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Abstract

Synthetic sapphire and yttria-stabilized zirconia single-crystals were irradiated by increasing doses of y-radiation to
study the changes of their optical properties. The optical transparency of a-Al,O; was nearly constant up to the y-
radiation dose of 150 kGy for the spectral range of 400-1000 nm, while yellowish-brown coloration of (Zrys9Y.11)O1.04
appeared for irradiation above 1 kGy. However, after a short-term heating in the temperature of 210°C stable dis-
coloration of zirconia can be achieved. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Extremely difficult measurement conditions for ex-
amination of the corrosion progress occurring in nuclear
installations in the course of their operation (circulation
of high-temperature/high-pressure water) result in nu-
merous analytical methods which are currently under
consideration. At present, the most frequently used,
appear to be the electrochemical methods, e.g. corrosion
potential measurements (ECP), high-temperature con-
ductivity and pH measurements, impedance and elect-
rochemical  noise spectroscopy, amperometric
determination of O,, H,, NH3, N,Hy, and other chem-
ical species. Other techniques, such as ion chromato-
graphy, y-spectrometry, '°B determination by means of
neutron absorption and optical methods are still rarely
applied [1,2].

It has already been shown that continuous, non-in-
vasive monitoring of the formation of corrosion layers
in the reactor operating mode can be effectively per-
formed using optical spectroscopy. A novel technique
for monitoring the oxide layer growth online, reflectance
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spectroscopy (RS) seems to be most attractive. Its de-
velopment, verification and application was recently
reported [3-8]. As the number of factors influencing RS
spectra are relatively large, their interpretation may be in
some cases more complex than that obtained by trans-
mission. However, when properly recorded for a long
series of successive measurements, diffuse reflection
spectroscopy (DRS) provides directly, a great number of
relevant data about the corrosion process.

One of the crucial points for reliable optical mea-
surements is the long-term stability of window materials
in the presence of nuclear reactor water. It should be
transparent and has to act as a pressure/temperature
barrier for a relatively long time. Considering the mea-
surement conditions (BWR operating conditions, ther-
mo-mechanical stresses, optical transparency and
commercial availability), a-aluminum oxide in the form
of synthetic sapphire (SS) and cubic yttria-stabilized
zirconium oxide single-crystals (c-YSZ) have been cho-
sen as the most promising window materials on the basis
of both initial literature scanning and preliminary
experimental tests [7,8].

Present investigations have been undertaken to study
the influence of y-radiation doses on the UV-Vis—NIR
light transmission through both above-mentioned opti-
cal materials. The problem is of importance, because
numerous corrosion products can be released into the
circulating nuclear reactor water and some of them can
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be activated. It is known that radiation emitted by wa-
ter, circulating in the primary circuit of nuclear instal-
lations (about 450 Sv yr~! [9]) comes not only from the
16N radionuclides produced by the '°O (n, p) '°N reac-
tion, but also from the *'Cr, *Mn, ¥Fe, **Co and
especially from “°Co radionuclides.

2. Experimental
2.1. Materials

Synthetic  sapphire: Hexagonal single-crystal of
a-AlLO; was supplied by Saphirwerk Industrieprodukte
(Briigg, Switzerland) as commercial product synthesized
for the watch-glass industry. Crystals of the sapphire
were grown by the Verneuil method [10]. It has already
been found that the total content of the impurities is less
than 0.01 mass% [8,10].

Yttria-stabilized zirconia oxide: Cubic single-crystal
material (produced by means of the skull method) with
about 90.5 mol% of ZrO, was provided by MaTecK
(Jiilich, Germany). The manufacturer of c-YSZ testifies,
that the material contains about 2 mol% of impurities
[11].

Optical specimens were formed as carefully polished
disks with the diameter of 15 mm and thickness of 5 mm.
The producer of ¢-YSZ disks declares, that the surface
roughness of, the disks are 1 (average) and 3 nm (max-
imum) [11]. Data describing the surface of the SS spec-
imen are not available.

2.2. Irradiation procedure

The investigated specimens were irradiated with
y-rays at room temperature in the channel of the “Co-
source (Gamma-cell 220, AECL, Canada). The source
has been calibrated with water, showing emitted dose
rate of 3.45 kGy h™!.

The minimum irradition dose was 0.1 kGy. Next, the
dose was increased in consecutive experiments up to 150
kGy. After each irradiation, both investigated materials
were examined accurately whether they did not exhibit
the radioluminescence generated in the experiment. It
has been found that neither SS nor YSZ demonstrate
such a side effect of irradiation, which may disturb any
optical measurement performed in the nuclear installa-
tions.

2.3. Optical measurements and calculations

The optic fiber probe of the Guided Wave Model 260
Spectrum Analyser was used to supply the samples with
light and to collect the transmitted light. The incident and
reflected light beams had a diameter of about 2 mm and
the angle of the beam cone was about 6.5°. Non-y-irra-

diated sapphire samples have been taken as the reference
material. It has been already shown that the region of
wavelengths below 1000 nm should only be examined
because of strong light absorption in water [4, 5].

UV-Vis-NIR optical data were recorded and pro-
cessed with the PC software (GW1 ver. 1.1) supplied by
Guided Wave. The Savitzky—Golay smoothing method
[12] has been applied. It performs a local polynomial
regression to determine the smoothed value for each
data point. The method is superior to adjacent averaging
procedures because it tends to preserve features of the
data such as peak height and width, which are usually
washed out by these methods.

3. Results

It has been observed, that the color of SS specimens
did not change significantly after y-irradiation up to
D, =150 kGy. On the contrary, the color of c-YSZ
samples changed rapidly from totally transparent to
transparent yellowish-brown for doses exceeding 1 kGy
(two to three times higher than the total dose of radia-
tion emitted by nuclear installation primary circuit wa-
ter). Selected optical transmission spectra obtained for
the SS and c¢-YSZ specimens irradiated with different
doses are presented in Figs. 1-3, respectively.

As one can see in Figs. 1 and 2, spectra obtained for
the SS samples differ slightly from the spectrum of non-
irradiated material. A broad plateau of the transparency
in the range of 500-1000 nm seems to be stable and
transmission coefficients are nearly 100% independent of
the radiation dose. On the contrary, a significant de-
crease in the transparency upon the action of y-radiation
can be observed in the region below 400 nm. The
obtained data seem to be in good agreement with those
presented by Orlinski et al. [13].

Fig. 4, in turn, presents selected residual spectra, i.e.,
the difference between the spectra of irradiated and non-
irradiated samples, calculated for the sapphire window
which was y-irradiated with selected doses up to 150 kGy.
As one can see, the spectra can be deconvoluted showing
two separate absorption bands in the region of 300 (4.2
eV) and 400 nm (3.1 eV), respectively. The results
obtained in the present paper seem to be consistent with
the data published earlier [13-15]. Unfortunately, the
spectra recorded here do not permit a precise deconvo-
lution in the UV region of 200-250 nm (6.1-4.9 V). The
origin of the y-ray induced coloring of a-Al,Os is still not
clear but it has been suggested, that y-irradiation causes
the generation of hole centers with an absorption band
close to 400 nm (about 3.1 eV) and electron centers in the
UV region [14,15]. So, the observed slight decrease of
transmission upon irradiation, in the case of sapphire
windows, can be related to formation of optical centers as
a result of appearing lattice defects.
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Fig. 1. Changes of optical transmission with increasing
y-radiation dose for SS (lower plot) and for YSZ (upper plot).
Points denoted as [J concern the spectral wavelength of 900 nm,
O =700 nm, A =500 nm and V =300 nm.
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Fig. 2. Transmission spectra of the SS irradiated with various
doses of y-radiation.

The dose dependence of the light transmission
through YSZ windows is presented in Figs. 1 and 3. It
can be seen that lower wavelength values, which describe
the plateau of the transparency increase from 400 to 750
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Fig. 3. Transmission spectra of YSZ irradiated with various
doses of y-radiation.
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Fig. 4. Residual optical absorption spectra for SS irradiated
with selected doses of y-radiation (upper plot); deconvolution
of peaks for spectrum attributed to 5 kGy dose (lower plot).

nm. The plateau length shortens rapidly for low
y-radiation doses (3-10 kGy), later keeping constant
values up to the dose of D, = 150 kGy. Similarly as for
SS, transmission coefficients forming the plateau weakly
depend on the radiation dose.
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As one can see in Fig. 5, residual spectra calculated
for y-irradiated c-YSZ in the region of 350-1000 nm
show one broad absorption peak with a maximum
around 395405 nm (i.e., for transitions with an energy
of about 3.1 eV). It corresponds to the value of 3.2 eV
(395 nm) reported by Dietrich et al. [16] and assigned by
them as responsible for the yellowish-brown coloration
of polycrystalline yttria-stabilized tetragonal zirconia
(t-YZP). The spectral peak of 3.2 eV has been described
by the authors as related to the transition occurring in
an unknown extrinsic defect, associated with tracer im-
purity ions existing in the zirconia polycrystal [17].

Due to the requirements of optical measurement
conditions (temperature of about 300°C), samples of
both the investigated materials have been heated after
several consecutive irradiation procedures. Temperature
increase has been started from 150°C and it has been
found that several minutes of heating above 210°C cause
permanent discoloration of zirconia windows. Optical
transmission spectra recorded for both materials after
the heating process were similar to those for the non-
irradiated samples. So, it can be suggested that inline
monitoring of the corrosion process occurring in nuclear
installations operating under the BWR conditions by
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Fig. 5. Residual optical absorption spectra for YSZ irradiated
with selected doses of y-radiation (upper plot); deconvolution
of peaks for spectrum attributed to 5 kGy dose (lower plot).

means of the optical DRS method, can be performed
applying both the SS and YSZ windows. In order to
minimize side effects generated by y-radiation occurring
in the installation reference, the spectra should be
carefully recorded prior to the start of the measure-
ments.

4. Conclusions

From the work performed, the following conclusions
can be drawn:

e For low-temperature measurements (i.e., below
200°C), SS can satisfy the requirements of the radia-
tion stability of optical properties in the whole 350-
1000 nm spectral region.

e For low-temperature measurements in the region of
wavelengths A > 600 nm, optical transparency of
YSZ is independent of the doses of y-radiation up
to 150 kGy. So, zirconia can be recommended as
the potential optical window material for low-tem-
perature measurements only in the limited spectral
region. However, it should be mentioned that heating
above 210°C causes discoloration of the material by
extension of the spectral region of measurements to
wavelengths >450 nm.

e Both investigated materials can be recommended as
the long-term stable window materials for optical
measurements in the presence of circulating high-
temperature (i.e., above 200°C)/high-pressure nuclear
reactor water containing y-emitting radionuclides.

e Considering the BWR measurements of nuclear in-
stallations (temperature about 290°C), main mechan-
ical properties and resistance towards the chemicals
in connection with optical properties favor the sap-
phire windows material [8].
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