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Effects of Y on hot tearing susceptibility of Mg—Zn—Y—Zr alloys
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Abstract: The hot tearing susceptibility of MgZn, 5Y,Zrys (x=0.5, 1, 2, 4, 6) alloys was evaluated by thermodynamic calculations
based on Clyne—Davies model. The microstructure and morphology of hot tearing regions of the alloys were observed by X-ray
diffraction and scanning electron microscopy. The solidification temperature and shrinkage stress during the solidification of
MgZn, sY Zry 5 alloys in the “T” type hot tearing permanent-mold were acquired with the attached computer. The effect factors of hot
tearing susceptibility of MgZn,sY,Zrys alloys, such as the solidification temperature interval, the variation of solid fraction in
vulnerable region, the residual liquid fraction in the final stage, the type of the second phase of the alloys were discussed based on the
above calculation and observation. The results demonstrated that the hot tearing susceptibility in the investigated alloys was found as
follows: MgZn, sY,Zr s>MgZn, 5Y ¢ 5219 s>MgZny sY 4219 s>MgZn, 5Y 621y s>MgZn, sY 1 Zry 5. The highest hot tearing susceptibility of
MgZn, sY,Zr, 5 alloy related to the following reasons: the largest freezing range, the biggest changing of the variation of solid
fraction in vulnerable region, the least liquid film in the final stage of solidification, the formation of the second phase which worsens
the liquid flow and interdendritic feeding after dendrite coherency.

Key words: Mg—Zn—Y—Zr alloys; solidification curve; shrinkage stress; hot tearing susceptibility

1 Introduction

As the lightest commercial engineering structure
material, magnesium alloys have attracted great attention
because of their low density, high specific strength and
stiffness, damping capacity, easy recycling and excellent
castability. Up to date, the majority of magnesium
products are made by casting. However, magnesium
alloys show high susceptibility to hot tearing during the
solidification, due to the wide solidification region and
high solidification shrinkage stress during casting
process [1—4]. For magnesium alloys casting products
becoming toward thin wall and complication, hot tearing
is to be one of the bottleneck problem of improving the
production yield, reducing the cost and enlarging its
application [5,6]. In recent years, Mg—Zn—Y—Zr alloy
has been developed as a new high strength and
deformation magnesium alloy. Zirconium has the same
lattice constant as magnesium, so zirconium has been used
as heterogeneous nucleation core for magnesium, and it

has the great effect of the microstructure refinement [7,8].

Therefore, zirconium has been added into the magnesium

alloys as grain refining elements [9]. Yttrium is one of
the biggest solid solubility elements in magnesium alloys
[10], it has the positive effect on solution strength and
aging reinforcement. Yttrium improves the eutectic
temperature of magnesium alloy, forms steady second
phase at high temperatures. As a result, the precipitation
behavior at the grain boundaries is changed for yttrium
bared magnesium alloys. This will affect the hot tearing
susceptibility of magnesium alloys, which is closely
related to grain boundary precipitation behavior [11,12].
The ternary phases formed in the Mg—Zn—Y—Zr alloys
are controlled by the contents of Zn and Y and Zn to Y
mass ratio [11]. The alloys contain /-phase and W-phase,
W-phase, Z-phase respectively when Zn to Y ratio is
greater than 1, around 1 and less than 1 with the increase
of Y content respectively. Intergranular organization
form has changed from linear to network one and making
the intergranular microstructure coarsen [13]. The
different proportions between Zn and Y from 0.42 to 5
are chosen to study the relationship between the different
yttrium content and the hot tearing susceptibility through
the changes of the second phase and intergranular
organization form.
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The aim of the present work is to study the
relationship among the hot tearing susceptibility of
Mg—Zn—Y—Zr alloys and solidification pathways of
magnesium alloys which have the different yttrium
content, residual liquid quantity in the final solidification
stage and the alteration of the microstructure, and to
investigate the temperature and time when hot tearing is
generated, and the effects of the solidification fraction
and shrinkage stress on hot tearing susceptibility of
Mg—Zn—Y—Zr alloys.

2 Experimental

The nominal chemical composition of the Mg—Zn—
Y—Zr alloy ingots is shown in Table 1.

Table 1 Chemical composition of tested alloys
Alloy w(Zn)/% w(Y)/% w(Zr)/% w(Mg)/%
Mg-2.5Zn-0.5Y-0.5Zr 2.5 0.5 0.5 Bal.
Mg—2.5Zn—1Y—0.5Zr 2.5 1 0.5 Bal.
Mg—2.5Zn-2Y—0.5Zr 2.5 2 0.5 Bal.
Mg—2.5Zn—4Y—0.5Zr 2.5 4 0.5 Bal.
Mg—2.5Zn—6Y—0.5Zr 2.5 6 0.5 Bal.

SG—5-10 crucible resistance furnace with
controllable Si temperature controller was used for
melting the alloys. The melting and filling processes
were protected under the mixed gas of 0.2% SFs and
99.8% nitrogen with the flow rate of 1.6 L/min. Before
melting, the inside surface of the stainless steel crucible
was sprayed with boron nitride (BN) coatings. The melt
was stirred for 5 min then hold at 720 °C for 30 min to
ensure the alloying elements dissolved and diffused
completely. For the ingot casting, the molten alloy was
poured at 720 °C into a “T-shaped” permanent mold
preheated to 200 °C. The size and geometry of the
“T-shaped” permanent mold are shown in Fig. 1. The
“T-shaped” permanent mold was designed to capture
the hot tearing in the corner between the spure and the

Fig. 1 Schematic of mold for hot tearing (unit: mm)

constrained rod. The diameter of the constrained rod near
the spure was 12 mm and that in the constrained end was
10 mm. Different diameters in two sides were to lessen
the friction between magnesium alloys casting and mold
wall in the solidification shrinkage process, so that the
measurement results were more accurate. The hot tearing
parameters, such as solidification temperature and time,
solidification shrinkage stress during magnesium
solidification were recorded using analog signal and
digital signal conversion [14—16] system, as shown in

Fig. 2.

Fig. 2 Schematic of experimental setup

Hot tearing susceptibility of magnesium alloys was
evaluated using CSC (cracking susceptibility coefficient)
method of Clyne—Davies model [17,18], namely:

t t —1,
CSC — v — 0.01 0.1
R lo1—los

where #y is the time period of the stress release process in
vulnerable region; fz is the time period of the stress
release process in stress relaxation region.

When the liquid fraction was between 0.1 and 0.6,
the interdendritic solidification shrinkage can be feeding
at any time because of the sufficient liquid. This stage
was known as stress relaxation, so the time of
solidification in this stage was defined as . With
prolonging the solidification time and decreasing the
freezing temperature, the liquid fraction was also
decreasing, and then the hot tearing susceptibility of the
alloys became increasing. The liquid fraction between
0.01 and 0.1 was defined as vulnerable region, and the
corresponding solidification time was defined as #y. The
ratio of #y and g is an index to measure the hot tearing
susceptibility of alloys. Thus, the effect of alloy
composition on the hot tearing was described by using
cracking susceptibility coefficient (CSC) in this test. The
higher the value of CSC is, the higher the alloy hot
tearing susceptibility is. v and #; can be measured in the
curve of liquid fraction and fractional time, as shown in
Fig. 3.
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Fig. 3 Method of determination of stress relaxation time #z and
vulnerable time #, from plot of variation of liquid fraction with

fractional time
3 Results and discussion

Figure 4 shows the hot tearing susceptibility of
MgZn,5Y,Zr, s alloys evaluated with CSC parameters.
CSC parameters of MgZn, sY,Zr, 5 alloys are as follows:
CSC  (MgZny5Y,Zrg5)>CSC  (MgZn,5Y5Z195)>CSC
(MgZny 5Y 4Zry5)>CSC (MgZny 5Y ¢Zro5)>CSC (MgZn, 5-
Y Zr,5), namely, the highest hot tearing susceptibility is
corresponding to MgZn,sY,Zrys alloy; the lowest hot
tearing susceptibility is corresponding to MgZn, sYZry s
alloy.

3.5

251

201

1.0

0.5+

0 [ ]
1 2 3 4 5
Alloy No.

Cracking susceptibility coefficient

Fig. 4 Hot tearing susceptibility of MgZn,sY,Zr,s alloys:
1—MgZn, 5Y 052105, 2—MgZnysY Zrgs; 3—MgZn,sY,Zrgs;
4—Man2_5Y4Zr0‘5; S—Man2‘5YGZr0‘5

Figure 5 shows the relationship between the
solidification temperature and the solid fraction. As
indicated in Fig. 5, AT( refers to the temperature
difference between solid fraction of 0.90 and 0.99.
Liquid fraction in this period is much less because of the
final stage of solidification. In the AT7¢ period, the
formation of dendrite occupies the whole area, and only

less amount of residual liquid exists. AT7¢ values of
MgZn,sY Zrys and MgZn, sY¢Zr, s alloys are relatively
small. The values of AT7: for MgZn,sY Zrys and
MgZn,sY¢Zrys alloys are 29.7 °C and 32.2 °C,
respectively. AT¢ for MgZn, sY,Zry 5 alloy is 245.8 °C,
which is the highest among the studied alloys. Thus, the
shrinkage compensation of MgZn,sY,Zr,s alloy is the
smallest in dendrite separation stage, and the stress
which hindered the shrinkage is the largest. In this case,
hot tearing is formed easily.
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Fig. 5 Relationship between solidification temperature and
solid fraction in vulnerable region

Figures 6 and 7 show the solidification curve and
solidification temperature range of Mg—Zn—Y—Zr alloys.
As can be seen in Fig. 6 that the residual of the liquid
fraction of MgZn, sY,Zrys alloy in the final stage is the
least, but the liquid fractions of MgZn,sYZrys and
MgZn, sY ¢Zry 5 alloys are the most. From Fig. 7 we can
see that the solidification temperature range of
MgZn, sY,Zry 5 alloy is the largest, and its value is 299.6
°C. However, solidification temperature ranges of
MgZn,5Y Zrys and MgZn, sY ¢Zr, 5 alloys are much less,
which are 198.7 °C and 177.6 °C, respectively. Generally
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Fig. 6 Curves of solidification of MgZn, sY,Zr, 5 alloys in final
stage
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Fig. 7 Solidification temperature of MgZn,sY,Zrys alloys:
1—MgZn, 5Y o 57105, 2—MgZnysY Zrgs; 3—MgZn,sY,Zrs;
4—MgZny 5Y 4Zros; 5—MgZn, 5Y ¢Z1 5

speaking, the smaller the solidification temperature range,
the smaller the hot tearing susceptibility; the higher the
residual liquid fraction in the final stage of solidification
and the more the liquid film to compensate the
solidification contraction. As a result, the hot tearing
susceptibility is smaller [19]. So, the hot tearing
susceptibility of MgZn,sY,Zrys is the highest,
MgZn,sYe¢Zrys is the lowest, MgZn,sY Zrys,
MgZn, 5Y o 5Zry s and MgZn, sY 4Zry s are in the middle.
According to the feeding theory during the
solidification process [1], after the dendritic interference
point, as the temperature decreases, the feeding
mechanism in the solidification process is changed from
the overall feeding to the interdendritic feeding gradually.
The hot crack caused by shrinkage stress during
solidification process is mainly bridged by interdendritic
residual liquid in the end of solidification. According to
the element repartition theory, Zn and Y will be rejected
to the solidification frond end when the primary a-Mg
nucleates and grows during the solidification process.
With the temperature decreasing, the contents of Zn and
Y in intergranular residual liquid are increased, and then
the phases rich in Mg, Zn and Y are formed by eutectic
reaction before the end of solidification. The ternary
phases formed in the Mg—Zn—Y alloys are controlled by
the contents of Zn and Y and Zn to Y mass ratio. Figure 8
presents the constituent phases in the as-cast samples
identified by X-ray diffraction. As can be seen, with high
Zn and low Y contents, the alloys (MgZn,5YsZrys and
MgZn,sYZrys) contain a-Mg, [-phase and W-phase;
with relatively close contents of Zn and Y, the alloy
(MgZn,sY,Zrys) consists of a-Mg and W-phase; with
low Zn and high Y contents, the alloys (MgZn,sY4Zr s
and MgZn, 5Y¢Zr,5) consist of a-Mg and Z-phase. With
high Zn and low Y contents, because a-Mg growth is
restrained by the formation of dispersively distributed
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Fig. 8 XRD patterns of MgZn,sY.Zrys alloys:
1—MgZn, 5Y 572105, 2—MgZny sY Zros; 3—MgZn, sY,Zrs;
4—MgZny 5Y4Zros; 5—MgZng 5Y ¢Zr 5

I-phase, a-Mg grains size decreases. Since grains size are
smaller, the area and thickness of the liquid film increase
due to the increase of the surface area of the grains, and
hot tearing susceptibility of the alloy decreases. With
proximately Zn and Y contents, the precipitated W-phase
hinders interdendritic residual liquid flow. It is hard for
the interdendrite feeding. This is the main reason for the
increased hot tearing susceptibility of MgZn,sY,Zrgs
alloy. With low Zn and high Y contents, the growth of
primary a-Mg phase is inhibited by Y-rich region which
formed in the front end of the solidification, and
consequently interdendritic connection time of the final
solidification stage is prolonged. This provides favorable
conditions for the feeding channel to keep clear for a
longer period of time, and improve the feeding capacity
of the alloy between dendritic crystals. But it is easy to
make the intergranular microstructure coarsen and
connect with each other to form a network at high Y
content. The coarsening net-like structure cuts the
continuity of the matrix, so it makes the hot tearing
susceptibility of the alloy higher. When Y content
increases to 6%, the feeding time increases, which means
that the residual liquid has enough time to feed the
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dendritic separation in the final solidification stage. So
the hot tearing susceptibility of the alloy reduces greatly.
Figure 9 shows the contraction force and
temperature as a function of time during solidification of
MgZn, sYZry s alloys. When Zn content is kept constant,
with increase of Y content the situation of hot tearing
initiation is different. Figure 9(a) shows the relationship
between solidification contraction force and cooling
curve of MgZn,sY(sZrys alloy. As can be seen in
Fig. 9(a), stress increases sharply at the beginning of the
solidification. At the temperature of 475.1 °C and solid
phase fraction of 98.0% (as can be seen in Fig. 6), stress
has a slight decrease. It is indicated that the hot tearing
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initiates and propagates at the temperature of 405.5 °C
and solid phase fraction of 99.4% (as can be seen in
Fig. 6), stress also has a slight decrease, implying that the
second hot tearing initiates and propagates. When initial
hot tearing generates, the liquid fraction is relatively high,
so the hot tearing has been refilled; as the solidification
continues, the strength of mushy zone of the alloy is less
than solidification shrinkage stress. So the secondary
crack generates. Figure 9(b) presents the relationship
between solidification shrinkage stress and cooling curve
of MgZn,sY Zrys alloy. The figure shows that the
shrinkage stress increases with solidification time. At
the temperatures of 399.5 °C and 367.7 °C, the solid
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fractions of 99.7% and 99.9% (as can be seen in Fig. 6),
stress has a slow decrease, having the same meaning
with that in Fig. 9(a). In Fig. 9(c), the contraction stress
curve of MgZn,sY,Zrys alloy decreases sharply at the
temperature of 509.8 °C and solid fraction of 95.6% (as
can be seen in Fig. 6), and has been in high shrinkage
stress position. This is because the second phase
precipitation in the solidification process hinders the
dendritic feeding, then hot tearing forms when there is
enough residual liquid. At the temperature of 478.3 °C
and the solid fraction of 95.8% (as can be seen in Fig. 6),
the second hot tearing initiates and propagates. Figures
9(d) and 9(e) present contraction force and temperature
as a function of time for MgZnysY,Zrys and
MgZn, sY¢Zry s alloys, respectively. At the temperature
of 337.1 °C, solid fraction of 99.8% (as can be seen in
Fig. 6) and at the temperature of 350.5 °C, solid fraction
of 99.4% (as can be seen in Fig. 6), the stress curves
become decreasing, but the extend is relatively small.
This is not like the other alloys that there are no the
second deceasing appearing in the curves, implying the
sufficient residual liquid in the final stage of
solidification. It is to say that the hot tearing tendencies
of the alloys are small.

Because of the solidification shrinkage stress, the
already formed hot cracks begin to propagate when
dendritic separation has been fed insufficiently by
residual liquid. So the information about the initiation
and propagation of hot tearing of the alloys is accessible
by analyzing the curves of contraction force and
temperature as a function of time during solidification.
Table 2 shows the information about the initiation and
propagation of hot tearing for Mg—Zn—Y—Zr alloys.
From Table 2 we can read the hot tearing initiation
temperature, the solid fraction, the stress relaxation
during the hot tearing propagation, the time of stress
relaxation and the rate of stress relaxation. The rate of
crack propagation is represented by the rate of
solidification shrinkage stress. MgZn,sY(sZros and
MgZn, sYZry s alloys when the hot tearing is initiated in
the alloys have certain strength because the solid fraction
is high and the solidification shrinkage stress essentially
equals to the interdendritic binding force. So the crack
propagation rate is slow. For MgZn, sY,Zr, s alloy, with
the increase of the Y content, the primary precipitated
W-phase hinders the interdendritic residual liquid flow,
making the interdendrite contraction hard to feed. This is
the main reason for the formation of initial crack at the
lower solid fraction. In the mean time there is sufficient
residual liquid to feed, but the strength of mushy zone of
alloy is less than the solidification shrinkage stress. As a
result, cracks propagate rapidly for the MgZn,sY,Zr5
alloy. For MgZn, sY4Zr,s and MgZn, sY¢Zr, 5 alloys, the

growth of primary a-Mg phase is inhibited by Y-rich
region which forms in the front end of the solidification,
consequently interdendritic connection time of the final
solidification stage is prolonged. This is the reason that
the feeding capacity of the alloys is improved.

Table 2 Information about initiation and propagation of hot
tearing for MgZn, sY,Zr, 5 alloys

Hot crack initiation Hot crack propagation

0/°C  fiid%  FIN /s v/(Ns™)
MgZn,sYsZrys  475.1 98.0 04762 1.9 0.251
MgZn,sY Zrys  399.5 99.7  0.5128 59 0.087

Alloy

MgZn,sY,Zrys  509.8 95.6 1.2594 1.7  0.741
MgZn,sY4Zrgs  337.1 99.8  0.0977 0.5 0.1954
MgZn,sY¢Zrgs  350.5 99.4  0.0367 1.4 0.0262

6; is the temperature when cracks generate initially; f;—i is solid fraction
when cracks generate initially; F; is the stress relaxation during crack
propagation; #, is the time of crack propagation; v, is stress relaxation rate,
namely crack propagation rate

Figure 10 shows the surface morphology of the hot
tearing of MgZn,sY,Zrys alloys. As can be seen, the
surface of crack covers a layer of film, which is
solidified latest and it is the phase with low melting
point. Figure 10(a) shows the morphology of crack
surface for MgZn,5Y(sZrys alloy; the liquid film of
crack surface is thin. This is due to the less Y content; the
low-melting eutectic phase is unable to form enough
liquid film. Irregular columnar dendrite and thinner
liquid film are not enough to resist solidification
shrinkage stress which stretched dendritic crystal. So the
torn liquid film is rarely seen in the picture. Figure 10(b)
shows the morphology of crack surface for
MgZn,sY Zrys alloy; With Y content increasing, the
residual liquid film is thickening. The growth of a-Mg is
inhibited by the eutectic phase, so the grain size is
obviously smaller than MgZn,sYZrys alloy. Thus the
dendritic crystal ability of resisting the shrinkage stress is
improved obviously. As can be seen from Fig. 10(b), the
length of the liquid film which has been torn by
solidification shrinkage stress increases significantly.
Figure 10(c) shows the morphology of crack surface for
MgZn, 5Y,Zry s alloy. low-melting point phase can be
clearly seen at the grain boundary, and the liquid film has
lots of fold, forming the pattern. But
interdendritic residual liquid flow and interdendritic
feeding are hindered by the low- melting point phase. So
many micro cracks which have not been filled are left,
leading to the higher hot crack tendency of the alloy.
Figures 10(d) and (e) present the morphologies of crack
surface for MgZn,sY4Zrys and MgZn,sY¢Zrys alloys,
respectively. With increasing Y content, the solidification
temperature of low-melting point eutectic phase

river’s
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decreases; liquid film formed in the dendritic grain
boundaries becomes thicker, and has more folds. Thus
the adhesion of the dendritic grain boundary increases
significantly. Liquid film is stretched by the movement
of grain, but the tension of liquid film hinders the
separation of grain. Columnar crystal is torn and
extended significantly, so that it is difficult to form the
cracks, which results in the lower tendency of hot crack
susceptibility of MgZn,sY4Zrgs and MgZn,sY¢Zrgs
alloys. Generally speaking, the Zn to Y mass ratio plays
a key role in the hot tearing susceptibility of
MgZn,sY,Zrys alloys. It is a control factor for the
residual liquid, shrinkage stress, separated dendritic
crystal in the final stage of solidification and the
thickness of liquid film between dendritic grain
boundaries.

4 Conclusions

1) The hot tearing susceptibility of MgZn,sY,Zrq s
alloys is evaluated by CSC parameters and the relative

7,

(O)MeHi2 5Y1 Zﬁ).:?/.

3

--ﬁf :‘1 ~190um

Fig. 10 Morphology observation of

dendrite and liquid film separation for
MgZn, Y, Zr, 5 alloys

hot tearing susceptibility of the alloys is as follows:
CSC(MgZny5Y2Zrys) > CSC(MgZnysYosZrys) > CSC
(MgZnysY4Zrgs) > CSC(MgZnysYeZrgs) > CSC
(MgZnysY Zryps). Namely, the highest hot tearing
susceptibility is according to MgZn,sY,Zrqs alloy and
the lowest one is according to MgZn, sYZr 5 alloy.

2) The Zn to Y mass ratio plays an important role in
phase composition and microstructure of the alloys, and
the ratio is a key factor to control the hot tearing
susceptibility. The second phase (W-phase) rich in solute
is solidified from the interdendritic residual liquid in the
final solidification stage and it hinders liquid flowing and
prevents the feeding between the dendritic crystals,
which makes the hot tearing susceptibility of the alloys
higher. But /-phase and Z-phase mainly inhibit dendritic
growth of a-Mg and decrease the grain size,
consequently the hot tearing susceptibility of the alloys is
reduced.

3) The higher the solidification temperature interval
is, the less the residual liquid in the final solidification
stage is, and the higher the solidification temperature
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change ATc is in the vulnerable region, then the higher
the hot tearing susceptibility of the alloys is.
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