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Different cooling rates, such as room temperature water cooling (WQ), furnace cooling (FC), and water cooling + furnace cool-
ing (FC +WQ), were introduced to study the effect on the solution-treated Mg-9Gd-4Y-2Zn-0.5Zr (w/%) alloy microstructure
and mechanical properties. The grain size decreases as the cooling rate increases. With the lengthening of the cooling process
time, the LPSO phase had enough time to nucleate and diffuse, the LPSO (long-period stacking order) phase filled the whole
matrix crystal grains at the same time. In the process of furnace cooling and water cooling, the brightness of the LPSO phase
was different, so it could be seen that the cooling rate would affect the contrast and morphology of the LPSO phase. The tensile
yield strengths of the samples cooled with the furnace were better than those of the water-cooled samples, but their ultimate ten-
sile strength and elongation to failure were poor. The fracture modes of the samples under different cooling rates were all sub-
ject to cleavage fracture, and the number and area of the cleavage planes and cleavage steps increased with the decrease of cool-
ing speed, and the learing area decreased, resulting in poor ultimate tensile strength and stretchability.
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Avtorji v tem ¢lanku opisujejo Studijo vpliva hitrosti ohlajanja na mikrostrukturo in mehanske lastnosti raztopno Zarjene zlitine
Mg-9Gd-4Y-27n-0,5Zr (w/%). Izbrani postopki obdelave zlitine so bili: ohlajanje z vodo (WQ), ohlajanje v peci (FC) ter
ohlajanje v vodi in pefi (FC+WQ). Velikost kristalnih zrn zlitine se je zmanjSevala z naraiCanjem hitrosti ohlajanja. S
podaljSevanjem Casa ohlajevanja je imela faza z dolgo periodo zlaganja (LPSO, angl.: long period stacking order) dovolj Casa za
nukleacijo in difuzijo in je LPSO tako istoCasno lahko napolnila celotno matrico kristalnih zrn. V procesu ohlajanja v peci in
ohlajanju z vodo je bila svetlost LPSO faze druga¢na, kar pomeni, da je bila faza drugaCna oziroma, da je hitrost ohlajanja
vplivala na kontrast in morfologijo te faze. Natezna trdnost vzorcev ohlajenih v pe€i je bila boljsa od tistih, ki so bili ohlajeni z
vodo. Toda porudna natezna trdnost in raztezek preizkuSancev sta bila oba zelo slaba. Nacin poruSitve preizkuSancev pri
razli¢nih na¢inih ohlajanja je bil pri vseh enak in sicer, pri§lo je do cepilnega loma. Stevilo cepilnih stopnic in ploskev ter njihov
presek je naraSC¢al z zmanjSevanjem hitrosti ohlajanja preizkuSancev. Zmanjevanje povriine presekov cepljenja je posledi¢no
privedlo do poslabSanja natezne trdnosti in duktilnosti.

Kljucne besede: hitrost ohlajanja, raztopno Zarjenje, mikrostruktura, mehanske lastnosti

1 INTRODUCTION from the related literature that the as-cast Mg alloys with
an UTS greater than 350 MPa were Mg-RE alloys with
gadolinium (Gd) as the main RE element. In recent
years, it has been reported that increasing the content of
yttrium (Y) in magnesium-yttrium-rare-earth (Mg-Y-RE)
alloys can effectively improve the mechanical properties
of the alloys, and the Y element has more excellent
solid-solution strengthening efficiency compared to zinc
(Zn), aluminium (Al) and many other elements. Hence,
many kinds of research have also been carried out
around Mg-Gd-Y-Zn-Zr alloys.”!'? Especially, solid-solu-
tion strengthening as a major strengthening mechanism
of Mg-RE alloys has received extensive attention from
researchers.!'-13

Dong Han et al. studied the effect of solution treat-
ment on the microstructure and mechanical properties of
*Corresponding author's e-mail: the Mg-6Gd-3Y-1.5Zn-0.6Zr alloy and found that the
yongxue395@163.com growth of new layered long-period stacked ordered

Magnesium (Mg) and magnesium alloys have at-
tracted more and more attention, and they are known as
the best green materials in the 21* century because of
their good physical and chemical properties.' However,
traditional Mg alloys exhibited lower strength compared
with other alloys, which hindered their wider application
in engineering fields. In order to reflect the performance
of magnesium alloys better, J. H. Zhang* defined high-
strength magnesium alloys as those with an ultimate ten-
sile strength (UTS) greater than 350 MPa, and magne-
sium-rare earth (Mg-RE) alloys were called the most
promising high-strength magnesium alloys.>-¢ Adding
rare-earth (RE) elements could effectively improve the
mechanical behaviour of Mg alloys. It could be found
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phases from grain boundaries to internal grains could be
observed after a solution treatment. The alloy exhibits
excellent mechanical properties after being treated at
500 °C for 5 h.'® C. Xu et al. pointed out that the
Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr alloy samples with furnace
cooling showed a better tensile yield strength (YS),
while the UTS and ductility were lower due to the for-
mation of coarse grains and massive 14H-type long-pe-
riod stacking ordered (14H-LPSO) phases.!” L. Xiao et
al. analyzed the microstructure evolution of the
Mg-9.5Gd-0.9Zn-0.5Zr alloy during the cooling process
in a furnace after solution treatment due to the non-uni-
form cooling rate in the furnace and found that cooling
with the furnace to 420 °C was the optimal equilibrium
condition for obtaining layered phase formation, fewer
precipitated particles and inhibiting grain growth.'®

However, few researchers'® have studied the effect of
different cooling rates on the microstructure and me-
chanical properties of the solid solution Mg-Gd-Y-Zn-Zr
alloy in detail. In this paper, the cooling rate was con-
trolled by controlling the degree of cooling with the fur-
nace. The Mg-9Gd-4Y-2Zn-0.5Zr alloy was solution
treated at (470, 500 and 530) °C for 8-24 h and then
cooled with water cooling and furnace cooling, respec-
tively. Furthermore, we studied in detail the micro-
structure and mechanical properties of the solid solution
at 530 °C for 16 h after being cooled to different temper-
atures in the furnace.

2 EXPERIMENTAL PART

The Mg-9Gd-4Y-27Zn-0.5Zr ingots with a size of
440 mm in diameter and 660 mm in height were pro-
cessed by semi-continuous casting. The specific chemi-
cal compositions of the alloy determined by inductively
coupled plasma atomic emission spectrometry
(ICP-AES) are displayed in Table 1. The solution treat-
ment was carried out at (470, 500 and 530) °C for differ-
ent times (8, 16, and 24) h, and then through room tem-
perature water cooling and furnace, cooling to achieve
the purpose of cooling. The average cooling rate with
furnace cooling is 0.83 °C/min. At the same time, the
samples that were solution treated at 530 °C for 16 h
were cooled to (330, 390 and 450) °C with the furnace,
respectively. A study of the melting temperature of the
cast alloy eutectic phase via differential scanning calo-
rimetry (DSC; TA DSC250) was made and its heating
rate was 10 °C/min. So, to work over the microstructure
evolution of the solution treatment at different cooling
rates, firstly grinding and polishing with different grades
of sandpapers and then polishing with 1.0 ym diamond
polishing agent. The polished samples were corroded
with acetic acid picric acid (1 g picric acid, 2 mL acetic
acid, 2 mL distilled water and 14 mL alcohol) for 3-5 s.
Using a optical microscope (OM; DM2500M, Leica
Microsystems, Wetzlar, Germany) and a scanning elec-
tron microscope (SEM; SU5000, Hitachi, Tokyo, Japan)
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to observe the microstructure of the alloy. The chemical
composition analysis was performed by energy-dis-
persive spectroscopy (EDS). The average grain size was
measured using the linear-intercept method.

A bar with a diameter of 13 mm and a height of
80 mm was cut by electrical discharge wire-cutting and
processed into tensile specimens with a working length
of 25 mm and a diameter of 5 mm. At room temperature
(Tw), the Instron 3382 tensile tester (INSTRON,
Norwood, MA, USA) was used to obtain the tensile
properties of the alloy at a strain rate of 0.008 mm/min
and the fracture morphology was observed with a scan-
ning electron microscope (SEM). In order to avoid the
contingency of the results and reduce the error, each plan
carried out tensile tests on three tensile specimens. The
hardness of the as-cast Mg-9Gd-4Y-2Zn-0.5Zr alloy and
solution-treatment alloy were measured on a Vickers
hardness tester (UHL Vmht Mot Micro Hardness Tester),
with a 200 N load and a 15 s loading time. Ten test data
were taken for each sample, removing the maximum and
minimum values and taking the average value to reduce
the experimental error.

Table 1: The chemical composition of Mg-9Gd-4Y-2Zn-0.5Zr alloy

Element | Gd Y Zn Zr Si Cu Mg
wil% 948 | 4.00 | 1.98 | 0.50 |<0.01/<0.01 Bal

3 RESULTS AND DISCUSSION
3.1 Microstructure
3.1.1 As-cast alloy

The DSC curve of as-cast Mg-9Gd-4Y-2Zn-0.5Zr al-
loy is in Figure 1. It shows that the first peak tempera-
ture of the endothermic reaction was 530.7 °C, the sec-
ond peak temperature was 534.6 °C, and the initial
melting temperature of the second phase was 523.9 °C.
According to related literature,'*? when there were mul-
tiple peaks in the peak temperature of the DSC curve, the
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Figure 1: DSC curvilineal of the as-cast Mg-9Gd-4Y-2Zn-0.5Zr alloy
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last peak should prevail and the peak temperature should
be taken as the peak temperature. And based on experi-
ence, generally, the highest value of the solid solution
temperature was about 5 °C lower than the peak temper-
ature of the eutectic phase. Therefore, the solution-treat-
ments temperature in this paper was determined at (470,
500 and 530) °C.

Figure 2 shows the as-cast microstructure of the
Mg-9Gd-4Y-2Zn-0.5Zr alloy. It can be seen that the
as-cast alloy with an average grain size of (71 + 2) um is
mainly composed of a-Mg matrix and network-distrib-
uted eutectic organizational composition. The eutectic
phase was distributed at the grain boundary with obvious
skeletal characteristics. This was due to the high cooling
rate in the casting process of the RE-Mg alloy with a
high RE content, and the high melting point RE com-
pounds formed by the RE elements and @-Mg matrix did
not have enough diffusion time, so that a large amount of
segregation generated at the grain boundary and formed
a eutectic structure.?’->* It could be seen that the eutectic

structure was composed of a bright part and a grey part
from Figure 2b. Their chemical compositions were the
same according to the EDS analysis results of Fig-
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Figure 2: Microstructure of the as-cast Mg-9Gd-4Y-2Zn-0.5Zr alloy
(a and b), EDS results (¢, d and e) of the phases marked
A, B and Cin (b)
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ures 2d and 2e. The Mg : Gd (Y, Zn) ratio of the bright
part was 77.36 : 11.11 (11.54), which was close to that of
MgsGd (Y, Zn) phase. And the Mg : (Gd, Y) Zn ratio of
a grey part was 88.31 : 6.80 (4.89), which was close to
that of Mg (Gd, Y) Zn phase. It can be seen that some
fine, massive particles were scattered at grain boundaries
and inside the grain from Figure 2a. These particles are
RE-rich phases, according to Figure 2c. At the same
time, it could be found that there were lamellar phases
arranged uniformly and parallel to each other near the
grain boundary in Figure 2b. According to the compre-
hensive analysis in Figure 2e, it could be obtained that it
was a solidified short layered phase, which was the
LPSO (long-period stacking order) phase. The formation
of the LPSO phase required abundant RE phase and Zn,
and the plenty of RE phase and Zn element were distrib-
uted in a large amount at the crystal boundary, so we
could find that the lamellar phases were distributed at the
boundaries and extended into the grains. The lamellar
phase in these as-cast alloys was considered to be a
metastable LPSO phase, because it did not have the
structure of 14H-LPSO, in the strictest sense, but had its
characteristics, which produced a stable 14H-LPSO
structure in the subsequent solution treatment.”* The
metastable 14H-LPSO phase has the same stacking se-
quence ABCA as the steady 14H-LPSO phase. but the
building blocks of the metastable 14H-LPSO phase in-
clude different numbers of Mg layers (two Mg layers and
three Mg layers), and the stable 4H-LPSO phase has
only three Mg layers.”

3.1.2 Alloy solution freated at different temperatures

The layered structure in the as-cast alloy first dis-
solved into the Mg matrix and disappeared during the so-
lution treatment, and then the new layered structure was
caused by dislocations of high density at the grain
boundaries and the profuse RE and Zn atoms.?® And the
new structure increased with the increase of the solution
treatment time. Figure 3 shows the microstructures of
the alloy after a solution treatment at different tempera-
tures for 24 h after water cooling and furnace cooling, re-
spectively. Figures 3a, 3¢ and 3e are the light-micro-
scope images after solution treatments at (470, 500 and
530) °C for 24 h and water quenched (WQ). The grain
sizes are (80 + 2) pm, (83 £ 2) ym and (95 = 3) pm re-
spectively. It can be seen that the grain size increased as
the temperature increases. At the same time, the newly
generated lamellar phase, which is the 14H-LPSO phase,
would also increase with an increase in the tempera
ture.?! The 14H-LPSO phase was generated at the grain
boundary first, distributed in parallel along the grain
boundary and gradually extending into the grain. They
had the same arrangement direction in the same grain,
and the orientations of the LPSO within the different
grains were inconsistent. In addition, it can be seen from
the figure that the second phase continued to thicken
along the grain boundaries and the shape changed into
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Figure 3: Optical micrographs of the Mg-9Gd-4Y-2Zn-0.5Zr alloys solution treated for 24 h: a) 470 °C + WQ, b) 470 °C + FC, ¢) 500 °C + WQ,
d) 500 °C + FC, e) 530 °C + WQ, I) 530 °C + FC

strips as the temperature increased, this was especially
obvious at 530 °C. With the increase of the solution-
treatment temperature, the number of fine particles ran-
domly dispersed inside the grains and at the grain bound-
aries gradually increases. These particles were called
RE-rich phases, which were produced by high-tempera-
ture heat treatment, and their formation might be divided
into two reasons:
(1) precipitation from the supersaturated a-Mg matrix,
(2) eutectic phase during heat-treatment decomposition.’?
Figures 3b, 3d and 3f were respectively the light-mi-
croscope images after solution treatment at (470, 500
and 530) °C for 24 h after furnace cooling (FC). The
grain size was (92 + 4) pm, (93 £ 4) pm and
(151 = 5) pm, respectively. The furnace cooling and wa-
ter cooling had the same point that the crystal grain size
increased with the increasing of temperature. But the
crystal grain size after the furnace cooling at the same
temperature was larger than that after the water cooling.
The grain growth was more obvious with the furnace
cooling. Figure 4 shows the bar chart of grain size of
samples under different states. It can be clearly seen that
the abnormal grain growth would be caused by furnace
cooling after solution treatment at 530 °C for 24 h.
Compared with water cooling with furnace cooling,
more layered phases formed and covered the entire
grains, and the amount of RE-rich phases precipitated re-
duced. As the cooling rate decreases, the RE element and
Zn atoms diffused into the matrix, the lamellar phase had
enough time to nucleate and diffuse, and the lamellar
phase covered the whole grains. In the comparison of
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different temperatures with the cooling state of the fur-
nace, the number of precipitated phases at 500 °C was
the largest. Compared with the water quenching, the
RE-rich phases after the furnace cooling were randomly
distributed at the grain boundaries and within the grains,
while most of the RE-rich phases after water cooling
were distributed at the grain boundaries. Moreover, the
amount of RE-rich phases after the furnace cooling was
less than that after the water cooling. According to re-
search,” these fine RE-rich particle phases had the effect
of grain refinement on inhibiting the growth of grains.
Therefore, this was also the reason why the grain size af-
ter water cooling was smaller than that after cooling with
the furnace.
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Figure 4: Grain size of different samples
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3.1.3 Alloy solution treated at the same temperatures

Figure 5 shows the SEM images of the micro-
structure of the alloy after solution treatment at 530 °C
for (8, 16 and 24) h after water quenching (WQ) and fur-
nace cooling (FC), respectively. The grain sizes of Fig-
ures 5a, 5c, and Se are (87 = 2) um, (92 + 3) um and
(95 £ 4) um. It can be seen that the second phase became
strip and became coarser and longer with the increase of
time, and the lamellar phase became more and more after
solution treated at 530 °C by water quenching. The grain
size of Figures 5d, Se and 5f is (121 + 5) um,
(125 = 5) um and (151 + 6) pum, respectively. The grain
growth was obvious, and the strip-shaped second phase
was also very coarse as the grains grew. Compared with
the water cooling, the number of RE-rich particles had
become very small, resulting in the growth of crystal
grains. Through the image comparison between water
cooling and furnace cooling, it could be concluded that
the LPSO phase after water cooling was brighter in the
SEM image. That was to say that the layers formed dur-

ing the furnace-cooling process were thinner than the
LPSO phase formed after water cooling.”®?* Therefore,
we could draw a conclusion that the cooling rate affected
the contrast and morphology of the lamellar phase. Ac-
cording to other people’s studies, the 14H-LPSO phase
produced during the furnace cooling process belongs to
the metastable LPSO phase, which had a lower thermal
stability, although the stacking order was the same as
14H-LPSO, it was not strictly in the sense the
14H-LPSO structure.’®*! The higher the solution temper-
ature and the longer the time, the better the solution ef-
fect, but due to the abnormal grain growth at 530 °C so-
lution treated for 24 h, the solution treatment at 530 °C
for 16 h is the best solution. The effect of different cool-
ing rates on the alloy was studied. Accordingly the cool-
ing rate was controlled at different temperatures as the
furnace cools to different temperatures. Figures 6a to 6¢
show SEM images of furnace cooling to different tem-
peratures after a solid-solution treatment at 530 °C for
16 h. Figure 7 shows the broken line chart of grain size

Figure 5: SEM images of the Mg-9Gd-4Y-2Zn-0.5Zr alloys solution treated at 530 °C:a) 8 h+ WQ,b) 8 h+ FC,¢) 16 h+ WQ, d) 16 h + FC, ¢)

24 h+WQ, )24 h + FC

Figure 6: SEM images of Mg-9Gd-4Y-2Zn-0.5Zr alloy solution treated at 530 °C for 16 h and then furnace cooled to: a) 330 °C, b) 390 °C,
c) 450 °C
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Figure 7: Grain size obtained after solution treatment at 530 °C for
16 h for different cooling procedures

after solid-solution treatment at 530 °C for 16 h. The ab-
scissa is the cooling rate from slow to fast. We found that
the number of RE-rich particles increases, which led to a
decrease of the grain size with an increase of the cooling
rate.

3.2 Mechanical properties

Table 2 shows the tensile yield strength (YS), ulti-
mate tensile strength (UTS) and elongation to failure for
each sample measured by a tensile test at room tempera-
ture and the hardness measured by a durometer at room
temperature. The YS of the samples decreased as the
cooling rate increased. In order to study the change of
the YS with the cooling rate more accurately, this paper
added the cooling rate between the furnace cooling and
room temperature water cooling to control the cooling
rate. Therefore, we found that the YS first decreased and
then slowly increased with the increasing of the cooling
rate, but the increasing was relatively small. The elastic
modulus and hardness of the LPSO phase were high, and
the main deformation mode (0001) substrate slip of the
Mg alloy dominated the shaping action of the LPSO
phase, so the lamellar LPSO phase played a role as a
funicle reinforcing agent to obtain the reinforced alloy.*

Table 2: Mechanical properties of different samples

Therefore, as the decrease of the cooling rate during
cooling, the layered precipitates increased and became
full of grains under the action of heat driving, resulting
in the YS of the samples cooled with the furnace being
higher than that of the water-cooled samples. The UTS
of the sample after solution treatment was improved, and
the UTS also increased with the increase of the cooling
rate. The elongation increased as the cooling rate in-
creased. Figure 8 shows the SEM image of the fracture
surface of the sample. We could know that no matter
what the cooling rate was, there were cleavage steps,
cleavage facets, dents and tear ridges on the fracture sur-
face. From this it can be concluded that the fracture
modes were all quasi-cleavage fracture. Figures 8a to 8d
were compared. Figures 8b and 8d have more cleavage
facets and cleavage steps than Figures 8a and 8c. And
cleavage facets and cleavage steps became larger as the
grain size increased, and there were a few dimples and
tear ridges, which resulted in poor extensibility of the
samples after cooling with the furnace. The hardness was
not significantly affected by the cooling rate, but in de-
tail, it appeared that the hardness and the cooling rate
were negatively correlated. Combining all the data, the
mechanical properties obtained by water cooling after
solution treatment at 500 °C for 24 h was the best. The
poor tensile properties obtained after solution treatment
at 530 °C for 24 h followed by furnace cooling were due
to the abnormal growth of the crystal grains. The me-
chanical properties of the sample after the solution treat-
ment were mainly related to the grain size and the con-
tent of the second phase.”® The grain size of the
water-cooled sample after the solution treatment at
500 °C for 24 h had grown a little normal according to
the law, and the second phase precipitates had changed.
Multi-consolidation played the role of solid-solution at-
oms, and the obvious second-phase strengthening oc-
curred. The layered LPSO phase dispersed at the grain
boundary and into the grain, hindering the movement of
dislocations so as to increase the strength, and the coor-
dinated deformation ability of the LPSO made it possible
to improve the strength, while ensuring good shaping.'®

Samples Yield strength Ultimate tensile Elongation to failure Hardness

(MPa) strength (MPa) (%) (HV)

As-cast 120.8 2014 3.30 81.0

500 °C x 24 h + FC 150.6 218.8 4.31 87.6

500 °C x 24 h+ WQ 126.1 237.6 5.70 82.0
530°C x 24 h + FC 123.7 204.5 0.63 87.8

530 °C x 24 h+ WQ 79.7 2094 1.64 81.4

530 °C x 16 h + FC 115.5 206.0 1.44 93.8

530 °C x 16 h + FC to 330 °C 77.0 215.6 3.50 92.0
530 °C x 16 h + FC to 390 °C 81.9 220.1 4.60 90.0
530 °C x 16 h + FC to 450 °C 84.0 225.0 4.80 86.1
530°Cx 16 h+ WQ 84.9 221.6 5.44 85.5
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Figure 8: SEM images of fractured tensile samples after solution treated for 24 h at: a), 500 °C + WQ, b) 500 °C + FC, ¢) 530 °C + WQ,

d) 530 °C + FC

4 CONCLUSIONS

The Mg-9Gd-4Y-2Zn-0.5Zr (w/%) alloy was solution
treated at 470-530 °C for 8-24 h, and then cooled with
water at room temperature and cooled with a furnace. At
the same time, the samples were solid-solution treated at
530 °C for 16 h. Carrying out different degrees of fur-
nace cooling, and finally carrying out the study of
microstructure and mechanical properties. The results of
the study were shown below:

1) As the temperature increased under different cooling
rates, the grain size increased. The grain size de-
creased with the increasing of the cooling rate. This
was due to the increase in the number of RE-rich
phase particles. The fine RE-rich particles had the
role of inhibiting grain growth.

2) As the cooling rate decreased, the RE and Zn atoms
dispersed into the matrix, and the lamellar phase had
enough time to nucleate and diffuse, and covered the
matrix crystal grains.

3) The fracture modes at different cooling rates were all
quasi-cleavage fractures. The only difference was
that the cleavage steps and the inside of the solution
would increase with the decrease of the cooling rate,
and the tear zone and dents would decrease. The
yield strength decreased with the increase of the
cooling rate. The ultimate tensile strength of the sam-
ple after solution treatment was improved, and the ul-
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timate tensile strength also increased with the in-
crease of the cooling rate. The elongation increased
as the cooling rate increased.

4) The hardness was not significantly affected by the
cooling rate, but the hardness slowly decreased as the
cooling rate increased.
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