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On the possibility of using arc plasma melting
technique in preparation
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A state-of-the-art fabrication of Y,0; transparent ceramic by arc plasma synthesis using commer-
cial micron-size powders is reported. The morphological observations of the surface by scanning
electron microscope shows that a dense microstructure can be obtained. Arc melted samples are
made of a white core and transparent layer. X-ray diffraction studies and also Raman spectroscopy
confirm that only one phase occurred in the core and in the transparent layer, and that the physico-
chemical difference exists. The obtained Y,0j; shell ceramics have pores but also relative low ab-
sorbance in the VIS-NIR region after double side polishing. The optical band gap and the refractive
index are reported. It is concluded that arc plasma melting allows obtaining quickly (10 minutes)
dense and highly transparent polycrystalline samples, especially in the VIS-IR spectral region.
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1. Introduction

Polycrystalline yttrium oxide has been widely investigated as a potential material for
laser technology, semiconductor technology, heavy industry and many others applica-
tions [ 1-10]. Yttria is characterized by a series of positive physicochemical properties,
such as a broad transparency range (ca. 0.3—8 um), where theoretical transmittance is
over 80% for visible light and 65% for infrared light, as well as strong absorbance in
ultraviolet light, refractive index (ca. 2.2), high thermal conductivity (13.6 W/m-K),
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Fig. 1. Photography of cross-section Y,0; obtained after PAM.

very good chemical stability and also by a low thermal expansion coefficient [1-10].
Additionally, it is possible to incorporate metal and rare earth elements into the yttrium
oxide lattice, low energy cut-off of phonons (591 cm™") [8—10] and energy gap (approx-
imately 4-5.5 eV) [3—6]. According to Mie’s scattering theory [11], high optical trans-
mittance of polycrystalline ceramic can be achieved by fabricating pore-free and high
purity ceramic. Four popular methods: vacuum sintering, spark plasma sintering, hot
pressing and hot isostating pressing [3, 6, 7, 11-28] are widely used to obtain a dense
and translucent oxide ceramic. In contrast to these methods, an arc plasma melting
technique requires high purity powders only, without any other requirements, because
of size, the shape and distribution of particles and agglomerates have no influence on
the pores creation during the melting process.

The Y,0O; polycrystalline ceramics are very extensively investigated from the point
of view of physicochemical properties. In this paper, an alternative technique plasma
arc melting (PAM) was used. After PAM a sample is built with a white not fully-melted
core and full-melted the transparent shell (Fig. 1). A detailed study of the physico-
chemical properties focused on a difference between the core and the shell of arc plasma
melted Y,0O5. In this paper, the optical properties of the shell plasma arc melted Y,04
transparent ceramics in UV-NIR spectrum were examined and presented in this study.

2. Experiment
2.1. Sample preparation

Commercial Y,0O5 powder (Sigma-Aldrich, 99.99% purity) with a mean particle diam-
eter of 2.0 um was chosen as material. The powder was ground in an agate mortar and
sieved through a 50-mesh screen, finally pressed at 20 MPa into @23 mm pellets in
a zirconium mould. In the arc furnace, equipped with a tungsten electrode and con-
nected with a high efficiently water cooled copper crucible, arc plasma synthesis was
conducted. The melting of Y,0; green bodies was conducted in an inert gas environ-
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ment of an argon flow (99% purity). Finally, the material was cooled down at an ap-
proximate cooling rate of 19 K/s in the first seconds. A polycrystalline Y,05 bulk
sample in transparent layer (shell) and a white core was obtained. Finally, parts of the
samples were mechanical separated and the transparent shell was double-side polished.
A representative sample from the arc melted ceramics was selected.

2.2. Methodology

The Panalytical X Pert was used for X-ray diffraction (XRD) measurements with
CuK,, radiation. The diffraction pattern was measured with 26 range 17°-80°, and
a step of 0.08°, counting time of 30 s/step. The qualitative phase analysis was per-
formed with the use of Highscore Plus software (Panalytical) and a standard data set
of PCPDFWIN version 2.3. All parameters in the constituent phases were determined
on the basis of the Rietveld profile refinement method.

The micromorphology of samples was observed with a scanning electron microscope
(SEM) FEI Quanta 3D FEG with an energy-dispersive X-ray (EDAX SDD Apollo XP)
used to examine chemical composition of the sample.

Free software ImagelJ version 1.501 was used to obtain an area of pore distribution
after processing a series of SEM microphotographs.

Horiba LabRam HR800 spectrometric analyzer was used to obtain Raman spectra
in the range of 300-3500 cm ™', with 1.5 cm™! step, laser light source at 532 nm.

The absorption of Y,05 was performed using the Specord 210 V Plus Analytik Jena.
The shell thickness was ca. 1 mm after double side polishing.

3. Results and discussion

Figure 2 shows the XRD patterns recorded for the core and transparent layer Y,0; ob-
tained after PAM. The XRD patterns of Y,0; are indexed as the cubic of Y,0; (JCPDS
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Fig. 2. XRD patterns of the core and the shell Y,O; obtained after PAM.
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Table 1. Lattice spacing d,;, lattice parameter a and unit cell volume ¥ with the crystallite size Dxrp
and dislocation density p of PAM Y,0;.

Shell Core
dy; [nm] 3.0518 3.0662
a[A] 10.5718 10.6216
VA% 1181.517 1198.3214
Dygp [nm] 95.05 69.05
p [107° m2] 11.1 21

card # 98-008-1861) with the Ia-3 space group. The XRD pattern of the core and shell,
reveals sharp well-defined peaks of pure yttria of regular structure without any detect-
able secondary phases. The approximated value of the lattice spacing d,;;, the lattice
parameter and unit cell volume V" with the calculated crystallite size Dyyp, and also
dislocation density p of the investigated core and shell melted Y,0O; are presented in
Table 1. The lattice parameter of core Y,0j5 is very close to the theoretical value of
pure Y,05 of 10.604 A. The difference between the experimental values results from
the measurement error (ca. 3%) and the possible impurities. To estimate the minimum
dislocation density of the particular structure, we use the following relation [27]:

N 1
<DXRD>2

The dislocation density of the core and shell are calculated to be ~21 x 10~ and
11.1 x 107> m~2, respectively.

Figure 3a shows the microphotograph of the polished and thermally etched (1000°C,
1 hrs, flow Ar) surface of PAM Y,05 sample [29]. The surface shows a fine micro-
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Fig. 3. SEM microphotograph of the polished and thermally etched surface of arc plasma melted Y,04
sample after 1 hrs etching in argon (a), and results of the EDS surface analysis (b).
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Fig. 4. Distribution of maximum grain diameters of the core (a) and shell (b) PAM-Y,0;.

structure with well-developed, irregular grains of ca. 5-30 um. The grain boundaries
are sharply defined and the major radius of grain ranged between 1 and 50 um for the
core and the shell PAM Y,0;. For the shell, the diameters of grains were mostly in
a range from 20 to 30 um, with a smaller number of small grains (above 10 um). In the
case of fully melted Y,0O;, the average diameter of grains is higher than for core Y,0;.
The results of EDS chemical composition analysis performed for the sample are present-
ed in Fig 3b. The chemical composition corresponded to the composition of the Y,0;.
The distribution of maximum grain diameters is one modal for two exanimate samples
as shown in the histogram in Fig. 4. The smaller grains exhibit more frequency in the
core Y,0Oj3. The distribution of maximum diameters can be described with a Gauss func-
tion with good approximation. A small amount of isolated pores with a diameter that
does not exceed 1 pm is located in the grain boundary. No pores are observed inside
the grains in both samples. The mean area of pores is ca. 0.25 ym? and most pores are
above 100 nm?. Porosity is one of the major reasons for relatively low transparence,
according to Mie’s theory [11]. In order to improve the optical transmittance of the
yttria ceramics, the plasma arc melting process and controlled speed cooling were in-
volved to overcome the porous microstructure and cracking problems. The results of
a standard quantitative EDS analysis of shell Y,O5 confirm the chemical element com-
position (Table 2). Carbon comes from a thin layer deposited prior to the SEM imaging.

Table 2. EDX chemical elements content of Y,0;.

Chemical Core Shell
element At [%] Net intensity At [%] Net intensity
(0] 53.19 700.56 55.31 720.87

Y 29.54 6804.56 28.35 7009.16
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Fig. 5. Raman spectra of plasma arc melted Y,0;.

Figure 5 shows the Raman measurements of the shell and the core Y,0; sample are
in good agreement with what was observed in [31, 32]. All peaks around 250-700 cm!
correspond to the vibration and oscillation type of the Y—O bonds. The most intense group
of bands in all Raman spectra is observed in a 320 to 600 cm™! range indicating a large
polarizability variation. The peaks for layer subsequently decreased ca. 1-5 cm™.
The reason is a decrease of grain size which is consistent with XRD results. In a wide
range of Raman spectra between 1000 and 2400 cm™! no peaks were detected. Raman
spectra confirm the presence of only one cubic phase in both samples, like XRD results.

Spectrophotometric measurements for the layer Y,0; were performed in the
UV-VIS-NIR range (200-1100 nm), with a step of 1 nm (Fig. 6). The core is white in
color and absolutely not translucent in the whole spectrum region. In the UV region,
shells have no transmittance and the absorbance strongly decreased with increased

2.0 1 Y,05 shell
= i
£
L 164
©
(] -
S
% 12
o]
o
c i
S
2 08
o
%]
o .
<

0.4

T T T T T T T T T T T T T T T T T T T
200 400 600 800 1000

Wavelength [nm]

Fig. 6. UV-IR absorbance spectra of Y,O; shell after plasma arc synthesis.
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Fig. 7. Tauc plot (optical band gap) of Y,Oj5 shell after plasma arc synthesis.

wavelength. The highest transmittance of the sample is close to 50% from the VIS to
NIR light especially in the 600—1100 nm wavelength range. No absorption centers were
found. Those spectrophotometric features make Y,0O; suitable for use as a window in
high temperature furnaces and for other optics applications. For certain levels of sinter
transparency it is important to choose the slower cooling conditions for the melting
process in order to reduce the number of pores.

Figure 7 displays a plot according to the Tauc relationship [32]. The empirical for-
mula allows to estimate the energy of the gap E,, by relating optical absorption coef-
ficient o and the photon energy Av:

Chv — Eg) = (hv)’ )

where 7 is Planck constant (eV - s) and v is frequency of the light (Hz), ¢ is index having
values of 1/2, 3/2, 2 and 3, depending on the type of electronic transition (direct, in-
direct, allowed, forbidden, respectively), C is an energy-independent value.

Extrapolation of the linear part of the graphs (Fig. 7) leads to an optical band gap E,,
width 0f2.39 eV for arc melted Y,0Oj; in the case of direct transition (Eq. (3)). The optical
and electronic band gaps are essentially identical, and the distinction between them is
ignored. The presence of two or more slopes suggests that the samples have some im-
purities [34]. The determined energy band is consistent with other papers [3—6] and
confirms a semiconductor behavior. The absorption coefficient was accurately calcu-
lated using the Beer—Lambert—Bouguer law. To calculate absorption coefficient the re-
fractive index value 2.2—1.89 dependent on the wavelength was used [33].

Finally, a refractive index n was determined, using the equation proposed by
Dimitrov [34], taking £, = 2.39 eV:

n? 1 =1- Lopt 3)
n?+1 20
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The refractive index n was calculated as 2.19 for fully melted Y,0Oj5 in the VIS re-
gion. According to NiGARA [34], the value of parameter z in 0.36—1.2 um spectral range
changes between 2.2—1.89. Thus the refractive index n calculated with that method
agrees with the values found in [33].

4. Conclusions

The Y,O; transparent ceramic was fabricated successfully with an alternative tech-
nique of plasma arc melting. The homogenous microstructure of melted Y,0O5 consists
of grains with the average size of about 10 um with small amount of nano-sized pores.
The XRD study and Raman spectroscopy confirm only the cubic structure in both layers.
Shifts in the rotational-vibrational spectra of both the shell and the core of arc-melted
Y,0;5 were shown and discussed. The optical band gap and the refractive index were
calculated. Conditions of conducting arc plasma melting process should be improved.
A PAM technique indicated the possibility to obtain a transparent ceramic of different
types and in the future to improve the optical properties by eliminating pores. This sug-
gests a potential method to increase the transparency of oxide ceramics with high melt-
ing temperatures.
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