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deemed appropriate as a high-energy heat source for melting 
and purifying, compared to other hydro- or pyro-metallurgical 
techniques. High-purity tantalum typically manufactured by 
high-energy heat source techniques such as EBM, VAR [11], 
and PAM [12]. EBM in a high-vacuum atmosphere (10–4 torr). 
They show an excellent refining effect, because most impuri-
ties could be removed by the difference of vapor pressure. The 
impurity removal efficiency of EBM shows higher performance 
than PAM, because EBM can effectively vaporize metals and 
organic gas impurities from tantalum metal [4]. Therefore, EBM 
considered melting techniques of the tantalum scrap. In addition, 
we confirmed the possibility of recycling tantalum metal from 
tantalum scrap by manufacturing tantalum wire through EBM 
and drawing. Up to now, it has steadily been carried out that is 
studies on the refining of refractory metals using EBM process 
and the research on the fabrication of wire by plastic working, 
respectively. However, studies that combine these two processes 
to recycle refractory metals are insufficient. On the other hand, 
this research designed to develop technologies for recycling it 
with upgrade their purity and its wire by combining EBM and 
drawing technics. 

2. Experimental

2.1. Pre-treatment of raw materials

Tantalum scrap that is spring type from a lithography lamp 
was as the raw material. The scrap was pretreated with an acidic 
solution which is aqua regia before EBM. It is a mixture of hy-
drochloric acid (HCl) and nitric acid (HNO3), was used as the 
pretreatment solution, in a molar ratio of 3 : 1. The treatment 
time was ~50 h, for 1 kg of tantalum scrap. The amount of acid 
solution was 300 mL per 100 g of tantalum scrap.

2.2. Manufacturing of cold hearth and EBM process

A cold hearth was prepared to charge the raw material 
and was then placed in the EB chamber. It was made copper 

materials, and its water pipe was positioned to enclose the 
charging part. The dimensions of the cold hearth were 192.5 mm 
× 20 mm × 20 mm.

The output power of the EBM equipment was 30 kW, op-
erating voltage was 75 kV, operating current was 22 mA, and 
process power was 1.5 kW. In the experiment, the degree of 
vacuum of the EB gun (upper) was about 10–6 torr, whereas that 
in the EB chamber was about 10–4 torr. The area of the EB ranged 
from 5 mm to 10 mm. The focusing current was set to 836 mA. 
The scan speed was set to 10 mm/s in all experiments. In the 
EBM process, the scrap was initially charged and melted via EB 
to form a number of tantalum spots. Afterward more charge was 
added and melting was again carried out. This process of add-
ing charge and melting was carried out repeatedly for 15 times. 
During this process, the melt pool was gradually formed. Finally, 
high purity tantalum ingot was obtained as seen in Fig. 1.

2.3. Design of drawing die and drawing process

Drawing was selected as the plastic working technique to 
fabricate tantalum wires from tantalum ingot. We conducted 
literature review to establish the drawing process conditions and 
based on this, drawing die was made. Industrial diamond was 
selected as the die material. Drawing dies with a diameter range 
of 0.5 mm to 9 mm were fabricated. Subsequently, tantalum wires 
of similar diameter were drawn using these dies.

2.4. Analysis technique

The impurities on the surface of the scrap were analyzed 
qualitatively and quantitatively by Inductively Coupled Plasma 
Mass Spectrometry (ICP-MS). The detection limit in ICP-MS 
was 0.1 ppb. The purity, hardness, and oxygen concentration of 
the tantalum ingot were analyzed. The purity of the tantalum 
ingot was determined by glow discharge mass spectrometry 
(GD-MS). For the tantalum wire, the diameter, hardness, tensile 
strength, grain size, crystallographic direction, and strain were 
analyzed.

Fig. 1. EBM of tantalum scrap (a) actual melting of tantalum scrap, (b) illustration of melting process of tantalum scrap
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3. Results and discussion

A lithography lamp is used in the fabrication of semiconduc-
tors. During EBM, fume gas is generated from the impurities on 
the surface of the scrap, which causes reduction of the vacuum 
degree in the EB chamber and leads to shutdown of equipment. 
Therefore, the scrap was pretreated with an acidic solution to 
remove the impurities before EBM. As a result of analyzing the 
impurities on the surface of the scrap, elements such as W, Ni, 
Mo, and Fe. Their contents are listed in Table 1. The concentra-
tion of impurities was in the order W > Fe > Ni > Mo; these 
impurities could be removed due to the refining effect of EBM. 

TABLE 1

Data for surface impurities on tantalum scrap by ICP-MS

Impurity Tantalum Scrap (mass-ppm)
W 81.71
Fe 21.55
Ni 1.86
Mo 5.55

The cold hearth material was copper, which has excellent 
thermal conductivity and can maximize the cooling effect. 
Moreover, the water pipe in the cold hearth was positioned 
around the charging area while the cold hearth was being cut by 
EB, in order to prevent the inflow of water.

EBM (Fig. 1) was used to obtain high-purity tantalum from 
scrap. It was performed until the raw material fully melted and 
then tantalum ingot was fabricated. The main process condi-
tions were focusing current, beam current, and scan speed. The 
focusing current determines the area of the EB; the greater the 
focusing current, the larger the EB area. The beam current de-
termines the intensity of the EB; the greater the beam current, 
the higher the intensity of the EB. In addition, it can be adjusted 
according to the focusing current. For example, when the area of 
EB is increased by increasing the focusing current, the energy 
received by the sample is reduced in each area. In order to ap-
ply the same intensity of the EB to each area, the beam current 
must be increased. The scan speed is the rate of scanning the raw 
materials in the cold hearth, when the EB gun is moved upward, 
downward, left, and right of the raw materials. As a result, the 
optimum conditions during EBM is as follows; focusing current, 
856-896 mA; beam current, 30-120 mA; scan speed, 10 mm/s. 

The purity of the tantalum ingot was analyzed by glow dis-
charge mass spectrometry (GD-MS), which is a non-destructive 
analytical technique, does not require chemicals for solubility, 
and can achieve detection limits of less than 0.01 ppm for 
most impurities [4]. In addition, it is possible to quantitatively 
detect trace impurities in the refined tantalum matrix. [20-22]. 
In the tantalum ingots, 0.1 ppm or more of impurities such as 
W, Ni, Mo, Si, Al, and Fe were detected (Table 2). Excluding 
these impurities, the purity of the tantalum ingots was respec-
tively 99.99772%, 99.996831%, 99.99884%, 99.99771%, and 
99.997388%. Thus, the average purity of the tantalum ingots 

was 99.9974% (corresponding to 4N5 or more). The purity data 
confirmed the excellent refining effect of EBM of the tantalum 
ingots.

TABLE 2

GD-MS results for EB-melted tantalum ingots

Impu-
rity

Ta-
ingot-01
(mass-
ppm)

Ta-
ingot-02
(mass-
ppm)

Ta-
ingot-03
(mass-
ppm)

Ta-
ingot-04
(mass-
ppm)

Ta-
ingot-05
(mass-
ppm)

W 15.48 19.18 8.9 18.02 18.69
Fe 0.29 0.17 0.97 0.22 0.35
Ni 4.06 5.12 1.58 3.69 4.92
Mo 1.02 1.48 0 0.97 1.6
Si 1.27 3.22 0.15 0 0.38
Al 0.68 2.52 0 0 0.18

The oxygen concentration in the tantalum ingot was also 
analyzed, for which four samples from the surface of the ingot 
and one sample from the inner center of the ingot were used. 
The average oxygen concentration was 257.1 ppm. For the inner 
sample, the oxygen concentration was 171.5 ppm, whereas for 
the surface samples, it was 297.8 ppm, 282.6 ppm, 229.3 ppm, 
and 304.3 ppm. The oxygen concentration of tantalum metal 
should be less than 200 ppm to fabricate a variety of commer-
cial products [23]. However, all four surface specimens showed 
oxygen concentrations higher than 200 ppm, exceeding those 
obtained in other studies. On the other hand, the oxygen con-
centration of the inner sample was less than 200 ppm; hence, 
the inner sample can be used in commercial products. These 
values indicate that the surface was easily oxidized by residual 
oxygen in the EBM chamber during solidification, whereas the 
inner part underwent oxidation to a lesser extent. Therefore, to 
ensure effective plastic working, the surface should be removed 
in order to eliminate oxygen. The surface of the as-casted ingot 
of diameter 20 mm was removed to a diameter of 9 mm for use 
as the raw material in drawing. 

In order to reduce the oxygen concentration of the tantalum 
ingots, it is necessary to remove the oxide through additional 
EBM. In another study, when EBM was carried out several times, 
the oxygen concentration of the tantalum ingot decreased more 
than 500 times compared to that for the case where EBM was 
performed only once [4].

Hardness was determined by using a Vickers hardness 
tester by fixing the weight as 0.01 kgf. In addition, the ingot 
was divided into nine areas and its hardness was measured more 
than thrice in each area. The average hardness of the tantalum 
ingot was 148.97 Hv, which is similar to the normal tantalum 
hardness [24]. Therefore, the tantalum ingot fabricated by EBM 
can be commercialized for industrial applications.

HSC chemistry was used to calculate the vapor pressures 
of the impurities in the scrap and the ingot. The calculation 
was performed according to the temperature of the impurities 
expected to be present (Fig. 2). The vapor pressures of the im-
purities are as follows (Fig. 2): manganese, 7.9 × 10–1 torr at 
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the central area coincides perfectly with the direction of drawing, 
while the crystal orientation of the surface area is at a different 
angle (not parallel) [34]. Based on the analysis data and other 
studies, it can be inferred that the stress on the central area of 
the wire is more than that on the surface area and that the strain 
in the central area is larger than that in the surface area upon 
drawing. The characteristics of the tantalum ingot and wire 
were examined by various analysis techniques. Furthermore, 
the possibility of recycling tantalum scrap was confirmed based 
on these results.

4. Conclusions

In this study, tantalum wire was successfully fabricated 
from tantalum scrap by EBM and drawing techniques. The 
purity of the wire thus obtained was more than 4N5 (99.995%). 
The impurities present in the tantalum scrap could be removed 
through pretreatment with an acid solution (aqua regia). GD-
MS results showed the excellent refining effect of the EBM. 
The solidification time of the tantalum ingot can be reduced by 
fabricating a cold hearth with copper. EBM was carried out in 
vacuum at 10-4 torr. The optimum conditions of the EBM were 
obtained in terms of the focusing and beam currents and scan 
speed as 856-896 mA, 30-120 mA, and 10 mm/s, respectively. 
The optimum conditions of the drawing process, such as the 
die angle, bearing length, and area reduction ratio, were also 
obtained as 18.23°, 0.2 d, and 5%, respectively. The hardness 
of the tantalum ingot was determined as 148.97 Hv, while its 
oxygen concentration was less than 300 ppm. The properties 
of the ingot such as purity, oxygen concentration, and hard-
ness can be improved by employing an additional EBM step. 

The hardness of the 0.5 mm tantalum wire was determined as 
232.12 Hv. The UTS, YS, and elongation of the 0.5 mm wire 
were measured as 602.9 MPa, 487.9 MPa, and 4.71%, respec-
tively, based on tensile strength test. EBSD analysis shows 
the changes in grain size and strain in the tantalum wire due 
to drawing. Based on the data obtained for the tantalum ingot 
and the wire, the possibility of recycling and commercializing 
the tantalum scrap obtained from the EBM and drawing tech-
niques was confirmed. Up to now, it has steadily been carried 
out that is studies on the refining of refractory metals using 
EBM process and the research on the fabrication of wire by 
plastic working, respectively. However, studies that combine 
these two processes to recycle refractory metals are absolutely 
insufficient. On the other hand, this research was designed to 
develop technologies for recycling and up-cycle of refractory 
metals by combining EBM and drawing technics. In addition, 
it is a consistent process for making ingot from scrap and then 
manufacturing wire from ingot, which can be used as a useful 
technology for recycling refractory metals. Not only this, the 
high-purity tantalum metal recycled in this study can be used 
as a tantalum spring in lithography lamp as well as other prod-
ucts. If these studies are continuously carried out, commercial 
recycling process of refractory metals will be established. In 
addition, it is expected that not only Ta but also all refractory 
metals such as W, Mo and others will be available.
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