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Effect of mole ratio of Y to Zn on phase constituent of Mg-Zn-Zr-Y alloys
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Abstract: The phase constituent evolution of Mg-Zn-Y-Zr alloys with the mole ratio of Y to Zn both in the as-cast and as-annealed
states at the Mg-rich corner was investigated by XRD and SEM/EDS analysis and was further explained from the ternary phase
diagram calculation. The results show that the formation of the secondary phases in Mg-Zn-Y-Zr alloys firmly depends on the mole
ratio of Y to Zn, and X (Mg;,YZn)-phase, W (Mg;Y,Zn;)-phase and I (Mg;YZn¢)-phase come out in sequence as the ratio of Y to Zn
decreases. The mole ratios of Y to Zn with the corresponding phase constituent are suggested quantitatively as follows: the phase
constituent is a-Mg + / when the mole ratio of Y to Zn is about 0.164; a-Mg + I+ when the mole ratio of Y to Zn is in the range of
0.164-0.33;a-Mg +W when the mole ratio of Y to Zn is about 0.33; a-Mg +W+X when the mole ratio of Y to Zn is in the range of
0.33—1.32; and a-Mg +X when the mole ratio of Y to Zn is about 1.32. The results also offer a guideline for alloy selection and alloy

design in Mg-Zn-Y-Zr system.

Key words: magnesium alloy; Mg-Zn-Zr-Y; mole ratio; phase constituent

1 Introduction

As the lightest metal structural materials,
magnesium alloys are being used to speed up the process
of lightweight in automotive, motorcycle and aerospace
field due to their high specific strength, good stiffness
and low density[1]. The Mg-Zn system with small
addition of alloying elements is one of the most popular
commercial wrought magnesium alloys. It was reported
that the Y addition to Mg-Zn based alloys could not only
increase the eutectic temperature of Mg-Zn-Y alloy
significantly but also form several secondary phases[2],
and had great effects on the mechanical properties.
Particularly, BAE et al[3—4] pointed out that the
Mg-Zn-Y alloys containing icosahedral phase (/-phase)
as a secondary solidification phase exhibited good
mechanical properties at room temperature as well as at
elevated temperature. To the reason why the icosahedral
phase (/-phase) can promote the properties of magnesium
alloys, LEE et al[5] explained that it was due to the
unique intrinsic properties of /-phase, such as higher
hardness and strength, the orientation relationship with
0-Mg matrix and low interfacial energy with the matrix.

While XU et al[6] indicated that W-phase had no grain
refinement on Mg-Zn-Y-Zr alloys, and W-phase would
form obviously coarsened net-like microstructure at the
grain boundaries and degrade the mechanical properties
greatly when the volume fraction of W-phase exceeded
17.5%. Therefore, not all the secondary phases have
positive effects on the mechanical properties. So, it is
essential to reveal the phase constituent for the
Mg-Zn-Y-Zr system alloys.

There are three kinds of ternary equilibrium phases
in Mg-Zn-Y alloys in the Mg-rich region, which are
X-phase (Mg;;YZn)[2], W-phase (Mg;Y,Zn;, cubic
structure)[2] and [I-phase (MgzYZng, icosahedral
quasicrystal structure, quasi-periodically ordered)[7].
Since Zr addition has no effect on the phase constituent,
generally, the ternary equilibrium phases in Mg-Zn-Y-Zr
system are the same with the Mg-Zn-Y system. The
previous indicated that the
constituent of the Mg-Zn-Y-Zr alloys closely dependent
on the Zn/Y ratio of the alloys. LEE et al[8] investigated
the effect of Zn/Y ratio (from 0.018 to 0.10, mass ratio)
on the formation of the / and /+W phases of as-cast

investigations phase

Mg-Zn-Y alloys with total solute content (Zn and Y) less
than 10% (mass fraction). HUANG et al[9] indicated that
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the dominating secondary phases in the Mg-Zn-Y-Zr
alloys varied with Zn/Y ratio, and X-phase was formed
during solidification in a low Zn/Y ratio and W-phase
came out when Zn/Y ratio grew to 0.85(mass ratio).
However, there were no reports about the effect of Y/Zn
ratio on the phase constituent of a-Mg +W#+X and even
the reported Y/Zn ratio for X-phase precipitation was not
quantitative. And there was no reasonable explanation
for the relationship between the Y/Zn ratio and the
corresponding phase constituent. Therefore, in the
present work, the phase constituent evolution of
Mg-Zn-Y-Zr alloys with Y/Zn ratio variation in Mg-rich
region was investigated systematically through
experimental study, and the reasonable explanation for
the relationship between the mole ratio of Y to Zn and
the corresponding phase constituent was given through
phase diagram calculation. Significantly, the mole ratio
of Y to Zn or range of ratios quantitatively for all the
phase regions involved the secondary phase according to
the phase diagram calculation. Moreover, the
thermodynamic database was constructed with little
optimized thermodynamic

parameters[ 10] for the Mg-Y-Zn system.

modification from the

2 Experimental

Alloys with different Y/Zn ratio were prepared from
Mg (purity 99.9%), Zn (purity 99.9%), Mg-30Y and
Mg-31Zr master alloys in a carbon crucible under the
protection of a mixed atmosphere of SF4 (10%, volume
fraction) and CO,. After the melt was stirred equably and
held for 10 min, it was poured into a permanent steel
mould which was pre-heated to 300 °C. The samples
were annealed at 420 °C (except for WZ012 at 350 °C)
for 168 h (7 d), and then water quenched. The alloys
were characterized by X-ray diffraction (XRD)
(Dmax—1200VBX) with Cu K, diffraction and 4(°)
take-off angle and scanning electron microscopy (SEM)
(Philips XL30) and using energy dispersive spectroscopy
(EDS) (VANTAGE). The purpose of the annealing
process was to eliminate the elemental segregation as
much as possible to make the alloys approach the
equilibrium state. Because the as-cast alloy WZ012 may
contain /-phase and the invariant reaction to form /-phase
happened at about 400—440 °C[9], the annealing
temperature for alloy WZ012 was set at 350 °C.

3 Results

The XRD analysis for as-annealed alloys revealed
that the phase constituent varied with the mole ratio of Y
to Zn, as shown in Fig.1 and Table 1. For alloy WZ012,

the main phases included a-Mg and /-phase. However, as
the mole ratio of Y to Zn increased, no /-phase can be
detected within the sensitivity limits of X-ray diffraction,
and W-phase became the main second phases for alloys
WZ029 and WZ039. With the further increase of mole
ratio of Y to Zn, the main phases of the alloys were
W-phase, X-phase and the o-Mg matrix, and the
diffraction peak of X-phase can be detected (alloy
WZ050) and was gradually intensified (alloy WZ076).
When the mole ratio of Y to Zn increased to 1.50(alloy
WZ150), the main phases were X-phase and a-Mg matrix.
The SEM microstructure observations (Fig.2) and the
EDS analysis showed the same result with the XRD
analysis, except that the X-phase in alloy WZ050 could
not be distinguished because of the few amount.
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Fig.1 XRD patterns of as-annealed alloys

Table 1 Chemical composition and phase constituent of

as-annealed alloys

Alloy W% n(Y):n(Zn) — Phase
Zn Zr Y Mg

WZ012 594 037 096 Bal  0.12 4-Mg +1
WZ029 55 043 22 Bal 029 a-Mg +
WZ039 7.57 0.6 399 Bal.  0.39 a-Mg +
WZ050 53 041 359 Bal. 050  a-Mg+W+x
WZ076 4.61 0.61 474 Bal. 076  a-Mg+W+X
WZ150 2.19 038 448 Bal  1.50 04-Mg +X

Therefore, it can be concluded that the formation of
the secondary phases in Mg-Zn-Y-Zr alloys firmly
depended on the mole ratio of Y to Zn, and the X-phase,
W-phase and I-phase came out in sequence as the mole
ratio of Y to Zn decreased from about 1.50 to 0.12.

In order to check out whether the annealing
treatment had effects on the elemental segregation, the
phase constituent of alloys WZ012, WZ029 and WZ050
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Fig.2 Microstructures of alloys WZ150 (a), WZ076 (b), WZ050 (c), WZ039 (d) and WZ039 (e) after annealing at 420 °C for 7 d, and

alloy WZ012 (f) at 350 °C for 7 d

was compared in the as-cast state and as-annealed state.
Figure 3 shows the XRD patterns for the chosen as-cast
alloys. And the phase constituent for the chosen alloys in
as-cast and as-annealed states was shown in Table 2. The
main secondary phases in as-cast WZ012 alloy were
W-phase and [-phase, which were changed to be only

I-phase after the annealing treatment. And the change
also happened on the alloy WZ050 (Table 2). This
indicated that the annealing process indeed changed the
phase constituent of the alloys, and the alloys had
approached to the equilibrium state after the annealing
treatment.
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Fig.3 XRD patterns of as-cast alloys

Table 2 Phase constituent of alloys in as-cast and as-annealed

states
Alloy n(Y):n(Zn) As-cast As-annealed
WZ012 0.12 a-Mg +W +I a-Mg +I
WZz029 0.29 a-Mg +W a-Mg +W
WZ050 0.5 a-Mg +X a-Mg +W+X
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Fig.4 Calculated isothermal sections of Mg-Zn-Y system at 25 °C (a) and 420 °C (c); Enlarged part (b) and (d) for Mg-rich region of
(a) and (c), respectively (The a-Mg matrix phase was not labeled and the capital letters A—H refer to the phase boundary in (b)
and (d))
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4 Discussion

In order to understand the quantitative relationship
between the determinant mole ratio of Y to Zn and the
corresponding phases constituent, isothermal sections at
25 °C and 420 °C of Mg-Zn-Y ternary system were
calculated using Thermo-Calc software[11] and the
constructed thermodynamic database. Figure 4 shows the
isothermal sections at 25 °C and 420 °C. It was noticed
that the ternary phases such as X, W, [ and Z
(MgsY7Zngs5)[12—13] were in equilibrium with a-Mg
respectively, and the phase boundary extended to the
ternary phase position from the a-Mg phase region. It
was necessary to point out that the ternary phase
presented a platform at high temperature (Fig.4(c)), and
the platform was parallel to the Mg-Zn edge. This may
be due to that there was a continuous series of solid
solutions of elements Zn and Mg in these ternary phases
at certain temperature. This phenomenon was a little bit
general on the secondary phase in magnesium alloys
[6, 14—15].
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It can be observed from Figs.4 (b) and (d) that the
mole ratio of Y to Zn was equal to the slope of the phase
boundary in the Mg-rich region. The ternary phases X, W,
I and Z came out in sequence from the Mg-Y edge to the
Mg-Zn edge. Because the slope of the phase boundary
decreased from the Mg-Y edge to the Mg-Zn edge, it can
be concluded that the X-phase precipitated at high mole
ratio of Y to Zn while the /-phase and Z-phase
precipitated at a lower mole ratio of Y to Zn. That was
consistent with our experimental study and the previous
investigations[9, 16]. The slope of each phase region
boundary was calculated and listed quantitatively in
Table 3. It could be found that the phase constituent of
the alloys was closely dependent on the Y/Zn ratio. The
equilibrium phase constituent at room temperature from
thermodynamic calculation was a-Mg + I(Mg;YZng)
when the mole ratio of Y to Zn was about 0.164; a-Mg +
I-phase +W(Mg;Y,Zn;) when the ratio of Y to Zn was in
the range of 0.164—0.33; a-Mg+W when the mole ratio
of Y to Zn was about 0.33; a-Mg+W+X(Mg;,YZn) when
the mole ratio of Y to Zn was in the range of 0.33—1.32;
and a-Mg +X when the mole ratio of Y to Zn was about
1.32. Comparing the mole ratio of Y to Zn and the
corresponding phase constituent of the as-annealed
alloys in this work with the results from the phase
diagram calculation, it can be found that the
experimental results agreed well with the results from
calculation (Table 3), in other words, the information
from the phase diagram calculation can explain the
experimental results successfully. Additionally, the
calculation results provided the information about the
referenced critical mole ratio of Y to Zn and the
corresponding phase constituent in the Mg-Zn-Y-Zr
alloys, and also offered a guideline for alloy selection
and alloy design in this system.

Table 3 Calculated mole ratio of Y to Zn and corresponding
phase constituent at 25 °C

Mole ratio of Y to Zn

Phase
constituent  Cajcylation  In this work In Ref.
a-Mg+I 0.164 0.12 0.146[8], 0.11]8]

a-Mg+I+ W 0.164-0.33 0.29(8], 0219[10],

0.37[8]
0.38[8], 0.41[8],
a-Mg+W 0.33 0.29, 0.39 043(0],
a-Mg+W+X  0.33-132  0.50,0.76 0.86[9]
a-Mg+X 1.32 1.5 1.30[9], 1.46[9]

Combining the change of the phase constituent
between the as-cast and as-annealed alloys (Table 2)
with the phase diagram at room temperature (Fig.4(b)), it
can be obviously found that the phase region for the

as-cast alloys had a shift from the equilibrium phase
region(Fig.4(b)) to that with a higher mole ratio of Y to
Zn. For example, as for alloy WZ050, the phase
constituent was a-Mg +X in the as-cast state, while was
a-MgtW+X in the as-annealed state (Table 2).
According to the phase diagram calculation (Table 3),
when the phase constituent was a-MgtW+X and
a-Mg+X, the mole ratios of Y to Zn are suggested to be
in the range of 0.33—1.32 and about 1.32, respectively.
So the phase constituent of alloy WZ050 in the as-cast
state shifted to the equilibrium phase region with a
higher mole ratio of Y to Zn. This was due to the
un-equilibrium solidification of the as-cast alloys. When
the alloys were solidified in a rapid cooling speed, the Y
and Zn solute cannot be sent to the position away from
the solid/liquid interface, so the enrichment of Y and Zn
solute happened in front of the solid/liquid interface
during un-equilibrium solidification. As that process
went on, the concentration of the Y and Zn solute
reached the requirement to precipitate a ternary
Mg-Zn-Y phase with a higher mole ratio of Y to Zn.
Therefore, the shift of the phase constituent from the
ideal equilibrium state to the real as-cast state can also be
easily understood from the calculated phase diagram,
which also provided the general idea for the phase
constituent control for Mg-Zn-Y-Zr cast alloys.

5 Conclusions

1) The formation of the secondary phases in
Mg-Zn-Y-Zr alloys firmly depends on the mole ratio of
Y to Zn. The X-phase, W-phase and /-phase come out in
sequence as the mole ratio of Y to Zn decreases from
about 1.50 to 0.12.

2) The phase constituent for the as-cast alloys has a
shift from the equilibrium phase region to that of the
alloys with a higher mole ratio of Y to Zn.

3) The equilibrium phase constituent at room
temperature from thermodynamic calculation is a-Mg +
I(Mg5YZng) when the mole ratio of Y to Zn is about
0.164; a-Mg + I-phase +W(Mg;Y,Zn;) when the mole
ratio of Y to Zn is in the range of 0.164—0.33; a-Mg +W
when the mole ratio of Y to Zn is about 0.33; a-Mg
+W+X(Mg,YZn) when the mole ratio of Y to Zn is in
the range of 0.33—1.32; and a-Mg +X when the mole
ratio of Y to Zn is about 1.32. The results from the phase
diagram calculation can well explain the experimental
observations.
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