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A B S T R A C T   

The effect of yttrium (0.2Y wt.%) and yttrium + neodyminum (0.1Y+0.1Nd wt.%) additions on the long-term 
(>1200 h) tensile creep and microstructural evolution of AZ80 was investigated at temperatures ranging be-
tween 100 ◦C and 150 ◦C and stresses ranging between 50 MPa and 100 MPa. The alloying resulted in both the 
formation of Y- and/or Nd containing particles, and lower tensile strengths and elongation-to-failure. The 
minimum creep rate (ε̇min) increased with increasing applied creep temperature and stress. Y addition resulted in 
greater creep-resistance compared with that for (Y + Nd) additions. The ε̇min of AZ80 + 0.2Y was approximately 
half that of AZ80 at 50 MPa at 150 ◦C. The apparent creep activation energy for each alloy ranged between 73 
and 93 kJ/mol, and pipe-diffusion-assisted dislocation creep was suggested to be the dominant secondary stage 
creep deformation mechanism. Discontinuous precipitation (DP) occurred during the creep exposure but was 
impeded by precipitate-containing twins. The DP was less concentrated in the Y and (Y + Nd) containing alloys, 
which exhibited lower Vickers hardness values than AZ80. Grain boundary and twin boundary cavitation/ 
cracking were prevalent during creep. Minor Y or (Y + Nd) addition, resulted in less oxidation and extended the 
intermediate-temperature creep life.   

1. Introduction 

Magnesium (Mg) alloys exhibit excellent specific-strength, thereby 
offering a means for energy savings as lightweight structural materials in 
vehicles [1]. Some Mg structural components (i.e. the aircraft landing 
main wheel and automotive powertrain components) are subject to 
exposure to intermediate-temperature environments (~150 ◦C), and 
therefore require enhancement in intermediate-temperature creep 
resistance [2]. Mg–Al alloys exhibit insufficient creep resistance which is 
mostly attributed to the softening of the β-Mg17Al12 phase at a 
intermediate-to-high temperatures [3–5]. Some strategies, including the 
substitution of thermally-stable intermetallic compounds for the β phase 
[6–8] and inputting solute-segregation-enhanced grain boundaries 
(GBs) [9], have been attempted to improve the creep resistance. Another 
strategy involves the addition of rare-earth (RE) elements, however, this 
is costly and thereby disadvantageous in terms of scale-up [10]. 

The essence of microalloying is that minor additions (<1 wt%) of 
critical elements, such as Y, Nd, Ca, influence dislocation motion, GB 

characteristics, and precipitation kinetics. Trace alloying elements 
addition to Mg–Al alloys significantly refine the eutectic β-Mg17Al12 
phase and change its volume fraction [11–14], and appropriate micro-
alloying can improve the strength by either refining the grain size or 
stabilizing disperse, fine secondary phases. For example, (Y + Ca) dual 
microalloying (<0.5 wt%) can effectively increase the AZ80 ignition 
temperature to about 820 ◦C resulting from the double-layered structure 
of CaO + Y2O3 and MgO + CaO + Al2O3 on the molten surface [13]. The 
periodic segregation of Gd or (Nd + Ag) atoms at twin boundaries (TB) 
[15,16] or Y, Ca segregation at GBs [17,18] generate a significant drag 
effect on TB or GB motion, and this microalloying-elements-segregation 
enhanced stability in TBs and GBs resulted in additional annealing 
strengthening [16] and the suppression of abnormal dynamic recrys-
tallization grain growth during high-speed extrusion. Recently, micro-
alloying has attracted attention due to the improved creep response [19, 
20]. In particular, Y, (Y + Nd), and (Y + Ca) multi-microalloying ex-
hibits potential to mediate the grain growth and texture evolution of 
AZ80 alloys [21]. The enhanced creep resistance in microalloyed Mg–Al 
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alloys can be attributed to the following: (i) Microalloying elements 
impede dislocation motion. For example, minor Y additions can reduce 
the I1 stacking fault energy on basal planes, making <c+a> slip easier to 
activate [22,23]. (ii) Microalloying elements tend to segregate at in-
terfaces (GB or interphase boundaries) and thereby affect the β precip-
itation kinetics. 0.2–0.8 wt% Y additions to Mg dramatically suppress 
the static discontinuous precipitation (DP) at GBs [24]. Miao et al. [25] 
and Liu et al. [26] reported that trace Ag or Zn addition resulted in Ag or 
Zn segregation at the α/β interface, which refined the β continuous 
precipitation and enhanced the aging hardening. Thus, the β precipitate 
volume fraction in Mg–Al varies with microalloying, thereby influencing 
the creep behavior. (iii) Thermally-stable particles or modified β phases 
can impede the dislocation motion and/or recovery process. 
Thermally-stable particles, such as Al2Y and Al2Ca, form in Mg–Al alloys 
after Y and Ca additions [3,24,27]. First-principles calculations [27] 
revealed that Ca can effectively improve the structural stability of the β 
phase in Mg–Al alloys. As a result, Ca improves the creep resistance of 
Mg–Al alloys by reducing the softening effect of the β phase. 0.3 wt% Mn 
addition in Mg–4Al–3La (wt.%) resulted in nanoscale Al–Mn pre-
cipitates during 175 ◦C/75 MPa creep, which reduced the secondary 
state creep rate by three orders of magnitude [28]. 

In this work, the effect of small concentrations (<0.2 wt%) of Y and 
Y + Nd on the creep behavior of AZ80 (Mg–8Al-0.5Zn-0.2Mn, wt.%) was 
investigated using long-term (>1200 h) tension creep testing at 
100–150 ◦C/50–100 MPa. The creep properties, microstructure evolu-
tion, and deformation behavior are discussed. 

2. Materials and experimental procedures 

2.1. Materials and processing 

The nominal and measured (using inductively coupled plasma mass 
spectrometer) chemical compositions of the alloys are provided in 
Table 1. The cast ingots were prepared by resistance melting pure Mg 
(99.9 wt%), pure Al (99.9 wt%), pure Zn (99.9 wt%), Mg–30Y (wt.%), 
and Mg-30Nd (wt.%) master alloys, and all the master alloys were 
preheated at 200–300 ◦C for 0.5 h then added into the pure Mg and Al 
melt. The molten Mg was protected from oxidation by a covering flux 
and CO2+2 vol% SF6 mixed gas. The melt was stirred at 760 ◦C with 
refine agent (JMDJ) addition to remove the impurities and homoge-
neous distribution of alloying elements, then it was held at 740 ◦C for 
50–60 min in a Φ156 mm × 200 mm mild-steel crucible, then poured 
into a Φ95 mm × 200 mm steel mold which was preheated at 200 ◦C, 
and finally it was air cooled. Creep test specimens were cut from the cast 
billets using electrical discharge machining. Both the tensile and creep 
specimens had a 50.8 mm gage length and 12.4 mm × 1.8 mm cross 
section (see in Fig. 1). 

2.2. Annealing heat treatments 

400 ◦C/4 h annealing treatments were conducted on samples sealed 
in a quartz glass tube before performing the creep experiments. Prior to 
performing the heat treatment, the samples were first ground using 
silicon carbide (SiC) papers through 400, 800, and 1200 grits to remove 
the surface oxidation and contaminants, followed by ultrasonic bath 

cleaning with ethanol. The sealed quartz glass tube was placed in a tube 
furnace and heated to 400 ◦C, then held for 4 h. The glass tube was 
evacuated using a mechanical pump for about 10 min before heating to 
minimize oxidation during the annealing treatment. A thermocouple 
was spot welded onto the samples to monitor their temperature during 
the heat treatment. The glass tube was taken out from the furnace, and 
the sample was cooled to less than 50 ◦C using compressed air. All 
annealed specimens were then ground using 1200 grit SiC papers to 
remove any surface oxidation layer that formed during the heat 
treatment. 

2.3. Mechanical properties and creep test 

Room-temperature (RT) uniaxial tension tests were performed on the 
annealed samples using an MTS-CMT5105 universal tensile testing 
machine. A constant crosshead displacement rate (3 mm/min), corre-
sponding to an initial strain rate of 10− 3 s− 1, was maintained during the 
tension tests and the strain was measured using the change of gage 
length. Three repeat tests for each alloy were performed and the tensile 
strength and elongation-to-failure (εf) values were averaged. Creep tests 
were performed using Applied Test Systems Incorporated (Butler, PA) 
lever-arm creep machines, having a 20:1 load ratio, in air at tempera-
tures ranging between 100 and 150 ◦C. Srinivasan et al. [20] indicated 
that the critical duration for the transition from the primary stage to the 
secondary creep stage exceeded 1000 h for intermediate-temperature 
tension creep of AZ91. Thus, all creep tests in this study lasted longer 
than 1000 h. Stress-jump tests from 50 to 75 MPa, then to 100 MPa were 
performed at 100 ◦C, 125 ◦C and 150 ◦C after at least 1000 h of creep. 
The creep strain was continuously measured throughout the test using a 
linear variable differential transformer. A three-zone split furnace and a 
current proportioning temperature controller were used to maintain the 
test temperature to within ±1 ◦C. The specimen temperature was 
measured by spot welding chromel-alume1 thermocouples on one side 
of the gage section. 

Table 1 
Chemical compositions of the studied alloys (wt.%).  

Alloy Al Zn Mn Y Nd Mg 

AZ80 Nominal 8.00 0.50 0.20 – – Bal.  
ICP-MS 8.34 0.42 0.15 – – Bal. 

AZ80 + 0.2Y Nominal 8.00 0.50 0.20 0.20 – Bal.  
ICP-MS 7.72 0.53 0.22 0.24 – Bal. 

AZ80 + 0.1Y+0.1Nd Nominal 8.00 0.50 0.20 0.10 0.10 Bal.  
ICP-MS 7.51 0.45 0.18 0.11 0.16 Bal.  

Fig. 1. Drawings of the (a) cast billets, and (b) the creep specimens, which were 
electric discharge machined form the middle of the billet, and (c) the di-
mensions of the specimen. All dimensions are in mm. 
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2.4. Microstructure characterization and hardness test 

Metallographic samples were ground using SiC planar grinding pa-
pers through 400, 800, 1200 grit, respectively. The samples were then 
polished through 1.0 μm, 0.25 μm diamond pastes, and 0.04 μm 
colloidal silica solution was used for the final polishing. 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 annealed 
and deformed specimens was observed using a Nikon 120C optical mi-
croscope and a TESCAN MIRA III FEG SEM equipped with an energy 
dispersive spectroscopy (EDS) system. The SEM accelerating voltage 
used was 30 kV, and the working distance was 16 mm. The average grain 
size was estimated by the line intercept method (GB/T 6394–2017) and 
the phase volume percents were measured by the grid point method. The 
EDAX-TSL electron backscattered diffraction (EBSD) system was used to 
identify the grain orientation, and data post-processing was performed 
using EDAX OIM Analysis 7 software. In addition, Vickers hardness tests 
were conducted using a LECO M-400-G1 microhardness tester with a 

500 g load and a 10 s dwell time. 5 indents tests were performed on the 
mechanically polished gage and grip sections after the creep tests. The 
reported hardness values were averaged. 

3. Experimental results 

3.1. Annealed microstructures and RT tensile properties 

The average grain size of the annealed AZ80, AZ80 + 0.2Y and AZ80 
+ 0.1Y+0.1Nd were 162 ± 27 μm, 358 ± 42 μm, and 207 ± 13 μm, 
respectively (Fig. 2). GB secondary phases and intragranular particle 
phases were present in all the microstructures, and the volume percent 
of these particles was greater in the Y and (Y + Nd) containing alloys. 
EDS maps (see Fig. 2(d–f)) illustrated the elements present the intra-
granular particle phases in the three alloys. For AZ80, Al coexisted with 
Mn in the particles (see P1 position), which is consistent with the Al8Mn5 
phase. Several multielement particles formed in AZ80 + 0.2Y and AZ80 
+ 0.1Y+0.1Nd. P1–P4 highlight some of the particles present in the 

Fig. 2. (a–c) Representative optical microscopy images for the annealed AZ80, AZ80 + 0.2Y, and AZ80 + 0.1Y+0.1Nd microstructures, respectively. (d–f) secondary 
electron SEM (SE− SEM) photomicrographs and EDS maps of some of the particles in AZ80, AZ80 + 0.2Y, and AZ80 + 0.1Y+0.1Nd, respectively. 
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annealed alloys. For example, Al–Y–Mn- and Al–Y-containing particles 
were present in AZ80 + 0.2Y, and Al–Y-Nd-Mn-containing particles 
were present in AZ80 + 0.1Y+0.1Nd (see P3 position). 

In addition to the GB secondary phases and the multielement particle 
phases mentioned above, the β divorced-eutectic-phase was also present 
in the annealed AZ80 + 0.1Y+0.1Nd, see P4 positions in Fig. 2 (c, f). 
This indicates that the (Y + Nd) addition increases the thermal stability 
of the β-Mg17Al12 eutectic. A previous report [27] illustrated that the Mg 
atoms in Mg17Al12 can be substituted with Ca solute, which enhances the 
bonding energy and increases the melting temperature of the β eutectic 
phase. There was no discontinuous precipitation (DP) evident at the GB 
in these annealed alloys prior to creep testing. 

3.2. Creep properties 

Fig. 3 presents the creep strain versus time (ε-t) curves for the 
annealed alloys. Higher creep temperatures resulted in larger creep 
strains. The 50 MPa creep stress level was maintained for at least 1000 h. 
Then 50 → 75→100 MPa stress-jump tests were conducted in all three 
alloys at 100 ◦C. Creep failure occurred earlier in the 125 ◦C/75 → 100 
MPa stress-jump tests. The creep rate (ε̇ = dε/dt) variation with duration 
(200–1050 h) at 100–150 ◦C/50 MPa is presented in Fig. 4. The ε̇ 
continuously decreased with increasing creep time, which indicated that 
steady-state was not obtained. For example, when the annealed AZ80 
creep was tested at 100 ◦C/50 MPa, ε̇ was 6.1 × 10− 10 s− 1 at t = 200 h, 
while ε̇ decreased to 1.5 × 10− 10 s− 1 at t = 1000 h. In this study, the 
minimum creep rate, ε̇min, for 50 MPa creep was defined as ε̇ at t = 1000 
h: 

ε̇t=1000h(σ=50MPa) = ε̇min(σ=50MPa) (1) 

The ε̇min values at different creep conditions are provided in Table 2. 
The ε̇min increased with increasing temperature and stress. Fig. 5 sum-
marizes the ε̇min variation with Al content in Mg–Al series alloys 
[29–34]. ε̇min decreased with increasing Al content. Y addition resulted 
in greater creep-resistance than that for (Y + Nd), and the ε̇min of AZ80 +
0.2Y was approximately half that of AZ80 at 150 ◦C/50 MPa. The his-
togram in Fig. 6 (a) illustrates the ε̇min distribution at 100 ◦C/50–100 
MPa for the three alloys. Y addition resulted in a reduction of ε̇min, 
however, (Y + Nd) additions resulted in a higher ε̇min than that for AZ80. 
The difference in ε̇min between AZ80 and AZ80 + 0.1Y+0.1Nd increased 
with increasing stress. When tested at 100–150 ◦C/50 MPa (Fig. 6 (b)), Y 
addition resulted in the lowest ε̇min, and the AZ80 + 0.1Y+0.1Nd 
exhibited lower ε̇min than that of AZ80. Overall, AZ80 + 0.2Y exhibited 
the greatest creep resistance at 100 ◦C and a constant stress of 50 MPa. 
The (Y + Nd) addition increased the thermal stability of the β-Mg17Al12 
eutectic, which resulted in a greater volume fraction of the β eutectic 
after the annealing treatment (Fig. 2(c)). The creep resistance of AZ80 +
0.1Y+0.1Nd rapidly degraded with increasing stress (e.g., constant 
temperature (100 ◦C) condition). This shows the creep sensitivity of 
high-β vol.%-containing microstructures. 

3.3. Creep microstructural evolution and vickers hardness 

The microstructure near the fracture surface was investigated after 
the 100–125 ◦C long-term creep. For the 100 ◦C creep specimen, see 
Fig. 7, the DP volume percent for AZ80 and AZ80 + 0.2Y were 
approximately 9 vol% and 2 vol%, respectively. Twinning occurred in 
the 100 ◦C creep test and accommodated the creep deformation. It 
appeared that the precipitation density within the twins was higher than 
that within the matrix. Intra-/Intergranular pores were prevalent in 
AZ80. Most of the intergranular pores preferentially initiated at the 
triple points and propagated along the GB, see Fig. 7 (a, b). Moreover, it 
was found that some of the intragranular pores initiated at twin-twin 
boundaries. Fig. 7 (c) illustrates the lamellar β precipitates, which 
emanated from the twin boundaries. Fig. 7(d–f) shows the 100 ◦C creep 
microstructure of AZ80 + 0.2Y. The triple points served as crack initi-
ation sites, while bead-like pores were distributed along GBs accompa-
nied with DP, see in Fig. 7 (e, f). 

Increasing temperature promoted DP. Fig. 8 presents the micro-
structure for the three alloys after 125 ◦C creep, and the DP volume 
percent for AZ80 and AZ80 + 0.2Y were approximately 17 vol% and 9 
vol%, respectively. There was no DP formation in AZ80 + 0.1Y+0.1Nd, 
but instead, precipitates surrounded the β divorced-eutectic. Twinning 
occurred during the creep deformation in the 125 ◦C creep test. Triple 
points served as preferable void initiation sites for AZ80 (see Fig. 8 (d)), 
while intergranular cracking occurred in AZ80 + 0.2Y. The EBSD images 
for the 125 ◦C creep microstructure in AZ80, shown in Fig. 9, illustrated 
intergranular void formation. 

The gage and grip sections underwent long-term intermediate-tem-
perature aging with and without creep deformation, respectively. As a 
result, the Vickers hardness in these two sections varied with creep 
temperature and microalloying elements, see in Fig. 10. For the gage 
section, higher temperatures accelerated DP, and therefore the hardness 
increased with increasing creep temperature. Grain coarsening in AZ80 
+ 0.2Y and AZ80 + 0.1Y+0.1Nd decreased the Vickers hardness, which 
was consistent with the variation in the RT tensile yield strength results. 
Either Y or Y + Nd additions can suppress DP, which thereby decreases 
precipitation hardening [24]. As a result, the AZ80 + 0.2Y and AZ80 +
0.1Y+0.1Nd exhibited lower hardness than that of AZ80 after the creep 
test. It should be noted that the creep failure occurred at approximately t 
= 400 h for annealed AZ80 at 150 ◦C/50 MPa. This short creep time 
contributed to less DP and thereby less hardening. 

The hardness variation with temperature was different in the grip 

Fig. 3. Creep strain, ε, variation with creep time, t, for annealed AZ80, AZ80 +
0.2Y, and AZ80 + 0.1Y+0.1Nd at creep temperatures ranging between 100 and 
150 ◦C and stress levels ranging between 50 and 100 MPa. 
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and gage sections, where the grip section hardness values were less than 
those of the gage section for the 100 ◦C creep tested samples, i.e. the 
hardness value of AZ80 decreased from 64Hv in the gage to approxi-
mately 52Hv in the grip. This was in contrast to that for the 125 ◦C creep 
samples, where the grip section exhibited higher hardness than that of 
the gage section. For example, for AZ80 + 0.2Y, the harness value 
increased from 70Hv in the gage section to approximately 86Hv in the 

grip section. For the 150 ◦C creep tested samples, the hardness of AZ80 
+ 0.1Y+0.1Nd remained almost the same for the grip and gage sections, 
while AZ80 and AZ80 + 0.2Y specimens exhibited a hardness reduction 
of ~20Hv from the grip to the gage section. 

3.4. Creep fracture 

Figs. 11 and 12 show the 125 ◦C creep fracture surfaces of AZ80 and 
AZ80 + 0.2Y, respectively. Some of the fracture surface regions 
exhibited ductile failure characteristics, see the “II” region in Fig. 11. 
The localized morphology difference exhibited between regions I and II 
in Fig. 11 suggested that the dominant crack may have initiated at one 
side of the specimen (near region I), where the long-term intermediate- 
temperature exposure in air may have caused more oxidation than the 
other side of the specimen (near region II), where overload fracture and 
dimples were observed. The high-magnification SE− SEM and BSE-SEM 
images indicated that some particles remained on the fracture surface, 
consistent with the microstructural features evident in Fig. 8 (a, d). The 
equiaxed dimple size was approximately 10 μm in the region II of 
Fig. 11. As for the creep fracture of AZ80 + 0.2Y, a ductile failure 
occurred, see region I in Fig. 12. However, brittle fracture features were 
evident in region II, which was consistent with the GB cracking features 
in Fig. 8 (e). In addition, there were particles present in region II in 
Fig. 12. 

4. Discussion 

4.1. Creep deformation mechanisms 

A phenomenological relationship between the steady-state creep rate 
(ε̇min in this work), and stress, σ, has been described for steady-state 
power-law creep [35]: 

ε̇min =A1 exp( − Q / kT)(σ/E)n (2)  

where A1 is a constant, k is Boltzmann’s constant, T is the absolute 
temperature. Eq. (2) can also be expressed by: 

ε̇min =A2D(σ/E)n (3)  

where:  

D = D0exp(-Q/kT)                                                                           (4) 

Many investigators have modified Eq. (3) by introducing constants 
[36]: 

ε̇min =A2(DGb / kT)(σ/G)
n (5) 

Fig. 4. Creep strain, ε, (light grey) and creep rate (colored) variation with creep time for creep conditions including temperatures between 100 and 150 ◦C at an 
applied stress of 50 MPa (a) AZ80, (b) AZ80 + 0.2Y, and (c) AZ80 + 0.1Y+0.1Nd. 

Table 2 
Minimum creep rate for the studied alloys at temperatures ranging between 100 
and 150 ◦C and stresses ranging between 50 and 100 MPa.  

Alloy Stress (MPa) Minimum creep rate ( × 10− 9 s− 1) 

100 ◦C 125 ◦C 150 ◦C 

AZ80 50 0.2 1.1 5.8  
75 2.2 n.a. n.a.  
100 13.5 n.a. n.a. 

AZ80 + 0.2Y 50 0.1 0.7 2.1  
75 2.0 4.7 n.a.  
100 8.7 n.a. n.a. 

AZ80 + 0.1Y+0.1Nd 50 0.2 0.4 2.8  
75 3.1 10.3 n.a.  
100 23.7 n.a. n.a. 

Note: n.a.: not available. 

Fig. 5. Minimum creep rate versus Al content in Mg–Al series alloys creep 
tested at 150 ◦C/40–60 MPa [29–34]. The minimum creep rate of the annealed 
AZ80, AZ80 + 0.2Y and AZ80 + 0.1Y+0.1Nd at 150 ◦C/50 MPa studied in this 
work are also indicated. 
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where the stress exponent, n, and creep activation energy, Q, can be 
calculated by: 

n = ∂
[
ln
(
ε̇minkT

)
/(DGb)

/
∂[ln(σ/G) ]T (6)  

Q= ∂
(
lnε̇min

) /
∂(− 1 / kT) (7) 

Q values similar to that of lattice self-diffusion, Qsd (Mg) (135 kJ/mol), 
and the n values of about 5 for pure metals (called “five-power-law” 
behavior) generally are observed until the temperature decreases below 
roughly 0.6 Tm (Tm is the melting temperature), where power-law 
breakdown occurs, i.e. the Q begins to significantly decrease below 
Qsd (Mg) and n continuously increases [35]. 

According to the constitutive creep models above, n and Q can be 
calculated according to Eqs. (6) and (7). Fig. 13 illustrates that the n- 
values for AZ80, AZ80 + 0.2Y, and AZ80 + 0.1Y+0.1Nd were 6.3, 6.1, 
and 7.3, respectively, and the Q-values were 93 kJ/mol, 73 kJ/mol, and 
76 kJ/mol, respectively. This suggests that the alloys could be consid-
ered to lie within the power-law breakdown creep regime The Q values, 
which were similar to the activation energy for vacancy diffusion 
through dislocation pipes, were lower than Qsd (Mg) [37]. It was sug-
gested that the rate-controlling mechanism for steady-state creep in the 
power-law breakdown regime is still dislocation climb, but is facilitated 

by short-circuit diffusion of vacancies via the elevated density of dislo-
cations associated with increased stress between 0.3 and 0.6 Tm [35]. 
Fig. 14 shows nano precipitates oriented along dislocation slip traces in 
adjacent grains (see the yellow dotted line). The kinking trace for the 
precipitate’s distribution in Fig. 14 (b) suggests that cross-slip may be 
also involved in the creep deformation. The occurrence of 
nano-bead-like precipitates along the dislocation slip traces in Fig. 14 (a) 
is consistent with a dislocation dominated creep deformation 
mechanism. 

4.2. Creep cracking and oxidation 

GBs and the interface between the α-Mg matrix and secondary phases 
are common crack nucleation sites [35]. In the present work, GB cavities 
preferentially formed at triple points, see Figs. 7–9. Twin boundaries 
(TBs) are also preferential crack nucleation sites due to the associated 
shear localization and stress concentrations [38]. TB precipitates have a 
hardening effect on the TB migration [39,40]. During the 
intermediate-temperature creep deformation, the lamellar plate-like 
precipitates that formed near the TB (Fig. 7 (c)) were expected to 
reduce the TB migration rate, which degrades the twinning accommo-
dation contribution to the local plastic strain. As a result, 
irregular-shaped cavities tended to nucleate at the twin-twin 

Fig. 6. Minimum creep rate comparisons between annealed AZ80, AZ80 + 0.2Y, and AZ80 + 0.1Y+0.1Nd alloys at (a) a creep temperature of 100 ◦C, and (b) an 
applied creep stress of 50 MPa. 

Fig. 7. SE− SEM photomicrographs taken of the gage section near the fracture surface after 100 ◦C creep for (a–c) AZ80, where the εf was 0.25 after a 50 MPa→75 
MPa→100 MPa stress-jump test. (d–f) AZ80 + 0.2Y, where the εf was 0.16 after a 50 MPa→75 MPa→100 MPa stress-jump test. The SEM observation positions with 
respect to the fractured surface are shown in the inserted images in (a, d). The inserts in (c, e) illustrate the microstructural features near cavities. The tensile direction 
was horizontal. 
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intersections. 
Mg exhibits high affinity to oxygen and does not form a dense, slow- 

growing and protective oxide layer [41]. Thus, degradation of the Mg 
surface occurs during long-term intermediate-temperature creep in air. 
Minor additions of rare earth elements with high affinity to oxygen, such 
as Y, Nd, and Gd, exert a profound effect on the oxidation resistance of 
Mg alloys [42]. For example, 0.28 wt% was found to be the most 

effective in suppressing oxidation in AM50 by improving the oxide 
integrity and its adherence to the substrate [43]. Other research found 
that an even smaller content (0.1 wt%) of mischmetal caused an 
improvement in oxidation resistance for Mg alloys [44]. Thus, Y or (Y +
Nd) additions are suggested to improve the creep-resistance by hinder-
ing the oxidation process of AZ80. Microalloying effects on the oxidation 
resistance could be manifested as follows: (i) Climb of the misfit 

Fig. 8. SE− SEM photomicrographs taken of the gage section near the fracture surface after a 125 ◦C/50 MPa→75 MPa stress-jump test for (a, d) AZ80, (b, e) AZ80 +
0.2Y, and (c, f) AZ80 + 0.1Y+0.1Nd, where the corresponding εf values were 0.12, 0.18, 0.25, respectively. The tensile direction was horizontal. 

Fig. 9. EBSD (a) image quality (IQ) map and (b) inverse pole figure (IPF) taken of the gage section near the fracture surface after a 125 ◦C/50 MPa→75 MPa stress- 
jump test for annealed AZ80. The εf was 0.12. The tensile direction was horizontal. 
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dislocations at the metal-oxide interface can be impeded by the pinning 
action of the microalloying elements ions, and thereby oxide growth by 
cation diffusion can be decreased and/or prevented [45]. (ii) Change of 
the relative magnitudes of cation and anion short-circuit diffusion by the 
microalloying ions, which segregate to oxide grain boundaries [46]. In 
the present work, no oxide layer was detected in the AZ80 + 0.2Y. This 
suggests that minor Y or (Y + Nd) additions may suppress oxidation in 
AZ80 and thereby extend the creep life. 

4.3. Twin/DP interactions 

Fig. 15 (a) illustrates the DP region in the twin-containing grains in 
AZ80 + 0.2Y after a 125 ◦C/50–100 MPa stress jump creep test to a 
strain of 0.16. The twin interior exhibited denser continuous precipita-
tion than that of the α-Mg matrix. The DP front migration was impeded 
by the twins having larger precipitate densities, see the red square in 
Fig. 15 (b). The DP front migration is a diffusion-controlled process [47, 
48]. Thus, when precipitation preferentially occurs in twins, the Al so-
lute dilution in the front of DP decreases the solute supply thereby 
affecting the GB diffusion. As a result, the driving force for DP decreases 
leading to a hindering effect on DP front motion. The hindered effect of 

twin-preferred precipitation on DP growth is schematically illustrated in 
Fig. 15 (c). Overall, DP is an important microstructural feature during 
intermediate-temperature creep. The Y and (Y + Nd) minor additions 
significantly reduced the DP volume percent consistent with aging re-
sults [24]. Moreover, the DP front migration was impeded by twins rich 
in precipitation. Consequently, the creep resistance is expected to 
improve based on less β-Mg17Al12 formation. 

5. Conclusions 

Rare-earth microalloying effects on the microstructure and creep 
deformation behavior of annealed AZ80 were investigated in this work. 
Based on 1200 h long-term creep and stress-jump tests, the power-law 
creep model was used to suggest the dominant creep mechanisms. In 
addition, cavitation nucleation and discontinuous precipitation (DP) 
were systematically characterized during the intermediate-temperature 
creep deformation. The following conclusions were offered:  

(1) The alloys containing Y and/or Nd exhibited both particles 
enriched in Y and/or Nd within the grains and at grain bound-
aries and lower tensile strength and elongation-to-failure 
compared the baseline AZ80. Minor Nd addition resulted in a 
considerable amount of the β divorced-eutectic phase after 
annealing, which may be due to the enhanced thermal stability of 
the β phase.  

(2) All the alloys examined exhibited continuously decreasing creep 
rate with increasing creep time and the ε̇min increased with 
increasing temperature and load. Y addition resulted in greater 
creep resistance than the combined addition of (Y + Nd). The ε̇min 
of AZ80 + 0.2Y was approximately half that of AZ80 at 50 MPa at 
150 ◦C. Pipe-diffusion-assisted dislocation creep was suggested to 
be the dominant secondary-stage creep deformation mechanism. 
The measured activation energies were between 73 and 93 kJ/ 
mol and the n-values were approximately 6.1–7.3 for all the 
tensile-creep conditions evaluated.  

(3) Y or (Y + Nd) addition lowered the GB diffusion rate and resulted 
in less discontinuous precipitation (DP) during the 100–150 ◦C 
creep deformation. Increasing the creep temperature promoted 
diffusion and resulted in more DP near GBs, which was consistent 

Fig. 10. Vickers hardness (Hv) in the gage and grip sections after creep ex-
periments in the temperature range between 100 and 150 ◦C for annealed 
AZ80, AZ80 + 0.2Y, and AZ80 + 0.1Y+0.1Nd. 

Fig. 11. SE - SEM photomicrographs of the fracture surfaces in the crack nucleation region “I” and crack propagation region “II” for annealed AZ80, which un-
derwent a 125 ◦C/50 MPa→75 MPa stress-jump test. The εf was 0.12. 
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with the Vickers hardness increase with increasing creep tem-
perature. The DP front migration was impeded by the twins rich 
in precipitates  

(4) GB cavitation/cracking was prevalent during creep. Intergranular 
pores formed in AZ80 during the creep experiments at 100 ◦C and 
125 ◦C, and GB cracking was prevalent for the alloys containing Y 
additions. Minor Y or (Y + Nd) addition resulted in less oxidation 
and extended the intermediate-temperature creep life. 
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Fig. 12. SE− SEM photomicrographs of the fracture surface for annealed AZ80 + 0.2Y, which underwent a 125 ◦C/50 MPa→75 MPa→100 MPa stress-jump test. The 
εf was 0.16. The red arrows in “II” region (BSE images) illustrate the Y-containing particles that remained on the fracture surface. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 13. (a) Stress exponent, n, and (b) apparent creep activation energy, Q, plots for the annealed AZ80, AZ80 + 0.2Y and AZ80 + 0.1Y+0.1Nd during the 
100–150 ◦C/50–100 MPa tensile-creep experiments. 
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