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Chemical durability of B-wollastonite-reinfor ced
glass-ceramics prepared from waste
fluorescent glass and calcium carbonate

BYUNG-HOON KiMY, BO-AN KANG?, YEON-HUM Y UN?, KYU-SEOG HWANG?”

"Department of Materials Science and Engineering, Chonnam National University,
300 Y ongbong-dong, Buk-gu, Gwangju 500-757, South Korea

Department of Applied Optics and Institute of Photoel ectronic Technology,
Nambu University, 864-1 Wolgye-dong, Gwangsan-gu, Gwangju 506-824, South Korea

We prepared glass-ceramics reinforced by (3-wollastonite using waste fluorescent glass to resolve the
environmental problem. Fluorescent glass and calcium carbonate were used as starting materias. The
chemical durability of specimens heat-treated at 800 °C, 900 °C, and 1000 °C was analyzed by both
measuring weight change and observing surface morphology. Specimen composition was determined
with energy dispersive X-ray spectroscopy. As the heat treatment temperature was increased from 800 °C
to 1000 °C, the chemical durability decreased, especialy in the glass-matrix area. A compressive strength
of about 250-350 MPawas sufficiently large for practical use.

Key words: glass-ceramics; f-wollastonite; fluorescent glass

1. Introduction

Wollastonite (CaSiOs) is an important substance in the ceramic and cement indus-
tries. A host of favourable properties such as low shrinkage, good strength, lack of
volatile constituents, body permeability, fluxing characteristics, whiteness and acic-
ular shape renders wollastonite useful in several ceramic and other applications. The
growing demand for wollastonite in recent years has been attested by a steady in-
crease in production worldwide [1].

Conversion or inclusion in glass-ceramic systems has been used to extend recy-
cling to several types of by-products, such as fly ash from coal- and oil-fired electric
power stations and fly ash from urban solid waste incinerators [2]. Some of these

"Corresponding author, e-mail: khwang@mail.nambu.ac.kr.
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glass-ceramic materials have become commercial products [3] or have been devel-
oped up to the pre-industrial stage [4]. Their main applications are in the field of abra-
sion-resistant materials, i.e., industrial floor coverings, wall facings, abrasion-resistant
linings, and high-temperature insulators. Moreover, low cost and availability of the
raw materials make them very attractive from the economic point of view. However,
according to our knowledge no useful and economic method of their preparation has
been devised as yet [5].

Recently, we have prepared glass-ceramics from waste fluorescent glass [6]. In
this work, we investigate the chemica durability of glass-ceramics reinforced by
B-wollastonite. The mechanical strength of these glass-ceramics has been determined.

2. Experimental procedure

Preparation of the specimens used in this study was similar to that described in our
previous report [6]. Briefly, fluorescent glass and calcium carbonate (CaCOs;, Duksan
Co., Ltd., South Korea) were used to prepare 3-wollastonite glass-ceramics. Table 1
shows the chemical composition of the fluorescent glass used. Waste fluorescent glass
cullet was washed with water to remove attached Hg, and dried at 110 °C for 24 hin
air. The compositions of the mother glasses of the glass-ceramics were fixed at glass
cullet: CaCO; = 4:1 in weight ratio. About 30 g of powder mixture was put in an
alumina crucible and melted in a box-type SiC eectric furnace at 1300 °C for 1 hin
air. In order to quench the glass, the melts were rapidly poured into a water bath at
room temperature and dried at 110 °C for 24 h in air. The quenched glass was
ground in an agate mill and pressed into adisk 0.5 cm thick and 3 cm in diameter. The
green disks were heated in a tube-type furnace to 800 °C, 900 °C, and 1000 °C at
arate of 5 °C/minfor 1 h, respectively, and then allowed to cool inside the furnace.

Table 1. The chemical composition of the fluorescent glass

Element Content
wt. %
(0] 29.55
Na 11.01
Mg 1.79
Al 2.02
S 47.04
K 2.02
Ca 6.57
Total 100.00

To analyze their chemical durability, the specimens were immersed into 20 cm® of
acidic solution (0.5 M H,SO,) at 80 °C for 48 h. After this treatment, the specimens
were successively washed with distilled water and dried at 80 °C for 24 hin air. The
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chemical durability of the specimens was analyzed by both measuring weight change and
observing surface morphology with field emission-scanning electron microscopy (FE-
SEM, S-4700, Hitachi Co., Jpn.). Variationsin chemical compositions at the surface of the
specimens before and after immersing were evaluated by an energy dispersive X-ray spec-
trometer (EDX) equipped with a Robinson-type backscattered €l ectron detector. Compres-
sive strength was determined using a universal tester with a 0.5 mm/min crosshead speed
(Instron 4302, Instron Co., England).

3. Results and discussion

Figure 1 shows the FE-SEM images of fractured cross sections of the sintered sam-
ples. Morphological analysis of the specimens at 900 °C and 1000 °C shows adense
structure. However, the structure of the sample sintered at 800 °C was porous with large
particles throughout the sample. We assume that porous structure was caused by the
vaporization of organics during heat treatment or by insufficient annealing.

a) 800 °C [EEPESNEDALERREIE | 1) 900 °C [N

3

B s e e e
100um

Fig. 1. FE-SEM images of the fracture
cross section for samples heat-treated A i Bee 4 B
at 800 °C (a), 900 °C (b) and 1000 °C (c) 1000-1H 12 9w SR

100um

Table 2 shows the chemical durability of the specimens heat-treated at 800 °C,
900 °C, and 1000 °C . The chemical durability of these samples was not significantly
affected by heat-treatment temperatures, although the weight loss of the sample heat-
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treated at 1000 °C exhibited a small but significant increase. Since it is difficult to
analyze the exact chemical durability of the samples due to their small weight changes
before and after immersing, we were not able to explain the variations in the chemical
durability by measuring weight gain alone.

Table 2. Weight changes of the glass-ceramics heat-treated at 800 °C (A), 900 °C (B)
and 1000 °C (C) between before acid-immersion (BA) and after acid-immersion (AA)

Sample BA (g) AA (9) Weight-loss (%)
A 36.985 36.947 0.1030
B 36.685 36.619 0.1060
C 36.376 36.335 0.1130

In order to obtain more insight into chemical durability, morphology and chemical
composition at the surface of the samples were evaluated by FE-SEM and EDX before and
after immersing the samples in acidic sol. Figures 2, 4, and 6 show the surface morpholo-
gies and chemicad compositions of the glass-ceramics heat-treated at 800 °C, 900 °C and
1000 °C before acid-treatment. Si, Ca, Al, and adkali ions such as Na, Mg, and K were
detected on the surfaces of al samples before acid-immersion. However, asis clearly seen
in Fig. 6c, relatively small and strong peak intensities corresponding to Na and Ca, respec-
tively, were identified on the surface grain for the sample heat-treated at 1000 °C .Thisis
probably due to the formation of highly crystaline -wollastonite. Simultaneoudly, as
shown in Figs. 2 and 4, for samples heat-treated a 800 °C and 900 °C it is very difficult
to detect variations in peak intensities between the glass-matrix (Figs. 2aand 4a) and grain-
likearea (Figs. 2b and 4b). It is clearly shown in Fig. 6 that as the heat-treatment tempera-
ture increased to 1000 °C, the amount of Na in the glass matrix confirmed by EDX was
significantly larger than that in the whisker-type grains. Moreover, the calcium content of
the glass-matrix at 800 °C and 900 °C significantly decreased with increasing heat treat-
ment temperature. This is additional evidence of the growth of B-wollastonite crystals in
the sample heated at 1000 °C, since the formation of B-wollastonite needs more calcium
ions.

Figures 3, 5 and 7 show the surface morphologies and chemical compositions of
glass-ceramics heat treated at 800 °C, 900 °C, and 1000 °C, respectively, after acid-
immersion. Figs. 3 and 5 show that it is very difficult to identify variations in the
amount of Na ions in the glass-matrix for samples heat-treated at 800 °C and 900 °C,
whereas a significant decrease of Naion concentration was detected in the grain-like
area. On the contrary, at 1000 °C, as shown in Fig. 7, the amount of Na ions in the
glass-matrix decreased after acid-immersion (compare Fig. 6b with Fig. 7b).

In order to compare ion contents more clearly, we determined the weight ratio
(Na/Si) for different samples, as shown in Fig. 8. For the samples heat-treated at
800 °C and 900 °C, Na ion-diffusion was larger in the grain-like area than in the
glass-matrix. The sample heat-treated at 1000 °C gave the opposite result, i.e., the
glass-matrix exhibited larger Na-diffusion after acid-immersion.
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Fig. 2. FE-SEM image (a) and chemical composition of the surface (matrix (b)
and grain (c)) of the glass-ceramic heat-treated at 800 °C, before acid-immersion
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Fig. 3. FE-SEM image (a) and chemical composition of the surface (matrix (b)
and grain (c)) of the glass-ceramic heat-treated at 800 °C, after acid-immersion
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Fig. 4. FE-SEM image (a) and chemical composition of the surface (matrix (b)
and grain (c)) of the glass-ceramic heat-treated at 900 °C, before acid-immersion
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Fig. 5. FE-SEM image (a) and chemical composition of the surface (matrix (b)
and grain (c)) of the glass-ceramic heat-treated at 900 °C, after acid-immersion
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Fig. 6. FE-SEM image (a) and chemical composition of the surface (matrix (b)
and grain (c)) of the glass-ceramic heat-treated at 1000 °C, before acid-immersion
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Fig. 7. FE-SEM image (a) and chemical composition of the surface (matrix (b)
and grain (c)) of the glass-ceramic heat-treated at 1000 °C, after acid-immersion
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Fig. 8. Variation in the Na contents of the glass-ceramics

surface at various temperatures between
before (BA) and after acid-immersion(AA)

Generally, the chemical stability of glass-ceramic materials is affected by the
composition of the crystalline phase and by the composition and amount of residual
glass phase and its morphology. Alkali ions are much more stable in the crystalline
phase than in the residual glass phase. Consequently, in order for glass-ceramic mate-
rials to have good chemical resistance, it is necessary that their residual glass phase
contain low concentrations of alkali metal oxides in particular [7]. From our meas-
urements of weight gain and EDX analysis, we conclude that the chemical durability
of samples heat-treated at 800 °C and 900 °C was favourably improved, since their
crystalline phase (grains) contained a larger amount of akali ions (such as Na) as
compared with the glass-matrix. On the other hand, it is assumed that chemical dura-
bility was decreased at 1000 °C, since the glass matrix contained relatively large
amounts of alkali ions owing to diffusion during the high temperature heat treatment.

We aso determined the compressive strength of samples heat-treated at 800 °C,
900 °C, and 1000 °C. The compressive strength of the samples decreased with in-
creasing heat-treatment temperature, being 313.87, 230.33, and 226.6 MPa for the
800 °C-, 900 °C- and 1000 °C-heat-treated samples. Generally, glass-ceramics rein-
forced by whisker-type -wollastonite crystals show high mechanical strength. How-
ever, in our work, the compressive strength was slightly decreased for samples heat-
treated at 1000 °C, although well-crystallized 3-wollastonite crystals were identified
in the glass-matrix, as shown in our previous report [6]. Furthermore, samples treated
at 800 °C, having a porous structure, showed a larger compressive strength. By com-
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paring with the data for marble (110-170 MPa) [8], we conclude that our samples
exhibit a compressive strength large enough for practical usage for all heat-treatment
temperatures investigated. The samples treated at 800 °C are glass-ceramics with the
potential to use light-weight resources having high strength.

Further experimental studies are needed to investigate chemical durability with
other etching agents and in various conditions.

4. Conclusion

We prepared glass-ceramics reinforced with 3-wollastonite from waste fluorescent
glass and calcium carbonate. From FE-SEM and EDX analyses, we conclude that the
glass-ceramics heat-treated at 800 °C and 900 °C showed favourable improvements
in chemical durability, since their crystalline phase had a larger amount of alkali ions
as compared with the glass-matrix. The compressive strength of the samples obtained
a al investigated heat-treatment temperatures (800, 900 and 1000 °C) is large
enough for practical usage. Samples treated at 800 °C are glass-ceramics with poten-
tialities to use light-weight resources having high strength.
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The effect of film thickness on physical properties
of fluorine-doped indium oxide thin films

S. M. RozATI", T. GANJ

Physics Department, University of Guilan, Rasht 41335, Iran

In this paper, fluorine-doped indium oxide films of thicknesses ranging from 115 nm to 1290 nm
were prepared using the spray pyrolysis technique by varying the amount of spray solution and keeping
constant the substrate temperature, doping concentration and air flow rate. The preferential growth orien-
tation was determined using the X-ray diffraction (XRD) spectra of doped indium oxide films of various
thicknesses. The sheet resistance decreases gradually with the film thickness and reaches a stable value. It
has also been observed that an increase in thickness deteriorates the optical properties of the deposited
films beyond some limit.

Key words: In,Os: F; transparent conductive oxide; spray pyrolysis

1. Introduction

Optically transparent and electrically conductive films of tin, indium and zinc ox-
ide (doped and undoped) have been studied due to their increasing practical applica-
tions [1-7]. Owing to their high optical transmittance and electrical conductivity, the
films are useful in photovoltaic and photothermal applications. Transparent conduct-
ing oxide (TCO) films, which can be deposited by numerous techniques, exhibit high
transmittance in the visible spectral region, high reflectance in the IR region and rela-
tively good metallic conductivity [4-10]. Their electrical as well as optical properties
can be studied by controlling the deposition parameters [11].

The transmission of light in the visible region suggests a wide band gap, character-
istic of transparent conducting materials. The only way to obtain a combination of
good transparency in the visible range and simultaneous high electrical conductivity is
to create electron degeneracy with appropriate dopants in the oxide films [1, 9]. In

* Corresponding author, e-mail: smrozati @guilan.ac.ir.
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this report, we have characterized the physical properties of In,Os:F films, deposited
using the spray pyrolysis technique, with respect to variations in film thickness.

2. Experimental

The spray pyrolysis unit consisted of a heater capable of heating the substrate up
to 700 °C and a temperature controller unit to control the substrate temperature. The
spray technique is one of the most commonly used techniques for preparing transpar-
ent and conducting oxides. It owes this to its simplicity, non-vacuum system of depo-

sition and hence inexpensive method for large-area coatings.

In order to prepare the solution for depositing fluorine-doped indium oxide films,
the following procedure was adapted. The starting material, indium metal, was dis-
solved in HCI and the solution heated in order to complete the reaction. After evapo-
rating the excess water, remaining indium chloride (InCl3) was recrystallized twice or
thrice in order to obtain pure indium chloride, and finally asolution of ammonium
fluoride was added to the InCl; solution for depositing fluorine-doped indium oxide
films. The optical transmission was evaluated using a UV visible spectrophotometer
(UV/IVIS-2100 Shimadzu). X-ray diffraction (XRD, Philips-pw-1830) was used to
characterize the crystal structure of the films. The thicknesses of the films were calcu-
lated from the interference pattern observed in the visible region with the formula
given by Manifacier [12].

3. Results and discussion

IN,Os:F films of various thicknesses were prepared by changing the time of depo-
sition, which resulted in a change of the volume of solution sprayed. In,Os:F
(F/In = 10 wt. %) thin films were deposited onto Corning 7059 glass substrate at film
thicknesses ranging from 115 nm to 1290 nm. All other parameters were kept con-
stant, i.e. substrate temperature T = 425 °C, flow rate of 6 dm® per minute (Ipm), the
distance between the substrate and nozzle Dg, = 30 cm and solution composition. Fig-
ure 1 shows the X-ray diffraction patterns of F-doped indium oxide films of various
thicknesses T. It can be seen that the preferred orientation [400] becomes more pre-
dominant as the thickness increases, however above 920 nm the intensity of the (400)
plane is saturated. A similar behaviour has been obtained by Agashe et a. in SnO,:F
films deposited by the spray pyrolysis method [13]. Films thinner than 300 nm exhib-
ited an amorphous structure.
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Figure 2 shows the variation of the sheet resistance of these films at room tem-
perature as a function of thickness. The sheet resistance of thinner films is much
higher due to a predominant contribution of the amorphous phase and that of thicker
films is much lower due to the presence of crystalline phases. A similar behaviour of
the dependence of sheet resistivity on thickness has been obtained by Chaudhuri et al.
[14] and Martinez et a. [15].
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Fig. 1. Variation of X-ray diffraction patterns of F doped indium oxide thin films with thickness

Figure 3 shows the change in the average transmission (at a wavelength of
550 nm) of a series of 1n,O3:F thin films with increasing thickness. The results show
that the transparency of the films decreases to a value of 70% for films having
athickness of 1300 nm.
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Fig. 2. Variation of room temperature sheet resistance
of F-doped indium oxide thin films with thickness
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Figure 3. Variation of visible transparency
of F-doped indium oxide thin films with thickness

4. Conclusions

Transparent conducting In,Os:F films have been prepared using the spray pyroly-
sis technique on glass substrate with varying the thickness. We observed that the
physical properties of coated films can be improved by increasing film thickness. This
results in a decrease in sheet resistance and nearly saturates at a thickness of about
600 nm. A further increase in thickness results in a decrease of the optical transmis-
sion. The structure of the films was revealed by XRD. All films exhibited a preferred
orientation along the [400] direction. Films deposited with a thickness below 300 nm
showed an amorphous structure.
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Photoelectrochemical properties of sol-gel derived
TiO, thin filmsin aqueous sodium oxalate solution

ZULKARNAIN ZAINAL*, CHONG Y ONG LEE, MOHD ZOBIR HUSSEIN, ANUAR KASSIM

Department of Chemistry, Faculty of Science and Environmental Studies, Universiti PutraMalaysia,
43400 UPM Serdang, Selangor Darul Ehsan,Malaysia

Photoelectrooxidation of agueous sodium oxalate on TiO, thin films has been investigated. The
films, prepared by sol-gel dip-coating, were characterised using Scanning Electron Microscopy and X-ray
Diffractometry. Photosensitivity of samples was studied using Linear Sweep Voltammetry and Chrono-
amperometry techniques. The photoelectrochemical performance of thin film electrodes was evaluated in
function of heat treatment, number of dip-coatings and applied potential. The percentage of oxalate deg-
redation was determined by calculating the total charge from the photocurrent. The films heat-treated at
773 K were better fitted to indirect optical transition with E; = 3.21 eV.

Key words: photooxidation; TiO,; sol-gel; sodium oxalate; titanium substrate

1. Introduction

Sodium oxalate is a mgjor toxic impurity in liquid alumina processing. It must be
continuously removed, because it induces problems that lead to low-quality metallur-
gica alumina due to particle attrition [1]. Additionally, low solubility of sodium ox-
alate in liquid makes it easy to crystallize during alumina precipitation. This interfer-
ence with agglomeration leads to an increased generation of unwanted fine alumina
trihydrate [2].

Several techniques for the causticization of sodium oxalate have been reported, in-
cluding physical separation, microbiological processes and other conventional thermal
pathways using ambient temperature and pressure [3-5]. Among them, photocatalytic
destruction of organic pollutants has emerged as the most attractive method during
water purification, since it can lead to a complete mineralization of toxic compounds
into unharmful products such as H,O, CO,, and other inorganic substances [6]. Many
semiconductors, such as TiO,, WOs;, SrO,, ZrO,, ZnO, Fe,0;, CeO,, CdS and ZnS

* Corresponding author, email: zulkar@fsas.upm.edu.my.
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[6,7], have been investigated in terms of their catalytic properties in photocatalytic
degradation of a wide variety of environmental contaminants. Among these semicon-
ductors, TiO, has been proven to be an excellent photocatalyst in this particular field
[6.,7].

Nevertheless, most of the studies on photocatalytic oxidation of sodium oxalate
use TiO, slurry [1-2, 5, 8], while very few studies on thin film photocatalysts exist
[9]. In this work, we studied TiO, thin films prepared by the sol-gel dip-coating
method. This immobilization method is more preferable than the slurry or suspen-
sion systems, due to easy and convenient catalyst handling — the need of post-
treating to separate the catalyst from the reaction mixture has been eliminated [10].
In addition, TiO, can be induced electrochemically when supported on electrically
conducting substrates [11-13]. Thus, characteristics of the films under applied ex-
ternal bias potential could be investigated. The effects of various operational pa-
rameters such as heat-treatment temperature, number of dip-coating layers and ap-
plied potential were studied.

2. Experimental

2.1. Materials

All chemicals, namely sodium oxalate (Fisher, 99.5%), tetraisopropyl orthotitanate
(>98% Ti, Merck-Schuchardt), ethanol (Analytical reagent grade, GmbH Chemical)
and nitric acid (BDH, 69 %) were used without further purification. All solutions in
this experiment were prepared using deionized water (Milipore Alpha Q system,
18.2 MQ-cm).

2.2. Sample preparation

The sol-gel samples were prepared by adding 1 ml of concentrated nitric acid to
200 ml of water, followed by 28.1 g of tetraisopropyl orthotitanate in 10 ml of etha-
nol. The mixture was stirred with a magnetic stirrer for 56 days to obtain a thick
hydrolyzate. The substrate — titanium plates (Aldrich Chemical Company, 0.25 mm
thick, 99.7%) — were cut into discs 1.00 cm in diameter and polished with silicon
carbide paper (a bioanalytical system PK-4 polishing kit). The plateswere rinsed in an
ethanol bath before use. TiO, films were obtained by manually dipping the titanium
plates in the hydrolyzate for a few seconds and leaving them to dry at room tempera-
ture. Then the coated plates were heated at 373 K for 5 min in an oven, followed by
the dip-coating procedure. This was repeated severa times, until the desired number
of coatings was obtained. Finally, the plates were heat-treated in a Thermolyne 21100
furnace at temperatures ranging from 373 K to 773 K for two hours to obtain titanium
dioxide films.
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2.3. Analytical measurements

A potentiostat EG& G Princeton Applied Research (PAR) VersaStat, driven by
amodel 270 electrochemical Analysis System Software, was used in the electro-
chemical and photoel ectrochemical measurements. These measurements were carried
out in a standard electrochemical cell. The working electrode was made by mounting
the TiO, coated titanium plates onto a Teflon electrode holder. The exposed area was
about 0.64 cm?. The other electrodes were: Ag/AgCl (0.222V vs. NHE) as a reference
electrode, and platinum as a counter electrode. All the experiments were carried out
using 0.01 M sodium oxalate as the electrolyte. Two light sources were used to excite
the TiO, electrode: a tungsten halogen projector lamp (Osram, 300 W and 120 V) and
a UV light beam (BlackRay model 100AP, PAR38 mercury lamp 100 W). The light
source was placed 15 cm from the sample. All measurements were carried out at room
temperature, approximately 298 K.

Scanning electron microscope measurements (SEM) were performed with
a SEM JSM 6400 JEOL Scanning Microscope. The morphology and surface charac-
teristics of the coated TiO, on the substrate were analyzed. Gold coatings were ap-
plied to the samples before running the SEM experiments by using a BIO-RAS
sputter coater. X-ray diffractometry (XRD) analysis was employed to study the
structure of TiO, layers coated on titanium surfaces. These measurements were
performed using a Shimadzu XRD 6000 diffractometer or a Siemens D-5000 Dif-
fractometer for 26 ranging from 5° to 60°, with an Ni-filter and CuK, beam
(A = 1.54056 A). Optical absorption studies were carried out using a Perkin Elmer
UV/Vis Lambda 20 Spectrophotometer. The coated ITO glass plates were placed
across the radiation pathway while an uncoated 1TO glass plate was put across the
reference channel. The band gap energy E, was determined from an analysis of the
absorption spectra.

3. Results and discussion

3.1. Morphology of the TiO, electrode

Figure 1 shows scanning electron micrographs of the heat-treated films. Cracks
appeared on the surface of the film after treatment at 373 K. The occurrence of cracks
during the gel drying process was due to large differential evaporation, large stress
and variation in gel pore size [14]. Upon heating at 473 K and 573 K, the thermal
gradients result in breaking the particles further into inhomogeneous forms. This oc-
curred accompanying dehydration and decomposition of organic compounds [15].
Heat treatment at 673 K resulted in the formation of aggregates. These aggregates
were transformed into awell formed and better covered layer at 773 K.
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3.2. X-ray Diffraction measurements

XRD data for films heat-treated at various temperatures are shown in Fig. 2. Apart
from substrate (Ti) peaks, no other peaks were obtained at 573 K and below. Even
though the intensity of the sample peaks is rather weak due to the nature of the thin
films, the peaks belonging to TiO, existed when the samples were heated at 673 K
and higher temperatures. The typical peak at d = 3.52 A, which corresponds to the
(101) plane of anatase TiO,, was detected for samples heated at 673 K and 773 K.
Heat treatment at 773 K improved film crystallinity and resulted in the appearance of
another peak at d = 3.25 A, which corresponds to the (110) plane of rutile TiOs.
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Fig. 2. The XRD pattern of films heat-trested at temperature
of 373K to 773 K (e = Anatase, © = Rutile, Ti = Titanium)

3.3. Effect of heat treatment

The photocurrent behaviour of the heat-treated samples was investigated by irra-
diation with a halogen and near-UV lamp. The photocurrents are dependent on the
heat treatment temperature, as shown in Fig. 3aand b. Very strong photocurrents were
observed for the electrode heated at 773 K as compared to the samples heated at
673 K and below. This indicates that more photoactive samples were obtained by
heat-treating.

The photocurrent of thin-film electrodes is affected by several factors, including
crystallinity, film resistance and electrode area [16]. It seems that the crystalinity
contributes significantly to the photocurrent efficiency. X-ray diffraction results show
that TiO, signals were only detected after the films were heat-treated at 673 K. The
sample heated at 773 K which showed the presence of the anatase and rutile phases
was found to be more photoactive compared to the sample heated at 673 K, which
contained the anatase phase only.

Increase of the photocurrent may be due to a decrease in the film resistance. If the
bulk resistance is too high, the quantum efficiency will become lower due to a de-
crease of the eectrical gradient across the depletion and thin space charge layer
[16, 17]. When a higher temperature was applied, a strong adhesion between the film
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and substrate was achieved, successfully reducing the bulk resistance. The reduction
of Ti* to Ti* in the film by decomposed organic matter or unburned free carbons
during the heating process is also believed to contribute to the decrease of film resis-
tance. The presence of Ti* ions would dominate both the photoel ectrochemical reac-
tion at the surface and bulk electrical conductivity by forming donor levels in the con-
duction band of TiO, [16, 18].
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Fig. 3. Comparison of the photocurrent values for electrodes prepared at different
heat-treatment temperatures under illumination of halogen lamp (A) and UV lamp (B):
a) 373K, b) 473K, ¢) 573 K, d) 673 K and €) 773 K, potential fixed at 0.8 V

The results presented in Fig. 3 also compare the efficiency of generating the
photocurrent with halogen and UV lamp sources. The value of photocurrent for films
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illuminated with the UV lamp is much higher than that observed for the halogen lamp.
Light from the halogen lamp is less efficient in promoting charge carrier activity in
the films compared to UV light. This is related with the number of photons with the
energy exceeding the band gap energy of TiO, (E; > 3.2 eV) for each light source.
Light from the near UV lamp contains more of these, and thus can better excite TiO,
[19]. Although UV lamps are appropriate light sources for activating TiO, films, other
light sources such as halogen lamps should also be considered to avoid the hazardous
effects of UV radiation.

3.4. Effect of potential applied

The effect of the applied bias potential on the behaviour of electrodes heat treated
at 773 K is shown in Fig. 4. Photocurrent values were obtained by measuring the dif-
ference between the current under illumination (l,) and without illumination (l4). The
results show that the photocurrent increases with the applied potential when the sam-
ples areilluminated with a UV lamp.
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Fig. 4. Comparison of the photocurrent values of the films
a potentials of 0.2-0.8 VV under UV illumination

The photoactivity of the film increased when a higher potential was applied. This
is because application of the anodic bias provides a potentia gradient within the film,
which drives the photogenerated holes and electrons in different directions [20, 21].
This can reduce the charge recombination of electrons and holes, stimulating the
photooxidation process. Here, we propose the following mechanism for the photocata-
Iytic oxidation of sodium oxalate in this electrochemical system.
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In solution:

Na,C,0, — 2Na* + C,0%" (1)

At the working electrode:

TiOA/Ti + v — TiO/Ti (€513, ) )
(st + HO — OH® + H” (3)
(hsut + C,0F —C,0; 4

OH"+ C,0, — HCO; + CO, (5)
(h")as + HCO; — CO, + OH" (6)
TiOA/Ti (€., ) — TiO/Ti + heat @

At the counter electrode:

2H,0 + 26" — H, + 20H" (8)

Equation (1) shows the homogenous dissociation process of oxalate in water. The
electron—hole recombination step (Eg. (8)) was suppressed by electron drive from the
TiO, thin film electrode to the counter electrode (Eg. (7)). In consequence, more reac-
tive holes are made available for the photooxidation of oxalate.

3.5. Effect of the number of dip-coatings

The photocurrent behaviour of the samples under UV lamp illumination with dif-
ferent numbers of dip-coated layers is shown in Fig. 5. The maximum number of lay-
ers was 7, because the catalyst began to peel off from the substrate after heat-treating
of samples with a larger number of layers. As shown in Fig. 5, the photocurrent
increased with the number of layers and reached 20 pA for 7 layers. This result sug-
gests that the photocurrent strongly depends on the thickness of the film. An increase
of thickness provides more active sites for the oxidation of oxalate.

In addition, the film thickness greatly affected the effectiveness of the bias poten-
tial applied to the film. Thisis due to the creation of the space-charge region as are-
gion of potential variation, which makes electron movement in semiconductors easier.
When the thickness of the filmislow (e.g., only 1 layer), the density of carriersin the
film is not large enough to generate a high electrical field at the space charge region,
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Fig. 5. The photocurrent values of the electrodes prepared with different number
of dip-coating layers. Potential was fixed at 0.4 V and the illumination sourceis UV lamp

which results in a low photocurrent [17]. Contrary to this, an increase of the carrier
density with the increase in film thickness would generate a high electrical field in the
space charge layer. The photocurrent almost reaches saturation for films coated 5 and
7 times. This limitation could be overcome by applying higher light intensities and
higher bias potentials.

3.6. Per centage of oxalateionsoxidised

The efficiency of oxalate oxidising during 5 min was studied under the illumina-
tion of a UV lamp using electrodes heat-treated at different temperatures. The effi-
ciency of oxalate oxidation was calculated based on the total amount of charge pro-
duced during the experiment. The oxidation of an oxalate ion C,03  producing CO,
gas is a well known two-electron process. The photocatalytic oxidation of oxalate is
not complicated by the production of an intermediate species [9]. The oxidation proc-
essis:

“00C-COO — 2CO, +26” (9)

Table 1 shows that the amount of oxaate ions oxidized increases with the elec-
trode heat-treatment temperature.
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Table 1. The percentage of oxalate ions oxidised during 5 min
under irradiation of UV lamp on heat-treated electrodes

Light Heating Amount of Amount of oxalate Oxidised
source | temperature/K charge/C oxidised/umol percentage/%
373 1.423 7.37 0.92
473 4.420 22.90 2.86
wv 573 5.625 29.15 3.64
lamp
673 8.554 44.32 554
773 15.970 82.75 10.32

3.7. Band-gap study

The UV-Vis spectrum was obtained from TiO, deposited on ITO glass, which was
heat-treated at 737 K. Data obtained from the optical absorbance vs. wavelength were
introduced into the following relationship for near-edge absorption:

A k (hv— Eg)“’2
hv

where v is frequency, h is the Planck constant, k is a constant, while n has the value of
either 1 or 4. The bandgap energy E; could be obtained from a straight line plot of (Ahy)?"
as afunction of hv. An extrapolation of the value of (Ahv)™" to zero gives ;. A straight
line obtained for n = 1 indicates adirect eectron transition between the states of the semi-
conductor. Thetrangitionisindirect if astraight lineis obtained for n = 4.

15 1

(Am)?

10 1

0 T T
2.8 3.0 3.2

hv (eV)
Fig. 6. Plot of (Ahv)?"vs. hy for the film prepared at temperature of 773K with: @y n=4,b)n=1
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Asisseen in Fig. 6, the data plotted in coordinates expected of direct and indirect
transitions yielded bandgap values of 3.45 and 3.21 eV, respectively. The linear rela-
tionship is better fitted for the indirect than direct transition. Therefore, it could be
concluded that the indirect transition model is more appropriate. Similar results were
also reported elsewhere [17, 22].

4. Conclusions

The results showed that the photoelectrochemical properties of TiO, thin film
electrodes prepared by sol-gel dip-coating depend on heat-treatment temperature, on
the number of dip-coated layers and on the potential applied. The largest photocurrent
was achieved for films heat-treated at a temperature of 773 K. Higher percentages of
oxalate oxidation were achieved when using such films with UV lamp illumination.
These results indicate the significance of electrode preparation and the light source
for the generation of the photocurrent. The film heat-treated at 773 K was found to be
better fitted by an indirect optical transition, with bandgap energy of 3.21 eV.
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Yttrium iron garnet surface modification
during pulsed laser ablation deposition
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This paper reports on the formation of cone-like structures on yttrium iron garnet (Y1G) targets dur-
ing the ablation of YIG thin films. Energy dipersive X-ray analysis (EDS) performed in the targets show
that the cones arerich in yttrium.

Key words: PLAD; surface modification; YIG

1. Introduction

Pulsed laser ablation deposition (PLAD) has become a popular technique for the
preparation of various kinds of thin films of metals, chemical compounds and organic
materials [1]. This technique has many advantages: it can easily produce thin films
from materials with high melting points and it can produce thin films with composi-
tions similar to the target material compositions. Despite these advantages, one of the
disadvantagesis that the ablation rate can be influenced by cone-like structures, which
form on the surface of an ablation target during ablation [2]. Dyer et a. [3] studied
laser cone formation on polyimide films and showed how seeding with impurities
affected their formation. The high-temperature superconductor — yttrium-barium-
copper oxide (YBCO) has been extensively studied by Foltyn et a. [4, 5] who sug-
gested that vaporization-resistant impurities are responsible for the cone formation.
They demonstrated that the cone tips are rich in yttrium. With incongruent melting
compounds like YBCO or Yittrium Iron Garnet (Y1G) surface segregation can occur
with the resolidification of higher melting components such as Y ,05 [6].

This paper reports the study of cone formation on Y IG targets due to ablation.

“Corresponding author, e-mail: baayah@pkrisc.cc.ukm.my.
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2. Experimental details

YIG (YsFes0y,) targets were prepared using conventional ceramic methods as
reported by lbrahim et a. [7]. The laser used was a Lambda Physik Excimer
(LPX100) XeCl laser (A = 308 nm and repetition rate — 21 Hz). It hit the target at an
incidence angle of 45°. Laser fluence was 1 Jcm™. During the process of ablation the
laser was moved horizontally by wobbling lens.

An optical microscope and scanning electron microscope (SEM) were used to
study the surface morphologies of the unablated and ablated YIG targets. X-ray analy-
sis of the targets was done using energy dispersive X-ray analysis (EDS).

3. Resultsand discussion
Optical micrographsin Fig. 1 show three different stages of cone formation. Shal-

low ripple-like structures occur at the edge of the ablated area, which become deeper
as the laser damage increases and eventually full cones devel op.

Fig. 1. Optica micrographs (x500) of cone
formation stages: a) shallow ripple like structures
at the edge of the ablated area, b) intermediate
laser damage c) fully developed cones

Figures 2a and b show SEM micrographs of the YIG target before (x1700 magni-
fication) and after ablation (x200 magnification). The surface has cone-like structures
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approximately 70 um long and 30 um wide, and the surfaces of these structures are
smooth (the facetted structure is caused by the resolution of the digital photograph
and printer). The ablated target was hit with ~30 000 shots per site and heated to
500 °C during ablation. The number of laser shots per site was calculated by multiply-
ing the total number of laser pulses by the ratio of beam area to total exposed area.
The cone axes are not normal to the surface; they appear to be lying at an angle. Simi-
lar cone structures have been observed by several researchers on YBCO targets
[4, 5, 8] and on auminium [9]. They observed that the cones point towards the laser
beam. As the beam in this study is incident at 45° to the target, they would be ex-
pected to form at 45° to the surface of the YIG targets. Figure 3 shows a cone under
higher magnification. It has a rounded surface with some evidence of flowing, which
indicates that the surface has been in aliquid state.

To study the nature of the cones on YIG, EDS analysis was done on the unablated
and ablated targets. Figures 4 a and b show the results. They indicate that the ablated
target contains more yttrium and less iron (49%Fe,05:51%Y ,03) as compared to the
unablated target (67%Fe,05:33%Y,0;). This yttrium enrichment may be due to the
incongruent melting of YIG.

Fig. 2. SEM micrographs of YIG target: a) unablated target, b) ablated target showing cone structures

Fig. 3. Close-up SEM micrograph of ablated Y1G target
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Fig. 4. SEM X-ray andysis of YIG target:
a) before ablation, b) after ablation (~30 000 shotg/site)

A similar yttrium enrichment process has also been observed on YBCO targets,
which also melt incongruently [4, 5]. The laser rapidly heats the target to form a very
high-temperature plasma. Some liquid will be present on the target’'s surface, and this
will cool between laser pulses and resolidify. As the resolidification process on the
YBCO target begins, Y,0s, the solid phase with the higher melting point will tend to
freeze first, leading to yttrium enrichment [6]. This segregation does not occur signifi-
cantly in a single ablation pulse, but when the process is repeated thousands of times
during an ablation. As'Y enrichment proceeds, the laser will begin to interact with the
transparent materia (Y,Os is used for UV optics) [2]. The Y rich material then shields
the underlying material, leading to cone formation and an decrease in the ablation rate.



Yttrium iron garnet surface modification 115

Y1G melts incongruently to form liquid and yttrium orthoferrite (Y FeOs). In this
case, YFeO; is the solid phase with the higher melting point, and will tend to freeze
first, leading to yttrium enrichment and cone formation. The cones have larger surface
area than the original target; the laser’s fluence is therefore lowered, leading to a re-
duction in the ablation rate. This effect was visible during ablation, as there was a
noticeable decrease in the size of the ablation plume after approximately half an hour.
Foltyn et al. [4] reported a drop in the deposition rate by a factor of 4 after 1000 laser
shots per site for YBCO targets. Krajnovich and Vasquez [10] reported that the reduc-
tion trend stops when cones have completely formed on excimer irradiated polymers.

As the formation of these cones reduces the film deposition rate, we suggest using
an adjustable mirror to move the laser beam to a fresh area of the target whenever
there is a noticeable decrease in the size of ablation plume.

4. Conclusions

Cone-like structures and yttrium enrichment processes have been observed on Y1G
ablation pellets. Cone formation reduces the ablation rate. This is believed to be the
first report of cone structures on ablated Y1G targets.
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A shock-wave model of the effect of superdeep
penetration of powder particlesinto metallic materials

A.E. KHEIFETS**, V.I.ZEL'DOVICH, N. YU. FROLOVA, |. V. KHOMSKAYA

Ingtitute of Metal Physics, Ura Division, Russian Academy of Sciences, Ekaterinburg, 620219, Russia

A shock-wave model of the effect of superdeep penetration of explosion accelerated powder particles
into metallic materials has been created. A criterion for the phenomenon proceeding by explosive loading
of atarget by aflow of particlesis obtained. It is established that a flow action results in an homogeneous
redia stretching of the target material. The stretching occurs by mobile cavities which carry particles into
the target material.

Key words: superdeep penetration; shock waves; explosive loading; powder particles

1. Introduction

Under specia conditions of loading, a small part of the torrent of explosion accel-
erated dispersed powder particles can penetrate into metal barriers. The depth of their
penetration exceeds the size of the particles by 100-1000 times. The phenomenon is
known as superdeep penetration (SDP). For “traditional” penetration, the relation of
the depth to the diameter of the particles does not exceed 10. The conditions neces-
sary for SDP are: particle speed greater than 300 m/s, particle size less than 500 um,
loading time over 100 ms, and an average torrent density of more than 10° kg/m?® [1].

The equipment used in experiments with superdeep penetration is shown in Fig. 1.
The charge of explosive substance 1 is detonated by means of the detonator 2. The powder
3islocated in afocusing lens 4. The discoverers of the phenomenon [1] empiricaly esti-
mated an optimum form of the lens for achieving the superdeep penetration. The lens
forms ahomogenous flow of powder particles, flying at a speed of 500-1000 m/s. The
diameter of the flow is approximately 50 mm. An aluminum plate 5 holds the powder
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Fig. 1. Scheme of the experimental equipment
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in the lens until the explosive charge deto-
nates. The distance from plate 5 to the tar-
get 7 is adjusted by the height of the sup-
port 6. An al-metal sample or cartridge
containing several samples usually forms
the target. The mgjority of the particles do
not penetrate the target — about 99% of the
powder will stay on the surface and only
1% of particles will achieve the superdeep
penetration. These particles can move in
the target material. The length of the mo-
tion istens of millimetres[1].

At present there is no theory of the
physical nature of SDP. The purpose of this
work was to construct a physical model of
the phenomenon, to prove empiricaly the
estimated conditions of superdeep penetra-
tion, and to answer the following questions:

1. Why does SDP occur only with a dense flow of particles? SDP never occurs for

alondy particle.

2. Why does not the superdeep penetration occur with large (more than 500 um)

particles?

3. How do low-strength particles penetrate into high-strength targets?

The existing models contain the assumption that the toughness of a particle ex-
ceeds the toughness of the target. According to these models, the particle can “resist”
external influence, such as a cumulative jet [2].

2

Fig. 2. “Spreading” of acylindrical target

. Results

The model of the phenomenon put forward
in this note is based on the shock-wave descrip-
tion of the interaction between a particle and
atarget material. When a particle strikes the
surface of acylindrical target (Fig. 2), an un-
convergent shock wave appears in the target
material. The wave carries the substance of the
target. In the place where the particle hits the
surface of the target, a crater is formed, its di-
ameter being approximately equal to the diame-
ter of the particle. The deformation of the target
occurs, but the volume of the substance is con-
stant. The target “spreads’ asisshownin Fig. 2.
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It is shown that the field of distortion of a substance in the target is a Coulombian
field. The generalization from a single particle to a flow using the appropriate inte-
grated equation allows the curve of the radia dependence of the deformation £” of a
cylindrical target (Fig. 3) to be drawn. Inside the area covered by the flow of particles

&= const

outside this area
2
el = —27to-—F2\)p
r
where R, is the radius of the area covered by the flow, ois the constant of the density
distribution of particles.

In Figure 3, it is shown that the integrated £
field of a stress created in the target by a flow £ = const
of particles results in a radial deformation of
the material. In the area covered by the flow
(r <Rp), this deformation is caused by homo- 0 R, -
geneous radial stretching. Outside the flow
there is a radial compression. The compres- ﬂ
sion is inversely proportiona to the distance A
squared (Fig. 2). The extent of deformation is
determined only by the physical characteris- Fig. 3. Radial dependence of deformation.
tics of the flow and target, and does not de- R, is the boundary of the flow
pend on the size of particles. The field of
stress created by a flow of particles is inhomogeneous, because each strike of a sepa-
rate particle on the surface of the target has a discrete influence resulting in
fluctuations of the stress field. The characteristic time 7 of this process (the time dur-
ing which stress at any point in the target is nearly constant) is approximately 107 s
for particles with the diameter do = 100 um. In such dynamically varied conditions,
the deformation of the target is basically elagtic. The relaxation of the stretching stresses
occurs by means of fracturesin the target materid. Thus, the homogeneous radial stretch-
ing of the target in the field of aflow means that cavity formation decreases the average
density of the materia. Thelifetime of acavity 7 istheinterval between the moment of its
opening and closing. This time is about 10°s. During loading, the stress situation in the
depth of the target is the same as on the surface, but there is atime delay correspond-
ing to the limitations of shock-wave velocity ¢ (approximately equal the velocity of
sound, because the shock wave is not powerful). Thus the point of closing follows the
point of opening into the target.

The movement of a cavity is shown in Fig. 4. The plane (X, Y) in a Cartesian system
of coordinates is connected with the surface of the target (Z = 0). Assuming that at the
point (X, Y3, 0) and at the moment t = t, the conditions were most favourable for the
formation of a cavity, the situation will be repeated at the point (X1, Y1, Z) and time
tot+Z/c. Thus, the disclosing point of the channel will move along the Z axis with the
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velocity of sound c. If at timet =ty + 7
the conditions at the point (X;, Y1, 0) be-
come unfavourable, the channel will
close. The same situation will be observed
a the point (X;, Y, Z2) and moment
to+t 7 +Z/c. Hence, the point of closing
follows the point of disclosing at
adistance of c7 (the length of the cavity).
The mobile cavities (transport capsules)
carry particlesinside the barrier. For 7 of
the order of 10°° s, the length of a capsule
is approximately 5 mm. If a particle is
Fig. 4. Motion of acavity (“transport capsul€e”) located in the capsule, it will be trans
ported inside the target. Thus, the move-
ment of a transport capsule can be accompanied by cumulative jets [2, 3] or high-
speed fracturing of the material [4, 5]. The particle located in the capsule can be
crushed [6]. Within the framework of the shock-wave performance, these effects are
secondary, because the particle does not participate in the creation of its own capsule.
The transported particle passively enters a capsule and does not spend energy on
punching the material.
The diameter of capsules depends on the depth:

ARW) R? 314 1 Ve
O(L)S=0= == =l—F%
AR| , \R*+L 1+¢

where L isthe depth, Risthe radius of the target, £= L/Risthe relative depth.
The following criterion for SDP is obtained:

ﬂslﬂ >1

3 Ve At

where h is the thickness of a layer of particles in the explosive accelerator (lens 4 in
Fig. 1), Atisthe duration of loading, c isthe velocity of sound. In the real experiment,
h and At are not independent. An increase in h resultsin an increase in the flow length
of particles, therefore At will also increase. Actualy, the value of h/At characterizes
the density of the flow of particles.

3. Conclusions

¢ According to the established criterion for SDP, the penetration of particles into
metallic materials can occur under the condition that /At >5x 1072, which corre-
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sponds to the particle flow density of p> 1 g/(sm°). The penetration of particles at
aflow density lessthan 1 g/(sm®) isimpossible.

¢ The characteristic time of fluctuations zis proportional to the size of particles dp.
If the diameter of a particleislarger than 500 um, the value of zwill be of the order of
10°®. This value exceeds the time of plastic relaxation for the majority of metals. In
this case, the target is deformed plastically and transport capsules do not arise.

¢ Within the framework of the model offered, the toughness of particles does not
play a significant role, because transport capsules can even carry liquids inside the
target.
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Physical metallurgical and computer simulation methods were used to study the propagation and in-
teraction of shock waves in steel balls subjected to convergent dodecahedrally symmetric shock waves.
Conditions for energy cumulation and the realization of regular and irregular types of shock wave interac-
tions were studied. Based on microstructural investigations of intact samples, the parameters of the shock-
wave loading, namely pressure, residual temperature, and the density of the material were calculated.

Key words: shock waves; microstructure; explosive loading; cumulating

1. Introduction

Asis known, the application of high dynamic pressures ensures that plastic defor-
mation, fracture, polymorphic and phase transformations, chemical reactions and
many other physical and chemical phenomena occur at extremely high rates. There-
fore, the shock wave loading of condensed media permits fundamental properties of
substances to be studied under extremal conditions.

The development of new technologies based on explosive methods permits one to
increase the complexity of experiments conducted with the purpose of obtaining un-
usual dynamic loading conditions. The increasing complexity of experiments in turn
imposes new requirements on the understanding of processes that occur upon the
propagation of shock waves with a complex wave front configuration in the material.
It is for this reason that studying effects of shock waves with a complex shock-wave-
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front geometry on metallic materialsis not only of pure scientific, but also of practical
interest from the standpoint of several branches of science.

Under the action of a powerful pulse impact, structural changes can arise in
ametal that prove to be unattainable under usual (static) conditions. On the other
hand, an analysis of the results of shock-wave impacts on a sample permits one to
draw conclusions about the character of shock-wave motion and about the processes
of shock wave interaction and energy cumulation, i.e., to solve nonlinear problems of
the physics of shock waves. With such an approach, the loaded sample is considered
to be not only an object of investigation, but also a probe for obtaining information on
complex shock-wave processes.

The properties of metals and alloys are closely related to their structure. It is there-
fore very important to establish areliable correlation between microstructural changes
and the parameters of shock-wave impact (pressure, degree of compression, residual
temperature). In this work, we show how residual microstructural changes can help in
answering some questions that arise when studying shock-wave mation in terms of
hydrodynamics and gas dynamics.

2. Methods

Solid steel balls 60 or 40 mm in diameter were shock-loaded by exploding
aspherical layer of explosive 10 or 20 mm thick (the ratio Ry/Re, Of the ball radius to
the outer radius of the explosive layer was 3/4 and 1/2, respectively). The explosion
was initiated (with an asynchronism not exceeding 10~ s) at the surface of the charge
at twelve points uniformly located over the sphere surface. The explosive-covered
sample was placed in a massive metallic casing, which ensured that the ball remained
intact after it had been subjected to a convergent quasi-spherical shock wave. The
pressure in such a wave grows from the sample surface toward the focusing centre as
the amount of the substance encircled by the wave progressively decreases. The
growth of pressure results in a temperature rise. The shape of the shock-wave front
changes in the course of motion. At the centre of the ball, the shock wave is focused,
after which a divergent compression shock wave propagates from the centre to the sur-
face. The interaction of the wave with the rarefaction wave that propagates from the
sample surface leads to the appearance of tensile stresses and related spalling phenom-
ena in the material. Since the magnitude of tensile stresses is determined by the rate of
unloading, the sample usually failsif unloading occurs too rapidly. Therefore, a massive
metallic casing was used in order to retain the sample intact, which alowed a lower rate
of unloading and decreased the tensile stresses occurring in the sample [1].

Shock-wave loading of a 40 mm steel ball. The formation of a quasi-spherical
shock-wave front was studied using a ball made of steel containing 0.37 wt. % C and
1.1 wt. % Cr (Ry/Rep = 1/2). Various techniques of chemically etching diametrical
cross sections reveal radial changes in microstructure near the centre of the sample,
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indicating the effect of cumulation and show the “nonsphericity” of the loading
method. The diametric cross section of aball is shownin Fig. 1.

Fig. 1. Diametric section of a40-mm ball: Fig. 2. Scheme of shock-wave
1 —dendritic structure, 2 —bainite propagation in a40 mm ball
3 —ferritic-pearlitic structure

The patterns of various etchabilities were first observed by Al’tshuller et al. [2] on
samples loaded with cylindrical shock waves from six and four points. Therefore, the
patterns obtained by etching are called Al’'tshuller patterns. Measurements of micro-
hardness indicate that asignificant reduction in strain hardening is observed in the
light regions of Al’'tshuller patterns [3]. All the experimental data obtained for this
sample can be explained with the help of the sketch shown in Fig. 2 illustrating tem-
poral changes in the initialy three-dimensional front. The leading waves of three-
wave Mach configurations (segment OO' in the scheme), which arise at the collision
sites of divergent shock waves moving from neighbouring initiation points (lines AO
and A'O"), have higher velocities, resulting in a smoothing of the front. According to
[4], the traces of the points O and O' represent the boundaries of the contact disconti-
nuity. In Fig. 1, these boundaries separate the Al’ tshuller regions, which are light and
dark on etching. The boundaries are indicated by arrows in Fig. 1. According to [4],
the final magnitude of the pulse pressure is the same on both sides of a boundary of
contact discontinuity (with allowance for an additional pressure on the substance due
to the waves reflected from the surface of interaction, not shown in the scheme).
However, the final state in dark Al’tshuller regions (Fig. 1) is a result of repeated
(twofold) compression; i.e., the loading regime is in this case closer to static, which
leads to a greater degree of strain hardening in the material.

The shock-wave motion acquires a quasi-spherical character beginning from a cer-
tain radius (r ~ 9 mm), and therefore can be considered to be one-dimensional. Figure
1 shows an almost spherical cavity of about 5mm in diameter in the centre of the
quasi-dodecahedron. Around this cavity, there is a narrow (0.5-1.0 mm wide) region
of columnar crystals that have a pronounced dendritic structure (Fig. 1). The presence
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of this structure indicates that near the centre, where the focusing occurs, the steel
melts (and it may, at the very centre, even evaporate) and then solidifies on cooling.
Around the zone of columnar crystals there is a circular zone (about 2 mm thick), in
which y-iron is formed. Microstructura studies show that, in the outer portion of this
zone, the formation of the y phase occurs in place of the pearlitic one found in the
initial microstructure of the steel. The inner portion of this zone is completely trans-
formed into austenite. During cooling, after the explosive loading, the austenite trans-
forms into an acicular structure (bainite) whose hardness is greater than that of pear-
lite and smaller than that of martensite. The outermost zone (about 14 mm thick)
retains the initial ferritic-pearlitic structure, although a localized deformation was
observed in some regions (Fig. 1).

As previously stated, near a certain critical radiusr ~ 9 mm, a quasi-spherical con-
vergent shock wave is formed as a result of the interaction of shock waves moving
from different initiation points. According to [5], the pressure in a convergent spheri-
cal shock wave grows as P = Py(ry/r). Based on this and on the fact that a clearly pro-
nounced zone of melting exists in the sample (the distance from the centre of the sam-
ple to the outer boundary of the melting region is r = 3.2 mm), the pressure in the
melting zone can be estimated considering the melting point of the steel and that so-
lidification occurs after unloading. Results of such calculations are given in Table 1.

Table 1. Dependence of pressure P and residua temperature T
on the distance to the ball centre r
in the field of one-dimensional shock-wave motion

r,mm P, GPa T,K
9 52 520

8 60 590

7 68 680

6 81 830

5 102 910
45 115 990
4.0 134 1150
35 161 1450
3.0 224 2100

The residual temperature, pressure and specific volume were calculated in the
three-dimensional (non-spherical motion) field of the ball by means of computer mod-
elling of shock-wave motion on the basis of the form of the boundaries of contact
discontinuity (indicated by arrows in Fig. 1). The results of these calculations for
three-dimensional fields of the ball are givenin Table 2.

Shock-wave loading of a 60-mm steel ball. Figures 3a, b display macro- and mi-
crographs of the surface of a diametrical cross section of a 60-mm steel ball with
Rs/Rexp = 3/4. The changes observed in the microstructure (Fig. 3b) and the results of
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microhardness measurements indicate that in matted Al’tshuller regions (which look
brighter in Fig. 3a) cycles of a—e— o polymorphic transformations took place. Since
the € phase is formed in steel at pressures exceeding 13 GPa, the absence of traces of
the o—e—a transformations in certain regions of the surface means that the pressure
in these regions did not exceed this value.

Table 2. Dependence of pressure P, density o, and residual temperature T on the distancer
to the ball centre in the field of three-dimensional shock-wave motion”

r, mm P,GPa | p,gem® | pglem® | T,K | T, K | AT, K
16.58 49.0 9.86 9.83 333 | 485 152
16.09 53.1 9.97 9.94 345 527 182
15.61 57.6 10.08 10.05 537 575 218
15.20 62.1 10.19 10.16 370 625 255
14.87 66.2 10.29 10.26 381 672 291
14.53 71.0 10.40 10.37 395 729 334
14.27 75.0 10.49 10.45 406 778 371
14.00 79.2 10.58 10.54 419 831 412
13.83 82.1 10.64 10.60 429 869 440

o and Ty, ppand T, are densities and temperatures in dark (1) and light (2) A’tshuller's patterns.
AT is temperature on the boundary.

Fig.3. Shock-wave loading of a 60-mm steel ball:
a) diametric section of the ball, b) traces of
a—e—o transformations in light regions
and absent of the traces in dark regions,
¢) macrostructure in the section AB,

d) result of modelling (map of pressure)

The observed shock wave effects suggest that the interaction of shock waves mov-
ing from different explosion-initiation points obeys the laws of regular reflection. As
a conseguence, no energy cumulation or related significant increase in pressure occurs
with the approach of the shock waves to the focusing centre. Three observations led to
this conclusion.

1. No microstructural changes, such as traces of the o—y—a transformation cy-
cles or melting, that could indicate a marked growth of pressure as shock waves ap-
proach the ball centre are seen.
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2. The initial shock-wave loading symmetry is retained throughout the entire
propagation of shock waves to the focusing centre (Fig. 3a). As stated above, the
shock-wave motion acquires a spherical symmetry for irregular interactions, with the
pressure growing according to the I/r law, where r is the distance to the ball centre.

3. No traces of contact discontinuities are present upon the motion of a three-wave
Mach configuration.

A regular character of the interaction of shock waves leads to a situation where the
nonsphericity of the shock-wave front is retained in the course of wave motion toward
the focusing centre. This substantially complicates the theoretical description of
shock-wave motion. The solution of the nonlinear problem of the propagation and
interaction of shock waves in the general case with such complex initial and boundary
conditions proved impossible. However, the alowance for specific features in the
geometry of the experiment permitted us to numerically simulate shock-wave maotion
from the results of metallographic investigations. Te cross section AB (Figs. 3a, c) of
the ball was used for modelling. A number of assumptions were made concerning the
allowance for nonlinear effects. The agreement achieved between the experimental
and theoretical results can be considered as an evidence of the validity of these as-
sumptions. Figure 3d shows the results of the simulation, along with the experimental
pattern of microstructural changes observed in the ball cross section given in Fig. 3c.
A virtually complete agreement of the calculated results with experimental data is
observed.

3. Conclusions

Two types of shock-wave motions in metallic balls upon quasi-spherical shock-
wave |oading were considered. In the first case, the initial conditions become “forgot-
ten” at the stage of convergence, after which the motion acquires a spherical one-
dimensional character. In the other case, the initial conditions are not “forgotten”
during convergence. It has been established that for the first type of shock-wave mo-
tion there is a corresponding Mach (irregular) regime of interaction of shock waves.
This occurred in the 40-mm steel balls. The experimental investigations allowed
ascheme to be developed for the transformation of dodecahedral shock-wave front
into a spherical one. Based on the experimental data, the thermodynamic parameters
of shock-wave loading for a steel ball 40 mm in diameter (Ry/Re = 1/2) were calcu-
lated in both the region of one-dimensional and three-dimensional shock-wave mo-
tion. When simulating the shock-wave motion, we used a real geometry of the
boundaries of contact discontinuity. The second regime of the shock-wave motion is
associated with aregular interaction of primary shock waves, as realized in the 60-mm
steel balls (Ry/Rexp = 3/4). A computer simulation of shock-wave motion based on the
metallographic investigations of microstructural changes in the steel permitted us to
reconstruct a picture of the shock-wave motion and to describe the spatial distribution
of pressuresin the ball.
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Polycrystalline anmonium chloride (NH4CI), fluoride (NH4F) and bromide (NH,Br) were studied at
pressures from 20 to 50 GPa in the temperature range of 77—400 K. Phase transitions from a high-
resistance to low-resistance state was found. The transition pressures were about 15 GPa for NH,Br,
27 GPa for NH,CI, and 42 GPa for NH4F. The transition temperatures and pressures were shown to de-
pend on the preliminary pressure treatment. All ammonium halides show metal -like behaviour under high
pressures, similar to that of alkali halides.

Key words: ammonium halides; high pressure; resistivity

1. Introduction

Alkali halides of cubic structure with mainly ionic bonds have been studied as
model objects for high-pressure physics [1-3]. However, ammonium halides, with the
ion (NH,)" being an analogue of an alkali metal, have hardly been studied at high
pressures at al. Their structures have been studied only up to 9 GPa [4, 5]. In this
work, the conductivity of ammonium chloride (NH,4Cl), fluoride (NH4F), and bromide
(NH4Br) under high uniaxial pressures from 15 to 50 GPa in the temperature range of
77-400 K was studied. Similar to microscopic structural analysis, i.e. X-ray or Ra-
man-scattering measurements, transport measurements can be used to detect phase
transitions. Recently, for NH,Cl and NH,F, we have found a transition from ahigh-
resistance state to a low-resistance one under high pressures. In this paper, we present
studies of this transition in these two ammonium halides and, additionally, in NH,Br.
The time dependence of the resistivity of the ammonium halides with changing pres-
sure was also studied.

“The paper presented at the 5th High Pressure School on High Pressure Methods in Biotechnology
and Materials Science, E-MRS Fall Meeting, Warsaw, 13-15 September, 2003.
" Correspomding author, e-mail: galina.tikhomirova@usu.ru.
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2. Experimental

High pressures were generated in a high-pressure cell with synthetic carbonado-
type diamond “rounded cone-plane” anvils [6]. These anvils are good conductors and
can be used as electric contacts, making it possible to measure temperature and pres-
sure dependencies of resistance. At the temperatures and pressures used, the contact
resistance did not exceed several ohms. The behaviour of the samples was examined
during several pressure cycles. The samples, produced by a high-pressure treatment
from powder materials of chemica purity, were ~0.2 mm in diameter and 10-30 um
in thickness.

3. Results and discussion

A hysteresis in the pressure dependence of resistivity was observed for the am-
monium halides studied (Figs. 1, 2). For all three materials, a sharp decrease in resis-
tivity by orders of magnitude from more than 108 Ohm to kOhms was observed above
some threshold value Pe,. On reducing pressure down to P <P.,, the materials re-
turned to their high-resistive state. P, was about 42, 25-27 and 15-17 GPafor NH4F,
NH,CI
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and NH,4Br, respectively. A similar sharp transition was observed near P, in the tem-
perature dependence of resistivity (Figs. 3, 4). The values of P, correspond to a sta-
tionary state, which was reached after sufficiently long exposure of the samples to
stress. The time of pressure treatment necessary to stabilize P, was quite different for
the three materials. Initial loading of the samples with the pressure of 50 GPa caused
achange in the resistance only after one-month exposure to stress for for NH,F, and
for about 10 days for NH,4Cl. NH,Br samples did not require long pressure treatment;
they became conductive at P, = 2022 GPa. There is a correlation between the times
of treatment, as well as the values of P, and the densities of the materials (the atomic
weight of the halogens F, Cl and Br).
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Relaxation times of conductivity were found to be different for increasing or de-
creasing pressure (Fig. 5). The time dependencies of resistivity also demonstrated
quite different relaxation times: one was seconds; another could be hours or days. The
relaxation time was essentially larger at pressures near Pgy. At pressures far above Py,
the relaxation times were several minutes. At pressures between P, and P, athermal
hysteresis of the resistance of al three materials was observed, indicating the exis-
tence of intermediate states. The magnitude of hysteresis decreased after each cycle of
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applied and removed pressure and/or after each time of exposure to a high pressure.
All ammonium halides have shown a metal-like behaviour under high pressures simi-
lar to that of alkali halides. Details of the behaviour of the resistance for each of the
ammonium halides are given below.

Ammonium fluoride. The main feature of the temperature dependencies of the con-
ductivity of NH,4F under pressure was hysteresis; it is likely to be due to compacting
the polycrystalline structure of the sample by a thermal expansion under high pres-
sure. On heating, the conductivity had a metal-like character up to some critical tem-
perature. The conductivity was practically temperature independent at higher tempera-
tures. A long application of pressure, for several weeks, dramatically changed the
character of the temperature dependence as it became metal-like. Below 42 GPa,
areversible transition from a low-resistive state (kOhms) to a high-resistive state
(more than 100 MOhm) was observed independently of previous pressure treatment.
(For more details, see[8].)
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Ammonium chloride. The pressure dependence of the resistivity of NH,Cl was
similar to that of NH4F. However, the temperature dependencies were quite different.
The conductivity of NH,Cl at temperatures below 340 K had an activated character.
At temperatures higher than the critical value, a transition to the metal-like state was
observed. A minimum in the R(T) dependence indicates the existence of atransition to
an intermediate state. This transition did not disappear after long (up to six months)
exposure to stress, but was observed in this case only at pressures below 35 GPa.
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Figure 6 shows the temperature dependencies of the resistivity of NH,Cl at 45 GPa
after high-pressure treatment for 2 weeks (a) and for more than 2 months (b). Below
25-27 GPa, all ammonium chloride samples became high-resistive (MOhms).

Ammonium bromide. The temperature dependencies of the resistivity of NH,Br
had a positive slope in the temperature range 77 to 300 K. At pressures from 40 to
44 GPa and temperatures above 300 K, anomalies in the dependencies were found,
indicating a transition to another state. The transition of ammonium bromide into
ahigh-resistive state was observed at pressures below 15-20 GPa, depending on pre-
Vious pressure treatment.

4. Conclusion

Phase transitions are shown to exist in ammonium halides at high pressures. They
are revealed by sharp changes in resistance by several orders of magnitude. Above the
transition, the resistivity is, as a rule, metal-like and similar to that of alkali halides.
However, after a period of time, a nhon-monotonic dependence of resistivity on tem-
perature was observed, indicating the existence of intermediate states. The data ob-
tained show that transport measurements can be used to recognize phase transitionsin
ammonium halides. To determine the microscopic structure of the phases, X-ray or
Raman-scattering measurements are needed.
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Spherical silica powders with uniform, submicron grain diameter have been obtained using the sol
-gel technology. Subsequently, metallic silver nanoparticles have been produced onaites afrthe
grains. Raman scattering spectra of such,$AQ" powders impregnated in ethanol solutions of tris(2,2'
-bipyridyl)ruthenium(ll) can be recorded for solutions four orders of magnitude more diluted than the
lowest possible concentration detectable for comldgxd solutions in the same experimental conditions
(the SERS effect). Also, such silver-doped silica powders display anti-microbial capabilities and can be
used to obtain doped thin-film coatings, e.g. for the production of bacteriostatic textiles.

1. Introduction
Nanostructured materials possess unigaehanical, chemical and optical proper-

ties [1]. Nanometre-sized metal and semiconductor particles have attracted much at-
tention due to their novel properties sfgrantly different from those of correspond-

“Corresponding author, e-mail: marjas@immt.pwr.wroc.pl.
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ing bulk materials, such as the gquantuge<ffect, nonlinear optical properties and
unusual luminescence [2—4].

Sol-gel technology [5—7] provides an elent way of obtaining transparent and
mechanically stable glasses and glass-like materials (xerogels). The sol-gel technique
is based on the hydrolysis of liquid preans and formation of colloidal sols. The
precursors are usually organosilicates (etyaethoxysilane, TEOS) yielding silicate
sol-gel materials. In the case of the most often employed silicate sol-gel matrices,
manufactured from hydrolyzates of varioukaadysilanes, the chemical reactions in-
volved in gel formation are shown below.

The hydrolysis:

=Si-OR + HO —"/°%_, —g5i OH + ROH 1)
and subsequent formation of the silicate network:

=Si-OH + HO-Sie ——» =Si-0-Si= + HOH o)

=Si-OR + HO-Sie ———— =Si-O-Si= + ROH 3)

Another interesting property of sol-gel maad¢s stems from the fact that they are
prepared from liquid solutions, which alls doping by dissolving or suspending
dopants in the hydrolyzates. An alternatiay of introducing various substances to
sol-gel matrices is via their impregnation in solutions/suspensions of the target mole-
cules. Various oxide matrices obtained by the sol-gel method are essential for the
development of a broad variety of advaneadterials such as electrochemical solar
cells, photocatalytic materials, electron-gtéws devices, optical coatings, etc. A very
attractive and new development of the sol-gel technology is its application to manu-
facturing free and doped uniform silica spree of submicron sizes [8-10]. Films of
self-organized silica nanospheres deposited on a glass support exhibit the photonic
crystal effect [10]. Such materials are pdai@ly appliccable in a variety of fields
such as medicine or optoelamtics. In the last decadihe synthesis and optical prop-
erties of photonic crystalline structures haween intensely investigated. Photonic
crystals are characterized by frequency-forbidden band-gaps in a broad frequency
region of electromagnetic radiation [5, 11-1Bfe characteristic feature of such ma-
terials is their opalescence. It has beemonstrated [14-17] that photonic crystals
offer a number of potential applicationsfdiers, inhibitors of spontaneous emission,
or thresholdless lasers.

Raman spectroscopy can be a powerful aexilile tool for detecting and charac-
terizing organic and biologal molecules. This method is, in general, quite sensitive
and capable of detecting low quantities oflgtes. However, in certain situations
(especially in the case of biological anddisic studies) the need arises to detect
molecules at concentrations below a typigait of detection of conventional Raman
techniques. It is well known that in certaiases the adsorption of organic molecules
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on silver or gold electrodes results in a significant increase of the intensity of Raman
scattering of adsorbed molecules. This phenomenon is known as Surface Enhanced Ra-
man Scattering (SERS) [18]. Such enharemninas also been observed for molecules
adsorbed on aqueous Ag sols [19], on silver nanopatrticles embedded in a cellulose film
[20], and on Ag eaporated onto SiOnanoparticles [21]. The sol-gel method has been
successfully used for obtaining sol-geltritees doped with various nanoparticles of
metals (e.g., Ag, Pt, etc.) and semiconductors (e.:$,AQdS, etc.) [22-24]. Silica
submicron spheres with surface-deposited metallic silver nanoclusters have been shown
to exhibit the SERS effect for organic dymlecules adsorbed on the Ag islands [25].
This phenomenon can also be observed for submicromolar concentrations of or-
ganometallic complexes as presented in this contribution. Also, such Ag-doped powders
possess bacteriostatic properties and canskd for doping various layered materials
(e.qg., textile impregnation thin films), giving them anti-microbial capabilities.

2. Experimental

Uniform, submicron-sized silica particles were synthesized following the base-
catalyzed polycondensation of tetraethoxysil@REOS) in an alcoholic medium [5].
Briefly, ethanol (99.6%; POh Gliwice) and a watesolution of ammonia (POCh
Gliwice) were mixed with the precursdTEOS, 99%,; Fluka). The solution was
stirred in a plastic flask at room tempen& for 2 h. During the stirring, the silica
powder was formed and after filtering it was impregnated in an aqueous solution of
AgNO;,q The impregnated silica powders were soaked in a series of solutions in
order to reduce Agto Ag® (NaOHaq, formaldehydg,, NaBH,uq [20]). Tris(2,2"
bipyridyl)ruthenium(ll) (Ru(bpy¥*) was obtained from Aldrich and used as received.
For the SEM measurements, an XL 30 Philips CP microscope equipped with EDX,
SE, BSE and Robinson detecavas used. Raman scattering spectra were obtained
with a Raman Spectrometer Bruker RFS 1004Sorder to analyze the antibacterial
effects of the Si@-Ag powders on bacteria, tiescherichia coli ATCC 25922 strain
was used. To investigate the inhibition efckeria growth, the standard agar diffusion
method was used, according to the protocols of the National Committee for Clinical
Laboratory Standards [26]. €lovernight bacterial cultures, diluted 1000 times, were
plated on Petri dishes containing ®&lier—Hinton Il Agar (Becton, Dickinson
Comp.). Next, 5Qu aliquots of water suspensions of the silver-doped powders were
dropped on the surface of the mediundahe plates were incubated at 7 for
24-48 h. After incubation, the diameter oé thones around the plated material (indi-
cating inhibition of bacterial growth) weraeasured. The diameters of the zones are
proportional to the amount of the anti-micralbagent, the way of its immobilization,
the solubility of the agent, and the diffusioaefficient. As a control, water suspen-
sions of pure (without silver) silica powdewere dropped onto medium. The coated
textile samples were prepared on PESEAB3 fabric supports by doping a Dicrylan
SL-MPU/SL-MPA polymeric paste with the SiGAg powders.
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3. Results and discussion

Figure 1 presents a SEM micrographsdica submicron spheres obtained by the
sol-gel method. The diameter of the sphesabout 500 nm. As can be seen, the
grains have a natural tendency to formyveegular layers, which results in their
photonic behaviour [10].

Fig. 2. SEM (A) and SEM-BEI (B) pictures of submicron silica spheres with silver “islands”

Silver nanoparticles obtained on the sgds of silica submicron spheres are
shown in Figure 2. Figure 2A presergsconventional SEM micrograph of silica
spheres with AY clusters on their surfaces, while Figure 2B presents the BEI
(Back-Scattered Electron Image) picturetloé hybrid powder. Analogous nanopar-
ticles have been obtained during the preparation of Ag/Ei@ Au/TiGQ hybrid
materials [27]. However, theizes and shapes of those °AgAu®)-doped TiQ
nanoparticles are significantly difient from those of the reported Adoped SiQ
particles. The size of the silica sphepays an important role in stabilizing the
silver nanoparticles. Their interaction wisflver ions or clusters inhibits aggrega-
tion of larger particles [28].
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Silica powders with giins containing AY“islands” on their surfaces have been
demonstrated to work as “amplifiers” of Raman scattering in the case of a simple or-
ganic dye [25]. In order to establish if the SERS effect also works for organometallic
molecules possessing; symmetry adsorbed on silver nanoclusters, the 36/
powders were soaked in Ru(bgy)ethanol solutions. Subsequently, the powders
were filtered, washed, dried and their Raman spectra obtained.

Raman intensity
1 L

Fig. 3. FT-Raman spectra of the Adpped

submicron silica powders after impregnation

in solutions of tris(bipirydyne)ruthenium(ll)
with the complex concentrations of:

5.2x107 M (Trace A), 7.81x18 M (Trace B) ) e
and 7.81x1% M Raman shift [cm ]
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Figure 3 presents the FT-Raman spectra dtdaped submicron silica powders
after impregnation in solutions of tris(lipdyne)ruthenium(ll) with complex concen-
trations of: 5.2x10 M (Trace A), 7.81x18 M (Trace B) and 7.81xIOM. As can be
seen, the Ru(bpy) Raman spectrum can easily be observed even for concentrations
as low as ca. 5xI0M. Comparison with the results obtained for aqueous solutions of
the ruthenium complex reveals that using thé-daped silica powders for SERS
measurements allows the Ru(bgy)Xetection limit to be lowered by approximately
four orders of magnitude (with the experime setup used). It is important to note
that in the case of silica powders withailiver nanoclusters no Raman signal was
observed upon their impregnation ewerhe concentrated Ru(bp§/) solutions.

Thus, such materials could be used fopliaving analytical minods employed in,
for example, medicine (detection of drugysimportant metabolites), crime prevention
(detection of chemical or dliogical weapons), environmental sciences (spills of dan-
gerous substances), etc.
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Fig. 4. A plate with E. Coli culture. Left — with pure silica particles,
right — silica particles with Agnanoclusters

The obtained silica powders with silvertrirsions display bacteriostatic proper-
ties. The inhibition ofE. coli growth on an agar plate is shown in Figure 4. In this
case, the lack of effect of pure silica splseran be compared to the growth inhibition
zone caused by the silica spheres doped with silver. An analogous effect has been
observed foSalmonella techimurium, Saphyl ococcus aureus andHafnia alvei.

AccV Spot Magn Det F—— 5um

Fig. 5. SEM micrograph of a textile coating with $i®g® powder

Such powders can be added to thermagapelic films used for the impregnation
of textiles. Figure 5 presents a SEM micrograph of a doped textile coating surface.
One of the practical problems to be amamne in the production of such doped coat-
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ings is avoiding particle agglomerationidtexpected that textiles equipped with well-
dispersed nanoclusters of metallic silvertbair surfaces will become bacteriostatic.
This could be employed for the produtiof, for example, medical fabrics.

4. Conclusions

A sol-gel based method for the preparatdrsubmicron spherical silica particles
doped with A§ clusters is reported. Sphere morphology has been studied by the SEM
method. It has been found that all silicatjgées have identical size (ca. 450 nm).
SEM micrographs show that the silver ¢ars produced by chemical reduction occur
on the surface of the silica spheres. Good quality FT-Raman spectra of Ri(bpy)
molecules adsorbed on the doped powdemgrhave been obtained. Concentrations
of the soaking solutions were a few ordefanagnitude smaller than the concentra-
tions of the reference solutions capabfeyielding direct Raman spectra. The ob-
served phenomenon can be explained by the enhancement of the Raman signal from
molecules adsorbed on metallic Auarticles (Surface Enhanced Raman Spectroscopy
- SERS). Such materials offer a broad saoippotential applications in various fields
of analytical chemistry. This effect caulbe employed in the detection of trace
amounts of chemicals. Possbapplications of such detection systems range from
forensic investigations, through medicirmad to environmental issues. The SKp°
powders also exhibit bacteriostatic propextiEhe powders can be used as additives
to thin-film textile coatings, yielding xiles with anti-microbial capabilities. Such
materials could be used e.g. for medical purposes.
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Emission spectra of AWOQ,); doped with E&" were recorded at room temperature (orthorhombic
phase) and at 10 K (monoclinic phase). The luminescence excitation spectra and luminestance d
profiles were recorded for both structural modifications at RT angd Lahd the luminescence lifetimes
of EU** have been estimated. Two-site behaviour of the optically active ions in both phases has been
revealed in the luminescence studies. However, the emission decay profiles give one lifetimi®gf the
level, equal to 1.8 ms and 848us at room temperature and liquid nitrogen temperature, respectively.
The results obtained have been explained in terms of an unusual locatioti @fr&uinside the crystal
tunnels, parallel to the-axis.

Key words:aluminium tungstate; luminescence; excitation; optical properties

1. Introduction

This paper reports on the luminescence properties £¥A&),); tungstate doped
with EL* ions. Ab(WO,); belongs to the ABO,); group of compounds (A = Cr, Al,
Sc, In; B = Mo, W), which have been extensively investigated due to their unusual
chemical and physical properties. Thesmpounds exhibit a ferroelastic phase tran-
sition, from an orthorhombiBnca ( Dj;) to a monoclinid?2,/a (C5, ) structure [1-3].
The orthorhombic phase exhibits a negativermal expansion [2—6]. High trivalent
ion conduction has been discovered these crystals [7-10]. A pressure
-induced amorphization has been recently dieed in scandium molybdate and tung-
state at moderate pressures [10-12]. Finally, these crystals can serve as crystal hosts
for transition metal or lanthanide ion dogi For the above reasons, the tungstates

“Corresponding author, e-mail: &walik@int.pan.wroc.pl.
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and molybdates of this family have been applied in fuel cell electrolytes [13], gas
sensors [13], laser materials [14], optoealacics [6], and as catalysts support [6].

The effect of pressure on the resistivity and compressibility £iA\XD,); has been
investigated [15]. It was shown that the staince of the crystal is strongly frequency
-dependent and an anomalous change appdabout 5 kbar. Both the resistance and
compressibility prove the occurrence of a reilde phase transition at this pressure.

High-pressure Raman studies of thg(AIO,); crystal have been performed by us,
showing the onset of two reversible phasmsitions at 0.35 and 2.9 GPa [16]. These
transitions have been explained to be tiseilteof a reorientation of the tungstate tet-
rahedra. The phase in the range 0.35-2.9 GPa is consistent with the low-temperature
monaoclinic phas@2;/a.

In the present paper, we report the luminescence properties®ofoBs in the
Al,(WO,); host. In the previous paper, we studied this crystal doped withidbis
[14]. It was stated that the activatarbstitutes the 8d position occupied by alumin-
ium(lll) ions. Since the ionic radii of Aland CF* ions in this coordination are equal
to 0.535 and 0.615 A, respectively, the mutual substitution of these ions was easily
done [14]. In the present study, we have tried to introduc€ Bus into the
Alx(WQ,); crystal despite the fact that the iomédius of such an ion is significantly
larger (0.947 A). It is expected that a positive result of this substitution will allow
a new laser material containingithanide ions to be obtained.

2. Experimental

The synthesis of A(WQ,)::Eu single crystals was carried out using the flux
method described in [14, 16].

Emission experiments were performed using a dye laser with a 467 nm excitation
wavelength. The emission was detected with a cooled R 5108 photomultiplier (
= 400-1200 nm). A low temperature (10 Wpns obtained by mounting the sample
into a Leybold temperature-coalled closed-cycle cryostat.

Lifetime measurements were performed wéith optical parametric oscillator as
the excitation source. The 21 410¢tine was chosen for the excitation. The emitted
light was detected by a photomultiplier connected to a Tektronix TDS 3052 oscillo-
scope. Measurements were performed at 300 and 77 K.

We tried to measure electronic absorption spatitthe crystals at room temperature
using a Cary 5 spectrometer. These specuidaot be recorded due to a small concen-
tration of Ed* ions. For this reason, the excitation spectra were measured. They were
recorded using a SSF 01 Spectrofluorimeter equipped with a 160 W Xe lamp with a
sapphire window and an Al-coated parabodiiector. For low-temperature measure-
ments (7 K), a continuous flow helium cetat (Oxford model) equipped with a tem-
perature controller was used.
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3. Results and discussion

Structural properties. The structure of A(WQ,); has been determined by us us-
ing low-temperature X-ray equipment [14h the 210-300 K temperature range this

crystal is orthorhombic with the space grdRigen (D) and four formula units per

unit cell. The lattice parameters at 293 K @re: 12.571b = 9.046 anct = 9.129 A.
Low-temperature X-ray studies revealed phmesence of a first-order phase transition
around 210 K. The phase stable below 210 K is monoclinic with the spaceR#pup
(P24/n). Its lattice parameters at 160 K age= 8.962,b = 9.080,c = 12.587 A and

£ =90.06. In the orthorhombic phase, the active ions are located in a slightly dis-
torted octahedral arrangement of the oxygen atoms. The site symmetd/ winalis

C,, but its local symmetry can be regarded as close to the tetragprmcause one
Al-O distance significantly differs from ¢hothers. On the other hand, the monoclinic
phase showed the presence of four differerit €ites in the crystal [14]. The Eu
ions in the sample could replace thé*Abns, in a similar way as &rions. However,
another effect cannot be excladeAs the structure of the AWQ,); host contains
two tunnels of different sizes (Fig. lhdchthe difference between the ionic radii of
Eu*" and AF* ions is very large, it is very likely that the active ions occupy these tun-
nels instead of the Al sites. The tunnels are directed parallel toctaeis of the or-
thorhombic phase and theaxis of the monoclinic phase.

Fig. 1. Crystal structure of the AIWO,); host in two phases: a) high-temperature
(orthorhombic) phase and b) low-temperature (monoclinic) phase

Luminescence spectra. The luminescence spectra of the(MO,4)s:Eu crystal re-
corded at 300 and 10 K are shown in Rlg.Table 1 lists the wavenumbers of the
electronic transitions observedtire visible region. The presence’®§ > 'Fo. tran-
sitions and'F, , J-degeneracy prove that the site symmetry of'Bons both in the
orthorhombic and monoclinic phases colld described by low-symmetry point
groups:C,, C,, Csor C,, [17, 18]. The excitation spectra (Fig. 3) measured at 300 and
7 K confirm this conclusion. Becauserabm temperature the population of tie
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level is about 27%, a transition from this levePBy is observed. The same situation

is not observed at low temperature doe dramatic decrease in tfie level popula-
tion. From the luminescence and excitatiorcm recorded at low temperatures, the
Stark level components of electronic multiglevere calculated. Comparing the num-
ber of the theoretical and experimental mildtigomponents, we can say that the site
symmetry of Eg ions is low. The number of some components is higher than ex-
pected from the selection rules for monoclisjanmetry. We can, therefore, say that
EU®* ions occupy two sites in two structunaodifications of the crystal and their
excitation and emission properties are the same (Table 2).
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Fig. 2. Emission spectra obtained from thé'Ew-doped A(WO,); crystal
at 300 and 10 K. The excitation wavelength was 467 nm
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Fig. 3. Excitation spectra obtained for the(®WO,);:Eu crystal
at 300, 77 and 7 Ki,,s= 608 nm
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Table 1. Energy of the Eu(lll) emission bands measured for #e&/@))s:Eu crystal

o T=10K T=300K
Transition
[em [nm] [em™Y [nm]
Dy — Fp 17 253 579.6 sh
17 241 580 17 244 579.9
Dy — Fy 16 969 589.3
16 883 592.3 sh 16 915 591.2 b
16 861 593.1
16 812 594.8 sh 16 798 595.3
16 798 595.3
16 711 598.4
Dy — F, 16 458 607.6 sh
16 415 609.2 16 404 609.6
16 329 612.4 16 324 612.6
16 281 614.2 sh
16 247 615.5 16 244 615.6
16 088 621.6 16 090 621.5
Dy — 'F3 15 439 647.7
15 284 654.3 sh 15 344 651.7
15 253 655.6
15 211 657.4 sh 15 265 655.1
Dy — Fy 14 438 692.6 14 424 693.3
14 316 698.5 14 316 698.5
14 245 702 sh 14 243 702.1
14 221 703.2 14 225 703
14 203 704.1 sh 14 192 704.6 sh
14 158 706.3 14 162 706.1
14 063 711.1 14 069 710.8

“b — broad band, sh —shoulder.

The intensity of théD, = 'F, band transition is very weak although it is clearly
seen that its bandwidth is large (24.3 and 26.7' @nroom and low temperature,
respectively). This band could be deconwetlinto two components, which also sug-
gests the existence of two sites occupied by Bus.

Optical transitions typical of Bliions in a crystal correspond mainly to intfa f
transitions of predominantly electric dipatearacter. On the other hand, electric di-
pole transitions between states of the saomgigurations are strictly parity forbidden
and the spectra observed result from nuxistates of opposite parity during non-
centrosymmetric interactions. The f-f trégiens are allowed as the magnetic-dipole
ones that obey the selection ralé= 0, +1. TheD, 2 'F, transition is electric dipole
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in character, in contrast to thB, = F; one, which is purely magnetic dipole al-
lowed. Fluorescence spectra are known to be very sensitive to perturbations of the
first coordination sphere. The ratio betweabe integrated intensities of the transi-
tions: 1Dy 2 'F,) : I(°Dy 2 “F1) = loo: 104 Was related to the covalency of the*Eu

ion surroundings via short-range effects [18—Z&Jmparing our results, it is seen that
thelg : 1o ratio is almost the same at botdom and low temperature and equals 5.5,
meaning that the covalent nature of the locdl Ean sites is the same.

Table 2. Stark level components of electronic multiplets & Bus in AL(WO,); crystal

(S, L, J) ~ The number of Stark levels »
' Energy of Stark levels [cH] AE [em™]

multiplet Theoretical| Experimental
Fo 0,12 1 2 12
R 272, 358, 380, 429, 443, 530 3 6 258
F, 783, 826, 912, 960, 994, 1153 5 6 370
=N 1802, 1957, 1988, 2030 7 4 228
F, 2803, 2925, 2996, 3020, 3038, 3083,3178 9 7 375
D, 18818, 18889, 18954 3 3 136
°D, |21286, 21413, 21542 5 3 256
D,  |24378, 24462 7 2 84
5L6 24740, 25151, 25240, 25549, 25733 13 5 993

Lifetime measurements. Lifetime measurements of tHB, level were carried out
with a 467 nm excitation. The emission degagfiles measured at 300 and 77 K are
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Fig. 4. Room-temperature (a) and liquid nitrogen-temperature (b) time dependence
of EU** emission obtained for the AWO,)5:Eu crystal. The excitation wavelength was 467 nm

shown in Fig. 4. We have found that the data can be well fitted by a single exponen-
tial profile both at higland low temperatures.
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The lifetime of the’D, level in the material studied is 1.8 ms at 300 K and 848.4
us at 77 K. These results do not agree with X-ray data, which predict a one-site struc-
ture of the orthorhombic phase and a twe-behaviour of the monoclinic phase. The
presence of only one component in the glquafile at 77 K suggests that the two
different Ed*sites of the monoclinic phase have nearly the same lifetim#3, dfi-
minescence.

4. Conclusions

Eu®* ions do not replace the aluminidity( sites in the A}WO,); crystal, as
observed for C¥ions [14]. The concentration of the active ions in this sample is very
low. The Ed* ions are located inside the tunnels that run parallel to-thés of or-
thorhombic phase and are also presetiténmonoclinic phase. Luminescence spectra
indicate that EUf ions occupy two sites, both e orthorhombic and monoclinic
phase. The coordination shells of the both sites have nearly the same degree of cova-
lency and probably very close bond lengths. This is the reason for their optical simi-
larity, i.e. very similar optical transitioenergies and excited state lifetimes. The pre-
sent study therefore shows thhe results obtained for the Ewoped A}WO,);
crystal are different from those obtained for th&"@oped sample. The main conclu-
sion of the present study is that the criystadied is a prospective host for transition
metal ions [14], but cannot lagplied for f-electron elements.
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Synthesis and char acterization
of metastable CeO,—Zr O, solid solution
obtained by polymerized complex method
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The paper describes the preparation and characterization of nano-size metastable tetragonal CeO
—ZrO, mixed oxides prepared by a polymerized complex method. A glycine—ethylene glycol solution
containing C& and Zf* ions was polymerized at 80—190 to form a viscous transparent resin without
any visible precipitation. After heat-treatment at relatively low temperature (c&€C25h a hot plate in
static air, the solid precursor ignited in part dieself-combustion, resulting in the formation of
a nanocrystalline, compositionally-homogeneous ssidtion. Its structure was confirmed using X-ray
diffraction, HRTEM and Raman spectroscopy. The phase separation irZ€psystem on a subse-
quent heat-treatment in air and in a mixture BHd He was also investigated up to 13100

Key words:ceria—zirconia; polymerized complex method; Raman spectroscopy; X-ray diffraction

1. Introduction

Cerium oxide, as a non-stoichiometric ragath oxide, has been extensively used
in heterogeneous catalysis [1]. Ceria-based mixed oxides are active components of
three-way automotive catalysts (TWC) [2-One of the most important roles of
CeQ in these systems is their ability to €@nd release oxygen which is related to
their redox properties and thermal stability; oxygen storage capacity (OSC) of these
materials increases significantly wher"Zs doped into Ce@lattice. A considerable
decrease of bulk reductiomt@erature of mixed CeSZrO, solid solutions is caused
by a strong modification of the oxygesublattice which generates mobile oxygen
atoms [8-10].

" Corresponing author, e-mail: mista@int.pan.wroc.pl.
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The traditional method for the prepacatiof multicomponent materials involves
preparation of mechanically mixed oxsgdeowders which are subjected to high
-temperature calcination for several hours to homogenize the ceria—zirconia composi-
tion via solid state reactions. Howeveristimethod gives materials with very low
surface area and often yields compositional inhomogeneities. To overcome the need
for high temperature homogeniia in the preparation of G&r, ,O,solid solutions,

a novel method utilizing room-temperaturglienergy mechanical alloying of pure
Ce(Q and ZrQ has been developed [11, 12]. However, more homogenous compounds
are generally prepared via co-precipitatiechniques [13-17], dyothermal synthe-

sis [18-21], spray pyrolysis [22], physicgklation [23, 24], solution combustion
[25, 26], sol-gel [27] and thmicroemulsion methods [28, 29].

The purpose of this study is to apply the polymerized complex method to the syn-
thesis of nanocrystalline ceria—zirconia samlutions. This technique is a modified
version of the Pechini polymeric precaramethod [30-33] and is based on the “in
situ” polymerization of ethylene glycol in the presence of simple metal salts com-
plexed by glycine. Such a preparatiprocedure enabled us to obtain homogenous
transparent and very stable polymeric sols. It is very cheap and holds a number of
advantages over the popular but rather agpe sol-gel synthesis via alkoxide route
in which a dry nitrogen atmosphere must be used and the sols have a limited shelf-
life. The sols produced via the polym@&ute may also be good candidates for the
preparation of thin, dense @erzirconia films for thermal barrier coatings and in in-
termediate temperature solid oxide fuell¢SOFC) [34, 35]. In the present study,
we tried to check the homogeneity of thegared solid solutions and to characterize
the phase separation during heat treatment in air and in reducing environment by
means of powder X-ray diffraction (XRD), HRTEM and Raman spectroscopy.

2. Experimental

Cerium nitrate hexahydrate Ce(R&6H,0 (99.99%, Aldrich)and zirconium oxy-
chloride octahydrate ZrOg8H,0 (99.99%, Aldrich)vere weighed to give 0.02 mole
final oxide in the defined molar ratio, and mixed with 10 ml distilled water, 10 ml of
concentrated nitric acid, 0.02 mole of glyeiand 40 ml of ethylene glycol. The col-
ourless clear solution thugbtained was heated @nhot plate at about 80—130 in
order to expel water and other volatile compounds. As the solution became concen-
trated, it became viscous and changedwolfrom colourless to yellow or brown,
indicating formation of a polymeric gelThe viscous polymeric product thus obtained
was first carefully dried at 14@ on a hot plate under infrared lamp giving an or-
ganic-inorganic solid precursoAfter prolonged drying ahigher temperatures, the
dark brown solid ignited in part due $elf-combustion during this process, resulting
in formation of yellow powder. The samplegre then heated in air in an electric
furnace up to 110%C for 16 h.
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Reduction treatments were performed at P 5% H/He flowing at 50 criimin™
for 5 h in a ceramic tubular furnace. The heating rate was 10 deg/min. Research-grade
purity gas mixtures (>99.996%) were empmdywithout further purification. After
reduction, partly dark blue samples weomled down to the room temperature under
hydrogen.

XRD patterns were obtained with a Philips PW1830 diffractometeg,(@ith
a graphite monochromator situated behind the sample). X-ray powder diffraction pat-
terns were refined and analyzed bg Rietveld method (BWS 9807 [36] and Pow-
derCell ver.2.3 [37] software) to determine the amount of different phases as well as
their lattice parameters and crystallite sizesitu high-temperature X-ray diffraction
(HTXRD) work was carried out using an Amt Paar furnace witRt/Rh heating strip.

Thermal decomposition of the precursowas studied by thermogravimetry
(TG/DTA) using MOM-Budapest equipmerduring the TG-DTA measurement, the
samples were heated in air up to 1000wvith heating rate of 18C/min.

The room temperature Raman spectraemmeasured with the Bruker RFS 100
FT-Raman Spectrometer using the backtedag arrangement. The resolution was
2 cm. Excitation was performed by 1064 nm line of Nd:YAG laser.

HRTEM image was obtained with a Philips CM 20 microscope equipped with the
SuperTwin objective lens and operated at 200 kV.

3. Results and discussion

3.1. Synthesis of CeO—Zr O, organic-inorganic precur sor

The inorganic-organic sols obtained withe polymerized complex method give
very stable, transparent, viscous solutisithout any evidence of the precipitation.
In an ethylene glycol medium, formation of ester bonds between carboxylate groups
of glycinato-metal complexes and alcohol groapsthylene glycol could be possible.
Ester bonds would cross-link glycinato-metamplexes into low molecular weight
oligomers and thereby prevent precipiati Inorganic-organic hybrid polymers ob-
tained in such a way consist of a dual paymetwork, in which cluster or oligomer-
type inorganic structures are linked byanic groups or polymer fragments of poly-
ethylene glycol (PEG). This kind of immobilization of a metal complex into a macro-
functionalized organic ligand (PEG) is responsible for high stability of such systems.

3.2. Crystallization behaviour and thermal analysis

After drying on a hot plate at 14Q the dark-brown solid inorganic-organic pre-
cursors were amorphous as @bk seen in Fig. 1 wheie-situ XRD patterns of the
CeysZro 50, precursor during heat-treatment up to 3@ with a heating rate of
10°C/min are presented. Crystallization of ttmorphous matrix starts at about Z50
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Fig. 1.In-situ X-ray diffraction patterns of GeZry sO, precursor sample heated at:
a) 200°C, b) 25C°C, c) 300°C, d) 400°C, e) 500°C. Asterisks indicate the Pt/Rh heating strip

Typically, we focused our attention on sampleg &g -0, and CgsZry=0, in or-
der to evaluate thermal evolution of theecursor samples. The differential thermal
analyses (DTA) and thermal gravimetric analyses (TG) of gently drigdZf3e0,
and CgsZrys0, gels are shown in Figs. 2a, b, respectively. It has been observed that
there are three major weight losses of 12.3, 24.7 and 26.0% de£rg:©, and 52.0,
27.0 and 6.0% for GeZr, 5O, precursors. The first weight loss is probably mostly due
to dehydration and evaporation\aflatile organic components up to 22D The sec-
ond very rapid weight loss between 220 and Z3%®an be mainly ascribed to exo-
thermic self-combustion reaction of suitabledizers (such as metal nitrates) and an
organic fuel (such as glycine). The decomposition of glycine—metal nitrate complexes
is highly exothermic [38] and the-situ heat generated is utilized for the formation of
complex oxides. Similar TG-DTA results were found by Patil et al. [26] during solu-
tion combustion (SC) synthesis of comphartal oxides using urea, glycine or hexa-
methylenetetramine as organic fuels andainritrates as oxidizers. The crystalliza-
tion of amorphous Ce©ZrO, mixed solid solution starts at about Z%D (Fig. 1b)
which corresponds also to weak exotherpéak which is not well-defined on DTA
curve (Fig. 2). The third weight loss extending up-5®0°C may be due to burnout
of most isolated carbon residue and aftet tinere is no further weight loss above
500°C up to 1000C. Products after calcining the gel at 6Q0were crystalline and
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resulted in a pale yellow powder. The totadight losses of the polymeric precursors
during heating up to 100€ were ca. 63% (Fig. 2a) and ca. 85% (Fig. 2b).
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Fig. 2. Differential thermal analysis and thermogravimetric curve of
polymeric precursors for samples of: a)6&, /0,, b) Ce sZry 0,

The DTA curves for the same samples show broad endothermic peak at about
100-220C related probably to the dehydration and evaporation of high-melting poly-
meric compounds like poly(ethylene glycol) (PEG) and subsequently a narrow exo-
thermic peak at 22°C for Ce 3Zry /O, or 232°C for Ce sZrys0, corresponding to the
sudden weight loss observed on TG curve witan be attributed to the self-combus-
tion process connected with exothermézlox reaction of suitable oxidizer (metal
nitrate) and an organic fuel [26]. Tl¢her very broad exotherm at about 270-830
could be ascribed to the compléternout of the residual organic char.

Thermolysis of organic-inorganic gel precursors is a very complex process result-
ing in complete breakdown of the gel stiuwre before oxide formation. The cation
homogeneity is controlled mainly by thkermal stabilities of the metal-glycinate
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bridges in different glycinato-metal coleges which could decompose at different
temperatures, resulting in phase separatioring gel thermolysis [39]. In our case,

the organic decomposition takes place sinmdtaisly at a narrow temperature range
during self-combustion process. During tlpiocess, a large amount of energy has
been released resulting in an increaskcdl temperature. Therefore the Ce- and Zr-
glycinate complexes crosslinked to the PEG oligomers undergo a rapid decomposition
in the same temperature range. This highly exothermic process enables simultaneous
nucleation and crystallization of a higidgmpositional homogeneous nanocrystalline
mixed oxides as observed during thesitu XRD experiment.

3.3. XRD, HRTEM and Raman char acterization of the CeO,—Zr O, solid solution

Figure 3 shows XRD patterns of the as-received nanocrystallize GO, sam-
ples heat-treated in air at 600 for 16 h. The lattice constants and crystallite sizes of
each phase are presented in Table 1. The data were analysed using full pattern profile
refinement.

For undoped nanocrystalline Zzr@ample (Fig. 3) there are two phases, monoclinic
and small amount (~8 wt. %) of tetragonal phase. It is well known that undoped
t-ZrO, could be stabilized by fine crystalliteie increase of their sizes with annealing
treatment above 40C induces a martensitic m phase transition. A simultaneous pres-
ence of the tetragonal and monoclinic Zws clearly detected with increasing crystallite
sizes. Our results are in good agreement thitise reported by Djado et al. [40] who
estimated the critical size to be around 23 mmour situation after heat-treatment at
600°C for 16 h, the transformation is alet@omplete, the content of m-Zr@hase being
about 92 wt. % and crystallite size amounting to 27 nm.

Slightly asymmetric XRD profiles for nanocrystalline 2O, (x=0.1-0.2)
samples suggest the formation of t-phase (Fig. 3). At 30—40 mol % oftBe®@am-
ples mainly consist of-phase. The axial ratida decreases with an increase of the
content of Ce®@ and became unity at about 50 mol % of geThe composition
CeysZro 50, represents a further point of interestce it is located at the limit of the t
— t’ transition which allows one to prepare either tetragonal or cubic form by simply
changing the preparation catidns [29, 41, 42]. A pseudocubit phase mainly ex-
ists in the range of 50-80 mol % of Ge€bntent (Fig. 3, Table 1). The lattice pa-
rameters for cubic (f c) nanocrystalline G&r;4O, (x = 0.5-1.0) samples demon-
strate rather good linear relationship between the cell parameters and the ZrO
content. However, the comparison betweenous literature data, in particular when
different synthesis methods are employeddeto a significant disagreement between
the data [11, 41]. Since XRD patterns of nanocrystallin&rz,O, solid solution are
remarkably broad and sensitive mainly te tation sublattice, it is very difficult to
find the accurate phase composition.

The crystal structures and phase transformations in the-Ze® binary system
have been investigated by many researsif9, 43—48]. Howevewe are not aware of
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any detailed and systematic study of the of nanostructurgtt g0, materials pre-
pared by the low-temperature method over the entire composition harthe.inter-
mediate region, the exact nature of the phassstill unclear, because of stable and
metastable phases of tetragonal symmetry present [41, 49]. Only arc-melted CeO
-ZrQ, powders have been carefully stedliby Yashima et al. [43—45, 50].

A e N 0.1

0.2
VAN N

0.3
AN o~

0.4

T

Intensity (a.u.)

0.5

0.6

M/\./\ >
AN e
AN
0.9
J\_A A Al
L\\ x=1.0
20 30 40 50 60 70

2 © (degree)

Fig. 3. X-ray diffraction patterns of (&, O, samples heated in air at 6@ for 16 h. The symbols
* and t indicate most intense lines of the monoclinic and tetragonal phases, respectively

One of the characteristic features of #ireonia—ceria solid solutions prepared by
solid state reaction at high temperaturethésexistence of monoclinic, cubic (fluorite
type) and three tetragonal forms (i,tt ), all belonging to thé4./nmc space group.
At high cerium oxide concentrations, thebic phase is formed, whereas for the zir-
conia-rich solid solution the monoclinic phaappears. A stable tetragonal form is
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called the t-form, which is restricted the solubility limit predicted by the eiijb-

rium phase diagram. There is also a metast&fibent with a wider solubility, but un-
stable with respect to the mixture of thfoerm and the cubic phase. Finally, another
metastable”tform has an axial ratio/a of unity, but with the oxygen atoms displaced
along the c-axis from their ideal sites of the cubic phasesi{@s of theFm3m space
group). The'tt” and t/c boundaries have been investigated by many authors [9, 10, 41,
43, 51] but the exact positions of metastabteagonal regions strongly depend on the
crystallite size and the synthetiethod employed in preparation.

XRD patterns of the nanocrystalline &g, O, (X = 0.2—-0.8) solid solutions cal-
cined at 600C (Fig. 3) present very broad reflections. The average crystallite sizes of
CeZru»0. (x = 0.2-0.8) samples give values of approx. 8-10 nm (Table 1). The
addition of ZrQ in the form of solid solution sailted in effective improving the
thermal stability of CegJ41, 47, 48]. A pure ceria tends soter rapidly during heat-
treatment at 608C yielding crystallite size about 23 nm (Table 1).

Table 1. XRD Characterization of e, ,O, samples calcined at 690G for 16 h

CeQ - - c
[mol %] Lattice type Lattice parameters [A] D¢ [nm]
an=5.150
. b, =5.207
o monoclinic ¢, =5.318 27
£=99.22
a=5.086
tetragonal c=5177 20
a=5.122
10 tetragonal c=59218 12.8
a=5.158
20 tetragonal c=5954 9.2
a=5.197
30 tetragonal c=5965 10
a=5.230¢
40 tetragonal c=5288 9.6
50 tetragondl A=5.3016 9.6
60 tetragondl a=5.325 8.3
70 tetragondl a=5.345 8.4
80 tetragondl a=5.360 8.5
90 cubic a=5.389 16
100 cubic a=5.411 23

#The lattice parameters of pseudofluorite cell.
PAxial ratio c/a =1; from XRD pattern this phase is commonly indexed irFth@m space

group.
“Crystallite size calculated from XRD.

Nanophase powders are a new class of naenihich, in contrast to conventional
solids, have an appreciable fraction of th@bms residing in defected environments,
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especially on grain boundaries, where they occupy positions relaxed from their normal
lattice sites [52]. Therefore the propertiesnahophase materials are strongly related to
their unigue microstructures. This additionaklioroadening due to sample effects results
from two main effects: the particle-size whigsults from the finite extent and particular
morphology of the coherently diffracting domsiwithin the grains, and the microstrain
broadening or possibly defectsttucture. The precise determination of microstructural
parameters requires taking into account stradthsize effects in order to achieve the best
interpretation of the observed peak-profile broadening.

Fig. 4. HRTEM micrograph of the ggry O, sample heated in air
at 600°C for 16 h and corresponding electron diffraction pattern (inset)

In order to observe a real microstructure ofA&tg 4O, samples heat-treated in air
at 600°C for 16 h we used TEM studies. FIRM observations obtained for the
40 mol % CeQ@sample (a representative image is given in Fig. 4) show the presence
of nanocrystalline particles with lattice fringes corresponding to the (111) lattice
plane in fluorite structure. These partglappear with narrowly distributed sizes,
around 8-9 nm, thus corresponding roughlyhie crystallite sizes detected in XRD.
Specific preferential crystal orientatiomgere not observed. The dried sample was
composed of highly aggregated ultrafine particles.

A selected area electron diffraction patterrs\atso taken from this material (inset
in Fig. 4). It shows the Debye—Sherrargs (somewhat grainy, indicating incomplete
sampling of all possible orientations) thatn be consistently indexed according to
a cubic fluorite structure with the lattice paveter of 5.25 A. This value is in a rela-
tively good agreement with XRD results. However, the positions of the rings agreed
with those expected for tHliorite structure, although ¢ir line widths are too large
to allow the presence of some tetragonal character to be excluded.

Vibrational spectroscopy is an effectivmot for identification of the phase compo-
sition in the binary Ce—Zr—O systdi0, 47, 48, 53-57]. Raman scattering measure-
ments are more powerful than the XRD method for detection of a small amount of the
stable tetragonal phase mixed with the cubic phase. Therefore Raman spectra can be
used to characterize the Ce@rO, solid solution samples.
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after heat-treatment in air at 600 for 16 h

From the theoretical point of view tHellowing vibrational characteristics are
predicted for the respective phases of zirconia [58, 59]. For the cubic phase of the
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fluorite structure (space grodpm3m = O;, Z = 1) the irreducible representation of
the optic phonons By (R) +Fy, (IR).

For tetragonal t-Zr@(space groupP4,/nmc = D;;, Z = 2) the distribution of the
normal modes isAy (R) + Byg (R) + Fy (R) + Az (IR) + 2, (IR). In monoclinic
phase (space grolR2,/c = C5,, Z = 4) all atoms lie on general positions and there-

fore the expected IR and Raman active modes are as follewsR) + By (R)
+ 8A, (IR) + 7B, (IR).

In XRD patterns, the peak broadening due to a small size of the crystallites makes
detection of the tetragonal phase difficuitiereas the t phase exhibits six relatively
strong, narrow bands in the Raman spectracagpared with one strong band for the
cubic phase. However, fof-tor t-phase only four or five odes could be visible at
intermediate ceria contents (40-60rf6l). Besides strong bands at 465 tmuith
a weak broad shoulder at about 550 ceome very weak peaks at about 145 and
310 cm* are also observed [10, 42]. This high-frequency tail at 550 bas been
attributed to oxygen vacancies [57]. Keapin mind these theoretical predictions, the
Raman spectra of the samples have been discussed.

Figure 5 shows the Raman spectra ofAGe,,O, solid solution after calcination in
air at 600°C for 16 h. As expected, in pure Ce@nly a strong-,; mode is observed
at 465 cm’. For CeZru»0O, (x = 0.5-0.9) samples, the spectrum is dominated by
a single strong band which shifts to higher frequencies (47%.dirhas a very broad
and asymmetric profile. Additionally, some peaks of low intensities at about 139 and
310 cm" are visible, indicating that4phase is also present. For,@g 40, (x < 0.4)
samples six bands of the tetragonal t-phase have been detected. For putteeZrO
Raman spectrum shows a typical monoclipti@se without evidence of minor t-ZrO
phase.

Zhang et al. [60] reported recently tlztditional effects in Raman spectra should
be expected for pure Ce@anoparticles when the particle size is smaller than 20 nm.
The peak at 464 cthshifts to lower energies and shows large asymmetric broadening
with decreasing particle size. The lattie®pansion with decreasing particle size
largely explains this systematic change of the Raman peak which can be attributed to
the increasing concentration of point defedthe crystallite size effect (6—15 nm) on
Raman spectra of undoped nanocrystalline tetragonal zirconia was presented by Dju-
rado et al. [40]. Vibrational properties mhnomaterials are strongly dependent on the
nano-grain size. In general, one can expe broadening and frequency shifting of
Raman bands as the nanograin size decreases.

3.4. Structural changes dueto heat-treatment
at 1100°C in air and in reducing conditions

XRD patterns of C&r;,0O, samples heated in air up to 11U for 16 h are
shown in Fig. 6. The G&r,_,O, (x = 0.2-0.8) samples heated above 18&Ghow
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considerable phase separation. Accordinthtophase diagram in this system, there
exists a wide two-phase (t + c) region. During annealing in air at°C1L@8r 16 h, the
CeZr;,0, (x = 0.2-0.8) solid solution separatedoirtetragonal phase with lower
CeQ concentration (t-GaZros0,; a = 5.1445 Ac = 5.2394 A) and the cubic phase
with higher CeQ@ concentration (c-GesZro.:0-; a = 5.347A).
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Fig. 6. X-ray diffraction patterns of (&, O, samples heated in air at 11Wfor 16 h.
The symbols (*) (t) (c) (#) and (+) indicate most intense lines of the monoclinic, tetragonal,
cubic CgZr;4O, phases and c-(ges Zro 280,) , t-(Ce 16210.840,) phases, respectively

The Raman spectra for ££r,7/0, and CegsZrys0O, solid solution samples cal-
cined at different tmperatures (600 and 1100) and in different atmospheres (air
and 5% H/He) are presented in Figs. 7 and 8, respectively. The Raman spectra of
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initial tetragonal t-Cgro-O, and t-CeysZro 0, homogeneous solid solution samples
calcined at 600C for 16 h are presented in Fig. 7a and 8a, respectively. After calcination
at 110C°C in air both initial samples are composed of two phases (A&, and c-
Cey7£r0.,40,) with different relative concentratioriBheir Raman spectra (Figs. 7b and 8b)
consist of multiplets characteristic obth and c-phases. The existence of g£Z&) 0.
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Fig. 7. Raman spectra of £&r, /O, samples: a) heated in air at 6@for 16 h;
b) heated in air at 110C for 16 h; c) heated in 5%,HHe gas mixture at 110 for 10 h,
d) heated in 5% HMHe gas mixture at 110@ and subsequent calcination in air at 800

phase is confirmed by the very strong line at 478'@nd for t-Cg,eZros, phase
Raman lines appears at about 625, 595, 458, 312, 252, TAQrcpure Ce@ theFy
mode is observed at 465 €rand for c-ZrQ the F.,y mode is centred at 490 cha7].
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With decreasing CeQcontent (down to about 60% mol) this singlg mode for cu-

bic phase becomes broader and shifts to higher frequencies due to a decrease of the
cubic lattice parameter [10]. The only difference between these Raman spectra
(Figs. 7b and 8b) is a much higher intensity of Fagmode at 478 cm for sample

with the initial composition of GeZr, 0, (Fig. 8b), which is related to a higher con-

tent of the cubic (c-Ge=ry.40,) phase in the sample.
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Fig. 8. Raman spectra of £&r,:0, samples: a) heated in air at 6@0for 16 h;
b) heated in air at 110C for 16 h; c) heated in 5%HHe gas mixture at 110C for 10 h
and d) heated in 5%,HHe gas mixture at 110C€ and subsequently calcinated in air at 800

Raman scattering measurements also provided a supplementary evidence for the
phase separation in samples reduced with hydrogen at°Cl@gures 7¢ and 8c
show Raman spectra for, Heduced initial CgZry/0, and CgsZrys0, samples, re-
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spectively. The Raman spectrum of reducegs@g -0, sample consists of only one
very weak line observed at 465 ¢mAlso, the spectrum of the reduced, &, O,
sample (Fig. 8c) is significantly more roplex, consisting of very broad and weak
lines of the disordered new phase (275, 310, 398, 438, 482 dtris well known
[61] that Raman spectra of disorderedg#sshow less-resolved, broad lines resulting
from the order defects (anion vacanciastiphase boundaries, substituted cations).
However, it could be possible to recognize defective ckiiie—Zr—O solid solutions
which are formed after oxidation of the £80.; pyrochlore phase at ambient tem-
perature. The Raman spectrum of non-defective cufpbase, obtained by subse-
guent reoxidation at 60 in air of H reduced CgZros0, sample at 1100C, is
shown in Fig. 8d. These Raman bands are in a good accordance with the literature
data [62, 63]. The Raman spectrum of non-defectivgAtg0, sample prepared by
hydrogen reduction and swdzpient reoxidation at 60C is shown in Fig. 7d. After
reoxidation the following phasese identified: cubic (465 cH); k-phase (274, 398,
438, 560, 610, 639 ¢ and monoclinic phase (177, 189¢n

K (222)

Intensity (a.u.)

15 20 25 30 35 40
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Fig. 9. X-ray diffraction patterns of (& ,_,O, samples reduced in 5%/MHe gas mixture
at 1100°C for 10 h: a)x = 0.3, b)x = 0.5. The symbols (*) (c) (t) and)(indicate most
intense lines of the monoclinic, cubic, tetragonal and caipibase, respectively

The phase compositions of hydrogen reduced samples atQMd€re also inves-
tigated by XRD. The corresponding diffraction patterns are compared in Fig. 9. The
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CeZr,0, (x = 0.1-0.3) samples consist of four phases. The exemplary XRD pattern
for the reduced GeZr, /O, sample (Fig. 9a) exhibits very complex behaviour with
extensive peak overlapping. After profile fitting of the XRD pattern, the major
CeZr19025 phase could be indexed in the cubic pyrochlore cell with lattice parame-
tera = 10.520 A. A low-intensity (odd, odd, oddflections confirm the cubic pyro-
chlore-type phase. The minor phases are low Ce-doped zirconias t&Z#(.091 A,
c=5.18 A), m-ZrQ (a=5.155 Ab = 5.197 A,c = 5.320 A, = 98.87) and almost

pure c-CeQ@(a = 5.40 A). However, these phases must have a very disordered oxygen
sublattice as is evidenced from their Raman spectra (Fig. 7c).

The XRD patterns for the reduced &£, 50, sample after heat-treatment in hy-
drogen at 1100C are shown in Fig. 9b. It is interesting to note that no phase separa-
tion occurs during reductive heat treatmfemtthis composition. The XRD pattern for
this solid solution was indexed on the basfisa cubic pyrochlore-related structure
with the lattice constard = 10.584 A. Only traces of tetragonal phas® €30.2)
could be noticed.

The phase separation in the Ce—Zr—0O systelaced by heat treatment in a reduc-
ing gas should be interpretedthvregard to the ternary Zsg9CeQ—CeQ s phase
diagram [64, 65].

The formation of a cubi&-phase after a cycling of high-temperature reduction
and subsequent oxidation is very effective to the enhancement of the oxygen storage
capacity (OSC) and to decrease the reduction temperature in comparison with starting
t'-tetragonal solid solution [63].

4. Conclusion

The polymerized complex method prodsc excellent precursors yielding
nanocrystalline homogeneous ceria—zirconigdssolutions at low temperatures and
for shorter annealing times, reducing segregation of the components. XRD, HRTEM,
TG-DTA and Raman measurements have been successfully carried out on the poly-
meric derived Ce®-ZrO, mixed oxides samples. The success in lowering the crystal-
lization temperature of mixed oxides to about 2560nay indicate an improved level
of mixing of the cations in the prepared samples. The phase composition and the re-
duction properties of G&r;O, solid solution depend on the choice of preparation
method and specific processing conditiohig.our best knowledge, no lower decom-
position temperature was reachedliy polymerized complex methods.

However, during a prolonged heat treatiri@ air or in a reducing gas at 1100
phase segregation to more thermodynamically stable phases was observed. The
Cey 521050, solid solution shows lower thermahbility in air and slight phase segre-
gation in hydrogen at 110C in comparison to GgZr, /0, sample. Raman spectros-
copy provided sufficient evidence for tiphase separation even at the initial stage
where XRD was not successful in showitng tetragonal components in the cubic
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matrix. It is very important to investigathe thermal stability ofhe solid solutions
prepared by the polymer route, particlyafor use as advanced materials for the
three-way catalyst (TWC-s) applications.
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