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The microstructure, tensile properties and creep behaviors of as-cast Mg-2Al-1Zn-xGd (x=1, 2, 3, and
4wt.%) alloys have been investigated. The results indicated that the addition of Gd led to the formation
of a branched (Mg, Al);Gd phase and a cubic Al,Gd phase. The tensile properties of the AZ21 alloy have
been improved greatly at both room temperature and elevated temperature due to the presence of the
branched (Mg, Al);Gd phase. The AZ21 alloy containing 4% Gd presented a good creep-resistant property.
The steady-region and the total creep strain of the alloy after 100 h were 2.6 x 10~8 s~! and 1.2%, respec-
tively. The enhancement of creep properties of the AZ21 alloy was mainly ascribed to the thermal stable
branched (Mg, Al);Gd phase by which the movement of dislocations were impeded effectively.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Currently, a great interest in the development of light alloy
materials which generally have excellent mechanical properties
due to aresult of stricter requirements on the greenhouse gas emis-
sions and fuel economy in vehicles have been attracted [1]. The
Mg-based alloys usually exhibit notable attractiveness to the auto-
motive industry as structural parts due to low densities and high
specific strength [2]. In all of the magnesium alloys, the Mg-Al-Zn
series alloys have the most wide spread application. The Mg-Al-Zn
alloys can offer a good combination of mechanical properties, corro-
sion resistance and castability, but the use of these alloys at present
is limited mainly due to the inferior heat resistance properties,
especially the creep resistance property compared with aluminum
alloys at high temperature [3]. For example, the AZ91D alloy tends
to lose its creep strength above 150°C [4]. So, it loses commercial
value in application when it is used as structural parts at 150°C.
Therefore, one of the most important investigations on magnesium
alloys is to develop an alloy which can be economically applied at
the temperatures up to 200°C [5,6].

The reason for poor heat-resistant properties of the Mg-Al-Zn
series alloys is mainly ascribed to the existence of the 3-Mgi7Al;;
phase. Therefore, in order to improve the performance of the
Mg-Al-Zn series alloys at high temperature, it is necessary to sup-
press the formation of the 3-Mg;7Al;; phase [7]. Thus, one of the
most important ways to improve the heat resistance of the alloys is
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alloying with other elements. It has been reported that additions of
RE elements into the Mg alloys were an effective approach to attain
good creep properties at high temperature [8]. Furthermore, it was
found that the Mg-Gd series alloys had better mechanical proper-
ties than the other commercial magnesium alloys. It is well known
that the solid solubility of the Gd in the Mg matrix drops greatly
with temperature decreasing. As reported by Gao et al. [9], the solid
solution strengthening effect of Gd and Y was much higher than that
of the Al and Zn. Besides, Peng et al. [10] reported that the peak-
ageing hardened Mg-8Gd-0.6Zr-3Er alloy exhibited good ultimate
tensile strength (UTS) and yield strength (YS) after peak ageing
treatment, the values of which were 261 and 173 MPa at room tem-
perature, respectively. Apart from that, the values of the UTS and YS
of the peak-ageing Mg-8Gd-0.6Zr-3Er alloy were 203 and 122 MPa
at 250°C, respectively. It was considered that the improvement of
the peak hardness and mechanical properties of the Mg-Gd series
alloys were mainly attributed to the fine dispersed metastable 3-
Mg15RE3 (Gd/Er) phase and the 3-MgsRE (Gd/Er) precipitate. Yin
et al. [11] reported that the peak-aged Mg-11.4Gd-2.2Nd-0.45Zr
alloy not only displayed high UTS of 307 MPa with an elongation
of 1.4% at room temperature but also presented its high strength
of more than 260 MPa at 300°C, which was mainly attributed to
the solid solution strengthening and precipitates strengthening. On
the basis of previous investigations, it has been shown that the Gd
additions have a great effect on improving the heat-resistant prop-
erties via forming kinds of precipitates. However, the amount of RE
added into such Mg alloys is too high to have possibility of wide
spread application. Furthermore, published researches concerning
the effects of RE elements on microstructure and mechanical prop-
erties of the most popular commercial wrought AZ series alloys are
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Table 1

The chemical compositions of the alloys A, B, C, D and AZ21 alloys (wt.%).
Alloys Al Zn Gd Mg
A 2.1 1.0 1.1 Bal.
B 2.2 1.1 1.9 Bal.
C 2.0 1.0 2.9 Bal.
D 2.1 1.1 3.8 Bal.
AZ21 22 1.0 - Bal.

limited. Therefore, in the present work the effects of the Gd addi-
tions on the microstructure, mechanical properties, heat resistance
and creep deformation mechanism of an Mg-2Al-1Zn alloy were
investigated. Meantime, the relationship between microstructure
and mechanical properties were also discussed.

2. Experimental procedures

The experimental alloys with nominal compositions of Mg-2Al-1Zn-1Gd (alloy
A), Mg-2Al-1Zn-2Gd (alloy B), Mg-2Al-1Zn-3Gd (alloy C) and Mg-2Al-1Zn-4Gd
(alloy D) were prepared from a high purity Mg (>99.95%), Al (>99.95%), Zn (>98.5%)
and Mg-30Gd (wt.%) master alloy melted in a graphite crucible under a mixed atmo-
sphere of N, and SFg by using an electric resistance furnace. The melting alloy liquid
was stirred to ensure a homogeneous composition, held at 770°C for ~30 min, and
then cast into a permanent mould. The cast ingot with a size of 33 mm x 100 mm
was cooled down at air atmosphere.

The chemical compositions of the alloys were determined by an X-ray fluores-
cence (XRF) analyzer (Magic PW2403), as show in Table 1. The phase constituents of
the alloys were analyzed by X-ray diffraction (XRD, D8 ADVANCE) measurements in
the 20 scanning range 20-80° with a 0.02° step size. A scanning electron microscope
(SEM, HITACHI S-450) and a transmission electron microscope (TEM, JEM-2100,
JEOL) equipped with energy dispersive spectroscopy (EDS) were used to observe
the microstructure of the alloys. The specimens for SEM observation were sliced
from the same position of each casting. They were polished and then etched with a
solution of 5 ml nitric acid + 95 ml ethyl alcohol. The specimens for TEM observation
were prepared first by electro-polishing and finally polished by ion beam milling.
The electro-polishing of the samples was conducted in a solution of 20% nitric acid
and 80% methanol, using a liquid nitrogen cold region to keep the temperature at
—25°C. The ion beam milling performed at an incident angle less than 10°.

Cylindrical tensile specimens of 5mm in gauge diameter and 25 mm in gauge
length (shown schematically in Fig. 1) were machined from the bulk as-cast ingots.
The tensile tests at elevated temperature were performed on a tensile test machine
with a temperature control system. The samples were heated by an electric resis-
tance furnace and kept at the required temperature for 5min prior to be tensile
tested. A set of three tensile tests was conducted for all conditions [12]. The creep
tests were carried out on a css-3902 creep tester under a constant load of 50 MPa
for100 h at 200°C, and the elongations in all creep curves were calculated by sub-
tracting the immediate strain from the total elongation in order to eliminate the
possibility of some slip inside the grip. The microstructures of the specimens after
creep test were observed by using TEM.

3. Experimental results
3.1. Microstructure

3.1.1. Effect of Gd on microstructures of the cast alloys

The microstructures of the as-cast alloys have been investigated.
The XRD patterns and SEM micrographs of the as-cast alloys A, B, C
and D are shown in Figs. 2 and 3, respectively. It is indicated that the
microstructure of each as-cast alloys is very similar except the vol-
ume fraction of the main secondary phase. One of the main phase
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Fig. 1. Shape and size of a creep sample (mm).
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Fig. 2. XRD patterns of the as-cast alloys A, B, C and D.

components is the a-Mg solid solution which contains a solute of
Zn. The EDS result shows that the a-Mg matrix contains 0.69 wt.%
Zn. The SEM and XRD analyses reveal that two kinds of secondary
phases are present in the AZ21alloys containing Gd. One is the
branched phase with a lamellar morphology, as shown in Fig. 3,
which is mainly located within the interdendritic interstices. The
other is a few of particles with angular morphology, as shown in
Fig. 3(f), which are distributed within the matrix. As suggested by
Fig. 3, the microstructures of the investigated alloys mainly consist
of the highly branched (Mg, Al)3Gd phase while the as-cast AZ21
alloy mainly contains the island-like Mg;7Al;, phase, as shown in
Fig.3(h). Asillustrated in Figs. 2 and 3, the formation of the Mg7Al1,
phase was suppressed by the addition of Gd.

With anincrease in the content of Gd, the volume fractions of the
two kinds of the intermetallic phases increases [13,14]. As shown
in Fig. 3, the volume fractions of the main secondary phases in the
Mg-2Al-1Zn-4Gd alloy are probably twice as many as that in the
Mg-2Al-1Zn-1Gd alloy.

3.1.2. Effect of Gd on the formation of secondary phases

In order to identify the crystalline structure of the intermetal-
lic compounds in the as-cast alloys, TEM, HREM and selected area
diffraction (SAED) observations have been performed.

Fig. 4(a) shows a bright field TEM image of an example of angu-
lar particles in the as-cast Mg-2Al-1Zn-3Gd alloy. The EDS result
and corresponding SAED pattern with the electron beam parallel
to the [112] zone obtain from the particles are shown in Table 2
and Fig. 4(b), respectively. The EDS result shows that the particle
are mainly composed of Al and Gd, and the ratio (at.%) of Al/Gd is
~2.2:1 [15]. All of the results obtained were consistent with the
C15-type Laves phase of Al,Gd with a lattice constant of 7.917 A
[16]. Fig. 5 shows a representative bright-field TEM image together
with the corresponding EDS, SAED pattern and HREM image of the
lamellar phase obtained from the sample of the Mg-2Al-1Zn-3Gd

Table 2
The EDS results of the Al,Gd phase.
AlK GdL
EDS result 1 68.93 31.07
EDS result 2 70.31 29.69
EDS result 3 65.08 34.92
EDS result 4 68.54 31.46

Average A% |Gd'* =2.2:1.
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Fig. 3. SEM images of the as-cast alloys A, B, C and D: (a) alloy A, (b) alloy B, (c) alloy C, (d) alloy D, (e) the branched (Mg, Al);Gd phase in the alloy C, (f) the angular Al,Gd

phase in the alloy C and (h) as-cast AZ21 alloy.

alloy. The EDS equipped in TEM reveals that the average compo-
sition of the lamellar phases lies between 69.13-72.96 (Mg, Al)
and 27.04-30.87Gd (at.%). Therefore, the eutectic compound can
be described as (Mg, Al)3Gd. The detailed HREM image and the cor-
responding SAED pattern with the electron beam parallel to the
[001] zone and [100] zone are also presented. The HREM image
result and SAED pattern are consistent with an Mg3Cd-type com-
pound belonging to the space group of P63/mmc (no. 194). The cell

parameters of the (Mg, Al)3Gd phase are a=b=0.722, c=0.573 nm,
a=B=90°, A =120° and the cell volume =0.259 nm>.

3.2. Tensile properties

In order to better understand the strengthening mechanisms of
the as-cast Mg-2Al-1Zn-xGd (x=1, 2, 3, and 4 wt.%) alloys, the vol-
ume fraction of the (Mg, Al)3Gd phase was calculated. According
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Fig. 4. TEM bright field images and corresponding SAED patterns taken from the angular Al,Gd phase in the alloy C: (a) TEM bright image and (b) corresponding SAED

pattern.

to the previous investigations [17,18], the volume fraction of the
(Mg, Al)3Gd phase in the alloys can be described as the below rela-
tionship:

_ mi/p1
my/p1+(1—mq)pm

where p; and m; are the densities and mass fractions of (Mg,
Al)3Gd, respectively, on the assumption that all the Al atoms are

(1)

Vi1

inclined to form the (Mg, Al)3Gd phase except the Al atoms which
are dissolved in the matrix, and pp, is the density of matrix. The
density of the precipitated phase is calculated by following equa-
tion:
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Fig. 5. TEM bright field images, HREM, EDS and SAED pattern taken from the branched (Mg, Al);Gd phase in the alloy C: (a) TEM bright image, (b) and (c) HREM and SAED
patterns with the electron beam parallel to the [00 1] zone and [100] zone, respectively, (d) and (e) corresponding EDS.
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Table 3

The tensile properties of the as-cast alloys A, B, C and D at RT and 200°C.
Alloys RT 200°C

UTS (MPa)  YS(MPa) E(%) UTS(MPa) YS(MPa) E(%)

A 213 102 12.5 111 71 23.6
B 235 118 114 126 80 21.2
C 249 123 9.4 130 86 17.3
D 242 133 8.4 140 90 15.9

where Dp is the volume of the crystal cell of the precipitated phase,
and n; and Wj; are the number and quality of the j atom in the crys-
tal cell of the precipitated phase, respectively. The crystal cells of
(Mg, Al)3Gd (a=b=0.722nm, c=0.573 nm, o = $=90°, A =120°, cell
volume =0.259 nm?) phase were calculated according to the TEM
and HREM results.

According to relationships (1) and (2), the volume fractions of
(Mg, Al)3Gd phases in as-cast Mg-2Al-1Zn-xGd (x=1, 2, 3, and
4 wt.%) alloys are calculated, i.e. 1.12, 1.89, 2.52, and 3.01%, respec-
tively. The calculated results indicate that the (Mg, Al)3Gd phase
is the main strengthening phase in the as-cast Mg-2AIl-1Zn-xGd
(x=1, 2, 3, and 4 wt.%) alloys.

The tensile properties of the alloys at RT and at 200 °C are given
in Table 3. It can be seen that both the yield strength (YS) and the
ultimate tensile strength (UTS) are improved with an increase in
Gd content either at room temperature (RT) or at elevated tem-
perature. At RT, the Mg-2AIl-1Zn-4Gd alloy shows the highest YS
among all the investigated alloys, but the elongation is the low-
est. It indicates that the increase in the volume fraction of the (Mg,
Al);Gd ternary phase increases the yield strength while it is con-
verse to the elongation of the alloy [19]. Similarly, at 200 °C, the
Mg-2A1-1Zn-4Gd alloy also displays the highest YS and UTS. It is
suggested that the Mg-2Al-1Zn-4Gd alloy has a better thermal sta-
bility. On the whole, the tensile strength of the alloys decreases as
the temperature increases. Conversely, the elongation of the alloys
increases with the increment of the temperature.
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Fig. 6. Creep test curves of the as-cast alloys A, B, C and D at 200°C and a constant
load of 50 MPa.

3.3. Creep tests

The tensile creep curves of the as-cast alloys A, B, C, D and AZ21
alloy under a constant load of 50 MPa at 200 °C for 100 h are shown
in Fig. 6. The creep curves observed includes only two creep regions
for all the alloys except for the AZ21 alloy within the time period
of the test. The first is a short primary region, and the second is
a prolonged steady-state region [20,21]. Moreover, it is apparently
found that the tertiary creep region has not been initiated even after
100 h, which is indicated that the Mg-2Al-1Zn-xGd alloys have
excellent creep-resistant attributes. By examining the total strain
during creep test, it can be seen that the total creep strain of the
alloy D decreases to a minimum value, which is reached in approx-
imately one seventh of the time 100 h compared to alloy A. The
creep rate at the steady-region and the total creep strain after 100 h
for the alloy D are 2.6 x 10-8s~1 and 1.2%, respectively, whereas
the steady-region and total creep strain after 100 h for AZ21are

Djslocation

Fig. 7. (a and b) The dislocation structures and (c) the interaction between the dislocations and the precipitates in the Mg-2Al-1Zn-4Gd alloy after creep test at 200 °C with

a load of 50 MPa for 100 h.
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Fig. 8. (a) The crack formed by a high density of dislocations and (b) the broken lamellae phase in the Mg-2Al-1Zn-2Gd alloy after creep test under the creep conditions of

200°C and 50 MPa for 100 h.

30x 10-8s~! and 9.7%, respectively. Meanwhile, the minimum
creep rate for the alloy AE42 is 10.6 x 10-8 s~ under a constant
load of 60 MPa at 200°C [22]. However, the creep rate for the
alloy B is ~11.3 x 10-8 s~1, The results indicate that the alloy AZ21
containing Gd has an excellent high-temperature creep-resistant
performance, and the minimum creep rate tents to decrease with
an increase in the Gd content.

3.4. Post-crept microstructure

In order to understand the mechanism responsible for the
improvement in the creep resistance of the alloys with Gd addition,
the microstructures of the alloys after creep test were investi-
gated by TEM. Fig. 7 shows TEM images obtained from the as-cast
Mg-2Al-1Zn-4Gd alloy after creep under a load of 50 MPa at
200°C for 100 h. A large numbers creep-induced dislocations occur
between the lamellae phase of the (Mg, Al)3Gd, as shown in Fig. 7(a).
Moreover, the (Mg, Al)3Gd phase is so stable that it does not decom-
pose even after prolonged exposure (100 h) under the test creep
conditions of 200°C and 50 MPa. Fig. 7(b) shows that the interac-
tion between the dislocations and the (Mg, Al)3Gd phase, where it
can be seen that the dislocations are blocked by the (Mg, Al);Gd
phase (as indicated by the arrows). In Fig. 7(c), the incident beam
direction is aligned parallel to the basal plane, so that the dislo-
cation of the basal-slip system aligned parallel to the basal plane
trace are straight. Therefore, the dislocations are in the non-basal
slip systems in the present crept specimens [23].

4. Discussion

Magnesium has an hcp structure and only three active slip
systems exist [5]. Therefore, grain boundary sliding is regarded
as a major creep mechanism of magnesium alloys below 175°C.
But the relatively better elongation to failure obtained from the
Mg-2Al-1Zn-1Gd alloy seems to be different from that stated
above. Fig. 8(a) shows that a crack appears at the inner of the lamel-
lars of the (Mg, Al)3Gd phase under the stress concentration in the
alloy Mg-2Al-1Zn-2Gd during creep test. Fig. 8(b) shows that the
cracks have appeared in the lamellars phase of (Mg, Al)3Gd in the
Mg-2Al-1Zn-1Gd alloy. As suggested by the TEM investigation, the
creep-induced dislocations are mobile dislocations on non-basal
planes in the present crept specimens [24]. It leads to a better creep
elongation of the Mg-2Al-1Zn-1Gd alloy during creep test [25].
Generally speaking, the cross slips of the non-basal mobile dislo-
cations plays an important role in improving the creep resistance
behaviors of the Mg-2Al-1Zn-xGd alloys [26].

The present investigation shows that the addition of Gd into
the Mg-2Al-1Zn alloy leads to a significant alteration in the
microstructures, which directly result in an increase of the creep

resistance of the alloys at 200 °C. The results imply that the addi-
tion Gd is an effective method to strengthen the AZ series alloys
against creep deformation. In conclusion, the formation of the (Mg,
Al)3Gd compound is considered to be responsible for the higher
creep resistance performance of the alloys. The reasons for the
improvement in the heat resistance can be summarized below:
(1) the addition of Gd to the Mg-2Al-1Zn alloys could suppress
the formation of the 3-Mg;7Al;; phase, which tends to decompose
at elevated temperature, due to the preferential reaction between
the aluminium atoms and Gd atom [27]. Furthermore, the chances
of creep-induced precipitation of the Mg;;7Al;; phase and the dif-
fusion of solute atoms of aluminum at elevated temperature are
greatly reduced [28]. (2) Compared with the microstructures of
the (Mg, Al)3Gd phase before the creep test, no obvious changes
of microstructures of the (Mg, Al)3Gd phase are observed after
the creep test. It indicates that the (Mg, Al)3sGd phase remains
stable during the creep test [25]. It has been reported that the
Al;11RE3 compound will be decomposed to Al,RE and the Mgq7Aly»
phases during creep test in AE42 alloy. Whereas no such changes in
microstructure of the (Mg, Al);Gd compound have been observed
in the Mg-2Al-1Zn-xGd alloys [28,29]. Therefore, it is apparently
found that the (Mg, Al)3Gd compound is more thermally stable than
that of the Aly1RE3 and the 3-Mg;7Aly, phases. (3) According to the
results, it is suggested that the glide of the non-basal dislocation
controls the creep behaviors of the alloys in our investigation. The
(Mg, Al)3Gd phase can effectively impede the dislocation motion
[28].

5. Conclusions

The investigation of the microstructures, tensile properties and
creep behaviors of the as-cast Mg-2Al-1Zn-xGd (x=1, 2, 3, and
4wt.%) alloys have been investigated. The following conclusions
can be obtained.

(1) The microstructures of the investigated alloys are composed of
dominant a-Mg solid solution with a content of Zn and (Mg,
Al)3Gd phase as well as a tiny of Al,Gd phase. The volume frac-
tion of the (Mg, Al)3Gd phase increases with the content of Gd
increases.

(2) The tensile experiments indicate that the branched (Mg, Al)3Gd
phase canimprove the mechanical properties of the AZ21 alloys
significantly.

(3) The creep test results suggest that the heat resistance of the
Mg-2Al-1Zn alloys at 200 °C could be obviously improved with
the addition of Gd. The Mg-2AIl-1Zn-4Gd alloy shows the best
heat resistance among the present investigated alloys. The (Mg,
Al)3Gd phase has a great effect on improving the creep resis-
tance by impeding the movement of the dislocations.
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