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PRIPRAVA A VLASTNOSTI SiC-Y203-Sc203 KOMPOZITOV S PRIDAVKOM
GRAFENU

PREPARATION AND PROPERTIES OF SiC-Y203-Sc203 COMPOSITES WITH
GRAPHENE

O. Hanzel', Z. Len¢és!, Y.W. Kim 2, P. Sajgalik*

Ynstitute of Inorganic Chemistry, Slovak Academy of Sciences, Dibravska cesta 9, 845 36

Bratislava, Slovak Republic

2 Functional Ceramics Laboratory, Department of Materials Science and Engineering,
University of Seoul, Seoul 02504, Republic of Korea

ABSTRACT

Dense silicon carbide/graphene nanoplatelets (GNPs) and silicon carbide/graphene oxide (GO)
with yttrium oxide and scandium oxide as a sintering additives were prepared by rapid hot
pressing (RHP). Sintering of composites was performed in nitrogen atmosphere at 2000°C for
30 min under uniaxial pressure of 50 MPa. After sintering samples were annealed in gas
pressure sintering (GPS) furnace at 1800°C for 6 h under 30 MPa of pressure in a nitrogen
atmosphere. The aim of the present contribution was to investigate the influence of the GNPs
and GO additions, orientations of the graphene layers and effect of annealing on electrical and

thermal properties of such prepared composites.

Keywords: silicon carbide, graphene, rapid hot press, functional properties

INTRODUCTION

Silicon carbide (SiC) is an important structural material due to its excellent thermal
conductivity, wear resistance, oxidation resistance, andhigh-temperature mechanical properties
[1-7]. Tailoring of electrical and thermal conductivity of structural ceramics is important for
many applications, for example, static charge dissipation devices, manufacturing components
by electro-discharge machining, heat exchangers and electronic substrates. From this point of

view incorporation of graphene into ceramic matrix is very promising due to its extraordinary




electrical and thermal conductivity [8-11]. Polycrystalline SiC ceramics exhibits a wide range
of thermal conductivity values from 30 W/m.K to 270 W/m.K. It depends on many factors like
specific chemistry of sintering additives, microstructure and post-heat treatment conditions. For
example, hot-pressed SiC sintered with BeO yielded a thermal conductivity of 270 W/m.K [12].
A SiC ceramic sintered with Al2O3—-Y203 had a conductivity of 55-90 W/m.K. [13,14]. There
are several strategies for improvement of thermal conductivity of SiC ceramics: (1) decrease in
lattice oxygen from SiC grains by using Y203 and Sc20s3 as a sintering additives, (2) the use of
sintering additives comprising cations insoluble in SiC such as the replacement of the Al
compound by sintering additives with no or low solubility in SiC, (3) a decrease in grain
boundary segregation, which induces grain boundary scattering [15], (4) annealing of sintered
sample in order to increase grain size and also to anneal defects in structure of graphene

incorporated in ceramic matrix.
EXPERIMENTAL

For preparation of composite powders we used either commercially available GNPs (thickness
<4 nm, Cheap Tubes Inc., USA) or we synthesized GO in lab.

SiC/GNPs composite powders with different content of graphene nanoplatelets (1, 5 and 10 wit.
%) were prepared. First, appropriate amount of GNPs were mixed in isopropanol and
ultrasonicated 60 min by strong ultrasound probe (Sonopuls HD 3200, Bandelin electronic
GmbH, Germany). After that 98.632 wt. % SiC, 0.849 wt. % Y203z and 0.519 wt. % Sc.O3 were
mixed in isopropanol, added to suspension with graphene nanoplatelets and stirred on magnetic
stirrer for 3 h followed by 10 min. ultrasonication by ultrasound probe. Isopropanol was
removed from suspension by vacuum rotary evaporator. Resulting composite powders were

dried at 80°C over night and then sieved through 71 pm microscreen.

SiC/GO composite powders with 1 wt. % of graphene oxide were prepared. First, appropriate
amount of GO were mixed in distilled water and ultrasonicated 60 min by strong ultrasound
probe (Sonopuls HD 3200, Bandelin electronic GmbH, Germany). After that 98.632 wt. % SiC,
0.849 wt. % Y20z and 0.519 wt. % Sc.O3 were mixed in isopropanol, added to suspension with
graphene nanoplatelets and stirred on magnetic stirrer for 3 h followed by 10 min.
ultrasonication by ultrasound probe. Suspension was then sprayed into the liquid nitrogen a
subsequently frozen powder was placed in freeze dryer in order to remove water by sublimation.
Resulting composite powders were dried at 80°C over night and then sieved through a 71 pum

microscreen.




In case of reference powder (NS327) without any addition of graphene, all components were
ball milled together in isopropanol with SiC balls for 24 h. Isopropanol was removed from
suspension by vacuum rotary evaporator. Resulting reference powder were dried at 80°C over

night and then sieved through 71 um microscreen.

Composite and reference powders were placed in graphite die and surrounded by graphite paper
(foil) in order to prevent direct contact between powder compact and graphite die and sintered
in rapid hot press (DSP 507, Dr. Fritsch GmbH., Germany) at 2000°C with holding time of 30
min, uniaxial pressure 50 MPa under nitrogen atmosphere and with heating rates 100°C/min.
In detail sintering regime is described below (Fig. 1). From each composition three samples
were made in order to get materials for testing of electrical and thermal conductivity and
studying influence of graphene layers orientations and effect of annealing on properties of such
prepared materials. Final dimensions of prepared samples were 20 mm in diameter and

thickness approximately 3-4 mm and approximately 10 mm in case of thick samples.
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Fig. 1. Schema of sintering regime for rapid hot press

After sintering some samples were annealed in gas pressure sintering (GPS) furnace at 1800°C

for 6 h under 30 MPa of pressure in a nitrogen atmosphere.

Densities of prepared composites and also after annealing were measured by Archimedes

method using mercury as the immersion medium.

Thermal diffusivity measurements were done using Laser flash analyser Linseis LFA 1000 in

direction parallel and perpendicular to pressing axis and also before and after annealing. To




evaluate thermal diffusivity sample 10 x 10 mm and thickness approximately 2 - 3 mm were
cut and plane parallel grinded. Data were averaged for each measuring temperature over at least
three measurements.

Electrical conductivity was measured by four point probe method in direction parallel and

perpendicular to pressing axis and also before and after annealing.
RESULTS

Relative density of prepared composites slightly decrease with increasing content of graphene.
However almost fully dense composites were prepared by RHP even at high loading of

graphene, in case of sample with 10 wt. % relative density was around 97 % (Fig. 2).
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Fig. 2. Relative densities of reference sample and composites with graphene nanoplatelets and

graphene oxide.

After sintering, part of prepared samples were annealed at 1800 °C for 6 h in nitrogen
overpressure of 30 MPa. Purpose of this step were incorporation of nitrogen atoms into the
structure of composites, annealing of structural defects of graphene layers and increase of grains
size. XRD was used for verification of some possible new phases after annealing. Temperature

of annealing and overpressure of nitrogen was choosen in order to prevent formation of SizNa.




XRD results confirmed that after annealing no new phases was formed and graphene was

retained in structure of composites after annealing (Fig. 3).
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Fig 3. XRD of reference sample, composite with 10 wt. % of GNP before and after annealing

CONCLUSION

SiC-Y203-Sc203 composites with addition of either GNPs or GO were succesfully prepared.
Almost fully dense composites were prepared by RHP even at high loading of GNPs (RD were
higher than 97 %). After sintering, part of samples was annealed at 1800°C for 6 h in nitrogen
overpressure of 30 MPa. After annealing no new phases was detected and GNPs were also
preserved in composites. In future we will study effect of amount and type of used graphene,
orientation of graphene layers, and effect of annealing on functional properties (especially of

thermal conductivity) of SiC-graphene composites.
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ELEKTRICKY VODIVE KOMPOZITY NA BAZE SiC

ELECTRICALLY CONDUCTIVE COMPOSITES BASED ON SIC
R. Bystricky?, J. Sedlagek?, P. Sajgalik*
1Ustav anorganickej chémie, Slovenska akadémia vied, Dubravska cesta 9, 841 04 Bratislava
ABSTRACT

In this work silicon carbide based composites were prepared by hot-press and rapid hot-press
method. 20, 30, 40 and 50 mass% of of Ti and NbC were used as sintering additives. Their
molar ratio was kept at 1:1.8 (Ti:NbC). Samples were sintered by hot-press method by two step
sintering to avoid the squeezing out the melted titanium above 1668 °C. Composites were
sintered at 1650 °C for 3 h and subsequently at 1850 °C for 1 h under mechanical pressure of
30 MPa in Ar atmosphere. Rapid hot-pressed samples were sintered at 1850 °C for 30 min at
30 MPa mechanical pressure in Ar. SIC50TiNbC-HP phase showed the electrical conductivity
of 240 S'-mm™, Higher Vickers hardness was achieved on rapid hot-pressed samples, nearly
20.5 GPa. Highest indentation toughness (8.8 MPa-m'/?) was achieved in the sample with 40%
of Ti-NbC phase. XRD pattern confirmed the formation of (Ti, Nb)C solid solution in the SiC

matrix.

Keywords: silicon carbide, niobium carbide, electrical conductivity, hot-pressing, rapid hot-

pressing
INTRODUCTION

Electroceramics are advanced ceramic materials that are used in a wide variety of electrical,
optical and magnetic applications. They can find the applications also in energy
storage/conversion systems, as high temperature filters, catalyst supports or acoustic
metamaterials, in nuclear fusion reactors and in high temperature thermomechanical
applications. Conductive ceramics such as silicon carbide are useful as heating elements in
furnaces up to 1500 °C in air. Most of the ceramics have high negative temperature coefficients
of resistivity and therefore are developed as temperature indicators. Electroceramics with low
dielectric constants are made into substrates for integrated circuits, whereas those with high
dielectric constants are used in capacitors. Electroceramics with good magnetic properties are
suitable for transformer cores, whereas those that exhibit piezoelectricity find applications in

transducers for microphones, and so on. [1]
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The development of structural electrically conductive ceramic is not simple, namely conductive
ceramic materials are usually brittle and do not sinter well, and on the other side, engineering
ceramic materials are insulators. A promising approach is a combination of insulating
engineering ceramics with electrically conductive phases.

In recent years carbon structures, such as carbon nanotubes (CNTSs) or graphene nanoplatelets
(GNPs), are incorporated into the ceramic matrix. The aim is enhance of the electrical
conductivity and improve the mechanical properties, respectively. Authors were successful by
increasing of electrical conductivity of the composites but on the other hand the resulting
mechanical properties are contradictory. [1, 2, 3, 4, 5, 6]

Another good candidate for using as secondary phase in ceramics is niobium carbide due to its
high stability, high hardness and high wear resistance. Moreover, in combination with Ti helps
to densify the SiC ceramics and can significantly increase the electrical conductivity of resulted
material. [1]. Moreover, Ti forms TiC at high temperatures, which is another phase with high
stability high hardness and high wear resistance.

In this work, we focused on densification of SiC composites with various amounts of Ti-NbC
phase by hot-press and rapid hot-press method. Influence of Ti-NbC amount and densification
method on the electrical properties and mechanical properties of final composite was

investigated.

EXPERIMENTAL PART

The commercially available powders of B-SiC (HSC-059, Superior Graphite, USA), Ti (TOHO
Titanium Co., Japan) and NbC (Japan New Metals Co., Japan) were used for the starting
mixtures preparation. The SiC-based composites were prepared by the addition of the various
amount of electrically conductive Ti-NbC phase what is a mixture of Ti and NbC in a molar

ratio 1:1.8 (Ti:NbC). The chemical composition of starting mixtures are briefly listed in Tab. 1.

Tab. 1. Chemical composition of starting mixtures

W [mass%o]
Sample SiC Ti NbC
SiC20TiNbC 80 7.2 12.8
SIiC30TiNbC 70 10.8 19.2
SiC40TiNbC 60 14.4 25.6

11



W [mass%o]

Sample SiC Ti NbC

SiC50TiNbC 50 18.0 32.0

The powder mixtures were homogenized in planetary mill in water with WC balls at 150 rpm
for 1 h. The homogenized suspensions were freeze dried. Hot pressed samples were prepared
in two steps: at 1650 “C for 3 h and at 1850 “C for 1 h under mechanical pressure of 30 MPa in
Ar atmosphere. Rapid hot-pressed samples were prepared at 1850°C for 15 min under
mechanical pressure 30 MPa in Ar atmosphere. The heating rate for hot-press and rapid hot-
press were 15 °C/min and 100 °C/min, respectively.

Reference sample without any additives was prepared by hot-press at 1850 °C. Detailed
sintering process was described in Ref. 1.

The densities of the samples were measured by Archimedes method in mercury. The theoretical
densities were calculated according to the rule of mixtures. The crystalline phases present in
the ground samples were identified using X-ray diffraction (XRD) (Panalytical Empyrean,
Netherlands, Cu Ka radiation).

The electrical conductivity measurement was performed by Van der Pauw method.

The microstructures were observed by scanning electron microscopy (EVO 40HV, Karl Zeiss,

Germany). For this purpose the sintered samples were cut and polished.
RESULTS

Tab. 2 shows the densities of sintered samples. Samples made by hot press with addition of 40
and 50 mass % of Ti-NbC phase (SiC40TiNbC-HP, SiC50TiNbC-HP) have densities near
theoretical density. Sample SiC30TiNbC-HP has density only 91.7 % of theoretical density.
Sample SiC20TiNbC-HP has density only 80% of theoretical density even though powder
mixture was prepared by freeze granulation.

Samples made by rapid hot-press with addition of 20-40 mass% of Ti-NbC phase
(SiC20TiNbC-RHP, SiC30TiNbC-RHP, SiC40TiNbC-RHP) are fully dense.

12



Tab. 2 The density and relative density of samples after sintering at 1850 °C

HP Rapid HP
Sample p [grem?] TD [%] p [grem?] TD [%]
SiC20TiNbC gran. — — 3.53 98.8
SiC30TiNbC 3.44 91.7 3.74 99.7
SiC40TiNbC 3.86 97.2 3.96 100
SIiC50TiNbC 4,14 98.3 — —

Fig. 1 shows the XRD patterns of prepared composites.
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Fig. 1 Comparison of XRD patterns of sintered samples

XRD patterns of samples SiC30TiNbC-HP, SiC40TiNbC-HP, SiC50TiNbC-HP (Fig. 1)
showed that the samples contain 3-SiC (ICDD 03-065-0360) and a-SiC (ICDD 01-073-1663)
as a result of B—a transformation, also (Ti, Nb)Css (ICDD 03-065-7915) and NbSi> (ICDD 03-
065-3551) as secondary phases. Presence of higher content of solid solution encourages phase
transformation of SiC matrix.

Samples SiC20TiNbC-RHP, SiC30TiNbC-RHP, SiC40TiNbC-RHP does not contain NbSi»
phase. It is due to the much shorter sintering regime as at hot-pressed samples and Nb from

NbC cannot diffuse into the SiC grain and form NbSi. phase.
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Fig. 2 shows the hardness of samples made by hot-press and rapid hot-press.
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press and rapid hot-press made by hot-press and rapid hot-press
The hardness of samples made by rapid hot-press method is decreasing with higher amount of

(Ti, Nb)Css phase but all values are higher than the values of samples made by hot-press. The
lowest hardness in the SICN30 sample is connected to the higher porosity which is
approximately 8%. Comparing to the reference SiC without any additives, hardness of the
samples are lower.

Fig. 3 shows the indentation toughness of samples made by hot-press and rapid hot-press.
Indentation toughness of hot pressed samples is higher than in the case of rapid hot-pressed
samples. The indentation toughness of rapid hot-pressed samples is lower than in reference
sample except of SiC20TiINbC-RHP sample where the indentation toughness is about
7,8 MPa.m*2,

Fig. 4 shows the electrical conductivity of samples made by hot-press and rapid hot-press.
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Fig. 4 Electrical conductivity of composites made by hot-press and rapid hot-press
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As it can be seen the electrical conductivity of the hot-pressed samples are up to 3 orders of
magnitude higher than in reference sample and varied from 19.15 to 240 S-mm™. Comparing
to other composites, SIC50TiNbC-HP sample has 2 orders of magnitude higher value than other
published composites with high electrical conductivity [10-15]. The electrical conductivity of
rapid hot-pressed samples is increasing with increasing amount of (Ti, Nb)Css. Comparing to
values of hot-pressed samples the electrical conductivity of SIC30TiNbC-RHP is lower while
the SIC40TiNbC-RHP has higher electrical conductivity than the sample with the same addition
of Ti-NbC made by hot-press.

Fig. 5 shows the microstructure SIC40TiNbC made by hot-press and by rapid hot-press

Fig. 5 Microstructure of SIC40TiNbC made by hot-press (left) and by rapid hot-press (right)

The microstructures of both samples reveal dark grains that correspond to SiC whereas the
overetched phase is (Ti, Nb)Css. On the grain boundary there is a thin layer of phase with higher
amount of Si, O (as SiO2 which is an oxidation result of SiC starting powder), Al (as impurity
in SiC starting powder) and Ti. The average grain size of hot pressed sample is 3.154 + 0.48
um, while the average grain size of rapid hot-pressed sample is 1.65 = 0.35 um. This difference
of grain size between samples made by different method can explain the discrepancy of
mechanical properties. It is also well known that the hardness of sintered ceramics increases

and fracture toughness decreases with decreasing grain size.
CONCLUSIONS

Electrically conductive SiC composites were prepared by using NbC and Ti as sintering
additives. Composites were sintered at 1650 °C for 3 h and subsequently at 1850 °C for 1 h
under mechanical pressure of 30 MPa in Ar atmosphere.
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The addition of Ti-NbC phase into the SiC matrix led to decreasing of hardness comparing to
reference SiC. Hardness values of rapid hot-pressed samples are higher than values of hot-
pressed samples. On the other hand, addition of Ti-NbC phase increases the indentation
toughness of composites comparing to reference SiC without any additives, except
SIC30TINbC-RHP and SiC40TiNbC-RHP. The presence of Ti-NbC phase significantly
increased the electrical conductivity of SiC composites. The highest electrical conductivity 240
S-mm™ was reached in the SiC50TiNbC-HP composite.

SiC composites with electrically conductive Ti-NbC phase are promising materials in fields of

industry where ceramics with high electrical conductivity are needed.
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ABSTRAKT

Composites utilising long fibres as reinforcement are the most effective from the toughening
effect point of view. A brittle matrix using brittle fibres as reinforcement was investigated in
this case. The polysiloxane resin was used in this composite as matrix precursor and continuous
basalt fibres as reinforcement. The pyrolysis process conducted at 650°C under nitrogen
atmosphere turn the polymeric precursor to the so-called hybrid matrix consisting of not fully
transformed SiOC glass containing polymeric species. The pyrolysis temperature of 650°C was
found to be optimal for the mechanical properties of the composite and the fracture toughness
was determined on the level of 20 MPa.m*2. The main aim of this paper is to describe changes
in mechanical properties during long-term ageing in an air atmosphere of this composite with
the metastable matrix. It was found that with increasing temperature of the ageing the composite
behaviour tends to be brittle. This observation is supported by microstructural and fractographic
analysis. The degradation of basalt fibres was not observed therefore whole embrittlement
process is ascribed to the changes in the hybrid matrix.

Keywords: Composite, Fracture, SiOC, Basalt Fibre, Ageing
INTRODUCTION

Composites reinforced with ceramic fibres are basically used with two different types of matrix:
i) polymeric matrix where incorporated fibres enhance mostly stiffness and strength and these

composites are predetermined for room temperature applications, and ii) ceramic matrix where




fibres acts as toughening component through various toughening mechanisms and such
composites are usually targeted for high-temperature applications. There obviously exists a gap
in the temperature range where polymeric matrix composites are not able to serve and ceramic-
based ones are too expensive for these applications [1, 2]. The partially pyrolysed polysiloxane
based matrix reinforced by basalt fibres are composites with the ability to fill the temperature
range between room temperature up to 650°C [3-5]. They may possess an excellent strength
attacking level of 1 GPa and the fracture toughness on the level of 20 MPa-m'/? as was reported
recently [6]. The aim of this contribution is to describe changes in the mechanical behaviour as
well as in the microstructure after application long-term exposition in a harsh oxidative

atmosphere of these hybrid composites.
EXPERIMENTAL

Unidirectional long fibre reinforced composites under the investigation from commercially
available methylsiloxane (MS) resin Lukosil M130 (Lucebni zavody Kolin, Czech Republic)
reinforced with basalt fibres (Kamenny Vek, Russia) were prepared by the partial pyrolysis at
650°C under nitrogen atmosphere. These composites were in form of bars with nominal
dimensions 3 x 4 x 150 mm consequently aged at 300°C, 400°C and 500°C for 1000 h under
air atmosphere. After ageing, the specimens were prepared and tested at room temperature.
Elastic properties were monitored using an impulse excitation technique using a RFDA (IMCE
NV, Genk, Belgium). Flexural strength values were obtained by loading in three-point bending
configuration with a span of 40 mm on a universal testing system Instron 8862 (Norwood,
USA) with a crosshead speed 0.5 mm/min. The fracture toughness was determined on CNB
specimens where chevron notch was cut by an ultra-thin diamond blade using a precise saw
Isomet 5000 (Buehler, USA). The same testing system was used as in case of flexural strength
tests only the crosshead speed was 100 um/min and span of 16 mm. The microstructural and
fractographic analyses were conducted using an electron scanning microscope Lyra 3 XMU

(Tescan, Czech Republic).
RESULTS

The long-term ageing of composites results in their expected degradation due to microstructural
changes in the hybrid matrix where underwent only partial polymer to ceramic transformation.
Due to the fact of partial pyrolysis, some micro-regions are behaving like SiOC glass and others
like polymer. The optimal mixture of these regions provides the composite with its unique

mechanical behaviour, i.e. high toughness and strength. The typical properties of as received
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material are summarised in Table 1. An oxidative atmosphere at elevated temperatures led to
the degradation of polymeric chains, oxidising of silica and carbon, some species in the form
of gasses, usually carbon oxides resulting in weight losses and microstructural changes. The
weight losses were -0.73 % for the highest ageing temperature of 500°C/1000 h as is shown in
Table 1.

Table 1 Summarisation of results obtained on the hybrid composites in as received state and

after various temperatures of ageing. Average values with the standard deviation in brackets.

Material state Aging temperature for 1000 h
As rec

Properties 300°C 400°C 500°C
Weight loses (%) - -0.074 -0.44 -0.73
Density (g-cm?) 2.16 (0.088) | 2.15(0.012) | 2.17(0.017) | 2.14(0.015)
Elastic modulus - flexural (GPa) 62.9 (0.96) 56.9 (1.22) 59.37 (0.97) 57.7 (0.51)
Elastic modulus - longitudinal (GPa) 63.9 (0.40) 62.7 (0.64) 63.9 (0.41) 64.3 (0.38)
Flexural strength (MPa) 793.8 (124.99) 400.7 (17.94)| 150.3 (26.01)| 96.2 (13.51)
Fracture toughness (MPa-m*?) 13.2 (0.65) 10.7 (1.10) 4.9 (0.39) 2.3(0.19)

Elastic properties are not severely changed by the application of ageing rather are dependent on
the final density of the given specimen. Even though the longitudinal waves (i.e. direction along
the fibre axis) show less change than flexural vibration mode which is more sensitive to the

specimen surface quality and its homogeneity. The overall changes are under 10 %.
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Fig. 1 Dependence of the flexural strength (left) and the fracture toughness both on the ageing
temperature.
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Contrary to the elastic properties the flexural strength and the fracture toughness are affected
severally by the ageing. The effect of ageing temperature on the mechanical properties of
individual specimens is plotted in Fig. 1. When the as-received composite material is compared
with the material exposed to the ageing temperature of 300°C, one can observe 50 % drop in
the strength which is accompanied by 20 % drop in the fracture toughness values. Further
increase of the ageing temperature led to the decrease of the flexural strength to the level of
100 MPa and the fracture toughness to 2.3 MPa-m'?.

&)

IPM AS CR, Brno IPM AS CR, Brno

Fig. 2 Fracture surfaces in the vicinity of chevron notch for ageing temperature 400°C (left)

and 500°C (right) after fracture toughness tests.

The drop of the strength and fracture toughness can be explained by microstructural changes
ongoing in the composite matrix mainly. The typical fracture surfaces of the composite after
ageing temperature 400°C and 500°C are shown in Fig. 2. The overview reveals differences in
the fracture mechanisms acting during loading. It is obvious that fracture surface of the
specimen exposed to 400°C has significantly more active fibre pull-out mechanism, therefore,
the final fracture surface is more fragmented and consumption of the fracture energy is higher.
It is necessary to note that the fracture surface of the specimen aged at 300°C was not possible
to observe because the further loading led to the fibre delamination but not fracture, and the
specimen still stays in one piece. The detailed view of the fracture surfaces in Fig. 3 illustrates
well the fracture mechanism changes where the higher ageing temperature led to the increase
of interfacial bonding between the fibres and the matrix, resulting in the fracture of
neighbouring fibres in a monolithic-like fracture (i.e. fracture in the same plane without the
fibre matrix delamination necessary for activation of the pull-out toughening mechanism).
However, even in this case, a catastrophic sudden fracture was not observed which can be the
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advantage of such material having similar fracture toughness after long-term ageing in the air

atmosphere as commonly used structural ceramics.
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Fig. 3 Detail view of the fracture surfaces for specimens aged at temperature 400°C (left) and
500°C (right) for 1000 h after fracture toughness tests.

CONCLUSION

The presented results show the effect of degradation processes taking place in the polysiloxane-
based partially pyrolysed composite matrix with an increasing ageing temperature. The flexural
strength decreased to 50 % of the initial strength when aged at 300°C/1000 h and approximately
to 100 MPa for the highest ageing temperatures applied. Accordingly, the fracture toughness
exhibits the same decreasing trend what corresponds well with the presumption that no larger
defects are formed during ageing than those formed during processing. The drop in the fracture
toughness and the flexural strength, respectively, can be ascribed to the matrix shrinkage
causing clamping of the fibres in some parts and additionally to the chemical bonding by the
formation of silicon-oxygen bonds of either matrix with fibres or between neighbouring fibres
being in contact. Both undergoing processes inhibited activation and effectiveness of expected
toughening mechanisms observed in the as-received composite material. In spite of the
described composite degradation shown at ageing at 500°C for 1000 h, the composite can
possess reliable properties suitable for expected applications in fire protection systems or other

mechanically low loaded parts resistant in given temperature range.
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SLEDOVANIE VPLYVU VYROBNYCH PARAMETROV NA FAZOVE ZLOZENIE,
STRUKTURNE A MECHANICKE VLASTNOSTI HLINITOKREMICITEJ
KERAMIKY

INFLUENCE OF PROCESSING PARAMETERS ON THE PHASE COMPOSITION,
STRUCTURAL AND MECHANICAL PROPERTIES OF ALUMINOSILICATE
CERAMICS

M. Orlovska!, P. Veteskal®, Z. Hajdtchoval, I. Baga'
YOddelenie anorganickych materidlov,
Ustav anorganickej chémie, technolégie a materidlov,
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ABSTRACT

A commercial ceramic body based on a mixture of aluminosilicate raw materials was
investigated in order to optimize processing parameters leading to the improvement of final
properties of ceramic products. In the second step an addition of Al>Os powder in the amount
of 1, 3, 5, 10 and 20 wt. % on the phase composition, open porosity and bending strength was
studied. The green bodies of the ceramic samples were prepared from the wet granulate by cold
pressing. After that, green bodies were dried and sintered in laboratory furnace and in
conventional tunnel kiln. Results showed that bulk density of ceramic samples increased with
the compacting pressure as well as with the sintering temperature up to 1450°C. However,
applied pressure had almost no effect on bulk density at the temperature of 1550 °C. In the case
of ceramic samples sintered at 1275°C in tunnel kiln, the highest values of the bending strength
were observed for samples with the 3 and 10 wt. % addition of aluminium oxide.
X-ray diffraction analysis showed that with the increasing amount of Al>Os the intensity of

mullite as well as corundum phase increases.
Keywords: ceramics, aluminium oxide, aluminosilicate, alumina Al2O3, strength
INTRODUCTION

For the production of traditional ceramics mainly natural raw materials are utilized, whereas

technical ceramics use a mixture of natural and synthetic materials or only synthetic raw
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materials. Synthetic precursors allow maintaining constant properties and their adjustment,

while the main advantage of natural raw materials is their price [1-4].

In aluminosilicate ceramics the carrier of the main mechanical strength at normal as well as at
elevated temperatures is mullite (3Al203.2Si02). Mullite originates from high temperature
reactions between silicon oxide and aluminium oxide. Its excellent high temperature properties
(improved thermal shock and thermal stress) are attributed to the low thermal expansion, good
strength and interlocking grain structure [5]. The largest use of mullite is the steel industry,
where refractoriness, high creep resistance and thermal shock resistance are important.
The natural raw materials for mullite are easily obtainable for reasonable price.
One of the widely used aluminosilicates natural raw material for mullite based ceramics is
kaolin which undergoes several reactions during thermal treatment. In accordance to the
Equations 1 — 3, a dehydratation of kaolinite to metakaolinite occurs in the first step. Afterwards
the intermediate product with defect spinel structure accrues which is then transformed in
mullite and cristobalite and/or amorphous phase [6, 7]. The presence of impurities can lower
the melting point of the glassy phase, promoting the development of whisker shaped grains of
mullite [8].

Al203.25i02.2H20 — 500 az 600 °C — Al203.2Si02+ 2H20 1)
2(Al203.25i02) — 925 az 1050 °C — 2A1,03.35i02 + Si0; )
3(241,03.35i02) — nad 1100 °C — 2(3A41203.25i02) + 55i0, ©)

The amount of SiO2 in kaolin is much higher than needed for the preparation of mullite
ceramics, therefore pure mullite ceramics cannot be fabricated without additional source of
aluminium. In the literature several studies can be found, where the alumina [9, 10], aluminium
hydroxide [11] or gibbsite [12] was used as the aluminium source. For example, Santos et al.
[12] studied thermal phase sequences in gibbsite/kaolinite clay between the temperatures 1000
— 1550°C. They found that content of mullite increases with the temperature, while corundum
phase increases only till 1300°C. It was suggested that above this temperature, there is an

interaction between multiple high temperature phases.

In the present work, porous mullite ceramics were fabricated from the commercial ceramic
body based on a mixture of aluminosilicate raw materials. The effect of processing parameters
and alumina addition on the bulk density, apparent porosity, phase composition and mechanical

properties was investigated.
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EXPERIMENTAL

Green bodies were prepared from commercial aluminosilicate ceramic body and in the second
part of the work aluminium oxide was mixed with above mentioned ceramic mass in amount 1,
3, 5, 10, 20 wt. %. Samples were cold pressed, dried and sintered in laboratory furnace and
conventional tunnel kiln. Samples without addition of alumina were pressed at 3, 5 and 7 MPa
and sintered at temperatures of 1250, 1350, 1450 and 1550 °C in laboratory furnace with
holding time of 1 hour. Samples prepared with the addition of alumina were sintered only in
tunnel furnace at temperature 1275°C and the shifting time was 45 minutes. The basic properties
such as bulk density and apparent porosity of sintered samples were measured according to
Archimedes and ISO 5017:2013, respectively. The 3-point bending strength of prisms (120 x
10 x 10 mm) was measured on the Instron electromechanical materials testing system Series
4465 as an average of 10 measurements. The microstructure was characterized by scanning
electron microscope HITACHI SU3500 equipped with SE and BSE detectors. The phase
composition was investigated by using of X-ray diffraction (STOE Theta-Theta, Germany, Co
Ko radiation, in the 26 range of 10-70°)

RESULTS AND DISCUSSION

The bulk density of the mullite-based ceramics as a function of the applied pressure during

cold pressing and sintering temperature is shown in Fig. 1.
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Fig. 1 The bulk density of clay-derived ceramics as a function of applied compacting pressure and
sintering temperature
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The final density of prepared ceramic samples cannot be calculated solely from theoretical
density of mullite as can be seen in Fig. 2, where the XRD patterns show variability in the phase

composition as well as in their quantity.
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Fig. 2 XRD patterns of the porous clay-derived ceramics prepared at various temperatures; M —
mullite, C-cristobalite, Q-quartz
Prepared samples were sintered at various temperatures for 1h and as expected the mullite phase
increased with the temperature. The cristobalite together with the mullite and quartz were
dominant phases at 1250 °C. At 1350 °C the intensity of quartz phase decreased while
cristobalite phase completely disappeared. The rise of temperature to 1450 °C led to the
reappearence of cristobalite phase with further increase of intensity at 1550 °C. This sequence
in phase composition would indicate the transient dissolution of crystalline SiO2 and formation
of glassy phase. These observations are in agreement with the works of Lee et al. [14] or Rezaie
et al. [15]. It is worth noting that mullite observed in vitreous systems is likely to be far from
equilibrium especially in the presence of other impurities contained in the clay. It is believed
that there is a spread of mullite compositions in vitreous systems across the 2:1 to 3:2 range, in
vitreous systems with the exact composition being dependent to large extent on the local liquid

phase composition, particularly the availability of Al>Os [16].
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Fig. 3 Three-point bending strength of clay -derived ceramics as function of alumina amount

In the next part of the study the influence of Al.Oz amount on the three-point bending strength
and microstructure was investigated. It is seen from Fig.3 that average strength of clay-
derived samples sintered at 1275 °C in tunnel kiln tends to be higher for samples containing
three and more wt. % of Al>Os. Average strength of samples with content of alumina higher
than 3 wt. % reached values above 30 MPa although with some irregularities. However, the
strength of ceramic samples is a statistical quantity with a relative wide scatter due to the low
fracture toughness and significant influence of even small pre-existing defects. More
pronounced it can be seen in porous samples e.g. in our samples with 5 wt. % of alumina doping
the average strength was 28.9 MPa compared to samples with 3 and 10 wt. % of Al,Os, where
the strength values reached 31.5 and 31.7 MPa, respectively. X-ray diffraction patterns and
results of absorptivity tests (not shown here) revealed that the intensity of corundum peaks as
well as apparent porosity increases with the alumina doping especially for 5 wt. % and higher.
The microstructure analysis of the sample with 5 wt. % of alumina doping is shown in the Fig.
4. The micrograph shows the mullite and partly cristobalite clusters crystallized from glassy-

like matrix formed during the firing of clay derived ceramic.
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Fig. 4 Mullite and cristobalite clusters of the sample prepared with 5 wt. % of alumina

At the same time clearly visible grains located in a matrix were detected. These grains were
characterized by EDX analysis and contained only Al and O elements which indicate the
presence of corundum. Matrix was mostly formed by aluminium, silicium and oxygen which

belong mainly to mullite phase.

CONCLUSION

In this study a commercial aluminosilicate ceramic material was investigated in order to
optimize processing parameters. Results showed that bulk density of ceramic samples increased
with the compacting pressure as well as with the sintering temperature up to 1450°C. However,

applied pressure had almost no effect on bulk density at the temperature of 1550 °C.

For samples with increasing amount of alumina sintered at 1275°C in tunnel kiln, the highest
values of the bending strength were observed for samples with the 3 wt. % and 10 wt. % addition
of aluminium oxide. The apparent porosity increases with the alumina content in the samples

and the change being more pronounced at alumina levels above 5 wt. %.

Based on these results, the most effective way to enhance the mechanical properties of the
studied system is the addition of 3 wt. % of aluminium oxide — the material maintains

reasonable low porosity and yields acceptable levels of bending strength.
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ABSTRACT

Pure yttrium tetraboride (YBa4) was successfully synthetized using combined boron
carbide/carbothermal reduction method at 1500 °C for 4 hours in vacuum. Obtained YBg4
powder was used for preparation of composites with 20, 30 and 40 wt% of SiC. YB4 and YBs-
SiC composites were densified using hot-pressing technique and subjected to oxidation tests up
to 1650 °C. Weight changes after oxidation were measured and the thickness of formed oxide
layer was evaluated by scanning electron microscopy. X-ray phase analysis was used to identify
the phase composition of samples after oxidation. Mechanical properties such as hardness,

fracture toughness and elastic modulus at room temperature were evaluated.

Keywords: YBs, YB4-SiC composites, oxidation

INTRODUCTION

Borides of rare earth (RE) metals are interesting high-temperature materials with curious
chemical and structural properties. In spite of this, detailed studies of RE-B systems are rare
and there has been very little research into the potential of rare earth metal borides for use as

materials for ultra high temperature applications. Many fundamental and potentially useful
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properties have not been widely explored. However, they are suitable candidates for application

in some extreme environments [1-3].

According to literature [1] an oxidation of YB4 can be described as two-step process assuming

the following reactions:
2YBs+7,502=Y203+ 4 B203 1)
Y203 +4 B203 =2 YBO3 + 3 B203 (2

Y203 and B203 formed during oxidation of YB4 (1) can interact and form YBO3 and B2O3 as
described by reaction (2). Despite of relatively low melting point of YBO3 (1650 °C) and
liquidus temperature (1373 °C) of YBOz3-B203 from reaction (2) it is believed that YB4 has
great application potential, especially with combination with other additives (mainly non-oxide

ceramics) [1].

It has been shown that addition of SiC to ZrB.ceramics resulted in significant improvement of
sinterability, oxidation resistance and mechanical properties [4]. An exposure of ZrB,-SiC
composite to an oxidizing environment at elevated temperatures results in formation of layered

structure with protective borosilicate glassy layer on the surface.

Regarding several beneficial effects SiC was logical choice to serve as additive to YB4 in order
to study its oxidation behaviour and potential improvement of thermal and mechanical

properties.

The present study is focused on the preparation and characterization of YB4 and YBs-SiC
composites. Oxidation behaviour of hot-pressed materials was tested up to 1650 °C. Selected

mechanical properties of YB4 and YB4-SiC composites were investigated.

EXPERIMENTAL

Commercially available Y203 (<2 um, ABCR), B4C (<4,8 um, ABCR) and C (<4 um, Imerys

Graphite & Carbon) were used as starting materials.
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The YB4 powder was synthetized via combined boron carbide/carbothermal reduction method

according to following reaction:
Y203(s) + 2 B4C(s) + C(s) =2 YB4 (s) + 3 CO(Q) [1,5] 3)

Powder mixtures were homogenized on rolls in cyclohexane using zirconia balls, dried in
evaporator and cold-pressed into discs. Discs were positioned in graphite crucibles coated with
BN. The synthesis was performed in gas pressure furnace (FCT, 8307, FPW) in vacuum at
1500 °C. After synthesis, discs were milled in agate mortar into powder and consequently
analysed by XRD (Stoe Theta-Theta with Coka radiation) and SEM (JEOL 6061, FEG — JEOL
7600F).

Commercially available SiC (<0.65 um, ABCR) was used for the preparation of YB4-SiC
composites. Prepared YB4 was mixed with 20 wt% (YB4-20SiC), 30 wt% (YB4-30SiC) and

40 wt% (YB4-40SiC) of SiC. Powder mixtures were processed as mentioned before.

Discs with 50 mm diameter were directly hot-pressed (DSP518, Dr. Fritsch Sondermaschinen
GmbH, Germany) at 1900 °C for 30 min under vacuum and 30 MPa of applied pressure using
graphite die with BN coating. The sintered samples were grinded and then the bulk densities
were measured using the Archimedes method in distilled water. Small cylinders with diameter
10 mm were cut out from the hot-pressed discs by electrical discharge machining (EDM) and

exposed to oxidation.

Oxidation tests were carried out in a furnace at temperatures 1100°C, 1300-C, 1400 °C, 1500-C
and 1650°C for 60 min in stagnant air. The phase compositions of samples were analysed by
XRD. The specimen surfaces and microstructure were observed using light microscope (Leica
DMI5000 M). Cross-sections of oxidized samples were embedded in polymer matrix, grinded
and polished. Oxidation resistance was evaluated according to the mass changes and layer

thickness after oxidation.

QNESS Q10 M was used for measuring of Vickers’s hardness and also for calculation of
fracture toughness values. Young's modulus of materials was determined using ultrasound

system Olympus 38DL Plus.
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RESULTS AND DISCUSSION
Synthesis of YB4

The XRD analysis pattern from the combined boron carbide/carbothermal reduction is
presented in Fig. 1. Results show that the pure YB4 was successfully synthetized at selected

conditions by combined boron carbide/carbothermal reduction method.

*YB,

Intesity (a.u.)

1500°C/4h/vac

20 30 40 50 60 70 80
2Theta (degrees)

Fig. 1. XRD patterns of powders synthetized according to reaction (3) at 1500 °C for 4 hours

in vacuum

Detailed microstructural analysis of as synthetized powder, Fig. 2, revealed equiaxed grains

with narrow size distribution around 1-5 um.

Fig. 2. SEM images of powder synthetized according to reaction (3) at 1500 °C for 4 hours in

vacuum
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Preparation and characterization of YB4 and YB4-SiC composites

Rapid hot-pressing technique was used for densification of YB4 and YB4-SiC composites at the

same conditions (1900°C/30min/30MPa). All compositions, densities as well as obtained

mechanical properties of prepared samples are summarised in Table 1.

Material YBs YB4-20SiC YB4-30SiC YB4-40SiC
Relative density (%) 96.3 99.6 99.8 99.3
Vickers nglr)‘ess HV1 1 13824032 | 17.844013 | 2009011 | 21.20+0.38
Fracture toughness Kic | 3 404024 | 346022 | 364024 | 4.00£025
(MPa.m%/?)
Young’s modulus (GPa) 343 369 383 388

Table 1. Summary of properties of prepared samples hot-pressed at 1900°C/30min/30MPa

Addition of SiC resulted in improved densification of YB4-SiC composites (>99%) in

comparison to the monolithic YB4 (96.3%). SEM images of YBs-SiC composites show

homogenous distribution of SiC grains (dark) in YB4 matrix (bright) (Fig. 3). The SiC grains

are segregated on the grain boundaries with no evidence of other phases or impurities

a)

b)

c)

Fig. 3. Microstructure of samples after densification: a) YB4-20SiC, b) YB4-30SiC and c) YBas-

40SiC




Vickers hardness of YB4-SiC composites increases with the increasing amount of SiC though
the hardness of pure YB4 seems to be very low in comparison to the literature data [1, 6].
However, also values of YB4 hardness reported in the literature differ greatly. Calculated
hardness of pure YB4 was supposed to be 17,04 GPa by Fu et al. [6] whereas experimental
value reached 27.40 GPa usingl kg load [1]. Compared to these values, measured value of YB4
hardness (13.82 GPa) is significantly lower probably as a consequence of lower density
(96.3%). On the other hand, Young’s modulus is consistent with calculated value (342 GPa [6])
despite of lower relative density. Indentation fracture toughness of bulk YBs reached

3.40 MPa.m'2 and as the content of SiC increased also Kc values were improved. (see Table 1).

Oxidation of YB4 and YB4-SiC composites

The effect of oxidation temperature on the specific mass change of tested samples is presented
in Fig. 4. Results show that specific weight change was low and slightly negative up to 1300 °C
and increased more rapidly above 1400 °C. Increasing SiC content resulted in decreasing

specific weight change, especially at higher oxidation temperatures (1500 C and 1650 °C).
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Fig. 4. Mass change vs. oxidation temperature of tested samples
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a) b) a) Samples after oxidation
were covered by white layer on the
surface. However, this layer was not
stable and materials have undergone
spallations (during preparing of cross-

sections — cutting), especially in case of

" monolithic YB4 (Fig. 5). Hence direct
Fig.5. YBasample after oxidation at 1400 °C for comparison of thickness of oxidized

1 hour: a) before spallation, b) after spallation layers was not possible for evaluation of

oxidation resistance of YB4 and YBs-
SiC composites at temperatures higher as 1300 °C. Fig. 6 shows cross-sections of YB4 and
YB:4-40SiC samples after oxidation at 1300 °C. Thickness of oxidized layer was 45.1 um for
YB4 and a little less for YB4-40SiC, 37.3 um. The examination of cross-sectioned surface of
YB4-40SiC samples showed that the thickness of layer rapidly increased with oxidation

temperature (from 11.5 um at 1100 C to 810 um at 1650 °C).

Fig. 6. Cross-sections of a) YB4 and b) YB4-40SiC oxidized at 1300 °C for 1 hour

38



The only crystalline oxidation product of YB4 identified by XRD was found the YBO3 (after
all oxidation temperatures). Oxidation of YB4-SiC led to the formation of several products
including YBOs, Y2Si.O7 and SiO. Y2Si.Oy7 is also reported as refractory phase with strong
effect on thermal and mechanical properties [7]. Formation of such phase could have an

interesting influence on oxidation behaviour and further investigation is needed.

CONCLUSION

The yttrium tetraboride powder with grain size around 1-2 um was successfully synthesized by

combined boron carbide/carbothermal reduction method without by-products.

Addition of SIC into YB4 resulted in nearly full densification of YB4-SiC composites.
Moreover, measured mechanical properties (hardness, fracture toughness and Young's

modulus) were superior in comparison to monolithic YB4 ceramics.

Increasing content of SiC resulted in improvement of oxidation resistance at elevated oxidation
temperatures in terms of specific weight change. Oxidation of YB4 led to the formation of
ablative YBOs layer on the surface. Due to these spallations the direct comparison of thickness

of oxidized layers of the samples was not possible for evaluation of oxidation resistance.
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TRANSPORT PRASKOV POMOCOU SEKVENCNE BUDENEHO
KOPLANARNEHO BARIEROVEHO VYBOJA

POWDER TRANSPORT USING SEQUENTIALLY PULSED COPLANAR BARRIER
DISCHARGE

J. Rahel’, M. Zemanek, M.II¢ikova, R. Zischka
Masaryk University, Department of Physical Electronics, Kotldiska 2, 611 37 Brno
ABSTRACT

Practical implementation of atmospheric pressure non-thermal plasma activation of fine powder
materials requires proper management of its transport through the active plasma zone. We
present a new method for the powder transport, which takes advantage from the natural
tendency of powders to concentrate outside the microfilament plasma channel. Two new HV
electrodes designs were devised and consequently tested. To execute sequential powering, a
dedicated rotating switch has been constructed. The paper is focused on technical aspects of the

method and outlines the roadmap to its future development.

Keywords: powders, transport, coplanar DBD

INTRODUCTION

Our recent findings on positive effect of atmospheric pressure DBD (dielectric barrier
discharge) plasma pre-treatment for the output of fine ceramic powders processing [1,2] and
stability of their water dispersions gave rise to new set of practical problems associated with
the controlled transport of treated powders through the active plasma zone. Effective plasma
treatment requires rather long 10-60 sec contact of powders with the discharge plasma
(residence time). This forces us to use only a gentle air flow to carry the treated powders through
the active plasma zone. Unfortunately, during the plasma treatment, powder particles are
electrically charged, and attracted to the discharge electrode. Almost always the attractive force
outgrows the tangential force of the weak air flow. Powder particles become stuck to the surface
of electrode, from where they have to be removed mechanically. The layer of adhering powder

has a detrimental effect of formation of DBD plasma microchannels. It represents the path of
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Fig. 1. Schematic cross-section and actual view (Al,03 powder) documenting the piling

effect.

higher electrical resistivity, therefore DBD microchannels are starting to form outside the area

occupied by piles of adhered powder. The contact of powders with discharge plasma is ceased.

An intriguing phenomenon associated with the use of coplanar geometry type of DBD is that
powder piles are formed preferentially in the area above the inter-electrode space. The effect is
illustrated in Fig. 1. We suppose that the “piling effect’ can be explained by the interplay of at
least four distinct factors: (1) specific shape of coplanar DBD plasma microchannels; (2)
creation of stationary vertex by plasma microchannels induced ionic wind from opposite
directions; (3) ponderomotive force attracting the charged particles to the highest electric field
gradient situated above the electrode edges; and (4) piezoelectric vibrations of HV powered
DBD electrode dielectrics. The relative importance of the listed factors has not been studied in
detail yet. But we expect that their relative importance corresponds well to the respective

number of the listing above.

Despite the lack of deeper understanding of the actual mechanism, the piling effect seems to be
a general phenomenon. It was observed on all types of tested inorganic and organic powder
materials e.g. Al.Os3, TiO2, SiO2, Na2013Tis or paint pigments. Based on this, we have decided
to employ the effect for inducing lateral drift of piled powders along the surface of dielectric
electrode. We have extended the number of HV power electrodes and started to sequentially
energize only a given electrode pair. By doing so, plasma was incited only at a specific place
of discharge area, causing powders to pile up at the corresponding location. By switching to
another electrode pair, the place of powder piling should be moved. At optimized conditions,
the repetitive shift of piling area should be sufficient to introduce a native unidirectional drift

of treated powder material.
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EXPERIMENTAL

Two distinct designs of coplanar multiple electrodes were tested. The first one (Fig. 2a)
consisted of 3 distinct electrodes interlaced in the pattern of 1-2-3-1-2-3-. We termed this
system as ‘3-phase electrode’. The second system (Fig. 2b,c) had the common ground (GND)
placed between each of the HV powered electrodes. The electrode pattern can be described as
1-GND-2- GND-3-GND-1- etc. We termed this system as ‘4-phase electrode’

Fig. 2 Schematic of tested electrode designs and electrode energizing pattern.

Discharge plasma between the neighboring electrode pair is incited when, and only when, one
of the electrode is connected to HV side of power supply, and the other is grounded. Hence, to
achieve a traveling plasma wave in the 3-phase electrode of Fig 2a, we had to sequentially
ground one of the electrodes Uz, Uz, Us, while keeping the rest connected to the HV (or vice
versa). Resulting sequence of areas covered by the discharge plasma (pink color) is

schematically shown in Fig. 2a.

Sequential grounding was realized by the rotating switch presented in Fig.3. The switch’s stator
had three mechanical contacts with the same polar distance from the rotation axis. Along the
rotor circumference two electrically non-interconnected metallic pads were mounted. The first
pad was connected to the HV output of power supply (Lifetech, 20 kHz, 15 kVms), the second
was grounded. Actual position and size of metallic pads was chosen so that the rotation would
cause periodical grounding of respective stator contact, while interconnecting (shortcutting) the

two remaining contacts.
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* connecting pad

Fig. 3. Schematic wiring and actual view of the rotating switch.

Disconnecting the electrical contact while at the high voltage potential would inevitably cause
the arc breakdown and HV power supply malfunction. Therefore, HV voltage had to be always
reduced before the rotating switch made its turn off event. The angular position of stator was
monitored by the photodiode sensor, which controlled the driving circuit of power supply.
Reduction of applied voltage was achieved by switching off the driving frequency. Electrical
measurements confirmed that the resulting dumped oscillation in the discharge system was

sufficiently fast to provide the required reduction of HV amplitude.

Replacing the rotating switch by a suitable electronic equivalent would allow substantially
higher switching frequency and hence the powder transport speed. Unfortunately, the design of
3-phase electrode (Fig. 2a) is difficult to implement electronically, owing to the undesired
backward induction to the primary side of HV transformers when the high voltage outputs Us,
Uz, Us are permanently connected to the discharge electrodes. The 4-phase electrode system,
with one additional permanently powered electrode, was used to solve the backward induction
problem. Two possible powering patterns were tested, using the same rotating switch of Fig. 3.
First pattern was based on alternative grounding of only electrode, while keeping the rest on
the high potential (see Fig. 2b). This should form a thin propagating belt without any plasma
present. The second pattern (see Fig. 2¢) corresponded to the inverse situation. Only one of the
electrode was connected to the HV, while the remaining two were grounded (i.e. had the same
potential as the additional GND electrode). Technically, the second pattern powering was
achieved by flipping over the polarity of metallic pads at the rotor circumference (see Fig. 3).

The second powering pattern formed a thin belt of propagating plasma.
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RESULTS

Fig. 4. Initial state of uniformly dispersed glass beads, and the formation of their traveling

fronts.

The presence of transport effect will be illustrated by the transport of glass microbeads

(ballotini) of 100-200 um average diameter. The experimental set-up corresponding to Fig. 2a

revealed clear traveling wave effect, shown by the snapshots in Fig. 4. A narrow microbeads
pile was formed at the outer edge plasma formed region, which upon switching to another
electrode pair changed rapidly its position to the new freshly formed region. It was found
experimentally, that two conditions had to be met in order to observe strong particles drift. First,
the density of dispersed particles has to be less than some critical value. If not, too massive
particles pile is formed, which would prevent further discharge formation. The transport effect
would be ceased. Second, the frequency of rotation switch has to be adjusted to some resonant
one. Experiments with different particles sizes revealed, that the light particles (such as fine
ceramic powders) require higher driving frequency. This is due to their higher acceleration
obtained by the given plasma impulse. As the result, the ceasing plasma by extensive piling
occurs in much shorter times. Faster switching unit is therefore needed to transport fine
powders. Before attempting to construct a faster switching circuit we have decided to verify,
whether the 4-phase electrode design (required for the fast switching) is able to provide the

adequate powder movement, and what powering pattern would offer better results.

The outcome of performed experiment was that the configuration of Fig. 2c is better suited for
the glass microbeads transport. The configuration of Fig. 2b created a moving piles of powder
medium. These however did not manifest a unidirectional drift. Instead they oscillated around
the stable central position. Our analysis suggested, that it is due to the imperfect (non-
symmetric) generation of plasma from the opposite edges of the same electrode strip, caused
by the spiral electrode geometry which we had adopted (Fig. 5). Still, the oscillating behavior
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Fig.5. Discharge appearance for energizing pattern of Fig. 2b (left) and Fig.2c (right).

of the powders can be beneficial for better mixing of particles with the active species

generated by the plasma treatment.
CONCLUSION

Sequentially pulsed coplanar DBD is able to provide a considerable unidirectional drift to
plasma treated powders. Two important constrains were identified: (1) only a thin powder layer
can to be manipulated; (2) driving frequency has to be matched to the mass of transported
powders. The 3-phase electrode system exhibited the strongest transport properties for the
tested material. However, its up-scaling to higher speeds is a challenging HV engineering task.
Alternative 4-phase system simplifies the design requirements on multiphase HV power supply,
while offering still a reasonably strong powder transport. In the tested spiral electrode system

sequential powering of just one from all three HV electrodes appears to be deliver better results.
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PRiIPRAVA A CHARAKTERIZACIA KERAMICKYCH A SKLOKERAMICKYCH
MATERIALOV S EUTEKTICKOU MIKROSTRUKTUROU V SYSTEME Al203-Y203

PREPARATION AND CHARACTERIZATION OF CERAMICS AND
GLASSCERAMICS MATERIALS WITH EUTECTIC MICROSTRUCTURES IN
Al203-Y203 SYSTEM
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D. Galusek?
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ABSTRACT

The glass microspheres with eutectic composition were prepared by combination of
modified sol-gel Pechini method and flame synthesis. The prepared glass microspheres were
characterized by OM, SEM, X-ray powder diffraction analysis and DSC. Hot-press sintering
method at different conditions was used for preparation of bulk ceramic materials. The sintered
samples were characterized by SEM, X-ray powder diffraction. The density of prepared bodies
was measured using Archimedes method in mercury. Finally, the Vickers hardness and fracture
toughness was measured. The highest value of Vickers hardness 18.0+0.7 GPa and fracture
toughness 4.9£0.3 MPa.m*? was achieved for the sample sintered for 30 min at 1600°C, under
the pressure of 80 MPa. Very fine-grained microstructures consisting of mutually percolating
submicron a-Al203 and Y3AlsO12 grains (“eutectic” microstructure) were observed in the
samples sintered at temperatures >1550°C. Preliminary results indicate the possibility of
preparation of ceramics materials with very fine (submicron) microstructure by hot-press

sintering of glass microspheres.
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INTRODUCTION

Rare earth aluminate-based materials with eutectic microstructures represent an
interesting approach to ceramics with important mechanical properties (hardness, fracture
strength/toughness), thermal stability and creep resistance at elevated temperatures [1]. These
properties are attributed to strong eutectic interfaces between present phases and designate these
materials for various aerospace (jet aircraft engines) and industrial (high efficiency power
generation gas turbines components) applications [2]. Also, the high temperature characteristics
of melt-grown eutectic ceramics are linked to the unique microstructures of entangled single
crystal phases [3]. A number of works have been published and several groups of eutectic
compositions in the systems Al2Os- Y203 and Al203-Y203-ZrO, were prepared by using
directional solidification methods (e.g. Bridgman method [4], laser floating zone technique [5],
laser zone remelting [6], micro pulling down technique [7]) in the form of rods and fibers.
However, these methods are time and energy consuming and difficult to fabricate large and
complex parts. In order to solving these problems, preparation of eutectic ceramic by indirect
methods, using conventional sintering, hot-press or spark plasma sintering (high temperatures
and high pressures are required) were described. An alternative route is represented by
controlled crystallization of eutectic glasses with eutectic composition [8-11]. The combination
of precipitation method and flame synthesis was used for preparation of glass microspheres
with eutectic composition in system Al203-Y203 in our previous work [12]. The prepared
materials were subsequently HP (hot press) sintered at different temperatures and different
holding times. IR transparent ceramics and glass ceramics with fine two phase microstructure
with Al.O3 and YAG phases percolating at submicrometre level and with hardness exceeding
15 GPa resulted from the experiments. In this work, the yttrium-aluminate glass microspheres
with eutectic compositions were prepared by combination of sol-gel Pechini [13] method and
flame synthesis to achieve a better compositional homogeneity of glass microspheres and
improved mechanical properties of final bulk ceramic materials. The prepared glass
microspheres were HP sintered at different temperatures, pressures and times. The hardness
and fracture toughness of prepared ceramics materials was measured and final microstructures
were studied by SEM.

EXPERIMENTAL

Precursor powders containing 60 wt.% (76.8 mol.%) Al>Os and 40 wt.% (23.2 mol.%)
Y203 were prepared by modified Pechini [13] sol-gel method. Aluminium nitrate (Al

(NO3)3.9H20; 99.9%;Sigma Aldrich, Germany) was dissolved in deionized water and mixed
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with yttrium nitrate solution prepared by dissolution of yttrium oxide (Y203; 99.9%, Treibacher
Industry, Austria) in diluted nitric acid. An aqueous solution of citric acid and ethylene glycol
in the molar ratio 1:1 was then added. The mixture was refluxed at 85 °C for 2 h and then heated
to 150 °C to promote polymerization and to evaporate the solvent. Viscosity of the solution
increased rapidly with time until aerated resin was formed. Finally, organic compounds were
removed by calcination of the reaction product at 800 °C for 6 h in ambient atmosphere. The
narrow fraction obtained by sieving the prepared powder through 40 and 25 um sieves was used
as precursor powders for flame synthesis. The precursor powders were fed into methane-oxygen
flame where the powder particles melted. The molten droplets were quenched with de-ionised
water, collected and separated. Glass microspheres were dried and calcined at 650°C for 1 h to
remove any organic residua. HP experiments were carried out in vacuum under various
conditions (pressure 30 and 80 MPa, temperatures 1050°C, 1300°C, 1550°C and 1600°C, dwell
times 0 - 30 min). The HP conditions of individual experiments are summarized in Tab.1. The
microspheres were characterized by optical microscopy and SEM (JEOL 7600F, at accelerating
voltage 20kV). Glass transition temperature Tq and the onset of crystallization temperature Ty
were determined using DSC analysis in the temperature range 35-1200 °C and with heating rate
of 10°C/min (Netzsch STA 449 F1 Jupiter). Nitrogen atmosphere (5.0 purity) and platinum
crucibles with the sample weight of ~15mg were used in the DSC experiments. The phase
composition of all three systems, i.e. the precursor powders, the microspheres and bulk hot
pressed materials was evaluated by X-ray powder diffraction (Panalytical Empyrean,
accelerating voltage 45kV, CuKa radiation with A=1.5405A, 20 range 20-80°). The diffraction
data were evaluated using the software High Score Plus (v.3.0.4, PAN Analytical, The
Netherlands) with the use of the Crystallographic Open Database (COD_2013). Hardness and
fracture toughness of hot pressed specimens was determined by Vickers indentation (WIKI 200,
Lapmaster Wolters, IL, USA) on polished cross sections at 10 N and 100 N loads, respectively.
Hot pressed specimens were embedded into polymer resin (Simplimet 1000, Buehler), and
polished (Ecomet 300, Buehler), and then the microstructure was examined by SEM. Density

of bulk materials was measured by Archimedes method in mercury.
RESULTS AND DISCUSSION

The Al;03-Y3Als012 eutectic composition (76.8 mol.% of Al,O3 and 23.2 mol.% of
Y203) was selected for preparation of glass microspheres as starting material for HP (hot-press)
sintering. The narrow fraction (25-40 um) of sol-gel prepared powders was used for flame

synthesis of glass microspheres. The prepared particles were spherical, fully remelted and
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transparent. The detail examination of prepared microspheres by SEM revealed the presence of
amorphous particles with diameters mainly in the intervals 1-5 pm and 5-10 pm and only small
fraction of microspheres with larger diameters 10-20 um. The amorphous nature of prepared
system was confirmed by X-ray powder diffraction analysis. In DSC record of prepared
microspheres two exothermic effects were observed: both effects were attributed to
crystallization of YAG phase, as was in detail described in our previous work [14]. The glass
transition temperature T¢g=890°C, onset of crystallization peak temperature Tx1=931°C,
Tx2=996°C maximum of crystallization peak temperature Tpi1=942°C, Tp=1007°C and
inflection points Tci= 938°C and T:=1003°C of both exothermic effects were determined.
Based on these results and the results of HP sintering experiments described in our previous
work [12], the conditions of hot-press experiments were determined (Tab.1). The densities of
sintered bodies were measured by Archimedes method in mercury and relative density was
calculated as a ratio of measured densities and a theoretical density of the eutectic system
calculated by the rule of mixtures (4.42 g.cm). Relative densities of all prepared samples were
in the interval 95-98%, indicating good sintering ability of prepared glass microspheres under
the conditions applied during the experiment (Tab.1). The highest relative density 98.1% was
obtained in the sample sintered for 20 min at 1550°C, and 30 MPa applied pressure. The
sintered bodies were next studied by X-ray powder diffraction analysis. The presence of YAG
as majority crystalline phase was observed in all samples. It is in good agreement with the
results our previous works [14, 15], in which the crystallization of YAG (yttrium aluminum
garnet) phase was observed in the temperature range (900-1200°C). Other detected crystalline
phases were: yttrium aluminum perovskite (YAP), 6-Al203 and a-Al203. The YAP phase is an
intermediate phase, which presence is associated with formation of YAG phase in sintered
samples; similarly the presence of 0-Al2Os is related to formation of a-Al>O3 (at temperatures
> 1300°C [14]) in the sintered system. The results of Vickers hardness and fracture toughness
measurements of the prepared samples were lower in the samples sintered at lower temperatures
and shorter times. In these samples also the presence of intermediate phases (YAP, 6-Al>0z3)
was observed, which indicates that the applied conditions were inadequate for formation of
YAG and a-Al203 as pure phases. In contrast, the samples sintered at higher temperatures >
1300°C show higher values of HV (Vickers hardness) (16-18 GPa) and fracture toughness (4.6-
4.9 MPa.m¥?). Also, only pure YAG and a-Al.Os phases were detected in these samples. In the
samples sintered at higher pressure (80 MPa), higher HV values were observed (=18 GPa),

which was associated with microstructure refinement, as confirmed by detailed study of
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microstructure by SEM. Fine grained microstructure was observed also in the sample sintered

at 1600°C, under 30 MPa pressure without isothermal holding time. Only negligible grain

growth was observed during the hot pressing experiments, most likely as the result of

percolating microstructure with grains of the two phases mutually impeding their growth. The

results indicate the possibility of preparation of ceramic materials with very fine eutectics

microstructure and interesting mechanical properties by HP sintering of glass microspheres.

However, extensive and systematic HP experiments will be necessary to determine appropriate

conditions for further improvement of mechanical properties and for preparation of defect-free

eutectic microstructures. Fig.1 shows microstructure of the samples sintered at 1600°C under

different hot pressing conditions.

Tab.1 List of performed hot-press experiments.

Temperature | pressure | Holding XRD Measur | relative HV Fracture
time phase ed density toughness
analysis density
[°C] [MPa] | [min] [9.cm?] | [%] [GPa] | [MPa.m?]
1050 80 0 YAG, YAP, 6- | 4.20 94.9 | 11.3+0.7 n.m.
Al2O3
1300 80 30 0 -Al,03, 4.32 97.6 | 17.4£1.0 n.m.
YAG
1550 30 0 YAG, 0-Al203 |  4.33 979 |15.9+0.4 n.m.
1550 30 20 YAG, 0-Al203 |  4.34 98.1 |15.8+0.7 | 4.6+0.2
1600 30 0 YAG, 0-Al203 |  4.29 97.1 |15.1£0.7 | 4.1£0.2
1600 80 30 YAG, 0-Al2O3 |  4.26 96.3 | 18.0£0.7 | 4.9+0.3

H1um

a)

H1um

b)

Fig.1 Comparison of microstructures of samples sintered at 1600°C, 80 MPa for 30 min
holding time (a), and sample sintered at 1600°C, 30 MPa for without holding time (b)
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CONCLUSION

The glass microspheres with eutectic composition were prepared by combination of sol-
gel (Pechini) method and flame synthesis. The prepared glass microspheres were hot-press
sintered at different conditions. The improvement of mechanical properties was observed with
increasing temperature >1550°C and pressure, which can be attributed to formation of pure
YAG and a-Al203 phases in the samples. Microstructure refinement was observed with
application of higher pressure during experiments. The Vickers hardness ~ 18.0+0.7 GPa and
fracture toughness 4.9+0.3 MPa.mY? was measured for the sample sintered at 1600°C, at
80 MPa for 30 min. Possibility of preparation of ceramic materials with fine-grained
(submicron) microstructure and interesting mechanical properties by hot-press sintering of

glass microspheres was confirmed.
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911 50, Slovak Republic
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ABSTRACT

Hollow glass microspheres (HGMs) are a unique class of materials with number of various
applications. The use of HGMs has expanded in last years for their excellent properties. The
combination of heat resistance, lightweight and favorable mechanical properties offered by
these new materials opens up application in aviation transport and the automotive industry. This
paper illustrates the possibility of using recycled glass to obtain hollow glass microspheres with
Na>SOs4 blowing agent. HGMs were prepared from soda lime glasses (automotive glasses) by
flame spheroidization process in oxygen-methane (O2/CH4) flame. The morphology of the
hollow glass microspheres was examined by scanning electron microscopy (SEM) and the
composition of the waste glass powders and glass precursor (glass powders with blowing agent)
were determined using SEM-EDS. The influence of feed rate of glass precursor on formation
of hollow glass microspheres was investigated. The various feed flow rate of automotive glass
precursor (particle size 40-63 um) into the flame yielded different weight fraction (wt.%)
conversion to HGMs. In the case of feed rate of 2.3 g/min the conversion to HGMs was 26 wt.%

and for the feed rate of 0.5 g/min was up to 48 wt.%.

Keywords: Waste glass, Recycling, Hollow glass microspheres, Blowing agent, Flame

spheroidization
INTRODUCTION

Hollow glass microspheres are a low cost but high performance material with a number of
various applications. HGMs are desirable in many industries for use as fillers for various
organic and inorganic matrices, or can find applications in the medical field, for fabrication of
lightweight composite materials, buoyancy materials [1], thermal insulation materials and for
gas storage [2, 3]. Reducing the weight of thermoplastics parts has been a high priority objective
in various industries such as transportation, aerospace, handheld electronics, and sports and

leisure. Automotive plastics have been extensively used for years to replace metal parts and cut
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weight to improve Corporate Average Fuel Economy (CAFE) levels, compared to those of
generation ago. HGM s are currently used in a variety lightweight automotive applications [4].
Hollow glass microspheres are commercially made in several ways. In one method, HGMs are
produced from glass powder obtained by grinding glass cullet, mixed with or contains as part
of the composition a blowing agent (e.g., sodium sulfate, sodium selenite, urea), which
decomposes at the high-temperature in gas-air flame. As the temperature is quickly raised, the
blowing agent decomposes and the resulting gas expands from inside, thus forming HGMs. The
HGMs are then quenched with a water spray, carried with the quench water, and collected by
flotation. The important primary formation parameters include the powder feed rate, air-to-gas
ratio, flame velocity and the length of the flame. The percentage of the blowing agent required

is very low, often 0.5-2 % is preferred, depending on the blowing ability [5].

The aim of this present work is to verify the possibilities of flame synthesis for preparation of
HMGs with Na>2SO4 blowing agent from ordinary glass waste from automotive industry (e.g.
windshields) with the objective to reuse the automotive waste glass as fillers for composite

polymeric materials. .

EXPERIMENTAL

Broken automotive glass from the laboratory was crushed to particle size 0-40 um. The
automotive glass powder mixed with the blowing agent, Na;SOa solution in water (3.2 wt.% of
S0s) has been stirred at room temperature for one hour. The glass precursor (glass powder with
blowing agent) was dried in the oven at 80°C. At first, the glass precursor powder was melted
in Pt-10%Rh crucible in laboratory furnace with superkanthal heating elements at 1000°C for
5 hours in ambient atmosphere; the heating rate was 10°C/min. Then the melting temperature
increased up to 1500°C, using heating rate 15°C/min. The homogeneity was ensured by
repeated hand mixing of the melt three times every 10 minutes and the glass melt was poured
into deionized water and dried. The dried product was ground and sieved to particle size in the
range 40-63 um, dried at 120°C for 12 h and stored in desiccator. This powder was used as the
feed glass precursor to prepare HGMs. The precursor powder was fed into an oxygen-methane
(O2/CHpg) torch with a vacuum powder feeder. Three experiments with different setings were
carried out to investigate the influence of feed rate of glass precursor on formation of hollow
glass microspheres (Exp.1-2.3g/min, Exp.2-0.9/min, Exp.3-0.5g/min), using oxygen carrier
gas. The spherical melt particles were formed in high temperature oxy-methane flame
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(estimated temperature 2800°C) and then quenched by spraying by deionized water to form
hollow glass microspheres (HGMs). The glass microspheres (solid and hollow) were separated
from deionized water by microfiltration through a ceramic filter with pore size <0.3 um. The
solid (SGMs) and hollow (HGMs) glass microspheres were separated by floatation method
using deionized water. The surface morphology of glass powder precursor and the microspheres
were examined by scanning electron microscopy (SEM JEOL 7600F). Approximately 1 mg of
glass powder precursor and HGMs were fixed on a conductive carbon tape, coated with Au-Pd
to prevent charging and examined by SEM. The microspheres were also embedded in a
polymeric resin, polished cross sections were prepared by EcoMet/AutoMet 300 Grinder-
Polisher, and after coating with Au-Pd the details on size and morphology of cavities inside the
HGM were obtained by SEM.

RESULTS AND DISCUSSION

The chemical composition of the waste automotive glass powder (before melting process) and
feed glass precursor with blowing agent (after melting process) are shown in Table 1. After
melting process the SOz content in the glass was approximately 0.60 + 0.07 wt.% and the
concentration of Na2O, too, increased from 12.90 = 0.08 wt.% to 14.77 + 0.20 wt.%. SEM

images of automotive feed glass precursor and product of SGMs a HGMs are shown in Fig.1.

Table 1: Chemical composition of waste automotive glass and feed glass precursor.

Oxide SiOz A|203 Cao MgO Nazo Kzo 503

Before melting process (wt.%) | 73.89+0.19 0.82+0.24 8.08+0.35 3.85+0.14 12.90+0.08 0.46+0.09  ----------m-

After melting process (wt.%) 71.21+0.08 0.99+0.04 798+0.19 3.68+0.05 14.77+0.20 0.34+0.06 0.60+0.07
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Fig. 1. SEM images of waste glass powder in the range 40-63 um (a), product of SGMs and HGMs
(b).

The influence of feed rate of precursor powders into the flame on formation of hollow glass
microspheres (conversion rate to HGMSs) is shown in Fig. 2. The feed particle size in the range
40-63 um and feed flow rate 2.3 g/min was found to give ~ 26% (by weight) of HGMs (Exp.1),
0.9g/min feed rate yielded ~ 42% (Exp.2) and 0.5g/min gave ~ 48% (Exp.3) conversion to
hollow glass microspheres. Conversion to HGMs increased when the feed rate was decreased
from 2.3 to 0.5g/min. SEM images of the HGMs after separation in deionized water for all

experiments (Exp.1, Exp.2 and Exp.3) are shown in Fig. 3.

® Exp.3 ® Exp.2 ®Exp.l
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© 35
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feed rate (g/min)

Fig. 2. Feed rate into the flame of precursors on formation to hollow glass microspheres (conversion to HGMS).
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Fig. 3 SEM images of HGMs (a) and cross section of HGMs (b) from experiments (Exp.1, Exp.2,
Exp.3).

CONCLUSION

Hollow glass microspheres were successfully prepared from automotive glass frit by flame
spraying method in oxygen-methane (O2/CHa) flame using sodium sulfate as the blowing agent.
During melting of glass powder mixed with blowing agent the sulfate (SO3) dissolved in
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automotive glasses in the amount of approximately 0.60 + 0.07 wt.%. The conversion to HGMs

depends on the feed rate of glass precursors into the flame. By reducing flow rate from 2.3 to

0.5g/min the formation of hollow glass microspheres increased from 26 to 48 wt.%.
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STATE REACTION AND FLAME SYNTHESIS
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ABSTRACT

The gehlenite glass microspheres, doped with different concentration of Bi** ions (0.5, 1, 3 mol.
%) were prepared by combination of solid state reaction followed by flame synthesis. The
prepared glass microspheres were characterized from the point of view of surface morphology,
phase composition, thermal and photoluminescence (PL) properties by optical and SEM
microscopy, X-ray diffraction (XRD), differential scanning calorimetry (DSC) and PL
spectroscopy. Optical microscopy revealed fully re-melted, spherical and transparent particles.
The closer inspection of glass microspheres surface and cross-section morphology by SEM
microscopy confirmed smooth surface without any indication of crystal phase embedded in
glass matrix and thus amorphous character of prepared glass microspheres. This was further
verified by X-ray diffraction, where only broad amorphous background was observed in XRD
patterns of all prepared samples. The basic thermal characteristics of prepared glasses, i.e. Tg
(glass transition temperature), Tx (onset of crystallization peak temperature), Tr (temperature of
the inflection point of the crystallization peak) and T, (maximum of crystallization peak
temperature) were estimated from the DSC records. The PL emission properties of prepared
glasses and crystalline analogues (glass crystallized at 1000 °C for 10 h) were studied in the
visible and NIR spectral range. When excited at 300 nm, the glasses as well as their crystalline
analogues exhibit broad emission in the visible spectral range from 350 to 650 nm centered at
about 410-450 nm, corresponding to Bi* luminescence centres. The emission intensity of
crystalline samples were found to be at least 30 times higher than emission of the glass
analogues. In addition, the weak emission band was observed around 775 nm under 300 nm

excitation. This band is due to the presence of a minor amount of Bi%* species in prepared
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samples. In the NIR spectral range, the broad band emission was observed in the spectral range
of 1200-1600 nm with the maxima at 1350 nm. The chemistry of Bi and its oxidation state

equilibrium in glasses and crystalline matrices is discussed in detail.
Keywords: Gehlenite, Flame synthesis, Glass microspheres, PL properties, Bi**-doped glasses

INTRODUCTION

Since the nineties, the melilite compounds have been intensively studied due to their interesting
electrochemical- [1], magnetic- [2, 3], luminescence- [4, 5] and structural-properties [6]. Rare-
earth ions doped melilite-type materials representing by gehlenite (Ca2Al.SiO7) have been
intensively investigated over the past few decades. For example, gehlenite doped with Nd®*
ions is a good candidate for diode pumped laser, with a broad absorption around 806 nm [7].
Ca2AlLSiO7:Eu®*, Tb® as a potential candidate for phosphor converted light-emitting diodes
was reported by Yang et al. [8]. Bernardo et al. compared amorphous gehlenite-based Eu3*-
doped phosphor materials with polycrystalline phosphors of the same composition [9]. It was
determined that amorphous phosphor materials contain much more homogenous dopant (or
activator), because they have no grain boundaries to accumulate the dopants.

Recently, the optical properties of Bi doped oxide glasses have been intensively investigated
[10, 11]. These glasses have some interesting properties, such as simple coloring [12], third
order optical non-linearity [13], luminescence in the ultraviolet-visible (UV-VIS) and near-
infrared (NIR) spectral range [14, 15].

Bi ion can exist in materials with different valence state, such as 0, +1, +2, +3 and +5. The UV-
VIS emissions have been attributed to electronic transition of Bi®* and Bi?*. Materials
containing Bi®* ions are presented as potential phosphor for display devices, and different
magneto-optic devices. Bi?*-doped materials are promising novel red phosphors for white light
emitting diodes. The origin of NIR emission is still controversial [10].

In this work, we investigated the luminescence properties of Bi>Oz-doped gehlenite glass
microspheres which have been prepared by solid state reaction and flame synthesis, and the
influence of crystallization on intensity and wavelength of emitted light in visible and near

infra-red spectral range.
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EXPERIMENTAL

Powder precursors for flame synthesis were prepared by solid state reaction, from high-purity
SiO2 (p.a., Polske odczynniki chemiczne, Gliwice), Al.O3 (p.a., Centralchem, Bratislava),
Bi203 (99,9 %, STREM Chemicals, USA) and CaCOs (p.a., Centralchem, Bratislava). The
compositions of prepared systems are summarized in the Table 1. At first, suitable amounts of
the starting powders were weighed and homogenized in an agate mill in isopropyl alcohol for
4 hours. After drying under infra-red lamp the powders were calcined in a two-step process at
1000°C for 4 hours in air. In the next step the calcined powders were annealed at 1300°C for

4 hours in Pt crucible.

Glass microspheres were prepared from powder precursors by flame synthesis. The powders
were fed into CHs-O> flame with the estimated temperature of about 2200°C. The molten
particles were quenched by spraying them with distilled water (to achieve a sufficient cooling
rate to avoid crystallization), separated and dried. To eliminate any residue from flame

synthesis, the glass microspheres were calcined at 650 °C in air for 4 hours.

Primary information on the morphology of prepared microspheres was obtained by optical
microscopy (Nikon ECLIPSE ME 600) in transmitted light at 10-50x magnification. More
detailed examination of prepared glass microspheres was carried out by scanning electron
microscopy (FEG SEM JEOL 7600F) at accelerating voltage 20 kV. The microspheres were
fixed on an aluminum sample holder using conductive adhesive graphite tape and sputtered
with gold (Carl Zeiss SC 7620 sputter coater) to prevent charging. For the SEM examination
of polished cross section of glass microspheres, the microspheres were embedded into
polymeric resin (Simplimet 1000, Buehler), carefully polished to prepare cross sections
(Ecomet 300, Buehler) and sputtered with carbon to prevent charging.

The differential scanning calorimetry measurements were carried out in the temperature range
(30 °C - 1200 °C) with the use of Netzsch STA 449 F1 Jupiter analyser. Nitrogen atmosphere
(5.0 purity), heating rate (10 °C/min) and platinum crucibles with the sample mass = 15 mg

were used in the DSC experiments.

Phase composition of prepared precursor powders and glass microspheres were studied by X-
ray diffraction (Pananalytical Empyrean, CuKa radiation, at ambient temperature in the 260
range of 10-80°). The software High Score Plus (v. 3.0.4, Pananalytical, The Netherlands) was

used to evaluate diffraction data with the use of the COD database. The photoluminescence
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spectra were recorded by Fluorolog FL3-21 spectrometer (Horiba Jobin Yvon) using Xe
(450W) arc lamp as an excitation source.

The influence of crystallinity on luminescence properties of prepared and crystallized samples
was studied and isothermal crystallization experiments at 1000°C for 10 h under ambient
atmosphere were performed.

RESULTS

Preliminary inspection of prepared glasses using optical microscopy revealed that the glass
microspheres were of spherical shape with diameter up to 25 pm (Fig. 1a). The microspheres
were transparent in the visible wavelength region. More detailed examination of prepared micro
beads was carried out by scanning electron microscopy. Representative SEM micrographs of
microspheres are shown in Fig. 1b, ¢, d. Amorphous nature of glass microspheres was indicated
by their smooth surfaces. SEM micrograph of polished cross section confirmed amorphous

character of prepared glass microspheres.

Fig. 1. The results of OM and SEM examination of GBi0.5 sample. Optical micrograph (a),
SEM image glass microspheres (b), SEM image detail (c), SEM micrograph of a polished
cross section (d)
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The phase composition of prepared glass microspheres was identified using XRD, as shown in
the inset in Fig. 2. The absence of any crystalline phases and presence of broad amorphous
shoulder (in 26 range 24°- 36°) in XRD patterns confirmed amorphous nature of the prepared
microspheres. The XRD patterns of crystallized microspheres (Fig. 2) revealed polycrystalline
nature of samples with the presence of gehlenite as a pure phase (01-074-1607 COD) in case
of GBi3 and GBil. In case of GBI0.5, traces of calcium aluminate CaAl204 (00-034-0440 COD)
were also detected.

DSC study of glass microspheres revealed marked differences in thermal behavior of prepared
systems. The DSC records of GBi0.5 and GBil1.0 samples contained one narrow exothermic
peak centered at Tp = 996 °C and 976 °C, respectively. On the contrary, the DSC curve of
GBi3.0 sample contained two broad exothermic peaks centered at 884 and 972 °C. The basic
thermal characteristics of prepared glasses are summarized in Table 1. In addition, the inflection
points of crystallization peaks (Tr1, Tr2) were determined (the first derivates of the DSC curves).
Observed exothermic effects can be attributed to crystallization processes (based on comparison
with reference [16]). The authors reported formation of crystalline gehlenite in the temperature
region between 800°C and 1000°C. From comparison of DSC analysis results with XRD
patterns of crystallized microspheres, we can conclude that in GBil1.0 and GBi3.0 samples,
Ca,AlLSiO7 — gehlenite crystallized as the only phase. In case of GBi0.5, XRD analysis
indicated presence of another phase, calcium aluminium oxide (CaAl20a4). Also, with increasing
content of Bi in the samples, a decrease of the onset of crystallization temperature (Tx) and the
maxima of the crystallization effects (Tp) (Fig.3) was observed which indicated higher
crystallization ability of the GBi3 sample.
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Fig. 2. XRD patterns of crystallized microspheres. The inset shows XRD patterns of Bi
doped gehlenite glassy particles after flame synthesis.
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Fig. 3. Decrease of the onset of crystallization peak temperature (Tx) and maxima of the
crystallization effects (Tp) with increasing content of Bi in the samples

Tab.1. Composition and basic properties of prepared samples, (Tg - glass transition
temperature, Ty - onset of crystallization peak temperature, Ts - temperatures of the inflection
points of the crystallization peaks, Tp - maximum of crystallization peak temperature)

Mol. %
Sampl Al,O | Bi.O XRD Tg/® | T | Te/® | Te/° | Tp/°
e Ca0 . SIOz . quality C C C C C
amorphou | 838 | 978 | 989 | 1003 | 996
cBios | 497 | 2488 | 248 | 05

6 8 S
247 amorphou | 728 | 944 | 962 990 | 976

GBil.0 | 49.5 | 24.75 5‘ 1.0 s
24.2 amorphou | 807 | 862 | 872 890 | 884
GBi3.0 | 48,5 | 24.25 5‘ 3.0 s 933 | 966 | 995 | 973

The PL emission properties of prepared glasses and crystalline analogues (glass crystallized at
1000 °C for 10 h) were studied in the visible and NIR spectral range. The excitation (PLE) and
emission (PL) spectra of prepared samples are shown in Fig.4. Due to the very low PL emission
intensity of glasses compared to the polycrystalline samples, the discussion is mainly focused

on PL properties of polycrystalline samples.

The Bi** ion has 6s? electron configuration and thus the ground state is 'So, and 6s6p
configuration in the excited state, which gives rise to the triplet levels 3P, 3P1, *P2 and singlet

state 1P, in order of increasing energy. According to the dipole selection rules, excitations
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usually occur from the 1So ground state to the 3P; and 3P; states [17]. The excitation spectra

(Amon =410 nm) exhibit broad absorption band centered at about 300 nm, corresponding to

1S,—1P; transition of Bi**, that is slightly red shifted as the concentration of Bi** ions increases

(form 293 to 303 nm); see Fig. 4a. When excited at 300 nm, the glasses as well as their

crystalline analogues exhibit broad emission band in the visible spectral range from 350 to 650

nm centered at about 410-450 nm, corresponding to 3P1—!Sy transition within the Bi®*

luminescence centers. Similar broad band emission was observed by Li et al. [18] in charge

non-compensated and alkali ion charge compensated Bi* doped gehlenite, obtained by solid

state reaction. The emission intensity of crystalline samples is high and was found to be at least

30 times higher than emission of the glass samples. The PL intensity increases with increasing

Bi** concentration. However, for sample with 3 % of Bi** the intensity is lowered thus

indicating that concentration quenching may operate at this doping level.
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Fig. 4. The photoluminescence excitation - PLE (a, ¢) and emission - PL spectra (b, d) of
Bi®*-doped crystallized microspheres
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In addition, the weak emission band was observed around 775 nm under 300 nm light
excitation. This band is due to the presence of Bi?* species in prepared samples. The electronic
configuration of Bi?* is 6s26p! with 2P12 ground state and 2Py, as the first excited state. This
excited state can be further separated by crystal field splitting into two sublevels ?Ps2(1) and
2P312 (2), in order of increasing energy. In fact, the transition 2P32(1)—2P12 is responsible for
emission that is usually observed in the orange-red spectral range (emission maxima 600-
700 nm) [19]. The shift of this emission found in our Bi-doped samples to the deep red spectral

range indicates the strong crystal field splitting of the 2P, states.

In the NIR spectral region, two broad band emissions were observed in the spectral range of
850-1200 and 1600-1600 nm with the maxima at 905 and 1350 nm, respectively (Fig.4 c,d).
The first emission is superposed on the deep red emission originating from 2P32(1)—2P1
transition of Bi?* ions. The concentration dependence of NIR emission intensity follows the
same order as described above for visible range emission. The origin of these NIR emissions is
still the matter of dispute, however, many authors ascribe this transition to the lower oxidation
state of the bismuth, such as Bi*, Bi® or cluster ions [20]. Thus it is reasonable to expect that
the observed NIR emissions originate from Bi* ions incorporated in the gehlenite crystal host.

(a) () (c) (d)
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Fig. 5. (a) The Ca2Al,SiO7 host structure; (b) the incorporation of the Bi®* ions; (c, d) the
incorporation of the Bi?* ions; the incorporation of the Bi* and Bi* ions into the host structure
for charge compensation [18].

The structure of gehlenite (Ca2Al>SiOy) is schematically depicted in Fig.5a. The Ca atoms are
closely surrounded by (AIl/Si)O7 and AlO4 polyhedra creating a porous structure. Ca?* in the
tetragonal Ca,Al,SiOy7 is coordinated with eight O% atoms, forming a distorted polyhedron.
When Bi®* is doped into CaAl;SiOv, it tends to substitute for calcium rather than aluminium

or silicon sites as a result of matched ionic size [note: for Bi** with coordination number (CN)
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of 8, Reis+cn=s = 1.17 A; and Rcaz+cn=s = 1.12 A; Raiz+cn=4 = 0.39 A; Rsis+cn=4 = 0.26 A].
There is however the charge imbalance between Bi®* and Ca?* ions. In general, the charge
imbalance is induced by creation of internal defect, for instance, negatively charged Ca*
vacancies or positively charged O? vacancies. These internal structural defects often lead to
quenching of luminescence due to the energy transfer from luminescence centers to defects.
The Fig. 5b demonstrates such situation, when 3Ca?* ions have been replaced by 2Bi®* ions,
resulting in a Ca?* vacancy: 3Ca?" = 2Bi* + Vca+. In order to compensate the charge defect,
the M* ion (e.g. alkali ions Li*, Na*, K*) should be introduced as the charge compensation or
the Bi®* ions should change its oxidation state to Bi>* and/or Bi* (Fig. 5¢,d). This is most likely
the case in samples studied in this work, as documented by PL emissions originating from three
different bismuth sites, Bi®*, Bi?* and Bi*, respectively. All three bismuth oxidation states were
also observed in PL spectra of the prepared glass samples, however with much lower emission

intensity.

CONCLUSION

Three Bi-doped gehlenite precursor powders with different concentration of Bi** ions (0.5, 1,
3 mol. %) were prepared by a standard solid-state reaction method. X-ray amorphous glass
microspheres, with diameters up to 25 um and transparent in visible light, were then prepared
from the precursor powders by flame synthesis. The addition of various amount of Bi has

significant effect on the thermal properties of prepared glass microspheres:

1. the onset of crystallization temperature of gehlenite glasses decreases with increasing
content of Bi in the samples,

2. apart from the GBIi0.5 glass where traces of CaAl.Os4 were observed, formation of
gehlenite as the only crystalline phase was detected in other two compositions,

3. unlike the two compositions with lower Bi contents (0.5 and 1 %) where only one
exothermic effect was observed, two exothermic maxima were found on the DSC curve
of the GeBi3.0 glass. This behavior, and its relation to structural function of Bi in glass
matrix, requires further investigation.

The PL emission properties of prepared glasses and their crystalline analogues (glass
crystallized at 1000 °C for 10 h) were studied in the visible and NIR spectral range. The
emission intensity of crystalline samples was found to be at least 30 times higher than emission

of the glass analogues. The three types of PL emissions in different spectral regions (visible,
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deep red and NIR range) revealed the simultaneous presence of bismuth ions in three oxidation
states Bi**, Bi?* and Bi*, with the last two oxidation states stabilizing the host structure and
compensating charge imbalance between the Bi** and Ca?* ions. This structural arrangement
favors replacement of Ca" in the crystal host and hence, strong luminescence emission from
Bi®".
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Eu3*/Eu?* DOPOVANE YTRIUM HLINITANOVE SKLA A POLYKRYSTALICKE
FOSFORY EXCITOVANE UV SVETLOM AKO POTENCIALNY KANDIDATI PRE
pc-WLED

Eud*/Eu?* DOPED YTTRIUM ALUMINATE GLASS AND POLYCRYSTALLINE
PHOSPHORS EXCITED BY UV LIGHT AS POTENTIAL CANDIDATES FOR
pc-WLED

K. Haladejova!, R. Klement!, A. Prnova?!, J. Kraxner!, D. Galusek®

1 Vitrum Laugaricio — Joint Glass Centre of the 11C SAS, TnU AD and FChPT STU,
Studentskd 2, SK-91150 Trencin, Slovakia

ABSTRACT

The Eu®" doped glass in the Y203-Al.0s system with eutectic composition (76.86 mol. %
(60 wt. %) Al>Oz3 and 23.13 mol. % (40 wt. %) Y203, corresponding to ~50 mol. % of YAG
and ~50 mol. % of Al.O3) were prepared by flame-spraying synthesis in the form of glass
microspheres from precursor powder synthesized by sol-gel method. The doping level ranges
from 0.5 to 2.0 at. % of Eu®*. The prepared glass microspheres were found to be almost XRD
amorphous. The DSC analysis revealed the two exothermic effects corresponding to
crystallization of glass at characteristic temperatures. The origin of the two crystallization peaks
examined by high temperature XRD (HT XRD) revealed the crystallization of YAG phase
(Y3Als012) up to 1200 °C. The both exothermic effects thus unusually correspond to YAG
phase crystallization; the first peak mainly to nucleation and partial crystallization of YAG
phase, the second peak to crystal growth of YAG phase. The polycrystalline phosphors were
prepared from glass by controlled crystallization at selected time-temperature regime. The
photoluminescence (PL) properties of glass and polycrystalline phosphors were studied in
detail. In as prepared glass, the both oxidation states of europium, Eu* and Eu?*, were found
to coexist in glass matrix. The emission spectra of Eu®* glasses under UV excitation at 393 nm
exhibit intensive red emission in the spectral range of 570-720 nm, while Eu?* containing glass
(excited at 345 nm) emit the light in broad spectral range from 400-700 nm with the emission
maximum at ~520 nm. The PL properties of Eu®*/Eu®*-doped glass and corresponding
polycrystalline phosphors were compared. The prepared phosphors belongs to the family of
good candidates for pc-WLED under UV light excitation.
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INTRODUCTION

The spectroscopic properties of phosphors result from the energy diagram of the doping ion
(rare earth — RE, transition metal — TM, or others), which is affected by crystal field [1]. Indeed,
in certain cases (e.g. Ce3*, Eu?* etc.), the energy levels of particular photoluminescence centre
can be effectively tuned by the crystal field strength of a host matrix thus producing the
emissions from blue to red spectral range. Luminescent materials are widely applied today and
the major applications are in emissive displays and fluorescent lamps [2]. In addition, some X-
ray detection systems are based on luminescent materials as well. However, the major trend in
recent years is the development of phosphors for applications as new white-light sources based

in light-emitting diodes (LEDs), known as solid-state lighting (SSL) systems [1-3].

The yttrium aluminium garnet Y3AlsO12 (YAG) have been used as a host material for
lasers and phosphors for their excellent luminescent properties, remarkable chemical stability
at high temperatures, pronounced corrosion resistance, good mechanical properties, and
excellent structural compatibility [4,5]. Recently, YAG doped with asmall amount of
luminescent ions such as Eu, Ce and Th became widely used as a solid-state optical material in
the illumination and display field. For instance, cerium-activated YAG is suitable for
converting the blue light into a very broad yellow emission and is used in a white light-emitting
diode [6, 7]; furthermore, ytterbium-activated YAG is of interest for diode-pumped solid-state
lasers [8] whereas terbium-and europium-activated YAGs are promising green and red
phosphors for plasma display panels [9]. However, there is also a great interest in fabrication

of transparent YAG ceramics [10-12].

Various methods have been utilized to synthesize YAG-based phosphors. Nevertheless,
it is difficult to obtained Eu?*-doped YAG phosphor through conventional methods, such as
synthesis under reduction atmosphere, because Eu®* is very difficult to reduce to Eu?* ion in
the YAG crystal lattice. On the other hand, the frequently used Eu20s is very stable and cannot

be reduced to Eu?* at low temperatures [13,14].

In this work, we report the preparation of Eu®/Eu?*-doped Y203-Al,03 glass by
combination of the sol-gel method based precursor synthesis and flame spraying technique. The
glass and corresponding polycrystalline glass-ceramics were characterized and their thermal,

structural, and photoluminescence properties were studied in detail.
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EXPERIMENTAL

The yttrium aluminate glass microspheres with composition of Y40A60 doped at different Eu®*
concentration level have been prepared from precursor powders by flame spraying technique.
Precursor powders were synthesised via sol-gel process employing citric acid as complexing
and ethylene glycol as polymerizing agents [15]. Yttrium oxide and europium oxide were
individually dissolved in diluted nitric acid. Analytical-grade aluminium nitrate was dissolved
in deionized water. The ratio of ethylene glycol to citric acid used in present work was 1:1.
Stoichiometric amount of above solutions were mixed and the final solution was initially heated
at 85°C in air and continuously stirred for 2 hours, until the solution turned to yellowish sol.
Then the sol was heated at 80°C and stirred continually to get sticky gel. The gel was rapidly
heated to 120°C and auto-combustion process took place yielding a yellowish fluffy precursor.
The precursor was calcined in a resistant heat furnace at 1000°C for 4h in air to remove all
organic residue. Finally, the white precursor powders were obtained. The as prepared precursor
powders were fed into methane-oxygen flame to melt the particles. The molten glass droplets
were quenched with de-ionised water and glass microspheres were collected and separated by
rapid filtration. The reduction/oxidation of the glass samples (Eu®* — Eu?*/ vice versa) were
carried out in N2:Hz (10 vol. % H2)/O> atmosphere at 750 °C/24h, respectively. The
polycrystalline samples were prepared in two steps: first, the glasses were reduced/oxidised in
N2:H2 (10 vol. % H>)/O, atmosphere at 750 °C/24h, and than crystallised at 1050 °C/24h in the

same atmosphere.

The morphology of prepared glass microspheres was examined by optical (Nicon Eclipse
LV100ND) and SEM microscopy (JEOL JSM-7600 F/EDS/EBDS). The composition of the
prepared glass was determined using EDS analysis on the polished microspheres cross-section
surface; the powder was embedded into a polymeric resin, polished and sputtered by carbon.
The glassy character of the prepared glass microspheres and phase composition of
polycrystalline samples were confirmed by XRD analysis using the Panalytical Empyrean X-
ray powder diffractometer (XRD) with CuK-radiation, at ambient temperature in the 26 range
of 10-80°. The phase evolution during the glass crystallization process in the temperature range
of 600-1500°C was studied on the same diffractometer using a high temperature cell Anton
Paar HTK16. The thermal properties of prepared glass and their crystallization process were
examined using differential scanning calorimetry (DSC) on simultaneous thermal analyser
Netzch STA 449 F1 Jupiter (TG/DTA/DSC) at the heating rate of 10°C/min in the temperature
range from 25°C to 1300°C. The photoluminescence steady state (PL) spectra were recorded at
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RT on the Fluorolog (FL3-21, Horiba) spectrometer equipped with a 450W xenon lamp as an
excitation source. The decay curves were recorded either on phosphorescence module (for Eu®*)
or using the TCSPC technique (Time Correlated Single Photon Counting, for Eu?*) on the same

spectrometer. The pulsed Xe-lamp or pulsed laser diodes were used as an excitation source.
RESULTS

The composition of the prepared glass was derived from the eutectic composition in the
pseudobinary system Al,03-Y3Al5012 — 60 wt% (76,8 mol%) Al,Oz and 40 wt% (23,2 mol%)
Y20s. The glass was doped with small amount of Eu®* ions at the concentration level of 0.5 to

2 at. %. The composition of all prepared aluminate glass is summarized in Table 1.

The obtained glass microspheres were first examined by optical microscopy and SEM (Fig. 1)
that revealed spherical particles with diameter ranging from a few to several tens of microns.
Closer inspection by SEM shows regular features at the surface of very small portion of
microspheres indicating that some of them were at least partially crystalline. The composition
of prepared glass determined by SEM-EDS was found to be very close to the theoretical
composition (Tab. 1). The SEM-EDS element mapping revealed the homogeneous distribution
of Eu®* ions in the samples.

Tab. 1: Composition of prepared glass microbeads.

Theoretical composition EDX determined composition

SAMPLE SAMPLE
Y,03 Al,03 Eu,03 Y,03 Al;03 Eu,0s
A6Y4Eu0,5 76,836 22,887 0,250 A6Y4EuO0,5 | 77,2+1,2 22,6+0,8 0,3%0,1
A6Y4Eul,0 76,836 22,637 0,500 A6Y4Eul,0 | 76,5+1,7 22,9+0,8 0,5+0,1
A6Y4Eul,5 76,836 22,387 0,750 A6Y4Eul,5 | 76,4+1,1 22,8+0,6 0,8+0,1
A6Y4Eu2,0 76,836 22,137 1,000 A6Y4Eu2,0 | 76,4+1,1 22,5+0,7 1,1+0,1

Fig.1:The SEM images of A6Y4Eul,5 glass microspheres.
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The prepared glass microspheres were found to be almost XRD amorphous within detection
limit (not shown). When glass microspheres were crystallised at 1050°C/24h, the diffraction
patterns of all crystallized samples indicate the presence of only one phase identified as
Y3Als012 (YAG) phase (JCPDS file 33-0040). No other crystalline phases could be detected.
The glass thermal properties were examined by DSC analysis. The DSC records of the glass
microbeads are shown in Fig. 2. They exhibit two exothermic effects corresponding to
crystallization of glass at characteristic temperatures; peak 1: Txi ~920°C (onset),
Tp1 ~ 935 °C (peak), peak 2: Txo ~ 990 °C and Tp2 ~ 1000 °C, respectively. The glass transition
temperature (Tg) was found to be in the range 882-902 °C (880 onset, 883 maximum, 902
endset of endothermic effect). It should be noted, that while the first peak temperature is almost
the same for all studied samples with different composition, there is a slight temperature shift
observed for the second peak. The origin of the two crystallization peaks (exothermic effect)
was studied by high temperature XRD (HT XRD) that surprisingly revealed the crystallization
of only YAG phase (Y3Als012) up to the temperature of 1200 °C. The crystallization of a-
Al>03 phase was observed at temperatures above 1300 °C. The both exothermic effects in DSC
traces thus unusually correspond to YAG phase crystallization; the most probably, the first peak
mainly to nucleation and partial crystallization of YAG phase, the second peak to crystal growth
of YAG phase.

—— ABY4EU0,5
——ABY4Eu1,0

ABY4EuU1,5
— ABY4Eu2,0

EXO

T ) ) L 1 T
850 900 950 1000 1050 1100

Temperature (°C)

Fig.1: DSC curves obtained from as-prepared glass microspheres.

The emission spectra of as prepared Eu*-doped glass microspheres are presented in Fig. 3a;
the samples were excited at 393 nm. The emission bands are relatively broad which indicates
that the Eu®* luminescence centres are embedded in the glass or disordered host matrix. The
emission lines show the characteristic orange-red peaks of Eu®*, corresponding to the intra-

configurational parity-forbidden 4f-4f transitions from the excited °Do level to the 'F;
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(3=0,1,2, 3and 4) levels of 4f® configuration. However, an anomaly was observed in the
intensity vs. concentration of Eu®* ions in the glass matrix. The emission intensity is almost the
same for samples containing 1.0 and 1.5 at. % of Eu* and then again increases for sample with
2.0 at. % of Eu®*. In case when no concentration quenching operates in studied samples the
emission intensity should gradually increase with increasing Eu®* concentration. If the
concentration quenching operates, the emission intensity should reach the maximum at specific
Eu* concentration and then decrease with increasing concentration of PL active ions.
Moreover, closer inspection of emission spectra at lower wavelength region (400-550 nm)
revealed low intense broad emission not associated with Eu®* ions. When the glass was excited
by 345 nm excitation light, the very broad emission in range from 400 to 750 nm was observed
which is superposed with Eu®*" orange-red emission (Fig. 3b). The very broad emission can be
assigned to the allowed 4f°5d* — 4f" transition of Eu?* ions. This leads to the conclusion that
there is an equilibrium between Eu* and Eu?* ions in the as prepared glass microspheres. To
suppress the Eu?* oxidation state in europium doped samples, the glass was treated in oxidation
atmosphere (O2) at temperature sufficiently below Tg (at 750°C for 24h) not to promote the
glass crystallization. The PL spectra shows similar features as spectra of not treated samples,
broader bands typical for Eu®" ions in disordered hosts, however, the emission intensity
gradually increases from Eu®" concentration 0.5 at. % up to 2.0 at. %. Therefore, no
concentration quenching operates in that Eu®* concentration range of yttrium aluminate glass.
The decay curves for the O treated glass samples were recorded under 393 nm excitation while
monitoring emission at 613 nm. The decay curves were well fitted with single-exponential
decay function with the lifetime of 1.55 ms for all Eu* concentrations, further indicating that
no concentration quenching affect the lifetime of red emission. The polycrystalline phosphors
were prepared from the glass by controlled crystallization at 1050°C/24h in O2 atmosphere. The
PL emission spectra of polycrystalline phosphors (Fig. 3c) are significantly different than those
originating from glass samples. The emission lines are very narrow indicating that Eu* ions
are effectively embedded into the YAG crystal host; the Eu®" ions substitute Y3* ions in the
YAG crystal lattice. Moreover, the alteration of the emission intensities of °Do — ’F1 (induced
electric-dipole allowed transition) and °Do — F, (induced magnetic-dipole allowed transition)
transitions was observed when going from disordered (glass) to ordered (crystal lattice)
environment around the Eu®* ions. It is well known, that the local environment around Eu®*
does not affect °Do — ‘F1 PL (independent of local environment), but the probability of

°Dy — 'F, relaxation strongly depends on ligand symmetry (structural symmetry of the
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coordination polyhedra). Thus, the PL integrated intensity ratio of both transitions R (R =
I(°Do — "F2)/1(°Do — "F1)), so called asymmetry ratio, can be used as a measure to evaluate the
ligand symmetry of the Eu®" sites. In general, a low value of R represents a high ligand
symmetry and a low bond covalency of Eu®* sites. The R value for the glass samples was found
to be ~4.5, which indicates that Eu* ions occupy highly non-centrosymmetric sites in the glass.
For the polycrystalline samples with YAG:Eu®* phase, the R values around 0.6 suggest that

Eu®* ions are located in much more symmetric and less covalent coordination environment.
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Fig. 2: (a,b) Emission spectra of as-prepared A6Y4:Eu®*/Eu?* glass microspheres. (c) Glass microspheres
treated in Oz atmosphere at 750°C/24h and crystallised at 1050°C/24h. (d) Glass microspheres treated in
H2:N2 (10 v/v % H2) atmosphere at 750°C/24h and crystallised at 1050°C/24h

The PL intensity increases with increasing Eu* concentration similar as for the glass analogues
treated in O2 atmosphere, and no concentration quenching was observed. The decay curves (at
excitation 393 nm and 590 nm emission monitoring) were fitted with single-exponential decay
function with the lifetime of 3.73 ms for all Eu®* doped samples. These values are somewhat

higher than those found for glass samples.
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In order to convert the Eu®* ions to Eu?* ions, the glass samples were reduced in the Na:H
(10 vol. % H) atmosphere at 750 °C for 24h. The polycrystalline samples were prepared from
reduced glass (750 °C/24h) by crystallization in reduction atmosphere at temperature 1050 °C
and time 24h. However, it should be noted, that even after a long time, the reduction Eu®*—Eu?*
was not complete due to the high stability of the Eu®" ions in the glass and YAG phase,
respectively. The emission spectra of the glass and polycrystalline samples are unusually broad
with emission ranging from 400 to 750 nm (Fig. 3d). The FWHM (Full Width at Half
Maximum) was found to be 170 nm (5885 cm™) which is one of the highest values reported so
far. This broad emission originates from allowed 4f®5d* — 4f transition of Eu?*. The maximum
emission intensity was observed for the concentration 0.5 at. % of Eu, and with increasing
concentration the emission intensity significantly decreases. The same trend was found for
polycrystalline samples, but emission intensity was several times (3x for 0.5 at. % Eu) higher
than observed for glass analogues at the same Eu concentration. Moreover, after crystallization
the emission maximum is significantly blue shifted compared to glass. The luminescence decay
obeys two-exponential law with lifetimes decreasing with increasing Eu concentration in the
prepared samples (Fig. 4). This decrease is most likely due to the defects that are created in the
glass during the reduction and in crystal host as Eu?* ions substitutes Y** (charge imbalance) in

the crystal lattice; energy transfer from Eu?* to defects.
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Fig. 4: The decay curves for reduced Eu-doped glass (left) and decay time vs. Eu concentration
(right).

To evaluate the material performance on color luminescent emission, CIE chromaticity
coordinates were evaluated adopting the standard procedures [16]. In general, the color of any
light source can be represented as an (X, y) coordinate in the color space. The chromatic
coordinates (X, y) were calculated as follows [17]: x = X/(X+Y+Z) and y = Y/(X+Y+Z) where X,
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Y,and Z are defined as X = [X(1)s(1)dA; Y = [y(D)s(D)dA; Z = [Z(A)s(A)dA; x (1), y(A),
z(A) are CIE x, y and z color matching functions, respectively and s(2) is the spectrum (spectral
power distribution) of a light source. The (x, y) values for studied samples were calculated from
corrected PL emission spectra under excitation at 345 and 393 nm and selected values are
summarised in Fig 5. The values of (x, y) coordinates of samples oxidised in O atmosphere
were found to be (0.647, 0.353) for glass and (0.620, 0.379) for polycrystalline analogue at
393 nm excitation and are very close to the “Red” line. These values are comparable with the
commercial red phosphors like Y,03:Eu®* (0.645, 0.347) and Y20,S:Eu®" (0.647, 0.343). On
the other hand, the reduced samples with 0.5 at. % of Eu emit almost white light under 345 nm
excitation; for glass, the emission with greenish hue was observed, while polycrystalline

analogue emits almost cold white light.

CIE 1931
Aec=345nm Y
reduced 0, atm.
(0.312;0.422)
Aoxc=393nm
(0.620;0.379)

(0.260;0.339)

(0.647;0.353)

X

Fig. 5: The CIE 1931 color coordinates of emitted light from samples under UV excitation. The
photographs represent the sample in daylight and either reduced or oxidised samples irradiated by
UV light 345 and 393 nm, respectively.

CONCLUSION

The Y40A60 phosphors with the coexistence of Eu* and Eu?* ions have been successfully
prepared by flame-spraying technique. The thermal properties were studied by DSC technique
and characteristic temperatures have been estimated for two exothermic effects observed in
DSC traces. These exothermic effects unusually correspond to YAG phase crystallization. The
luminescence spectra of the Eu®* doped glass and crystallized glass show red emission under
NUV excitation. The Eu®* decay time values of glass/polycrystalline phosphors were 1,55 and
3,73 ms, respectively. No concentration quenching was observed. Broad emission band in
spectral range 400-750 nm with FWHM 170 nm and CIE (0.260, 0.339) —close to white light—
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corresponds to Eu?* in glass/polycrystalline materials. Emission intensity/lifetime decreases
with increasing Eu?* concentration due to the energy transfer from Eu?* to defects. The prepared

materials are very promising candidates for pc-WLED applications.
ACKNOWLEDGMENT

The financial support of this work by the projects SAS-NSC JRP 2015/16 and VEGA 1/0631/14, is
gratefully acknowledged. This publication was created in the frame of the project "Centre of excellence
for ceramics, glass, and silicate materials” ITMS code 262 201 20056, based on the Operational
Program Research and Development funded from the European Regional Development Fund.

REFERENCES

[1] Ye, S. Xiao, Y.X. Ma, Y.Y. Zhang, QY. Mater. Sci. Eng. R. 71(2010) 1-34.
[2] Ronda, C.R. Jiistel, T. Nikol, H. J. Alloys. Compd. (1988)669-76275-277.
[3] Lin, C.C. Liu, R.S. J. Phys. Chem. Lett. 2 (2011) 1268-77.

[4] Nyen, Y.T. Lu, T.H. Bandi, V.R. Chen, I.G. Microstructure and photoluminescence
characterizations of Y3AlsO12:Ce phosphor ceramics sintered with silica, J. Am. Soc. (2012)
1378-82.

[5] Li, j. Chen, Q. Feng, G.Y. Wu, W.J. Xiao, D.Q. Zhu, J.G. Optical properties of the
polycrystalline transparent Nd:YAG ceramics prepared by two-steps sintering, Ceram. Intern.
38 (2012) 649-52.

[6] Nien, Y.T., Chen, K.M. Chen, G. J. Am. Ceram. Soc. 93 (2010) 1688.
[7] Yang, H. Zhu, G. Zhang, C. Li, F. Xu, H. Yu, A. J. Am. Ceram. Soc. 95 (2012) 49.

[8] Rumpel, A. Voss, M. Moeller, M. Habel, F. Moormann, C. Schacht, M. Graf, T. Ahmed,
M.A. Optic. Lett.. 37 (2012) 41188.

[9] Sharma, P.K. Dutta, R.K. Pandey, A.C. J. Nanopart. Res. 14 (2012) 731

[10] Hreniak, D. Fedyk, R. Bednarkiewicz, A. Strek, W. Lojkowski, W. Opt. Mater. 29 (2007)
1244,

[11] Lukowiak, A. Wiglusz, R.J. Maczka, M. Gluchowski P. Strek, W. CHem. Phys. Lett. 494
(2010) 279.

[12] Ikesue, A. Aung, Y.L. J. Am. Ceram. Soc. 89 (2006) 1936.

[13] Yu, X. Xu, X.H. Yang, P.H. Jiao, Q. Yang, Z.W. Song, Z.G. Qiu, J.B. Optical properties
of Eu-activated calcium aluminosilicates synthesized in different atmospheres, Opt. Mater. 34
(2012) 931-4.

[14] Piao, X.Q. Machida, K. Horikwa, T. Yun, B.G. Acetate reduction synthesis of
Sr,SisNg:Eu?* phosphor and its liminescence properties, J. Lumin. 130 (2010) 8-12.

82



[15] Prnova, A. Bodisova, K. Klement, R. Migat, M. Veteska, P. Skratek, M. Bruneel, E. Van
Driessche, J. Galusek, D. Preparation and characterization of Yb203-Al>O3 glasses by the
Pechini sol gel method combined with flame synthesis, Ceram. Int. 40 (2013) 6179-6184.
[16] Publication CIE no 17.4. International Lighting Vocabulary, Central Bureau of the
Commission Internationale de L’E’ clairage, Vienna, Austria, 1987.

[17] G.B. Stringfellow, M.G. Craford, High Brightness Light Emitting Diodes, Semiconductors
and Semimetals, vol. 48, Academic Press, 1997, p. 247.

83



WILLEMITE BASED PHOTO LUMINESCENT MATERIALS. GRAIN
MORPHOLOGY AND FLORESCENT SPECTRA BY USING DIFFERENT
ACTIVATORS OF LUMINESCENCE

Peter Svanéarek, Robert Klement, Dusan Galusek

Vitrum Laugaricio — Joint Glass Centre of the IIC SAS, TnU AD and FChPT STU, Trencin,
Slovakia

e-mail: peter.svancarek@tnuni.sk

ABSTRACT

Orange - red light emitting Zn,SiO4:Eu®" phosphors have been synthetized from a mixture of
ZnO, SiO7 and Eu203 powders as the reagents by solid-state reaction in ambient atmosphere at
1300 °C (2 h isothermal heating),. Eu®" ion was selected as an efficient activator emitting in
orange-red wavelength range. Orange emission at the wavelengths between 587-597 nm is
allowed by °Do — “F1 transition. Orange to red emission at the wavelengths between 610-623
nm and a relatively strong red emission at 690-705 nm is allowed by the Do — ‘F2 and
5Dy — "F4 transitions, respectively. Because Eu®" is trivalent cation, it is not interchangeable
with divalent Zn?* cations easily. Therefore, various doping concentrations of Li* cations
ranging from 0 to 5 at% were added for charge compensation, and the influence of Li* addition
on grain morphology, spectral characteristics and fluorescent properties of Eu®*-doped
willemite was studied. The addition of Li* cations leads to thickening of willemite region at the
surface of SiO; grains as well as better incorporation of Eu®* cations into the willemite host
matrix. Spectroscopically, the doping by Li* cations results in more intensive luminescence
caused by higher fraction of optically active Eu®* cations built in the willemite matrix, and
emergence of a wide band centered at around 760 nm which most likely originates from
structural defects.

Keywords: willemite, Eu®*, Li*, orange-red luminescence, charge compensation,

INTRODUCTION

Willemite (Zinc Silicate) is one of the best known fluorescent minerals in nature and in the past
it was used as a source of zinc. Because of natural occurrence and similar ionic radii, the Mn?
is often found to replace Zn?* cations in the crystal lattice. When subjected to ultraviolet
(254 nm) irradiation, the alpha willemite emits bright green light due to manganese impurities
in its crystal lattice. Its chemical and thermal stability is often a reason why this compound is
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often selected as a phosphor of choice. X-ray, UV light or electron radiation are used as energy
carriers to charge willemite crystal lattice, and Mn?* ions, which are incorporated into the lattice
as a substitute for small fraction of Zn?* ions.

In this work we focused on preparation of Eu®*doped willemite. Because industry demands
highly efficient and easily obtainable phosphors, solid state synthesis was selected as a
preparation route due to its simplicity. The main problem encountered during the synthesis was

insufficient fraction of Eu* ions built into the crystal lattice of willemite. The cause is twofold:

1. The crystal ionic radius of Eu®* is much larger than that of Zn?* (108.7 pm for Eu®* vs
88 pm for Zn?*) which inherently leads to deformation of crystal lattice [1].
2. The presence of three-valent cations (Eu®*) which replace Zn?* cations leads to creation
of vacancies in the willemite crystal lattice.

While there is no way to change ionic radius, the vacancies may be filled by other ions to
compensate the charge imbalance. For charge compensation, the monovalent cations such as
Li*, Na* and K* are most often used. [2]. Conveniently, the lithium cation has ionic radius close
to the ionic radius of Zn?*.
The luminescence spectra of Eu®* doped willemite is much more complex then Eu?* doped
willemite [3] and Stark splitting in the strong crystal field is often observed when the symmetry
at Eu®* ion site is low. Transitions from base Do — "Fx (x=0, 1, 2, 3, 4...) allows luminescence
from orange (for x=0, 1, 2) to red (for x= 3, 4...) part of spectra. [4].
In this paper we report on the effect of Eu* concentration as well as the effect of co-doping by
various concentrations of Li* to observe effects of Eu*/Li* molar ratio on luminescence
intensity in orange-red emitting Zn,SiO4:Eu®" phosphors under UV light excitation. The
phosphors were prepared by solid-state reaction in the ambient atmosphere with the ZnO/SiO>
molar ratio equal to 1. The Eu®* and Li* concentrations were varied in the lower concentration
region (0 to 5%).
EXPERIMENTAL
The SiO», ZnO, Li,CO3 and Eu,0s3 of analytical grade or higher purity were weighed to obtain
mixtures of powders with compositions corresponding to Zny.y.EuyLi,SiOs (Table 1).

ZnO SiO, Eu,03 Li.O
W 0.03Li 0.97 1 0 0.015
W 0.03Eu 0.97 1 0.015 0

W 0.03Eu 0.03Li 0.94 1 0.015 0.015




W 0.01Eu 0.01Li 0.98 1 0.005 0.005
W 0.005Eu 0.005L.i 0.99 1 0.0025 0.0025
W 0.0025Eu 0.0025Li 0.995 1 0.00125 0.00125
W 0.005Eu 0.01Li 0.985 1 0.0025 0.005
W 0.005Eu 0.02Li 0.975 1 0.0025 0.01
W 0.005Eu 0.03Li 0.965 1 0.0025 0.015
W 0.005Eu 0.05Li 0.945 1 0.0025 0.025
Table 1. Molar compositions of Eu®* doped willemite phosphors

Fine powders were prepared by ball milling and homogenization of powder mixtures in
vibratory mill for 30 minutes. Obtained mixture of fine powders was calcined for 2 h at 1300 °C
in air. For the SEM/EDX analysis (JEOL JSM-7600 Thermal FE SEM) powders were cast into
phenolic conductive resin and polished by diamond polishing disc. The phase composition was
determined using powder X-ray diffraction (PANalytical Empyrean Series 2 X-ray
diffractometer). Both emission (PL) and excitation (PLE) fluorescence spectra were measured
by Fluorolog 3 (FL3-21, Horiba) fluorescence spectrometer in front-face mode. The Xe-lamp
(450 W) was used as an excitation source. All emission spectra, measured at RT, were corrected

for spectrometer and excitation lamp response.

RESULTS AND DISCUSSION

SEM has shown significant differences in morphology of the calcined powder products.
Lithium free samples contained grains with sizable dark core (SiO2) and lighter shell
(willemite). In addition there were grains of unreacted Eu.Oz (Fig 1.A.). However, addition of
lithium changed the situation. Not only the willemite shell expanded in volume, but willemite
was present also in the SiO> cores (Fig. 1. B and C. vs A.). This suggests the Li* ions promoted
the diffusion of Zn?* and other ions into the interior of SiO, powder particles. SEM-EDX
mapping and point analysis revealed that distribution of Eu** in europium doped samples was
not uniform; the aggregates containing relatively high concentration of Eu®* were studied in all
studied specimens (up to 15 at. %: note the volume of analyzed material is given by the diameter
of the electron beam and the depth of its penetration. It therefore includes also surrounding
material into the analysis, efficiently decreasing the measured values. The real concentrations
of Eu in Eu-rich regions is probably much higher). High dissimilarity in crystal ionic radii
between Zn?* and Eu®* as well as the difference of charges of these cations are considered being

the reason for compositional inhomogeneities in the synthesized material.
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Fig. 1 A comparison of microstructures of
willemite prepared by direct thermal
synthesis A) doping0.03Eu; B) co-doped
0.03Eu/0.03Li and C) doped 0.03 Li .

S is unreacted SiOz, W is willemite, E is
unreacted Eu20s, F is filler (aluminosilicate)

from conductive casting compound

25um

The X-ray powder diffraction patterns of all four studied systems showed the presence of
willemite (Zn»SiO4) as a major crystalline phase, together with traces of unreacted SiO>
(cristobalite). Small amount of detected cristobalite suggests that the majority of SiO, remains
in amorphous state. The XRD patterns corresponding to Li* undoped and co-doped analogues
are almost identical and no lithium containing phases were identified.

The photoluminescence emission and excitation spectra are shown in Fig. 2 and Fig. 3. It is
common knowledge that °Do — "Fo1 transition is directed by selection rules for intermediate
magnetic-dipole coupling AJ = 0, £1, and the °Do — 'F245 are allowed electronic-dipole
transitions. Generally, when the Eu®* ion occupies the crystallographic site with inversion
symmetry, its magnetic-dipole transition °Do — ‘F1 orange emission dominates in the emission

spectrum, while the electric-dipole transitions °Do — "F2,4 red emission is dominant if the Eu®*
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ion is located at an non-inversion center. Based on such general presumptions, Eu* ions most
likely occupy both inversion and non-inversion lattice sites in the studied systems. Very well
resolved splitting of °Do — "F1 2 transitions to three and five lines is observed due to the Stark
splitting in the strong crystal field which also indicates that the symmetry at Eu®* ion site is

low.
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Fig. 2: The representative excitation (upper) and emission spectra (lower) of the Eu3*-doped
willemite equimolarly charge compensated by Li* ions. Inset: Li*-doped willemite

matrix.

The doping of RE ions into the Zn>SiO4 matrix is very difficult due to two reasons: (1) the ionic

radius of RE3* ions (e.g. Eu* ~ 100 pm) are much larger than that of Zn?* ions (~ 74 pm), and
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(2) substitution creates a charge imbalance, as RE®" ions substitutes the Zn?* sites in the
willemite host matrix. The charge compensation from local defect sites results in the lattice
deformation, which is not desired, and the created defects may affect the luminescence
properties to some extent. It is therefore much more convenient to provide a charge
compensating material for the formation of a stable compound. The alkali metals, like Li, Na,
K, are the most suitable candidates in this respect. In order to reduce the number of defects, Li*
ions were added into the Zn,SiO4:Eu* as charge compensator. Two Zn?* ions are replaced by

a Eu®* ion and a Li* ion in the Zn,»SiO4 lattice.

T T T T T T T T T T T T T
10 Excitation spectra

o8 — 0.005Eu/0.005Li -1x
0 — 0.005Eu/0.01Li - 2x
0 0.005Eu/0.02L.i - 4x
—— 0.005Eu/0.03Li - 6x
— 0.005Eu/0.05Li - 10x

W 40 40 40 40 480 A =613 nm
‘mon

Wavelength (nm)

Normalised intensity (a.u.)

Intensity (a.u.)

T T

T T T T
250 300 350 400 450 500 550
Wavelength (nm)

T T T T T T T T T T T T T T T T T T T

— 0.005Eu/0.005L.i -1x
— 0.005Eu/0.01Li - 2x
0.005Eu/0.02L.i - 4x
— 0.005Eu/0.03Li - 6x
— 0.005Eu/0.05L.i - 10x
0.00Eu/0.03Li

Moo = 393 nm

Intensity (a.u.)

T T T T T T T T T

T
540 560 580 600 620 640 660 680 700 720 740 760

Wavelength (nm)

89



Fig. 3: The excitation (upper) and emission spectra (lower) of the Eu**-doped willemite,
charge compensated by different amount of Li* ions. The inset represents the

normalized intensity excitation spectra.

The PL properties were studied in two types of samples. Fist, the effect of dopant concentration
on the luminescence was investigated (samples equimolarly charge compensated by Li* ions).
Then the sample with highest emission intensity was selected and the effect of Eu*/Li* ratio
was studied to reveal how this ratio affects the luminescence properties of prepared samples.
The representative excitation (PLE) spectrum of the Eu* doped willemite samples is shown in
the Fig. 2. The PLE spectra of all samples were monitored at 613 nm and recorded in the
spectral range from 230-560 nm. The PLE spectra exhibits the features typical for Eu®* ions,
i.e. the broad band and several sharp peaks between 320-600 nm. The broad band absorption
centered at 274 nm is associated with charge transfer transition in the Eu*—0? species and
sharp lines are assigned to the intra-configurational 4f-4f transitions of the Eu®* ion with the

highest intensity absorption at 393 nm corresponding to 'Fo — °Ls transition.

The photoluminescence emission (PL) spectra of Eu®" doped willemite at different
concentration levels are shown in Fig. 2. The PL spectra of studied samples exhibit five major
emission bands attributed to 4f-4f transitions of the Eu®* ions originating from °Do — F; levels
(J=0,1,2, 3, 4). The transitions corresponding to 'F1 and ’F, levels are clearly separated into
three and five lines due to the crystal field splitting (Stark splitting). In addition, one can observe
the increase of background intensity that is clearly observed over the 710 nm in the measured
spectra of all studied samples. The emission spectra measured in extended spectral range up to
850 nm (NIR range) revealed the broad emission band with the maximum intensity at about
760 nm (spectra not shown); the intensity of this band increases with increasing Li*
concentration. To clarify the origin of this emission, the Eu*-free sample was prepared with
the Zno.g7Li0.03Si03 composition. It should be noted however, that no NIR emission was
observed in the Li* free ZnSiOs composition. The excitation and emission spectra are shown in
the inset in Fig. 2. The PLE spectrum exhibits two absorption broad bands centered at 306 and
390 nm, respectively, and the band with lower intensity effectively overlaps with the Eu®*
absorption at 393 nm ("Fo — °Lsg transition). When excited at 393 nm, the un-doped sample
shows broad emission in the spectral range from 660 to 850 nm with the band maximum
emission intensity at ~ 750 nm. This type of emission was also observed in Zn;SiOs,
Si02/Zn,Si04 and Zn0O/Zn,Si04/Si02 composites [5, - 7], and attributed to the energy transfer
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from Zn,SiO4 to NBOHSs (non-bonding oxygen) interface defects. These defects are certainly

induced in higher extent by Li* co-doping and play a key role for luminescence phenomena.

The PL intensity originating from Eu®* luminescence centers increases up to 0.005Eu/Li
sample, than gradually decreases with increasing content of Eu®* and Li* ions in the samples,
which is most likely due to concentration quenching and /or energy transfer to the structural
defects in the host lattice. The effect of Eu®*/Li* ratio on emission intensity of studied samples
is documented in Fig. 3. As the Eu®*/Li" ratio increases the PL intensity due to the luminescence
of Eu®* centers decreases, while the NIR emission intensity at 760 nm increases. The highest
Eu®* PL intensity was found for Eu®*/Li* ratio equal to 1 (predominantly charge compensation
effect). This clearly indicates that number of structural defects in the Zn,SiO4 host increases.
Their higher concentration thus finally results in significant reduction of Eu®** PL emission
intensity as a consequence of luminescence quenching by Li* induced structural defects in the

Zn,Si04 crystal host.
CONCLUSIONS

The positive effect of Li* co-doping on PL emission Eu* centers was observed. Increase of
intensity in Eu®*/Li* doped systems, compared to system without Li* co-doping can be
explained by the charge compensation effect. The formation of vacancies is not favorable for
the emission PL activator (Eu®*) because of the energy transfer from activator to vacancy is
more efficient, and hence a certain amount of vacancies will negatively affect the
photoluminescence intensity. On the other hand, the Li* co-doping may induce the formation
of structural defects in the Zn,SiO4 host lattice, which is documented by the luminescence of
NBOHs interface defects in NIR spectral range (600-850 nm with band maximum at 760 nm).
As the Eu®"/Li* ratio increases the PL intensity due to the luminescence of Eu®* centers
decreases, while the NIR emission intensity at 760 nm increases. The highest Eu®* PL intensity
was found for Eu®*/Li* ratio equal to 1 (predominantly charge compensation effect). The higher
concentration of defect sites thus finally results in significant reduction of Eu®* PL emission
intensity as a consequence of luminescence quenching by Li* induced structural defects in the

Zn,Si04 crystal host.
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ABSTRACT

Transparent ceramics are attractive optical materials that offer many advantages over single
crystals, including greater shape control, higher homogeneity of the dopant, and faster and
lower cost fabrication methods. Transparent polycrystalline ceramic can be used as replacement
of glass and single crystals in production of solid state lasers. Successful preparation of
transparent polycrystalline ceramics requires high purity nanopowders with good sinterability
and deagglomated particles. Such nanopowders are then shaped into green bodies with high
relative density (usually more than 55%). Among transparent ceramic materials yttria ceramics
has been developed for applications in e.g. solid state lasers. Y203 transparent ceramics are also
very efficient NIR-visible up-converters, and can be used as materials for X-ray scintillator
applications. Our results report on preparation of Y203 nanopowders by precipitation method
using ammonium hydroxide as precipitation agent. The influence of precipitation agent and
concentration of reactants, morphology, particle size and degree of agglomeration was
evaluated. Partly agglomerated powders with the primary size of Y203 nanoparticles ~200 nm
with cubic crystal structure were prepared. The optimum concentration of ammonia
precipitation agent was found to be 0.5N. Ultrasonic deagglomeration of the powder was most

efficient if the pH value was adjusted to 11 through addition of NH4OH solution.

Keywords: Y203, Transparent ceramics

INTRODUCTION

Recently, the development of polycrystalline laser materials has been accelerated due to the
fabrication technology of transparent ceramics [1-2]. In the field of optics, transparency is the
physical property of materials allowing light pass through it without being scattered [3].

Transparent polycrystalline ceramic (TPC) materials have attracted a significant attention as




candidates for various applications, including laser gain media in solid state lasers, [4] electro-
optical devices and scintillators [5]. Yttria (Y203) is widely known as a promising optical
material owing to its broad range transparency, high melting temperature (2430°C), outstanding
refractoriness and excellent chemical stability [6]. Therefore, polycrystalline transparent yttria
ceramics have been exploited as perfect candidate to replace single crystals. Over past few
decades, transparent yttria ceramics have been shown to possess great potential in various
applications, including transparent windows, missile domes, bulb envelopes and laser hosts [7].
However, the fabrication of high performance transparent yttria ceramics is not an easy task, as
the complete elimination of residual pores is essential in spite of high melting point of yttria.
Therefore, high sintering temperatures, suitable additives and specific sintering techniques must
be applied in order to accelerate the densification of yttria. Successful preparation of transparent
polycrystalline ceramics also requires high purity nanopowders with good sinterability and
deagglomated particles. In this work preparation of Ce-doped Y203 nanopowders by
precipitation method using ammonium hydroxide as precipitation agent is reported and
discussed [8-9].

MATERIALS AND EXPERIMENTAL DETAILS

The aqueous nitrate solution of Y3* was prepared by dissolving yttria powders (99.99 %,) in
diluted nitric acid (HNOz3) and deionized water under stirring and heating, then diluted into
0.1 M with deionized water. The solution of Ce3* was prepared by dissolving cerium nitrate
(99.99 %,) in deionized water then diluted into 0.1M with deionized water. The solution was
dripped into a 0.5 M ammonium solution, under continuous rapid stirring, ensuring there was
sufficiently high excess of ammonia to eliminate any pH fluctuations throughout the process.
The solution was added with the use of peristaltic pump at 5.0 ml/min, completing the reaction
in 24 h. The mixed solution turned to an opaque white slurry. After 12 h aging the slurry was
vacuum filtered through filter paper and the resulting white precipitate washed with distilled
water. The washed precipitate was dried overnight in air at 100°C. The dried precipitate was
crushed and ground in an agate mortar and pestle, and calcined in air for 3 h at 700 °C (heating
rate 10°C/min). Ultrasonication was then used to de-agglomerate the nanopowder, using
calculated amounts of Y203 powder and ammonium solution to adjust the pH value of the
suspension. After sonication particle size and particle size distribution were determined as a

function of pH and sonication time using particle size analyser (Brookhaven 90Plus BI-Zeta).
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CHARACTERIZATION OF POWDERS

Crystallization temperatures of the pre-calcined powders were determined by differential
scanning calorimetry combined with and thermogravimetry (Netzsch STA 449 F1 Jupiter TG/
DTA / DSC). Powder X-ray diffraction (XRD) patterns were acquired using powder X-ray
diffractometer (Panalytical Empyrean DY1098). Particle size distributions and particle
morphologies were determined through scanning electron microscope (JEOL JSM-7600 F /
EDS /WDS / EBSD).

RESULTS

Figure 1 shows the DTA/TGA data for the precipitated hydroxide precursor. A large
endothermic peak from room temperature until approximately 600°C is observed coupled with
significant mass loss. The TGA signal shows two inflection points at approximately 350°C and
550°C indicating two modes of de-hydroxylation, one attributed to the desorption of water from
the surface of the hydroxide nanoparticles and another one due to hydroxide
decomposition/crystallization.
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Figure 1 DTA/TGA data for the precipitated hydroxide precursor.

Figure 2 shows the XRD patterns of Y203 powder calcined at 700°C. As shown in the figure,

the pure cubic Y203 phase was obtained with good crystallinity and the primary particle size
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of approximatelly 50nm, as determined from the Scherer equation.
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Figure 2 XRD pattern of prepared Y203 powder calcined at 700 °C.
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Figure 3 SEM micrograph of the prepared Y203 powder




Figure 3 shows the SEM micrograph of synthesised Y.Os powder. The powder is partly
agglomerated with the primary particle size of approximately 55 nm, which is in good accord

with the X-ray diffraction data.
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Figure 4 The change of particle size of the Y203 powder with the sonication time.

Figure 4 summarizes the changes in particle size of yttria powder with the sonication time.
Extension of the ultrasonication time results in significant reduction of both the mean size of
powder particles, and the width of the particle size distribution, indicating de-agglomeration of
the yttria powder. The best results were achieved after 32 minutes sonication time. However,
the mean size of 200 nm clearly shows that the powder was not de-agglomerated down to
primary particle size, and hard agglomerates with the diameter of about 200 nm are still present.
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Figure 5 The change of particle size distributions of the Y203 powder with the sonication

time. The numbers at respective curves indicate the time of ultrasonication.

Figure 5 summarizes the changes in particle size distribution of ultrasonically de-agglomerated
powder in the aqueous suspension with pH value adjusted to 11 by the addition of NH4sOH
solution.

CONCLUSION

Ce-doped Y203 nanopowder was synthesized via precipitation method. Partly agglomerated
powders with the primary size of Y»03 nanoparticles 55 nm and with cubic crystal structure
were prepared. The optimum concentration of ammonia precipitation agent was found to be
0.5 N. Ultrasonic deagglomeration of the powder was most efficient if the pH value was
adjusted to 11 through addition of NH4OH solution.
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ABSTRACT

Terahertz-time domain spectroscopy (THz-TDS) is relatively well established experimental
technique, which is not yet frequently applied for characterisation of ceramic and glass
materials. Its potential for systematic study of ceramics and glass phase is seen in its sensitivity
towards dielectric and spectral characterisation of solids. The principle of this technique is
based on femto-second laser technology and e.g. low temperature GaAs photo-optical switches,
while the THz radiation is detected coherently. The application of this technique depends on
availability of modern femto-second lasers working in pulse mode with pulse duration of about
100 fs. The THz-TDS allows achieving the frequency dependence of material characteristics in
far infrared region. As an example we present selection of several results of silicon and

muscovite-like aluminosilicate systems.

Keywords: Terahertz-time domain spectroscopy, Far-infrared, Dielectric properties, Spectral

characteristics, Aluminosilicates

INTRODUCTION

The ceramic and silicate materials are frequently used as insulators and dielectrics not
only in the conventional electro-technical applications but also in many special devices such

as Geiger-Miiller counters, Clystron tubes, microwaves windows, bolometers, coputers, TV
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and communication devices requiring high quality of medical, machine and nuclear
applications. THz-TDS has found applications in fields such as chemical sensing, material
quality checks and tomographic imaging, which can be applicable also in the studies of ceramic
and silicate materials used for material forming by the application of 3D printing.[1,2] THz-

TDS is able to extract from one sample measurement, including the determination of a

background spectrum, the frequency dependence of the complex refractive index (A, = n, —ix;
) of the investigated material (the real part of the refractive index, n,, and the absorption index,
K, , as the imaginary part) and, at the same time, the thickness, I, of the absorbing medium. The

absorption of radiation can be expressed by absorption coefficient «,,, which is function of

circular frequency, light speed in vacuum ¢, and wavelength A by equation:

a, = 2wk /c=4nk, /L. From the known fequency dependent refractive index and absorption
index can be found the material complex dielectric permittivity &, =&l —ig?, while

er=n;—«xZ, and &!=2nx,. The real part of dielectric permitivity . charakterise material

polarisability and propagation of the radiation through material. The imaginary part

"

corresponding to loss factor &, represents the material ability to absorb electromagnetic

radiation at given frequency. The amount of energy absorbed by material at given circular

frequency @ and intensity of electromagnetic field E can be expressed by equation

P= a)gogs”|E| /2, where ¢, is the dielectric permittivity of vacuum. The main motivation for

our study was the fact that dielectric properties of silicate and glass materials can be an
important technological factor in the process of their manifold application specification and that
THz-TDS offers unique approach to achieve frequency dependent dielectric properties for
defined purpose of applicability.

EXPERIMENTAL

The THz-TDS measurements were done on laboratory build equipment with standard
configuration based on femto-second laser driven photoconductive emitter combined with
detection based on electro-optic or antenna arrangement. The details can be seen elsewhere [3],
briefly; typically around 100 fs long laser pulses with central pulse wavelength of ~800 nm are
used. The emitter is based on low-T GaAs with surface Au metallic stripes which are biased
with 10 V alternating pulses symmetrically modulated at 10 - 20 kHz. The THz polarization is
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linear for the photo-optical switches as the electric field on the emitter is directed from one
electrode to another.[4] The equipment delay line is used to ensure a time delay between the
pump beam arriving on the emitter and probe beam arriving on the detector. This arrangement
results in a measurement of the electric-field dependence of the THz pulse directly in the time
domain. All measurements is necessary to perform at the air-conditioned temperature of the
laboratory equal to 21.0+1.0°C and in dried atmosphere to suppress the bands arising from water
vapor present in the air. The scheme of the THz-TDS equipment is shown in the Figure 1.
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Fig. 1. Schematic representation of terahertz-time domain spectrometer (id — iris diapraghm, bs —
beam splitter, dl — delay line, pg — Glan prizm, | — lens, td — terahertz detector, tg — terahertz

generator, pm — parabolic mirror, s — sample).

The material parameters can be extracted from measurement of sample and reference,
which is typically atmosphere used as background. The numerical data calculation include e.g.

the fixed-point iteration method used for extraction of the sample complex refractive index
n,=n,—ix,. From the THz-TDS measurements is calculated the transfer function
H neasured(®@) = Egampiel @)/ Eygerence(@) ,  Which is used for definition of two-dimensional

functions suitable for fixed-point iteration technique.[5] The calculations may include Fabry—
Pérot cancellation in the recursive process, when the updated transfer function is used with

mapped values of n,and x,. From these values is calculated the material complex dielectric

permittivity frequency dependence using the Maxwell equations mentioned above.
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RESULTS

Typical THz impulses propagating in dried nitrogen used as a background medium and
through a silicon wafer are shown in Figure 2a. The main impulse peak was observed for a
dried nitrogen atmosphere at arbitrary position 8.32 ps, with a full width at half maximum for
the positive half-cycle at the level of 0.80 ps. For silicon wafer, the impulse position shifted to
a higher delay value, and the main impulse peak was observed at 12.52 ps with a full width at
half maximum for the positive half-cycle at the level of 0.95 ps. The intensity of positive half-
cycle decreased for about 46% for THz pulse which passed the silicon wafer. For perfect plane-
parallel orientation of sample interfaces and THz pulse impinging perpendicularly the silicon
wafer surface, multiple echo of main impulse peak can be observed (Figure 2a, arrows: 1, 2",

3. These are associated with Fabry-Pérot multiple internal reflections.[6]
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Fig. 2. THz radiation impulses in the nitrogen atmosphere and passing the silicon wafer a) and

frequency-dependent — complex refractive index Ng; and complex dielectric permittivity ESi b).

The positions of internal reflections peaks on time-delay scale are related to path length
the THz radiation has to travel in silicon and allows also the measurement of sample thickness
I. The origin of Fabry-Pérot internal reflections as general case is shown in the Figure 3 and

depends also on the ratios of reflection r vs. transmission t coefficient at the interface, hence air
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(0) and sample (1) material. It is clear that each echo detected by THz detector originate from
the internal reflections, where the propagating wave has to travel double distance d within the
sample, which is identical to I, in the case of perpendicular beam incidence. The thickness of
Si wafer used for measurement determined using micrometer was 370+10 um which
correspond very well to the value found by THz measurements, hence 368 um. Here, we can
see that the drop of the intensity for THz positive half-cycle of silicon around 46% can be
attributed to the loss arising to the pulse passing the air/sample and sample/air interfaces,

despite found zero absorption index of silicon.

Air,  Sample, Air

Fig. 3. Scheme of Fabri-Pérot internal reflections origin at the interfaces air (0) sample (1) with

transmission coefficients to1, tio and reflection coefficients roa, rio (adapted from [6]).

Using the fixed-point iteration method, the frequency dependent complex refractive index
n, =n, —ix, of the silicon was achieved from experimental data Figure 2b. The average value
of silicon refractive index at a frequency of ~1.0 THz was found nsj = 3.41+0.01 and absorption
index of xsi=0.01+0.01. These values are in a very good agreement with data published by Dai
(2004) [7], who determined complex refractive index of silicon: ng =3.417 —i0. In the
previous study Janek et al. (2009) [8] have investigated the effect of chemical composition of
various layered mica-like aluminosilicates. Their chemical composition is summarized in the
Table 1 (without trace elements and oxygen structural atoms detected). The layered structure

of these mica-like aluminosilicates is shown in the Figure 4.
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Tab. 1. Chemical composition of selected mica-like aluminosilicates.

Atomic percent as determined by EDS.

Sample
Si Al Fe Mg Na K
Biotite 14.6 8.1 8.0 4.6 0.1 5.1
Phlogopite 13.3 7.1 2.0 11.2 0.5 4.6
Vermiculite 114 6.4 1.1 12.9 n.d. n.d.
Muscovite 16.4 14.4 1.3 0.5 0.5 5.2

n.d. = not detectable

Fig. 4. Structure of layered aluminosilicate with mica-like structure, the real sample layers differ in
isomorphous substitutions of Si with Al in tetrahedral networks and Al with Fe or Mg in octahedral

network and ratios of exchangeable cations located between the layers e.g. Na, K, Ca or Mg.

The real part of the refraction index found at 1 THz of investigated aluminosilicates was
compared with structural iron content. It was found high correlation with reciprocal values of
iron content present in the structure of investigated samples (Figure 5). For well developed
crystals can be expected change in refractive index due to the change in the size of the unite
cell of respective aluminosilicate. It is known that the presences of structural iron affect the
height of octahedrons in the single layers, on the other hand, the Wilke et al. (2014) [9] has

shown that refraction index of aluminosilicates can be modeled using an effective medium
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theory when principle constituents of sample such as SiO2 and Al.O3 (depending on chemical
composition as well Fe2O3, MgO) are included in calculation. The calculated index of refraction

exhibited good agreement with the measured ones and was in the 5% frame of relative error.
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Fig. 5. Correlation of refractive index found for mica-like aluminosilicates with reciprocal values of

structural iron content.
CONCLUSION

The optical and dielectric constants frequency dependence of aluminosilicates measured in THz
region can be used for silicate material properties determination. The technique has good
sensitivity towards principle components e.g. iron content and offers easy approach towards
sample characterisation. For well designed species with plan-parallel interface orientations
offers this technique the sample thickness measurement from two data set including background
and sample measurement. These finding indicate that the aluminosilicate materials are good
candidates for their investigation in THz region and this technique in combination with
tomography setup can be used as well for close inspection of ceramic parts produced by 3D

printing technology.
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ABSTRACT

This paper focuses on the application of laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) in material sciences. In the range of atomic spectrochemistry
methods this technique became highly demanded due to several reasons: direct elemental
analysis of solid samples, shortening the sample preparation time, lowering limits of detection
(down to ug kg™?), high sensitivity and precision. In addition, the sample consumption is
decreased down to ug range.

Complex process of laser ablation is highly matrix-dependent. Material properties such
as sample transparency and hardness can affect the coupling of focused laser beam pulse, thus
making the analysis difficult if a reference material does not have the same matrix as the
analyzed sample.

Samples of glass (SRM NIST 612, 610), ceramics (lithium disilicate, cerium and yttrium
doped zirconium oxide ceramics Ivoclar and Longlife) and geological (synthetic obsidian)
materials were analyzed by the means of LA-ICP-MS, using a 213 nm solid-state laser ablation
unit (CETAC LSX-213G+) coupled to a quadrupole-based mass spectrometer with a reaction
cell (Agilent 7900), and content of major and minor elements was evaluated. Considered matrix
effects were quantified in terms of fractionation.

Material differences in terms of hardness and structural composition of said materials was
evaluated through the assessment of fractionation index. Ceramic materials exhibited more
resistant behavior under laser ablation, resulting in lower ablation rates and thus worse
elemental fractionation effects that on silicate materials. This is commented on further in
fractionation results.

LA-ICP-MS was used to determine the elemental content (in mg kg™t) of major
components and trace elements (considered to be impurities in ceramic samples). The evaluated
elemental contents were in accordance with reference values in case of more abundant

elements. The content of trace elements (above the limit of detection) was quantified and
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compared to reference values, with high precision and trueness, in case the results were not

impaired matrix effects.

INTRODUCTION

Inductively coupled plasma mass spectrometry, ICP-MS, is a multi-element analytical
method with one of the lowest limits of detection (LOD) from almost all analytical methods,
around 0.01 mg kg™. The connection with ICP ionization source provides stable ion current
with almost 100% ionization effectivity, introduced to a mass analyzer. The quadrupole mass
analyzer, depicted in Fig. 1. is referred to as mass filter, selecting a discrete mass passing
through the system by combining direct current (DC) and radiofrequency (RF) potentials on
the quadrupole rods of the mass analyzer. Those ions having a stable oscillation trajectory pass
through the filter and reach the detector [1].

PASSING|/TON.WITH STABLE
QUADRUPOLE OSCILLATION FREQUENCY
ROD

COLLIDING ION WITH UNSTABLE
OSCILLATION FREQUENCY
CURRENT

Figure 1 Quadrupole mass filter schematic

A quadrupole filter is, compared to others, a relatively inexpensive analyzer providing
reproducible spectra and an appreciable scope of use. Even though it reaches lower resolving
powers than other constructions of mass analyzers, its frequent application in ICP-MS systems
only confirms its qualities.
All processes involved in LA-ICP-MS, the aerosol formation process, the transport of the
aerosol into the ICP, and the conversion of the aerosol into ions within the ICP may potentially
alter the stoichiometric composition of the laser-generated aerosol depending on the chemical
and physical properties of the elements, contributing to elemental or isotopic fractionation. The
composition difference between the examined material and analyzed aerosol is generally
referred to as fractionation.

Ceramic matrices, compared to glasses, offer better mechanical properties, which are

viable for the subsequent application, but in terms of LA-ICP-MS analysis, the higher material
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hardness might go against effective laser ablation sampling, not necessarily in terms of worse
sampling behaviour (cracking, thermal affection), but higher laser energy densities required,
which produces a significant difference between the reference material (silicate) and the sample
(ceramic).

The aim of this work is to verify the usability of this method for a wider range of glass
and ceramic materials. Similar LA-ICP-MS applications include ceramic material content
characterization [2], but also provenience studies of ancient ceramic samples based on
elemental ratios and/or isotopic ratios [3-6].

Samples

For reference, SRM NIST standards were used - silicate glasses with certified content
of wide range of elements [7, 8]. The elemental content ranges from tens of mg kg™ for NIST
612 and hundreds of mg kg?' for NIST 610. A synthetic obsidian material was also
implemented. The matrix is a silicate (57 %mm SiO2) with high content of rare earth elements
(in arange of 100 to 300 mg kg™). Three ceramic materials were further tested: lithium disilicate
based dental glass ceramic and two ceramic materials with ZrO, matrix, denoted as Ivoclar (Y-
doped) and Longlife (Ce-doped). The placement of the samples during the analysis is shown in

the figure 2 below.

Figure 2 sample holder with analyzed samples

EXPERIMENTAL
Instrumental setup
The study employed a 213 nm Nd:YAD solid-state laser (CETAC LSX+, USA) with

installed Helex Il ablation cell.
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Table 1 Technical parameters of the laser ablation system

Parameter LSX+

Manufacturer Teledyne Cetac Technologies

Laser type ND:YAG

Wavelength 213 nm

Pulse duration <4 ns

Repetition rate 1-20 Hz

Aperture sizes 20 sizes giving 3-160 pum circles. 5

sizes 10-150 pm squares (50 um used)

Fluence (max. output) 35Jcm?
Ablation cell HelEx Il
Carrier gas He

Carrier gas flow 1.00 I min*!
Transport tubing length <lm

The ICP-MS mass spectrometer Agilent 7900 is a quadrupole-based mass
spectrometer equipped with a He flushed reaction cell (1 ml min™ He).

Table 2 ICP-MS operating parameters

ICP-MS Agilent 7900

rf power 1150 W

Cooling gas flow. Ar 15.5 | min'?
Auxiliary gas flow. Ar 1.18 I min*
Sample gas flow. Ar ~550 ml min.
Resolution Low (RP <1000)
Isotopes measured 16

Li. 2Na. #Mg. #Al. 2°Si. *“Ca.
41T, 88Gr, 89y, 907y, 140Ce, 178Hf,
206pb' 208pb' 232Th. 238U

method run: 1.182 s (1 scan)

Quantification

Elemental content of major, minor and trace elements was calculated using the equation

(1)
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sample, _sample  standard
sample _ Iy Cy X .

X norm. —

Isample ' Cstandard’ (l)
Y Y norm.

where X is the determined element, Y is the internal reference element/isotope, ¢ denotes content and | denotes
the background subtracted intensity. The content of internal reference in the sample is usually measured by an

independent analytical approach.

NIST reference and obsidian glasses were used as standards, with reference values used

from NIST reference glass certificates [7, 8] and the GeoRem database (http://georem.mpch-

mainz.gwdg.de). The reference values for the obsidian in-lab reference were evaluated by ICP-
MS and EDX.

The internal reference has to be present in the sample homogeneously and in excessive amount,
e.g. as the matrix element. As the NIST and obsidian sample matrix is constituted mainly of Si,
29Si was selected for internal reference. °Zr was selected as the internal reference for the two

Zr-based dental ceramic materials.

Standard deviation values are expressed as a value of corrected sample standard

deviation (2).

s= =38, (7 - %)’ )

Limits of detection of this method (LOD) were calculated as three times the standard
deviation (o) of background signal, divided by sensitivity. Sensitivity was obtained by dividing

the average signal response with subtracted background by elemental content in the sample (3).

LOD = —2 3)

- sensitivity

The measure of the elemental fractionation is a fractionation index (FI) [9]. It is a ratio of second
half of signal intensity to the first half, corrected to an abundant matrix element.
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where Iw is the intensity of the isotope with background subtracted. In is the background subtracted intensity of a correction

isotope. Indices 1/2 and 2/2 indicate the first and second half of the signal curve.

Under optimal conditions, the sample ablation rate should be same throughout the
ablation. Then the signal response is constant and the resulting Fl is 1 (Fig. 3, dashed line). But
in reality, the ablation pit grows deeper with continuous ablation, resulting in laser beam
defocusing and decrease of the fluence. It also changes the size and amount of the ablated
particles. With ablation pit recessing, the particles become more difficult to remove from the
ablation pit, not mentioning the overall sample surface heating with continuous pulsing and
excitation of laser-induced microplasmas, which also contribute to different rate of elemental
evaporation. All these factors result in decreased signal intensity of observed element in time,

resulting in FI dispersion.

——————— hypothetic
real

Signal intensity

Laser OFF

Background time Background

Figure 3 Illustration of fractionation on MS signal
Experimental setup
3 lines with fluence 6.5 J cm™ were ablated with 213 nm laser beam on 2 NIST
standards, synthetic obsidian, lithium disilicate and Zr-ceramics. The laser ablation was set up

so that the 100 um laser beam would scan the sample surface at the speed of 37 um s to prevent
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excessive recession of the ablation crater. Laser pulse frequency was 10 Hz. FI was evaluated
and compared to observe the contribution of sample properties and laser ablation mode to the
extent of fractionation. Elemental contents were then calculated in NIST612 (verification),

synthetic obsidian, lithium disilicate and Zr-ceramics (Y- and Ce- doped).

RESULTS AND DISCUSSION
Fractionation on glass vs. ceramic materials

Figure 4 shows the plotted values of FI for each of the measured isotopes. The more
closer the values are to 1, the lesser the extent of fractionation effects is. We can observe lower
value variance in the case of glass materials. The SiO2 matrix in NIST 612 and NIST 610 is
well ablated and therefore the size distribution of ablated particles is narrower and shifted
towards smaller particles, which are effectively ionized in ICP torch with no further
fractionation in the plasma interface (space charge effect). NIST 610 has elemental content of
metallic elements (almost the whole periodic system except matrix elements of the silicate
matrix) one order higher than NIST 612, and the higher signal intensity resulted in lower

standard deviation values.

The black color of the synthetic obsidian sample could contribute to earlier onset of
thermal effects on the sample surface, mainly because of the higher absorption in the interaction
spot. The more energy is coupled with the surface, the more heat could be generated. Different
laser beam interaction with the obsidian material was visually observed compared to the NIST
SRM materials, which are lighter in colour (blue tint). However it is not reflected in calculated
FI.

The situation significantly changes during the ablation of ceramic samples. Most of the
measured isotopes were not detected in abundance (close to LOD), as these materials are
manufactured for dental prosthetics and thus their elemental composition is carefully assessed.
However, the FI values for the matrix components in lithium disilicate glass ceramic (Al, Li,
S) show bigger variance that in the case of glass materials. This phenomenon could be caused
by higher hardness of the material, where the sample surface was not easily ablated by the line
scan laser ablation and the ablated line exhibited signs of cracking on the edges. To further
describe the ablation process on zirconium oxide ceramics, the laser parameters will be

optimized to achieve more consistent ablation.
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Fractionation Index

213 nm Nd:YAG laser induced fractionation
6.2 J cm?, 10 Hz, 30 um beam diameter
line scan 60 s, 37 um s
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Figure 4 A 213 nm laser induced fractionation of the NIST SRMs, obsidian and zirconia ceramic materials.
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Quantification of the elemental content in materials using glass standards

Tables and figures below illustrate the calculated results. The missing values (columns)

are due to unavailable reference contents in obsidian standard and ceramic materials.

Table 3 and Figure 5 comprise the quantification results for the NIST 612 glass standard
(for verification purposes). Only in the case of using an obsidian standard as a reference, the
calculated content differed for several elements (Na, Al, Ca, Ce, Zr, Pb). This difference was
not observed if NIST 610 was used as a reference material. Matrix composition and
physicochemical properties (high Fe content, black tint) can decrease the trueness of the
calculated content — the ablated aerosol does not necessarily correspond to the composition of
the bulk material. On top of that, the difference in irradiance or energy density between the
standard and the sample must be also taken into consideration.

Table 4 and Figure 6 are related to the quantification of the synthetic obsidian material.
Another independent reference value might be needed in order to resolve the disagreement for
the values of Ca and Ce.

Comparison of the values displayed in Table 5 and Figure 7 yields similar conclusion:
the underestimated content of Na and Ca in lithium disilicate glass ceramic and the
overestimation of Ce content (higher for obsidian quantified values) might be caused my matrix
indifference.

The Ivoclar ceramic (Y-doped) quantification mismatched only in the case of Al and Y.
and the matrix effects might be the cause of decreased trueness.

The surface of Ce-doped Longlife ceramic has been corroded beforehand, which
explains the underestimation of Sr content. On the other hand, Sr is present in ceramic Sr-Al
phase, so the overestimation of Al content does not correspond well to this conclusion, and
more data are required to describe the inconsistency in this case.

Table 8 comprises the calculated LOD (3c) values.




Table 3 Quantification of the NIST 612 content on NIST 610 and obsidian standard (verification)

NIST 610 OBSIDIAN reference
Content and SD (%omim) values
Element int. ref. c sd c sd c
Si 25;j ~ ~ ~ ~ 34.3
Ca 8.504 0.079 5.258 0.049 8.5
Na 10.52 0.14 8.75 0.11 10.6
Content and SD [mg kg!]
Li 296 41.59 0.74 41.74 0.74 40.2
Mg 65.20 1.88 65.40 1.89 68
Al 10586.58 66.45 10090.89 63.34 10900
Ti 40.41 0.34 40.30 0.34 44
Sr 78.60 1.38 ~ ~ 78.4
Y 38.56 0.88 36.06 0.82 38.3
Zr 38.61 0.70 32.71 0.59 37.9
Ce 38.48 0.98 49.99 1.27 38.4
Hf 36.23 0.94 ~ ~ 36.7
Pb 40.56 1.48 46.61 1.70 38.57
Th 37.08 0.98 ~ ~ 37.79
U 37.51 0.91 ~ ~ 37.38
Elemental content in NIST 612 glass
references - NIST 612, NIST 610, synthetic obsidian
internal reference element - 2°Si
3,75x10°
N612 av
3,50x10° Ne10y
3,25x10° I .ref
3,00x10° ==
1,20x10° 4
1,00x10°
8,00x10*
. 6,00x10* o
2 11000 4
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Figure 5 NIST 612 quantification
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Table 4 Quantification of the obsidian content on NIST 612 and NIST 610 SRM

NIST 612 NIST 610 reference
Content and SD (Yomim) values
Element int. ref. c sd c sd c
Si 29g; ~ ~ ~ ~ 26.7
Ca 4.80 0.10 4,76 0.11 2.96
Na 0.681 0.031 0.675 0.031 0.561
Content and SD [mg kg!]
Li 2g;j 350.801 30.475 362.927 31.529 362.8
Mg 13816.592 341.483 13246.113 327.383 13273
Al 85468.461 1381.789 83006.545 1341.986 79065
Ti 4942.387 112.466 4539.364 103.295 4523
Sr 210.163 3.179 210.680 3.187 ~
Y 386.366 3.940 388.902 3.966 363.6
Zr 214.208 2.073 218.195 2.112 184.8
Ce 279.185 7.640 279.755 7.656 363
Hf 5.493 0.116 5.422 0.115 ~
Pb 155.077 11.145 163.045 11.717 186.8
Th 5.876 0.333 5.764 0.327 ~
U 0.336 0.020 0.337 0.020 ~
Elemental content in synthetic obsidian
references - NIST 612, NIST 610, synthetic obsidian
internal reference element - 2°Si
3,0x10°
i —InNe12av
N610 av
2,5x10° [EEF lgl;_\s v
o9x10*
8x10*
7x10*
6x10*
5x10*
. 4x10*
< 3x10*
2
14000
D 13000
E 12000
— 17000
= 10000
S 9000
L 8000
c 7000
S 6000 EE
5000
4000
350
300
250
200
150
100
50
0

Figure 6 Synthetic obsidian quantification
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Table 5 Quantification of the lithium disilicate content on NIST 612, NIST 610 and obsidian standard

NIST 612 NIST 610 OBSIDIAN reference
values
NIST 610
Element int. ref. c sd c c c sd S
Li 25 6.23 0.71 6.45 0.73 6.471 0.073 6.66
Al 1.6987 0.0083 1.6498 0.0081 1.5726 0.0077 1.7888
Si ~ ~ ~ ~ ~ ~ 32.88
Content and SD [mg kg]
Na 29g; 442.25 13.63 43853 13.51 365.11 11.25 940.61
Mg 1396.15 15.07 1338.50 14.45 1342.63 14.49 ~
Ca 632.19 44.24 627.67 43.92 390.86 27.35 1095.91
Ti 133.94 4.69 123.02 431 122.69 4.30 ~
Sr 6.55 0.06 6.56 0.06 0.00 0.00 ~
Y 13.07 0.35 13.16 0.36 12.31 0.33 ~
Zr 5485.32 63.00 5587.41 64.18 4734.05 54.37 ~
Ce 15577.27 265.28 15609.05 265.82 20276.78 345.32 9253.68
Hf 119.67 0.35 118.13 0.34 0.00 0.00 ~
Pb 5.20 0.28 5.47 0.29 6.29 0.34 ~
Th <LOD ~ <LOD ~ <LOD ~ ~
U <LOD ~ <LOD ~ <LOD ~ ~
Elemental content in lithium disilicate ceramic
references - NIST 612, NIST 610, synthetic obsidian
internal reference element - 2°Si
3,75x10°
i Jne12av
NB10 av
3,50x10° o?s av
3,25x10° - ’_'
3,00x10° ==
70000
"o 65000 I
x -
£ 60000 A
— 17500
€ 15000
S 12500
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800 4 2
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Figure 7 Lithium disilicate quantification
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Table 6 Quantification of the Ivoclar Y doped Zr ceramic Ivoclar content on NIST 612, NIST 610 and obsidian standard

NIST 612 NIST 610 OBSIDIAN reference
values
NIST 610
Element int. ref. c sd c c c sd S
90
Y Zr 4772 0.098 4715 0.097 5.21 0.11 4.42
Zr ~ ~ ~ ~ ~ ~ 709300
Hf 1.673 0.030 1.62 0.029 ~ ~ 1.82
Content and SD [mg kg!]
Na 0Zr 65.045 2.970 63.319 2.891 62.221 2.841 ~
Mg 12.708 0.388 11.961 0.365 14.161 0.432 ~
Ca 1246.152 19.950 1188.143 19.021 1336.657 21.399 800
Ti 330.796 70.592 324.751 69.302 383.291 81.794 ~
Sr 753.974 13.452 734.899 13.112 540.125 9.637 ~
Y 2704.078 95.868 2438.195 86.441 2869.997 101.750 ~
Zr 1.082 0.054 1.065 0.053 ~ ~ ~
Ce 0.356 0.031 0.350 0.031 0.537 0.047 ~
Pb 1.214 0.037 1.253 0.038 1.700 0.051 ~
Th 0.075 0.004 0.072 0.004 ~ ~ ~
u 0.057 0.002 0.057 0.002 ~ ~ ~
Elemental content in yttrium doped zirconium oxide ceramic (lvoclar)
references - NIST 612, NIST 610, synthetic obsidian
internal reference element - °°Zr
7,10x10°
7,10x10° D:m?ﬁ
7,00x10° lg?s &
7,00x10°
7,00x10° F. fgg
54000 Yoo
52000 125
50000 1,00 E)
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Figure 8 Y doped Zr ceramic Ivoclar quantification
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Table 7 quantification of the Ivoclar Ce doped Zr ceramic Longlife content on NIST 612. NIST 610 and obsidian standard

NIST 612 NIST 610 OBSIDIAN reference
values
NIST 610
Element int. ref. c sd C c c sd S
Ce 907y 12.35 0.13 12.15 0.13 18.63 0.20 12.46
Zr ~ ~ ~ ~ ~ ~ 64.15
Hf 1.5827 0.0053 1.5338 0.0051 ~ ~ ~
Content and SD [mg kg]
Li 907y 13.443 2.002 13.654 2.033 16.170 2.408 ~
Na 34.323 1.336 33.412 1.301 32.833 1.278 ~
Mg 4.629 0.389 4,357 0.366 5.158 0.434 ~
Al 54194.394 624.746 51671.606 595.663 58130.400 670.119  14160.000
Si 293.476 23.042 288.114 22.621 340.049 26.699 ~
Ca 1928.441 43.760 1879.652 42.653 1381.478 31.348 ~
Ti 2474.883 8.158 2231.537 7.356 2626.740 8.659 ~
Sr 6686.404 52.557 6580.380 51.724 ~ ~ 9290.000
Y 73.085 0.939 72.221 0.928 79.728 1.024 ~
Pb <LOD ~ <LOD ~ <LOD ~ ~
Th <LOD ~ <LOD ~ <LOD ~ ~
U <LOD ~ <LOD ~ <LOD ~ ~

content ( mg kg™")

6,50x10°
6,40x10°
6,30x10°

1,27x10°
1,25x10°
1,23x10°

1,20x10°

57500
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50000
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Figure 9 Ce doped Zr ceramic Longlife quantification
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Table 8 calculated limits of detection

LOD (3c) mg kg'*

Li 8.9

Na 6.4

Mg 0.442

Al 2.1

Si 953

Ca 223

Ti 17

Sr 0.011

Y 0.0082

zr 0.0073

Ce 0.0033

Hf 0.019

Pb 0.028

Th 0.022

u 0.0062
CONCLUSION

The application of LA-ICP-MS as a microanalytical quantification tool for a range of
glass, glass-ceramic and ceramic materials proved itself to provide low limits of detection and
results with relatively high precision and trueness. The inconsistencies only show that the
matrix matching of a reference material and analyzed sample is a crucial step in the

quantification process.
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ABSTRACT

Inductively coupled plasma optical emission spectrometry (ICP OES) was applied for
determination of the chemical composition of following materials: lithium disilicate (LiS2)
glass ceramic and aluminium silicate glass (obsidian, AISi-Gl). Prior to analysis, the solid
material needs to be transferred to aqueous solution. Microwave assisted decomposition in a
mixture of mineral acids (aqua regia) was optimised to dissolve LiS2 and obsidian. Complete
digestion process was achieved with the addition of hydrofluoric acid. Complexation with
H3BOs or HBF4 was included in the digestion process in order to remove residues of HF from
the solution. Major and minor elements were determined by ICP OES. Traces of metal and rare
earth elements in LiS2 and obsidian were determined by ICP MS. The content of Li2O in LiS2
glass-ceramics reached the value of 7 wt%, however using aqua regia as reagent acids was not
sufficient for complete dissolution of powder specimen. Including HF into reagent mixture
resulted in increase of the content of Li>O from 7 wt% to 14 wt%. The presented analytical
method enables complex determination of oxide composition of the glass-ceramic materials
including the oxides, whose determination by other analytical methods is problematic, e.g.
Li20, B20sand SiO> with the relative standard deviation from 0.3 to 1.5 wt%.

UvVoD

Stanoveni chemického slozeni materidli je nevyhnutnym piedpokladem pro jejich
charakterizaci z hlediska mechanickych, funkénich a pfipadn€ i chemickych vlastnosti. Vybér

a pouziti ptisluSné metody se odviji od nckolika faktorti: citlivost analytické metody, meze
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stanovitelnosti prvkil, ¢i mnoZzstvi a rozméri analyzovaného vzorku. Pro analyzu sklenénych ¢i
keramickych vzorkli jsou pouzivany piedevS§im metody rentgenové fluorescencni
spektrometrie (RES), elektronové mikroskopie (SEM EDS/WDS). Méné popularni jsou
metody optické nebo hmotnostni spektrometrie s iontové vazanou plazmou (ICP-OES, ICP-
MS) tfazené mezi roztokovou analyzu. Tyto metody jsou ¢asové narocné a vyzaduji precizni
laboratorni zrucnost, navic vzorek je pii piipravé k analyze zcela zni¢en. Prvné jmenované
metody nepatii k ,,destruktivnim® metoddm, avSak jejich pouziti je limitovano pfi stanoveni
lithia a boru. ICP OES a MS umoziuji kvantitativni stanoveni v Sirokém koncentratnim

rozsahu s minimalni koncentraci Li a B v fadech 0,01 a 0,1 ppm.

Idealnim zptisobem pievedeni tuhé latky do roztoku je takovy zptisob rozkladu, kdy se cely
vzorek rozpusti za vzniku produkti definovaného slozeni a dosahne se tak UpIné destrukce
vzorku. Taveni pomoci vhodnych tavidel (napf. boritan lithny, tetraboritan lithny, uhli¢itan
sodny) byl donedavna nejrozsitenéjsi zpisob rozkladu vzorki skla. Timto rozkladnym
zpusobem vSak ztracime moznost stanoveni boru ¢i lithia ve vzorcich. V souvislosti
S roz§ifenim instrumentalni plazmové spektrometrie doslo k pozadavkiim na stanoveni obsahu
sodiku, lithia ¢i boru a odklonu od rozpousténi sklenénych materiald tavenim a doslo k naristu
rozkladdi a analyz materiald pomoci kyseliny fluorovodikové, kterd je pti analyzach skla a

sklafskych surovin hlavnim rozpoustédlem zpusobujicim destrukci silikatovych struktur [2].

Rozklad kyselinou fluorovodikovou obvykle probiha v pfitomnosti silné mineralni kyseliny
(napft. kyselina dusi¢nd). Kyselina fluorovodikova ma ovSem silné komplexotvorné vlastnosti,
komplexy vytvati s Al, Be, Co, Cr, Fe, Ga, Ge, Hf, In, Mn, Nb, Sb, Ta, Ti, Zr. V n¢kterych
ptipadech proto miiZze dochdzet k interferencim, které se mohou projevit sniZenim koncentrace
prvku ve vzorku. Za uréitych podminek tvoti kyselina fluorovodikova stabilni, nerozpustné
fluoridy — jedna se o kovy alkalickych zemin, Li, Cu, La, Pb, Sc, Y, Zn a prvky vzacnych zemin.
Kyselina fluorovodikova tvoii rovnéz tadu prchavych fluoridi (napt. AsFs, BFs, PFs, SeFs,
SiFs) z nichz nékteré maji teplotu varu nizsi nez 0 °C. Pokud ma byt ve smési stanoven i kiemik,
je po ukonceni rozkladu ke smési pfidavan nadbytek H3BOs, ktery vaze prebytek HF jako HBF4
[1 - 3]. Komplexace se rovnéz provadi pro ochranu sklenénych ¢asti piistroje [4]. Nékteré
zdroje ovSem uvadi, Ze ptfidavek kyseliny borité zplsobuje pfi analyze vyznamny ,,matrix
efekt®, coz mize mit za nasledek az 20% snizeni citlivosti pfi stanoveni Mo, Ni, Pb, Sb, Se, Sn
a az 50% pfi stanoveni P [5]. Pro komplexaci HF Ize alternativné vyuzit i kyseliny
tetrafluoroborité. Nékteré zdroje kyselinu tetrafluoroboritou pouzivaji ve smési s kyselinou

fluorovodikovou nebo misto ni [5 - 7].
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Pro ovéteni metody rozkladu s vyuzitim minerdlnich kyselin jsme zvolily komeréné dostupny
synteticky dentalni sklo-keramicky material na bazi lithium disilikatu (LiS2) s obsahem Li na
urovni piiblizné 14 hm% a v laboratofi pfipravené obtizné rozlozitelné hlinitokiemicité sklo
oznacované jako AlSi-Gl s obsahem Li < 0,50 hm%. Pouziti riznych mineralnich kyselin a
zZarazeni riznych postupti pro vyvazani zbytkové HF se uskutecnilo s cilem vybrat ekonomicky
a ¢asov¢ nejefektivnéjsi zplisob ptipravy vzorku pro tplnou kvantifikaci slozeni zkousenych

materialu.
EXPERIMENTALNI CAST

Uplna destrukce vybranych vzorkd se uskute¢nila ve smési mineralnich kyselin teplem
generovanym mikrovlnnym zafenim. Pro kontrolu mikrovinného rozkladu a validaci ziskanych
dat byl pouzivan referen¢ni material NCS DC 61104 (Eutal-borokiemicité sklo). Vzorky LiS2,
AISi-Gl areferen¢niho materialu NCS DC 61104 byly rozdrceny ahomogenizovany
v achatové misce. K20 mg vzorku s primérnou velikosti zrn < 0,025 mm byly ve vSech
ptipadech piidany 2 ml HNOz (65%, ANALPURE, Analytika Ltd.) a 6 ml HCI (47%,
SUPRAPURE, Merck) a podle typu rozkladu i ostatni kyseliny (Tabulka 1). Byly provedeny
Ctyfi série rozkladu, pfi prvnim postupu byl rozklad proveden pouze lucavkou kralovskou (AR
— aqua regia), tzn sm&s HNOz a HCI v poméru 1:3. Rozkladné nadoby byly po ¢aste¢ném
zreagovani reakcnich cinidel vlozeny do rotoru mikrovinného rozkladného =zatizeni
(SPEEDWAVE 4, Berghof). Teplotni program aplikovany pro mikrovinny rozklad
zkoumanych materialtt je podrobné uveden v Tabulce 2. Po ukonceni rozkladu je obsah
nadobky kvantitativné pfeveden do odmérnych ban¢k demineralizovanou vodou. S kazdym
typem rozkladu byl za stejnych podminek uskute¢nén i slepy pokus (blank) a rozklad

referencniho materialu pro validaci rozkladné metody a ziskanych dat.

Tabulka 1: Prehled kyselin priddavanych béhem jednotlivych rozkladii.

Postup HNO; / ml HCI/ ml HF / ml Komplexace
1: AR (aqua regia) 2 6 - -
2: AR+HF 2 6 1 -
3: AR+HF+H3BO3 2 6 1 HsBOs /7 mi
4: AR+HF+HBF, 2 6 1 HBFs/1 ml
Tabulka 2: Teplotni program mikrovinného rozkladu.
Teplota /°C Ohfev / min WydrZ/min
150 10 5
180 5 10
210 5 40
50 1 10
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Prvkova analyza ziskanych Cirych roztokt byla provedena na ICP OES (5100 SVDV ICP-OES,
Agilent) dvéma zpusoby. V prvnim piipadé byly pfipraveny kalibra¢ni roztoky a ovétovaci
roztoky fedénim certifikovanych referen¢nich materiali (ASTASOL, Analytika Ltd.)
S pouzitim Sc jako vnitiniho standardu pro korekci vlivu matrice jednotlivych vzorkt. Druhym
zpusobem stanoveni koncentrace je tzv. metoda ,,matrix matching®“. V tomto piipadé nebyly
kalibracni a ovétovaci roztoky pfipraveny ve ziedéné kyselin€ dusi¢né ale pro eliminaci vlivu
matrice na stanoveni (viskozita méfenych vzorkt, ovlivnéni ioniza¢nich poméri v plazmé a
podobn¢) byly pfidany pfimo do matrice — roztoku blanku. Podminky méfeni jsou uvedeny
v Tabulce 3. U vétSiny prvka byla intenzita zaznamenavana v axialni ose hotaku, radidlni
pozorovani bylo nastaveno pro véapnik a lithium. Z divodd pritomnosti kyseliny
fluorovodikové ve vzorcich byly pii méfeni pouzity teflonové soucasti ICP-OES a specialné

upraveny hotak.

Tabulka 3: Podminky méreni na ICP-OES

RF power:1,2kW Pratok Ar: 0,55 I/min Radidlni plasma: pozorovaci vyska: 9 mm
AxidlIni plasma Rozprasovac: concentricky Mlznd komora: cyklénova
VYSLEDKY

V tabulkach 4, 5 a 6 jsou uvedeny hmotnostni procenta jednotlivych oxida v LiS2, AlSi-Gl a
Eutalu v zavislosti na aplikovanych rozkladnych kyselinaich porovnané s tabelovanymi
hodnotami (obsah oxidid pro LiS2 je ziskany z [8]). V prvni ¢asti byl efekt matrice vzorkt po
rozkladech korigovan kontinualnim méfenim vnitiniho standardu (Sc 361 nm) a v druhé ¢asti
tabulek 4, 5 a 6 jsou hmotnostni procenta spoctena na zadkladé méteni koncentrace metodou
,matrix matching“. Z uvedenych tabulek je ziejmé, ze rozklad pouhou lu¢avkou kralovskou
neni pro rozklad LiS2 a AlSi-Gl dostacujici. VSechny vzorky po rozkladu luc¢avkou byly
zakalené, z ¢ehoZ vyplyva, Ze rozklad nebyl tplny. Pfidanim kyseliny fluorovodikové doslo
k Gplné destrukci a i u LiS2 a AlSi-Gl doslo k nartstu zjistovanych obsaht kovii. Srovnanim
tabelovanych a namétenych hodnot se nepotvrdil o¢ekavany unik t€kavych fluoridl a 1 hodnoty
hmotnostnich procent oxidu kiemicitého lze oproti ofekavani povazovat za odpovidajici.
Ziskané roztoky byly ¢iré, nedoSlo ani k vysrdZeni nerozpustného fluoridu vépenatého.
Ptidanim kyseliny borité ¢i tetrafluoroborité nedoslo k vyznamnému poklesu stanovenych
hodnot v pfipad¢, Ze byly kalibra¢ni roztoky pripraveny ve zfedéné kyselin¢ dusi¢né. Pokud

byla kalibrace provadéna piimo v matrici vzorku (prvkové standardy byly pfidany do matrice
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slepého stanoveni) doslo k poklesu stanovené¢ho obsahu P2Os u vzorku LiS2. Vyssi obsah P2Os

byl ale pouze u LiS2, proto nelze potvrdit vliv B na stanoveni P pomoci ICP-OES.
Obsah P20s a CeOz byl u LiS2 <3 hm%, B203, CaO, MgO, MnO- a Na20 byl < 0,5 hm%. U
AISi-Gl byl obsah Fe.O3 a K>O okolo 4 hm%, CeOz, MnO2, Na20O, P20s, < 0,5 hm%. U

referencniho skla byl obsah vSech stanovovanych oxidii mimo ty uvedené v Tabulce 6, méné

nez 0,5 hm%.
Tabulka 4: Chemické slozeni pro LiS2 sklo-keramicky material uvedené jako hm% v zavislosti
podle pouzitych kyselin
Lis2 korekce nespektrdlnich interferenci wt%
vnitfnim standardem Sc "matrix matching"
tabelované AlLO; K,O Li,O Sio, AlLO; K,O Li,O SiO,
kyseliny 4,8 4,5 14,6 72 4,8 4,5 14,6 72
AR 0,56 1,41 6,38 4,33 X X X X
AR+HF 3,38 4,14 14,35 70,34 X X X
AR+HF+H3BO3 3,32 3,85 13,66 68,96 3,24 3,84 14,76 64,28
AR+HF+HBF4 3,41 3,92 14,13 72,41 3,38 3,88 15,24 66,75

(X — nebylo méfeno)

Tabulka 5: Chemické slozeni pro AlSi-GL uvedené jako hm% v zavislosti podle pouZitych

kyselin
AlSi-GI korekce nespektrdlnich interferenci wt%
vnitinim standardem Sc "matrix matching"
tabelované |  Al,O; Cao MgO Sio, Al,0; Ca0o MgO Sio,
kyseliny 14,94 5,81 2,2 57,18 14,94 5,81 2,2 57,18
AR 2,93 1,62 0,44 4,01 X X X X
AR+HF 15,54 6,85 2,39 61,16 X X X X
AR+HF+H3BO3| 16,08 7,22 2,51 61,73 15,76 7,40 2,54 57,45
AR+HF+HBF4 15,86 6,72 2,44 61,66 15,51 6,73 2,41 56,60

(X — nebylo méfeno)

Tabulka 6: Chemické slozeni pro Eutal-borokremicité sklo uvedené jako hm% v zavislosti

podle pouzitych kyselin
Eutal korekce nespektrdinich interferenci wt%
vnitfnim standardem Sc "matrix matching"
tabelované Al,O; B,0; Cao MgO Sio, Al,0; Cao MgO Sio,
kyseliny 14,5 8,87 16,54 4,4 53,98 14,5 16,54 4,4 53,98
AR 13,56 8,63 16,42 4,33 1,32 X X X X
AR+HF 13,71 8,46 16,06 4,23 51,49 X X X X
AR+HF+H3BO3| 14,30 - 16,43 4,39 52,83 13,66 16,75 4,24 49,81
AR+HF+HBF4 14,10 - 16,23 4,39 53,61 13,69 16,36 4,27 49,40

(,-» koncentrace B po komplexaci nebyly nevyhodnoceny, x — nebylo méfeno)
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DISKUSE

Rozklad silikatovych vzorka lucavkou kralovskou je neuplny, pouze pro kremicitanové skla
s obsahom SiO2 ~55 hm% byly ziskany relevantni vysledky a bylo mozné kvantitativné stanovit
obsahy B (Tabulka 6). Pro materialy s vy$8i mirou zesitovani je uplny rozklad tetraedrické
silikatové struktury (1) mozné dosahnout minimalizaci mnozstvi vzorku a ptidavkem

minimalné 1 ml HF.
SiOz + 4 HF = SiF4 + 2 H,0 1)

Pokud neni kyselina boritd v roztoku vyvazand pomoci kyseliny borité je nevyhnutné pro
ICP-OES analyzu pouzit vyrobcem doporuc¢eny HF resistant dopravni systém. Pfi analyze
vzorkd po komplexaci pomoci kyseliny borit¢é nedochazelo k ocekdvanym vyznamnym
poklesiim intenzity a tak ani poklesiim stanovenych obsaht oxidi. Vyhodou je, Ze neni nutné
pouzivat specidlni teflonové soucasti pfistroje, ale dochazi k prodlouzeni doby rozkladu.
Nevyhodou vsak je vnos velkého mnozstvi boru a pamét'ovy efekt boru v systému. Z casového
a ekonomického hlediska je maskovani kyseliny fluorovodikové mozné docilit pomoci HBF4,
kterd je do reak¢éni smési pfidana ihned na zacatku rozkladu a rozklad 1 komplexace tak probiha
vjednom kroku (Tabulka 1). Pfidanim komplexacniho c¢inidla (H3BOs ¢i HBFs) vSak

prichazime o moznost stanoveni obsahu boru v materialu.

ZAVERY

Nase vysledky ukazuji, Ze ptidani kyseliny fluorovodikové do reakéni smési mélo za nasledek
vyznamné zvyseni stanovenych obsaht jednotlivych oxidi. Stanovené hodnoty tak odpovidaji
tabelovanym hodnotam. Uvedena metoda umoziiuje komplexni stanoveni oxidového slozeni
sklokeramickych materialti véetné obsahu Li2O a B2Oz i SiO> s relativni odchylkou 0,3 hm%,
resp. 1,5 hm% pro SiO.. V ptipadé pouziti sklenénych soucasti pfi analyze pomoci ICP je
zZ Casového a ekonomického hlediska pro maskovani kyseliny fluorovodikové vyhodné pouzit

HBF..
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KOROZIA DENTALNEJ KERAMIKY NA BAZE OXIDU ZIRKONICITEHO

CORROSION OF ZIRCONIA — BASED DENTAL CERAMICS

A. Nowicka, D. Galuskova, D. Galusek

Vitrum Lauguricio — Joint Glass Center of the 1IC SAS, TnU AD, and FChFT STU,
Studentska 2, 911 50 Trencin, Slovakia

ABSTRACT

This study investigated the effect of corrosion in acidic media and low temperature degradation
(LTD) on yttria — stabilized zirconia (Y-TZP) commercial dental ceramics IVOCLAR and
DOCERAM, and a Ce-TZP based nano-composite material - LONGLIFE and its effect on ion
leaching, phase composition and mechanical properties. Long — term exposure of commercial
yttria — stabilized zirconia dental materials to acidic medium resulted in corrosion associated
with leaching of yttrium from zirconia ceramics, partial destabilization of tetragonal zirconia,
and measurable increase of the content of monoclinic phase at the surface. This, in turn,
increased susceptibility of the ceramics to low temperature degradation. Commercial dental
ceramics IVOCLAR was the material least resistant to LTD. Based on these results a hypothesis
has been formulated that corrosive attack of acidic media from regularly consumed beverages
and food combined with poor mouth hygiene, or some health issues associated with excessive
production of gastric acid may increase vulnerability of Y-TZP dental ceramics to LTD.

However, to draw unambiguous conclusion, longer corrosion experiments are in progress.

Keywords: corrosion, low temperature degradation, dental implants, acetic acid,

accelerated aging test
INTRODUCTION

Excellent mechanical properties of zirconia-based materials combined with their superior
aesthetics and biocompatibility characteristics have encouraged their application as
bioceramics, particularly in the dental field [1]. Ceramics made of zirconium oxide polycrystals
stabilized in their tetragonal form by the addition of 3 mol% of yttrium oxide (denoted as 3Y -
TZP) is a material of choice in advanced dental applications and dental implantology [2].
However, past research on hip joints made from yttria doped zirconia ceramics revealed that
this material was vulnerable to low temperature hydrothermal degradation (LTD) [1, 3], a
phenomenon in which, due to the presence of water, the tetragonal — monoclinic phase
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transformation is triggered at the ceramic surface. The present work was carried out to study
and elucidate the role of corrosion on LTD of zirconia bioceramics that could be used in the
dental field but also in other biomedical applications (hip joints, spine prostheses etc.) through
determination of long term corrosion behaviour of zirconia bioceramics in-vitro under the
conditions simulating those in human body (dental and orthopedic applications) and its effect
on LTD.

EXPERIMENTAL

Two commercial zirconia-based dental materials stabilized in their tetragonal form by addition of
yttrium (3Y-TZP) — IVOCLAR IPS e.max® ZirCAD and DOCERAM Nacera® were tested. To
compare the properties and resistance to LTD, Ce-TZP based nano-composite (denoted as
LONGLIFE) developed at INSA Lyon was also used. IVOCLAR, DOCERAM and LONGLIFE
ceramics have been corroded at three temperatures (37, 60, 80 °C) in 4 % acetic acid as the
corrosion medium for up to 31 days. The samples were exposed to the corrosion medium 3 times
for 5 days and 2 times for 8 days. Then the experiments were interrupted for three months and after
the break the experiment at 37°C was resumed and proceeded for another 170 days. After each
period of time in the corrosion medium the phase composition was determined by X-ray diffraction
(Panalytical Empyrean powder diffractometer, CuKa radiation, in the 20 range 25 — 75°). To
monitor the amount of leached ions from the materials during the corrosion process chemical
analysis of corrosion media was carried out by ICP — OES (Agilent Technologies 5100). Un-
corroded materials were subjected also to accelerating aging test (AAT) to check their resistance
to LTD. The experiment was carried out in autoclave (Biichi Glas Uster/Limbo 1I). The samples
were exposed to water vapour at an elevated temperature of 134 °C (one hour at 134 °C corresponds
to ~ 2 years at 37 °C [1]) for up to 30 h. Before and after the exposure to AAT the content of
monoclinic phase was determined, using the method described by Garvie and Nicholson [4].
Furthermore, aging kinetics expressed in terms of the monoclinic phase content change for
IVOCLAR samples were fitted by Mehl — Avrami — Johnson (MAJ) law (3), presuming nucleation

and grain growth to be the key mechanisms for transformation [4].

f =1—exp(—(bt)”) )

Where f — fraction of tetragonal zirconia that has transformed to monoclinic phase, 7 — time of

exposure to moisture, n — exponent , b — constant
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This equation allows prediction of the monoclinic fraction at the surface of aged ceramic for a
given time and temperature. At the end of experiments the effect of static corrosion test and
AAT on the overall strength of DOCERAM and LONGLIFE samples was carried out, using a
biaxial bending test in a ball-on-disk-on three balls arrangement suitable for circular samples.
Universal testing machine (INSTRON 8500, Norwood, USA) was used for the measurements.
The IVOCLAR was not measured due to unsuitable geometry of tested samples. Three
specimens from each material (DOCERAM, LONGLIFE) were tested after static corrosion test,

but only one after the AAT due to insufficient amount of available material.

RESULTS

To evaluate the influence of corrosion in 4 % acetic acid on Y3* and Ce** ions leaching from
zirconium dental ceramic and to prove that acidic corrosion of TPZ dental ceramics is
associated with leaching of stabilizing ions (Y or Ce**) from zirconia ceramics, the
ICP-OES measurements were carried out. The effect of corrosion could be partial
destabilization of tetragonal zirconia and an increase of the content of monoclinic phase at the
surface. Leaching out of yttrium ions was observed from both tested ytrria-stabilized zirconia
dental ceramics IVOCLAR and DOCERAM (Fig. 1). For IVOCLAR ceramics the
concentration of leached ions increased already at 60 °C. However, in the case of DOCERAM
ceramics the leaching of yttrium was observed only at the highest temperature (80 °C). The
leaching out of cerium ions was observed already at 37°C. Behaviour of the LONGLIFE
ceramics was similar to Y-TZP materials and the concentration of Ce** ions was increasing at
higher temperatures. Concentrations of other ions (Al, Sr and Zr), which were leached out of
the LONGLIFE ceramics were close to the limit of quantification of the used method. The NL
values shown in Fig. 1 represent the amounts of leached elements normalized with respect to
the weight fraction of the element in corroded material. The fact that the NL values of other
leached elements were close to the detection limits indicate preferential leaching of Ce as the

stabilizing agent and higher chemical stability of other phases present in the material.
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Fig. 1. The amounts of leached Y3* and Ce*" ions from the Y-TZP (IVOCLAR, DOCERAM)
and the Ce-TZP (LONGLIFE) ceramic materials after 31 days of exposure to 4 % acetic acid

at various temperatures.

After the exposure of IVOCLAR, DOCERAM and LONGLIFE in acidic environment for 31
days at 60°C and 80°C and after 170 days at 37°C the content of monoclinic phase was

determined by X-ray powder diffraction measurement (Fig. 2). For both materials exposed to

acetic acid at 80 °C, their phase development was almost identical until the day 31. At 37 °C

for the DOCERAM no measurable increase of the monoclinic phase was detected. At higher

temperatures this material was more resistant to LTD than IVOCLAR.
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Fig. 2. Time dependence of the content of monoclinic phase in the ceramics exposed to 4 %
acetic acid at various temperatures. a) IVOCLAR, b) DOCERAM.
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In the LONGLIFE zirconia ceramics (Fig. 3) stabilized by the addition of Ce about 2 wt.% of
monoclinic phase was detected already after sintering and polishing procedures, but this value
did not change after exposure to acidic media after 31 days of the experiment, irrespective of
the applied temperature. However, after the three months interruption of the corrosion
experiments an abrupt increase in the content of monoclinic phase was observed already after
10 days exposure to corrosion medium at 37°C. The result led to hypothesis that the t-m
transformation could occur in the course of storage of the material. To prove this hypothesis
the measurements of stored samples of each material corroded for 31 days at 60°C were
repeated prior to exposure to corrosive medium. The star-shape dot in Fig. 2a), b) and in Fig.
3 represent measured contents of monoclinic phase. While in DOCERAM and IVOCLAR the
content of monoclinic phase did not change during storage, a significant increase of m-ZrO>

content was measured in LONGLIFE.
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Fig. 3. Time dependence of the content of monoclinic phase in the LONGLIFE ceramics

exposed to 4 % acetic acid at various temperatures.

Further changes of the content of monoclinic phase were observed after the accelerating aging
test (Fig. 4). The content of monoclinic phase in the LONGLIFE ceramics remained constant
throughout the whole AAT. DOCERAM ceramics was more resistant to LTD than IVOCLAR,

with maximum of 10 wt.% of monoclinic phase after 30 h exposure at 134 °C.
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Fig. 4. Content of monoclinic phase after AAT at 134 °C

To verify whether the mechanism of phase transformation during corrosion in acetic acid is
different from that of low temperature degradation the MAJ equation was applied for every
material. The red solid squares in Fig 5. show the time dependence of the content of monoclinic
zirconia measured during the AAT at 134 °C for IVOCLAR dental ceramics. Empty symbols
represent the estimates of the monoclinic phase contents determined with the use of the Mehl —
Avrami- Johnson law for lower temperatures 37, 60 and 80 °C [5], with the use of activation
energy determined for the transformation process 80 kJ.mol™ by Lughi et al. [2].Solid symbols
of other colours (blue, green, black) show the time dependencies of monoclinic phase contents

measured by X-ray diffraction after acid corrosion at temperatures from 37 °C to 80 °C.
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Fig. 5. Relationship between the amount of monoclinic phase and aging time at various
temperatures in IVOCLAR: comparison of measured data with the values estimated
from the MAJ equation.
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The curves calculated with the same value of activation energy of 80 kJ.mol™* determined for
LTD, identical to measured phase contents after corrosion tests would indicate identical
controlling mechanism(s). After corrosion at 80 °C the measured and calculated values were
quite different suggesting different mechanism controlling the rate of phase transformation.
After initial slow increase of monoclinic phase content an abrupt increase was observed after
23 days, indicating some kind of nucleation process related to zirconia matrix depletion of the
stabilizing agent. Markedly higher monoclinic phase content was measured at 60 °C then
predicted from the MAJ equation after 31 days of the test: however no unambiguous
conclusions can be drawn from just one experimental point and longer corrosion experiments
will be necessary to confirm the trend. Much longer times of corrosion would be necessary also

at 37 °C to achieve reasonable overlap between the measured and calculated data.
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Fig. 6. Relationship between the amount of monoclinic phase and aging time at various
temperatures in DOCERAM: comparison of measured data with the values estimated from the

MAJ equation.

The same calculations were carried out for DOCERAM (Fig.6) and LONGLIFE dental
ceramics (Fig.7), indicating a different controlling mechanism of corrosion of DOCERAM at
80 °C, than that responsible for LTD. However, similarly to IVOCLAR, longer corrosion
experiments will be necessary at 37 and 60 °C to confirm the conclusion. No conclusions could
be drawn from the results obtained for LONGLIFE due to very low monoclinic phase contents.
The inexplicable increase of m-ZrO> content during the 3 months storage also requires further

investigation.
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Fig. 7. Relationship between the amount of monoclinic phase and aging time at various
temperatures in LONGLIFE: comparison of measured data with the values estimated from the

MAJ equation.

The results from biaxial flexural strength (Fig. 8) test for DOCERAM and LONGLIFE samples
indicated that static corrosion test and AAT had significant effect on the flexural strength for
Y-TZP ceramic (DOCERAM). The lowest strength values were measured for DOCERAM
samples after AAT, indicating the t-m phase transformation at the surface combined with
volume expansion led to micro-cracking and roughening. For the LONGLIFE material the
flexural strength remained unaffected, irrespective of the temperature applied during the test.

Marginal increase of strength was observed after static corrosion at 60 °C.
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Fig. 8. Biaxial flexural strength test for DOCERAM and LONGLIFE
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CONCLUSION

The tested Y-TZP dental ceramics are vulnerable to low temperature hydrothermal degradation
(LTD), a phenomenon in which, due to the presence of water, the t—m phase transformation is
triggered at the ceramic surface. Acidic corrosion of 3Y-TZP dental ceramics is associated with
leaching of yttrium from zirconia ceramics, resulting in partial destabilization of tetragonal
zirconia and measurable increase of the content of monoclinic phase at the surface. Preliminary
experiments indicate that the corrosion differs by its mechanisms from LTD. However, to draw
unambiguous conclusion, longer corrosion experiments will be necessary. Ce-TZP based nano-
composite material (LONGLIFE) was the material most resistant both to corrosion and to

accelerated aging.
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ABSTRACT

The work deals with the determination of the influence of glycine on the properties of sols and
xerogels prepared in “polymeric silicic acid (PSA) — water (H20) — sodium hydroxide (NaOH)
— glycine (C2HsNO2)” system. The stabilized sol was prepared by ion exchange, then by
addition of NaOH solution and subsequently by refluxing process. From the stabilized sol, the
sols with various ratios of x(C2HsNO2):x(SiO2) were prepared. The xerogels were prepared by
drying of sols at 80 °C. For sols, the size of particle was measured and it was characterized by
polydispersity index and volume of particles from total volume of particles. The structure of
xerogels were characterized by infrared spectroscopy in the spectral range of 4000 - 400 cm'™.
The structure information was supplemented by Raman spectroscopy in range of
1500 - 300 cm™.

Keywords: colloidal silica, glycine, xerogel, particle size, structure

INTRODUCTION

The interaction of proteins with solid surfaces of materials is not only afundamental
phenomenon but is also key to several important fields, such as biology, medicine, biomaterials,
biotechnology, nanotechnology or food processing [1, 2]. In the biomaterials field, protein
adsorption is the first step in the integration of an implanted device or materials with tissue. In
nanotechnology, protein-surface interactions are pivotal for the assembly of interfacial protein
construct, such as sensors, activators and other functional components at the biological or

electronic junction [2].
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In this work, the simplest protein structural unit and the smallest amino acid — glycine was
chosen to interact with the surface of SiO> particles [3]. The surface of amorphous silica is
covered with silanol groups which can easily form hydrogen bonds. Glycine has two reactive
groups able to form hydrogen bonds, the -COOH and the -NH groups [4]. The investigation
and understanding the influence of glycine interaction with the surface of SiO; particles in sols
on their size, as well as changes in the xerogels structure, are closely related to the application

options mentioned above.

The SiO; xerogels are known for their amorphous structure which consists of [SiOs] tetrahedra
linked together in different ways [5]. The structure of SiO2 xerogels can be monitored using IR
and Raman spectroscopy. Infrared spectra of glycine in the range of 1700 - 1200 cm™ include
the bending vibrations of the -NHs" groups as well as the wagging, twisting and rocking
vibrations of the -CH»-, -NHz and -NH3" groups. In the Raman spectra in region below 800 cm"
!, the vibrations of the -COO" groups and the bending vibrations §(NCC) can be identified [3].
According the literature, the bands in infrared and Raman spectra of SiO2 xerogels modified by

glycine can be assigned to the vibrations which are summarized in Tab. 1.

Tab. 1. Assignment of bands in the infrared and Raman spectra of SiO> xerogels modified
by glycine

Infrared spectra Raman spectra
Wavenumber [cm?] Assignment Reference Raman shift [cm™] Assignment Reference
2400 — 3400 v(NH3s) 3 ~ 1462 0CH: 3
~ 1596 vas(COO) 6 ~ 1417 vsCOO 3
~ 1505 ds(NHs) 3,6 ~ 1331 oCH2/twCH2 3
~ 1444 d(CHy) 3 ~ 1105 and 1120 pNH3 3
~ 1401 vs(COO) 3,6 ~ 1040 vCN 3
~ 1334 o(CHy) 3 ~ 980 v(Si-OH) 9
~ 1080 vas(Si-O-Si) 7 ~ 899 vCC 3
~ 1034 v(CN) 3 ~ 800 vs(Si-O-Si) 7,10
~ 893 v(CC) 3 ~ 703 3COO 3
~ 698 3(CO0) 3 ~ 608 ®COO 3
~ 608 o(COO0) 3 ~ 499 3CCO 3
~ 520 7(C-N) 3 ~ 490 vs(Si-O-Si)  7,9,11
~ 470 p(Si-O-Si) 7,8 ~ 364 ONCC 3

In the present work, the stabilized SiO> sols was prepared from colloidal silica and stabilized
by Na* ions. The glycine was used as a particle surface modifier. The influence of the molar
ratio x(C2HsNO2):x(SiO-) on the particle size in sols as well as the change in the structure of

SiO2 xerogels was studied.
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EXPERIMENTAL

In the first step, a larger amount of stabilized SiO> sol was prepared. For preparation this sol,
the aqueous solution of sodium silicate (Na2SiOs3) was used (SiO2 content was 37 wt. %). The
solution of sodium silicate was diluted with distilled water until the SiO> content was 5 wt. %.
The polymeric silicic acid sol was obtained by cation exchange of Na* and H* using ion
exchanger Amberlite IR-120. The prepared sol was stabilized by addition of NaOH solution so
that the weight ratio of w(SiO.):w(Na2O) in sols was 150:1 and after that, the sol was refluxed
for 3 hours. In the second step, nine sols were prepared from the stabilized sol after 24 hours
from its preparation. These sols were prepared by the following way: the required amounts of
water as well as the solution of glycine (10 wt. %) were added drop by drop into required
amount of stabilized sol during stirring. The obtained mixture was stirred for 30 min. The molar

composition of the sols is shown in Tab. 2.

The xerogels were prepared 24 hours after preparation of sols by drying in a thin layer at 80 °C
to constant weight. After drying, the xerogels were stored in an environment with RH = 43.2 %.
Before FTIR and Raman spectroscopy measurements, the xerogels were crushed on the fraction
under 0.315 nm.

The particle size of sols was determined by dynamic light scattering method. Measurements of
particle size were carried out using the device Particle size analyzer 90 Plus/BI-MAS. The
groups of particles as well as minimum and maximum values of particles size were determined
from the distribution of intensity according to diameter of particles. In order to obtain the
information about the volume of particles in given group, the distribution of intensity according
to diameter of particles were converted by calculation to the distribution of volume according
to diameter of particles. From the cumulative curves of intensity according to particles diameter,

the polydispersity index was determined for each group of particles [12].

The infrared spectra were measured using reflex mode in the 4 000 - 400 cm™ region by the
device Nicolet iS50 FT-IR, with aresolution 4 cm™. Raman spectra were measured by the
Renishaw inVia Reflex Raman microspectrometer. Spectra were obtained with
a monochromator using the 532 nm line of an Argon laser Spectra Physics STABILITE 2017
as an excitation source with a typical power of 2 W. The measurement conditions were

following: center at 900 cm™, 3600 accumulations and exposure time of 10 second.
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Tab. 2. Molar composition of sols
Sample designation

X(SiOz) X(C2H5N02) X(HzO) X(CszNOz):X(SiOz)

Sol Xerogel
CB16002S CB16002X  0.0061 0.0000 0.9939 0.0000
CB16003S CB16003X  0.0061 0.0004 0.9935 0.0667
CB16004S CB16004X  0.0061 0.0008 0.9931 0.1334
CB16005S CB16005X  0.0061 0.0012 0.9927 0.2001
CB16006S CB16006X  0.0061 0.0016 0.9923 0.2668
CB16007S CB16007X  0.0061 0.0020 0.9918 0.3335
CB16008S CB16008X  0.0061 0.0025 0.9914 0.4002
CB16009S CB16009X  0.0061 0.0029 0.9910 0.4669
CB16010S CB16010X  0.0061 0.0033 0.9906 0.5336

RESULTS AND DISCUSSION

For individual sols, Tab. 3 shows the groups of particles with the values of their minimum and
maximum size of particles as well as the values of cumulative volume for given particles from
total volume of particles. The particles of the 1% group, with size approximately in the range
from 1.0 to 74.1 nm, form dominant group in all sol and the volume of these particles represents
98.1 - 100.0 vol. % from the volume of all particles which are present in sol. In all sol, the
particles with the size approximately in the range from 10.0 to 562.3 nm, which form the 2"
group of particles, represent the very small volume from the volume of all particles in sol. The
volumes of particles of the 3 and the 4" groups are negligible and these particles can be
attributed to particles of dust and pollution. In the next step, the size of particles was
characterized by the polydispersity index (Fig. 1) for particles of the 1% as well as the 2" group,
while the particles of the 3" and the 4™ groups were not considered. Fig. 1 illustrates that the
dependences of polydispersity index on the x(C2HsNO2):x(SiO.) ratio for the 1% as well as the

2" group have decreasing tendency.

Tab. 3. The cumulative volume of particles with a given size of particles from the total
particles volume

Group of particles
1 2 3 4
Min-Max [nm] 1.8 17.8 15.4 1334 191.1 1154.8 3398.2 10000.0
Volume [%] 0.0 99.7 99.6 100.0 100.0 100.0 100.0 100.0
CB16003S Min-Max[nm] 2.4 31.6 20.5 562.3 103.2 3398.2 1521.1 10000.0

Sol Characteristic

CB16002S
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Volume [%] 0.0 99.9 99.3 100.0 100.0 100.0 100.0 100.0
Min-Max [nm] 3.0 74.1 14.2 348.8 83.7 1268.0 3398.2 10000.0

CBI6004S \olume[%] 00 1000 97.3 1000 1000 1000  100.0  100.0
CcBleooss Min-Max[nm] 13 316 100 2738 1911 16548 23714 10000.0
Volume[%] 0.0 99.9 99.7 100.0 100.0 100.0  100.0  100.0
CcBle00ss Min-Max[nm] 10 562 195 2371 1049 8605 3398.2 10000.0
Volume[%] 0.0 100.0 96.2 100.0 100.0 100.0  100.0  100.0
CBleooys Min-MaxInm] 37 180 170 693 627 4488 4435 20317
Volume[%] 0.0 981 974 100.0 100.0 100.0  100.0  100.0
CcBleoogs Min-Max[nm] 3.0 244 317 1172 1522 5629 27040 10000.0
Volume[%] 0.0 994 99.7 100.0 100.0 100.0  100.0  100.0
CcBleo0gs Min-Maxinm] 4 216 194 142.0 1174 16815 723286 10000.0
Volume[%] 0.0 98.7 98.0 100.0 100.0 100.0  100.0  100.0
cBle010s Min-Max[nm] 3.1 150 222 103.2 - _ ) -

Volume [%] 0.0 99.6 99.5 100.0 - - - -
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Fig. 1. The dependence of polydispersity index on the ratio of x(C2HsNO2):x(SiOz2) in sol
for a) particles of the 1% group, b) particles of the 2" group

The infrared spectra of xerogels, prepared from sols with various x(C2HsNO>):x(SiOz) ratio as
well as the spectrum of glycine in the range of 4000 - 400 cm™, are shown in Fig. 2. The
wavenumbers and assignments of bands in the observed region are the same as it can be seen
in Tab. 1.

In term of study of xerogel structure development, the most important region of infrared spectra
is the region of 1700 - 1200 cm™ and it is shown in Fig. 3. It can be seen, that in the infrared
spectrum of CB16002X, i.e. sample without glycine, there is no bands in mentioned region. By
addition of glycine, the band of asymmetric stretching vibration vas(COOQ) is observed near to
wavenumber of 1596 cm™ and this band has the wider arm on the side of the higher
wavenumber near to 1615 cm™. Four further bands are also observed. The band occurring at
1505 cm™ corresponds to symmetric bending vibration 8s(NHs). The band at 1444 cm™ is
assigned to bending vibration §(CHz). The band at 1413 cm™ corresponds to symmetric
stretching vibration vs(COQ) and the band with a maximum near to 1334 cm™ belongs to

wagging vibration o(CHz). When the ratio of x(C2HsNO>):x(SiO>) in sol increases, the increase
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of the relative ,,height‘‘ of the studied bands as well as the changes in the shift of their

wavenumber were observed.
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Fig. 2. Infrared spectra of xerogels with various molar ratio of x(C2HsNO2):x(SiOz) in sol
and spectrum of glycine
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Fig. 3. Infrared spectra of xerogels with various molar ratio of x(C2HsNO2):x(SiO) in sol and
spectrum of glycine in range of 1700 - 1200 cm™

Fig. 4 shows the Raman spectra of xerogels prepared from sols with various
X(C2HsNO,):x(SiO) ratio as well as the spectrum of glycine in the range of 1500 - 300 cm™.
The Raman shift and assignments of the individual bands in the mentioned region are the same
as it can be seen in Tab. 1. For further analysis, the region of 300 - 700 cm™ was selected on
the basis of reference [3]. Fig. 5 shows the Raman spectra of xerogels prepared from sols with
various molar ratio of x(C2HsNO»):x(SiO.) in selected region. In the Raman spectrum of sample
without glycine, CB16002X, the band of symmetric stretching vibration vs(Si-O-Si) near
490 cm™ is observed. After addition of glycine to sol, the bands at 608 and 703 cm™ are
observed in xerogel and they can be attributed to wagging vibration ®(COO) and bending
vibration 6(COO). In spectra of xerogels with a higher ratio of x(C2HsNO2):x(SiOz), the bands
around 360 and 499 cm™ are observed and they are associated with bending vibration (NCC)
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and bending vibration 6(CCO). The changes in intensity of Raman bands, mentioned above, are

observed with increasing x(C2HsNO2):x(SiOz2) ratio in sol.
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Fig. 4. Raman spectra of xerogels with various molar ratio of x(C2HsNO2):x(SiOz) in sol
and spectrum of glycine
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Fig. 5. Raman spectra of xerogels with various molar ratio of x(C2HsNO2):x(SiO) in sol
and spectrum of glycine in range of 300 - 700 cm*

CONCLUSION

In the presented work, the influence of various x(C2HsNO):x(SiO2) molar ratio on the size of
particles in sols as well as the change in the structure of prepared xerogels was study. Based on
the results, the all prepared sol contains the particles which have the size approximately from
1to 74 nm and these particles represent the most dominant volume from the volume of all
present particles in sol. The index polydispersity has decreasing tendency in dependence on the
X(C2HsNO2):x(SiO2) molar ratio. The ratio of x(C2HsNO2):x(SiO2) has the influence on the

position and relative intensity of bands in studied region of infrared and Raman spectra.
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ABSTRACT

The present study deals with the effect of the heat treatment on the properties of surface of
inorganic-organic layers prepared in “tetraecthoxysilane (TEOS) - triethoxy(octyl)silane
(OTES) - distilled water (H20) - nitric acid (HNO3) - isopropyl alcohol  (IPA)”  system.
Inorganic-organic sol was prepared with molar ratios of x(OTES)/(X(OTES)+x(TEOS)) =0.3
and x(H20)/(x(OTES)+x(TEQS)) = 6. Inorganic-organic layers were prepared by the dip-coating
technique and heat treated at 140, 160, 180, 200 and 220 °C. The morphology, rms-roughness,
hydrophobicity, surface free energy and its polar and dispersion components were studied on
inorganic-organic layers. The prepared inorganic-organic layers were non-uniform and
consisted mostly of spherical bumps and depressions of different size and shape. The layers were
hydrophobic up to a temperature of 180 °C and above this temperature, the layers became
hydrophilic. Rms-roughness decreased with increasing temperature of heat treatment except for
the layer which were heat treated at 200 °C. Surface free energy and its components slightly
increased with increasing temperature of heat treatment. It was found out that the studied
properties were significantly affected by the thermal decomposition of octyl groups on the
surfaces of inorganic-organic layers which were heat treated at 200 and 220 °C.

Keywords: inorganic-organic layers, morphology, rms-roughness, hydrophobic surface,

surface free energy
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INTRODUCTION

In the last years, the attention is increasingly devoted to preparation of inorganic-organic
materials by sol-gel method in the form of transparent thin layers on different substrates due to
their high resistance to wear, near-perfect adhesion to the substrate, thermal stability,
mechanical strength, high transparency and good processibility [1-3]. These materials are very
interesting for a wide variety of application such as protective and self-cleaning thin layers on
windows, windscreens, store windows and glass building facades, solar panels, wind turbine
blades, optical displays and touch panels, mirrors in the bathroom, etc. [4-8]. The properties of
surfaces of these thin layers (morphology, hydrophobicity, rms-roughness, surface free energy)
play a cruel role in applications mentioned above. In the present work, the sol-gel method was
used for preparation of sol using TEOS as inorganic precursor and OTES as modifying
organoalkoxysilane. The effect of the heat treatment on the properties of surface of prepared

inorganic-organic layers was studied.

EXPERIMENTAL

Inorganic-organic  sol with molar ratios of x(OTES)/(x(OTES)+x(TEOS)) = 0.3
and x(H20)/(x(OTES)+x(TEOS)) =6 was prepared in the “tetracthoxysilane (TEOS) -
triethoxy(octyl)silane (OTES) - distilled water (H20) - nitric acid (HNO3) - isopropyl alcohol
(IPA)” system by the sol-gel method. The content of silicon dioxide and nitric acid in sol was
constant: x(OTES)+x(TEQOS) = 0.05 and x(HNOs) = 0.005. The inorganic-organic sol was
applied by the dip-coating technique on cleaned glassy substrates. The substrates were withdrawn
from the sol at a speed of 60 mm mint. The inorganic-organic layers were heat treated at 140,
160, 180, 200 and 220 °C for 2 hours. The surface of prepared inorganic-organic layers was
investigated using the Innova atomic force microscope (Bruker) operating in tapping mode in
the air at room temperature. Each layer was measured in five selected places and 2D images
(10 x 10 um) were obtained. The morphology of prepared inorganic-organic layers was
observed visually using the program NanoScope Analysis 1.50. Rms-roughness (RMS) of

surfaces was evaluated using the following equations:

RMS(N, M) = |5o50, B (200 ) = 206, )2 (1)

Z(N,M) = — 3N TM, 2(x,) 2
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where RMS is standard deviation of surface height, N and M are the number of lines and columns
corresponding to the raster of the AFM image, z is height in the X, y point in the AFM image (nm)
and Z is the average height of surface inequalities in the AFM image (nm) [9]. The contact angles
(©) of liquids on prepared inorganic-organic layers were determined by the method of sessile drop.
Distilled water (y = 21.8 mJ.m?, y = 51 mJ.m) and diiodomethane (1 = y“= 50.8 mJ.m?) were
used as measuring liquids. 12 drops of measuring liquid with a volume of 10 ul were placed
for each layer. The surface free energy (SFE) and its polar and dispersion components were
calculated from the measurement of contact angle using distilled water and diiodomethane by

the Owens-Wendt's method on the basis of following equations [10, 11]:

Vs =¥ + v 3)

Yse =VstVvi—2 (J yayd + Jyf Vzp> (4)

(1+cos0).y ]/p
=== L+ 5)
2 \/E L

where y; is SFE on the contact surface between solid and test liquid, y, is SFE of solid, y; is
SFE of liquid, y& is dispersion component of SFE of solid, y? is polar component of SFE of
solid, y¢ is dispersion component of SFE of liquid, y? is polar component of SFE of liquid and

6 is contact angle between tested surface and standard liquid.
RESULTS AND DISCUSSION

The Fig. 1 shows the AFM 2D images of inorganic-organic heat treated layers at 140, 160, 180,
200 and 220 °C. The surfaces of these layers consisted of non-uniformly distributed spherical
bumps of different size as well as larger depressions of different size and shape. The surfaces
of inorganic-organic layers which were heat treated at 140 °C (Fig. 1a), 160 °C (Fig. 1b) and
180 °C (Fig. 1c) were visually similar, however the spherical bumps reduced their size with
increasing temperature of treatment. The increase of the heat treatment temperature up to
200 °C led to aformation of elongated bumps non-uniformly distributed on the surface
(Fig. 1d). The inorganic-organic heat treated layer at 220 °C (Fig. 1e) consisted mostly of small
depressions with almost circle circumference and small non-uniformly distributed spherical
bumps. The changes in morphology of inorganic-organic heat treated layers at 200 and 220 °C

can be assignment to the thermal decomposition of octyl groups on the surface.
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Fig. 1: AFM 2D images of inorganic-organic heat treated layers at: a) 140 °C,

b) 160 °C, ¢) 180 °C, d) 200 °C, €) 220 °C

The Fig. 2 shows the dependence of rms-roughness of inorganic-organic layers on the heat
treatment. The rms-roughness of prepared inorganic-organic layers decreased with increasing
temperature of heat treatment except for layer which was heat treated at 200 °C when the
rms-roughness increased from 17.1nm to 25.1nm. The high standard deviation of
rms-roughness of this layer confirmed that its surface was non-uniform and affected by the

thermal decomposition of octyl groups on the surface.

Table 1: Rms-roughness of inorganic-organic layers

Rms-roughness

Sol Temperature [°C] [nm]
BA17010V 140 28.4£2.5
BA17011V 160 25.6+1.8
BA17012V 180 17.1£1.9
BA17013V 200 25.1£11.0
BA17014V 220 14.5+2.7

152



40 -

Rms-roughness [nm]
= R RN W W
o (%)) (=) wvi o (%3]

w
1

o

120

Fig. 2: The dependence of rms-roughness of inorganic-organic layers on the heat treatment

The Fig. 3 shows the dependence of contact angle of water on inorganic-organic layers on the
heat treatment. The mean values of contact angle of water can be considered as a measure of the
hydrophobicity. The results showed that prepared layers were hydrophobic up to a temperature
of 180 °C. Above this temperature of heat treatment, the mean values of contact angle of water

140

160

180 200 220 240

Temperature [°C]

decreased and the layers became hydrophilic.

Table 2: Contact angles of water on inorganic-organic layers

Sol Temperature [°C] 0 of water [°]
BA17010V 140 96.3£1.8
BA17011V 160 95.9+5.2
BA17012V 180 98.5+0.8
BA17013V 200 82.3+4.0
BA17014V 220 87.8+1.9
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Fig. 3: The dependence of water contact angle of inorganic-organic layers

on the heat treatment
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The Fig. 4 shows the dependence of surface free energy and its dispersion and polar components
of inorganic-organic layers on the heat treatment. The surface free energy of prepared
inorganic-organic layers slightly increased with increasing temperature of heat treatment.
The similar dependence was observed for dispersion as well as polar component of SFE. The
results showed that the dispersion component of surface free energy prevailed over the polar
component of surface free energy. The relation between the mean values of the polar
component of SFE and the hydrophobicity of prepared inorganic-organic layers was observed.
The higher the mean values of polar component of SFE were, the lower the hydrophobicity was.
The highest value of polar component of SFE and the lowest hydrophobicity were observed for

inorganic-organic heat treated layer at 200 °C.

Table 3: Surface free energy and its dispersion and polar components of inorganic-organic layers

Sol Temperature [°C] s [rr21]J m pd [mI.m?] P [MI.m?
BA17010V 140 28.14£0.6 26.8+0.6 1.3+0.2
BA17011V 160 27.2+1.1 25.5£1.0 1.6+0.8
BA17012V 180 28.1+0.3 27.3+0.4 0.9+0.1
BA17013V 200 32.4+1.0 28.2+0.6 4.2+0.9
BA17014V 220 32.5+0.4 29.5+0.3 3.0+0.4
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Fig. 4: The dependence of surface free energy and its dispersion and polar components

CONCLUSION

The inorganic-organic layers were prepared by the sol-gel method and dip-coating technique on

glassy substrates and heat treated at 140, 160, 180, 200 and 220 °C. The inorganic-organic layers

Temperature [°C]

of inorganic-organic layers on the heat treatment
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were non-uniformly and consisted mostly of spherical bumps and depressions of different size
and shape. The layers were hydrophobic up to atemperature of 180 °C and above this
temperature, the layers became hydrophilic. The rms-roughness of inorganic-organic layers
decreased with increasing temperature of heat treatment except for layer which was heat treated
at 200 °C. The surface free energy and its components of prepared inorganic-organic layers
slightly increased with increasing temperature of heat treatment. Based on the results, we can
conclude that the morphology, hydrophobicity, rms-roughness and polar component of surface
free energy were significantly affected by the thermal decomposition of octyl groups on the
surface of inorganic-organic heat treated layers at 200 and 220 °C. Therefore, the hydrophobic
inorganic-organic layers prepared from given sol in “TEOS-OTES-H>O-HNO3-IPA” system
should be heat treated maximal at 180 °C.
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ABSTRACT

A novel environmental barrier coating system for steel consisting of a perhydropolysilazane
(PHPS) bond coat and a polysilazane-based glass/ceramic composite top coat has been
developed. The slurry preparation as well as processing route, filler systems and microstructure
of the coating system were optimized. After stabilizing the coating slurries, double layers
consisting of a bond coat applied by dip coating and a top coat deposited by spray coating were
prepared on stainless steel (AISI 441) substrates. The thermal treatment was performed in air
at temperatures up to 800 °C. The optimized composite top coatings were prepared from the
ceramic matrix forming polysilazane HTT1800 precursor, filled with YSZ and a powder
precursor (Al.03-Y203-ZrOy) as passive fillers, and the commercial glasses G018-311 and
G018-385 as sealing agents. After thermal treatment in air at 750°C, uniform and crack-free

composite coatings on stainless steel with a thickness up to 90um were prepared.

Keywords: polymer-derived ceramics, environmental barrier coating, passive filler
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INTRODUCTION

Due to the increasing costs for metals, there is currently a need to enhance the
performance and lifetime of steel, for example, those employed in exhaust systems, waste
incineration plants or for applications in the chemical industry [1]. Protective coatings are
frequently the most cost-effective solution for several engineering problems like corrosion,
oxidation and wear [2]. Recently polymer derived ceramics have gained attention as promising
candidates for preparation of environmental barrier coatings. Preceramic polymers (precursors)
possess certain polymeric characteristics, which provide many processing advantages that are
not possible with traditional ceramics. Precursors can be produced in liquid form, which
facilitates processing by slurry methods. This also allows control of the precursor viscosity,
which can be useful in coating process [3]. The main drawback of the preceramic polymer
technology is the unavoidable shrinkage, which occurs due to the large density change when
the polymer precursor is converted to the ceramic product [4]. The shrinkage of the polymer
leads to crack formation in coatings and, in extreme cases, to complete failure of the coating.
To overcome these drawbacks, the coatings have to be filled with components that compensate
shrinkage and close the pores. Filler particles can also increase the coating thickness [5]. A
coating with a minimum of closed porosity is formed when glass particles fill the polymer
derived ceramic network in the coating [1]. Service temperature and softening point of the glass

filler particles should be matched to make the coating most efficient [6].

The aim of this work is the development of a relatively thick (about 100um), protective
and well adherent coating system on steel. Therefore, a double layer composition with a bond
coat and top coat was investigated. Glass powders were added as filler materials in order to
densify and seal the coatings at the temperatures of their application, to increase the coating
thickness and to improve its adhesion to substrate. Parameters like the type of precursor, the
filler and glass systems, the volume fraction of the components and pyrolysis conditions were

varied to optimize the composite coating system.

EXPERIMENTAL

The composite coatings consist of two layers that were consecutively applied to 1 mm
thick stainless steel (AISI 441) substrates . Before coating, the steel plates were cut into sheets,

cleaned by ultrasonic treatment in acetone and dried. The pre-treated substrates were dip-coated
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(Relamatic RDC 15, Switzerland) in the PHPS solution to obtain the bond-coat. The curing of
the PHPS bond-coat was carried out in air at 500 °C for 1h with heating rate of 5°C/min (N41/H,
Nabertherm, Germany). The subsequently applied top coat was prepared by mixing defined
volume fractions of a liquid polysilazane HTT1800, ceramic filler particles (yttria-stabilized
zirconia - YSZ) and commercial barium silicate (G018-311, G018-385, Schott AG) and
borosilicate (G8470, Schott AG) filler glass particles, which have similar thermal expansion
coefficients (9-10%10%/K) to that of the steel substrates (14.5*10%/K). The average particle size
of the glass powders was between 3 and 10 pm. This mixture of glass filler particles was
incorporated into the suspension using dispersing agents. In some cases, specially tailored glass
particles in the form of microspheres (Al203-Y203, Al203-Y203-ZrO2) or a polycrystalline
powder precursor (Al203-Y203, Al,03-Y203-ZrO) for the preparation of glass microspheres
were added as further passive fillers to the coatings described above. All coated samples were
heat treated in air at temperatures up to 800 °C for 1 h. Selected compositions of prepared
composite coatings are shown in Tab. 1. The SEM/EDS examination of the coatings after
pyrolysis was conducted with the use of a FEG SEM JEOL 7600f and was focused at evaluation
of homogeneity, adhesion and possible failures of the coatings. X-ray powder diffraction
analysis (CuKa, 20 range 10-80°, Empyrean DY 1098, PANalytical B.V., Netherlands) was
used to investigate the phase composition of the coatings.

Tab. 1: The compositions of the composite top coats

COMPOSITION
(vol. %) (after pyrolysis)
COATING 3)_’ 3)_’
o <o
> “% o4
TTF|ITS|o K 8 8 T —_
201821892 2 | B | o | 3|8
= -I< = [I\| = [I\| 1 1 o0 = )
3 |685|83/s0| 8 | & | 5|8 %9
N S wo S 9 a 9 (3] = o o <~ m
C1 33 - - - - 20 31 16 9.3
C2 36 - - 10 - 17 17 20 8.9
c3 25 12.5 | 125 - 15 15 - 20 8.3
c4 30 - 21 - 16 14 - 19 8.5
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RESULTS

In Fig. 1a, a SEM micrograph of a HTT1800/glass composite coating (composition C1) after
pyrolysis in air at the temperature of 700°C is presented. Micrograph of the cross-section shows
that the softening of glass additives leads to formation of a homogeneous glass/ceramic matrix
with evenly distributed zirconia particles. However, the approximately 100 um thick coating
exhibited significant fraction of closed pores with a diameter up to 10 um. The amount and size
of pores increased up to 40 um with increasing temperature of pyrolysis (Fig. 1b). The pores
resulted from the release of gases (such as CHs4, NHs, H2) generated during the polymer-to-
ceramic transformation. Since diameter of the pores lies in the range of the coating thickness,

such coating do not possess environmental barrier properties.

Substrate

Fig. 1: SEM images of the coating C1 after pyrolysis at different temperatures: a) 700 °C,
b) 750 °C

To reduce the porosity and the pore size of the coatings, polycrystalline powder precursor for
preparation of glass microspheres (Al20s-Y203-ZrO;) or glass microspheres were used as
additional passive fillers. These formed a rigid skeletal structure in the coating, thus facilitating
escape of gases during pyrolytic conversion of the organosilicon precursor. In the case of the
coating C2 (which includes glass microspheres), the pore size was reduced to 10 um after
pyrolysis in air at 750°C. However, the high volume shrinkage of the polysilazane precursor
led to formation of severe cracks distributed across the whole surface (Fig. 2a). Moreover, as
obvious from the cross section (Fig. 2b), the cracks penetrate through the coating to the metal
surface and, in some cases, coating with a thickness of approximately 50 um delaminates from

the steel substrate.
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Fig. 2: SEM images of the coating C2 after pyrolysis at the temperature 750°C:
a) surface, b) cross-section
The best composite top coatings were prepared with YSZ, and powder precursors (Al,O3-Y20s3-

Zr0y) as passive filler and the glass systems G018-311 and G018-385 as sealing agents. On the
basis of the analyzed surface and cross sectional  micrographs  (

Substrate

Resin Substrate

10pm JEOL 3/29/2017 10pm JEOL 3/29/2017
SEM WD 14.8mm 13:19:25 x SEM WD 14.6mm 15:08:52

Fig. 3), it can be concluded that the addition of powder precursor was effective at preventing
the formation of cracks and pores. Furthermore, a homogenous distribution of the fillers
particles (YSZ, powder precursor) within the coating was observed. As confirmed by EDS
analysis, the filler particles are surrounded by molten glass and embedded in a polymer derived
ceramic matrix. The composite coating (composition C4) provides the most promising overall
results. After a thermal treatment in air at 750 °C, uniform, well adherent and crack-free

composite coatings on stainless steel were prepared.
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Fig. 3: Cross-sectional SEM images after pyrolysis in air at 750°C:
a) coating C3, b) coating C4
The phase composition of the coatings was investigated by X-ray diffraction (Fig. 4). For all
the glass and YSZ filled coatings, the dominant phases are monoclinic and tetragonal zirconia.
In the case of the coating C3, other crystalline phase was also detected, namely yttrium
aluminium garnet, originating from the powder precursor (Al.O3-Y203). The results of the XRD
measurements along with SEM analysis indicated that the coated stainless steel substrates were

not oxidized at the applied temperature of pyrolysis and no reactions takes place between the
polysilazane HTT1800 and the filler materials.
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Fig. 4: X-Ray diffraction patterns of the composite coatings after pyrolysis in air at
750°C
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CONCLUSION

A novel polymer-derived ceramic coating system as an environmental barrier coating for steel
was developed, using a tailored combination of polymer pre-ceramic precursor with passive
fillers and glass frits used as sealants. The resultant coating with the thickness up to 100um,
obtained by pyrolysis at 750°C in air, is almost fully dense, with no cracking or delamination,
and it is expected to prevent the access of aggressive environment to the steel substrate at

temperatures up to 900 °C. Oxidation and corrosion tests are in progress.
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