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This study investigates the effect of liquid gallium (Ga) on metal foils made of titanium (Ti), niobium (Nb), and molybdenum
(Mo). The Ti, Nb, and Mo foils were heated in liquid Ga at 120°C for a maximum of two weeks. After heating, the changes in the
morphology and the chemical composition of the metal foils were analyzed by using a field emission scanning electron microscope,
energy-dispersive X-ray spectrometer, X-ray diffractometer, and X-ray photoelectron spectrometer. The results of the analysis
indicated that the Nb foil showed the minimum adhesion of liquid Ga to the surface while the maximum amount of liquid Ga was
observed to adhere to the Ti foil. In addition, the Nb foil was oxidized and the Mo foil was reduced during the heating process.
Considering these effects, we conclude that Mo may be used as an alternative encapsulation material for Ga in addition to Nb,
which is used as the conventional encapsulation material, due to its chemical resistance against oxidation in hot liquid Ga.

1. Introduction

%Ga has attracted great attention in such medical research
areas as positron emission tomography (PET) because it
decays mainly via positron emission and has a short half-life
(~68 min) [1]. Therefore, the production of %8Ge, the long-
lived (half-life of ~288 days) parent radioisotope of *Ga,
has become an important issue. %Ge can be produced by
proton irradiation of a Ga target, or by alpha irradiation of
a Zn target. However, the use of a Zn target induces difficulty
in chemical processing after the irradiation because a third
element (Zn) is involved, and, thus, the use of a Ga target
has attracted additional research interest. Various forms of
Ga, for example, Ga, O [1], Ga,O; [2], Ga,Ni [3], and natural
Ga [4] have been used for the production of 8 Ge by proton
irradiation. Specifically, encapsulation is required when a
natural Ga target is used because the natural Ga has relatively
low melting point (~30°C) and is therefore easily liquefied
by the temperature increase resulting from the bombardment
of energetic protons. According to a report by Noriter et al.,
the maximum temperature produced in this process has been

estimated to reach as high as 148°C in simulations under
irradiation conditions of 29.5MeV in proton energy and
250 pA in beam current [5]. When the encapsulation material
is determined, its resistance to corrosion or embrittlement
caused by liquid Ga is one of the most important criterion
because the damage of encapsulation by liquid Ga during the
proton irradiation can induce serious breakage of accelerator
vacuum system. In this research, Ti and Mo were chosen
as candidate encapsulation materials in addition to Nb, the
conventional choice for the encapsulation of Ga [4] because
of the following reasons: Ti, Mo, and Nb are known to have
satisfactory resistance to attack by Ga at temperatures up
to 400°C [6]. Moreover, Ti is known to resist embrittlement
by liquid Ga [7]. In addition, Ti and Nb are widely used
metals in the '®O water target for '"®F production by proton
irradiation because of their hardness and inertness [8], and
Mo is used as a window material for the '**Xe target in '*’
production by proton irradiation [9]. Therefore, we could
conclude that Ti and Mo are suitable candidate materials to
this paper. Furthermore, a temperature of 120°C was chosen
for the experiments; in our institute, we plan to produce **Ge
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FIGURE 1: FESEM images of pristine Ti foil (a) and Ti foils heated in liquid Ga for 1 day (b), 3 days (c), 5 days (d), 9 days (e), and 14 days (f).

by proton irradiation with a <200 A beam current, so we
expect that the maximum temperature will not exceed 120°C.
To investigate whether Ti and Mo can be used as alternative
materials to Nb in the Ga target for ®*Ge production, we
carried out heating experiments with Ti, Nb, and Mo foils
in liquid Ga at 120°C and investigated the effect of liquid
Ga on the morphology and chemical composition of those
metals in this paper. The amount of residual Ga after heating
and washing was also measured because fine separation
between Ga and an encapsulation material is important in
real application.

2. Experimental

2.1. Material Preparation. Ga (Strategic Metal Investments,
99.9%) was melted by heating at a temperature slightly
above its melting point (~40°C). Next, 2mL of Ga was
transferred to each of several vials (Thermo Scientific Reacti-
Vial number 13223). Ti (Goodfellow, thickness: 0.075 mm,
99.6+%), Nb (Goodfellow, thickness: 0.1 mm, 99.9%), and
Mo (Goodfellow, thickness: 0.05 mm, 99.9%) foils were cut
into samples with sizes of 5 mm x 25 mm and dipped into the
liquid Ga in the vials.

2.2. Heating Experiment. After the preparation of the vials
containing liquid Ga and a sample of metal foils, the vials
were placed on the heating device (Reacti-Therm Heat-
ing/Stirring Module, Thermo Scientific). The heating temper-
ature was set to 120°C, and the heating time was varied from
1 day to 14 days (Figure S1) (see Supplementary Material
available online at http://dx.doi.org/10.1155/2013/619682).
After the heating experiments, the metal foils were taken out

of the vials and carefully washed with ethanol several times
to remove any residual Ga on the metal foil surfaces. After
washing, the samples were put into a vacuum oven and then
dried at 40°C for 2 hours.

2.3. Characterization. The surface morphology of the metal
foils heated in the liquid Ga was characterized with a field
emission scanning electron microscope (FESEM, Hitachi S-
4800). Energy dispersive X-ray spectroscopy (EDS) analysis
was carried out using a FESEM (Nova230, FEI) instrument
equipped with an energy-dispersive X-ray spectrometer. The
chemical compositions of the pristine and heated metal foils
were investigated by X-ray photoelectron spectroscopy (XPS)
using an Mg and Al Ka X-ray source in a Sigma Probe
(Thermo VG) spectrometer. The XPS spectra were curve
fitted with a mixed Gaussian-Lorentzian shape using the
XPSPEAK analysis software [10]. The Shirley function was
used to remove the background prior to curve fitting. All of
the XPS spectra were charge compensated to C 1s at 285.0 eV.
The crystallinity of the pristine and heated metal foils was
examined with an X-ray diffractometer (XRD, RIGAKU,
D/MAX-2500).

3. Results and Discussion

3.1. Surface Morphology. The surfaces of the Ti, Nb, and
Mo foils were observed using FESEM. The surface of the
pristine Ti foil appeared slightly rough, as shown in Figure
1(a). When the heating time of the Ti foil in the liquid Ga
was increased, the amount of material adhered to the Ti
foil was monotonically increased (Figures 1(b)-1(f)). The
material that adhered to the surface of Ti foil was in the
form of both nanoparticles with a size of several hundred nm
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FIGURE 2: FESEM images of pristine Nb foil (a) and Nb foils heated in liquid Ga for 1 day (b), 3 days (c), 5 days (d), 9 days (e), and 14 days

(f).
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FIGURE 3: FESEM images of pristine Mo foil (a) and Mo foils heated in liquid Ga for 1 day (b), 3 days (c), 5 days (d), 9 days (e), and 14 days

(f).

(see arrowed area in Figures 1(c) and 1(d)) and aggregates.
Particularly, when the heating time was longer than nine
days, lumps of aggregates with a size of several ym were
easily observed on the Ti foil surface (see arrowed area in
Figures 1(e) and 1(f)). In the case of the Nb foil, the amount
of the adhered material also was monotonically increased as
the heating time increased. However, the amount of material

adhered to the Nb foils was significantly reduced compared
with the Ti foils. When the heating time was increased up
to three days, there was little material (in the form of either
nanoparticles or aggregates) adhered to the Nb foil surface
(Figures 2(a)-2(c)). After heating for more than five days,
nanoparticles were found on the Nb foil surface, and the
number of nanoparticles increased as the heating time was
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FIGURE 4: EDS peaks of Ti (a), Nb (b), and Mo (¢) foils heated in the liquid Ga.
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FIGURE 5: FESEM images and corresponding EDS mapping data of Ti (a), Nb (b), and Mo (c) foils heated in liquid Ga.
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F1GURE 6: XRD peaks of Ti (a), Nb (b), and Mo (c) foils heated in liquid Ga.

increased, as shown in Figures 2(d) and 2(e). Aggregates were
also observed when the heating time was increased to 14
days (see arrowed area in Figure 2(f)). In the case of the
Mo foil, the amount of adhered material was monotonically
increased as the heating time increased, similar to the case of
Tiand Nb (Figure 3). The amount of the adhered material was
relatively abundant compared with that of Nb. In addition,
the adhesion material in this case appeared mainly in the
form of micro/nanoparticles (see arrowed area in Figure
3(e)) while the adhesion material was mainly in the form of
aggregates for the Ti foil.

3.2. EDS Analysis. To identify the materials that adhered on
the metal foil surfaces, the samples were analyzed using EDS.
The EDS peaks measured from the Ti, Nb, and Mo foils after
heating in the liquid Ga are shown in Figure 4. All samples
exhibited peaks of the elements that compose the pristine
foils: Ga peaks with intensities much smaller than those of
the former peaks (Ti, Nb, and Mo), and small oxygen (O)
peaks that possibly originated from the metal foil surfaces
that were oxidized naturally or via the heating process. In
addition, elemental mapping of the Ti, Nb, and Mo foils

heated in liquid Ga was performed. Figure 5 displays the
FESEM images showing the attached Ga on the metal foil
surfaces and the corresponding EDS elemental mapping data
(green: metal foil, red: attached Ga). This result revealed that
a relatively small amount of Ga was attached to the metal
surfaces by heating in the liquid Ga. According to the result
of the EDS element analysis, the proportion of Ga was only a
few weight percent for the Mo and Nb foils while much larger
amount of Ga was attached to the Ti foil (Table S1). The Nb
foil showed the minimum adhesion of Ga while the Ti foil
exhibited the maximum adhesion of Ga.

3.3. XRD and XPS Analysis. To clarify whether Ga was either
physically attached or chemically bonded on the metal foil
surfaces, XRD and XPS data were collected and analyzed. The
XRD peaks measured from the Ti foil heated in liquid Ga
are shown in Figure 6(a). The peaks were centered at 34.94°,
38.21°, 40.03°, 52.83°, 62.83°, 70.44°, 76.03°, and 77.32°,
corresponding to the (100), (002), (101), (102), (110), (103),
(112), and (201) planes of pure Ti, respectively. However, no
XRD Ga peaks were found. This result indicates that heating
in liquid Ga at 120°C for two weeks did not affect the Ti foils,
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FIGURE 7: XPS survey spectra of Ti (a), Nb (b), and Mo (c) foils before and after heating in the liquid Ga.

and the amount of Ga that adhered to the Ti foils was too small
to be detected by XRD. The Nb and Mo foils exhibited XRD
peaks with the same behavior. For the Nb foil, the XRD peaks
were centered at 38.44°, 55.59°, and 69.66°, corresponding to
the (110), (200), and (211) planes of pure Nb, respectively
(Figure 6(b)). Similarly, the XRD peaks of Mo were centered
at 40.42°, 58.58°, 73.61°, and 87.59°, corresponding to the
(110), (200), (211), and (220) planes of pure Mo (Figure 6(c)).

The chemical composition changes in the metal foil
surfaces were investigated using X-ray photoelectron spec-
troscopy (XPS). The XPS survey spectra of the Ti, Nb, and Mo
foils heated in the liquid Ga are shown in Figure 7. All of the
pristine metal foils exhibited their characteristic peaks, a C 1s
peak that possibly resulted from a surface contaminant, and
the O peaks that most likely resulted from a natural oxidation.
However, all of the XPS peaks of Ti (such as the Ti 2s, 2p,
and Auger peaks) disappeared while the Ga peaks (such as

the 2p, 3s, and 3p peaks) appeared after heating in the liquid
Ga (Figure 7(a)). The change in survey spectra of the Ti foil
may result from the formation of a thin Ga layer (> a few
nm) on the Ti foil surface after the heating in the liquid Ga
because these XPS signals originate from the material surface
at a depth of only a few nm [11, 12], while the conventional
XRD is able to gather data at a depth of several ym from the
material surface due to the difference in the energy of the X-
ray radiation. In the case of the Nb and Mo foils, only the
small 3d peaks of Nb and Mo remained, and the Ga peaks
appeared after heating in the liquid Ga (Figures 7(b) and
7(c)). It appears that Ga layer which adhered to the Ti foils
was relatively thicker than that of the Nb and Mo foils.

The Ga 2p peaks of the Ti, Nb, and Mo foils were all
centered at ~1118 and ~1145 eV, corresponding, respectively,
to the typical 2p;,, and 2p,/, peaks of pure Ga (see Figure
S2). This result showed that the Ga is only physically attached
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FIGURE 8: 3d peaks of pristine Nb foil (a), Nb foil heated in the liquid Ga (b), pristine Mo foil (c), and Mo foil heated in liquid Ga (d).

to the metal foil surfaces, with no evidence of any chemical
bonding.

However, a chemical change in the metal foil surfaces was
observed. For the Ti foil, further analysis could not be carried
out because all of the Ti peaks disappeared after heating in
the liquid Ga. Detailed analysis of 3d spectra was performed
for Nb and Mo. As shown in Figure 8(a), the 3d peak of the
pristine Nb could be deconvoluted into four peaks centered at
202.3, 205.1, 207.4, and 210.2 eV, corresponding to the 3d;,
and 3d;, peaks of pure Nb, and the 3d;,, and 3d;;, peaks of
Nb,Os, respectively. This result means that the surface of the
Nb foil consisted of pure Nb and its natural oxide. In contrast,
the two peaks centered at 202.3 and 205.1 eV disappeared,
and only two other peaks centered at 207.4 and 210.2eV
remained after the heating in the liquid Ga, which implies
that the material was transformed into a fully oxidized surface
(Figure 8(b)). On the other hand, the 3d peak of the pristine
Mo could be deconvoluted into two peaks centered at 232.7

and 235.8 eV, respectively, corresponding to the 3ds;, and
3d;;, peaks of MoO;, which is one of the oxide forms of Mo
(Figure 8(c)). Interestingly, the Mo foil surface appeared to be
reduced after heating in liquid Ga. After heating in the liquid
Ga, the shape of the Mo 3d peak became more complicated,
as shown in Figure 8(d). The peak could be deconvoluted
into six peaks including the former two peaks and peaks
centered at 227.8, 229.3, 230.9, and 232.5 eV, corresponding
to the 3ds, peak of pure Mo and MoO, and the 3d;, peaks
of pure Mo and MoO,, respectively. This result indicated that
a portion of the Mo(VI) was reduced to Mo(0) or Mo(IV).

4. Conclusions

This work investigated the effect of liquid Ga on Ti, Nb, and
Mo foils at temperatures higher than the melting point of
Ga. After the metal foils were heated in the liquid Ga at
120°C, a small amount of Ga remained on the metal foil
surfaces even after several washing steps. Among the metal



foils used in this study, the Nb foil showed the minimum
adhesion of Ga while the Ti foil exhibited the maximum
adhesion of Ga. From the perspective of separation of Ga
from the metal foils, we can conclude that Nb is the most
attractive material among the three tested. In contrast, from
the perspective of the chemical composition change, the Nb
foil surfaces appeared to be oxidized after heating in the liquid
Ga while the Mo foil surfaces were reduced. In conclusion, the
conventional Nb encapsulation material of Ga exhibited the
least Ga adhesion, a superior property, but Mo also could be
used as the encapsulation material for Ga due to its chemical
resistance against oxidation during the heating, even though
a relatively larger amount of Ga was observed to adhere to its
surface compared with Nb.
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