep curves of the Y2 alloy at different temperatures while 
being subjected to a stress of 170 MPa. An increase in temperature from 
150 ◦C to 175 ◦C resulted in a substantial elevation in the steady-state 
creep rate of the alloy. Specifically, the creep rate increased from 
3.5 × 10− 10 s− 1 to 8.2 × 10− 9 s− 1. Moreover, at 200 ◦C, the secondary 

creep stage was significantly shortened, with the creep rate continuing 
to exponentially rise to 9.4 × 10− 8 s− 1. This substantial increase in the 
creep rate demonstrates the strong temperature dependence of the al
loy’s creep behavior.

Steady-state creep deformation arises from the dynamic equilibrium 
between work hardening and recovery softening. From the dislocation 
perspective, it represents a balance between dislocation multiplication 
through slip and dislocation annihilation through climb. The results of 
this study reveal a linear correlation between the logarithm (log) of the 
steady-state creep rate and the reciprocal of the absolute temperature 
(T− 1), as shown in Fig. 6. This relationship between the steady-state 
creep rate and temperature can be mathematically expressed as fol
lows [24]: 

ε̇ = A1 ∗ exp
(
− Qc

RT

)

(1) 

Where
A1 is a constant associated with stress and material properties,
R is the gas constant (8.3145 J⋅mol− 1⋅K− 1),
T is the absolute temperature,
Qc is the apparent activation energy.
The apparent activation energy (Qc) was determined to be 

80.98 kJ⋅mol− 1 from the slope of the linear relationship, as shown in 
Fig. 6.

During steady-state creep deformation, the dislocation substructure 
is determined by the normalized shear modulus stress and remains in

Fig. 3. TEM bright field (BF) micrographs of (a) LPSO structure and (b) stacking faults (SFs) in the as-extruded Y2 alloy. The insets are representative selected area 
electron diffraction (SAED) patterns showing the LPSO with a 18 R type structure. The SFs were formed on the basal planes of Mg.

Fig. 4. Typical creep curves of the Y1, Y2, and Y4 alloys at the temperature of 
150 ◦C and the applied stress of 170 MPa.

Fig. 5. Typical creep curves of the Y2 alloy under the stress of 170 MPa and at 
different temperatures.
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dependent of temperature. The creep activation energy reflects how the 
creep rate changes with temperature under a specific stress and dislo
cation substructure. Extensive experimental observations indicate a 
strong resemblance between the creep activation energy Qc and the 
activation energy for self-diffusion Qsd, indicating a significant correla
tion between the creep and diffusion processes [25]. Recent studies 
further demonstrated that the addition of solute atoms modifies both the 
self-diffusion activation energy and the creep activation energy, while 
still satisfying the equation Qc = Qsd [26]. As dislocation climb involves 
atomic diffusion, power-law creep is governed by the diffusion process. 
The relationship between the activation energy for diffusion and the 
diffusion coefficient of elements can be determined using the Arrhenius 
equation: 

DMg/Zn/Y
a/c− axis = D0⋅exp( − Q

/
RT) (2) 

Where
D is the diffusion coefficient,
D0 is the diffusion constant,
Q is the diffusion activation energy,
R is the gas constant,
T is the absolute temperature.
The self-diffusion activation energy of Mg falls within the range of 

137.979–138.943 kJ⋅mol− 1 [27]. On the other hand, the diffusion 
activation energies of the solute elements zinc (Zn) and yttrium (Y) in 
Mg range from 132.725 to 135.488 kJ⋅mol− 1 and 
97.852–99.127 kJ⋅mol− 1, respectively [28,29], as shown in Table 2. The 
Y2 alloy exhibits a relatively low creep activation energy of 
80.98 kJ⋅mol− 1, which is lower than the diffusion activation energy of 
any individual constituent element in the alloy.

As mentioned previously, the steady-state creep rate is influenced 
not only by the material itself but also by two external variables: tem
perature (T) and stress (σ). By conducting orthogonal creep experiments 
at different temperatures and under various applied stresses, it is 

possible to establish the relationship among the steady-state creep rate, 
temperature, and stress, thereby obtaining the creep constitutive equa
tion. Table 3 presents the creep results of Mg-LPSO alloys subjected to 
various temperatures and applied stresses. In most experiments, the tests 
were manually stopped when the specimen entered into the steady-state 
creep stage or when the extensometer reached its limit (~25 % strain). 
As a result, the creep curves do not provide a comprehensive represen
tation of the complete creep deformation process. Moreover, Mg-LPSO 
alloys demonstrated favorable high-temperature creep deformation ca
pabilities, often exceeding 100 % strain, which is why there is scarce 
information available regarding the exact time of creep fracture occur
rence in these specimens.

3.4. Effect of LPSO content on creep deformation at 300 ◦C

As the applied stress or temperature increases, the secondary creep 
stage of creep shortens or even disappears, directly entering into the 
tertiary creep stage. This stage is known as the accelerating creep stage, 
where the creep rate gradually increases with time until fracture. Fig. 7
illustrates the creep curves and creep rate over time for the three alloys 
at a temperature of 300 ◦C (T/Tm≅ 0.43). Under certain stress levels, the 
Y1 alloy exhibited the lowest creep rate, followed by the Y2 alloy, while 
the Y4 alloy exhibited the highest creep rate. This suggests that alloys 
with a higher LPSO phase content exhibit poorer creep resistance. When 
the applied stress increased from 50 MPa to 80 MPa, the creep rate of all 
three alloys significantly increased throughout the creep deformation. 
However, compared with 150 ◦C, the secondary creep stage was 
considerably shortened at 300 ◦C when a stress of 50 MPa was applied, 
and disappeared under 80 MPa. Furthermore, the higher the content of 
the LPSO phase, the faster the alloy entered into the tertiary creep stage 
at 300 ◦C, and the higher the creep rate throughout the entire creep 
deformation.

High-temperature creep deformation involves both intragranular 
deformation and grain boundary sliding. In the case of fine-grained 
materials, the influence of grain size on creep rate cannot be neglec
ted, as the contribution of diffusion creep increases with decreasing 
grain size. In general, smaller grain sizes result in higher creep rates in 
alloys. However, despite the Y4 alloy having the smallest grain size 
(~3.0 μm), the α-Mg grains only accounted for 50.2 % of the alloy. On 
the other hand, the Y1 alloy had the largest grain size (~6.4 μm), but the 
α-Mg grains accounted for 95.5 %. The number of α-Mg grain bound
aries in the Y1 alloy is much higher than that in the Y4 alloy. Therefore, 
the poor creep resistance of alloys with a high LPSO phase content 
cannot be solely attributed to smaller grain size of α-Mg.

During creep testing at 300 ◦C, the alloys displayed creep strain 
exceeding 100 % (see Fig. S1 in Supporting Information). Achieving 

Fig. 6. The relationship between minimum creep rate and temperature for Y2 
alloy under the stress of 170 MPa.

Table 2 
Pre-exponential factor D0 and activation energy of Mg, Zn, and Y in Mg.

Pre-exponential factor Do (m2⋅s− 1) Activation energy Q (kJ⋅mol− 1)

DMg
a− axis

1.75 × 10− 4 137.979

DMg
c− axis

1.78 × 10− 4 138.943

DZn
a− axis 4.98 × 10− 5 132.725

DZn
c− axis 7.33 × 10− 5 135.488

DY
a− axis 2.79 × 10− 8 97.852

DY
c− axis 3.21 × 10− 8 99.127

Table 3 
Creep properties of the three LPSO-containing Mg-Y-Zn alloys at different tem
peratures and stresses.

Alloy Temperature 
(◦C)

Stress 
(MPa)

Minimum creep 
rate (s− 1)

Run time 
(hours)

Creep 
strain (%)

Y1 150 170 2.55 × 10− 10 396 > 0.47
Y1 300 50 2.05 × 10− 6 12 > 18.8
Y2 150 170 3.52 × 10− 10 852 > 0.175
Y2 150 200 6.22 × 10− 10 1374 > 0.56
Y2 150 230 2.86 × 10− 9 182 > 0.36
Y2 175 170 8.21 × 10− 9 308 > 1.039
Y2 175 200 1.94 × 10− 8 716 > 5.5
Y2 175 230 7.58 × 10− 8 33 > 1.369
Y2 200 170 9.44 × 10− 8 415 > 25
Y2 200 200 3.24 × 10− 7 136 > 25
Y2 200 230 1.24 × 10− 6 35 > 25
Y2 250 170 1.72 × 10− 5 3 > 25
Y2 300 50 9.48 × 10− 6 3.6 > 16.7
Y4 150 170 4.80 × 10− 10 267 > 0.068
Y4 300 50 1.62 × 10− 5 3 > 25
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superplasticity in metals typically necessitates high temperatures 
(T ≥ 0.5 Tm), low deformation rates (ε ≤ 0.001 s⁻¹), and the presence of 
fine, equiaxed grains (< 10 μm). It is crucial to maintain micrometer- 
sized, fine grains throughout the entire deformation process. Fig. 8
shows the microstructure of a creep-fractured Y2 alloy at 300 ◦C, 
revealing extensively fragmented LPSO phases and fine dynamically 
recrystallized (DRXed) α-Mg grains in the crept sample. The LPSO phase 
plays a significant role in this regard, as its presence and fragmentation 
during deformation act as pinning agents for grain boundaries, effec
tively restraining grain growth and stabilizing the grain size. Moreover, 
the occurrence of superplastic deformation is influenced by the relative 
stress between the matrix and the secondary phase. When there is a 
significant load partition between the two phases, stress concentration 

often arises at the interface, leading to void formation and premature 
fracture. However, in our previous study [12], it was observed that LPSO 
and α-Mg exhibit comparable lattice strain under deformation at 300 ◦C, 
indicating a balanced stress distribution. This equilibrium effectively 
minimizes stress concentration at the phase boundaries, thereby 
enhancing the superplastic deformation capability of Mg-LPSO alloys 
during high-temperature creep.

At elevated temperatures and low applied stresses, the creep rate 
exhibits a positive correlation with stress. This type of creep deformation 
is influenced not only by dislocation behavior but also by the phenom
enon of diffusion creep, which involves the directional flow of sub
stances under stress [30]. Fig. 9 presents a schematic diagram 
illustrating the diffusion creep mechanism in both Mg and the LPSO 

Fig. 7. Typical creep curves of the Y1, Y2, and Y4 alloys at the temperature of 300 ◦C and stresses of (a) 50 MPa and (b) 80 MPa, creep rate as a function of creep 
time at applied stresses of (c) 50 MPa and (d) 80 MPa.

Fig. 8. Secondary electron images of the Y2 alloy after creep fracture at 300 ◦C under stress of 50 MPa.
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phases. When an alloy is subjected to constant stress, the energy 
required for vacancy formation around the grain boundary, where ten
sile stress is applied, is relatively low. Over time, the concentration of 
vacancies increases in this region. Conversely, areas of the grain 
boundary experiencing compressive stress have lower vacancy concen
trations. Consequently, a vacancy concentration gradient forms within 
the crystals, causing vacancies to migrate from regions of high concen
tration to regions of low concentration. This migration of vacancies re
sults in atomic diffusion in the opposite direction, leading to grain 
deformation along the loading direction. The LPSO structure, with its 
abundance of stacking faults, provides rapid diffusion channels for so
lute atoms, in addition to relying on the concentration gradient of va
cancies [31]. Additionally, at elevated temperatures, the weakened 
strength of grain boundaries allows for their sliding and migration under 
loading, contributing to creep deformation. However, the significant 
contribution of grain boundary sliding to creep elongation is primarily 
observed at relatively high temperatures and low deformation rates.

To quantitatively describe the influence of the LPSO phase on the 
different stages of creep deformation in the alloys, the average creep rate 
was calculated at various creep strain intervals. Fig. 10(a) presents the 
average creep rate of the Y1, Y2, and Y4 alloys at different stages of 
creep deformation under an applied stress of 80 MPa and at a temper
ature of 300 ◦C. In the case of the Y1 alloy, the creep rate exhibited an 
acceleration as the creep deformation progressed. However, as the 
content of the LPSO phase increased, the differences in creep rates be
tween the various stages of creep deformation narrowed. Although the 
LPSO phase contributed to an overall acceleration in the creep rate, its 
impact on the later stage of creep (the tertiary creep stage) was relatively 
smaller compared to the earlier stage (the secondary creep stage). 
Although the LPSO phase exhibited a detrimental effect on creep resis
tance at high temperatures (the secondary creep stage), it played a 
stabilizing role in the tertiary stage of creep deformation. This 

stabilization mechanism can be beneficial in preventing catastrophic 
fracture failure.

Upon comparing the creep curves of Mg-Y-Zn alloys with varying 
contents of the LPSO phase under specific temperature and stress con
ditions, it becomes evident that the presence of the LPSO phase con
tributes to poor creep resistance in these alloys. Fig. 10(b) illustrates the 
increase in the average creep rate at different creep stages as the applied 
stress increases from 50 MPa to 80 MPa. It can be found that with a 
certain increase in applied stress (30 MPa), the increment of creep rate 
throughout the entire creep deformation shows an accelerating trend as 
the increase in the content of the LPSO phase increases. In the case of the 
Y1 alloy, an increase in applied stress leads to a noticeable acceleration 
in the creep rate. For the Y4 alloy, the same increase in applied stress 
results in a similar initial increase in the creep rate (<10 % strain), 
followed by a more pronounced acceleration in the later stage (>10 % 
strain). Comparatively, the creep behavior of the LPSO Mg alloy exhibits 
greater sensitivity to the applied stress at 300 ◦C.

4. Discussion

In this research, a temperature range of 150–300 ◦C was selected. In 
order to obtain a comprehensive creep curve, a stress range of 
170–230 MPa was chosen. Fig. 11 illustrates the creep curves of the Y2 
alloy at different temperatures and varying applied stresses. Both tem
perature and stress increase contributed to an elevation in the creep rate. 
During the initial stage of creep, also known as the first stage, the creep 
rate exhibited rapid growth, indicating low deformation resistance. 
However, as creep deformation progressed, work hardening occurred, 
gradually reducing the creep rate with increasing creep time. Simulta
neously, the dynamic recovery rate gradually increased alongside the 
growing work hardening. Eventually, a dynamic equilibrium was ach
ieved between these two processes, which is observable as a constant 

Fig. 9. Schematic of diffusion mechanisms for Mg and LPSO phase in creep.

Fig. 10. (a) Average creep rate at 80 MPa and (b) creep rate increment from 50 MPa to 80 MPa for Y1, Y2, and Y4 alloys at different creep strain intervals at 300 ◦C.
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creep rate. This marks the onset of the secondary creep stage of creep 
deformation, referred to as steady-state creep. The steady-state creep 
rate is commonly utilized as an indicator to evaluate the creep resistance 
performance of materials.

The activation energy (Q) value for creep provides more precise in
sights into the creep mechanism. Fig. 12 illustrates the relationship 
between the steady-state creep rate and temperature of the Y2 alloy 
under different applied stresses. By utilizing Eq. (1), we calculated the 

creep activation energy to be in the range of 80.98–90.63 kJ⋅mol− 1 for 
applied stresses ranging from 170 to 230 MPa. These values were found 
to be lower than the diffusion activation energy of Mg and the solute 
atom Zn but close to that of the solute atom Y. The mechanism of creep 
deformation depends on both stress and temperature. At high temper
atures and low stresses, diffusion creep becomes the primary mechanism 
governing the creep rate [32]. Depending on the diffusion paths, lattice 
diffusion occurs at higher temperatures (T > 0.7Tm, where Qc ≈
135 kJ⋅mol− 1), while grain boundary diffusion occurs at lower tem
peratures (T ≈ 0.4–0.7Tm, where Qc ≈ 60–80 kJ⋅mol− 1). Under mod
erate temperatures and stresses, creep deformation is mainly dominated 
by dislocation behavior [33]. The activation energy for creep dominated 
by dislocation climb is typically around 135 kJ⋅mol− 1, whereas for creep 
dominated by dislocation cross slip, it is higher, generally exceeding 
200 kJ⋅mol− 1. In the case of creep dominated by pipeline diffusion, the 
activation energy is around 92 kJ⋅mol− 1 [34,35].

The obtained Q value in this study closely aligns with the activation 
energy for atomic pipeline diffusion, which involves the diffusion of 
atoms through dislocation cores. As a result, pipeline diffusion and the 
diffusion of Y atoms were identified as the mechanisms controlling the 
creep rate. Luthy et al. [36] proposed that when the diffusion activation 
energy of dislocation channels is similar to the creep activation energy, 
dislocation climb still governs creep deformation. However, due to the 
high applied stress, the dislocation density within the material is also 
high, allowing the dislocation climb process to occur through disloca
tion diffusion channels rather than relying on bulk diffusion. Some 
studies [37,38] have also observed that the creep activation energy at 
low temperatures is comparable to the activation energy for cross slip, 
leading to the belief that dislocation cross slip or dislocation cutting by 

Fig. 11. Typical creep curves of the Y2 alloy under different stresses at the temperatures of (a) 150 ◦C, (b) 175 ◦C, and (c) 200 ◦C.

Fig. 12. The relationship between minimum creep rate and temperature for Y2 
alloy under different stresses.
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slip dislocation controls the creep rate. The addition of the rare earth 
element Y can reduce the stacking fault energy of the Mg alloy [39]. A 
significant number of stacking faults were observed in the alloys, which 
can persist during deformation at 200 ◦C [12]. In alloys with low 
stacking fault energies, cross slip is less likely to occur due to the wider 
width of dislocation propagation. It is possible that stacking faults may 
influence the rate of dislocation climb.

A large number of experimental results demonstrate a linear rela
tionship between the logarithm of steady-state creep rate (εs) and the 
logarithm of applied stress (σ) [40,41]. This observation suggests that 
the creep behavior of alloys typically adheres to power-law creep. The 
temperature and stress effects are commonly expressed using the 
following equation: 

εskT
DGb

= A
(σ

G

)n
(3) 

Where
A is a constant that is associated with material properties and 

temperature,
D denotes the self-diffusion coefficient,
G is the shear modulus (16.7 GPa),
b is the dislocation Burger vector,
k is the Boltzmann constant,
n is the stress exponent of the steady-state creep rate.
The stress exponent (n) can be determined from the slope of the line 

on the logarithmic scale. This Eq. (3) represents the relationship among 
creep rate, stress, and temperature and is commonly referred to as the 
creep constitutive equation or creep equation. In addition to the creep 
activation energy (Qc), the value of the stress exponent (n) can also 
provide insights into the creep deformation mechanisms. Fig. 13(a) il
lustrates the relationship between the steady-state creep rate and stress 
for the Y2 alloy. It is evident that the steady-state creep rate exhibits a 
high stress exponent, ranging from 7.1 to 8.6 within the temperature 
range of 150 ◦C to 200 ◦C.

The primary creep mechanisms observed in most Mg alloys are 
dislocation creep (n ≈ 5) and grain boundary diffusion (n ≈ 1). How
ever, studies have also identified certain Mg alloys with high stress 
exponent (n > 5) that do not conform to power-law creep behavior. This 
phenomenon can be attributed to the presence of a threshold stress, 
which arises from the interaction between dislocations and precipitates, 
reinforcements, or dispersoids. Maruyama et al. [3] reported a stress 
exponent value of approximately 12 for the Mg-Y binary alloy, which 
they attributed to dislocation detachment from the solute atmosphere 
under external stress. Zhu et al. [42] associated stress exponents in the 

range of 6–9 observed in Mg-RE alloys with dislocation creep. They 
observed dynamic precipitation and proposed that the precipitated 
phase acted as an effective barrier against dislocation motion.

Furthermore, in metal matrix composites or alloys reinforced with 
particles or fibers, high stress exponents are often linked to the threshold 
stress generated by the reinforcements. Garces et al. [15] recently 
correlated the high stress exponent (n = 11) in the Mg97Y2Zn1 alloy with 
the hard LPSO phases present in the alloy. They suggested that the LPSO 
phase could serve as a reinforcing fiber, effectively bearing loads during 
deformation and inducing the generation of threshold stress in disloca
tions. In order to explain the high stress exponent observed in this study, 
a threshold stress analysis was performed. Li and Langdon [43,44] have 
previously proposed that the threshold stress value, σth, can be deter
mined by extrapolating the double logarithmic line of the minimum 
creep rate versus stress to a value of 10− 10 s− 1. In the case of the Y2 alloy, 
this method yielded threshold stress values of 147.29 MPa at 150 ℃, 
94.52 MPa at 175 ℃, and 76.99 MPa at 200 ℃. Fig. 13(b) illustrates the 
relationship between the steady-state creep rate and the normalized 
effective stress (σe=σ-σth) of the Y2 alloy on a logarithmic coordinate 
axis. By taking into account the threshold stress, the recalculated creep 
stress index falls within a reasonable range, ranging from 1.6 to 1.9. This 
adjustment helps to bring the stress exponent values into alignment with 
the expected values.

5. Conclusions

The influence of the content of LPSO phase, temperature, and applied 
stress on the creep behavior of LPSO-containing Mg-Y-Zn alloys was 
studied through high-temperature creep experiments. The creep acti
vation energy (Qc) and creep stress index (n) of the Mg-LPSO alloy under 
different applied stresses were obtained through creep constitutive 
equations. The main conclusions are reached as follows: 

(1) The influence of LPSO phases on the creep resistance of Mg-Y-Zn 
alloys exhibits temperature-dependent trends. Below 200 ◦C, 
LPSO phases have a negligible influence on creep resistance. 
However, at higher temperatures (>200 ◦C), the presence of 
LPSO phases accelerates creep deformation. The alloy with a 
higher LPSO content correlates with a reduction in creep resis
tance. This trend suggests a temperature-driven transition in the 
role of LPSO phases during creep deformation.

(2) At 300 ◦C, LPSO phases promote an increase in the creep rates, 
particularly in the early stages of deformation. However, their 
influence diminishes in the later creep stages as deformation is 
increasingly governed by diffusion-assisted mechanisms. 

Fig. 13. Normalized creep rate versus normalized stress according to Mukherjee-Bird-Dorn equation (a) and normalized minimum creep rate plotted against 
normalized effective stress ((σ-σth)/G) at different temperatures (b) for the Y2 alloy.
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Superplasticity was observed under high-temperature creep 
conditions, attributed to the enhanced diffusion of solute atoms 
along the stacking faults within the LPSO structures, facilitating 
grain boundary sliding and stress relaxation.

(3) The creep behavior of Mg-LPSO alloys follows power-law creep 
within the 150–200 ◦C temperature range and under 
170–230 MPa stress conditions. The creep constitutive equation 
reveals a high stress exponent (7.1–8.6) and a relatively low 
activation energy (80.98–90.63 kJ⋅mol− 1), indicating a threshold 
stress mechanism. This mechanism arises from the load transfer 
effect between the Mg matrix and the LPSO phase, which resists 
deformation at lower temperatures but becomes less effective as 
temperature increases. The corrected creep stress exponent 
further suggests a transition from dislocation-controlled creep to 
diffusional creep as the dominant deformation mechanism at 
elevated emperatures.
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microstructure on creep behaviour of cast Mg97Y2Zn1 (at%) alloy, Mater. Sci. Eng. 
A. 539 (2012) 48–55.
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[24] Z. Tobolová, J. Čadek, An interpretation of steady state creep, Philos. Mag. 26 
(1972) 1419–1428.

[25] H.R. Erfanian-Naziftoosi, E.J. Rincón, H.F. López, Creep properties of the as-cast 
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