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ABSTRACT

The solid solubility of Y in the a-Mg matrix and composition homogeneity ranges of Mg,4Ys_ and
Mg,Y; _x phases in the Mg-Y binary system are important parameters to understand solid-solution-
and aging-strengthening effects of Mg-Y-based alloys. However, they are different among the various
assessed Mg-Y phase diagrams which are based on limited experimental data, especially at temperatures
below ~850 K. Our experimental results by using both diffusion couple technique and alloy method are
in good agreement each other, but much different from the presently accepted Mg-Y phase diagram.
The results show that the maximum solubility of Y in the a-Mg matrix is 4.7 at.% Y, much larger than
the current phase diagram. The determined composition homogeneity ranges of Mgz4Ys _x and Mg, Y7 _x
phases are much wider than the present ones and shift remarkably to the Mg-rich corner of Mg-Y phase
diagram.

Intermetallic compound
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© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The Mg-Y-based alloys are important Mg-based structural
materials since they have high specific strength at ambient and
elevated temperatures, excellent creep resistance and good corro-
sion resistance as well as a considerable age hardening response
[1-4]. One of the outstanding features of Mg-Y-based alloys is
that they usually exhibit both solution and aging-strengthening
effects during decomposition of their supersaturated solid solu-
tions [5,6]. The effects are strongly related to solubility of Y
in a-Mg matrix and volume of the intermetallic phases [7].
Therefore, the accurate determination of the Mg-Y binary phase
diagram is a fundamental basis to design novel Mg-Y-based
ternary and multi-component alloys and to well understand
composition- and phase-dependent mechanical properties of Mg
alloys.

The Mg-Y phase diagram was first determined by Gibson
and Carlson [8] using thermal analysis, X-ray diffraction and
microstructure analysis, later completed by Mizer and Clark [9],
Miannay et al. [10], Smith et al. [11] and Sviderskaya and Padezh-
nova [12] using thermal analysis and/or microstructure analysis
over 40 years ago. Based on the experimental information above,
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the Mg-Y system was first assessed by Nayeb-Hashemi and Clark
[13]. The assessed diagram gave the terminal solid solution of Y
in the a-Mg and amended the homogeneity ranges of e-Mg,4Ys5 _x
and MgY; _, phases, but the 8-Mg,Y phase was reported as a strictly
line compound. And then, Giovannini et al. [ 14] and Flandorfer et al.
[15] claimed a wide homogeneity range for 8-Mg, Y1 _x phase. Fab-
richnaya et al. [16] and Kang et al. [17] further thermodynamically
re-assessed this binary system, which is well accepted now by most
researchers in the field of Mg alloys. However, all of these works
were based on very limited experimental data of Mg,4Ys5_, and
Mg, Y1 _x phases, especially at temperatures below 850 K, making it
poorly facilitate to understand the microstructures of Mg-Y-based
alloys as well as their aging-strengthening effect. On the other hand,
the maximum solubility of Y in the o-Mg matrix varies among dif-
ferent groups [11,13,15-18], and thus this variation makes it hard
to well understand both solution- and aging-strengthening effects
in the developed Mg-Y-based alloys.

Considering the superior properties of Mg-Y-based alloys and
Mg-Y intermetallic phases playing important role in comprehen-
sive mechanical properties, it is necessary to enrich the accurate
information of Mg-Y phase diagram, especially of the solid solubil-
ity of Y in the a-Mg and composition ranges of Mg-Y intermetallic
compounds below ~850K. In this work, therefore, the solid solu-
bility of Y in the a-Mg and the homogeneity ranges of intermetallic
phases at the Mg-rich corner, Mg,4Ys _ x and Mg, Y _y, were deter-
mined by both diffusion couple technique and alloy method at


dx.doi.org/10.1016/j.jallcom.2010.09.120
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:qingw@smm.neu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.09.120

628 H.D. Zhao et al. / Journal of Alloys and Compounds 509 (2011) 627-631

Ak Sy b e Mg
e 100 98.8 o v 99.3
$ 88.0
el > 8o . 83.9
’ & 80 76.0
- = (eesevnal oo
s ¢ 59
e w© 60
;l\l <
‘ £ o g )
£ 40
g 30.1
Lreesl 5 20 24,07
. (&]
e 120 B2 L
.c._‘. 0 12 0.7
T ¥ T T T T T T T T T T T
0 20 40 60 80 100 120 140
d,pm

| e Mg
100 'fg'."'mmm'] oY 98.9
88.1
80 ST yessncsncesey 5:2
5. 80
- 75.8
g ***vealos
= 60 1
T
c
X} a € 3
T 40
5 295
g 242 o7
§ 20-
O 11.9 Uaeeﬁf,eeeeeeeee 15.8
0 +e-coooooloaae2 3 1.1 [eesee
T T T T T T
0 20 40 60 80 100 120
d,um
1 f * Mg
100 97.3 oY o
881 pwwwews i
>3 805 75.6
s
2 s 9.0
T
5 o £ 3
g 409 31.0
3
o 24.4M
S 20-
o 119 156
04 2.7 0.6 o
T T T T T T T T T T T T
0 40 80 120 160 200 240
d,um
h * Mg _—
il _4950 oY 9845
88.2 >
‘ > 80 e Eee 84.9
o P 764 fm—yee,
o
= 69.9
o
% 601
&
= o £ 8
@ 40 b
b
30.6
8 236 Lagoee?® |
S 204
o 11.8 15:4
4
‘ 0 " 16 [Sessere]
T T T T T T
70um 0 40 80 120 160 200 240 280

S - d,um

Fig. 1. Microstructures and composition profiles across the phase interfaces of the Mg/Y diffusion couples treated at different conditions: (a) and (b) 573 K for 1020 h; (c)
and (d) 673K, 900 h; (e) and (f) 723K, 500 h; (g) and (h) 773K, 240 h.



H.D. Zhao et al. / Journal of Alloys and Compounds 509 (2011) 627-631 629

Table 1
Experimental data of determined phase equilibrium compositions at 573-773K in
the Mg-Y system by diffusion couple technique.

Temperature (K) Equilibrium compositions of phase boundary (at.% Y)

a-Mg e- -
Mg24Ys5_x Mg2Y1 -«
573 1.2 12.0 16.1 24.0 30.1
673 23 11.9 15.8 24.2 295
723 2.7 119 15.6 245 31.0
773 4.0 11.8 15.1 23.6 30.6

573-773 K. The results show much difference from the presently
accepted Mg-Y binary phase diagram.

2. Experimental procedure

The cuboid-shaped specimens of 6 mm x 8 mm x 10 mm were cut from the Mg
and Y raw materials (Mg: 99.99 wt.% and Y: 99.99 wt.% in purity). And then the Mg
and Y specimens were pressed with a fastener, sealed in an evacuated quartz cap-
sule, followed by diffusion welding at 573 K for one hour. Subsequently, the prepared
diffusion couples were re-sealed in the quartz capsules in argon atmosphere and
equilibrium at 573, 673, 723 and 773K for 1020, 900, 500 and 240 h, respectively.
After the heat treatment, the diffusion couples were subsequently quenched into
water. The Mg-21 at.% Y alloy was supplied by Changchun Institute of Applied Chem-
istry (Chinese Academy of Science). The samples were wrapped in tantalum sheets,
and sealed in evacuated quartz tubes for equilibrium treatment at 573, 673, 723 and
773 K for 3000, 2020, 900 and 68 h, respectively, and then followed by water quench-
ing to room temperature. All the specimens of diffusion couples and alloys were
mechanically grounded and polished, and their microstructure and composition
analysis were examined by electron probe micro-analyzer (EPMA) (Shimadzu EPM-
1610) with wavelength disperse detector under an accelerating voltage of 15kV
and a spot size of 1 wm. The ZAF program was used to calibrate the composition of
each element at every detected point with the standard samples of high-purity Mg
and Y. Moreover, the concentration profiles in each diffusion couple were measured
and then extrapolated to the phase interfaces, and finally the equilibrium phase
compositions were obtained.

The phase constituents of the heat treated Mg-21 at.% Y alloy were determined
by X-ray diffraction (XRD) (PANALYTICAI B.V PW3040/60) with Cu Ko irradiation at
40kV and 40 mA with a scanning rate of 4°/min.

3. Results and discussion

The microstructures of Mg/Y diffusion couples heat treated at
573-773K are similar, and Fig. 1 shows the backscattered elec-
tron (BSE) image and the corresponding concentration profile
across the phase interfaces of the Mg/Y diffusion couple heat
treated at 573K for 1020h. The result shows that the three
interfaces exist in the diffusion couple (Fig. 1a), which indi-
cates that four phases are formed in this couple. The thickness
of the layers varies from about 30 um to 70 wm. The compo-
sition profiles of Mg/Y diffusion couple annealed at 573K are
illustrated in Fig. 1b. There are obviously compositional jumps at
the phase interfaces. The equilibrium compositions were deter-
mined by extrapolating the composition-penetration profile to the
interface boundary. The composition homogeneity ranges were
determined to be 12.0-16.1at.% Y for the e-Mg,4Ys5_x phase and
24.0-30.1at.% Y for the 8-Mg,Y; _x phase at 573 K, respectively.
Meanwhile, the solubility of Y in the a-Mg at this temperature is
1.2at%.

By the same token, the Mg/Y diffusion couples at the other three
temperatures were determined, too. The BSE images of the diffu-
sion couples annealed at 673 K for 900 h, 723 K for 500 h, 773K for
240 h and the corresponding composition profiles are also shown in
Fig. 1. The microstructure is similar to that in Fig. 1a, except that the
thickness of diffusion layers increase with increasing annealed tem-
perature, reached about 60-150 pm. The Mg,4Y5 _» and Mg, Y1 _«
phases were also confirmed. All the phase equilibrium composi-
tions obtained by the diffusion couple technique are summarized
in Table 1, and marked in the Mg-Y binary phase diagram, as shown
in Fig. 2.

Table 2
The equilibrium compositions of Mg-21.% Y alloy at 573-773 K in the Mg-Y system.

Treated conditions Equilibrium compositions

S-Mg24Y5,x 8'l\/[gZYl —-X

Mg Y Mg Y
573K,3000h 83.2 16.8 75.1 249
673K, 2020h 843 15.7 76.6 234
723K,900h 84.7 153 76.7 233
773K, 68h 84.8 15.2 76.9 23.1

However, the Mg-Y binary phase diagram [16] shows that there
is MgY, _ intermetallic phase in equilibrium with the 8-Mg,Y{ _x
and «-Y. Unfortunately, the diffusion layer of this phase could not
be observed by SEM, probably due to very slow growth and thus
too narrow to be found. This “phase loss” phenomena usually hap-
pens in a diffusion couple with a large difference in compositions
between the two master alloys. The confirmation work is still in
progress.

From Fig. 2, one can know the composition ranges of Mgy4Ys _
and Mg,Y_x phases shift obviously to the Mg-rich corner, and
become much larger than the presently accepted Mg-Y phase
diagram. In order to confirm it, the alloy method was also used
to clarify the rationality of this difference. Fig. 3b shows the
microstructures (BSE images) of Mg-21at.%Y alloy annealed at
673K for 2020 h. The Mg-21 at.% Y alloy locates at the two phase
region of MgysYs_, and Mg,Y{_x in the Mg-Y binary phase
diagram [16]. However, there existed three phases heat treated
Mg-21at.% Y alloy at 673 K for 900 h, as shown in Fig. 3a. Compo-
sition analysis indicates that the light phase is 8-Mg,Y7 _x phase,
the dark one is e-Mg»4Y5 _x phase, and the gray one is metastable
£'-Mgo4Ys5 _x phase with a composition of ~Mg-20.5at.% Y. The
similar results of metastable compound MgsY had been reported
earlier [18,19]. When the heat treatment time at 673 K reached
2020h, the gray metastable &'-Mg,4Ys_» phase disappeared, as
shown in Fig. 3b. According to the principle of the BSE image, the
dark phase is the Mg,4Ys5_x phase and the light one is Mg;Y; _x
phase, which is also confirmed by SEM-EDX. The other treated sam-
plesat573,723 or 773 Kshow the similar microstructures as Fig. 3b.
All the phase equilibrium compositions, determined by EPMA, are
summarized in Table 2, and marked in the Mg-Y phase diagram, as
shown in Fig. 2.

The XRD results of the Mg-21at.% Y alloy in the different
treated conditions above do not show any significant differ-
ence, as shown in Fig. 4, composed of only MgysYs5_, and
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Fig. 2. Revised Mg-Y phase diagram, incorporated the experimental data of this
study, together with the presently accepted assessed phase diagram and previous
data.



630 H.D. Zhao et al. / Journal of Alloys and Compounds 509 (2011) 627-631

Fig. 3. Microstructures of Mg-21at.% Y alloy annealed at 673 K for (a) 900 h and (b) 2020 h.

Mg,Y1 _x phases, which is in good agreement with SEM observa-
tion.

Base on the experimental data of the diffusion couples technique
and equilibrium alloy method mentioned above, the solubility of Y
in the a-Mg, and the different solid solution ranges of the Mgx4Y5 _ x
and Mg, Y _x intermetallic phases have been obtained, as shown in
Fig. 2. In this work, the solubility of Y in the a-Mg phase are deter-
minedtobe 1.3-2.7 at.% Y at 573-723 K, which is in good agreement
with the other experimental and assessed results [8,9,12], implying
the local equilibrium in the diffusion couple samples are attained
by such a long annealing time. However, the solubility of Y in the
a-Mg phase goes up to ~4 at.% at 773 K determined by EPMA in this
study, which is higher than that in the present Mg-Y phase diagram
[8,9,12]. Bonhomme and Yvon [20] reported that the Mg-12 at.%
Y alloy was annealed at 798K for two weeks and the secondary
phase was a solid solution of approximate composition Mg-4 at.%
Y, which is consistent with our result. It thus suggests that sufficient
long annealing time is important for alloy method to determine
equilibrium phase compositions. In this case, if the solubility of Y
in the a-Mg extends to the eutectic temperature, the maximum
solubility is 4.7at.% Y in the a-Mg phase, which is ~1.3at.% Y
(or ~4.6wt.% Y) higher than the presently accepted one. As it is
well known, solid solution strengthening (SSS) effect of RE is one
of most effective strengthening mechanisms for Mg alloys [6,7],
and it is commonly believed that Y element has much more effec-
tive SSS than Al and Mn [21]. In this study, much wider solubility
range of Y in the a-Mg phase was detected, especially over 773 K,
and it is thus expected the more strengthening effect of Mg-Y-
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Fig. 4. XRD patterns of the Mg-21at.% Y alloy heat treated at 573-773K for suffi-
ciently long time.

based alloy could be achieved by proper solid solution treatment,
and a more aging-strengthening effect could be obtained by the
Mg4Ys5 _x phase.

As to intermetallic phases of Mgy4Ys5_y and Mg,Y;_x, they
were early reported as stoichiometric compounds as Mg;7Ys and
MgsY, by means of metallography method [8,9], then Smith et
al. [11] claimed they should be Mg,4Ys5_, and MgyY;_x with a
composition range of 12.5-16.0at.% Y for Mg,4Ys_» phase and
33.2-34.2at.% Y for Mg,Y;_, phase. Later, many other groups
determined their composition ranges in the temperature range of
773-850K, and varied one another due to not sufficient anneal-
ing time [10,11,15,16]. But there have been no experimental data
below 773K so far. In this work, we used both diffusion couple
technique and alloy method to systematically determine the com-
position ranges of Mg,4Ys_, and Mg,Y; _, phases, and got well
self-consistentresults. The two single-phase regions obviously shift
to the Mg-rich corner and much wider than that in the current
Mg-Y phase diagram, as shown in Fig. 2. The merit of these results,
especially of the maximum solubility of Y in the a-Mg and the
composition range of Mg,4Ys_x phase, is to provide important
information for the design of novel Mg-Y-based alloys through
controlling the proper volume of precipitates.

The strengthening effects of RE, such as Y, Gd and Dy, have been
explained by two mechanisms [5], one is solid solution strength-
ening and the other is precipitation hardening. Addition of Y in
magnesium generally reduces the axis ratio [22], therefore, yttrium
may change the relative activity of the deformation mode of magne-
sium at room temperature, resulting in the enhanced compressive
ductility of extruded Mg-Y alloys over the extruded pure mag-
nesium. The recent research by Wu et al. [23] shows that the
elongation-to-failure & increased from 15.0% to 30.0% as yttrium
content increased to 4wt.%, and this is mainly due to the differ-
ent textures that make the difference of deformation modes along
extruded direction for Mg-Y alloys. However it is also believed
that solid solution of yttrium is one way to strengthen magnesium
because of the difference in the atomic radius between yttrium and
magnesium. The results of Gao et al. [3] showed that the hard-
ness and yield strength of the Mg-Y single phase alloys increase
evidently with the increasing yttrium addition of 0.2-1.88 at.% at
room temperature, therefore, the yttrium addition exhibit a high
solid solution strengthening effect. It is commonly believed that
yttrium is an effective solid solution hardener for Mg and Mg alloys
because of its wide range of solubility.

The creep resistance of magnesium is also significantly
improved by the addition of yttrium even in a dilute concentra-
tion range. The addition of yttrium in magnesium alloys is more
effective for strengthening than aluminum, manganese and zinc
[1,6,24]. The effect of yttrium content on the mechanical proper-
ties of the other Mg alloys, such as Mg-Zr and Mg-Zn alloy, has
also been studied in recent years. The tensile strength and elon-
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gation of as-cast Mg-0.6%Zr based alloys could be increased with
increasing yttrium content. The mechanism of improved mechan-
ical properties is due to the refinement of a-Mg grains and solid
solution strengthening by yttrium [25]. When the yttrium was
added in the Mg-Zn alloy, the I-phase Mg3;YZng distributed within
the Mg matrix of the extruded Mg-Zn-Y alloy. These I-phase parti-
cles inhibit the grain growth during extrusion, and thus the high
strength has been achieved in this alloy [26]. In this study, the
larger solid solution range of Y in the a-Mg phase than previous
results has been determined, and different composition ranges of
Mgy4Ys5_x and Mg, Y1 _x phases have clarified, so the outstanding
strengthening and thus precipitation effects can be expected in the
Mg-Y-based alloys.

4. Conclusion

In summary, the equilibrium phase relations and phase compo-
sitions in the Mg-Y binary system were experimentally determined
by means of Mg/Y diffusion couple technique and alloy method
at 573-773 K. The results show that the maximum solubility of
Y in the a-Mg matrix is 4.7at.% Y, much higher than the cur-
rent phase diagram. The determined composition homogeneity
ranges of Mg,4Ys_x and Mg, Y; _, phases shift remarkably to the
Mg-rich corner of Mg-Y phase diagram, that is, 12.0-16.1at.%
Y, 11.9-15.8at.% Y, 11.9-15.6at.% Y and 11.8-15.1at.% Y for the
Mgs4Y5_x phase at 573-773 K, and 24.0-30.1 at.% Y, 24.2-29.5 at.%
Y, 24.5-31.0at.% Y and 23.6-30.1at.% Y for the Mg,Y;_x phase
at 573-773K, respectively. Based on the modification of the
a-Mg, MgysYs5_x and Mg,Y;_x phase regions, the new phase
diagram of Mg-Y system at the Mg-rich corner was thus
re-constructed.
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