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Abstract: In this work, a new (Y, Gd)H, precipitate was identified and systematically investigated in the as-
cast Mg-6Gd-3Y-0.5Zr alloy by XRD, SEM with EDS, TEM with EDS techniques and thermodynamics analysis.
Results show that the as-cast alloy contains a-Mg, Mg.,,(Gd, Y)s, and (Y, Gd)H, phase. The (Y, Gd)H, phase
usually forms near the eutectic phase Mg,,(Gd, Y)s or in the a-Mg grains, displaying a rectangle-shape. The
Mg,4(Gd, Y)s and (Y, Gd)H, phases crystalize in bcc and fce structure, respectively, and the (Y, Gd)H, phase has
a semi-coherent relationship with a-Mg matrix. The thermodynamics calculation results reveal that the hydrogen
dissolved in the melt leads to the formation of hydrides. It is also found that the (Y, Gd)H, hydride can form directly
from the liquid phase during solidification. Additionally, it can precipitate by the decomposition of Mg,,(Gd, Y)s
phase due to absorbing hydrogen from the remaining melt.
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However, some rare earth hydrides have not been found

1 Introduction e rare eat
or accurately identified in Mg-Gd-Y-Zr alloys. Therefore,

Mg-Gd-Y-Zr alloys have attracted increasing attention in it is necessary to find and characterize the hydrides in the

the aerospace field because of their excellent mechanical
properties in both room and elevated temperatures and
excellent castability %, The quality of Mg-Gd-Y-Zr
alloy castings is closely related to melting condition,
solidification process and humidity in the surrounding
environment ™ ¥, It is well known that magnesium alloy
melt has a strong hydrogen absorption capacity, and it is
easy to form shrinkage porosity defects during the casting
process 7. Therefore, degassing treatment during the
melting process is essential. However, the formation of
hydrides in rare earth magnesium alloys is still inevitable

B9 and a cuboid

due to the high activity of rare earths
REH, phase with a face-centered cubic structure is usually
encountered in Mg-RE alloys except the RE-containing
eutectic phases !'’!. Hydrides such as GdH, """,

NdH, "', DyH, "*'¥), etc. were reported in the literature.

as-cast Mg-Gd-Y-Zr alloy.

Previous studies reported that the precipitation of
hydrides had an adverse effect on the mechanical
properties of Mg alloys ! '
out that the hydrogen embrittlement effect was the

! Kannan et al. " pointed

main factor contributing to the reduced mechanical
properties of the alloy due to the formation of hydrides.
Yang et al. " suggested that NdH, easily caused cracks
and worsened the mechanical properties of the Mg-
Nd alloys. Therefore, it is necessary to take measures
to prevent the formation of hydrides for magnesium
alloys. Recently, some researchers have investigated the
formation mechanism of the hydrides. Huang et al. """
studied the precipitation behavior of RE hydride
particles in Mg-RE (Dy, Gd, Y) alloys with different
RE contents, and they considered that the high solid
solution of RE in Mg matrix resulted in a higher
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REH, amount. Peng et al. "' found that the hydrogen-
containing medium, compressive deformation stress,
and Gd segregation were the prerequisites for GdH,
formation. Zheng et al. '? suggested that the GdH,
precipitates were produced during the alloy melting
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and casting process, and the growth of GdH, particles
during the homogenization treatment process could be
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attributed to the inward diffusion of hydrogen generated by
the decomposition of moisture on the surface of the sample.
Yang et al. " proposed that NdH, probably nucleated during
the solidification process as a result of the reaction of Nd with
hydrogen previously dissolved in Mg solution. Zhu et al. "
proposed that the formation of rare earth hydrides may
be related to the hydrogen decomposition of the Mg-
RE intermetallic phases during the solidification or high-

temperature heat treatment process. Gan et al. "

pointed out
that DyH, hydride could form during sample preparation at
room temperature, such as mechanical polishing with water.
However, as described above, the formation mechanisms of
hydrides are still controversial, and further in-depth research
is necessary. So, it would be interesting to get a deeper
understanding of the origin of RE hydrides in Mg alloys,
especially in Mg-Gd-Y-Zr alloys.

In the present work, the Mg-6Gd-3Y-0.5Zr alloy was
prepared, and a new (Y, Gd)H, phase in the as-cast Mg-6Gd-
3Y-0.5Zr alloy was identified and characterized by using
SEM, TEM and HRTEM observations. Meanwhile, the
corresponding formation mechanism was discussed.

2 Experimental procedure

The Mg-6Gd-3Y-0.5Zr (in wt.%) alloy was prepared using
an electrical resistance furnace with the protection of a mixed
gas atmosphere of CO, (99 vol.%) and SF, (1 vol.%) by using
commercial pure Mg, Mg-30Gd (wt.%), Mg-30Y (wt.%) and
Mg-30Zr (wt.%) master alloys as raw materials. After the raw
materials were completely melted, the melt was degassed with
high purity and dry argon gas (99.999%) for 30 min using a
rotary degasser at 740 °C, and then the melt was held for 10 min
to remove the residue. Finally, the surface of the melt was
skimmed, and the alloy melt was gravity cast into a sand mould
of @100 mmx100 mm. The actual chemical composition of
the alloy was measured by fluorescent spectrometer technique
and detailed in Table 1.

Table 1: Chemical composition of as-cast Mg-6Gd-3Y-0.5Zr
alloy used in this study (wt.%)

Gd Y Zr Cu Ni Fe+Si [}

5.65 323 050 0.0266 0.0013 0.0126 Bal.

Phase analysis of the as-cast alloy was performed using the
Smartlab (9 kW) X-ray diffractometer (XRD, Rigaku, Japan),
and the scanning angle was 20°-90° with the scanning speed
of 2°min™". The microstructure and composition were observed
and determined by a JSM-6510 scanning electron microscope
(SEM, JEOL, Japan), a Tecnai G2 F30 transmission electron
microscope (TEM, FEI, Netherland) and an energy dispersive
X-ray spectrometer (EDS). Specimens for SEM observations
were polished and etched with a mixed solution of 19 mL
deionized water, 60 mL ethylene glycol, 20 mL glacial acetic
acid and 1 mL nitric acid for 50 s. Specimens for TEM

218

observations were thinned to 50 um by grinding with SiC
sandpapers and were punched to @3 mm discs. The final
stage of thinning was performed by argon ion milling with an
incident angle of 10° until perforation occurred.

3 Results and discussion

3.1 Microstructure

Figure 1 shows the XRD spectrum of the as-cast Mg-6Gd-3Y-
0.5Zr alloy. It can be seen that the as-cast alloy contains two
phases, a-Mg and Mg,,(Gd, Y);. The SEM microstructure of the
as-cast Mg-6Gd-3Y-0.5Zr alloy is shown in Figs. 2(a) and 2(b).
It can be seen that the network eutectic phases distributed in the
o-Mg grain boundaries. According to the EDS results in Table 2
and XRD analyses, the eutectic phase is identified as Mg, ,(Gd, Y)s.
Figures 2(c) and 2(d) are the TEM images of the eutectic phase.
The selected area electron diffraction (SAED) pattern indicates
that the Mg,,(Gd, Y); phase has a bcc structure with a lattice
parameter of a=11.2 nm, which is the same as that reported in
%1 From Fig. 2(b), it also can be observed
that there are some small particles with different shapes

previous works !

distributed around the eutectic phase and in the a-Mg grains.
The EDS results of the particle phase are shown in Table 2. It
can be clearly found that these particles are rich in Gd and Y
elements, especially Y elements. However, the relevant phases
are not detected in Fig. 1 due to the low sensitivity of XRD.

- a-Mg
- Mg“(Gd, Y)s

Intensity (a.u.)

20 30 40 50 60 70 80 90
26 (%)
Fig. 1: XRD pattern of as-cast Mg-6Gd-3Y-0.5Zr alloy

A bright field TEM image of the particle phases is shown in
Fig. 3(a). It can be seen that the particles are rectangular and the
length is approximately 800 nm. The EDS analysis indicates
that the particle phase is rich in Gd and Y elements, especially
the Y element. Figures 3(b)-(d) show the SAED patterns of the
particle phase in Fig. 3(a) along three different beam directions.
The diffraction patterns provide an evidence for the hydride
phase and display fcc symmetry along the [112], [011], [103]
axes, respectively. This particle can be indexed as (Y, Gd)H,
phase according to the EDS and SAED analyses. It is known
that Gd and Y elements belong to hcp crystal structure and
have good alloying capability . The solid solubility of Gd
in magnesium is greater than that of Y *!. Thus, the Y(Gd)
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Fig. 2: SEM microstructure of as-cast Mg-6Gd-3Y-0.5Zr alloy (a and b); bright field TEM image of eutectic phase (c);
and corresponding SAED pattern of eutectic phase in (c) and (d)

Table 2: EDS analysis results of spots marked in
Fig. 2(b) (at.%)

Points Gd Y Mg
A 5.28 5.98 88.74
B 23.72 54.65 21.63
C 2412 56.84 19.04
D 11.71 57.38 30.91

substitutional solid solution is easily obtained. The precipitation
of (Y, Gd)H, is more affected by Y element, and Y content is
the majority in (Y, Gd)H,. Figure 3(e) shows the interfacial
structure between the (Y, Gd)H, phase and a-Mg matrix. It can
be seen that the (111) plane of (Y, Gd)H, phase and (0001) plane
of a-Mg phase are nearly parallel. The lattice misfit between the
(111)(Y, Gd)H, and (0001)a-Mg is 13.24% according to Eq. (1),

which satisfied the structure of the semi-coherent interface %

0=2 (a(Y, Gd)H, ~ aMg) / (a(Y, G, T a’Mg) (1
where 0y, g, and ay, represent the lattice constants of (Y, Gd)H,
and Mg matrix.

3.2 Formation mechanism of (Y, Gd)H,

Gd and Y usually exist as solid solution atoms in the a-Mg
matrix or as intermetallic compounds to form eutectic phases,

which play a role of solid solution strengthening and second
phase strengthening, respectively “*. As mentioned above,
(Y, Gd)H, phases distributed around the eutectic phase and
in the 0-Mg grains are found in the as-cast Mg-6Gd-3Y-0.5Zr
alloy. Most of the RE elements have a great tendency to absorb
hydrogen at room temperature and quickly form hydride (REH,)
at elevated temperature, and those hydrides will not decompose
until the temperature is higher than 1,000 K ®*!. The H in the
Mg melt mainly comes from the Mg liquid or the water vapor in
the atmosphere. The main reaction is shown in Eq. (2):

Mg(l) + H,0(g) = MgO(s) + 2[H] @

According to the thermodynamic analysis of Luo et al.
and Xu et al. ", the solid solubility of hydrogen in the Mg
alloy melt can be expressed as:

NIP'"™ = 0.0882exp(-4987/T) 3)

where N is the molar concentration of hydrogen, and P is the
partial pressure of hydrogen. Taking N=1 and P=1.01x10’ Pa
as the standard state, the standard dissolution free energy of
hydrogen in Mg melt can be expressed as:

AG,"=-RTInK 4)

where R is the gas constant (R=8.314 J-mol™-K™"), and X is the
equilibrium constant. The solute is dilute and according to the
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Fig. 3: Bright field TEM image of particle phase presented in as-cast Mg-6Gd-3Y-0.5Zr alloy (a); corresponding
SAED patterns along three beam directions (b, ¢, and d); HRTEM image of (Y, Gd)H,/a-Mg interface (e)

Sievert's law 7, K=0,,;,=0.0882exp(-4987/T) can be obtained.
Thus, Eq. (4) can be expressed as follows:

AG,’= -RTInK = ~R71In[0.0882exp(-4987/T)] 5
= 41462+20.19T (5)

According to the Gibbs-Helmholtz equation AG,, =
AH o5 ~TAS o5+ [ 1205 AC,dT - TI",s AC,-dT/T ** and the
thermodynamic data of the reaction substance presented in
Ref. [29], the standard free energy change for the reaction
between Mg melt and H,O(g) [Eq. (2)] can be easily calculated
and described as:

AG,"=-278782 — TIgT + 98.34T (6)

When 7=1,033 K, AG,’= -180,310 J'mol”, which suggested
that the reaction of Eq. (2) can proceed spontaneously at the
standard state condition and has a strong reaction driving force.
When P, =1.01x10° Pa and 7=1,033 K, N=7.06x10" mol can be
obtained from Eq. (3). In the actual condition, when PHZO=103 Pa,
o=N=7.06x10" mol, a,,,=0.997 mol, ay;,6=Py,0/1.01x10" Pa=
0.0297 mol. The actual free energy change for the reaction
between Mg melt and H,O(g) [Eq. (2)] can be expressed as:

AG,=AG,"+ RTInJ = AG,"+ RTIn[ oty /(0 01,0)] 7
=-180,310 + 8.314x1,033In[(7.06x107)*/(0.997x0.0297)]
=-274,715 I'mol”
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Therefore, the reaction of Eq. (2) can still proceed
spontaneously, and the hydrogen dissolved in the melt is the
cause of hydrides formation. According to Ref. [30], the reaction
between the Y, Gd, H and Mg can be described as Egs. (8) and
(9). The corresponding AG-temperature graph of (Y, Gd)H,
and Mg,,(Gd, Y); can be obtained in Fig. 4 according to the
previous works *"* and the thermodynamic calculation method
presented in Ref. [33].

2[H](s) + [Y, Gd](s) = (Y, Gd)H,(s) ®)
24Mg(s) + 5[Y, Gd](s) = Mg,,(Gd, Y)s(s) ©

It can be seen that the changes of Gibbs energy (AG) of
(Y, Gd)H, and Mg,,(Gd, Y), are negative below 900 K, which
confirms that the (Y, Gd)H, and Mg,,(Gd, Y)s phase can
coexist. When the solidification temperature decreases, the
(Y, Gd)H, phase can nucleate directly from the liquid phase
due to its higher melting point **. Thus, the (Y, Gd)H, phase
forms in the a-Mg grains [Fig. 2(b)]. When the temperature
drops to the eutectic temperature (about 800 K), the eutectic
phase Mg,,(Gd, Y)s forms, and the AG of (Y, Gd)H, is lower
than that of Mg,,(Gd, Y)s. Therefore, the (Y, Gd)H, phase can
also occur due to the decomposition of Mg,,(Gd, Y); phase
by absorbing hydrogen from the remaining melt, and some
(Y, Gd)H, phases are distributed around the eutectic phase
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Fig. 4: AG-T graph of (Y, Gd)H, and Mg,,(Gd, Y);*"*¥

Mg,,(Gd, Y)s, as shown in Fig. 2(b). Similar results have

[14]

been reported by Zhu et al. '™ in their investigation on the RE

hydrides using binary Mg-La, Mg-Ce and Mg-Nd alloys.

4 Conclusions

(1) The microstructure of as-cast Mg-6Gd-3Y-0.5Zr alloy
mainly consists of a-Mg, Mg,,(Gd, Y), eutectic phase and
(Y, Gd)H, phase. The (Y, Gd)H, phases are distributed around
the eutectic phase Mg,,(Gd, Y);s and in the a-Mg grains.

(2) The Mg,,(Gd, Y)s phase has a bec structure with a lattice
parameter of a=11.2 nm. The (Y, Gd)H, phase with a rectangle-
shape has a fcc structure, and the interfacial structure between
the (Y, Gd)H, phase and a-Mg matrix shows semi-coherent
relationship.

(3) The hydrogen dissolved in the melt causes the formation
of hydrides. The formation mechanism of (Y, Gd)H, phase can
be attributed to the direct nucleation in liquid phase and the
decomposition of Mg,,(Gd, Y); phase by absorbing hydrogen
from the remaining melt.

Acknowledgements

This work was financially supported by the Key Project
of Equipment Pre-research Field Fund under Grant No.
61409230407, the National Natural Science Foundation of China
(NSFC) under Grant No. 51601054, and the Central Government
Guides Local Science and Technology Development Fund
Projects under Grant No. 206Z1005G.

References

[1] WanY C, Xu S, Liu C M, et al. Enhanced strength and
corrosion resistance of Mg-Gd-Y-Zr alloy with ultrafine grains.
Materials Letters, 2018, 213: 274-277.

[2] Wu Q Q, Wei G L, Wu G H, et al. Effect of heat treatment on
corrosion behavior of low pressure sand cast Mg-10Gd-3Y-
0.5Zr alloys. China Foundry, 2016, 13(4): 276-283.

[3] Song J F, She J, Chen D L, et al. Latest research advances
on magnesium and magnesium alloys worldwide. Journal of
Magnesium and Alloys, 2020, 8(1): 1-41.

[4] Xue S N, Le Q C, Jia Y H, et al. Ultrasonic flaw detection of
discontinuous defects in magnesium alloy materials. China
Foundry, 2019, 16(4): 256-261.

[5] Wu S S, Xu S X, An P, et al. Influence of hydrogen levels
on porosity and mechanical properties of Mg alloy castings.
International Journal of Cast Metals Research, 2008, 21(1-4):
100-104.

[6] Liu X, Zhang Z Q, Hu W'Y, et al. Study on hydrogen removal
of AZ91 alloys using ultrasonic argon degassing process.
Ultrasonics Sonochemistry, 2015, 26: 73-80.

[71 Liu X, Zhang C, Zhang Z Q, et al. The role of ultrasound in
hydrogen removal and microstructure refinement by ultrasonic
argon degassing process. Ultrasonics Sonochemistry, 2017,
38: 455-462.

[8] Sahlberg M, Andersson Y. Hydrogen absorption in Mg-Y-Zn
ternary compounds. Journal of Alloys & Compounds, 2007,
446-447: 134-137.

[9] Enomoto M, Ohata Y, Uchida H. Reaction kinetics of H,, O,,
and H,O with rare earths (Y, La, Ce, Pr, Nd, Gd, Tb, Dy, and
Er) at 298 K. Journal of Alloys & Compounds, 2013, 580(S1):
S3-S85.

[10] Huang Y D, Yang L, You S H, et al. Unexpected formation of
hydrides in heavy rare earth containing magnesium alloys.
Journal of Magnesium and Alloys, 2016, 4(3): 173-180.

[11] Peng Q M, Huang Y D, Meng J, et al. Strain induced GdH,
precipitate in Mg-Gd based alloys. Intermetallics, 2011, 19(3):
382-389.

[12] Zheng K Y, Dong J, Zeng X Q, et al. Microstructural
characterisation of as cast and homogenised Mg-Gd-Nd-Zr
alloys. Materials Science and Technology, 2008, 24(3): 320-
326.

[13] Yang Y L, Peng L M, Fu P H, et al. Identification of NdH,
particles in solution-treated Mg-2.5%Nd (wt.%) alloy. Journal of
Alloys & Compounds, 2009, 485(1-2): 245-248.

[14] Zhu S M, Nie J F, Gibson M A, et al. On the unexpected
formation of rare earth hydrides in magnesium-rare earth
casting alloys. Scripta Materialia, 2014, 77: 21-24.

[15] Gan W M, Huang Y D, Yang L, et al. Identification of
unexpected hydrides in Mg-20wt.% Dy alloy by high-brilliance
synchrotron radiation. Journal of Applied Crystallography,
2012, 45(1): 17-21.

[16] Vigek M, Cizek J, Lukag F, et al. Hydrogen absorption in Mg-
Gd alloy. International Journal of Hydrogen Energy, 2017,
42(35): 22598-22604.

[17] Kannan M B, Dietzel W, Raman R K S, et al. Hydrogen-
induced-cracking in magnesium alloy under cathodic
polarization. Scripta Materialia, 2007, 57(7): 579-581.

[18] Zhou B P, Liu W C, Wu G H, et al. Microstructure and
mechanical properties of sand-cast Mg-6Gd-3Y-0.5Zr alloy
subject to thermal cycling treatment. Journal of Materials
Science & Technology, 2020, 43: 208-219.

[19] Wang Q L, Wu G H, Hou Z Q, et al. A comparative study of
Mg-Gd-Y-Zr alloy cast by metal mould and sand mould. China
Foundry, 2009, 7(1): 6-12.

[20] Yu H S, Guo X F, Cui H B. Microstructures and tensile
properties of as-cast Mg-5Sn-1Si magnesium alloy modified
with trace elements of Y, Bi, Sb and Sr. China Foundry, 2021,
18(1): 9-17.

[21] Zhan L, Le Y Z, Feng Z J, et al. Effect of Gd addition on
mechanical and microstructural properties of Mg-xGd-2.6Nd-
0.5Zn-0.5Zr cast alloys. China Foundry, 2020, 17(3): 212-218.

[22] Cheng G M, Tian Y X, He L L, et al. Orientation relationship
and interfacial structure between a-Nb;Si; and Nb solid solution
in the eutectic lamellar structure. Philosophical Magazine,
2009, 89(31): 2801-2812.

221




crin_ rouoey [N R

[23] Miao H W, Huang H, Fan S H, et al. Nanoscale precipitations
in deformed dilute alloying Mg-Zn-Gd alloy. Materials & Design,
2020, 196: 109122.

[24] Luo Q, Guo Y L, Liu B, et al. Thermodynamics and kinetics of
phase transformation in rare earth-magnesium alloys: A critical
review. Journal of Materials Science & Technology, 2020, 44:
171-190.

[25] Burapornpong S, Tsuchiya S, Kimura T, et al. High-pressure
synthesis of a novel compound in Mg-Y system. Journal of
Alloys & Compounds, 2021, 850: 156754.

[26] Luo Z P, Zhang S Q, Tang Y L, et al. Thermodynamic analysis
of effects of rare earth in magnesium alloys solutions. Journal
of The Chinese Society of Rare Earths, 1995, 13(2): 119-
122.

[27] Xu S X, Wu S S, Mao Y W, et al. Variation of hydrogen level in
magnesium alloy melt. China Foundry, 2006, 3(4): 275-278.

[28] Hao S M. Thermodynamics of materials. Chemical Industry
Press, Beijing, China, 2004. (In Chinese)

222

[29] Chase M W. NIST-JANAF thermochemical tables, 4th ed.
National Institute of Standards and Technology, Maryland, 1998.

[30] Fabrichnaya O B, Lukas H L, Effenberg G, et al.
Thermodynamic optimization in the Mg-Y system.
Intermetallics, 2003, 11(11-12): 1183—-1188.

[31] Yu G F, Jiang G, Xu G L, et al. Study of the thermodynamic
function of yttrium reacted with H,. Acta Chimica Sinica, 2008,
66(2): 170—174. (In Chinese)

[32] Barin I, Knacke O, Kubaschewski O. Thermochemical
Properties of Inorganic Substances. Springer-Verlag, Berlin,
1973.

[33] Guo C P, Du Z M, Li C R. A thermodynamic description of the
Gd-Mg-Y system. Calphad, 2007, 31(1): 75-88.

[34] Zlotea C, Sahlberg M, Ozbilen S, et al. Hydrogen desorption
studies of the Mg,,Ys-H system: Formation of Mg tubes,
kinetics and cycling effects. Acta Materialia, 2008, 56: 2421—
2428.



