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Abstract: Influence of multi-cycle cryogenic treatment and tensile temperature on microstructure, mechanical properties and fracture
mechanism of as-extruded Mg—10Gd—3Y—0.5Zr magnesium alloy was investigated. The results show that there have no significant
changes in tensile properties of the tested alloy after 10 d in liquid nitrogen immersion or 10 cycles of high-low temperature
treatment at all test temperatures. The room temperature ultimate tensile strength increases from 398 MPa to 417 MPa after 20 cycles
of high-low temperature treatments. Compared with the room temperature, the tested alloys exhibit higher tensile properties at low
temperatures. At —196 °C, the yield strength and ultimate tensile strength of the as-extruded-T5 Mg—10Gd—3Y—0.5Zr alloy are 349
MPa and 506 MPa, respectively, increasing by about 18% and 27%, respectively. The transgranular cleavage fracture mechanism is
observed at room temperature, while at low temperatures both ductile fracture and cleavage fracture behaviors coexist.
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1 Introduction

Magnesium alloys have been increasingly applied to
structural components in the automotive and aerospace
industries to reduce fuel consumption and greenhouse
gas emissions with excellent properties such as low
density, high specific strength, high damping capacity,
and good recyclability [1-3]. It has been demonstrated
that rare earth metals (RE) are the most effective
elements to improve the mechanical properties of
magnesium especially [4-6]. The strength of these
Mg—RE alloys is achieved essentially via precipitation
hardening [7-9], which is higher than that of
conventional Al and Mg alloys. Among them, the
Mg—Gd-Y recently developed magnesium alloys exhibit
higher strength and better plasticity compared with the
other Mg—RE alloy. Many investigations related to the
microstructure and mechanical properties of the
Mg—Gd—Y system have been reported [10—13]. Given

the results in these literatures, the Mg—10Gd—3Y—0.5Zr
alloy exhibits higher strength and better plasticity
compared with the other Mg—Gd—Y alloy. With regard to
the excellent mechanical properties, the Mg—10Gd—3Y—
0.5Zr alloys will have a good prospect in aerospace
industry as lunar spacecraft. It should be noted that the
aerospace materials used for working in the space
environment will have to withstand the combined actions
of particle irradiation, electromagnetic interference and
the great temperature gap.

However, the amount of information available on
the super-low temperature mechanical properties of the
Mg—10Gd—3Y—0.5Zr alloy remains quite scarce to date.
In order to expand the applications of this system, it is
necessary to investigate the super-low temperature
mechanical properties of the alloy. Therefore, in this
work, the harsh lunar temperature environment was
simulated by long time liquid nitrogen soaking and
multi-cycle treatments, the

high-low temperature

effects of multi-cycle cryogenic treatment and tensile
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temperature on microstructure, mechanical properties
and fracture mechanism of the as-extruded Mg—10Gd—
3Y—0.5Zr alloy were investigated.

2 Experimental

The magnesium alloy Mg—10Gd-3Y-0.5Zr
(nominal composition in mass fraction, %: 10 Gd, 3 Y,
0.5 Zr, balance Mg) used in this work was prepared from
industrial pure magnesium (purity>99.95%) and three
master alloys Mg—25Gd, Mg—25Y and Mg—30Zr alloys
in an electric resistance furnace under the mixed
atmosphere of CO, and SFy with the volume ratio of
100:1, and cast in steel mould of d100 mm*200 mm. The
real chemical composition was determined to be
Mg—9.86Gd—2.84Y—0.43Zr by an inductively coupled
plasma analyzer (Perkin Elmer, Plasma—400). Before
extruding, the cast ingots were firstly homogenized at
500 °C for 10 h in an electric furnace, then hot-extruded
to a cylindrical bar of 20 mm in diameter at the extrusion
speed of 12 mm/s after soaking at 450 °C for 2 h, with an
extrusion ratio of 25.

The cryogenic soaking treatment and multi-cycle
high-low temperature treatment were applied to some of
the as-extruded cylindrical bars after peak aging
treatment at 225 °C for 10 h. Considering the large
temperature difference between day and night on lunar
surface (150—180 ©°C) and cost experiment, the
lunar-environment temperature was simulated in liquid
nitrogen and oil bath. A high-low temperature process
was defined as follows: the as-extruded and aged bars
were firstly immersed in liquid nitrogen with —196 °C
for 11 h, followed natural aging at room temperature for
2 h, and then treated by artificial aging in oil bath
furnace at 200 °C for 11 h. As described above, peak
aging treatment (T5, 225 °C, 10 h), TS aging treatment
(225 °C, 10 h) followed by 10 d (10D) cryogenic soaking
treatment at —196 °C, TS5 aging treatment (225 °C, 10 h)
followed by 10 cycles (10C) of high-low temperature
treatment, and T5 aging treatment (225 °C, 10 h)
followed by 20 cycles (20C) of high-low temperature
treatment were applied to four as-extruded bars,
respectively. And the four condition alloys studied
hereinafter can be simply designated as extruded-T5-10D,
extruded-T5-10C, extruded-T5-20C and extruded-T5,
respectively, as shown in Table 1.

Specimens for mechanical testing were machined
with the load axis parallel to extrusion direction (ED) for
the as-extruded bars. Tensile properties of the four alloys
were determined using sheet specimens with the marked
dimensions of 15 mm in gauge length, 3.6 mm in width
and 2 mm in thickness on the Zwick/Roell Z020 tensile
testing machine at room temperature and on MTS-SANS
CMTS000 separately at low temperatures. The initial

strain rate was 1.67x10° s '. Vickers hardness testing
was taken using 49 N of load and holding time of 30 s.
Phase composition was characterized by X-ray
diffraction (XRD) using Ni-filtered Cu K, radiation. The
microstructures, chemical composition analysis and
tensile fracture surfaces of the investigated alloys were
observed respectively by using optical microscope (OM,
XJL-03) and scanning electron microscope (SEM,
JSM—7600F), respectively.

Table 1 Heat treatment conditions for tested alloy
Alloy
Extruded-T5-10D

Treatment condition
(225 °C, 10 h)+(—196 °C, 10 d)
(225 °C, 10 h)+
(=196 °C, 200 °C, 10 cycles)
(225 °C, 10 h)+
(=196 °C, 200 °C, 20 cycles)
As-received

Extruded-T5-10C

Extruded-T5-20C

Extruded-T5

3 Results

3.1 Microstructures of Mg—10Gd—3Y—-0.5Zr alloys at

room temperature

Figure 1 shows the optical microstructure of the
as-cast Mg—10Gd—3Y—0.5Zr alloy. It is clear that
significant quantities of the eutectic phases decorate the
grain boundaries and triple points. The microstructures
of the as-extruded Mg—10Gd—3Y—0.5Zr alloys under
different conditions at room temperature are shown in
Fig. 2. As seen from Fig. 2, the microstructures of the
four alloys mainly consist of banded microstructures that
are typical characteristic of deformation structure. The
eutectic compounds have almost dissolved completely
into the matrix, the remnant eutectic phase in the as-cast
alloy is broken into small particles, which distribute as
streamline along the extrusion direction [14—16]. As seen
from Fig. 2(c), the grain refinement in a-Mg matrix can
be observed obviously and the grain size in the
organization is more even, which can lead to the
improvement of both strength and plasticity.
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Fig. 1 Optical microstructure of as-cast Mg—10Gd—3Y—0.5Zr
alloy




ZHANG Xue-feng, et al/Trans. Nonferrous Met. Soc. China 22(2012) 2883—2890 2885

Fig. 2 Optical microstructures of as-extruded alloys at room temperature under different conditions: (a) Extruded-T5-10D;

(b) Extruded-T5-10C; (c) Extruded-T5-20C; (d) Extruded-T5

Figures 3 and 4 show the XRD pattern and EDX
analysis results of the extruded-T5 alloy, respectively. It
can be observed that the extruded-TS alloy is mainly
composed of a-Mg, Mgy, (Gd,Y)s and MgsY precipitates
[17]. Meanwhile, no significant changes can be found
according to the XRD patterns under different
conditions.
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Fig. 3 XRD patterns of as-extruded alloys under different
conditions: (a) Extruded-T5-10D; (b) Extruded-T5-10C;
(c) Extruded-T5-20C; (d) Extruded-T5

3.2 Tensile properties at room temperature
The tensile properties and hardness of the
Mg—10Gd—3Y—0.5Zr alloy under different conditions at

(b) Spectrum 1
Gd
Mg Element  w/%  x/%
Mg 37.28 7435
Y 26.65 14.53

Gd 36.06 11.12
Total 100.00 100.00

Y
Gd Gd
: s 94 A
0 12 3 4 5 6

Energy/keV

Fig. 4 SEM image (a) and corresponding EDS result (b) of
extruded-T5 alloy

room temperature are shown in Fig. 5 and Table 2. As
seen from Fig. 5 and Table 2, the yield strength (YS),
ultimate tensile strength (UTS) and elongation (EL) of
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the extruded-T5 alloy are 295MPa, 398MPa and 5.2%,
respectively. After 10 cycles of high-low temperature
treatment (extruded-T5-10C), there are no significant
changes in the YS and UTS compared with extruded-T5
alloy, while the elongation decreases slightly from 5.2%
to 3.1%. However, 20 cycles of high-low temperature
treatment (extruded-T5-20C) can improve the tensile
properties of the extruded-TS alloy, i.e., the UTS and
elongation increase from 398 MPa and 5.2% to 417 MPa
and 8.4%, respectively, which can be explained by the
grain refinement strengthening according to Fig. 2(c).

No obvious difference in strength and elongation
can be found in Table 2. After 10 d of liquid nitrogen
soaking, extruded-T5-10D alloy shows the mechanical

properties of YS=291 MPa, UTS=392 MPa and
EL=3.5%.
500 r@Extruded-T3-T0D 10
@ Extruded-T5-10C
@ Extruded-T5-20C
400 F=2 Extruded-T5 8
&
= 300 6 =
g- 2
” 5
£ 200 - 4 §
= o
100 |- 2
0 0

YS UTS EL
Fig. 5 Tensile results of as-extruded alloys at room temperature
under different conditions

Table 2 Tensile properties and hardness of as-extruded alloys at
room temperature

YS/MPa UTS/MPa  ELjo,  hardness,
Alloy Hv
Mean STD Mean STD Mean STD Mean STD
Extruded-
Tslop 291 77 392 81 35 03 16 07
Extruded-
Tsloc 299 66 398 97 31 15 118 06
Extruded-
Tsooc 302 36 417 57 84 L1 115 08
EX“T“Sde' 295 83 398 94 52 09 117 07

STD refers to standard deviation from mean value.

3.3 Tensile properties at low temperature

The tensile results of the Mg—10Gd—-3Y—0.5Zr
alloys under four conditions at low temperature (—196 °C)
are shown in Figs. 6 and Table 3. As seen from Table 3,
compared with the room temperature, the tested alloys
exhibit higher tensile properties at low temperatures. The
YS and UTS of the extruded-T5 alloy are 349 MPa and
506 MPa, respectively. Compared with room temperature
(25 °C), the improvement of about 18% and 27% has

been achieved respectively. Meanwhile, the elongation of
the extruded-T5 alloy also increases from 5.2% to 7.1%.

The YS and UTS of the extruded-T5-10D alloy
tested at —196 °C are 381 MPa and 490 MPa,
respectively. Similarly, obvious improvements in tensile
strength of the extruded-T5-10C and extruded-T5-20C
alloys are also achieved at low tensile temperatures.
Moreover, as seen from Fig. 6, the improvement of
tensile properties induced by low temperature or
high-low temperature cycle treatments at —196 °C can
also be found. Compared with room temperature, the
extruded-T5-10C alloy exhibits higher tensile properties
at =196 °C as YS=384 MPa and UTS=516 MPa.
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Fig. 6 Tensile results of as-extruded alloys at =196 °C under

different conditions

Table 3 Tensile properties of as-extruded alloys at =196 °C
YS/MPa UTS/MPa EL/%
Mean STD Mean STD Mean STD
Extruded-T5-10D 381 7.3 490 8.6 53 1.3
Extruded-T5-10C 384 87 516 95 6.2 1.2
Extruded-T5-20C 363 79 512 8.1 8.0 0.5
Extruded-T5 349 7.6 506 9.2 7.1 1.3

Alloy

3.4 Fractography

Figure 7 shows the optical microstructures of
ruptured  samples of the  extruded-T5 and
extruded-T5-10C alloys perpendicular to the fracture
surface which deformed at different tensile temperatures
(25 °C and —196 °C). As seen from Fig. 7, secondary
cracks and the twinning near the fracture surface are
observed in extruded-TS alloy, while little secondary
cracks can be found in the extruded-T5-10C alloy.

For the extruded-T5 alloy tested at room
temperature (Fig. 7(a)), some of the secondary
microcracks locate inside the grains and some distribute
along the residual eutectics at grain boundaries.
Extensive twinning is also found inside the grains. At
—196 °C in Fig. 7(b), it can be noticed clearly that the
number of twinning in the matrix is less than that at 25
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°C, and the majority of the twinning exists in the interior
of the large size grain. The secondary microcracks were
also observed, most of which completely stuck in the
grain interior.

As seen from Figs. 7(c) and (d), no obvious
secondary microcracks can be found in the
extruded-T5-10C alloy at both room and low

-

Seondary cracks

Y

Fig. 8 Typical SEM images showing fracture surfaces of tensile samples of extruded-T5 and extruded-T5-10C alloys tested at

temperatures. However, twinning can still be observed.
And similarly, the number of the twinning in the
extruded-T5-10C alloy at —196 °C is smaller than that at
room temperature.

The fracture surfaces of tensile specimens of the
extruded-T5 and extruded-T5-10C alloys tested at 25 °C
and —196 °C are shown in Fig. 8. As seen from Figs. 8(a)

different temperatures: (a) Extruded-T5, 25 °C; (b) Extruded-T5, —196 °C; (c¢) Extruded-T5-10C, 25 °C; (d) Extruded-T5-10C,

-196°C
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and (c), the tensile fracture surfaces are mainly
composed of cleavage planes, some tearing ridges and
fine ductile dimples. But no cleavages in large scale are
discovered, indicating that small grains are solely
responsible for high strength of the tested alloy at room
temperature. The fracture mode of the alloy at room
temperature is quasi-cleavage. As seen from Figs. 8(b)
and (d) at —196 °C, the number and size of the cleavage
planes both decrease. And the shallow dimples with
white irregular shape particles inside can be observed on
the fracture surface, indicating that crack may initiate
from the broken particles and propagate by coalescence
of dimples. The fracture surface exhibits more obvious
ductile fracture characteristics. According to Fig. 8, it can
be seen that the 10 cycles of high-low temperature
treatments exhibit little effect on the alloy fracture
surfaces at both room and low temperatures.

4 Discussion

4.1 Effect of thermal cycle on tensile properties of

tested alloy

The high-low temperature cycle treatment has
greater effects on the mechanical properties of the
extruded-T5 alloys at low temperatures compared with
room temperature. According to Fig. 6 and Table 3, the
tensile properties firstly increase after 10 cycles, and then
slightly decrease after another 10 cycles treatment.

According to Refs. [9,18,19], with the increase of
aging time, the precipitation sequence of the
Mg—Gd—Y—Zr alloy during isothermal ageing at 225 °C
consists of the following steps: a-Mg supersaturated
solid solution (S.S.S.S.)—>metastable A" (D0;9)—>
metastable ' (cbco)—metastable f; (FCC)—stable [
(FCC). Therefore, the high-low (=196 °C-200 °C)
temperature cycle may have significant effects on the
type, quantity and distribution characteristics of aging
precipitates, which further affect the tensile properties of
the alloy. And the aging precipitate behavior of the
Mg—Gd—Y—Zr alloy can be considered as the diffusion
process of rare-earth atoms (Gd, Y) in the matrix.
According to the TEM results in Ref. [20], as seen from
Fig. 9, there exists the diffraction spot of " besides that
of f' in the SAED pattern of the Mg—Gd—Y—Zr alloy
after 4 high-low temperature (—196 °C, 12 h+200 °C, 12
h) cycles, which strengthen the alloy. Based on this
conclusion and the ageing sequence of the
Mg—Gd—Y—Zr alloy above, with the increase of the
high-low temperature cycle, the " will transform into 5’
phase. However, with further increasing the high-low
temperature cycle treatment, the £ phase appears via an
in situ transformation from the decomposed ' phase,
although it grows in a direction that is different from that
of the previous f’ phase growth. Comparatively, the

strengthening effect of the A’ phase on mechanical
properties at the peak-aging stage is higher than that of
the S and f phases at the under-aging and over-aging
stages. And the improvement of tensile properties of the
extruded-T5-10C alloy can be attributed to the increase

of 7.

Fig. 9 TEM image and SAED pattern of sample treated by
(—196 °C, 12 h+200 °C, 12 h) regime 4 times: (a) TEM image;
(b) SAED pattern (B // [0112])[20]

However, the phase transformations in the high-low
temperature cycle almost have no effect on the tensile
properties of alloys at room temperature. The reasons
and mechanisms for this phenomenon still depend on
further studies. But the obvious changes in the tensile
strength of the extruded-T5-20C alloy can be explained
as follows. As well known, at low temperatures, the
thermal vibration energies of atoms decrease greatly and
increased forces are required for dislocations to move
across the barrier. And there also come into being
internal stress and increasing internal energy in the
matrix under the low temperature condition. It can result
in small subgrain structures and further refine the grains
locally, which can be observed in Fig. 2(c). The grain
refinement in a-Mg matrix can be used to explain the
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relative improvement of tensile properties of the
extruded-T5-20C alloy at room temperature compared
with extruded-T5 alloy.

4.2 Effect of tensile temperature on fracture

mechanism
Magnesium alloy has different deformation
mechanisms at different temperatures, leading to

different fracture mechanisms. Magnesium has an
asymmetric hexagonal close-packed (HCP) structure.
Twinning is an especially important deformation
mechanism for HCP magnesium alloy at room
temperature. At room temperature, slip deformation in
magnesium mainly depends on {0001}(1 120) which can
only provide two independent slip systems, while at least
five independent slip systems are required for every
grain deformation in polycrystalline. This law further
forces {10T2 }(10T1> to contribute to deformation by
twinning [21].

Based on the microstructural analysis and tensile
results, it can be known that there are no obvious necking
and elongation in fracture microstructures at 25 °C. A
large amount of twinning can be observed. Twin
deformation causes the rapid expansion of cracks,
exhibiting poor plasticity. Compared with the
extruded-T5-10C alloy, secondary
microcracks can be observed in extruded-T5-10C alloy at
room temperature. The rapid expansion of cracks inside
the grain results in large smooth cleavage planes, making
the grain surfaces consist of several smooth cleavage
planes. The fracture mechanism of the as-extruded alloy
tested at room temperature is transgranular cleavage
fracture. At —196 °C, less twinning can be found in
matrix, and the majority of twins exist in larger size
grains. Correspondingly, the secondary microcracks at
—196 °C decrease greatly and even disappear. Some
irregularly shaped rare-earth particles cause stress
concentration to initiate cracks, which propagate and
further lead to the formation of microvoids. These
microvoids accumulate together continually to form
shallow flat dimples, as shown in the SEM images,
which display typical ductile fracture characteristics. In
addition, some cleavage planes can also be observed
from the SEM morphologies, exhibiting cleavage
fracture  characteristics.  Therefore, the fracture
mechanism for the as-extruded alloy at —196 °C is mixed
ductile fracture and cleavage fracture.

Plasticity of Mg—Gd-Y—Zr alloys at low
temperatures was studied by XRD and TEM [22], and
the results show that adding Gd and Y elements into Mg
make the value of lattice constant ¢/a decrease to 1.6148,
and cryogenic treatment can further reduce it to 1.6113.
The c/a value of the Mg—10Gd—3Y—0.5Zr alloy at —196
°C will be smaller than 1.6113, while the decrease of c/a

more extensive

value will lower the critical shear stress of cylinder slip
systems and make the alloy enter into multi-system slip
at low temperatures. According to Fig. 7, the number of
twinning in the matrix is indeed less than that at room
temperature, indicating new slip systems initiate at =196
°C rather than through twin deformation. Thus, alloy
plasticity gets improved and the fracture mechanism
transforms from the original brittle cleavage fracture
gradually to ductile fracture, exhibiting mixed fracture
mechanism at —196 °C.

5 Conclusions

1) The extruded-T5 Mg—10Gd-3Y—-0.5Zr alloy
shows the tensile properties at room temperature:
YS=295 MPa, UTS=398 MPa and EL=5.2%. After 10 d
liquid nitrogen soaking or 10 cycles of high-low
temperature treatment, the tensile properties remain
almost unchanged. Yet after 20 cycles, the YS is 302
MPa, the UTS increase to 417 MPa, and elongation
increases from 5.2% to 8.4%, which can mainly be
attributed to the grain refinement.

2) The extruded-T5 Mg—10Gd—-3Y—0.5Zr alloy
exhibits excellent tensile properties at =196 °C. The YS
and UTS reach 349 MPa and 506 MPa respectively, and
the elongation reaches 7.1%. The outstanding mechanical
properties can be attributed to the increase of the CRSS
for dislocation slip and the initiation of new slip systems
at low temperatures. Compared with the extruded-T5
alloy, the tensile properties improvement of the
extruded-T5-10C alloy can be attributed to the increase
of 7.

3) The fracture mechanism at room temperature is
transgranular cleavage fracture, while the fracture
mechanism is mixed ductile and cleavage fracture at
—196 °C.
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