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An unexpected precipitate phase was observed in Mg–20 wt% Dy alloy, with a

cuboid morphology not compatible with any shown in the Mg–Dy binary phase

diagram. As observed by scanning electron microscopy and energy-dispersive

X-ray analysis, the ratio of atomic percent of Dy to Mg is very high in these

particles, probably largely because of the poor spatial resolution of that

technique but already showing the mismatch with any previously characterized

Mg–Dy compound. High-brilliance synchrotron diffraction and transmission

electron microscopy experiments confirmed that these particles are composed of

DyH2. They are formed during sample preparation at room temperature when

hydrogen-containing sources such as water are used.

1. Introduction
The applications of magnesium alloys have been expanding

because they are being developed not only as structural

materials for transportation or other industrial uses, but also

as biodegradable medical implant materials (Friedrich &

Mordike, 2006; Hort et al., 2010; Yang et al., 2011). The rare

earth (RE) metals have active chemical properties, being the

most vigorous alloying elements for Mg, and hence they can

play important roles in removing impurities and improving the

performance of alloys. The addition of REs to magnesium

reduces the hydrogen content (Busk & Bobalek, 1935) and the

porosity in as-cast magnesium alloys (Avedesian & Baker,

1999). Compared with non-RE-containing magnesium alloys,

the RE-containing alloys have better corrosion resistance

(Birbilis et al., 2009; Liu et al., 2009). Results from Luo et al.

(2009) show that the addition of 0.2% Y to AZ91 alloy

increases its corrosion resistance by seven times. Owing to

their suitable mechanical properties and acceptable corrosion

resistance, Mg–RE alloys have recently come to be regarded

as one of the most potentially degradable biomaterials (Hort

et al., 2010; Hänzi et al., 2009; Quach et al., 2008; Feyerabend et

al., 2010; Witte, 2010; Witte et al., 2008).

From their preparation to their final applications, magne-

sium alloys are normally subjected to a hydrogen-containing

environment. It is of particular interest to investigate the

possible interactions between RE and H in Mg–RE alloys.

Yang et al. (2009) reported that NdH2 is formed in Mg–2 wt%

Nd alloy with T4 treatment. The formation of NdH2 was

attributed to the reaction of Nd with previously dissolved H

during casting. Recently, a different explanation was given by

Peng et al. (2011). They suggested that the formation of

hydride in Mg–Gd alloys can also proceed during sample

preparation or mechanical deformation if they are subjected

to an H-containing environment. The hydride could be formed

even at room temperature by a reaction with external H

sources such as water vapour or water.

To clarify further the possible formation of hydrides during

sample preparation at room temperature and to confirm

whether it is caused by surface reactions, the present work

investigates the phases present in Mg–20 wt% Dy, which is

currently under development as a biomaterial for application

in medicine (Yang et al., 2011). The main experimental means

consist of using the newly developed high-energy materials

science (HEMS, Helmholtz-Zentrum Geesthacht) beamline at

the German high-brilliance synchrotron radiation storage ring

PETRA III, DESY, Hamburg (Schell et al., 2008). The high

energy in combination with high flux at HEMS provides many

advantages over conventional methods for phase character-

ization of microprecipitates, such as a high penetration depth

for bulky and coarse-grained materials. Moreover, sample

preparation is very easy and the measurements run very

quickly in a non-destructive manner.

2. Experimental

High-purity Mg was melted in a mild steel crucible under a

protective atmosphere (Ar + 0.2% SF6), and 20 wt% pure Dy

was added at a melt temperature of 993 K. The melt was

stirred at 200 r min�1 for 30 min. After that, the melt was cast

using the directly chilled permanent mould casting method

(Peng et al., 2010; Elsayed et al., 2011). The melt was poured

into a mould preheated at 773 K. The filled mould was held at

943 K for 30 min under protective gas. The whole steel

crucible, with the melt, was then lowered into cooling water at
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a rate of 10 mm s�1. When the bottom of the steel crucible

touched the water, it was stopped for 1 s. As soon as the level

of the melt was in alignment with the water level (Peng et al.,

2010), the solidification process was finished. The size of the

ingot is 60 �120 � 200 mm. Solution treatment was carried

out at 793 K for 24 h, followed by water quenching. Ageing

treatment was carried out at 523 K for 16 h, followed by air

cooling.

Samples for microstructural observation were prepared in

two ways:

(i) After cutting, the specimens were ground and

mechanically polished with water.

(ii) After cutting, the samples were ground and mechani-

cally polished with organic solvents such as high-purity

ethanol, instead of water. After the specimens had been

further electropolished, they were immediately subjected to

microstructural observation.

Microstructures were investigated using a Zeiss Ultra 55

scanning electron microscope (Carl Zeiss GmbH, Ober-

kochen, Germany) equipped with energy-dispersive X-ray

analysis (EDX). Specimens for transmission electron micro-

scopy (TEM) were mechanically ground to about 120 mm
thickness with the assistance of water and then thinned by

electropolishing in a twin jet system using a solution of 2.5%

HClO4 and 97.5% ethanol at about 228 K and a voltage of

40 V. TEM examinations were carried out on a Philips CM 200

instrument with an EDX system operating at 200 kV.

Synchrotron irradiation was performed at HEMS with a

wavelength of 0.177 Å (70 keV). The 0.5 � 1 mm sized beam

penetrated through the polished surface of the specimens. To

increase the investigated volume, the specimen was rotated by

! = �20� around an axis normal to the beam during the 10 s

irradiation time. The Debye–Scherrer rings were recorded by

a Marresearch mar345 image-plate detector. The integrated

intensities of the images were obtained using the software

FIT2D (Hammersley, 1997). The diffraction patterns were

characterized according to the PDF-2 database from the

International Centre for Diffraction Data (ICDD, 2011).

3. Results

Normally, in Mg–RE binary hypoeutectic alloys only one

second phase (Mg–RE intermetallics) exists after solidifica-

tion (Nayeb-Hashemi & Clark, 1988). Interestingly, when the

present samples of the as-cast Mg–20 wt% Dy alloy were

prepared using method (i), two second phases with different

contrasts were observed: white particles with a high content of

Dy and grey particles with a relatively low content of Dy

(Fig. 1a). The formation of the white particles seems not to be

affected by the heat treatment; they are observed not only in

the as-cast samples but also in the heat-treated samples

(Figs. 1b and 1c). These particles have a cuboid shape and

appear to be lying on the surface. In the as-cast samples, the

white particles are normally observed near the Mg–Dy inter-

metallics at the dendritic or grain boundaries, and they can be

observed over the matrix in the heat-treated samples. The size

of these white particles is from about 30 nm to several

micrometres. In the heat-treated samples, the quantity of the

grey Mg–RE particles largely decreases. However, the quan-

tity of the white cuboid particles shows no significant differ-

ence from the as-cast samples.

Fig. 2 shows a comparison of microstrutural characteristics

between specimens prepared by methods (i) and (ii). Only the

microstructures of the solution-treated specimens are shown

as examples, because the disturbance from Mg–Dy inter-

metallics is alleviated after solution treatment. As shown in

Fig. 2(a), by using method (ii) to prepare a specimen, cuboid

particles with a high Dy content are barely observed. Over the

matrix, only some remaining Mg–Dy particles are found.

When a specimen is prepared using method (i), then besides

the Mg–Dy intermetallics, cuboid particles are observed in

great number (Figs. 2b, 2c and 2d). These particles lie on the

surface and their sizes vary between about 0.5 and 5 mm. The

EDX analyses demonstrate that the ratio of Dy to Mg in these

particles is more than 1. In fact, the actual ratio might be much
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Figure 1
Scanning electron micrographs showing the existence of white cuboid
particles with a very high Dy content in Mg–20 wt% Dy samples using
sample preparation method (i). (a) As cast; note the white particles
indicated by arrows. (b) Solutionized at 793 K for 24 h then water
quenched. (c) Solutionized at 793 K for 24 h followed by water quenching
and then ageing at 523 K for 16 h.
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higher than the experimental value

because part of the Mg composition for

these particles, obtained by EDX

analysis, comes from the contribution of

the magnesium matrix, as a result of

their small sizes of less than 2 mm. Such

a phase with a ratio of Dy to Mg greater

than 1 cannot be found in the Mg–Dy

binary phase diagram (Nayeb-Hashemi

& Clark, 1988). It could be one phase of

Dy-containing oxides, carbides or

hydrides because of the poor detection

capabilities of EDX for light elements

such as hydrogen and carbon.

The synchrotron diffraction images

and their sum patterns of solution-

treated specimens prepared by methods

(i) and (ii) are shown in Figs. 3(a) and

3(b), respectively. Besides the strongly

scattered diffraction points caused by

large Mg grains, weak diffraction from

the secondary phases is still clearly

observed, as marked by arrows in the

figures. In the solution-treated sample

prepared by method (i) there are three

phases: an equilibrium � phase Mg5Dy

with a cubic structure (space group

F43m, a = 22.2344 Å), Mg(OH)2 with a

hexagonal structure (space group P3m1, a= 3.144, c= 4.777 Å)

and DyH2 with a cubic structure (space group Fm3m, a =

5.201 Å). The three reflections with 2� = 3.39, 5.52 and 6.48�

correspond to diffraction from the (111), (022) and (113)

crystallographic planes of DyH2, respectively. In the solution-

treated sample prepared by method (ii), only the intermetallic

MgDy5 is identified.

4. Discussion

Based on the above results, the cuboid particles should be

DyH2. The Mg–Dy intermetallic is Mg5Dy, which is in agree-

ment with what is shown in the Mg–Dy phase diagram. EDX

analysis of the cuboid DyH2 particles, as shown in Fig. 4, gave

the result 25.6 at.% Mg, 70.1 at.% Dy and 4.3 at.% O. Some-

times Mg(OH)2 was observed, which is in agreement with the

results obtained by synchrotron diffraction. In the region of

Mg(OH)2, EDX analysis indicated that the Mg, Dy and O

contents are 48.3, 1.3 and 50.4 at.%, respectively. According to

this phenomenon and combined with consideration of the

sample preparation process, the formation mechanism of

DyH2 can be explained as follows.

Firstly, magnesium reacts with water to produce hydrogen:

Mgþ 2H2O ! MgðOHÞ2 þ 2½H�: ð1Þ
Secondly, the hydrogen produced reacts with Dy to form

DyH2:

Dyþ 2½H� ! DyH2: ð2Þ
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Figure 3
Parts of the two-dimensional diffraction images (left) and their sum
diffraction patterns (right) for the solution-treated specimens prepared
by (a) method (i) and (b) method (ii).

Figure 2
Scanning electron micrographs showing the particles in Mg–20 wt% Dy alloy with T4 treatment. (a)
Machined and polished in a dry environment [preparation method (ii)]. (b) Machined and polished
with water [preparation method (i)]; cuboid particles are observed. (c) Cluster of cuboid particles
with high Dy and O contents in a sample prepared using method (i). (d) Cuboid particle with a very
high Dy content in a sample prepared using method (i). Numbers shown in the pictures are atomic
percent.
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At room temperature, the free energies of Mg(OH)2 and MgO

are 934.5 and 609.3 kJ mol�1, respectively (Barin, 1993).

Hence, Mg(OH)2 would be formed preferentially. These

observed DyH2 particles should be present on the surface of

the samples. In fact, they are caused by surface reactions when

the samples are ground and polished with water. This is why

the DyH2 particles sometimes appear to be lying on the

surface. When the solution-treated sample was prepared in a

dry environment, no DyH2 particles were detected, which can

be verified from the characterization from the synchrotron

diffraction patterns (Fig. 3b). No surface DyH2 was observed

by scanning electron microscopy either, as shown in Fig. 2(a).

These results exclude the possibility that DyH2 particles, after

solution treatment, are formed in the interior of the materials

owing to the prior existence of dissolved hydrogen. Perhaps

because the obtained Mg–20 wt% Dy alloy contains much less

pre-existing hydrogen, no hydrides were formed in the interior

of the samples by solution treatment.

The H for the present formation of DyH2 comes from

environmental sources, such as water, rather than pre-existing

hydrogen that could have been dissolved in the ingots during

casting and solidification. Yang, Fu and co-workers reported

that the formation of ZrH2 and NdH2 are caused by the

reaction of alloying elements with such pre-existing hydrogen

during solution treatment (Yang et al., 2009; Fu et al., 2007).

Indeed, their results are not contradictory with the current

ones. The present results illustrate that, when Mg–20 wt% Dy

alloy contains no or very little pre-existing hydrogen, hydrides

can still be formed on the surface even at room temperature

by the reaction of the relevant elements with external

hydrogen-containing sources such as water.

5. Conclusions

Using high-brilliance synchrotron diffraction an unexpected

hydride, DyH2, was successfully identified. This hydride, with a

cuboid shape, can be formed on the surface of Mg–20 wt% Dy

samples if they are machined and polished with water at room

temperature. Heat treatments such as solid solution or ageing

treatments have no influence on the formation of hydrides for

the present Mg–20 wt% Dy materials. The formation

mechanism of DyH2 can be explained according to equations

(1) and (2). In contrast, the formation of hydrides is prevented

in the specimens if they are machined and polished in a dry

environment.
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Figure 4
Micrographs showing magnesium hydroxide around the DyH2 particles in
Mg–20 wt% Dy alloy. (a) Secondary electron image by scanning electron
microscopy. The specimen was prepared using method (i). (b) Bright-field
image by TEM. During grinding and thinning the specimen was in contact
with water. EDX results for point 1: 25.6 at.% Mg, 70.1 at.% Dy and
4.3 at.% O; and for point 2: 48.3 at.% Mg, 1.3 at.% Dy and 50.4 at.% O.
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