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Abstract 

Due to the effective precipitation strengthening effect of the β ′ phase, Mg-Gd alloys exhibit excellent room temperature mechanical 
behaviors. However, when served at high temperatures, the metastable β ′ phase will transform to other phases, resulting in severe performance 
degradation. In this study, we investigated the effect of precipitation state achieved by different heat treatments on high temperature tensile 
and creep behaviors of the Mg-15Gd alloy by comparing the properties of the as-cast, solid-solutioned (T4) and peak-aged (T6) alloys. The 
results showed that the tensile mechanical properties of the T6 alloy were always highest from room temperature to 300 °C, in spite of an 
abnormal strength increase with temperature existed in the T4 alloy. For tensile creep properties, the T6 alloy exhibited the lowest steady 
creep rate below 235 °C while the T4 alloy possessed the best properties above 260 °C. Microstructure characterization revealed that the 
transition was caused by the stress-promoted precipitation of β ′ phase in the T4 alloy and rapid phase transformation in the T6 alloy at 
high temperatures. At 260 °C, the calculated stress exponent n was 3.1 and 2.8 for the T4 and T6 alloys, respectively, suggesting the creep 
deformation mechanism was dislocation slip, which was further confirmed by the microstructure after creeping. Our findings can provide 
new insights into the heat treatment process of Mg-Gd alloys served at high temperatures. 
© 2021 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/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium alloys are known for their low density, high
pecific strength and stiffness, and good castability [1] . These
haracteristics make them being important structural materi-
ls in the automotive [2] and aerospace [3] industries. As
ne of the most effective strengthening methods in metallic
aterials, precipitation strengthening is widely used in Mg al-

oys. For the most mature commercial Mg-Al alloys, the high
trength mainly comes from the hindering effect of Mg 17 Al 12 

recipitates on basal dislocation movement [ 4 , 5 ]. But the
g 17 Al 12 precipitates is an unstable phase at the temperature

bove 175 °C [6] . For the rare earth (RE) element-containing
g alloys, their excellent high temperature mechanical prop-

rties mainly rely on the precipitation strengthening of the β ′ 
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hase under peak-aging [7] . Since the under-aged β ′′ phase
as poor thermal stability and the over-aged β phase can be
heared easily by dislocation, the metastable β ′ phase, which
orms on { 2 ̄1 ̄1 0} α prismatic planes of the α-Mg matrix and
s perpendicular to the basal plane, can strengthen the alloy
ost effectively. However, the β ′ phase is also a metastable

hase. Generally, it will coarsen and transform to the β1 and
urther to equilibrium β phase at elevated temperatures, result-
ng in significant decline of the mechanical properties [ 8 –10 ].
herefore, the initial precipitation state should have a critical
ffect on the mechanical properties of Mg-RE alloys served
t high temperatures for a long time. 

Although there have been many studies about the effect of
recipitation state on high temperature mechanical properties
f Mg-RE alloys, the conclusions are inconsistent. Wang et al.
eported that the peak-aged (T6) sample showed much higher
levated temperature tensile strength than the solid-solutioned
T4) sample in the Mg-10Gd-3Y-0.5Zr alloy [11] . Consistent
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ith that, the high temperature creep resistance of the T6
tate Mg-18Gd alloy was shown to be higher than the T4
lloy [12] . For the hot compressed Mg-2.5Nd alloy, Li et al.
lso reported that aging can improve the creep resistance [13] .
owever, Mo et al. investigated the Mg-3Gd-2Ca alloy and

ound that the creep resistance of the T4 alloy was better than
he T6 alloy under the condition of 210 °C and 100 MPa [14] .
urthermore, Fang et al. claimed that the creep resistance of

he T6 alloy was better below aging temperature while the
4 alloy was better above aging temperature for the Mg-4Y-
Nd-0.2Zn-0.5Zr alloy [15] . These inconsistent conclusions
ring difficulties to the selection of heat treatment process
or Mg-Gd alloys served at high temperatures. 

In previous studies, the T6 state Mg-15Gd alloy with high
d content has been found to exhibit excellent creep resis-

ance up to 300 °C due to the high density of β ′ phase [16] .
n this study, in order to clarify the effect of precipitation
tate on the high temperature mechanical properties, the ten-
ile tests from room temperature to 300 °C and creep tests
rom 215 °C to 300 °C were performed for the as-cast, T4
nd T6 Mg-15Gd alloys. The evolution of precipitates were
arefully characterized to explain the difference of mechanical
roperties. 

. Experimental procedures 

.1. Material preparation 

The experimental alloy with the nominal composition of
g-15Gd (wt.%) was melted at 750 °C using high-purity

 ≥99.99%) Mg and Mg-28Gd master alloy in a mild steel
rucible of an electric resistance furnace with the protection
f a shielding gas of 99 vol.% CO 2 and 1 vol.% SF 6 . Af-
er being refined with Cl 6 C 2 and isothermally holding for 15
in, the melt was cast at 720 °C into a steel mold that had

een preheated at 250 °C. The size of the ingots was 85 mm
n diameter and 110 mm in length. The chemical composi-
ion of the prepared alloy ingot was measured by an induc-
ively coupled plasma (ICP) analyzer, which was determined
o be Mg-14.66Gd (wt. %). Based on the differential scanning
alorimetry (DSC) results conducted on a universal V4.1 DTA
SC apparatus, the solid solution process was studied at 525

C for the different time. For aging treatment, the peak-aging
ime at 225 °C and 250 °C was determined, respectively. 

.2. Mechanical tests 

Vickers hardness test was carried out using a Struers-A300
ardness tester to plot the solution and aging curves. The load
as 1 kg and the dwelling time was 30 s. For each sample,

t least 9 points was tested. The tensile tests were conducted
n an Instron 3382 machine equipped with an environmental
hamber that can be heated from room temperature (25 °C)
o the pre-set temperature with the error within ± 2 °C. The
train rate of 1 mm/min was used and three samples were
ested for each condition to ensure the reproducibility. The
ensile creep tests were conducted on the CSS-3902 creep
achine under the creep stresses of 50–90 MPa and the creep
emperatures of 215–300 °C. Before creeping, the samples
ere held at the pre-set temperature for 40 min. 

.3. Microstructural characterization 

The microstructure of the samples was characterized us-
ng the OLYMPUS-GX71 optical microscopy (OM), VEGA3
ESCAN scanning electron microscopy (SEM) and Themis Z
ouble spherical aberration transmission electron microscope
TEM). For OM and SEM observation, the samples were pol-
shed and etched using a solution of 4% nitric acid and 96%
thanol. For TEM observation, thin foils were cut from the
ongitudinal sections of the creep samples and mechanically
rounded to a thickness of 50 μm. Then, they were punched
nto 3 mm diameter disks and further ion milled in a precision
on polishing system (PIPS) operating at 4 kV accelerating
oltage and 6 ° incident angle. 

The precipitate size was defined using the width measured
rom TEM. The average precipitate size was calculated ac-
ording to precipitate size distributions. The volume fraction
f β ′ phase was measured by the Image-Pro Plus software.
he precipitate number density is the areal density of precip-

tates. At least three TEM images were used to determine the
recipitation size, volume fraction, and number density. 

. Results and discussion 

.1. Heat treatment process and microstructure evolution 

.1.1. Solution treatment and age hardening response 
Fig. 1 (a) shows the DSC heating curve of the as-cast Mg-

5Gd alloy. The secondary phase began to dissolve at 544.3
C and ended at 554.6 °C. The position of the endothermic
eak indicates that the eutectic temperature of the as-cast al-
oy is 549.4 °C. Accordingly, the optimal solution temperature
f 525 °C was chosen, which is a little lower than the eutectic
emperature. Fig. 1 (b) presents the variation of micro-hardness
f the as-cast Mg-15Gd alloy with solution time at 525 °C.
ue to the existence of Mg 5 Gd phase formed during solidi-
cation [17] , the hardness of the as-cast alloy was highest (˜
6.3 HV). The hardness decreased with time and reached sta-
le at ˜76.8 HV after 8 h. Therefore, the most suitable solid
olution condition of the alloy was confirmed to be 525 °C
or 8 h. 

Due to the high Gd content, the Mg-15Gd alloy can pre-
ipitate a large amount of β ′ phase. Fig. 2 shows the age
ardening curves of the solution treated (525 °C, 8 h) T4 al-
oy at 225 °C and 250 °C, respectively. For each aging tem-
erature, the hardness increased gradually to a peak value,
howing a wide peak of hardness plateau (PHP), and then
ecreased slowly due to the over aging. Compared with 250
C, the hardness increased more slowly when aging at 225
C, and took a longer time (˜12 h) to reach the peak value,
ut the peak-aging hardness was higher (˜134.2 HV). The de-
ailed data are summarized in Table 1 . Therefore, the most
uitable aging condition was determined to be 225 °C for
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Fig. 1. (a) DSC heating curve of the as-cast Mg-15Gd alloy; (b) solid solution curve of the as-cast Mg-15Gd alloy at 525 °C. 

Fig. 2. Age hardening curves of the T4 state Mg-15Gd alloy at 225 and 
250 °C. 

Table 1 
Peak-hardness, PHP time and peak aging time of the T4 alloy aged at 225 
and 250 °C. 

Parameter Aging temperature ( °C) 

225 250 

Peak-hardness (HV) 134.2 124.3 
PHP time (h) 4-18 4-10 
Peak-aging time (h) 12 6 
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Table 2 
EDS results of the different precipitates of T6 state alloy in Fig. 3 (a)–(c). 

Point Composition (at.%) 

Mg Gd 

A 90.36 9.64 
B 86.18 13.82 
C 59.38 40.62 
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2 h. Compared with the as-cast and T4 state, the hardness
f the peak-aged T6 alloy increases 55.5 % and 44.1 %,
espectively, indicating the significant precipitation behavior. 

.1.2. Microstructure evolution during heat treatment 
The microstructures of the as-cast, T4 state and T6 state

lloys are shown in Fig. 3 . As shown in Fig. 3 (a), the as-cast
g-15Gd alloy showed dendrite morphology with the sec-

ndary phase in the interdendritic regions. The inset shows
ome eutectics (labeled as A), polygon-shaped (labeled as B)
nd cuboid-shaped (labeled as C) precipitates coexisted in the
g matrix. EDS results of different precipitates are given in

able 2 . According to the atomic ratio of Mg/Gd, the eutec-
ics consisted of the α-Mg matrix and Mg 5 Gd. In point B, the
tomic ratio of Mg and Gd in the polygon-shaped precipitates
as close to 5:1, which can be determined to be Mg 5 Gd. The

uboid-shaped precipitations (point C) were rich in the Gd el-
ment. Combined with previous reports, they were the GdH 2 

hase formed during melting [18] . Fig. 3 (b) shows the mi-
rostructure of the T4 alloy after solution treatment. Almost
ll the secondary phase dissolved into the α-Mg matrix with
nly a bit cuboid-shaped phase and polygon-shaped precip-
tates left [19] . The polygon-shaped and cuboid-shaped pre-
ipitates can still be observed in the T6 state alloy, as shown
n Fig. 3 (c). According to the SAED patterns observed from
 2 ̄1 ̄1 0] α zone axis in Fig. 3 (d), three additional diffraction
pots exited at the position of 1/4 { 01 ̄1 0} α , 1/2 { 01 ̄1 0} α , 3/4
 01 ̄1 0} α , indicating the formation of β ′ phase with a base-
entred orthorhombic structure (a ˜ 2a Mg = 0.64 nm, b = 2.23
m, c ˜c Mg = 0.52 nm). the TEM bright image of the cuboid-
haped phase and corresponding SAED patterns are shown in
ig. 3 (e), indicating that the fcc crystal structure with a lat-

ice parameter of a = 0.53 nm. Therefore, the cuboid-shaped
recipitations can be determined to be GdH 2 [18] . The XRD
atterns are shown in Fig. 3 (f), both the as-cast, T4 and T6
lloys showed the peak of Mg 5 Gd phase, confirming the ex-
stence of Mg 5 Gd in these alloys. Combined with the EDS
esults of Mg:Gd close to 5:1, the polygon-shaped precip-
tations can be determined to be Mg 5 Gd. Therefore, eutec-
ics, Mg 5 Gd and GdH 2 can be observed in the as-cast alloy.
dH 2 besides the undissolved Mg 5 Gd phase existed in the
4 alloy. The T6 alloy was composed of elliptical shaped
′ phase, cuboid-shaped GdH 2 phase and a small amount of
ndissolved Mg 5 Gd phase. 
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Fig. 3. Microstructure of the Mg-15Gd alloys with different precipitation states. (a), (b) and (c) OM and SEM images of the as-cast, T4 and T6 alloys, 
respectively. (d) TEM bright field image of T6 alloy and corresponding SAED patterns (Z = [2 ̄1 ̄1 0] α) (the α-Mg was marked by red circles, and the β ′ phase 
was marked by yellow circles). (e) TEM bright field image of the cuboid-shaped phase and corresponding SAED patterns (Z = [001]) (the cuboid-shaped 
phase was marked by yellow circles). (f) XRD patterns of the as-cast, T4 and T6 Mg-15Gd alloys, respectively. 
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Fig. 4. Room temperature tensile mechanical properties of the Mg-15Gd 
alloy in three states. 
.2. Tensile behaviors 

.2.1. Room and high temperature tensile properties 
We first investigated the effect of precipitation state on the

oom and high temperature tensile properties of the Mg-15Gd
lloy. Fig. 4 shows the room temperature tensile mechanical
roperties of the alloys in three states. Compared with the
s-cast specimen, solution treatment resulted in a significant
mprovement of ductility by eliminating the brittle phase and
 slight decrease in both ultimate tensile strength (UTS) and
ield strength (YS). Further aging increased the UTS and YS
o ˜183.3 MPa and ˜186.6 MPa, respectively, while reducing
he ductility. 

The variation in tensile mechanical properties with the
emperature of the as-cast, T4 and T6 alloys is shown in
ig. 5 (a)–(c), respectively. Both the YS and UTS decreased
onotonically from room temperature to 300 °C for the as-
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Fig. 5. Variation in the tensile properties (YS, UTS and elongation) with temperature of the as-cast (a), T4 (b) and T6 (c) alloys. (d) Comparison of the 
tensile properties of the three alloys at 260 °C. 
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ast and T6 alloy. However, for the T4 alloy, an abnormal
ncrement of strength with the temperature existed between
35 and 285 °C. Considering the continuous and slow heating
rocess during high temperature test, the strength increase can
e caused by the dynamic precipitation in the T4 alloy. While
or the three alloys, the ductility increased with temperature.
espite the abnormal strength increase in T4, it should be
oted that the tensile strength of the T6 was highest through-
ut the test temperature range. Fig. 5 (d) compares the tensile
roperties of the three alloys at 260 °C intuitively. Therefore,
he T6 alloy is the preferred material for high temperature
nd short time service. 

.2.2. Tensile fracture mechanisms 
Representative fracture features of the three alloys are

hown in Fig. 6 . At room temperature, fracture surfaces of
he as-cast alloy were mainly composed of cleavage planes
nd a small amount of coarse dimples, as shown in Fig. 6 (a),
ndicating the primary brittle transgranular fracture. For the
4 alloy, the increased ductility is reflected by the increased
imples and decreased cleavage planes, as shown in Fig. 6 (b).
hile for the T6 alloy, there was a large number of cleavage

lanes on the fracture surfaces shown in Fig. 6 (c), exhibiting
he typical brittle fracture features. The transition of fracture
ode from brittle to ductile with temperature increasing is
 common phenomenon in metals. In this study, the fraction
f dimples increased for the as-cast and T6 alloys, and the
ize of dimples became larger in the T4 alloy at 260 °C,
ccounting for their increased ductility at high temperatures. 
.3. Tensile creep behaviors 

.3.1. Creep properties 
Tensile creep curves of the as-cast, T4 and T6 alloys tested

t 260 °C under 50 MPa, 70 MPa and 90 MPa are shown in
ig. 7 (a) and (b). For all curves, typical short creep primary
tage and long secondary stage existed. During the primary
tage, the creep rate declined rapidly from the initial high
evel within 10 h. Then, the secondary stage of steady creep
tage with low creep rate continued until 100 h at 50 and 70
Pa. While at 90 MPa, the tertiary creep stage appeared and

he as-cast, T4, T6 alloys ruptured at 75, 91, 85 h, respec-
ively. Comparing the three states, we found that the T4 alloy
howed the best creep resistance and the as-cast alloy showed
he worst creep resistance at this temperature, independent of
he applied stress. This result is inconsistent with the tensile
trength where the T6 alloy showed the best high temperature
echanical properties. 
To further prove the effect of temperature on creep proper-

ies of the three alloys, we performed the creep tests at 215,
35 °C (shown in Fig. 7 (c)) and 260, 285, 300 °C (shown
n Fig. 7 (d)) at constant stress of 50 MPa. The creep curves
re similar to the results in Fig. 7 (a) and (b). However, obvi-
us temperature-dependent creep properties of the three alloys
an be observed, i.e., the T6 alloy showed better creep resis-
ance below 235 °C while the T4 alloy showed better creep
esistance above 260 °C. The as-cast alloy showed the worst
roperties at all temperatures, indicating the weakest strength-
ning effect of the blocky Mg 5 Gd phase. By calculating the
erivative of creep strain with respect to creep time, Fig. 7 (e)
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Fig. 6. SEM images showing room temperature tensile fracture surfaces of the as-cast (a), T4 (b), T6 (c) alloys, and high temperature (260 °C) tensile fracture 
surfaces of the as-cast (d), T4 (e), T6 (f) alloys. 

Fig. 7. Tensile creep curves of the as-cast, T4 and T6 alloys tested at constant temperature of 260 °C under applied stresses of 50 MPa, 70 MPa (a) and 90 
MPa (b). Tensile creep curves of the as-cast, T4 and T6 alloys tested at constant stress of 50 MPa under 215 °C, 235 °C (c) and 260 °C, 285 °C, 300 °C 

(d). Logarithmic scale of creep rate versus time under 50 MPa at 215 °C (e) and 300 °C (f). 
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Table 3. 
Creep data of the as-cast, T4 and T6 Mg-15Gd alloy tested at 260 °C and 
different stresses. 

Temperature ( °C) Alloy state σ (MPa) Time ε (%) ˙ ε min (s −1 ) 

260 as- 
cast 

50 100 0.129 1.92 × 10 −9 

60 100 0.269 5.28 × 10 −9 

70 100 0.438 9.81 × 10 −9 

80 100 0.576 1.32 × 10 −8 

90 75 1.055 2.33 × 10 −8 

T4 50 100 0.095 1.31 × 10 −9 

60 100 0.175 2.13 × 10 −9 

70 100 0.223 2.78 × 10 −9 

80 100 0.290 4.81 × 10 −9 

90 91 0.480 8.78 × 10 −9 

T6 50 100 0.121 1.55 × 10 −9 

60 100 0.219 2.72 × 10 −9 

70 100 0.263 3.92 × 10 −9 

80 100 0.311 5.17 × 10 −9 

90 85 0.591 9.11 × 10 −9 

Table 4. 
Creep data of the as-cast, T4 and T6 Mg-15Gd alloy tested under 50 MPa 
and different temperatures. 

σ (MPa) Alloy state T ( °C) Time (h) ε (%) ˙ ε min (s −1 ) 

50 as- 
cast 

215 100 0.043 6.76 × 10 −10 

235 100 0.113 1.32 × 10 −9 

260 100 0.129 1.92 × 10 −9 

285 100 0.534 1.17 × 10 −8 

300 91 3.593 5.65 × 10 −8 

T4 215 100 0.028 5.88 × 10 −10 

235 100 0.091 1.18 × 10 −9 

260 100 0.095 1.31 × 10 −9 

285 100 0.256 5.28 × 10 −9 

300 100 0.418 8.81 × 10 −9 

T6 215 100 0.008 1.31 × 10 −10 

235 100 0.089 6.36 × 10 −10 

260 100 0.121 1.55 × 10 −9 

285 100 0.328 7.13 × 10 −9 

300 100 0.610 1.40 × 10 −8 
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nd (f) further compared the creep rate of the three alloys
ested at 215 °C and 300 °C, respectively. Despite the mini-
um creep rate of the T6 alloy was much lower than that of

he T4 alloy at 215 °C, the T4 alloy showed lower minimum
reep rate at 300 °C. The detail creep data tested at 260 °C
ith different stresses and at 50 MPa with different tempera-

ures was calculated and summarized in Tables 3 and 4 . 

.3.2. Creep mechanisms 
The steady creep rate ( ̇  ε min ) can be described by the con-

entional power-law equation in term of the applied stress ( σ )
nd the temperature ( T ): [ 20 , 21 ] 

˙  min = A σ n exp ( −Q/ RT ) (1)

here A is a constant, n is the stress exponent, Q is the acti-
ation energy for creep. Therefore, the stress exponent n can
e obtained from the slope of the log-log plot of the mini-
um creep rate versus the applied stress, and the activation

nergy Q can be obtained from the slope of the logarithm
f the creep rate versus the reciprocal of temperature [22] ,
s shown in Fig. 8 (a) and Fig. 8 (b), respectively. By fitting
he points in Fig. 8 (a), the stress exponent of the as-cast, T4
nd T6 alloys was determined to be 4.1, 3.1, and 2.8 at 260
C. According to the deformation mechanism map [ 23 , 24 ],
he creep mechanisms were presumed to be dislocation climb
or the as-cast alloy and viscous gliding of dislocation for
oth the T4 and T6 alloys. In Fig. 8 (b), the activation energy
 of the as-cast and T4 alloys changed obviously below and

bove 260 °C. It was calculated to be 50 kJ/mol below 260 °C
nd 210 kJ/mol above 260 °C for the as-cast alloy indicating
he transition of creep mechanism from grain boundary slide
o cross slip, and 33 kJ/mol below 260 °C and 141 kJ/mol
bove 260 °C for the T4 alloy, indicating the transition of
reep mechanism from grain boundary slide to diffusion of
d in Mg, This transition can be attributed to the dynamic
recipitation during creep at high temperature, as discussed in
ection 3.3.3 . While for the T6 alloy, the value of Q is 118
J/mol at low temperature and 141 kJ/mol at high temper-
ture, which indicates the creep mechanism transition from
ipe diffusion to diffusion of Gd in Mg. 

Fig. 9 (a) presents the TEM bright field image of T4 alloy
rept at 260 °C and 50 MPa for 100 h, with the incident beam
irection parallel to [ 01 ̄1 1 ] α . The characters of dislocations
ere determined according to the contrast. All of disloca-

ions were visible in Fig. 9 (a), while the dislocations marked
y red arrows were out of contrast under the two-beam condi-
ion in g 1 = [ 1 ̄1 01 ] α and g 2 = [ 0 ̄1 12 ] α , as shown in Fig. 9 (b)
nd (c). According to the g • b = 0 invisibility criterion, the
urgers vector b of the invisible dislocations was determined
o be (1/3) [ ̄1 2 ̄1 3 ] [25] . Therefore, the long and straight dislo-
ations were distinguished as < a + c > dislocations, indicating
he creep mechanism of pyramidal slip. 

.3.3. Microstructure evolution during creep 

To reveal the abnormal better creep properties of the T4
lloy than the T6 alloy at high temperature, the microstruc-
ure evolution during creep of the T4 alloy was characterized.
ig. 10 shows the TEM images of the T4 alloy crept at 260
C under 50 MPa at 10 and 20 h. TEM dark field image of
he sample crept for 10 h is shown in Fig. 10 (a). An amount
f thin platelet precipitates with 60–100 nm in length and
0–15 nm in thickness (aspect ratio about 6:1) were found.
ith the electron beam parallel to [ 01 ̄1 0] α , the corresponding

AED patterns are shown in Fig. 10 (b). From the diffraction
atterns and morphology, the precipitations were identified as
he β ′ ′ phase giving rise to the faint spots at 1/2 { ̄2 110} α . The
′ ′ phase, which is metastable and fully coherent with the
atrix, has an ordered DO 19 type structure (a ˜ 2a Mg = 0.64

m, c ˜c Mg = 0.52 nm). The orientation relationship of the
′ ′ precipitates and the α-Mg matrix was identified to be
 01 ̄1 0] β ′ ′ // [ 01 ̄1 0] α , ( 2 ̄1 ̄1 0) β ′ ′ // ( 2 ̄1 ̄1 0) α , and the habit plane
as parallel to < 0001 > direction [ 9 , 26 ]. Since the structure
f β ′ ′ phase is similar to that of α-Mg, the nucleation process
f β ′ ′ phase can be completed by replacing the Mg atoms
eriodically with rare-earth atoms without structural changes.
EM bright field image of the sample crept for 20 h is
hown in Fig. 10 (c). The lens-shaped precipitations with the
ize of 100–120 nm in length and 20–30 nm in thickness
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Fig. 8. ( a) Double logarithmic plot of the minimum creep rate versus applied stress at 260 °C. (b) Logarithmic of the minimum creep rate vs the reciprocal 
absolute creep temperature under 50 MPa. 

Fig. 9. (a) TEM bright field image of the T4 alloy crept at 260 °C and 50 MPa for 100 h, with the incident beam direction z = [ 01 ̄1 1 ] α (the α-Mg was 
marked by red circles). (b) and (c) Dislocations marked by red arrows in (a) are invisible under two-beam condition with g 1 = [ 1 ̄1 01 ] α and g 2 = [ 0 ̄1 12 ] α , 
respectively. 

a  

[  

s  

3  

[  

(  

o  

α  

(  

p  

o  

t  

b  

a  

 

a  

a  

A  

t  

a  

f  

t  

m  

h  

p  

p  

t
p  

w  

g  

m  

5  

e  

a  

t  

p  

β  

p  

c  

β

p
p  

p  

t  

a  

s  

m  

O  

i  

e  

s  

a  
ppeared. According to the SAED patterns observed from
 1 ̄2 1 ̄3 ] α zone axis in Fig. 10 (d), three additional diffraction
pots exited at the position of 1/4 { 01 ̄1 0} α , 1/2 { 01 ̄1 0} α ,
/4 { 01 ̄1 0} α , indicating that those precipitates were β ′ phase
27] . The β ′ phase has a base-centred orthorhombic structure
a ˜ 2a Mg = 0.64 nm, b = 2.23 nm, c ˜c Mg = 0.52 nm). The
rientation relationship between the β ′ precipitates and the
-Mg matrix was found to be [001] β ′ // [0001] α , (010) β ′ //
 01 ̄1 0) α , and the habit plane of β ′ with three variants were
arallel to the < 01 ̄1 0> α direction [ 28 , 29 ]. Since the structure
f β ′ phase with less rare-earth element content is similar
o that of β ′ ′ phase, the transformation from β ′ ′ to β ′ can
e achieved by decreasing rare-earth atoms. This process is
ccompanied by the increase of precipitation volume fraction.

Fig. 11 (a) shows the TEM bright field image of the T4
lloy crept at 260 °C under 50 MPa for 50 h. Both small
nd large plate-shaped precipitates coexisted in the matrix.
ccording to the morphology, the large plate-shaped precipi-

ate was confirmed as the β1 precipitates, as indicated by Nie
nd Muddle [30] . The β1 precipitate was reported to have a
cc structure with a lattice parameter of a = 0.74 nm, and
he orientation relationship between β1 phase with the α-Mg

atrix was [110] β1 // [0001] α , (112) β1 // (1100) α , and the
abit plane was parallel to the < ̄2 110> direcltion. Fig. 11 (b)
resents the TEM bright field image containing small plate
recipitates with two directions. According to the SAED pat-
erns observed from [ ̄2 4 ̄2 3 ] α in Fig. 11 (c), they were the β ′ 

hase. The β1 phase formed between two β ′ phases. Along
ith the formation of the β1 phase, the β ′ phase diminished
radually. However, it is still controversial for the formation
echanism of the β1 phase. [ 31 , 32 ]. Therefore, after creep for

0 h, part of β ′ phase disappeared while others only coars-
ned. Fig. 11 (d) shows the TEM bright field image of the T4
lloy crept at 260 °C under 50 MPa for 100 h, which shows
he similar morphology with Fig 11 (a). The large plate-shaped
recipitates were still β1 phase and the small plates were
′ phase. High-magnification image in Fig. 11 (e) and SAED
atterns in Fig. 11 (f) further confirmed the morphology and
rystal structure of the β ′ phase. However, the size of both
1 phase and β ′ phase coarsened and the fraction of the β1 

hase increased, indicating that more β ′ disappeared with β1 

hase formed. Based on the above analysis, we found a slower
hase transformation in the T4 alloy than the T6 alloy under
he same creep condition. For the T6 alloy, the β ′ phase dis-
ppeared completely within 100 h [16] . Since it is the mainly
trengthening phase in this alloy system, the rapid transfor-
ation resulted in the worse creep resistance of the T6 alloy.
n the other hand, for the T4 alloy, the β ′ phase formed dur-

ng the primary creep stage and provided effective strength-
ning effect during the entire secondary creep stage. The key
trengthening phase is β ′ in the Mg-15Gd alloy, which plays
n important role on the creep resistance. Since the coherent
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Fig. 10. TEM images showing the morphology and distribution of precipi- 
tates in the T4 state Mg-15Gd alloy crept at 260 °C under 50 MPa for 10 h 
(a) and 20 h (c). (b) and (d) show corresponding SAED patterns taken from 

Z = [ 01 ̄1 0] α and Z = [ 1 ̄2 1 ̄3 ] α , respectively, (the α-Mg was marked by red 
circles, and the precipitate phase was marked by yellow circles). 
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′ phase forms on the prismatic planes { 2 ̄1 ̄1 0} α of the ma-
rix in a dense triangular arrangement, the three-dimensional
hape of the precipitates resembled a convex lens, which is
erpendicular to the basal plane. When the alloy is plastically
eformed, a complete lattice translation in the β ′ crystal ne-
essitates two < a > dislocations, generating great anti-phase
ig. 11. TEM images showing the morphology and distribution of precipitates in
b) and 100 h (d), (e). (c) and (f) show corresponding SAED patterns taken from
ircles, and the β ′ phase was marked by yellow circles). 
oundary energy [33] . So the β ′ phase can act as effective
arrier to dislocation motion on the basal plane. As for the
1 phase, it is much larger in size is incoherent with the Mg
atrix, making dislocations tend to bypass rather than cut

hrough it [34] . Consequently, the strengthening effect of β1 

hase is much weaker than β ′ . 
We further investigated the effect of creep on the con-

ent of precipitations. Since the β ′ phase is the strengthening
hase, we compared the volume fraction of β ′ in the T4 and
6 alloys. As shown in Fig. 12 (a), the phase fraction of β ′ 

as 18.5% in the T6 alloy before creeping, representing for
he peak aging effect without stress. For the T6 alloy crept
t 260 °C under 50 MPa for 5, 25, 50 h, where over-aging
roceeded under stress, the β ′ phase fraction was 19.6, 18.4,
4.4%, respectively [16] . However, for the T4 alloy crept at
60 °C under 50 MPa for different times, where aging pro-
eeded under stress, the β ′ phase fraction was 30.6, 27.5,
3.4% at 20, 50, 100 h. The increased fraction of β ′ phase
ndicated a stress-promoted precipitation in the T4 alloy dur-
ng creeping, which is also conducive to the improvement
f high temperature creep performance. Fig. 12 (b) shows the
umber density of the β ′ phase with creep time in the T4
nd T6 alloys. For the T4 alloy, the number density of β ′ 

as highest at 20 h and decreased gradually with creep time,
hich is due to the phase transformation to β1 . Similarly, for

he T6 alloy, the number density of β ′ was highest before
reeping and decreased with creep time. It is worth mention-
ng that the number density of the T4 alloy was always higher
han that of T6. The average size variation of the β ′ phase
n the T4 and T6 alloys is shown in Fig. 12 (c). The pre-
ipitates in the T6 alloy coarsened faster and their average
 the T4 state Mg-15Gd alloy crept at 260 °C under 50 MPa for 50 h (a), 
 Z = [ ̄2 4 ̄2 3] α and Z = [1 ̄2 1 ̄3 ] α , respectively (the α-Mg was marked by red 
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Fig. 12. Evolution of (a) the volume fraction, (b) the number density, (c) the average size in the T4 and T6 Mg-15Gd alloys, (d) size distribution in the T4 
alloy, (e) size distribution in the T6 alloy, of the β ′ phase with creep time in the Mg-15Gd alloys. (f) Vickers hardness of the as-cast, T4 and T6 alloys before 
and after creeping at 260 °C under 50 MPa for 100 h. 
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ize was larger than that in T4 at all time. Fig. 12 (d) and
f) further show the size distribution of β ′ with creep time in
he T4 and T6 alloys, respectively, which also revealed the
arger precipitation size in the T6 alloy. The dynamic precip-
tation of T6 alloy is completed. Therefore, it is reasonable
o infer that the aging during creep induced the formation of
ore and finer precipitations. The Vickers hardness of the as-

ast, T4 and T6 alloys before and after creeping at 260 °C
nder 50 MPa is shown in Fig. 12 (f). It shows that the hard-
ess of the as-cast sample increased 12.3 HV after creeping,
hich is related to the slight precipitation. The hardness of

he T4 state sample increased 33.7 HV after creeping. Since
he creep strain of the sample is less than 0.1%, the effect
f dislocation on hardness change can be ignored. Therefore,
he hardness increment can be attributed to the higher den-
ity of precipitates formed during creeping. However, for the
6 alloy, the hardness decreased slightly from 134.2 to 104.1
V. This is caused by the disappearance of the β ′ phase.
heoretically, the T6 alloy which was peak aged at 225 °C
hould have more precipitations than the T4 alloy creeping at
 higher temperature of 260 °C from the perspective of ther-
odynamics. However, as shown in Fig. 12 , the T4 alloy after

reeping for 10 h showed the higher density, higher fraction
nd finer precipitations than the T6 alloy without creeping.
ince the temperature and applied stress during creeping is

he only two variables, we can attribute the higher density
nd finer precipitations in the T4 alloy to be stress-promoted.

To conclude, more β ′ phase formed in the T4 alloy during
reeping at high temperature and existed in the whole creep
est, leading to the higher hardness and better creep resistance
han the T6 alloy. As for T4 alloy creeping at low temperature,
he precipitation kinetics is so slow that the β ′ phase cannot
recipitate to provide effective strengthening. Therefore, the
6 alloy showed better creep properties at low temperature.
his result can provide guidance for the selection of heat

reatment of the Mg-15Gd alloy served at high temperature
or a long time. The T6 treatment is recommended for serving
elow 235 °C, while the T4 treatment is recommended for
erving above 260 °C. 

. Conclusions 

In this study, the effect of precipitation state on high tem-
erature tensile and creep behaviors of the Mg-15Gd alloy
as investigated by comparing the properties of the as-cast,

olid-solutioned (T4) and peak-aged (T6) alloys. The main
ndings are summarized below: 

(1) The suitable solid solution condition of the alloy was
confirmed as 525 °C for 8 h. The optimum aging heat
treatment was confirmed as 225 °C for 12 h. 

(2) The tensile properties of the T6 alloy were always high-
est from room temperature to 300 °C, in spite of an
abnormal strength increase with temperature existed in
the T4 alloy. The fracture mode transitioned from brittle
to ductile with temperature increasing in the Mg-15Gd
alloy. 

(3) For creep properties, the T6 alloy exhibited the low-
est steady creep rate below 235 °C while the T4 alloy
possessed the best properties above 260 °C. The stress-
promoted precipitation of the β ′ phase contributed to
the better creep resistance of the T4 alloy at high tem-
perature. 

(4) The stress exponent n of the T6 and T4 alloys crept at
260 °C was calculated to be 2.8 and 3.1, indicating the
creep deformation of dislocation glide. This was further
confirmed by TEM analysis 
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24] F. Dobeš, P. Dymáček, J. Magnes. Alloy. 8 (2020) 414–420, doi: 10.
1016/j.jma.2020.03.001 . 

25] G. Zhu, L. Wang, H. Zhou, J. Wang, Y. Shen, P. Tu, H. Zhu, P.Jin W.Liu,
X. Zeng, Int. J. Plast. 120 (2019) 164–179, doi: 10.1016/j.ijplas.2019.04.
020. 

26] C. Antion, P. Donnadieu, C. Tassin, A. Pisch, Philos. Mag. 86 (2006)
2797–2810, doi: 10.1080/14786430600557193 . 

27] J. Zhang, S. Liu, R. Wu, L. Hou, M. Zhang, J. Magnes. Alloy. 6 (2018)
277–291, doi: 10.1016/j.jma.2018.08.001 . 

28] P.J. Apps, H. Karimzadeh, J.F. King, G.W. Lorimer, Scr. Mater. 48
(2003) 1023–1028, doi: 10.1016/S1359- 6462(02)00596- 1 . 

29] J.X. Zheng, Z. Li, L.D. Tan, X.S. Xu, R.C. Luo, B. Chen, Mater. Char-
act. 117 (2016) 76–83, doi: 10.1016/j.matchar.2016.04.015 . 

30] J.F. Nie, B.C. Muddle, Scr. Mater. 40 (1999) 1089–1094, doi: 10.1016/ 
S1359- 6462(99)00084- 6 . 

31] J.F. Nie, B.C. Muddle, Acta Mater. 48 (2000) 1691–1703, doi: 10.1016/ 
s1359- 6454(00)00013- 6 . 

32] X. Gao, S.M. He, X.Q. Zeng, L.M. Peng, W.J. Ding, J.F. Nie, Mater.
Sci. Eng. A 431 (2006) 322–327, doi: 10.1016/j.msea.2006.06.018 . 

33] J.J. Bhattacharyya, F. Wang, N. Stanford, S.R. Agnew, Acta Mater. 146
(2018) 55–62, doi: 10.1016/j.actamat.2017.12.043 . 

34] J K Zheng, R Luo, X Zeng, B. Chen, Mater. Des. 137 (2018) 316–324,
doi: 10.1016/j.matdes.2017.10.042. 

https://doi.org/10.1016/j.jma.2020.06.009
https://doi.org/10.1002/adem.200300403
https://doi.org/10.1126/science.aaw2843
https://doi.org/10.1016/S1359-6462(02)00555-9
https://doi.org/10.1016/j.matdes.2018.06.032
https://doi.org/10.1179/095066004225010497
https://doi.org/10.1016/j.msea.2020.139152
https://doi.org/10.1016/j.jallcom.2005.11.046
https://doi.org/10.1016/S1359-6454(03)00391-4
https://doi.org/10.1016/j.msea.2007.11.080
https://doi.org/10.1007/s10853-016-0473-8
https://doi.org/10.1016/j.jallcom.2018.10.013
https://doi.org/10.1016/j.msea.2019.138618
https://doi.org/10.1016/j.actamat.2019.09.058
https://doi.org/10.1016/j.msea.2017.10.014
https://doi.org/10.1016/j.msea.2020.139138
https://doi.org/10.1016/j.actbio.2009.09.010
https://doi.org/10.1016/j.scriptamat.2014.01.007
https://doi.org/10.1016/j.jallcom.2008.01.078
https://doi.org/10.1016/j.matchar.2013.01.012
https://doi.org/10.1016/S1359-6454(01)00409-8
https://doi.org/10.1016/j.jma.2019.06.004
https://doi.org/10.1179/095066010X12646898728327
https://doi.org/10.1016/j.jma.2020.03.001
https://doi.org/10.1016/j.ijplas.2019.04.020
https://doi.org/10.1080/14786430600557193
https://doi.org/10.1016/j.jma.2018.08.001
https://doi.org/10.1016/S1359-6462(02)00596-1
https://doi.org/10.1016/j.matchar.2016.04.015
https://doi.org/10.1016/S1359-6462(99)00084-6
https://doi.org/10.1016/s1359-6454(00)00013-6
https://doi.org/10.1016/j.msea.2006.06.018
https://doi.org/10.1016/j.actamat.2017.12.043
https://doi.org/10.1016/j.matdes.2017.10.042

	Effect of the precipitation state on high temperature tensile and creep behaviors of Mg-15Gd alloy
	1 Introduction
	2 Experimental procedures
	2.1 Material preparation
	2.2 Mechanical tests
	2.3 Microstructural characterization

	3 Results and discussion
	3.1 Heat treatment process and microstructure evolution
	3.1.1 Solution treatment and age hardening response
	3.1.2 Microstructure evolution during heat treatment

	3.2 Tensile behaviors
	3.2.1 Room and high temperature tensile properties
	3.2.2 Tensile fracture mechanisms

	3.3 Tensile creep behaviors
	3.3.1 Creep properties
	3.3.2 Creep mechanisms
	3.3.3 Microstructure evolution during creep


	4 Conclusions
	Acknowledgments
	Reference


