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Abstract: Tensile creep behaviors of the ageing hardened Mg-10Gd-3Y alloy (referred to GW103) were investigated at temperatures 
up to 300 ℃. The extruded-T5 specimen exhibited high creep resistance, i.e. the low steady-state creep rate and long creep rupture 
time, while the better creep properties were observed in the cast-T6 one. The low steady-state creep rate of 1.71×10−9 s−1 is obtained 
at 200 ℃ and 80 MPa for the extruded-T5 GW103 alloy. In addition, the microstructure development of GW103-T5 alloy was also 
examined after creep exposure at different temperatures. On the other hand, the stress exponent and activation energy were studied in 
the temperature range of 200−300 ℃ for the extruded-T5 specimens, and the creep mechanism was also discussed. 
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1 Introduction 
 

As the lightest structural materials, magnesium 
alloys are attracting more and more attention. However, 
the applications of conventional Mg-Al-based alloys are 
limited to temperatures below 120 ℃ due to the rapid 
degradation of mechanical properties, especially creep 
resistance[1−2]. The poor creep resistance is ascribed to 
the coarsening and inhomogeneous distribution of 
β-Mg17Al12 precipitates in Mg-Al-based alloys[3−4], and 
their creep mechanisms have been widely investigated. 
Mg alloys containing yttrium and/or rare earth metals 
(RE) have the good combination of room and high 
temperature mechanical properties[5−6]. Adding RE is 
an important approach for attaining high temperature 
creep resistance Mg alloys above 120 ℃. The effects of 
RE are solution-hardening and precipitation-hardening, 
especially the latter, resulting in excellent mechanical 
properties even at high temperatures[7]. These RE 
elements improve the creep resistance by the formation 
of RE precipitates[8−9]. 

The Mg-Gd system alloys were found to exhibit 
higher strength and better high temperature properties 

than the commercial Mg-Y-RE (WE) ones[10−11]. 
However, their creep properties have few been 
investigated. The present work aims to investigate and 
compare the creep behavior, microstructural evolution 
and deformation mechanism of Mg-10Gd-3Y (mass 
fraction, %, referred to GW103) alloys at elevated 
temperatures. 
 
2 Experimental 
 

The GW103 alloy with an actual chemical 
composition of Mg-10.4%Y-3.3%Gd-0.46%Zr (mass 
fraction) was extruded at 420 ℃ and then, the peak 
ageing was carried out at 200 ℃ for 72 h (T5 treatment). 
In addition, the solid solution and peak ageing treatment 
(200 ℃, 80 h) were also conducted for the cast-GW103 
alloy (T6 treatment). Tensile creep tests were carried out 
at temperatures ranging from 200 to 300 ℃ and stresses 
ranging from 40 to 120 MPa. Specimens were tested in 
air in a three-zone-split electric resistance furnace. The 
temperature accuracy was controlled within ±2 ℃. The 
gauge section of creep specimen is d10 mm×50 mm 
according to GB/T2039—1997. The samples were held 
for about 30 min prior to the creep test to reach a thermal  
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equilibrium. The microstructures were examined with 
optical microscope and scanning electron microscope 
(SEM, Philips XL30 ESEM-FEG/EDAX). The specimen 
was etched using a solution of 5% HNO3 in ethanol, and 
the grain size (L) was determined by a mean linear 
intercept method. 
 
3 Results and discussion 
 
3.1 Creep behaviors of GW103 alloy 

Fig.1 compares tensile creep curves of GW103-T5 
alloys at 200 ℃ and 250 ℃ in the stress range of 80−120 
MPa. Usually, the creep curve contains three stages: 
primary creep, steady-steady creep and tertiary creep. 
Crept at 200 ℃, as shown in Fig.1(a), the creep curve 
only includes primary creep and steady-steady creep up 
to 200 h. The primary creep is very short, followed by a 
prolonged steady-state creep. The specimens exhibit 
excellent creep resistance at 200 ℃, and the total creep 
strains are below 0.6% even crept for 200 h at a stress of 
120 MPa. With increasing temperature to 250 ℃, as 
exhibited in Fig.1(b), the creep strains evidently increase. 
At relatively low stress of 80 MPa, the specimen shows a 
good creep resistance and the total strain is about 8% 
after tensile test for 200 h, which still locates in the 
 

 
Fig.1 Creep curves of GW103-T5 alloys at 200 ℃ (a) and 250 
℃ (b) in stress range of 80−120 MPa 

steady-state creep stage; furthermore, the creep 
resistance significantly decreases and ends with a short 
tertiary creep with increasing stress. The tertiary creeps 
are observed after 100 h and 50 h for the specimens crept 
at 100 MPa and 120 MPa, respectively, subsequently, the 
creep rupture occurs. Rupture strain is about 26% in 
Fig.1(b) when the creep stress is 120 MPa. 

Fig.2 reveals the creep behaviors of GW103-T5 and 
T6 alloys at different temperatures under the same stress 
of 80 MPa. As shown in Figs.2(a) and (b), similarly, the 
creep rates of different stages and creep strains obviously 
increase for the T5 and T6 specimens with increasing 
temperature. Especially, at the highest test temperature of 
300 ℃, the rupture strains are quickly reached, and the 
total strain times are about 7 h and 23 h for the T5 and 
T6 specimens, respectively (Figs.2(a) and (b)). In 
comparison, under the same creep condition, the T6 
specimens exhibit better creep resistance than the T5 
ones, which can be ascribed to the larger grain size of T6 
ones. For example, for the GW103-T6 alloy, after creep 
test at 200 ℃ and 80 MPa, the creep strain of 100 h and 
steady-state creep rate are about 0.06% and 7.04×10−10 

s−1, respectively, which is significantly better than the T5 
specimen. 

Table 1 lists the creep strains (ε) of 100 h or rupture 
 

 

Fig.2 Creep curves of GW103-T5 (a) and T6 alloys at different 
temperatures under the same stress of 80 MPa 
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Table 1 Creep properties of GW103−T5 alloys 

Creep 
temperature/℃ 

Stress/ 
MPa 

Creep strain of 
100 h or rupture 

strain/% 

Steady-state
creep rate/s−1

80 0.18 1.71×10−9

100 0.26 3.06×10−9200 

120 0.36 5.18×10−9

80 4.03 1.01×10−7

100 10.3 2.20×10−7250 

120 26 (rupture) 4.60×10−7

300 80 41 (rupture) 5.89×10−6

 
strains and steady-state creep rates )(ε&  of GW103-T5 
alloys at 200, 250 and 300 ℃ with different stresses. For 
the specimens tested at high stress or high temperature, 
the steady-state creep stage is short or unconspicuous, 
thus, these steady-state creep rates are approximate in the 
present investigation. For the specimens crept at 200 ℃, 
the creep strain of 100 h and steady-state creep rate are 
very low, which gradually increase with increasing 
stresses. After crept at 200 ℃ and 80 MPa, the creep 
strain of 100 h and steady-state creep rate are about 
0.18% and 1.71×10−9 s−1, respectively. At 250 ℃, the 
creep resistance obviously deceases, whose steady-state 
creep rate increases to the magnitude of 10−7 s−1; 
furthermore, the steady-state creep rate, obtained at the 
highest test temperature of 300 ℃ and 80 MPa, is 
approximately 5.89×10−6 s−1, which is three orders of 
magnitude higher than that at 200 ℃ . This may be 

associated with the accelerated precipitate coarsening at 
high temperatures[12−13]. It is noted that the creep 
resistance of GW103-T5 alloy evidently decreases at or 
above 250 ℃. In comparison, the steady-state creep rates 
of WE43-T6 alloys at 200 ℃, 120 MPa and 250 ℃, 80 
MPa were reported to be 1.05×10−9 s−1 and 2.17×10−7 s−1, 
respectively[13], and the creep properties of present 
GW103-T5 alloy can rival the WE43-T6 one. 
 
3.2 Microstructures of GW103 alloys before and after 

creep 
Microstructures of the GW103-T5 alloy both before 

and after creep are shown in Fig.3, under the same 
tensile creep stress of 80 MPa. As shown in Fig.3(a), the 
microstructure of GW103-T5 alloy consists of equiaxed 
α-Mg matrix with a mean grain size of about 12 µm and 
many large secondary phase particles distribute along the 
extrusion direction. After being crept at 200 ℃ (Fig.3(b)), 
the microstructure of the GW103 occurs growing, whose 
grain size is about 17 µm, and no crack or cavity is found. 
Creeping at 250 ℃ (Fig.3(c)) leads to coarser grain sizes 
and some twin grains, suggesting that twining 
deformation assists the creep strain; in addition, there are 
some intergranular cavities and cracks perpendicular to 
the stress direction, where the cavities develop into 
cracks due to creep stress. With further increasing test 
temperature to 300 ℃ (Fig.3(d)), the cavities occur 
coarsening, interlinking and coalescence, correspondingly, 
the creep rupture time is about 7 h; in addition, the 
evidently extending grains appear along the tensile 
direction, which may be related to plastic deform and  

 

 
Fig.3 Microstructures of GW103-T5 alloys before and after creep tests (creep stress of 80 MPa along horizontal creep direction):   
(a) T5; (b) 200 ℃; (c) 250 ℃; (d) 300 ℃ 
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dislocation slip at high temperature. It is pointed out that 
the precipitate particles appeared coarsening at elevated 
temperature for Mg-RE alloys, especially under stress 
conditions, which softened an alloy and accelerated the 
creep rate[12−13]. WANG et al[13] observed the 
precipitate coarsening in WE43 alloy above 200 ℃, 
which caused evidently softening effect. Therefore, the 
creep resistance of GW103-T5 alloy is easy to decrease 
at or above 250 ℃. 
 
3.3 Creep behavior analysis and discussion 

The steady-stage strain rate )(ε&  was expressed by 
the conventional power-law equation[14−15]: 
 

⎟
⎠
⎞

⎜
⎝
⎛−=

RT
QA n expσε&                           (1) 

 
where A is the dimensionless constant; σ is the applied 
stress; R is the molar gas constant; T is the absolute 
temperature; n is the stress exponent and Q is the 
activation energy. 

In Eq.(1), parameters n and Q are usually used to 
elucidate the probable dominant deformation mechanism 
in the alloy. From Eq.(1), one readily obtains 
 

RT
QnA −+= σε lnlnln &                        (2) 

 
Thus, the n and Q can be obtained from the temperature 
dependence of the steady-state creep rate. To characterize 
the creep flow behavior, the relationships between the 
steady-state creep rate and applied stress (σ) are plotted 
at different temperatures, as shown in Fig.4. As expected, 
the creep rate and applied stress or temperature data fit 
well together. The stress exponent (n) values gradually 
increase from 2.7 to 3.8 with increasing temperature 
from 200 ℃ to 300 ℃ (Fig.4(a)). The activation energy 
for GW103-T5 alloy is calculated to be about 183 kJ/mol 
between 200 ℃ and 300 ℃ (Fig.4(b)), which is higher 
than that of the lattice self-diffusion of pure magnesium 
(135 kJ/mol). This suggests that the dislocation climb 
may play a dominant role in creep in the GW103-T5 
alloy. 

After summarizing the creep behaviors of Mg alloys, 
LUO[14] indicated that the creep was mainly controlled 
by the grain boundary slip when n＜4, while the creep 
was mainly controlled by the dislocation climb 
mechanism when n＞4. As for the present GW103−T5 
alloy, the grain boundary slip operates during the creep 
strain due to low stress exponent (n＜4). On the other 
hand, MORDIKE and STULIKOVA[16] found that the 
creep activation energies of Mg-Y-Nd alloys were in the 
range of 100−226 kJ/mol, and their creep mechanisms 
were ascribed to the dislocation climb. The activation 
energy usually shows an increasing trend with 
temperature. It is known that both stress exponent and 

 

 

Fig.4 Relationships between steady-state creep rate and applied 
stress and temperatures for GW103-T5 alloys at various 
temperatures 
 
creep activation energy change with variation of 
temperature and stress level for many Mg-RE alloys[13]. 

In the present investigation, according to the 
activation energy (183 kJ/mol) of GW103-T5 alloy, 
which is above the lattice diffusion activation energy of 
pure Mg (135 kJ/mol), the creep mechanism can also be 
attributed to dislocation climb controlling. As a result, 
the creep mechanism of GW103-T5 alloy can be 
ascribed to the combined effects of dislocation climb 
controlled by diffusion and grain boundary slip. 
 
4 Conclusions 
 

1) After being crept at 200 ℃ and 80 MPa, the 
creep strain of 100 h and steady-state creep rate are about 
0.18% and 1.71×10−9 s−1 for GW103-T5 alloy. 

2) The creep resistance of GW103-T5 alloy 
evidently decreases at or above 250 ℃. The stress 
exponent and activation energy are respectively 2.7−3.8 
and 183 kJ/mol in the high-temperature regime (200−300 
℃). The creep mechanism of GW103-T5 alloy can be 
ascribed to the combined effects of dislocation climb 
controlled by diffusion and grain boundary slip. 
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3) The creep resistance of GW103-T6 alloy is 
superior to the T5 one. After creep test at 200 ℃ and 80 
MPa for T6 specimen, the creep strain of 100 h and 
steady-state creep rate are 0.06% and 7.04×10−10 s−1, 
respectively. 
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