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a b s t r a c t

The microstructure and mechanical properties of Mg–11Y–5Gd–2Zn–0.5Zr (wt.%) (WGZ1152) alloy dur-
ing different heat treatments were investigated. Almost all the Mg24(GdYZn)5 eutectic phases dissolved
into the �-Mg matrix after solution treatment at 535 ◦C for 20 h. After ageing at 225 ◦C for 24 h (T6 state),
a great amount of fine �′ precipitates formed. Both the 18R-type long period stacking ordered (LPSO)
Mg12YZn phase and 6H′-type LPSO phase exhibit good thermal stability during the high-temperature
heat treatments process. The 18R-type LPSO Mg12YZn phases are much harder than �-Mg matrix and
have a volume fraction of ∼16%. The ultimate tensile strength at the room temperature of the peak-aged
eywords:
eat-resistant magnesium alloy
recipitation strengthening
ong period stacking ordered (LPSO)
lip line
hermal stability

alloy (T6 state) is 307 ± 6 MPa and elongation is 1.4 ± 0.3%. The alloy in T6 state shows anomalous positive
temperature dependence of the strength from room temperature to 250 ◦C, and maintains a strength of
more than 260 MPa up to 300 ◦C (0.64Tm). The excellent strength of the WGZ1152 alloy at both room and
elevated temperatures is mainly attributed to the solid solution strengthening, �′ precipitates strength-
ening and LPSO strengthening. Slip line observations suggest a transition from basal to non-basal slip

ure.
with increasing temperat

. Introduction

As one of the lightest structural metal, Mg alloys have made sig-
ificant inroads in the aerospace and automotive industries where

ight weight, consequently, and good fuel economy are essential
1,2]. However the limited high-temperature strength and only
verage creep resistance of Mg alloys have restricted its wide
pread for powertrain applications [3,4].

In the last decade, a mass of efforts have been employed in devel-
ping heat-resistant Mg alloys. Anyanwu et al. [5] and He et al. [6]
ave developed Mg–Gd–Y–Zr alloys which exhibit superior high-
emperature properties compared with the conventional Mg alloys
nd may compete with the commercially available Al alloys. The
tomic weight of Y is much less than that of Gd. Therefore adding

he same weight of Y can produce higher solubility of alloying
lements in matrix, which means higher solid solution strength-
ning and also higher precipitation hardening can be achieved. On
he other hand, it has been reported that Zn addition to Mg–RE
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(RE = Gd or Y)–(Zr) alloys can cause various novel long period stack-
ing ordered (LPSO) structures [7–11]. These LPSO structures may
also play an important role in strengthening Mg alloys.

Bearing in mind the above mentioned facts, a new
Mg–11Y–5Gd–2Zn–0.5Zr (wt.%) (WGZ1152) alloy has been
developed. It exhibits great potential for powertrain applications.
Our previous works have investigated its thermal properties [12]
and microstructure in the as-cast state [8]. However, the effects
of heat treatments on microstructure and mechanical properties
have yet to be studied.

The aim of this work is to investigate the microstructure and
mechanical properties during heat treatments, and the relation-
ship between microstructure and mechanical properties is also
discussed.

2. Experimental procedures

Actual composition of the studied alloy was Mg–11.3Y–4.7Gd–2.0Zn–0.46Zr
(wt.%). It was prepared from high purity (≥99.9%) Mg, Zn and Mg–25Y (wt.%),
Mg–25Gd (wt.%) and Mg–30Zr (wt.%) master alloys by induction melting in a mild
steel crucible at approximate 750 ◦C under protection of a mixed atmosphere of CO2
and SF6 with the ratio of 100:1 and then the melt was poured into a steel mould
pre-heated to 200 ◦C. The actual chemical composition of the alloy was determined
by an inductively coupled plasma (ICP) analyzer. The alloy was solution treated at
535 ◦C for 20 h under the SO2 atmosphere, and then quenched into cold water. After
solution treatment, the alloy was isothermally aged at 225, 250 and 300 ◦C for differ-
ent times in an oil bath furnace. The ageing response of the alloy was measured by

dx.doi.org/10.1016/j.jallcom.2010.09.194
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wangqudong@sjtu.edu.cn
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D.D. Yin et al. / Journal of Alloys and Compounds 509 (2011) 1696–1704 1697

SEM

V
o
l

i
t
t
t

(
a
m
l
n
D
s
d
w
e

3

3

3

r
a
i
s
g
X
c
c
c
t

It appears that the strip-shaped Mg12YZn phases are coarsened by
the fine-lamellar Mg12YZn aggregating. Fig. 3(b) and (c) show a TEM
micrograph of the Mg12YZn phases with a corresponding selected
area diffraction pattern (SADP). As shown in the micrograph, the
Fig. 1. Microstructure of the as-cast WGZ1152 alloy: (a) optical micrograph, (b)

ickers hardness tester under 49 N load and a hold time of 15 s. The microhardness
f phases in the alloy was measured by a Vickers microhardness tester under 50 gf
oad and hold time of 30 s.

Rectangular tensile specimens, 3.5 mm in width, 2 mm in thickness and 15 mm
n gauge length, were cut from the ingot using electric sparking technique. The
ensile tests were carried out on Shimadzu machine at temperature range from 25
o 300 ◦C with strain rate of 1 × 10−3 s−1. Each test condition was repeated at least
hree times for repeatability and accuracy.

Microstructure examinations were performed using an optical microscope
LEICA MEF4M), scanning electron microscope (FEI SIRION 200) equipped with
n Oxford INCA energy dispersive X-ray spectrometer and transmission electron
icroscopes (Philips CM20 and JEM-2010) operated at 200 kV. Specimens for slip

ines observations were first carefully mechanical polished, then etched in a 4 vol.%
atal. The grain size was determined using a linear intercept method [13] (D = 1.5l,
is mean grain diameter, l is mean linear intercept) from a large number of mea-

urements. The mean diameter and volume fraction of phases in the alloy were
etermined using a quantitative metallographic method by image analysis soft-
are (Image-Pro Plus 6.0) from at least 10 optical micrographs (100 or 400×) for

ach heat treatment conditions of the alloy.

. Results

.1. Microstructure

.1.1. Microstructure of the as-cast alloy
The optical and SEM micrographs with corresponding EDS

esults of the as-cast Mg–11Y–5Gd–2Zn–0.5Zr (wt.%) (WGZ1152)
lloy are shown in Fig. 1. The average grain size of the as-cast alloy
s 51 ± 9 �m. As seen from Fig. 1(a), the as-cast alloy mainly con-
ists of four phases, which are fine-lamellar phase, network-shaped
rayish phase, strip-shaped black phase and the �-Mg matrix.

RD analysis [Fig. 2(a)] and EDS results [Fig. 1(c) and (d)] indi-
ate that the network-shaped phase is the Mg24(GdYZn)5 eutectic
ompound, and the network-shaped black phase is Mg12YZn
ompound. The Mg24(GdYZn)5 and Mg12YZn phases are both dis-
ributed along the grain boundaries. The fine-lamellar phases are
micrograph, (c) and (d) corresponding EDS results of the points indicated in (b).

uniformly distributed from grain boundaries to the interior of the
�-Mg grains and are orientated in one direction within a grain.
This suggests that fine-lamellar phases have a specific orientation
relationship with the �-Mg matrix. Our previous work has shown
that the fine-lamellar phases have a 6H′-type (ABCBCB′) LPSO
structure [8]. Fig. 3(a) shows a SEM micrograph of the Mg12YZn
phases distributed along the grain boundaries in the as-cast alloy.
Fig. 2. XRD patterns of WGZ1152 alloy in different states: (a) as-cast, (b) T4: solution
treated at 535 ◦C for 20 h, (c) T6: solution treated at 535 ◦C for 20 h and then aged at
225 ◦C for 24 h.
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Fig. 3. (a) SEM micrograph of the Mg12YZn phases distributed along the grain boundaries in the as-cast WGZ1152 alloy. (b) TEM micrograph of the Mg12YZn phases with (c)
SADP taken from area A in the as-cast alloy. Note that extra reflection spots appear in the SADP indicating an 18R-type LPSO structure and the solid line is perpendicular to
c-axis. (d) Corresponding EDS results of point A indicated in (b).

Table 1
The mean diameter and volume fraction of the second phases in different states of WGZ1152 alloy.

Phase F T4 T6

Mean diameter (�m) Volume fraction (%) Mean diameter (�m) Volume fraction (%) Mean diameter (�m) Volume fraction (%)
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aries [also confirmed by the XRD analysis in Fig. 2(b)]. The mean
diameter and volume fraction of the Mg12YZn phases in the
solution-treated alloy are 7.7 ± 5.2 �m and 17.0 ± 2.4%, respectively
(Table 1).
Mg12YZn 12.9 ± 8.1 14.3 ± 2.8 7.7 ± 5.2
Cuboid-shaped 3.7 ± 1.2
Mg24(GdYZn)5 25.7 ± 18.3 9.5 ± 1.1

ote: F: as-cast; T4: solution treated at 535 ◦C for 20 h; T6: solution treated at 535 ◦

g12YZn also shows fine-lamellar contrasts. The extra reflection
pots appearing in the SADP indicate that Mg12YZn phase has
n 18R-type LPSO structure [11,14,15] Corresponding EDS results
Fig. 3(d)) show that the average chemical composition of the LPSO
hase is Mg–6Y–5Zn (at.%), confirming that it is the Mg12YZn. Luo
nd co-workers [15,16] have identified this LPSO phase is the 18R-
ype (ACBCBCBACACACBABAB) structure with a period of 0.26 nm.

As seen in Table 1, the mean diameter and the volume frac-
ion of Mg12YZn phases in the as-cast alloy are 12.9 ± 8.1 �m and
4.3 ± 2.8%, respectively, while for Mg24(GdYZn)5 eutectic phase
hey are 25.7 ± 18.3 �m and 9.5 ± 1.1%.

Fig. 4 illustrates the DTA trace of the as-cast alloy during
eating. The first peak may correspond with the melting of the
g24(GdYZn)5 eutectic phase. The second peak may be related to

he melting of the alloy. The eutectic temperature and melting point
re evaluated to be approximately 535 and 628 ◦C, respectively.

.1.2. Microstructure of the solution-treated alloy

Fig. 5(a) presents an optical micrograph of the alloy after

olution treatment at 535 ◦C for 20 h. The average grain size
f the solution-treated alloy is 108 ± 14 �m. Almost all the
g24(GdYZn)5 eutectic phases have dissolved into the �-Mg
atrix, while the Mg12YZn phases remained at the grain bound-
17.0 ± 2.4 7.2 ± 4.9 16.1 ± 2.7
1.2 ± 0.1 3.7 ± 2.6 2.1 ± 0.3

0 h and aged at 225 ◦C for 24 h.
Fig. 4. DTA trace of the as-cast WGZ1152 alloy.
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ig. 5. (a) Optical micrograph of WGZ1152 alloy after solution treated at 535 ◦C fo
orresponding EDS results of point A indicated in (b).

As seen from Fig. 5(a), some cuboid-shaped phases appeared
fter solution treatment and were distributed randomly at the grain
oundaries or within the grains. This means the new phases are
ainly generated during solution treatment. The mean diameter

nd volume fraction of the cuboid-shaped phases are 3.7 ± 1.2 �m
nd 1.2 ± 0.1%, respectively (Table 1). Fig. 5(b) shows a TEM micro-
raph of the cuboid-shaped phases. The corresponding EDS results

Fig. 5(c)] indicate they are rich in Y, Gd and Zr.

Fig. 6 shows a TEM micrograph and corresponding SADP of
he fine-lamellar phases in the solution-treated alloy. The beam
irection was approximately parallel to [2 1̄ 1̄ 0] zone axis. Peri-
dic streaks with a distance of 1.54 nm ≈6 × d(0 0 0 2)Mg are observed

ig. 6. (a) TEM micrograph of the fine-lamellar phases in solution-treated WGZ1152 alloy
ABCBCB′) LPSO structure in the fine-lamellar phases. The beam direction is approximate
. (b) TEM micrograph of cuboid-shaped phase in the solution-treated alloy and (c)

in Fig. 6(a), as indicated by the arrows. The extra reflection spots
in the SADP [Fig. 6(b)] indicate a 6H′-type LPSO structure in the
phases [7,8,14]. Note that the c-axis is not perpendicular to the
a-axis and the angle between them is about 88◦, as indicated in
Fig. 6(b). The fine-lamellar phases with 6H′-type LPSO structure in
the solution-treated alloy is considered to be the same phases as
the fine-lamellar phases observed in the as-cast alloy, reported by

Gao et al. [8].

3.1.3. Microstructure of the aged alloy
The optical micrographs in different ageing states are shown in

Fig. 7. The average grain sizes of the alloys after ageing at 225 and

and (b) SADP of the fine-lamellar phases, extra reflection spots indicate a 6H′-type
ly parallel to [2 1̄ 1̄ 0] zone axis.
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Fig. 7. Optical micrographs of WGZ1152 alloy after solution treate

00 ◦C for 24 h are 116 ± 15 and 120 ± 20 �m, respectively. No obvi-
us grain growth was observed after ageing. XRD analysis [Fig. 2(c)]
nd optical micrograph show that the morphology and amount of
he Mg12YZn phases and cuboid-shaped phases in the aged alloy are
lmost identical to that of the solution-treated alloy [Fig. 5(a)]. The
ean diameter and volume fraction of the Mg12YZn phases in the

lloy after ageing at 225 ◦C for 24 h are 7.2 ± 4.9 �m and 16.1 ± 2.7%,
espectively (Table 1). While for cuboid-shaped phases they are

.7 ± 2.6 �m and 2.1 ± 0.3%, respectively (Table 1).

After ageing at 225 ◦C for 24 h, some small peaks marked
�” appeared in the XRD pattern [Fig. 2(c)]. This suggests that
ome new precipitates formed in the aged alloy. Fig. 8 shows

ig. 8. TEM micrographs and SADPs of the �′ precipitates in WGZ1152 alloy after solu
pproximately parallel to (c) [0 0 0 1] zone axis and (d) [2 1̄ 1̄ 0] zone axis.
35 ◦C for 20 h and aged (a) at 225 ◦C for 24 h, (b) at 300 ◦C for 24 h.

TEM micrographs and SADPs of precipitates within grains after
ageing at 225 ◦C for 24 h. As seen in the micrographs, the
dense spheroidal precipitates with a diameter about 5–40 nm
are evenly dispersed in the matrix. The SADPs [Fig. 8(c) and
(d)] taken from the [0 0 0 1] and [2 1̄ 1̄ 0] zone axis, respectively,
indicate that the precipitates are �′ phases and the orien-
tation relationship between the �′ phases and � matrix is:
(100)�′ //(1 2̄ 1 0)�, [0 0 1]�′ //[0 0 0 1]� [6,17,18]. Its structure was

identified as an orthorhombic (cbco, a = 2 × aMg = 0.640 nm, b = 8 ×
d1 0 1̄ 0 Mg = 2.223 nm, c = cMg = 0.521 nm) [17]. Fig. 9(a) shows the
fine-lamellar phases and �′ precipitates coexist in the alloy after
ageing at 225 ◦C for 24 h. A SADP [Fig. 9(b)] taken from the fine-

tion treated at 535 ◦C for 20 h and aged at 225 ◦C for 24 h. The beam direction is
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ig. 9. (a) TEM micrograph of the fine-lamellar phases and the �′ precipitates in WG
f the fine-lamellar phases in (a), indicating its structure is still a 6H′-type (ABCBCB

amellar phases region in the aged alloy indicates a 6H′-type LPSO
tructure of the fine-lamellar phases. These fine-lamellar phases
re considered to be the same phases as are those in the as-cast and
olution-treated alloy mentioned before (Sections 3.1.1 and 3.1.2).

After ageing at 300 ◦C for 24 h, coarse plate-shaped precipi-
ates with a length of 0.3–1 �m and a width of 50–200 nm formed
Fig. 10). The corresponding SADP indicates that the precipitates
re � phases, which have an f.c.c. crystal structure (a = 2.2 nm)
nd the orientation relationship between � and � matrix is
1̄ 1 2)�//(1 1̄ 0 0)�, [1 1 0]�//[0 0 0 1]� [17,18].

.2. Mechanical properties

.2.1. Ageing hardening response
Fig. 11 shows the ageing hardening response for the alloy aged
t 225, 250, 300 ◦C. Before ageing, the specimens were solution
reated at 535 ◦C for 20 h. It exhibits decrease of the maximum
ardness with increasing ageing temperature from 225 to 300 ◦C.
oreover, with the increasing ageing temperature it takes almost

he same time to reach the maximum hardness for all three lev-

ig. 10. TEM micrograph and corresponding SADP of the � precipitates in WGZ1152
lloy after solution treated at 535 ◦C for 20 h and aged at 300 ◦C for 24 h. The beam
irection is approximately parallel to [0 0 0 1] zone axis.
2 alloy after solution treated at 535 ◦C for 20 h and aged at 225 ◦C for 24 h. (b) SADP
O. The beam direction is approximately parallel to [2 1̄ 1̄ 0] zone axis.

els of the ageing temperature. All the specimens show a wide peak
hardness plateau from about 20–24 to 126 h. The specimen aged at
225 ◦C shows the strongest hardening response with a maximum
value of 137 HV being obtained after 24 h.

3.2.2. Microhardness
Fig. 12 exhibits the microhardness of phases in different states

of the WGZ1152 alloy: F: as-cast; T4: solution treated at 535 ◦C for
20 h; T6: solution treated at 535 ◦C for 20 h and aged at 225 ◦C for
24 h. For the �-Mg matrix, the T6 specimen exhibits the highest
microhardness (128.0 ± 6.9 HV) while the T4 specimen shows the
lowest (75.9 ± 8.8 HV). The Mg24(GdYZn)5 eutectic phase, which
only appears in the as-cast alloy, exhibits a microhardness of
146.4 ± 5.4 HV. Meanwhile the 18R-type LPSO Mg12YZn phase,
which remains nearly unchanged in all three states of the alloy,
exhibits the highest microhardness (161.0 ± 10.3 HV) compared
with the other phases examined.

3.2.3. Temperature dependence of tensile properties
Fig. 13 illustrates the temperature dependence of tensile prop-

erties of the alloy in different states: F: as-cast; T4: solution treated
at 535 ◦C for 20 h; T6: solution treated at 535 ◦C for 20 h and aged

at 225 ◦C for 24 h. At room temperature, a noticeable improvement
of ultimate tensile strength (UTS) was observed from both F to T4
and T4 to T6 state, by about 43% (76 MPa) and 21% (54 MPa), respec-
tively. Meanwhile the elongation to failure is greatly increased by

Fig. 11. Ageing hardening response at 225, 250 and 300 ◦C of WGZ1152 alloy.
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Some cuboid-shaped and RE enriched phases appeared after
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ig. 12. Microhardness of phases in WGZ1152 alloy for different states: F: as-cast;
4: solution treated at 535 ◦C for 20 h; T6: solution treated at 535 ◦C for 20 h and
ged at 225 ◦C for 24 h.

pproximately five times from F (∼0.6%) to T4 (∼3%) state. After
geing, the elongation to failure is reduced from ∼3% to ∼1.4%,
ompared with that in T4 state.

As seen from Fig. 13, the alloy in T6 state exhibits the highest
trength over the temperature range of 25–300 ◦C while the alloy in
state shows the lowest strength. But at 300 ◦C, the strength of the
lloy in T6 state steeply decreases, and the difference in strength
etween the T6 and T4 states becomes small. In addition, both F
nd T6 specimens exhibit anomalous positive temperature depen-
ence of strength while the strength of T4 specimen decline slightly
ith temperature increasing from 25 to 300 ◦C. On the other hand,

he elongation to failure of the T4 and T6 specimens remarkably
ncreases while the tensile strength sharply decreases. The elonga-
ion to failure of the T4 specimen is larger than that of the F and T6
pecimens, especially at 100 ◦C and above. The elongation to failure
f all the three states increases with increasing temperature. Note
hat the alloy in F state has the smallest increase of elongation. It
hould be mentioned that the alloy in T6 state exhibits a strength
f more than 300 MPa and an elongation to failure of ∼5% at 250 ◦C
0.58Tm). Moreover, even at temperature as high as 300 ◦C (0.64Tm),
he alloy in T6 state to exhibits a strength of ∼266 MPa.
Fig. 14 illustrates typical engineering stress–strain curves for
he alloy in T6 state. The stress increases to a maximum value and
hen decreases to final rupture. The strength and elongation to fail-
re improve simultaneously from room temperature to 200 ◦C. At

ig. 13. Tensile properties of different states of WGZ1152 alloy at room temperature and e
reated at 535 ◦C for 20 h and aged at 225 ◦C for 24 h.
Fig. 14. Temperature dependence of the engineering stress–strain curves for peak-
aged WGZ1152 alloy. T6 state: solution treated at 535 ◦C for 20 h and aged at 225 ◦C
for 24 h.

300 ◦C, a steady state flow stress with little softening is observed.
Slip lines near the tensile fractured area at various temperatures
(T6 state) are exhibited in Fig. 15. At 100 ◦C basal slip is dominant,
as indicted by the long straight lines in Fig. 15(a); At 250 ◦C, exten-
sive non-basal slip and cross-slip associated with short wavy slip
traces are observed [Fig. 15(b) and (c)]; Extensive multiple slip are
found at 300 ◦C [Fig. 15(d)]. These surface observations suggested a
transition from basal to non-basal slip with increasing temperature
[19].

4. Discussion

The optimal solution parameter of 535 ◦C for 20 h was chosen
for WGZ1152 alloy according to literature data [20,21] and the DTA
trace (Fig. 4). After solution treated, the Mg24(GdYZn)5 eutectic
phases dissolved into the �-Mg matrix and the alloying elements Y
and Gd homogenously distributed throughout the grains. Elonga-
tion to failure greatly increased for the dissolution of Mg24(GdYZn)5
eutectic phases and homogenous distribution of alloying elements,
and UTS also enhanced remarkably due to the solution strengthen-
ing of Y and Gd.
solution treated, indicating they are mainly formed during the solu-
tion treatment. Similar cuboid-shaped phases have been found in
many solution treated Mg–RE (Y, Gd and Sm)–Zr alloys [6,20–22].
The f.c.c. crystal structure with a ≈ 0.56 nm was determined by He

levated temperatures. F: as-cast; T4: solution treated at 535 ◦C for 20 h; T6: solution
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ig. 15. Optical and SEM micrographs near the tensile fractured area, showing the
races of non-basal slip and cross slip; (d) T = 300 ◦C, extensive multiple slip (T6 stat

t al. [6] but the composition varied due to the different alloying
lements. What is more, they almost do not change (Table 1) in the
ubsequent ageing process (225 ◦C for 24 h), indicating this phase
as relatively good thermal stability. The relatively large size and
mall volume fraction of the phases may have only small strength-
ning contributions. The exact effects of the cuboid-shaped phases
n the mechanical properties of the alloy remain unclear and are
till under studying.

Ageing temperature and time are two of the most important fac-
ors influencing the mechanical properties of the alloy. After ageing
t 225 ◦C for 24 h, the highest hardness (∼137 HV) was obtained.
owever, when aged at 300 ◦C for the same time, the peak hard-
ess decreased by ∼45 HV. Note that there was no obvious grain
rowth (∼120 �m), so the decline of hardness can be explained
xclusively by the transformation from fine �′ precipitates to coarse
precipitates.
Generally speaking, the alloy containing fine, shear-resistant,

venly oriented (the planes parallel to the prismatic or basal planes
f Mg matrix) and uniformly distributed particles, with adequate
olume fraction, can exhibit a very high strength [10,13]. In the
ase of the alloy in T6 state (aged at 225 ◦C for 24 h), the fine,
ense and uniformly dispersed �′ phases are the main precipitates
Fig. 8). It has been reported that �′ precipitates, which form on
he prismatic planes of �-Mg matrix in a dense triangular arrange-

ent [6], are perpendicular to the basal plane of �-Mg and stable
t 250 ◦C [18]. This precipitates have great ability to retard dislo-
ation motion on the basal planes [23]. However, this prismatic
recipitates are thought to be less effective obstacles to non-basal
lip or cross slip [6]. Meanwhile, slip line observations reveal a
ransition from basal slip to non-basal slip with increasing tem-

erature and extensive multiple slip occurring at 300 ◦C (Fig. 15).
herefore, it can explain why the strength of the alloy in T6 state
s high at lower temperatures, while at a higher temperature of
00 ◦C, its strength sharply decreases and the elongation increases
emarkably.
es. (a) T = 100 ◦C, long straight lines of basal slip; (b), (c) T = 250 ◦C, short wavy slip
ution treated at 535 ◦C for 20 h and aged at 225 ◦C for 24 h).

At elevated temperatures, the grain boundary function as sites
of weakness and grain-boundary sliding becomes an additional
deformation mechanism [13]. The Mg12YZn phase, which is densely
distributed in the matrix and along the grain boundaries (volume
fraction is ∼16%, Table 1), is hard (microhardness is 26%, 112% and
45% higher than that of T6, T4 and F �-Mg matrix, respectively,
Fig. 12) and also thermally stable (almost no change during the
process of high-temperature heat treatment, Table 1). This phase is
believed to be able to pin the grain-boundary sliding and strengthen
the boundaries effectively, especially at elevated temperatures.

It should be noted that in this alloy there are two types of
LPSO phases, namely the 18R-type LPSO in Mg12YZn phase and
6H′-type LPSO phase within the �-Mg matrix. Both of them are
formed in the conventional cast process, and remain stable during
the subsequent high-temperature heat treatments. This indicates
that the two LPSO phases in WGZ1152 alloy have a good thermal
stability. Although this work only examined the microhardness of
one type of LPSO phase (18R-type LPSO Mg12YZn phase), which
exhibits a much higher microhardness than the �-Mg matrix, it
is reasonable to believe that both LPSO phases in the alloy have
high microhardness. Chino et al. [9] and Itoi et al. [11] using
nano-indentation test have proved the 6H-type and 18R-type LPSO
phase have high hardness and elastic modulus in Mg–Y–Zn alloy,
respectively.

At elevated temperatures, non-basal slip is activated (Fig. 15)
and may become an important deformation process [13,19]. Mat-
suda et al. [10] have reported that the critical resolved shear stress
of the basal plane increases by the formation of the LPSO phase.
Thus the LPSO phase can contribute to strengthening. On the other
hand, the LPSO phase is not only a long-period stacking-ordered but

also chemical-ordered structure [7]. It is reported that in ordered
structure the dislocations must travel in pairs—a leading dislocation
and a trailing dislocation, and the dislocations in pairs can hardly
climb or cross-slip [24]. Therefore, the high-temperature strength
can be increased significantly. Based on above analysis, it is rea-
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onable to believe that the hard, ductile [11] and thermally stable
PSO phases provide important strengthening sources in the alloy,
specially at elevated temperatures.

As we know, the mobility of solution atoms will be much higher
han that of dislocations, with the result that they will not restrict
islocation motion efficiently when temperature is higher than
.5Tm [13]. But in the case of the alloy in T4 state, the strength
ecline slowly from room temperature to 300 ◦C (0.64Tm), which
an be explained by the LPSO strengthening mechanism discussed
reviously.

In summary, it is rational to believe that the solid solution
trengthening, the �′ precipitates strengthening and the LPSO
trengthening, which include the strengthening contribution of the
8R-type LPSO Mg12YZn phases at the grain boundaries and the
trengthening contribution of the 6H′-type LPSO phases in the grain
nteriors, are all effective strengthening sources for WGZ1152 alloy.
ecause of all these strengthening sources, the alloy in T6 state
xhibits high strength at both room and elevated temperatures,
p to 300 ◦C (0.64Tm). The anomalous positive temperature depen-
ence of the strength in the alloy in F and T6 state may due to the

mprovements of ductility and release of the stress concentration at
igh temperatures. Detailed experimental work is now in progress
o analyze the exact mechanism.

. Conclusions

1) After the solution treatment, almost all the Mg24(GdYZn)5
eutectic phases dissolved into the �-Mg matrix, while the
cuboid-shaped and RE enriched phases appeared. The mean
diameter and volume fraction of the cuboid-shaped phases
remained stable during the subsequent ageing. The fine dis-
persed �′ phase is the main precipitate in the alloy in T6 state
(aged at 225 ◦C for 24 h), while aged at 300 ◦C for the same time,
the coarse � precipitate becomes the major one. The two types
of the LPSO phases in the WGZ1152 alloy are thermally stable,
much harder than the �-Mg matrix and have a high volume
fraction.

2) Slip line observations suggest a transition from basal to non-
basal slip with increasing temperature. At lower temperatures

(≤100 ◦C), basal slip is dominant. Non-basal slip and cross slip
are activated at moderate temperatures (∼250 ◦C), while exten-
sive multiple slip occurs at higher temperature of 300 ◦C.

3) The peak-aged alloy (T6 state) exhibits a high ultimate tensile
strength of 307 ± 6 MPa and elongation to failure of 1.4 ± 0.3% at

[
[
[
[
[

mpounds 509 (2011) 1696–1704

room temperature, and can maintain its strength of more than
260 MPa up to 300 ◦C (0.64Tm).

(4) The solid solution strengthening, the �′ precipitates strength-
ening and the LPSO strengthening, which include the
strengthening contribution of the 18R-type LPSO Mg12YZn
phases at the grain boundaries and the strengthening contri-
bution of the 6H′-type LPSO phases in the grain interiors, are
all effective strengthening sources for WGZ1152 alloy at both
room and elevated temperatures.
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