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PREFACE

Engineering ceramics are the class of materials which steadily occupy a larger portion
of the industrial applications. The reason for this positive development is that engineering
ceramics found applications which are not only mechanistic. Presently developed engineering
ceramic materials move from the pure engineering applications requiring “only”
the mechanical performance of the material to the more sophisticated applications.

The orientation of research to surface modification of different materials and bio-
materials was supported not only by interest from academia but also by demands from
industry but also from the society and showed that ceramic materials have the potential to be
useful for the improving of the life of society. The ultra-high temperature ceramics, ceramics
for lighting, ceramic implants, 3D printed materials etc. are examples of ceramic devices
which make the new technologies possible. The achievements of the science of ceramics are
remarkable and, as described above, they are targeted towards new technologies which affect
everyday life in a positive sense.

The present workshop on Processing and Properties of Advanced Ceramics
isa consequence of this development. More than 20 contributions collected in the present
book of abstracts cover whole variety of research performed in Slovakia, Czech Republic,
Germany, Italy, Serbia and Austria with a great potential for the application. The Slovak
teams dealing with the ceramics unified under the umbrella of the Slovak Silicate Society,
together with the research groups from the other countries are regularly get together just
to interact and exchange the experiences with the newest development in this exciting
research area. Three days of discussions usually results in the co-ordination of the ceramic
research in Slovakia, co-operation with the other European countries as well as the planning
of the new perspective project on the national/European level.

prof. RNDr. Pavol Sajgalik, DrSc.
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TEPELNE SPRACOVANIE KOMPOZITU PRE 3D TLAC KERAMIKY

THERMAL PROCESSING OF COMPOSITE MATERIAL
FOR 3D PRINTING OF CERAMICS

P. Veteska', Z. Hajdichova®, L. Baga', J. Feranc?, J. Milde®, M. Kritikos®, M. Janek!

Y Oddelenie anorganickych materialov FCHPT STU
2 Oddelenie plastov, kaucuku a vidkien FCHPT STU
® Katedra obrdbania a pocitacovej podpory technologii MTF STU

ABSTRACT

Ceramic-polymer composite filament was used for the production of model ceramic object
by means of additive manufacturing using Fused Filament Fabrication (FFF) technique. The
composite specimens were subjected to single-stage thermal debinding and sintering with final
temperatures in range from 1200°C to 1400°C. Objects with well-defined details without major
shape deformations were obtained after sintering. The overall shape and shrinkage of model
objects was evaluated by means of computer tomography scanning technique. Volumetric
shrinkage for temperature 1400°C was determined to be 49 vol. %.

Keywords: additive manufacturing, ceramics, sintering, debinding

INTRODUCTION

Additive manufacturing (AM) has gained a lot of attention since the expiration of
Stratasys patents for Fused Deposition Modelling (FDM) technology in 2009. Since then, the
popularity and application range for this technology has greatly expanded, specifically of FDM,
alternatively called Fused Filament Fabrication technique (FFF). Although some authors have
already published papers dealing with AM of ceramics using FFF technique, the filaments
produced usually has several limitations: brittleness, special nozzle materials, requirement for
minimal nozzle diameter to be larger than average nozzle diameter used for polymer AM, etc.
Thus, the FFF of ceramics still cannot be considered as end-user-friendly and generally
established technology. At the same time, the most prominent use of FFF for ceramic or ceramic
composite [1] production is the combination of PLA and hydroxyapatite for bioresorbable and
bioactive ceramic composite [2, 3] preparations. Other verification studies in the AM literature
include manufacturing of ceramic components, either by sacrificial template route - covering
the FFF template with a alumina or porcelain slurry and subsequent removal of polymer [4] or
by direct FFF of polymer/ceramic composite and subsequent debinding of the polymer [5-7].
The aim of this work is to prepare cylindrical test objects from ceramic/polymer composite
filament by additive manufacturing and to verify debinding and sintering behaviour of these test
objects.

EXPERIMENTAL

The extrusion of composite ceramic/polymer material into 1.75 mm filament was
performed from pre-mixed materials using single screw extruder (Brabender, Germany). The
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ceramic powder loading of composite was at the level of 65 wt. %. For production of cylindrical
samples with diameter of 30 mm, commercial AM device Leapfrog Creatr (Leapfrog,
Netherlands) with modified extruder nozzle of 0.4 mm diameter was used. The printing
parameters used for AM of green bodies are listed in Table 1.

Table 1: Printing parameters for ceramic/polymer composite filament

Parameter Value
Printing speed 5mm.s™
Filament extrusion multiplier 1.00
Filament temperature at 1st layer 215°C
Filament temperature after 1st layer 215°C
Bed temperature 55°C
Vertical shell perimeter count 2

Infill density 35%

To determine temperature range necessary for direct polymer removal during heating, thus
debinding the composite system, DTA/TG analysis was performed using TG/DTA Exstar 6300
(Seiko Instruments USA Inc., USA). The ceramic powder was pressed into small pellets with
diameter of approx. 3 mm and subjected to thermal analysis using heating microscope 1A (Leitz
Wetzlar, Germany) coupled with camera EOS 700D (Canon Inc., Japan) to obtain data regarding
sintering behaviour of the system for sintering temperature optimization. The heating rate of 10
K.min™ was used in temperature interval 25-1500°C. Computer tomography (CT) scans were
collected on a Metrotom® (Carl Zeiss, Germany) instrument with the scanning parameters: 150
kV, 450 pA, integration time 1000 ms, and voxel size of 74 pum. Obtained CT images were
analysed using GOM Inspect 2018 software (GOM GmbH, Germany).

Thermal processing of prepared composite samples was done using commercial laboratory
furnace type 1013 (Clasic s.r.0., Czech Republic). Temperature program chosen for debinding
and sintering was optimized using TGA/DTA data shown below. The average heating rate
during debinding was 10°C.hour™, the heating rate in interval between 850°C (debinding

temperature) and final sintering temperature was 10°C.min™.

RESULTS

TGA analysis

Following the thermal analysis of ceramic powder on heating microscope, the prepared
ceramic/polymer composite material was subjected to TGA analysis to obtain data for tuning of
the debinding process (Figure 1).
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Figure 1: TGA analysis of prepared composite

The analysis shows rapid mass loss in three main temperature intervals: 125-170°C, 200-
350°C and 400-550°C. The TGA curve indicates the decomposition of polymer matrix is
complete after reaching temperature of approx. 600°C and no further mass loss is observed after
this point. These results point to multi-stage decomposition of used polymer matrix which is the
main limiting factor in the debinding processing step. At the same time, the debinding process
can be accelerated if operating outside the main three decomposition zones, thus decreasing
energy cost of the process. As aresult, the proposed debinding process used in further
experiments involves low heating rates in area below 600°C (6.0 °C.min™).

Heating microscope analysis

Following the thermal analysis of ceramic/polymer composite, the results of ceramic
powder sintering behaviour analysis can be seen below in Figure 2. The sample shrinkage
rapidly increases at temperatures above 1100°C, while exhibiting first signs of softening at
temperature of 1500°C, accompanied by partial fusion to alumina substrate used for analysis at
this temperature.

i

Figure 2: Sample during experiment at different temperatures: a) 25°C, b) 850°C, c¢) 1000°C,
d)1100°C, e) 1200°C, f) 1300°C, g) 1400°C, h) 1500°C
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Values of sample shrinkage at selected temperatures are shown in Table 2.

Table 2: Overall shrinkage during thermal analysis of ceramic powder

Temperature / °C Shrinkage / %

25 0.0
850 0.1
1000 1.6
1100 1.0
1200 7.7
1300 21.7
1400 41.5
1500 35.3

It can be seen that at temperature of 850°C which lies above the temperature required for
complete elimination of polymer matrix, the ceramic body does not change its external
dimensions. First signs of ongoing sintering can be clearly seen at temperature 1200°C, where
we observe shrinkage of approx. 7.5-8%. Based on these experiments, the temperature region of
interest for sintering of composite produced from this type of ceramics is expected to be in range
from 1200 to 1400°C. Temperatures above 1400°C were not further included into the
experimental plan to avoid problems with fusion of sample to the furnace experimental alumina
base plate used for thermal processing, as well as to avoid deformations caused by the proximity
of sintering temperature to the melting point of the ceramic system.

Processing of composite material

Green bodies of cylindrical shape manufactured from ceramic/polymer composite material
were successfully prepared using commercial FFF device. The as-prepared green body as well
as model objects sintered at temperatures of 850, 1200, 1300 and 1400°C can be seen in
Figure 3.

Green body 850°C 1200°C 1300°C

30 mm

Figure 3: Macro photographs of as-prepared green body and samples after thermal processing
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The samples do not exhibit any visible signs of deformation in any direction and
maintained their internal infill structure created during AM process. No fractures, delamination
or other defects have been observed.

CT measurements

To obtain information on internal defects and/or testing printout inhomogeneities, both
green body as well as sintered species up to 1400°C were analysed using computer tomography
(CT). Achieved visualisation of selected sample sintered to 1400°C is shown in the Figure 4.
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Figure 4: Computer tomography scan of sample sintered at 1400°C

The CT scan of sintered sample shows well-defined internal structure of interconnected
infill filament paths without visible deformation. The internal pathways within the infill
structure are well-defined and no delamination or vacant spaces within the structure have been
detected. CT analysis has also been used for precise determination of volumetric shrinkage. The
CT images showed a decrease in total object volume (volume of filament paths within the
sample) from 2622.43 mm™ to approx. 1330 mm™. This corresponds to volumetric shrinkage of
49 vol. %, which is well within the volumetric loading level of prepared green body material
(50 vol. %).

CONCLUSIONS

Green bodies of ceramic/polymer materials were successfully prepared using commercial
additive manufacturing device from the composite filament developed and produced in our
laboratory. Prepared specimens were subjected to single-step thermal debinding and sintering
and analysed using computer tomography. Thermal analysis of the ceramic powder shows the
suitable thermal processing interval for sintering of this type of ceramic material is between
1200°C and 1400°C. The sintered bodies did not contain any delaminated or cracked layers. The
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computer tomography analysis confirmed shape stability in this temperature interval and good
interconnection of outside perimeters and internal infill structures within the prepared object.
Total volumetric shrinkage of sample annealed at 1400°C was close to volume fraction of
ceramic powder filling grade within the ceramic/polymer composite material.
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ABSTRACT

Fused filament fabrication (FFF) as the most used and a novel fabrication technique,
widely known as 3D printing, played the primary role in the preparation of alumina ceramics. In
this work, a composite ceramic filament with 50 vol. % of high purity alumina powder was used
for 3D printing of cylindrical samples with different printing parameters (infill density and layer
thickness). The effect of printing variables and debinding step on the sintering of prepared 3D
parts has been investigated. After properly optimized debinding cycle (up to 850 °C for 1 h) and
sintering at 1600 °C for 1 h, 54 % and 94 % of theoretical density were obtained after debinding
and sintering, respectively.

Keywords: fused filament fabrication, alumina, debinding, roughness, 3D printing

INTRODUCTION

The design and development of advanced ceramic materials for high-performance
applications in automotive, aerospace, defence, energy or the environmental and biomedical
field are one of the most challenging tasks of modern engineering. Because ceramic materials
provide a full scale of excellent physical and chemical properties, such as chemical and high-
temperature resistance, refractoriness, biocompatibility, hardness and more, it is an
incontrovertible fact that the extensive industrial use depends on the fabrication variability of
complex-shaped three-dimensional ceramic parts [2-3]. Because anisotropy of printed parts is
the general problem of additive manufacturing technologies, printing parameters need to be
optimized to obtain 3D objects with at least comparable results as it is for traditional
manufacturing [1]. As one of the most used and high - performance ceramic material is
aluminium oxide or alumina. Under optimized conditions of preparation and heat treatment,
alumina is a hard material, and additional machining with diamond tools is necessary to
fabricate complex or near-net-shaped products.

Three - dimensional (3D) printing is a relatively new, cost-effective and unique technique
that allows to directly fabricate complex structures and is expected to solve the limitations of
traditional methods [3-4]. During the additive manufacturing process a three-dimensional object
is built layer-by-layer from a Computer-Aided Design (CAD) files by controlled extrusion of
composite thermoplastic filament onto the build platform [2, 5]. Some attempts have been
undertaken to prepare ceramic products via 3D printing, while lack of report concerns high
dense alumina ceramic. Most of the current research in three-dimensional ceramics printing is
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focused on using different techniques according to the form of the pre-processed feedstock prior
to printing.

In this work, the main focus is centred on the preparation of complex-shaped ceramic
objects via FFF technology using composite high-filled alumina filament (50 vol. %), main
technical aspects including printability and post-treatment (debinding and sintering).

EXPERIMENTAL

Alumina filament of diameter 1.75 mm and solid loading 50 vol. % of pure alpha-Al,O3
powder (primary particle size 0.4 — 0.7 um) was used for printing objects with defined
dimensions suitable for measurements of physical (cylinders) and mechanical (bars) properties.
Printer provider, a program for three-dimensional modelling and slicing of objects together with
printing parameters are in Tab. 1. Printing variables used for further investigation of mechanical
properties were different layer height (0.1, 0.2 and 0.3 mm) and infill density (65, 80 and 95 %).
Debinding mode after proper optimization was performed by the 2-step regime — in a suitable
solvent and thermally up to 850 °C. Sintering was done at 1600 °C for 1 hour.

Tablel: Software and printer variables used for the preparation of samples

FFF commercial desktop printers Leapfrog

3D modelling program Tinkercad
Slicing program Repetier-Host with Slic3r software
Bed (platform) temperature 60 °C
Extruder temperature 230 °C
Print speed 5-20mm/s
Nozzle diameter 0.35 mm
RESULTS

FFF green parts (objects after printing) with a high polymer content require special
attention through the debinding process. This critical step can either proceed solely thermally or
be aided by solvent debinding out of the printed body. The thermal debinding methods are based
on evaporation of components with low molecular weights, or that of products of thermal
decomposition and their removal through the porous medium of the already partially debinded
body by diffusion or permeation. Solvent debinding is based on extraction by immersion during
which one component of the binder is dissolved, thus creating a porous structure suitable for
subsequent thermal extraction. In this phase remaining open pores support further thermal
decomposition of the binder.

For the preparation of high dense alumina, proper optimization of debinding cycle is a
crucial part because of the risk of volume expansion or presence of inner cracks. In Fig.1 we can
find results from the DTA / TG analysis for the composite filament in its printed form. From the
graph, we can see critical temperature areas for debinding cycle in the temperature range 160 —
450 °C.

12
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Figure 1: DTA/ TG analysis of the as printed filament

According to results from DTA / TG analysis, many debinding modes were performed and
evaluated. It was found that the thermal debinding alone caused deformations if the infill density
was higher than 60 %. On the other hand, if a combination of solvent and thermal debinding was
used, the risk of damaging the 3D objects was minimized. Moreover, with correctly optimized
debinding cycle, relative densities up to 54 % can be obtained directly after this step in
comparison to the only thermally debinded samples (40 — 42 % depending on the infill density).
For illustration in the Fig.2, the cross-section of cylindrical samples printed with the infill 95 %
and debinded in two different modes are compared.

Figure 2: Cross section of sample printed with the infill 95 % a) thermally debinded b) solvent +
thermally debinded

Bulk density measurements of sintered cylindrical samples at 1600 °C for 1 h revealed that
with the highest applied infill it is possible to prepare relative dense (94 % of theoretical density)
alumina ceramics without visible inner cracks or voids. As expected, an application of lower
infill density results in the lower bulk density after sintering. The bulk density of samples

13



PROCESSING AND PROPERTIES OF ADVANCED CERAMICS AND GLASSES
November 20-22, 2019, Razto¢no, Slovak Republic

3D PRINTING

prepared with the 65 % infill reached only around 80 % of theoretical density. However, the
distribution of voids in the structure was homogeneously reflecting the printing model. A change
of layer thickness (height) did not affect the bulk density results though may influence the
aesthetical quality of the print, mechanical properties or surface roughness. In the Tab. 2, results
of open porosity and bulk density measurements of sintered cylindrical samples (1600 °C, 1 h)
can be seen.

Table 2: Results of open porosity and bulk density measurements

Infill density / Layer height | 0.3 mm 0.2 mm 0.1 mm Cross section

Rel. density 94 % 94 % 93 %

0,
BPY% | Apsorptivity | 02%  05%  0.1%
Rel. density 92 % 86 % 93 %

0,
80% | Absorptivity | 0.5% 3.0 % 0.4%
Rel. density 82 % 78 % 86 %

65 %

Absorptivity 3.9% 4.3 % 3.0%

As a future outlook, manufactured 3D printed bars and pillars with same printing variables
as for cylindrical specimens and depicted in Fig. 3 will be used for measurement of three-point
bending strength, Young’s modulus as well as fracture and microstructure analysis.

S O, ]
\Q\\\ \\-.\\ J %

Figure 3: Samples prepared for measurements of mechanical properties a) pillars b) bars
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CONCLUSIONS

In this work, a new technique for the fabrication of ceramics, 3D printing by Fused
Filament Fabrication, was used for the preparation of dense alumina ceramics. After properly
optimized debinding cycle and sintering at 1600 °C for 1 h it was possible to prepare nearly
dense alumina depending on used printing parameters — 94 % of theoretical density. For the
characterization of physical and mechanical properties, printing variables such as infill density
and layer height are being used. As a future outlook, mechanical properties such as elastic
modulus or 3-point bending strength will be measured on samples of bars and pillars 3D printed
in X-y and z-direction, respectively.
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ABSTRACT

In recent years intensive rise of the additive manufacturing technologies have created new
advances and frontier breakthroughs in several multidisciplinary sciences, including inorganic,
organic, pharmaceutic and medical sciences in scaffold engineering applications. There are
several distinct additive manufacturing technologies such as photo polymerization, powder bed,
fused deposition systems and several others, which compete for leading position in 3D printing
of ceramic objects. In our study were investigated tensile and compression strength properties of
composite filaments applicable in fused deposition ceramics systems, containing hydroxyapatite
particles of different sizes and size distributions. Such material may find its application as small
dimension implants required for dental and specific bone-part replacements. Filaments for fused
deposition of ceramics technology used in any equipment, must fulfil several specific physical-
chemical requirements allowing its successful utilisation in commercial 3D printers. One of
these requirements include filament mechanical behaviour during feeding in current fused
deposition of ceramics, based on broadly used fused deposition modelling equipment.

Keywords: hydroxyapatite, 3D printing, composite filament, mechanical properties, FDC

INTRODUCTION

The attractivity of fused deposition of ceramics (FDC) is related to simplicity of fused
deposition modelling (FDM) technology. The functional equipment requires for operation just a
platform positioning system in cartesian space, feeding system with liquefier applicable for
broad range of polymers available and computer aided design (CAD) software for creation of
virtual 3D model in personal computer. This explains the success and the application potential
of FDM technology operating with production-grade thermoplastics [1, 2]. Therefore, FDM as
melt extrusion technology proved its value in manifold applicability to solve practical and
technical tasks in production chain thanks to continuous developing and validating new
materials and novel parts applications. The FDM belongs to melt extrusion technology and
similarly are successfully produced ceramic parts by well-established ceramic injection
moulding process since last century [3-5].
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For successful 3D printing of ceramic objects, the additive manufacturing technology must
challenge the feature demanding by the nature of the ceramic materials. This includes the two-
stage processing: i) the production of green body objects and ii) object firing without its
significant shape deformation [6-8]. Prior the part processing, the successful and reliable
printout of green parts must be established as failproof. This requires the correct adjustment of
processing parameters from very beginning in filament production. In current FDM equipment,
the melt feeding part is based on heated tube, where moving filament act as plunger for
extrusion of already melted filament portion through nozzle of desired diameter. Such easy
solution brings the danger of filament buckling in the case that feeding rate, filament strength,
operating temperature and rheological properties are not sufficiently optimised. From these
reasons we focused on the mechanical strength of composite containing hydroxyapatite (HAp)
particles as inorganic filler as indicator of filament suitability for FDC during development of
future novel formulations [9-12].

EXPERIMENTAL

Mechanical testing of filament tensile and compressive strength was done on Micro-
Epsilon SZ-3000 (Czech Republic) 3kN mechanical tester equipped with three-point claw
gripping heads. The non-desired filament buckling may occur during filament feeding into the
liquefier described by the Euler buckling analysis [13] as expressed by Equation 1:

m?d}E 1)
1612,

Per =

Here, p., is critical pressure achieved during pressing of filament with diameter dy into
the liquefier nozzle, while free filament length [, defined by the feeder to liquefier construction
distance, E is the elastic modulus, hence filament elasticity parameter affecting buckling. The
ratio of [/d defines here the slenderness ratio. Along with experimental HAp filled filaments
commercial sample made from pure thermoplastic polylactic acid was measured for comparison
(philament, Hungary). The investigated filaments with diameter ~1.75 mm were cut to different
lengths and mechanical properties were measured at nominal gripping heads distance 20, 40 and
80 mm defining the free filament length and its slenderness. For statistical evaluation of
mechanical properties at least 50 force loading measurements were done for tensile or
compressive measurements. The filling grades with inorganic components were determined by
thermogravimetric analysis in the flowing air atmosphere of 150 ml/min and heating ramp of
5 °C/min up to temperature 550 °C are summarized in Table 1.

Table 1: List of investigated filaments for their tensile and compressive strength behavior.

Filament Material Filling mass %

HATO0 Hydroxyapatite 49.4

HAT10 Hydroxyapatite 49.3
Commercial PLA - 0
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RESULTS

The force loading dependences of selected data measurement from the whole matrix
corresponding to tensile and compressive measurements of commercial PLA and laboratory
prepared HATOO filaments are shown in the Figure 1. In the case of tensile measurements for
PLA, almost linear material force resistance can be observed for small elongation displacements.
The slope of this curve part indicates the Young's modulus of material. At further force
increase, the material reaches maximal value and plastic deformation starts. This corresponds to
the tensile strength of PLA with zero filling by inorganic particles. For the testing of laboratory
prepared HATOO filaments the stress-strain curves indicate parabolic dependence for small
elongation displacements. Thus, only extrapolated tangent slope for zero elongation
displacement can be a close estimation of Young's modulus for the deformation of this type
filament. Clearly, both elastic and plastic deformations of HATOO filaments are taking place
after the force load of material starts prior maximum force is reached. Finally, plastic material
deformations occur until total material failure at higher elongations.

The compressive strength test revealed similar dependence for PLA as observed during
tensile tests. However, the filament resisted up to triple applied force loading than in tensile
measurements prior to its buckling. During buckling one and less frequently two maxima were
observed on the stress-strain curves. After the point the material resisted its buckling only
continuous force decay was observed, indicating material resistance during its bending. The
analogous situation was observed for laboratory prepared HATOO filaments, while for smaller
compressions parabolic dependence was observed until the maximum compressive load force
was reached and filament buckling started. Here only extrapolated tangent slope for zero
compressive displacement can be considered as a close estimate of Young’s modulus for
deformation of this type filament. Similarly, as during the tensile HAT0O measurements, both
elastic and plastic deformation of filaments is taking place prior to maximum compressive force
load is reached. Interestingly, after this point, periodic consolidation of the polymer composite
filled by solid inorganic particles was observed by wavy form of stress-strain dependence
(Figure 1).

For comparison of maximal forces during tensile and compressive measurements and
verification of their distribution during testing, all HAT0OO maximal force load values and their
distribution around mean values are shown in the Figure 2. For evaluation of filament suitability
for 3D printing using feeder — nozzle systems, the maximal compressive force indicates practical
filament buckling limits at the simulated feeder — nozzle distance which was in this case 20 mm.
The real systems may have usually shorter [, values or may have any form of Bowden tubing
solution to support printing with more flexible filaments. Both distributions of maximal forces
revealed dependences which were close to the normal Gauss distribution (Figure 2). Very
similar dependences were found also for HAT10 sample, therefore only HATOO are further
discussed only.
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Figure 2: Distributions of maximal forces values during tensile and compressive strength measurements
(mean force values indicated with respective standard deviations in the graphs).
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The summary of maximal forces during tensile and compressive measurements on all
investigated filament lengths for HATOO, hence 20, 40 and 80 mm is shown in the Figure 3. The
maximal compressive force load decreased substantially with the free filament length Iz, which
agrees with Euler buckling theory. On the other hand, the maximal tensile force load almost did
not change or slightly increased its value with increasing of [, values. Comparison of Young's
modulus of HATOQO filaments as determined from tensile or compressive strength measurements
shows comparable decreasing tendency for increasing [z, values, however, the values
determined from compressive experiments shows systematically higher values than were found
from tensile strength measurements (Figure 3).

40 T " T T T T T 40 T T T T " T y T
HATO0 , 1000 HAT00 |

30 - 30

IN
_’_<
|«

I'N
2
T
|
I

é L S
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Figure 3: Maximal forces and Young's modulus during tensile and compressive measurements as
function of free filament length.

CONCLUSIONS

The tensile and compressive strength measurements of experimental and commercial
filament applicable in additive manufacturing for FDC/FDM technology were investigated.
Depending on the free length of filament (20, 40, 80 mm) the longer the specimen used the
closer values for Young's modulus were determined from both tensile and compressive
measurements. However, the values increased exponentially if shorter filament free lengths were
used. The critical pressure achieved from Euler analysis from tensile Young's modulus of
HATO00 was 270 kPa, while experimentally determined buckling force from compressive
measurement achieved 7.71 MPa. This indicates a difficulty if filament suitability should be
considered for feeder — nozzle systems used in FDC/FDM equipment by the linear Euler
buckling analysis. Evaluation of maximal force required for filament buckling during
compressive measurements can be considered as an experimentally directly available indicator
of filament utilization at the given feeder — nozzle construction. In comparison, the maximal
tensile strength of material changed only slightly with the increasing length of filament tested.
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ABSTRACT

In the present study the mesoporous bioactive glass (MBG) particles were prepared by
microemulsion assisted sol-gel technique. Incorporation of therapeutic inorganic ions (TII)
enhance the biological impact of MBG materials. Metallic ions such as strontium, copper,
gallium, cerium, magnesium and boron have been incorporated to the binary system SiO, / CaO
with the nominal composition of 60/40 mol %. The effect of Tl doping on the morphology and
chemical composition of MBG nanoparticles was investigated. The results show
significant difference in the nominal and experimental chemical composition of the
obtained MBG particles in attendance from the used metallic ion, moreover the TII affect the
size and shape of the materials.

Keywords: sol-gel, mesoporous bioactive glass, therapeutic ions, morphology, bioactivity

INTRODUCTION

The term sol-gel was first used by Graham [1] 1864 and sol-gel derived bioactive glass
(BG) was first produced in the early 90°s by Li et al. [2]. The sol-gel approach is a chemical-
based process performed at lower temperatures than the melting technique [3], which
attracts attention of researchers due to the increased specific surface area of sol-gel
derived BG over traditional melt-derived BG leading to enhanced bioactivity and
degradability. Moreover, the sol-gel approach overcomes some limitations of the melting
process; namely, the maintenance of the high purity required for the bioactivity and the
compositional limitations imposed on BG made by the melting quench method [2]. There
are several sol-gel based strategies, including base- catalysis [4, 5], acid/base co-catalyse
[6] and microemulsion assisted sol-gel method [7, 8], to synthesize MBG. The
concentration of surface active agents affects the pore size, pore volume and size of the
particles /. Other parameters such as pH, temperatures or type and concentration of precursors
also play an important role in the formation of the particles [9].

In the present work, the diverse dopants including the Sr, B, Mg, Cu, Ga and Ce
were incorporated into the binary system of SiO2-CaO. The microemulsion assisted sol-gel
method has been selected to prepare doped glasses. The effect of the dopants on the
morphology, chemical composition, in vitro bioactivity and biocompatibility of the prepared
bioactive glass powders have been evaluated.
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EXPERIMENTAL

The mesoporous bioactive glass nanoparticles (MBG) were synthesized by
a microemulsion- assisted sol-gel approach described elsewhere [7] and is shown in Fig 1.
In the first case, the nominal composition of MBG was (in mol %) 60 SiO2 / 40 CaO
and by first set of doped materials 62 SiO2 / 32 CaO / 6 X, where X = SrO, B203, MgO,
CuO, Ga203. All chemicals were used as delivered without any treatment. The synthesized
particles are noted as MBG, MBG+6Sr, MBG+6B, MBG+6Mg, MBG+6Cu and
MBG+6Ga, according to the nominal volume of used therapeuticion.

In the second trial cerium doped MBG and gallium doped MBG of 60 SiO2 - (40 - y)

CaO - yX system (where y stands for 1, 3 and 5 mol % and X for the particular ion) were
investigated. In this case the materials are noted as MBG-yX.

» Deionized H,0

1) » CTAB (cetyltrimethylammonium bromide)

C tantly stirring
10 min

A 4

2) » Ethyl acetate = 40 m|

temperature
constantly stirring

30 min

A 4

3) |» Deionized H,0 + 28 % ammonia solution

room temperature
constantly stirring
15 min

» TEOS = 20 min sf
4) » Ca(NO,), - 3t

0 min st
» Precursor for the “X”

room temperature

constantly stirring

4 h

A A

5) » Washing with deionized H,0 (2x)
» Washing with ethanol (1x)
Drying at 60 °C
24h
6) » Calcination (700 °C/2 h)

Figure 1: Schedule of the microemulsion assisted sol-gel process used to synthesise the MBG.

Morphology analysis was performed by scanning electron microscope (SEM) equipped
with an EDX detector. Particle size was determined using the ImageJ software. The
quantitative analysis of the chemical composition was utilized by inductively coupled
plasma optical emission (ICP-OES) spectroscopy.
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RESULTS

The micro-emulsion assisted sol-gel method was used in order to prepare MBG
with and without doping by therapeutic inorganic ions. In the first case the 6 mol % of Sr?*,
B%, Mg?*, Cu?" and Ga** was added to the initial MBG matrix. The real compositions of MBG
determined Dby the ICP-OES measurement are listed in Table 1 together with the size and
shape of MBG. It is clearly visible that the 6 mol % nominal doping with diverse elements
leads to considerable differences in the overall compositions. The differences in the shape and
chemical composition may influence the bioactivity and biocompatibility of the materials.

Table 1: Experimental chemical composition in mol % of the MBG particles with and without doping
determined by ICP-OES with particle size d50 and shape of the particles.

Sample SiO, # CaO “x” Size d50 Shape
(hm)
MBG 91.48+0.92 8.52+0.13 - - 114 £18 Sphere
MBG+6Sr 88.11 £0.88  10.73+0.3 1.16+0.11 SrO 157 £19 Sphere
MBG+6B 70.73 £0.7 16.78+0.5 12.49+0.27 B203 265 £29 Pineal
MBG+6Mg 79.60 £0.83  10.53+0.2 9.87£0.06 MgO 530 £92 Pineal
MBG+6Cu 76.56 £0.72  4.68+0.01 18.76+0.07 CuO 171 £15 Sphere
MBG+6Ga 87.52+0.13  6.24+0.47 6.24 £0.14 Ga203 185 +]19 Sphere

# Not measured, calculated.

In the second trial, nanoparticles with 1 mol % of Ce3* and Ga®* were in size, shape and
surface pore structure similar to those of the undoped MBG. Increasing the content of dopants
to 3 and 5 mol % resulted in deformation of the spherical shape of the nanoparticles. The
resulted pineal shape of particles was with the aspect ratio 5:3. In addition, content of
calcium decreased significantly (down to 2 at. %), most likely due to replacement of Ce®*
and Ga*" in the glass structure with the ions of the dopants.

CONCLUSIONS

Using the microemulsion assisted sol-gel preparation technique the influence of Sr?*, B,
Mg?*, Cu?*, Ga®* and Ce®" dopants on the morphology and chemical composition has been
studied. The used dopants have a significant effect on the size, shape and chemical
composition when the conditions of the sol-gel process are fixed. The presented results
will help to better understand the effect of therapeutic inorganic ions incorporation into the
bioactive glasses, in aim to fully reveal their potential in the field of biomedical applications
such as bone, soft tissue engineering, drug loading, etc.
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ABSTRACT

Identification of a test setting including evaluation procedure of data sets, which is
predictive in respect to bioactivity at the early stage of immersion testing was studied and
verified on selected novel bioactive materials. The experimental parameters of flow through
test synchronized with an inductively coupled plasma optical emission spectrometer were
optimized to continuously measure the concentration profile of the ions dissolving from
studied glass in simulated body fluid. The method was tested using the bioactive glass
reflecting composition of the 45S5 bioglass 23Na,O, 23Ca0, 6P,0s, 48SiO, (wt%). In our
study we observed that calcium and silicon are congruently released from the powder glassy
sample at the same rate already in the initial period of time starting at 5 min. Phosphorus
released from tested glass powder was detected below the concentration monitored in the SBF
blank solution.

Keywords: bioactive glass, ion release, SB fluid, ICP OES

INTRODUCTION

The evaluation of apatite-forming ability on implant material in SB (simulated body)
fluid relies on appropriate methodology of in vitro tests together with the methods for
diagnosing group of calcium-phosphates responsible for bridging the tissue with material. For
decades, the Kokubo recipe [1, 2] has been included in bioactivity and degradation testing to
identify a material with in vivo bone reactivity or tissue regeneration ability as reliably as
possible. It is also cited in the International Standard ISO/FDIS 23317:2007 describing the
method for detecting apatite formed on surface of a material in SB fluid based on evaluation
of a diffraction pattern obtained by X-ray with small incident angle against the surface of the
sample [3]. In the Standard [3] the soaking time is recommended to be 4 weeks. Most studies
rely only on detecting apatite-forming ability based on XRD pattern and observation of the
surface. Other, include also ICP results to demonstrate that material dissolves in SB fluid. In
most of static tests usually performed at different S/V ratios the sampling starts after 1 day.
Since SB fluid is already metastable, the ability to form apatite is very probable already in the
initial period of soaking the material. Therefore the information about ion release in the initial
period can significantly contribute to assessment of early stage kinetics of material
dissolution.
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Therefore in this work we tested and verified an experimental setting facilitating in line
testing of early stage dissolution of biomaterials. As a reference medium deionized water with
only dissolved TRIS (tris-(hydroxymethyl) aminomethane) buffer was utilized. Identification
of a test setting including evaluation procedure of data sets, which is predictive not only in
respect to bioactivity at the early stage of immersion testing but also to assessment of
controlled release of various ions from bioactive material was studied and verified on the
novel bioactive materials. The method was tested using the bioactive glass reflecting
composition of the 45S5 Bioglass 23Na,0, 23Ca0, 6P,0s, 48Si0; (wt%).

EXPERIMENTAL

For the flow-through test the thermostatic bath, corrosion cell, peristaltic pump and
tubing were assembled and connected directly to the introduction system of the optical
emission spectrometer (ICP OES, Agilent 5100 SVDV). Internal standard scandium (10
mg/L) was included in inline sampling in order to deal with non-spectral interferences. SBF
buffer solution with pH 7.4 was prepared according to the protocol described by Kokubo et al.
[1] at 36.5 °C. Limit of detection for therapeutic ions (Co, Cu, Sr, Zn) together with silicon, as
the elements not dissolved in SBF solution, was determined. Limit of quantification with
precision calculated as RSD% was considered to be < 5%. The bioactive glass (23Na,0O,
23Ca0, 6P,0s, 48Si0O, (wt%)) reflecting the composition of 45S5 Bioglass [4] was prepared
by conventional melt quenching at 1300°C. The glass powder with the particle size < 25 pm
was used for optimization of the experimental parameters for continuous measurement of the
concentration of ions released into SB fluid. The sample weighing ~ 200 mg was soaked in
the corrosion cell with the volume of ~ 1mL, through which continuously flew fresh SBF
solution at the temperature held constant at 37+1 °C at a flow rate of 0.56 mL/min.
Concentration of released ions in time interval of 2 min was directly monitored using
ICPExpert software. The total amount of leached elements (Q) was determined by the
following equation [1] and normalized to the content of the element in the initial sample:

F
0! = c;— At + Q" mg/g] @
m;

where ¢; (mg/L) is concentration of particular leached element at the time t (min)
subtracted from the concentration of the element in blank, and F (10°mL/min) is the flow
rate, m; (g) the content of element in the initial sample. Values of the initial leaching rate can
be evaluated from experimental time dependencies of Q;.

RESULTS AND DISCUSSION

The interval of calcium and phosphorus variation in the SB fluid were determined by
analysing the solution flowing through the reactor without the sample (blank) repeatedly in
different days. The calcium and phosphorus concentration in SBF solution determined at the
ambient temperature with the precision 0.2% fall to the interval starting from 95 to 98 mg/L
and from 29 to 31 mg/L respectively. Only the determined values of Ca and P outside of these
intervals would be considered as relevant for evaluation of bioactivity. The concentration of
the Ca and P above the maximal values would be considered as the amount of dissolved ion
originated from dissolution process. The concentration of Ca and P falling to the interval of
reliability or determined below minimal value detected for both elements would possibly
indicate the precipitation of apatite-like phases. The limit of quantification (LOQ) 0.49 mg/L
was determined for Si in SB fluid with precision <5%, calculated as 3xsd from all acquired
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SBF-blank analysis. Limits of detection and quantification for considered therapeutic ions are
shown in the Table 1.

Table 1: Limits of detection (LOD) and limits of quantification (LOQ) for potential therapeutic
elements dissolved in the simulated body fluid (SBF).

element [nm] | B 249.772 | Co 228.615 | Cu 324.754 | Sr 216.596 | Sr 421.552 | Zn 202.548
LOD [mg/L] 0.007 0.02 0.02 0.008 0.001 0.02
LOQ [mg/L] 0.02 0.07 0.06 0.03 0.004 0.05

The bioactive glass with the composition of 45S5 dissolves in aqueous solutions easily.
Their dissolution performance in early stage was monitored only for deionized water with
TRIS buffer and also in acidic environment at pH 4 [7]. So far the interactions of 45S5 glass
with SB fluid for time interval < 1 hour have not been documented in literature. In our study
we observed that calcium and silicon are congruently released from the powder glassy sample
at the same rate already in the initial period of time starting at 5 min (Fig. 1). Phosphorus
released from 45S5 sample was detected below the concentration monitored for the SBF
blank solution. Although we could distinguish calcium release from the material into SB
fluid, it is also highly probable that it precipitated together with phosphorus and magnesium
forming phases close to apatite composition. Test performed at the same conditions only in
deionized water buffered with TRIS support this hypothesis, while amount of released
calcium is 5 times higher in 10 min interval comparing to SBF test results (Fig. 2).

120

4585 test in deV-TRIS

4585 test in SBF
o Si
o Ca

mg/g

time {min)

time (min}

Figure 1: Dissolution of 45S5 expressed in terms
of release Ca and Si in SB fluid in the
initial 2 minutes time interval.

Figure 2: Dissolution of 45S5 expressed in terms
of release Ca and P in deionized water
buffered with TRIS.

CONCLUSIONS

The early stage dissolution of Bioglass could be reliably monitored starting from 2 min
of the test, taking into account the retention time of sample and fluid as well filling up the
tubing system, before the solution is nebulized and aspirated to plasma. Limits of
quantification for considered therapeutic ions (Co, Cu, Sr, Zn) in SB fluid were determined
<0.08 mg/L with precision <5%. In SBF the release of calcium from dissolved 45S5 glass
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material can be evaluated with respect to bioactivity in terms of cumulative normalized
amounts. However the flow through tests performed in deionized water buffered with TRIS
with direct determination of ion release are more reliable in order to assess the kinetics in
early stage of dissolution for strongly bioactive materials in contact with the SB fluid.
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ABSTRACT

Silicon nitride-based ceramics with SiO,, CaO and Cas(PO,), as sintering additives,
have been prepared in order to study the bioactivity. Dense ceramic bodies were oxidized by
an oxy-acetylene flame at approx. 1475°C for 60 seconds, in order to modify the surface in
terms of bioactivity enhancement and the formation of optimal porosity for cell viability. The
best bioactivity was obtained for oxy-acetylene flame treated SizN4 ceramics with Caz(POy).
sintering additive.

Keywords: silicon nitride, surface modification, flame oxidation, bioactivity

INTRODUCTION

Silicon nitride-based ceramics are characterized by high chemical resistance and a
superior combination of fracture toughness, strength, hardness, tribological and
thermomechanical properties. These features are not only important for engineering
applications such as cutting tools, ball bearings, sealing elements, engine components, etc.,
but they are also attractive for medical applications such as implants in the human body [1-2].
Owing to the biocompatibility of SizN4 ceramics there is a wide range of bio-applications of
SisN, ceramics. However, the majority of biological applications require not only
biocompatibility but also bioactivity, which results in the formation of good bonding between
tissues and the implanted material [3].

The mechanical properties of a biomaterial are mainly governed by the bulk of the
material, while the bioactivity is determined by the surface properties. Therefore, the
enhancement of the bioactivity of bioinert material requires some modifications of the surface
to enable the host tissue to interact with the implant. Bio-coatings are applied by a variety of
surface engineering techniques, such as thermal spraying (plasma spraying, high velocity oxy-
fuel coating, cold spraying etc.), pulsed laser deposition (PLD), chemical and physical vapour
deposition (CVD and PVD), ion beam sputtering, electrophoretic deposition, radio frequency
magnetron sputtering, and sol-gel techniques [4]. As the compatibility of bioactive
hydroxyapatite (HAP) is better with oxide ceramics compared to nonoxides, also the high
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temperature oxidation can be used for the surface modification of non-oxide ceramics instead
of laborious coating.

Si3Ny is thermodynamically unstable in an oxidizing atmosphere at high temperatures
(T > 1100 °C). Oxidation of SizN4 grains causes the formation of a silica layer. This
intergranular silica-based glassy phase, when molten, serves as a path for outward diffusion of
cations (such as cations deriving from sintering aids or impurities) and inward diffusion of
oxygen [5-9]. The surface of SisN, grains is covered by this protective silica layer and grain
boundary species, which can form either amorphous or crystalline phases adjacent to the
silicon nitride bulk [10-12]. Bock et al. prepared a bioactive SizN4 with Y,03 and Al,Os
sintering additives by heat-treatment of this material in N, atmosphere [13]. Si-Y-Al-O-N
compounds formed by the migration of grain-boundary phase to the surface, which exhibited
improved bone healing capacity [14]. Very similar processes occur in a short timeframe
during the ablation and oxidation tests of ultrahigh temperature ceramics by oxyacetylene
torch with a flame temperature of about 3000°C [15-16].

This paper deals with the characterization of oxidized surface layer on SizN4-based
ceramics using an oxyacetylene torch flame. The chemistry of the surface layers will be
controlled by the composition of the sintering additives used for the preparation of SizNy-
based ceramic substrates. The cell viability and bioactivity of the flame-treated materials will
be tested in simulated body fluid (SBF).

EXPERIMENTAL

Preparation of dense Si3N4 substrates

The ceramic substrates were prepared using a commercial SizN4 powder (grade SN-E10,
>95% 0-Si3Ng, dsp = 0.5 um, 1.3 wt.% O, Ube Industries Ltd., Japan) and SiO;, (SSA. = 50
m2-g™, Aerosil OX-50, Degussa, Germany), together with a bioactive phase acting also as a
sintering aid, either CaO or Ca3(PO,), (p.a. purity, both produced by Lachema, Czech
Republic). The chemical compositions of the initial powder mixtures are given in Table 1.

Table 1: Chemical compositions of the initial powder mixtures and sintering temperatures.

SizNg SiO, CaOo Cag(POy), | sintering T
Sample
(wt.%) (wt.%) (Wt.%) (Wt.%) (°C)
SNSi 90 10 - - 1750
SNSiCa 90 6.4 3.6 - 1600
SNCaP 90 - - 10 1630

Samples with a diameter of 20 mm and height of approx. 5 mm were prepared by hot
pressing at temperatures between 1600°C and 1750°C (Table 1) applying a pressure of
30 MPa for 60 min under nitrogen atmosphere. The relative densities of the prepared samples,
determined using the Archimedes method, were above 97 % of the corresponding theoretical
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density. The sample surfaces were grinded (80 um — 15 pum) and polished with diamond
suspensions (9 um — 1 pum) to mirror finish. An oxyacetylene torch flame with constant
0,:C,H,=1:1.1 ratio was used for thermo-oxidative treatment of SizsN4 substrate surfaces for
60 sec. The sample surface temperature was kept at approx. 1475°C, measured with an optical
pyrometer, and controlled by changing the distance between the nozzle tip of the burner and
the surface. Microstructure and the chemical composition of the surface and cross sections
were characterized by scanning electron microscopy attached with X-ray spectrometers
(JEOL JSM-7600 F/EDS/WDS/EBSD). The phase composition was determined by X-ray
diffraction analysis (Bruker AXS D8 Discover, CuK, radiation) and low angle grazing
incidence X-ray diffraction (GIXD) technique at oo = 6°. The detailed preparation of SizNy-
based substrates is described in [17].

Viability assay

Human pulmonary fibroblast cells MRC5 (ATCC®: CCL17™) were used for all the
biocompatibility assays as they are approved by the International Organization for
Standardization (ISO) for tests of in vitro cytotoxicity (1SO10993-5:2009). The cells were
cultured in a complete Dulbecco’s modified Eagle’s medium (DMEM, Lonza, Belgium) with
2 mM of L-glutamine supplemented with 10% fetal bovine serum (Lonza) and 160 pg/ml
gentamicine (Lek, Slovenia) at 37°C under humidified air atmosphere containing 5% COx.
The conditions were kept constant for cultivation of cells on ceramics.

Prior to analysis with a polarization microscope, samples were stained with Briliant
Blue R (Merck, Darmstadt, Germany) in 70% ethanol for 20 min at room temperature and
washed in a physiological buffer.

The viability tests were performed on sterilized samples. The steam sterilization was
carried out at 120°C for 20 min after 24 hours of incubation at 37°C under humidified air and
5% CO, atmosphere in an appropriate volume of DMEM cultivation medium (keeping the
ratio of 1 ml of DMEM to 100 mg of sample). After the separation of DMEM an extract was
obtained. Meanwhile, 5000 MRC5 cells were seeded in a 96-well plate in four parallel
replicas and incubated at the same conditions for 24 hours. After 24 hours, 100 pl of ceramic
extract per well was added to the cells. The viability was assessed with a CellTiter Blue®
viability assay (Promega, Madison WI, USA). The assay is based on the ability of living cells
to convert a redox dye (resazurin) into a fluorescent end product (resorufin). Therefore, 20 ul
of CellTiter Blue® solution was added to the cells with 100 ul of medium and further
incubated at 37°C and 5% CO, for 3 hours. The fluorescence was measured at A590 on a
Synergy Multi-mode reader (BioTek). The average fluorescence value of the culture medium
was subtracted from the average fluorescence values from four parallel lines of experimental
wells. The percentage of the viability was assessed against control cells. For significance
evaluation the Student’s t-test was used and values of p < 0.05 were considered as significant.
Two more ceramic extracts (referred to as the 2" and 3™ extracts) from the same sample were
analysed under the same conditions, to see if extensive washing of the biomaterial would
improve the effect on the biological properties of the cells.

The real-time cell analysis method (RTCA), a method for non-invasive measurement of
electrical impedance, was used to determine the proliferation of the cells in the presence of
the studied material using an XCELLigence RTCA instrument (ACEA Biosciences Inc.,
USA). Either extract or control media, 100 pl in volume was added into each well of the 96-
well E-plate and the background was measured. Then 5000 MRCS5 cells in 100 ul of extract or
media were added and the cell impedance was measured every 15 min for 95 h. Each
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measured extract and control media were analysed at least four times. The cell proliferation
and the doubling time were evaluated by the RTCA software.

Bioactivity determination

The in vitro bioactivity of the samples was determined using a procedure described in
detail by Kokubo et al. [18]. The samples were inserted into prepared SBF with a pH value of
7.32 and left in an incubator for four weeks at a constant temperature (36.5 £ 0.1°C). The SBF
solution had a similar composition and component concentrations to those of human plasma.
The ionic concentration of used SBF (in mM) is as follows: Na*: 142.0; K*: 5.0; Ca**: 2.5;
Mg®": 1.5; Cl: 148.8; HCO®: 4.2; HPO,*: 1.0; SO4*": 0.5. The soaking period was 21 days.
After soaking, the specimens were removed from the fluid, washed with distilled water and
the surfaces were studied by SEM (JEOL JSM-7600). The ionic concentrations of Ca**
and PO,% ions in the SBF after soaking were determined using an optical emission
spectrometer with inductively coupled plasma ICP OES (5100 SVDV ICP-OES, Agilent), as
the bioactivity can be proven by the formation of hydroxyapatite (HAP). The formation of
HAP is accompanied by decreased concentration of Ca®* and PO, ions in SBF solution after
leaching.

RESULTS

The substrate surfaces after thermal treatment with acetylene-oxygen flame

The substrate surfaces after thermal treatment with acetylene-oxygen flame (C,H,: O,
ratio 1.1:1) at 1475°C + 25°C for 60 s are shown in Fig. 1. The flame exposed front faces of
the substrates were covered by a strongly bonded oxide layer. The substrate surfaces are
eroded and have a porous structure (Figs. 1A-C). Less erosion was observed on the SNSi
sample surface, because this system contains SiO, with a melting point of 1660°C, above the
flame temperature, as well as Si,N,O (Table 2), exhibiting a very good oxidation resistance
up to 1400°C [19].

A) SNsi [ TR A P
orowia R

Figure 1: Structures of substrate surfaces after oxy-acetylene flame treatment.

The surface of SNSiCa sample is different from that of SNSi after the thermal
treatment, showing an erosion in evidently different manner. The image magnification of Fig.
1A is 10x higher than Fig. 1B, as the surface damage of the SNSi substrate was not
sufficiently visible and higher magnification was needed. This was not the case for substrate
SNSiCa after flame oxidation. CaO itself has a high melting temperature (2572°C), but in the
system CaO-SiO, the lowest melting point is 1437°C for the molar eutectic composition
Ca0/SiO, = 0.61. The flame temperature was high enough to melt this eutectic mixture. The
temperature gradient from the flame exposed surface to the center of samples caused the
migration of grain boundary phase, enhanced by capillary forces, to the surface of substrate.
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This motion results in the formation of large oxide phase droplets, which become
interconnected on the SNSiCa substrate surface (Fig. 1B). The surface topology of sample
SNCaP (Fig. 1C) is similar to that of SNSiCa, large interconnected droplets and the porous
nature of the surface are clearly visible.

Low angle GIXD analysis of substrate surfaces after flame thermal treatment

The phase composition of the oxy-acetylene flame treated surface layers was also
investigated by the low angle grazing incidence X-ray diffraction technique at a = 6° and the
results are summarized in Table 2. In the case of SNSi and SNSiCa samples, the phase
composition did not change compared to the “bulk” XRD analysis of the substrates, only the
portion of oxide phases (Si,N,O and SiO;) was higher compared to SizN4 (roughly 60% :
40%). In the diffractograms of SNSiCa and SNCaP also a remarkable hump was observed in
the range 20 = 17° - 30° (Fig. 2), showing the presence of SiO,-based amorphous phase.

The surface layer of SNSiCa sample contains except of amorphous phase (~15 %) also
crystalline SiN,O and B-SizN4 major phases and SiO,, CaSiO3 (< 5%) minor phases.

s000 | SNCaP v v B-Si,N,
* a-Si,N,
4000 -
2 3000 | v
3 v
O
2000 |
1000
0
1 L 1 L 1 L 1 L 1 L
30 40 50 60 70 80
20 (deg)

Figure 2: Low angle (a= 6°) GIX diffraction pattern of SNCaP sample.

The surface layer of the SNCaP sample contains the starting SisN4 and minor CaSiO3
and SiO, crystalline phases. Similar to SNSiCa, also this case a hump was observed in the
diffraction pattern, indicating the presence of silica-based amorphous phase. A weak
diffraction of CaO were identified by the High Score Plus software, but the intensities were
close to the noise of background, therefore it is difficult to determine the quantity (<3%). Also
in this case, like in the bulk XRD analysis, the presence of Caz(PO,4), was not confirmed. The
Caz(P0O,), phase added to the starting mixture most probably dissociates under the
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oxyacetylene flame treatment through C,P, CP, C,P3;, CP, (where C = CaO, P = P,0s) to
P,0s5 and CaO.

The EDX analysis of sample surface showed a relatively high phosphorus content (13.7
wt.%, Table 3), therefore it should be present also in the amorphous phase.

Table 2: Phase composition of the SizN,4 substrate surfaces (GIXD analysis) after oxy-acetylene flame
treatment, measured by the grazing incidence X-ray diffraction technique (a = 6°).

SNSi SNSiCa SNCaP
Composition:
major phases  B-Si3Ny, SioN,O B -SizNg4, SioN20, am.SiO; B -Si3Ng, a-SisNg am.SiO;
minor phases  SiO, SiO, SiO,

Table 3: EDX analyses of SisN, substrate surfaces after dynamic flame oxidation.

@) Si Ca P
Sample
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
SNSi 7.940.3 51.2+1.6 40.9+1.4 - -
SNSiCa 6.0£0.2 51.1+15 37.2+1.1 5.740.3 -
SNCaP 8.2+0.3 52.9+1.9 10.6+0.9 14.6+0.8 13.7£0.9

The nature of the porous surface layers prepared by oxy-acetylene flame is significantly
different to that of layers prepared by traditional techniques such as PVD, CVD, dip-counting,
etc. The bonding of the prepared surface layers is stronger, without any spallation. This very
fast method can be applied either to the modification of ceramic surfaces (flame exposition
only for seconds), or SizsNg-based granules of diameter 50 — 200 um used as a filler in bone
cement (kilograms of granules per day).

Biological properties of thin layers

The cell viability (i.e. their ability to proliferate and thrive under certain conditions) was
determined using the standard method. The health of the cells is shown by measuring the
markers of cellular activity. A cell culture in the presence of non-cytotoxic material will
exhibit good viability, usually above 80%. All the substrates prepared in the present study
were non-cytotoxic with viability values above 97% in the second and third extracts (Fig. 3).
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Figure 3: Cell viability assay - the percentage of cell viability of MRC5 cells grown on the flame
treated Si3N4-based substrates (SNSi, SNSiCa, SNCaP), extracts after 24 hours.

The first extracts of all the tested ceramic substrates showed lower viability than the
control sample (i.e. pure SBF, without ceramics). The lowest viability was 78%, measured for
the substrate SNCaP. However, after additional extractions, the viability of the cells in this
particular case increased to 97% (Fig. 3). The MRC5 human fibroblast cells were able to grow
on all the tested substrates, as it is shown in Fig. 4.
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Figure 4: Growth of the MRC5 cells on Si3N4-based substrates (SNSi, SNSiCa and SNCaP) for a
period of one week and analyzed by polarization microscope.

The highest amount of cells grew on the material containing Ca and P, while the lowest
population of cells was determined on the SNSi substrate. As it was mentioned in the
experimental part, the results of control vs. samples were analysed with two-tailed unpaired t-
test (Student's test) with a threshold P < 0.05 considered for statistical significance. The
results are summarised in Table 4 and show a significant difference from the control for
samples SNSi and SNCaP.
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Table 4: Student's t-tests for the cell proliferation and doubling time of the MRCS5 cells on the SisNy-
based substrates (P < 0.05 is considered as significant difference).

Cell proliferation Doubling time
sample SNSi SNSiCa SNCaP SNSi SNSiCa SNCaP
P 0.0084 0.1107 0.0001 0.0397 0.5200 0.0249
significance * ns * * ns *

* means significant, ns = non significant

Despite this, the growth of the cells was slower, with a doubling time 1-3 hours longer,
than for the control (Fig. 5). However, the preparation of ceramic substrates/implants for bio-
applications by flame treatment seems to be a very promising and economic method.
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Figure 5: Cell proliferation and doubling time of the MRCS5 cells on the SisN,-based substrates (SNSi,
SNSiCa, SNCaP). The extracts were monitored by Real Time Cell Analysis (RTCA,
XCELLigence software) for 95 hours.

Assessment of bioactivity behaviour

In order for porous bioceramics to be bioactive, the formation of interfacial bond with a
surrounding tissue must be possible. Growth of hydroxyapatite (HAP) on the ceramic surface
after lengthy submersion in simulated body fluid (SBF) is an indirect indicator of bioactive
behaviour. The SBF system is metastable solution supersaturated with respect to apatite [18],
and it is a matter of time, when it becomes thermodynamically stable by forming apatite
crystals. The addition of an at least partially soluble solid to the SBF can modify the solution
composition in a way favouring apatite formation. It is actually quite difficult in a laboratory
to prepare pure calcium hydroxyapatite, idealized as Cajo(PO4)s(OH),, by soaking the
substrate in simulated body fluids. There are several calcium phosphate phases like HAP,
dicalcium phosphate dihydrate, tricalcium phosphate and octacalcium phosphate, which are
frequently encountered, depending on pH, ionic strength and the partial pressure of CO, [20].
However, the identification of the phase composition of the formed surface layer is rather
difficult. Precipitation reactions can result in the initial formation of an “amorphous calcium
phosphate” having an apatitic short-range structure, but with a crystal size so small to appear
amorphous in XRD analysis [21]. Change in the concentrations of Ca** and PO,> ions in the
solution detected after exposure of the substrate to the SBF solution could indirectly prove the
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formation of HAP or some other phase with an apatitic structure. The stoichiometric molar
ratio of calcium to phosphorus required for the thermodynamically favoured formation of
HAP is 1.67. The solution used for immersion tests had a Ca/P ratio of around 1.9. Significant
changes in the concentrations of Ca’* and PO, ions in the solution were not observed in SBF
after 21 days immersion of SNSi sample (Fig. 6). No newly formed phases or visible changes
in the surface microstructure were detected by SEM analysis. It can be concluded that the
addition of SiO, does not result in a formation of bioactive surface layer on the oxyacetylene
flame treated SizN4-based substrate.

However, the Ca/P ratio does increase, and indicators of bioactivity are seen, for the
SNSiCa and SNCaP samples. These materials release the Ca?* ions into solution, while the
amount of PO,> ions in solution decreases. In calcium-rich aqueous solutions with Ca/P
molar ratios of 1.8-2.5 the formation of HAP can occur through initial formation of
amorphous calcium phosphate [21]. Small precipitates of HAP were detected on the surface
and in the pores of the SNSiCa sample (arrows in Fig. 7B). The micrograph of the SNCaP
sample (Fig. 7C) shows the evidence of larger globular precipitates assembled into an almost
compact layer. In addition, the Ca/P ratio in the SBF remarkably increased compared to the
SNCa sample (Fig. 6), but presently there is no clear explanation for this effect. More detailed
observation of the globular aggregates in Fig. 7C revealed that they consist of acicular,
needle-like crystals of nanoscale dimensions (Fig. 8), the structure typical for HAP [18].
Finally, it can be concluded from the preliminary bioactivity tests (21 days) that the oxy-
acetylene flame pre-treatment of SisN,—based substrates, together with the incorporation of
Ca and P containing sintering additives into the ceramics matrix, boost the bioactivity of this
kind of ceramics.
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Figure 6: Evolution of the molar Ca/P ratio in SBF solution after 21 days soaking of samples in SBF
(in the starting SBF solution the Ca/P ratio was 1.9, the stoichiometric ratio in HAP is
1.67).
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Figure 7: SEM analysis of the surfaces after bioactivity test in SBF for 21 days at 36.5°C.

Due to the nature of the biological SBF solution prepared in laboratory conditions, more
attention must be paid to the fate of the calcium released from the biomaterial into SBF
solution. The involvement of TRIS (tris-hydroxymethyl aminomethane) in SBF can act not
merely as a buffer but as a complexing agent with various cations including Ca®*. This is in
addition to the proteins naturally present in serum that might play an essential role in
controlling apatite nucleation. These issues, together with pH and ionic strength of solution,
need to be addressed in any future bioactivity testing which relies on the formation of HAP.

Figure 8: Detailed view of nanoscale crystals grown from globular clusters on the SNCaP.

CONCLUSIONS

Dense silicon nitride materials with different sintering additives of SiO,, SiO, + CaO,
and Cas(PO,), were prepared by hot-pressing method. The surfaces of the SizN4-based
substrates were covered after oxy-acetylene flame-impingement treatment at 1475°C for 60 s
by porous oxide surface layer. The bioactivity tests in SBF confirmed the inert character of
Si3N4 ceramics containing SiO; or SiO,+CaO sintering additives. The surface of the SNCaP
sample containing Caz(POy); as sintering aid is bioactive, and considerable formation of HAP
nanocrystals was observed on the surface after the test in SBF.
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This very fast and cost-effective oxy-acetylene flame treatment method can be applied
either to the modification of dense bulk ceramic surfaces, porous bodies, or SizN4-based
granules for bio-applications.
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ABSTRACT

Low cost processing method to prepare porous bioactive glass (BG) microspheres is
presented. Glass powder with composition based on 45S5 BG and exhibiting irregularly
shaped particles was fabricated by conventional melting. Glass powder was alkali activated to
induce pore formation during the following flame synthesis step. Porous microspheres, with
diameters ranging between 45 and 75 um, were successfully prepared and characterized by X-
ray diffraction, Fourier-transform infrared spectroscopy, and scanning electron microscopy
with energy-dispersive X-ray spectroscopy. The porous bioactive glass microspheres are
promising candidates for applications in bone regeneration, tissue engineering, and as carriers
for controlled drug delivery.

Keywords: Bioactive glass, porous microspheres, alkaline activation, flame synthesis.

INTRODUCTION

The field of inorganic bioactive materials started in 1971 with the discovery of 45S5
bioactive glass (BG) by Hench et al. [1]. It is a special composition of silicate glass containing
45% SiO,, 24.5% CaO, 24.5% Na,0, and 6% P,0s, in wt.% (Table 1). Bioactive glass is able
to bond to bone tissue and stimulates bone regeneration by the release of Si, Ca, P ions [2, 3].
Due to the low specific surface area, and the lack of microporosity, the bioactivity of melt-
derived glasses mainly depends on the SiO, content [4]. Microspheres possess several
advantages compared to irregularly shaped materials; therefore, they have become important
in many scientific fields, including biomaterials. They can be engineered and manufactured to
be solid, hollow, or porous, which provides a larger surface area allowing for sufficient
therapeutic coatings, an increase in degradation rate and beneficial ion release profile [5], or
encapsulation of various biomedical relevant components [6, 7]. Recently, porous calcium
phosphate glass microspheres were fabricated by Hossain et al. [6] via the cost-effective
flame spheroidisation process. Careful selection of the glass, pore-forming agent, and a
manufacturing method with the required processing window enabled the production of porous
glass microspheres via a single-stage manufacturing process. Microspheres are already
exploited in the pharmaceutical and health care industry. Precise control over pore size is,
however, difficult; hence, manufacturing technologies need to be improved to create
reproducible porosity and pore sizes [7].
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In the present study, a simple, cost-effective, and scalable method for the preparation of
porous 45S5 BG microspheres is presented and discussed.

EXPERIMENTAL

Bioactive glass of 45S5 composition was prepared by mixing the analytical grade purity
(>99 %) raw materials: SiO,, CaCOs (Centralchem, Slovakia), Na,CO3; (Penta, Czech
Republic), and NasP301o (Sigma-Aldrich, Slovakia). The mixture was then melted in Pt-10%
Rh crucible in a superkanthal furnace at 1300°C for two hours in ambient atmosphere. The
homogeneity was ensured by repeated hand mixing of the melt. Then the molten glass was
poured onto a stainless steel plate. The sample was tempered in a muffle furnace for 30
minutes at 560°C and then the furnace was switched off. The prepared bulk glass was crushed
and sieved through a 45 um analytical sieve.

The powder was mixed into an aqueous solution containing 1 M NaOH (reagent grade,
Sigma- Aldrich, UK), with a solid loading of 65 wt%. The glass powder was subjected to an
alkaline attack for 1 h under mechanical stirring at 500 rpm. After alkaline activation, the
obtained suspension of glass powders, subjected to surface dissolution, was cast in closed
polystyrene cylindrical moulds (60 mm diameter), and cured at 75°C for 24 hours. Finally, the
hardened gel was crushed and sieved through analytical sieves to obtained fraction of 45-
75 um in size.

The precursor, prepared by the alkaline activation process, was fed into an oxygen-
methane torch with a vacuum powder feeder at a rate of 1.4 g/min using oxygen carrier gas.
The spherical melt particles were formed in the flame with the estimated maximum
temperature in the range of 1500-1600°C (which was measured in the centre of flame by a
thermocouple) and then quenched by distilled water to form porous microspheres. The
obtained spherical particles were separated from the distilled water by microfiltration through
a ceramic filter with the pore size less than 0.3 um. The as fabricated 45S5 BG powder, the
powder after alkaline activation, and porous microspheres were subjected to Fourier-
transform infrared spectroscopy (FTIR, FTIR model 2000, Perkin Elmer Waltham, MA).
Alkali activated glass was investigated by thermogravimetric analysis (STA449 F1 Jupiter
TG/DTA/DSC, Netzsch). The phase analysis was conducted by X-ray powder diffraction
using a Bruker D8 Advance diffractometer (Germany — CuKa radiation, A = 0.15418 nm, 40
kV-40 mA, 20 = 10-70°, step size 0.05°, 2 s counting time). The phase identification was
performed by the Match!® program package (Crystal Impact GbR, Bonn, Germany),
supported by the data from the PDF-2 database (ICDD-International Centre for Diffraction
Data, Newtown Square, PA). The chemical composition of the glass powder and the
microspheres, and the morphology of the microspheres, were examined by scanning electron
microscopy (JEOL 7600F with EDS detector).

RESULTS

Alkaline activation with sodium hydroxide as the activation agent was performed to
form calcium silicate hydrates (C-S-H) at the surface of the bioactive glass powder. In
general, C-S-H are well known products of alkaline attack on any CaO-rich silicate glass [8,
9]. The results of FTIR analysis of the as prepared 45S5 glass powder, alkali activated
bioactive glass powder, and microspheres after the flame synthesis process are shown in
Figure 1a. The visible absorption band of hydrated calcium silicate centred around 3400 cm™
is attributed to O-H stretching vibrations. This band was not present in the starting glass
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powder or in the microspheres after the flame synthesis. The decomposition temperature of
hydroxyl groups is reasonably lower than the temperature of formation of the spherical
particles in the torch. Nevertheless, the time of formation of spherical particles is sufficient to
remove all hydroxyl groups formed during the alkali activation: these may then act during the
spheroidisation process as blowing and pore-forming agents. Minor contributions to the pore
forming could be also attributed to the CO, release, which is demonstrated in alkali-activated
glass by the presence of C=0 stretching vibrations in the region around 1440 cm™. The
thermal stability of the products of alkaline activation is further documented by the results of
thermo-gravimetric analysis reported in Figure 1b. The main weight losses (~10.7%) appeared
to occur below 500°C as a consequence of decomposition of hydrated compounds, with
release of water from removal of —OH groups. Additional losses (~1.0%) at higher
temperatures (500-1300°C) could originate from full decomposition of the phases developed
upon activation, as previously observed for soda-lime glass [8].
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Figure 1: () FTIR spectra of the as prepared powder (bottom), alkali activated (middle), and after the
spheroidisation process (top) and (b) thermo-gravimetric plot of alkali activated 45S5 glass.

The XRD patterns presented in Figure 2 confirm the data obtained by the FTIR analysis.
The diffraction maxima attributed to calcium silicate hydrate (PDF #33-0306), natrite
(Na,COg3, PDF #77-2082), and sodium hydrogen phosphate heptahydrate ((Na;HPQO,4.7H,0),
PDF #71-2113) were observed and confirm the efficiency of alkaline activation.

The flame spheroidisation process led to microspheres with high content of residual
glass. Observed diffraction maxima were attributed to sodium calcium silicate (combeite,
Nay2Cay g(SigO1g), PDF#78-1649), a common product of devitrification of 45S5 BG [101].
No traces of phases created by alkaline activation (natrite or C-S-H) are visible.
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Figure 2: XRD diffraction patterns of the as prepared 45S5 glass powder, alkali activated glass
powder, and microspheres.

The morphology of microspheres after flame synthesis is shown in Figure 3. Small solid
particles are accompanied by bigger ones, hollow and with numerous openings in the outer
walls. The pores are visible at the surface of the spheres as well as in their interior.

Effective employment of the developed porous particles obviously depends on the
ability to maintain the chemical composition of 45S5 BG. The results of semi-quantitative
EDS analysis performed before and after the flame synthesis are summarized in Table 1. Only
slight reduction in the content of Na,O, P,0s, and CaO was observed.

Figure 3: Morphology of the as prepared porous 45S5 BG micro-sphere particles.
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Table 1: Comparison of the theoretical composition, in wt.%, of the 45S5 BG with the experimentally
determined, values before, and after the flame synthesis process.

Oxide Na,O SiO, P,Os CaO

45S5 BG
(theoretical composition ) 24.5 45.0 6.0 24.5

4585 glass powder

(prepared by melting 22.9+0.6 457+0.2 57+0.2 257+0.2
process)

Glass microspheres

(prepared by flame 17.0+£0.5 56.7+0.5 49+0.2 21.4+0.8
synthesis)

CONCLUSIONS

To the best of our knowledge the paper presents the first successful preparation of
porous bioactive glass microspheres based on 45S5 BG composition by flame synthesis
process. The microspheres were prepared by alkaline activation of conventionally melted BG
powder, followed by flame spheroidisation. C-S-H and natrite, formed during the alkaline
activation release volatile species (water vapour and CO;) during the flame synthesis, which
act as pore forming agents yielding to porous microspheres with diameter ranging between 45
and 75 pm. Only slight reduction in the content of Na,O, P,0s, and CaO was observed after
the flame synthesis.
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ABSTRACT

Bioactive glasses (BGs) represent a group of biomaterials with wide application
possibilities in regenerative medicine. In this work, the synthesis of bioactive glass
nanoparticles with further fabrication of composite membranes based on poly(e-caprolactone)
(PCL) by electrospinning method was investigated. Influence of addition of BG nanoparticles
on the morphology and fiber diameter was studied.

Keywords: bioactive glass, polycaprolactone, electrospinning, fibrous composites

INTRODUCTION

Bioactive glasses (BGs) continue to attract interest for applications in hard tissue
engineering for replacement, regeneration and repair bone and teeth. Their application
possibilities have covered also the area of soft tissue engineering (angiogenesis, cardiac, lung,
nerve, gastrointestinal tissue regeneration) and wound healing [1]. BGs are often incorporated
into a polymeric matrix to produce composite which can act as a scaffold or nets for cell
adhesion. Biodegradable composite offers a suitable environment for later differentiation,
proliferation of the cells and stimulate direct tissue formation in situ [2]. Material uses for
fabrication of the scaffolds and meshes is usually natural or synthetic biopolymer
(polysaccharides, polyester, hydrogels, etc.). The other important component of the composite
is bioactive ceramic such a calcium phosphate and bioactive glass or glass-ceramic. The
common route to produce fibrous scaffolds and meshes is through electrospinning which uses
an electrical charge to draw very fine fibres via a spinning jet from a liquid or sol [3]. BGs
incorporated in a polymeric composite could release ionic products in sustained and
controlled manner which could be used as a carrier for drugs and molecules delivery.
Polymer/BGs fibrous composites meshes can be applied as a multifunctional scaffold in hard
and soft tissue applications [4].

The main aim of this work is synthesis of bioactive glass particles, which are
subsequently incorporated to PCL-fibres to create multifunctional membranes for tissue
regeneration.
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EXPERIMENTAL

Bioactive glass powder synthesis

Bioactive glass nanoparticles (BGNs) based on binary system SiO,-CaO were
synthesized by using a microemulsion-assisted sol-gel approach [5]. Briefly,
hexadecyltrimethylammonium bromide (CTAB) was dissolved in deionized water.
Subsequently, ethyl acetate was slow poured into the solution under continuous stirring. Then,
the adequate amount of tetraethyl orthosilicate (TEOS) was added to the mixture and stirred
following with the addition of Ca(NO3),.4H,0. Subsequently, the precipitate was dried in an
oven at 60 °C for 24 h, followed by calcination at 700 °C for 2 h at a heating rate of 2 °C min
! All the used chemicals were purchased from Sigma-Aldrich (Darmstadt, Germany) without
further purification.

Fibre mats fabrication

The fibre membranes were fabricated by electrospinning method. Poly &- caprolactone
(PCL, 80 kDa) was dissolved in a mixture of formic and acetic acid in the ratio of 1:1 at the
room temperature [6]. For the fabrication of composite fibres BGs nanoparticles (30 wt%
respect to PCL) were added to the polymer solution. The polymer solution used for
electrospinning containing 20 % w/v of PCL in solvent. The optimized electrospinning
parameters (15 kV, 2.9 mL/h flow rate, 11 cm distance from collector), were applied for
fabrication of PCL fibre and PCL-BGs fibre composites.

RESULTS

The morphology of the prepared BG particles was analysed by SEM observation. Figure
la shows well dispersed and spherical (ovoidal) particles with visible nanoporosity. The
average particle size was in the range 130 + 10 nm. Dispersion of nanoparticles was reached
by using microemulsion assisted sol-gel method, which also explained the homogeneity in the
size and shape. XRD spectra shown in Figure 1b indicating the amorphous nature of the
sample. The broad band in the range of 20° - 34° (20) could be ascribed to the amorphous
silicate, while no other diffraction peaks are visible. The qualitative chemical composition
analysis performed by SEM-EDX confirmed presents of Si and Ca elements (Figure 1c).

(b)

Intensity [a.u.]
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Figure 1: Morphology (a) and elemental composition (c) of synthesized BGs particles obtained by
SEM-EDX. X-ray diffraction (XRD) pattern of BGs (b).

PCL-BGs fibre membranes were produced by electrosspinning process. The
morphology of the mats was investigated by SEM (Figure 2). The size of BG particles
allowed their incorporation into the fibers and affect the surface morphology of PCL-BGs
fibres. Compared to control rough surface on PCL-BGs was obtained. The BG nanoparticles
were heterogenously distibuted in long fibres and some clusters of particles were also
observed. Obtained results confirmed that BG nanoparticles are sucessfully placed inside of
the fibres.

Figure 2: SEM micrographs of PCL-BGs electrospun nanofibers.

CONCLUSIONS

Bioactive glass nanoparticles based on simple binary system SiO,-CaO were produced
by the microemulsion sol-gel route. The size of well dispersed, spherical particles was in the
range of 130 + 10 nm. Subsequently, electrospun fibers containing BGs nanoparticles
dispersed in apolymeric matrix were produced. Fibers mats were fabricated by
electrospinning using poly(e-caprolactone) (PCL) dissolved in benign solvents for the
electrospinning (i.e. acetic acid). The BG nanoparticles were successfully incorporated into
the structure and we developed smart multifunctional materials which can be used for tissue
regeneration and wound healing.
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ABSTRACT

The B4C/TiB2 composites were fabricated by in situ reaction of B4C, TiO> and carbon
black using Field Assisted Sintering Technology (FAST). The effect of different
processing parameters on the sintering behaviour of B4C was studied in the temperature range
of 1800 °C to 2000 °C and the pressure of 70 MPa. Fully dense B4C -10 vol.% TiB, materials
were obtained using the sintering regime with a degassing step at the temperature of 1800 °C,
followed up by the applying of a pressure of 70 MPa for 30 s. Only B4C and TiB; phases were
identified, which confirmed that the reaction between TiO2 and B4C was completed and no
residual TiO2 was found in the materials. The mechanical properties of B4C, such as
hardness, and fracture toughness, were improved by the addition of in-situ formed TiB>
particles.

Keywords: B4C-TiB, composites, Reaction sintering, FAST, mechanical properties

INTRODUCTION

Due to its high hardness, high wear resistance and low density, boron carbide (B4C)
is used in many structural applications, such as personal ballistic armors, wear-resistant
components and neutron absorbing parts in nuclear power plants [1-2]. However,
the commercial applications of B4C were limited due to the two main reasons, namely, its
low fracture toughness and very high temperatures required for sintering [3]. On the other
hand, both limitations can be mitigated using appropriate additives.

It was found that the preparation of BaC—TiB2 composites via in situ reaction of TiOz,
carbon and Ba4C significantly reduces sintering temperature, while the presence of TiB2may
increase the fracture toughness and strength [3-4]. The sintering process involves the
conversion of TiO2 to TiB2 according to the following reaction 1:

2TiO2 + 3C + B4C —2TiB2 + 4CO 1)

Recently, Field Assisted Sintering process has received considerable attention
to produce poorly sinterable materials, such as borides, carbides and nitrides. This sintering
technique has the advantage of higher heating rates and shorter dwell times than conventional
methods. The process is a kind of pressure sintering method, in which the samples are heated

52



PROCESSING AND PROPERTIES OF ADVANCED CERAMICS AND GLASSES
November 20-22, 2019, Razto¢no, Slovak Republic

SINTERING

up directly by the electric current (in case of conductive materials) or indirectly via graphite die
(in the case of isolating materials). Usually, the FAST process allows a material to be densified
at lower temperatures and shorter times than would be required if the same material was sintered
using one of the conventional techniques, such as Hot pressing, and Pressureless sintering [5-
7].

The aim of the present work was to utilize the direct effect of electric current to in-situ
synthesize B4C-TiB. composites with 10 vol.% TiB; at a lower sintering temperature and a
shorter processing time than normally used in the literature. The effect of the processing
temperature and time on the densification, phase constitution, as well as microstructure of the
sintered compacts was investigated.

EXPERIMENTAL

B4C-TiB2 composites were prepared by the in-situ reaction of BsaC (Grade HD20, H.C.
Starck, Germany, d50 = 0.5 um), TiO2 (Anatase, Sigma Aldrich, - 325 mesh) and carbon
black, which were used as raw materials. The powder mixture containing the appropriate
amounts of the individual compounds to form 10 vol% of TiB2was prepared by planetary
ball milling (Retsch PM 100, Germany) in isopropyl alcohol for 2 h using ZrO2 milling balls.

The dried milled powders were uniaxialy pressed in a graphite die with a diameter of 20
mm at a pressure of 70 MPa. The sintering was performed using a Field Assisted Sintering
apparatus (DSP 507, Dr. Fritsch GmbH., Germany) at the temperature range of 1800°C to
2000°C in vacuum atmosphere. Both the heating and cooling rates were 100°C/min, while the
dwell time varied from 10 minutes to 30 seconds.

The density was measured by the Archimedes method. The microstructure was
investigated using Scanning Electron Microscopy (AURIGA Compact, Zeiss). The hardness
and the indentation fracture toughness were evaluated using a Vickers indentation (Zwick Roell
Z25), at the load of 9.81 N. The crystalline phases were identified using X-ray diffraction
(Panalytical Empyrean, Cu Ka radiation).

RESULTS

The effect of different sintering conditions on the final material density and
microstructures was investigated for the B4C-10 vol.% TiB2 composition. In these experiments,
conventional sintering conditions were applied as first. The maximum temperature was
2000°C and the pressure increased progressively to 70 MPa with increasing temperature.
The dwell time was kept to 10 minutes. The sintering regime with the corresponding
shrinkage curve is shown in Fig 1a.
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Figure 1: Sintering regimes for B4C-10 vol.% TiB2 without a degassing step a); and with a degassing
step and a dwell time of 30 seconds b).

The relative density of the sample sintered at 2000 °C was 93.3%. The SEM analysis of
the sample (Fig. 2a) confirmed the presence of uniformly distributed TiB2 particles (white
particles) in the matrix of B4C (grey phase in Fig. 2a). In addition, some oxide residues (EDX
not shown here) were found forming a network-like structure. In order to remove the residual
oxides from the final microstructure, a degassing step was added to the sintering process. This
means that the temperature was increased with a constant minimum pressure of ~ 7 MPa. When
the maximum temperature of 1800°C was reached, the sample was kept at the temperature for
6 minutes while keeping the minimum pressure to enable gasses to volatilize from the sample.
After this degassing step, the pressure increased to 70 MPa within a minute and the sample was
densified for 30 seconds. The sintering regime is given in Fig 1b.

The SEM analysis revealed that the degassing step was effective to remove all the oxide
residues from the microstructure, as no network-forming oxide layer was found after the
sintering with a degassing step. Instead, the SEM image of the fracture surface showed a dense,
homogenous microstructure of B4C-10 vol.% TiB2 composite (Fig. 2b). The relative density of
the sample was 99.9%. It should be pointed out that if a longer dwell time was used (the

results not shown here), the decomposition of B4C was observed, leading to a lower density of
the materials.

Figure 2: SEM images of the fracture surfaces of B4,C-10 vol.% TiB, samples sintered without a) and
with degassing step b).
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The hardness and indentation fracture toughness of the fully dense, homogenous B4C-
10 vol.% TiB2 sample were compared to the properties of pure B4C, sintered under the
same conditions. After the addition of TiB2, the hardness significantly increased from ~30 to
38 GPa, while the fracture toughness increased from ~ 2.1 to 3.0 MPa.m*2. This clearly
confirms that the mechanical properties of B4C ceramics can be significantly improved by
the in-situ formation of TiB> in the microstructure. At the same time, the present results
showed that by the direct effect of the electric current, a fully dense B4+C-10 vol.% TiB>
composite can be obtained at lower temperatures and shorter processing times than usually
used in the literature.

CONCLUSIONS

A fully dense B4C-10 vol.%TiB, material was obtained after a modified sintering regime,
which included a degassing step (6 min) at the temperature of 1800 °C, followed up by the
applying of maximum pressure (70 MPa) for 30 s. Due to the direct effect of electric current,
the material was sintered at a lower temperature and a shorter processing time than
usually reported in the literature. The hardness and fracture toughness of B4C were improved
by the addition of in-situ formed TiB: particles.
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ABSTRACT

The effect of different amounts (2wt.% and 5wt.%) of various rare earth oxides (Eu,Os,
Yb,03, LuyO3) on the sintering, microstructure evolution, phase composition, and mechanical
properties of ZrB,-25vol.% SiC ceramics was investigated. All the samples achieved a
relative density above 98% when sintered at 2000°C/70MPa/7min in Ar using Field Assisted
Sintering Technology. The room temperature mechanical properties slightly increased with
the addition of rare-earth oxide additives. The ablation rate decreased by ~ 30% after the use
of 5wt.% of Yb,0O3; and Lu,O3, when compared to the reference ZrB,-25vol.% SiC material
without sintering additives. On the other hand, the material with the Eu,O3 additive showed
the ablation rate at the same level as that of the reference material.

Keywords: zirconium diboride, rare-earth oxides, ultra-high temperature ceramics, field
assisted sintering technology, mechanical properties

INTRODUCTION

Zirconium diboride (ZrB,), similar to other so-called Ultra High Temperature Ceramics
(UHTCs), has high melting temperature (above 3000°C), good thermal and electric
conductivity, good oxidation resistance and strength at elevated temperatures [1]. Such
materials are used for applications performing at high temperatures, such as rocket
propulsion, or thermal protection system for sharp leading edges of hypersonic vehicles [1-2].
Although ZrB; has extremely high melting temperature (3246°C), monolithic material has
limited oxidation resistance [3-4], as during oxidation in air above 1000°C, B,0O3 starts
evaporating, and the porous ZrO; layer is the only phase remaining after the oxidation at
1500°C [5]. The phase transformation of ZrO, (1000-1200°C) also leads to the volume
change and the increase of ZrO, layer porosity, which accelerate the oxidation rate [6].

Silicon carbide (SiC) is one of the most commonly used additives to improve the
oxidation resistance of monolithic ZrB, ceramics. During oxidation it forms a borosilicate
glass on the surface of ZrB,-SiC, which reduces the oxygen permeation [1]. For this reason, a
ZrB; - 25 vol.% SiC system has been considered as the most promising material system for
ultra-high temperature environments [7]. However, new materials for hypersonic applications
need to meet strict requirements of aerospace industry to survive temperatures above 2000°C.
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The aim of the work was to develop a new diboride material for extreme applications by
introducing rare-earth oxide additives (Eu,03, Yb,03, Lu,03) into the commonly used ZrB; -
25 vol.%SiC material system. The effect of different content of the individual additives on the
sintering, microstructure evolution, phase composition, and mechanical properties of ZrB,-
SiC ceramics at room as well as high temperatures was investigated.

EXPERIMENTAL

Commercially available powders of ZrB, (d50 ~1.5-3.0 um, grade B, H.C. Starck), B-
SiC (d50 ~0.6 um Superior Graphite, B-SiC) and rare earth oxides, such as Eu,03, Yb,0, and
Luz0s3, (d50 ~3.0-15.0 um, Treibacher,) were used as raw materials. The ZrB,/SiC ratio was
kept constant (75 vol.% ZrB,/25 vol.% SiC), while the amount of rare-earth oxides (RE;O3)
was either 2 or 5 wt.%. The powder mixtures were prepared by a planetary ball mill (Retsch
PM 100) using tungsten carbide (WC) milling media and the following conditions: 150 rpm
for 6 hours (h). The reference ZrB,-25vol.%SiC sample without sintering additives was also
prepared for the sake of comparison.

The dried milled powders were uniaxialy pressed in a graphite die with a diameter of 20
mm at a pressure of 30 MPa. The sintering was performed using a Field Assisted Sintering
Tehcnology (DSP 507, Dr. Fritsch GmbH.) at the temperature of 2000°C and the pressure of
70 MPa in Argon atmosphere. Both the heating and cooling rates were 100°C/min, while the
dwell time was 7 minutes. The density was measured by the Archimedes method.

The microstructure of the materials was investigated using SEM (AURIGA Compact,
Zeiss). The hardness and the indentation fracture toughness were evaluated using a Vickers
indentation (ZWICK ROELL Z2,5), at the load of 9.81 N. The crystalline phases were
identified using X-ray diffraction (Panalytical Empyrean, Cu Ko radiation), followed up by
Rietveld analysis. The ablation resistance of the materials was investigated by an
oxyacetylene flame up to the temperature of about 2600-2650°C, measured by the optical
pyrometer. The dwell time at the maximum temperature was 1 minute. The ablated surface
was observed by a confocal microscope (Lext OLS 3100, Olympus) in order to measure the
depth of the ablated zone and calculate the linear ablation rate of the materials.

RESULTS

The sintering regime was effective to produce fully dense ZrB,-SiC materials, as the
relative densities of all the samples was above 98 %, Table 1. The SEM analysis of the
microstructures revealed the presence of uniformly distributed SiC particles (dark grey phase
in Fig. 1) in the ZrB, matrix (light grey phase in Fig. 1). In good agreement with the relative
density, almost pores-free microstructure was observed for the ZrB,-SiC with Lu,O3 (Fig. 1c,
1f), while a very few pores were found in the other compositions (shown by arrows in Fig. 1).
The rare-earth oxide additives were uniformly distributed at the grain boundaries of ZrB, and
could be seen at higher magnifications (SEM images not shown here).

58



PROCESSING AND PROPERTIES OF ADVANCED CERAMICS AND GLASSES
November 20-22, 2019, Razto¢no, Slovak Republic

SINTERING

Table 1: The relative densities and room temperature mechanical properties of the ZrB,-SiC reference
material (ZS) as well as the ZrB,-SiC with different content of various RE additives (Eu, Yb,

Lu)
Material Relative Hardness HV1 Fracture toughness
density [%6] [GPa] [MPa.m"?]

ZS 99.8 17.6 £0.5 22+02
ZS2Eu 99.0 17.8+0.9 24+0.2
ZS2Yh 99.1 16.9+0.9 24+0.1
ZS2Lu 99.3 19.4+0.6 24+02
ZS5Eu 98.3 16.3+0.4 2.8+0.2
ZS5Yb 98.9 18.6 1.0 25+0.1
ZS5Lu 99.8 19.6 £0.6 25+0.2

The room temperature mechanical properties of the ZrB,-25vol.%SiC materials with
different RE additives, such as hardness, and indentation fracture toughness, are given in
Table 1. The results showed that no significant change in the mechanical properties of the
ZrB,-SiC materials was observed after the addition of RE additives. The hardness even
increased from 17.6 GPa to 19.6 GPa when the reference ZrB,-SiC and ZrB,-SiC with 5wt.%
Lu,O3 are compared. It must be pointed out that the RE oxides were used mainly to improve
high temperature properties of ZrB,-based materials. At the same time, their addition should
not lead to the deterioration of mechanical properties at room temperatures. It can be
concluded that the room temperature mechanical properties retained the same level or were
even improved after the addition of 5 wt.% RE,O3.

Figure 1: SEM microstructures of ZrB, - 25vol.% SiC with different RE,O5 additives: a) 2wt.%
Eu,O3; b) 2wt.% Yb203, C) 2wt.% Lu,0Os3; d) 5wt.% Eu,0s;; e) 5wt.% Yb203, f) 5wt.%
LUzog
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The high temperature properties of the materials were evaluated in terms of the ablation
tests up to the temperature of ~ 2600°C using an oxyacetylene flame. Fig. 2 shows an
example of 3D-surfaces (obtained by a confocal microscopy) of the ZS and ZS2Lu and
ZS5Lu samples, respectively. It is obvious that the amount of the ablated material was
significantly lower with the increasing amount of sintering additive, as the ablated hole in the
middle was smaller with a less material removed as the content of the additives increased.

The linear ablation rate was calculated from the depth of the ablated region for all the
samples. It decreased from ~ 7.5 x 10 mm/s for the reference ZS material to ~ 4.8 x 107
mm/s for ZS5Yb and ZS5Lu materials. This constitutes around 30 % improvement of the
ablation resistance obtained for the materials with the addition of 5wt.% of Lu,O3 and Yb,0:s.
On the other hand, the Eu,O3 additive was not effective to improve the ablation resistance, as
the ablation rate of this material was at the same level as that of the reference material
(7.2 x 10° mm/s). This was caused by the higher porosity of the material, as well as the less
refractory nature of the grain boundary phase. It is well known that the refractory nature of the
glassy phase increases with the decreasing ionic radius of RE**. The Eu®" cation has the
largest ionic side among all of the investigated additives; thereby the lowest refractory nature.
It can be concluded that a significant reduction of the ablation rate was obtained by the
addition of appropriate RE additives, while the room temperature mechanical properties were
retained at the same level as that of the reference material with additives.
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Figure 2: 3D-ablated surfaces of the reference (ZS) and the ZrB,-SiC with 2wt.% Lu,03
(ZS2Lu) and 5wt.% Lu,O; (ZS5Lu) samples after the ablation tests at ~ 2600°C

CONCLUSIONS

The fully dense ZrB, - 25vol.% SiC materials with different amounts (2 and 5wt.%) of
rare-earth oxide additives (Eu,O3, Yb,O3, and Lu,O3) were prepared using Field Assisted
Sintering Technology at the temperature of 2000°C and the pressure of 70 MPa. The room
temperature mechanical properties, such as hardness, and indentation fracture toughness, were
not only at the same level as that of the reference ZrB,-SiC material without the additives, but
they even slightly increased. At the same time, the ablation rate was significantly decreased
after the use of additives, and further decreased with the increasing amount of the additives.
The improvement of ~ 30% was achieved when 5 wt.% of Yb,03; and Lu,O3 additives was
used, while no significant improvement was observed for the Eu,03 additive.
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ABSTRACT

Boron carbide is a material of great interest to modern industry. However, its
densification using conventional sintering techniques without applying external pressure or
using sintering additives is challenging. The present study is focused on the pressureless
sintering of a commerical available boron carbide powder with a high specific surface area
and submicron size. The B,C powder was doped by graphite or phenolic resin with
concentrations varying from 0.5 to 3 wt.%. Moreover, the influence of the cold pressing
pressure on densification was evaluated. Generally, a higher cold pressing pressure resulted in
an improved densification for the selected powder. The graphite addition can be assessed as
more effective considering the measured values of relative density. It has been observed that —
depending on how the carbon is added - an improvement of the densfication can be achieved.

Keywords: B4C, carbon, grain size, pressureless sintering, additive manufacturing

INTRODUCTION

Boron carbide (B4C) is the third hardest material next to diamond and cubic boron
nitride, having a Vickers hardness of 3770 kg/mm?. Due to its low density (2.52 g/cm?®), it is
the leading material for personal armor, typically in the form of front and back inserts of
ballistic vests made from B,C plates. B4C is also used for nuclear shielding applications as
a result of boron’s high neutron absorption cross-section. It is used in particulate form as an
abrasive, and as a nozzle material for slurry pumping and grit blasting because of its excellent
abrasion resistance [1]. Unfortunately, a high densification without application of additives or
high external pressure is impossible due to the covalent B-C bond and the low self-diffiuson
coefficient. Moreover, the presence of boron oxide as surface oxide layer also inhibits the
densification [2]. A typical method to enhance the densification of boron carbide is pressure
assisted sintering such as hot pressing, but it is applicable only to rather simple shapes.
Currently, additive manufacturing is one of the most promising technologies for preparation
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of complex near-net shaped 3D objects. Due to its simplicity, the shaping of ceramic parts is
more accessible. However, the densification is restricted to pressureless sintering. Currently,
there is a wide offer of commercially available boron carbide powders with different
properties, which have crucial effect on sinterability as well as the properties of the final
product. Within this work the focus was to assess the use of a very fine powder (particle size
of <1 pm) and a high specific surface area (22 — 25 m?g) and to study the sinterability of the
powder taking into account different additives.

Besides the use of pressure another alternative to promote the densification of boron
carbide is the use of sintering additives. Carbon is one of the most studied sintering additive
for boron carbide. Generally, carbon can be added either as an admixture or produced in-situ
and it reacts with the boron oxide layer as described in equation (1).

23203(g) + 76(5) - B4C(S) + 660(9) (1)

According to literature, carbon is typically used in the form of phenolic resin, carbon
black or from organic precursors, e.g. glucose. It has been shown in [3], that the phenolic
resin activates sintering of B4C already at 1350°C. Another study showed the beneficial effect
of phenolic resin on the densification performed at 2280°C. Doping of the B4C with 1.5-
3 wt% resin resulted in a relative density of more than 97% by minimizing of oxygen
impurity effect using micron sized powders [1, 4-5]. Generally, the properties of
polycrystalline materials depend on several factors such as grain size, porosity, inclusions and
impurities or agglomerates present in starting material. These factors (and many others) have
an essential influence on the sinterability and mechanical properties of the final material and
affect the application. Therefore, they have to be properly considered to controll or tailor the
properties of engineered material [6]. This knowledge would open the possibility for shaping
of the B4C also by using additive manufacturing technologies for industrial applications. The
aim of present work was to assess the sinterability of a powder with a high specific surface
area and particle size of 0,5um by pressureless sintering. The effect of doping this type of
powder with graphite as well as phenolic resin on the densification by using an amount of
0.5 -3 wt.% was studied. Additionally, effect of cold-pressing pressure was investigated to
determine the material with the best shaping and sintering behaviour. This work is the basis
for subsequent steps to employ additive manufacturing for the shaping. The sinterability was
assessed by the measurement of the relative density. Additionally the material loss during the
sintering is reported.

EXPERIMENTAL

Commercially available powder (labelled as Grade A) was used as starting material.
The main characteristic are listed in Tab 1. The graphite and phenolic resin was changed in a
quantity ranging from 0.5 to 3 wt. % and were added as source of carbon.

Table 1: Characterisation of boron carbide powder

Grade A
Surface Area 22 — 25 m°/g
Particle size / D50 0.5 um
Total oxygen 3.06 %
Total carbon 21.9 %

B/C atomic ratio 3.7-3.9
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The powder mixtures consisting of B,C powder and additives were homogenized in
organic solvent using using hard metal balls in a tumbling mixer. The wet mixtures were
consequently dried in an evaporator and sieved. The as received B4C powder was used as
a reference. The powder mixtures were uniaxially cold-pressed using a pressure of 100 MPa
and 150 MPa. The cylinders with diameter of 20 mm and height of 5 mm were prepared and
the densities of the green bodies were measured. The sintering was performed at temperature
of 2200°C in vacuum for 4 hours. The relative density of samples was calculated from the
ratiogof the Archimedes density measured in mercury to the theoretical density of B4,C (2,5
g/cm?).

RESULTS

The Fig. 1 compares the influence of graphite addition and cold-pressing pressure on
relative densities for the studied B4C grade. Generally, higher pressure resulted in higher
relative density after sintering, which is more significantly visible for graphite doped samples.
It must be noted, that the effect of cold-pressing pressure on undoped powders was negligible.
The cold-pressed bodies with additives appeared to be more compact and easier to handle.

The addition of carbon in the form of graphite resulted in a slightly increase of green
body relative densities (approx.3 % higher compared to undoped powder) as well as higher
densities of samples after sintering. The impact of the investigated additives on the green
body densities is shown in the following Fig.1.
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Figure 1: Impact of the addition of graphite addition (left) and phenolic resin addition (right) on the
green body density for two different cold compaction pressures

It can be seen from Fig 1 that there is slight increase of the green body density with
increasing graphite content with the exception of 0,5 wt.%. In this case higher densifications
are observed. The increase of the cold compaction pressure has mainly a positive influence on
the green body density for the as received powder.

After sintering of the green bodies the densification increased with increasing graphite
content. While the reference samples showed a relative density of 87 % an increase by 5 % is
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observed at a graphite content of 3 wt.%. The achieved final relative densities ranged from
approx. from 90 to 92% and were independent on the used amount of graphite especially, if a
content of more than 1 wt.% was used. In some of the samples a delamination of the samples
was observed, especially when higher cold compaction pressures were applied.
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Figure 2: The comparison of the final relative densities of investigated boron carbide samples doped
with graphite (left) and phenolic resin (right) cold-pressed using different pressures.

The influence of phenolic resin addition as well as cold-pressing pressure on B4C
powder was compared as the second part of the work. The phenolic resin was used as
additional source of carbon to investigate its effect on cold compaction behavior and
densification. Green density was comparable to the graphite doped powders and Fig. 1 (right)
shows the results of the green body densities. The samples had tendency for a slighty higher
green body density compared to undoped boron carbide and were easier to handle.

However, the relative densities achieved after sintering were inferior to the samples
achieved by the addition of the graphite. A possible explanation is that the phenolic resin
udergoes a decomposition to volatile organic products resulting in formation of volatile
products resulting in pores formation and defects in the material. All samples showed
delamination and cracking, as presented in Fig. 3. This phenomenon could be avoided by
reducing the heating rate. It can allow to controll the successive release of residues and to
minimze the material degradation.

Y vyNw
|

Figure 3: B,C sample after sintering doped with 0.5 wt.% (a) and 3 w.t% (b) of graphite compared
with samples doped with 0.5 wt.% (c) and 3 wt.% (d) phenolic resin, cold-pressed using
150 MPa
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The densification of the phenolic resin doped powders was even lower compared to the
reference without doping. All samples - even if 3 wt.% of resin were used - were even less
dense than the undoped material.

CONCLUSIONS

The present study was focused on pressureless sintering of submicron sized B4C
powders using two different doping elements. The influence of graphite or phenolic resin as
an additive was used in various contents up to 3 wt.%. Additionally, the green bodies were
prepared in two different cold-pressed conditions using a pressure of 100 and 150 MPa. The
sintering behavior was assessed by measurement of the relative density. The results show, that
the application of a higher pressure during the formation of the green bodies, a slightly
improved green density as well as final density is observed. The addition of graphite enhances
the densification of the doped powder grades. However, the densification is strongly
depending on the sintering additive. The phenolic resin resulted in green bodies with higher
densification and also higher green body strength. On the other hand, the phenolic resin
appeared to be not suitable since samples after sintering were damaged due to the formation
of volatile products during decomposition, which is also indicated by a material loss. Based
on these results, the addition of carbon in form of graphite showed a positive trend to increase
the densification during the sintering. The next step is to apply additional gas pressure in
order to obtain a full densification.
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ABSTRACT

Monolithic CVD-SIC materials were successfully joined with different Ti-based
interlayers (pure Ti, Ti3SiC, and Ti/TisSiCy) using Spark Plasma Sintering. A significant
volume change, along with the extensive reaction of the filler with the matrix resulted in the
significantly lower bending strength of the CVD-SIC/Ti and CVD-SIiC/Ti/Ti3SiC, joints,
when compared to the CVD-SiC/Ti3SiC; joint. On the other hand, the solid state diffusion
bonding without any reaction with the matrix or significant volume change led to the bending
strength of CVD-SIiC/Ti3SiC, joints comparable to the intrinsic strength of CVD-SiC
materials (~ 220 MPa).

Keywords: monolithic CVD-SIC, joining, Spark Plasma Sintering, microstructure, strength

INTRODUCTION

Silicon Carbide (SiC) monolithic materials are primarily used as materials for aerospace
and nuclear applications due to their excellent combination of properties, such as low density,
high strength, good thermal stability, high thermal conductivity, good irradiation resistance
and low induced-activation. In the nuclear field the most important application of SiC is for
cladding materials in pressurised water reactors and flow channel insert materials in
thermonuclear fusion reactors [1]. The fully ceramic cladding usually consists of the
combination of fibrous SiC composites with a single layer or multiple layers of monolithic
SiC coatings; and this material is considered for the next generation reactors [2].

In recent years, electric field assisted technology, such as SPS, has attracted
considerable interest as a new advanced technique for joining of SiC-based materials [3]. In
this case, both rapid heating and short processing time may inhibit the reactions between
interlayers and base materials. At the same time, the electric field can accelerate self-
diffusion, and promote the migration of ions through the joining interface [4].

Besides the joining technology, another critical issue is to develop new joining materials
with high melting points, good oxidation and irradiation resistance. Recently, Ti3SiC, (MAX
phase) has attracted considerable attention as a joining filler for SiC materials [5-6], due to a
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unique combination of metallic and ceramic properties, such as damage tolerance,
machinability, high temperature oxidation resistance, good electrical and thermal
conductivities, thermal shock resistance, and wear resistance [7]. Since MAX phases also
possess excellent irradiation/corrosion resistance, they are regarded as promising structural
materials for fusion reactors and lead-cooled fast reactors. On the other hand, the coefficient
of thermal expansion (CTE) of TisSiC, (~ 9.2 x 10° K™) is twice of SiC (~ 4.4 x 10° K™),
which is a critical problem because the thermal mismatch stresses always cause the formation
of cracks [6]. Therefore, it has recently been suggested that TiC could also be considered as
a joining material for SiC because of its better lattice and thermal matching with SiC than
TisSiC, (CTE is ~ 7.7 x 10° K™) [6].

The aim of this work was to join monolithic CVD-SiC ceramics with Ti and Ti3SiC,
joining materials using SPS. The properties, such as mechanical strength of the joints, were
compared with the aim to propose a reliable joining material to assemble SiC into a more
complex structures.

EXPERIMENTAL

The starting material was the high-purity (99.9995 %), fully dense (3.21 g/cm®) CVD B-
SiC (The Dow Chemical Company). The joining pairs of CVD-SiC blocks, rectangles with a
dimension of 15 x 6 x 25 mm, were joined along the 15 x 6 mm cross-section. Three different
joining materials were used: a commercially available Ti foil (with a thickness of ~ 120 um),
a pre-sintered Ti3SiC, foil, and a combination of both Ti and Ti3SiC,. The Ti3SiC, foils were
pre-sintered from a synthesized Ti3SiC, powder (with Al,O3 additives) using the SPS process
at 1300°C with an external pressure of 60 MPa and a dwell time of 5 min in vacuum. The
Ti3SiC; bulk samples were then ground to a final thickness of between ~ 30 and 100 pm and
polished using a final diamond suspension of 3 um. As regards the Ti/Ti3SiC, joining
material, a thin layer of pure Ti (~ 10 um) was first PVD deposited on both SiC surfaces to be
joined. The pre-sintered Ti3SiC, foil was then interposed between the two Ti-coated CVD-
SiC matrices, as done for the cases where only Ti or Ti3SiC, foils were used.

The assembly was then inserted into a cylindrical graphite die with a diameter of 30
mm. The external pressure was applied through the graphite punches inserted in the
cylindrical die. The joining assembly was indirectly heated to the joining temperature by the
Joule heating of the graphite die in vacuum in an SPS furnace (HPD 25/1, FCT systems,
Germany). The SiC couples with Ti foil were joined at the temperature of 1700°C (above the
melting point of Ti ~ 1668°C). The temperature was lowered to 1300°C for the case when
Ti3SIC, foil was used to avoid reactions and decomposition to take place. In all cases, the
pressure of 50 MPa was used and the dwell time was 5 minutes. The heating and cooling rates
were 100°C/min.

After the joining, three beams with a dimension of 4 x 6 x 50 mm were cut out of each
joined blocks along their long axis. The 4-point bending strength was measured using a
universal electro mechanical testing machine (Instron 8862). The inner and outer spans were
20 and 40 mm, respectively. The cross-head speed was 0.5 mm/min. The polished cross-
sections of the joints and the fracture surfaces after the mechanical tests were characterized
using Scanning Electron Microscopy (SEM) FEI Inspect-F equipped with Energy Dispersive
Spectroscopy (EDS) detector.
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RESULTS

The SEM images of the cross sections of the SiC joints with pure Ti and Ti3SiC; foils
are shown in Fig. 1a and 1b, respectively. It is clear that in both cases the joining interlayers
showed a homogenous thickness. It can also be seen that the joining material strongly reacted
with the CVD-SiC matrix, leading to the so-called “nail-like” interface in both cases, despite
the fact that the surface of CVD-SiC was polished to the final 1 um before the joining. This
interaction was more significant when the pure Ti foil was used as a joining filler (Fig. 1a).
More importantly, a significant shrinkage was observed for the CVD-SiC/Ti joints, as the Ti
foil with a thickness of ~ 120 um was used, while the final interlayer had a thickness of ~ 35
um. Such a significant volume change, along with the mismatch in thermal expansion
coefficients (CTE) between Ti and CVD-SIC, led to the formation of transverse cracks in the
interlayer. These cracks never propagated into the CVD-SiC matrix. It is well known that the
presence of transverse cracks has much lower impact on the mechanical performance of the
joints, when compared to the cracks propagated along the interface [3, 4, 6]. On the other
hand, no transverse or parallel cracks were observed for the CVD-SiC/Ti3SiC, joints (Fig.
1b). No obvious shrinkage of the Ti3SiC, foil during joining was observed. Similarly, much
less significant reaction of the Ti3SiC, joining filler with the matrix was revealed. This led to
the formation of crack-free interlayer. While the TiC layer was observed in the middle of
CVD-SIC/Ti joint (EDX results not shown here), the rest of the interlayer was composed of
Ti3SiC, phase. No unreacted Ti remained in the interlayer. On the other hand, the interlayer of
CVD-SIC/Ti3SiC, joints consisted of the uniformly distributed Al,O3 particles (dark grey
phase in the interlayer in Fig. 1b) in the Ti3SiC, matrix. The alumina was added to the TisSiC,
powder during the preparation of the foil in order to improve the densification and mechanical
properties of the TisSiC, matrix. No other phases were detected, confirming that no
significant reaction of the filler with the matrix occurred during the joining process.

CVD-SiC
CVD-SiC
CVD-SiC

Q
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>
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Ti,SiC,

Figure 1: SEM images of the CVD-SIC joints with a) pure Ti; and b) Ti3SiCy/Al,O;

The SEM image of the joining interface of the CVD-SIiC/Ti/Ti3SiC; joint is shown in

Fig. 2. Similar to the CVD-SIC/Ti3SiC, case, no significant shrinkage and no presence of

cracks were observed. The in-situ reaction layer with a thickness of ~ 10 um was clearly

formed as the transition layer between the CVD-SiC matrix and the Ti3SiC; interlayer. The in-

situ reaction layer consists of two distinct parts, i.e. the transition layer of TiC at the interface
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with the CVD-SiC matrix (with a thickness of ~ 4 um), and the in-situ formed Ti3SiC, layer
with TisSis particles (the EDX and XRD analysis are not shown here) at the interface between
TiC and the initial Ti3SiC,. The difference between the in-situ reaction zone and the initial
Ti3SIC, foil was the absence of Al,Og3 particles in the in-situ formed layer (Fig. 2).
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Figure 2: SEM images of the CVD-SIC joint with the Ti/TisSiC, interlayer

In order to characterize the mechanical performance of the joints, the four-point bending
strength of the joints was investigated and compared to the strength of the reference unjoined
CVD-SIC materials, Fig. 3. When Ti was present in the joining interlayer, the strength of the
joints was 50% lower (~ 110-120 MPa) than the intrinsic strength of the unjoined material (~
215 MPa). On the other hand, when only Ti3SiC, pre-sintered foil was used, the strength of
the joints reached the value of the intrinsic strength of CVD-SiC (214 + 13 MPa). In this case,
the failure always occurred in the matrix, close to the joining interface. This confirmed that
the strength of the joint was higher than the intrinsic strength of the CVD-SiC. Most probably,
a significant volume change and extensive reaction for the joints where Ti was present
resulted in the formation of large residual stresses in the joined couples. This caused a
significant reduction of the mechanical performance of the joint. On the other hand, pre-
sintering of Ti3SiC, helped to use the filler in a solid state. Neither reaction nor shrinkage
occurred during the joining, which was the reason of a significantly higher strength of the
joints, comparable with the intrinsic strength of the CVD-SIC.
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Figure 3: Four-point bending strength of the CVD-SIC joints with the Ti; Ti/Ti;SiC, and Ti3SiC,
interlayers, compared to the reference unjoined material
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CONCLUSIONS

The SPS process was successfully used to join monolithic CVD-SIiC with Ti-based
interlayers via reaction bonding (when Ti and Ti/Ti3SiC, joining filler were used) or solid
state diffusion bonding (when pre-sintered Ti3SiC, foil was used). The reaction bonding led to
a significant volume change and extensive reaction, which most probably resulted in the
formation of large residual stresses, leading to a significant deterioration of the strength. On
the other hand, when the CVD-SiC was joined via solid state diffusion, the strength of the
joints was at the same level as the intrinsic strength of the CVVD-SiC materials.
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POTLACENIE RASTU ZRN V Al,0; KERAMIKE PRIDAVKOM ZrO,
ZIRCONIA INCLUSIONS AS AN INHIBITOR OF ALUMINA GRAIN GROWTH
L. Halek, M. Orlovska!, L. Bagal, V. Kovar!, M. Janek!

! Department of Inorganic Materials, Institute of Inorganic Chemistry, Technology and
Materials FCHPT STU, Radlinského 9, 812 37 Bratislava, Slovakia

ABSTRACT

Alumina is one of the widely used ceramic materials for different kinds of applications.
In order to improve the strength of alumina after sintering one of the strategies is to eliminate
the growth of grains at high temperatures, especially in the case of translucent ceramics where
fully dense material is a must. The aim of this work was to study the effect of the small
addition of pure zirconia on the sintering and microstructure, especially the growth of alumina
grains. The alumina ceramics were prepared by casting of stable suspension with the addition
of ZrO; inclusions in amount up to 0.5 wt. %. It was proved that even a small addition of
ZrO; reduces grain growth during the sintering at 1400 °C for 1 h. However, a significant
grain growth for both pure Al,O3; and alumina-doped ZrO, samples at the final stage of
sintering (at 1600 °C) was observed.

Keywords: zirconia inclusions, alumina, grain growth, sintering, microstructure

INTRODUCTION

For the toughening of alumina ceramics, zirconia is one of the best choices due to the
tetragonal to monoclinic phase transformation of Y stabilized ZrO, (t-YSZ) connected with
the volume change [1]. Another possibility is the improvement of strength by a design of
microstructure with fine grains (~ 1 um) during pressureless sintering [2-3] two-step sintering
[4-6] or fast sintering [7-10]. Seidel et al. [11] investigated the grain size dependence of
fracture strength and Weibull modulus of alumina using high purity commercially available
powders. They found out that the fracture strength in alumina increases with decreasing
average grain size from 564 MPa at 1.7 um to 320 MPa at 11 um. Zhao et al. [12] studied the
influence of 10 vol. % of ZrO, particles (stabilized with 6 mol. % Y,03) on the sintering of
submicron Al,O3 powder at 1620 °C. They observed that alumina grain sizes decrease
significantly with zirconia or MgO addition compared to pure alumina. However, the addition
of such dopants has a negative impact on the sintering process, but longer dwell time can
compensate it. Lange et al. [13] investigated the effect of ZrO, inclusions in the amount of 2
vol. % and 10 vol. % on the sintering behavior of alumina. Two different zirconia inclusions
were used, one cubic, stabilized with 6.6 mol. % Y,03; and pure amorphous ZrO, powder.
They prepared Al,O3/ZrO, composite specimens by consolidating of flocced slurries by
filtering (slip casting) in cylindrical Teflon molds on casting plaster. After drying, the
cylindrical powder compacts were isostatically pressed at 350 MPa. Their study demonstrates
that the two-phase Al,O3/ZrO, powder compacts require a higher sintering temperature to
achieve a comparable density relative to their constituents. In another study the same authors
[14] prepared Al,Os/cubic-ZrO, (1 to 10 vol. %) composite powders which were consolidated
by a colloidal method, sintered to > 98 % theoretical density at 1550 °C, and subsequently
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heat-treated at temperatures up to 1700 °C for grain-Size measurements. They observed
abnormal grain growth when the inclusion distribution was not sufficiently uniform to hinder
the growth of all Al,O3 grains. This condition was observed for compositions containing less
than 2.5 vol. % ZrO,, where the inclusions did not fill all 4-grain junctions. On the other hand,
no abnormal grain growth was achieved when a majority (or all) 4-grain junctions contained a
ZrO; inclusion, viz., for compositions containing > 5 vol. % ZrO,. Based on the state of the
art it seems that there exists a border when ZrO, inclusions are effective for the hindrance of
alumina grain growth. However results in the literature are not always consistent because
various phases and amounts of ZrO,, exceeding 1 %, were used for investigations.

In our study, we have focused on the preparation of Al,O3 ceramics doped with pure
monoclinic ZrO, in the amount up to 0.5 wt. % by the casting of suspensions. The effect of
neat zirconia inclusions on the sintering and grain growth of alumina was studied.

EXPERIMENTAL
For the preparation of zirconia-doped alumina samples, commercial powders were used:

e Taimicron TM-DAR for Al,O; (Taimei Chemicals Co., Ltd.), particle sizes
0.1 pm—0.3 um

e TZ-0 for pure ZrO; (Tosoh Corporation), particle size 0.04 um

Samples were prepared by casting of suspensions into molds. Water suspensions were
prepared by homogenization of 74 wt. % of the powder content using 0.8 wt. % of Dolapix
CE64 (ZSCHIMMER & SCHWARZ, Germany) as a dispersing agent (with respect to the
powder content) and distilled water. Pure zirconia powder was used for doping of alumina
samples in the amount of 0.1, 0.15, 0.2, 0.3, 0.5 wt. % denoted here as AZ-0.1, AZ-0.15, AZ-
0.2, AZ-0.3 and AZ-0.5. After homogenization, suspensions were poured into molds, dried
and sintered in air at 850 °C, 1200 — 1450 °C in 50 °C steps and 1600 °C for 1 h. The density
of all samples was determined using an application of the Archimedes” method. The double
weighting technique was performed to determine volume, i.e. weighting in air and in mercury
using the density kit for precise balances. The theoretical density for each sample was
calculated based on the densities of individual components of corundum 3.99 g.cm™ and
monoclinic zirconia 5.68 g.cm™. The microstructural observation was done using both
secondary and backscatter electron images taken using a scanning electron microscope JEOL
JSM 7500F. The image analysis of SEM micrographs using Image J software allowed
determination of the grain size. For the determination of the grain size a minimum 100 grains
were taken into account.

RESULTS

In Fig. 1a, bulk density measurements for samples sintered up to 1450 °C for 1 h are
displayed. In order to check if undoped and ZrO, doped Al,O3; samples are uniformly
prepared, the first sintering/calcination temperature was set at 850 °C. At this temperature,
samples were strong enough to withstand the manipulation and density measurements. Also,
the bulk densities of brown bodies were determined. Results showed, that relative densities
(RD) around 67 % independent on zirconia content were obtained. By this check, the
homogeneous preparation of samples with different content of zirconia was proved as the
starting point for our study (Fig. 1b). The increase of sintering temperature to 1200 °C led to
the improvement of relative densities for all samples. At higher sintering temperatures (up to
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1350 °C) relative density of samples decreases with increasing of zirconia content. The
relative density of pure alumina at 1300 °C is higher about 7.7 % and 11.4 % in comparison to
the AZ-0.2 and AZ-0.5 respectively. At this temperature, pure alumina achieved around 95 %
of the theoretical density. Above this temperature, the difference in relative densities
decreases and at 1400 °C all samples achieved more than 96 %. Moreover at 1450 °C the final
stage of sintering seem to be finished with the RD above 98 % though still small variance
among pure alumina and doped samples is present.
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Figure 1: Results of relative density measurements in mercury a) for samples sintered up to 1450 °C;
b) the dependence of RD vs. concentration of dopants for each sintering temperature.

Scanning electron microscopy (SEM) analysis of samples containing 0, 0.2 and 0.5 wt.
% of pure zirconia showed that already 0.2 wt. % of ZrO, addition suppress the grain growth
of Al,O3 (Fig. 2) though the RD of pure alumina reached 99.1 % when as sample AZ-0.2 just
98.3 %.
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Figure 2: Fracture surface of samples sintered at 1400 °C for 1 h, magnification 10000x.

After sintering at 1600 °C, exaggerated grain growth was observed for all samples no
matter how much ZrO, inclusions were used (Fig. 2). However, the measurement of grain size
revealed that 90 % of grains of pure alumina fall into the interval of 1.24 ym - 7.60 um. On
the other hand, for sample AZ-0.2, 90 % interval contains grains with a size of 1.44 um —5.16
pm.
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Figure 3: SEM pictures of samples sintered at 1600 °C for 1 hour, magnification 5000x.

The average grain size of pure alumina and sample AZ-0.2 was 3.26 + 1.85 um and
2.97 £ 1.27 pum, respectively. From these measurements can be concluded that sample AZ-0.2
contains narrower size distribution and smaller grains on the upper border of grain size
distribution as pure alumina (Fig. 4).
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Figure 4: Grain size distribution of the pure alumina and alumina doped with 0.2 wt. % ZrO, (AZ-
0.2) sintered at 1600 °C for 1 hour.

In other words, the suppression of grain growth is much smaller at 1600 °C, but the
narrower distribution of grains can be an advantage for the strength of the alumina ceramics.
As the grain growth can be explained as a migration of grain boundaries, then certain energy
is needed for the moving of grain boundaries of single phases. If we consider the melting
temperature of pure zirconia (2715 °C) against alumina (2072 °C) than the sintering
temperature for alumina should be also lower in comparison to the zirconia. From this point
of view, the grain boundary mobility of alumina should be higher. Subsequently, when the
zirconia particles are used as inclusions and they don’t react with alumina (e.g. don’t form
eutecticum), then the grain boundary mobility of alumina grains are pinned on the zirconia
grains. As a result of the grain boundary pinning is the inhibiting of alumina grains.
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CONCLUSIONS

In this work, we focused on preparation high-dense alumina with alow content of
zirconia inclusions — up to 0.5 wt. %. The results unambiguously confirmed that ZrO,
inclusions in such a small amount suppress reliably the alumina grain growth. Average grain
size after sintering at 1400 °C was 0.77 £ 0.35 um for pure Al,O3 compared to 0.45 + 0.15
um for zirconia-doped alumina (0.2 wt. %). Moreover, results from Lange et al. [2] were
confirmed that the sintering process in this two-phase system (Al,O3-ZrO,) is shifted to
higher temperatures. To obtain similar results it was necessary to use 50 °C higher sintering
temperature than it is for pure alumina. On the other hand, after sintering at 1400 °C, all
samples achieved relative density 98 ~ 99 %. Due to the pinning of grain boundaries by
zirconia grains the grain size distribution of ZrO, doped alumina after sintering at 1600°C is
narrower as for pure alumina.
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ABSTRACT

The work is aimed at development of a protective, dense and well adherent coating
system on steel. For that purpose, four compositions of a double layer coating consisting of a
polymer derived ceramic (PDC) bond coat, and a PDC top coat with glass and ceramic fillers
were prepared. Two PDC layers (D2, D3) are studied with respect to their corrosion resistance
at temperatures up to 950 °C. YAG, c-ZrO,, and Ba(AlSiO,), are identified at the corroded
surface of the coatings using X-ray diffraction. A significant weight gain of the unprotected
steel is measured after all experiments. Corrosion tests of the protected steel show a zero or
negligible weight gain after oxidation at 850 °C and 950 °C.

Keywords: polymer derived ceramics, passive fillers, corrosion

INTRODUCTION

Polymer derived ceramic (PDC) coatings have been intensively studied in the last years.
PDC are an extremely promising class of materials with unique features [1]. Aspects such as
the relatively low preparation temperatures (typically between 700 and 1000 °C), a wide
choice of relatively low cost precursors, easy handling, a wide range of achievable
compositions and simple deposition methods (dip coating [2], spray coating [3], spin coating
[4], tape casting [5]) are beneficial. PDC coatings are also promising materials for high
temperature applications as they have an excellent corrosion and thermal shock resistance and
are stable at high temperatures [6]. Hence these PDC coatings can protect metallic
components from corrosive combustion gases, e.g. used for the construction of heat
exchangers in thermal power plants or waste incinerators, However, the high coating
shrinkage during the polymer-to-ceramic conversion is a serious problem. It can be as high as
80 vol. % and leads to cracks and delamination from the substrates [7]. The protective effect
is also significantly reduced if the coatings are too porous. A solution has been proposed in
the pioneering work of Greil [8] on active and passive fillers. Active fillers, which increase in
volume during pyrolysis, include ZrSi, TiSi, or powders such as Al, Cr, Fe, Si. Passive fillers
include ZrO,, BN, and various types of commercially available glass frits and remain inert
during pyrolysis. Double layer coatings of a PDC bond coat below a PDC top coat with glass
and ceramic fillers appear to be also an efficient solution [9].
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The presented work is focused on the preparation of glass/ceramic composite coatings
on stainless steel substrates by a hybrid process of the preparation of ceramics from
organosilicon precursors based on polysilazanes. The prepared coatings were studied in terms
of their microstructure, phase composition and corrosion resistance.

EXPERIMENTAL

Stainless steel (AISI 441) was cut into sheets with the dimensions of 10x15x1 mm®. The
corners and edges of the steel samples were chamfered with sandpaper. After cutting, the
stainless steel was cleaned in an ultrasonic bath using acetone, ethanol a deionized water for
20 min and then dried. Two different commercially available polysilazanes, PHPS
(perhydropolysilazane) and Durazane 1800 (both Merck KGaA, Germany) were used as pre-
ceramic precursors. The pre-treated substrates were dip-coated (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 450 °C for 1h with heating rate of 3 K/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
(8-YSZ, Inframat, USA), Al,03-Y,03-ZrO, (AYZ) precursor powder prepared by sol gel
Pechinni method and commercial glass G018-281 (Schott, Germany). In the final step, the
pyrolysis of the all prepared coatings was performed in air at 850 °C with the heating and
cooling rate of 3 K/min and a holding time 1 h. The prepared compositions are listed in the
Tab. 1. The SEM/EDXS examination of the coatings after pyrolysis was conducted with the
use of a JEOL JSM 7600 F (JEOL, Japan) scanning electron microscope at an acceleration
voltage of 20 kV and was focused at evaluation of homogeneity, adhesion and possible
failures of the coatings. X-ray powder diffraction analysis (CuKa, 26 range 10-80°, Empyrean
DY1098, PANalytical B.V., Netherlands) was used to investigate the phase composition of
the coatings after corrosion tests. The corrosion tests were performed in a high temperature
horizontal electric tube furnace (Clasic 0213T, Clasic, Praha, Czech Republic) in flowing
atmosphere of synthetic air (purity 99.5, Siad, Slovakia) at the temperature of 950 °C with
heating rate of 10 °C/min and exposure time of 24h.

Tablel: Compositions of the composite top coats after pyrolysis (vol. %).

COMPOSITIONS HTT1800 YSZ G018-281 AYZ20
C2c 30 35 35 =
C2d 35 32,5 32,5 -
D2 25 20 35 20
D3 30 20 30 20
RESULTS

SEM micrographs illustrating the cross-sections of all prepared compositions after
pyrolysis are shown in Fig. 1. After a thermal treatment in air at 850 °C, uniform, almost
dense and crack-free composite coatings on stainless steel were achieved. Furthermore, the
fillers particles (YSZ, AYZ) within the coating were distributed homogeneously. The filler
particles are embedded and surrounded by molten glass, and porous precursor matrix. The
filler particles are well coated with the HTT1800 precursor, which builds up the matrix, and
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also acts as an adhesive between the particles. In the case of compositions C2c and C2d, small
closed pores were observed within the coatings. On the other hand, no pores were observed in
the samples containing AYZ filler (compositions D2 and D3). On the basis of the analyzed
cross sectional micrographs of the coatings D2 and D3 (Fig. 1), it can be concluded that the
addition of the AYZ powder precursor was effective in preventing the formation of cracks and
pores. The results of EDXS mapping on the cross-section of D3 sample including the steel
substrate are shown in (Fig. 1). The main components of the coating D3 detected by EDXS
were silicon, zirconium, yttrium, aluminium, barium and oxygen. Intact PHPS bond-coat with
a thickness of approximately 1 um is also visible.

C2c composition 'G2d composition-

: 2 top coat

D2 compos o D3 composition

top coat i top coat

{

steel  bond coat Bl

Figurel: Cross-sectional SEM micrographs of the prepared coatings after pyrolysis in air and
SEM/EDXS analysis of D3 composition

To assess the protective function of the coatings in this work, weight changes of the
coated and uncoated samples after the oxidation tests were determined. Weight changes of
uncoated and coated samples after different exposures at temperature 950 °C are shown in
Table 2. A significant weight gain of the unprotected steel was measured after all experiments
due to the oxide scale growth. Corrosion tests of the protected steel showed a zero or
negligible weight gain after 950 °C compared to the uncoated stainless steel.

Table 2: Mass gain of AISI 441 steel and selected coatings after exposure to temperature 950 °C and
various exposure times of corrosion

D2 D3 Uncoated steel
1h 0 0 0.238
24 h 0 0 0.486
48 h 0.024 0.051 0.613

After oxidation tests, the selected compositions were further examined by the XRD to
identify the formation of various phases at different temperatures and duration of heat
treatment during corrosion tests. XRD patterns after corrosion tests of compositions D2 and
D3 are shown in Fig. 2 a, b. The XRD patterns acquired from the D2 and D3 coated steel only
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shows the presence of the fillers c-ZrO,, as well as the crystallization product YAG after all
experiments. Ba(AlSiO,),-celsian is additionally observed after corrosion after 24 h exposure
at 950 °C. The results of the XRD measurements along with weigh gain measurement
indicated that the coated stainless steel substrates were not oxidized at the applied tested
temperatures.

a) * YAG BaAl,Si,0, b) . * YAG BaAlSi,0

2278
® ZrO, cubic ® ZrO, cubic

® 950°C/48h 950°C/48h
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d__Re R

? 950°C/24h 950°C/24h
JLL 2 e

* A .. MR
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Figure 2: XRD-patterns after corrosion tests a) D2 composition, b) D3 composition

CONCLUSIONS

Protective coatings with a low porosity and a good adhesion to the stainless steel
substrates were produced. Measurable weight changes were achieved by exposure of steel and
coatings to corrosion in synthetic air. Their protective effect up to 950 °C is demonstrated by
the presented results. No corrosion products were identified on coated samples.
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ABSTRACT

This study describes the development of a corrosion resistant environmental barrier
coatings on AISI 441 stainless steel substrates. For this purpose, double layer polymer derived
ceramic (PDC) coating systems consisting of a bond coat and a top coat were developed. In
order to achieve well adherent coatings without failures, stainless steel substrates were
cleaned by three different cleaning procedures. Pre-treatment by ultrasonic cleaning in
acetone, ethanol and deionised water was found to be the most effective and the resultant
D2-AYZ coating, pyrolysed at 850 °C, showed good adhesion since no gaps or cracks
propagating along the metal/coating interface were detected.

Keywords: bond coat, PDC coating, stainless steel

INTRODUCTION

The preparation of ceramics and ceramic composites by controlled thermal
decomposition (pyrolysis) of organosilicon polymeric precursors has received attention over
the past two decades due to their benefits over traditional methods for ceramic processing [1].
Polymer-derived ceramics (PDCs) provide a simple way to produce a number of
technologically important ceramic components, such as fibers, coatings, porous media and
complex bulk parts, which, in principle, cannot be prepared using powder technology [2]. The
properties of PDCs can be also successfully utilized in anti-corrosion coatings on metals,
especially steels, used in construction of heat exchangers in power plants and communal
waste incinerators, where they undergo a long exposure to corrosive combustion gases at high
temperatures [3-4]. However, the high volume shrinkage and density increase of the coatings
during the polymer-to-ceramics conversion of organosilicon precursors poses a serious
problem. The accompanying release of gases not only leads to unwanted and uncontrollable
porosity but also to significant shrinkage resulting in crack formation and delamination of the
protective coating from the metallic substrate [5-6]. The effective method to reduce the
volume change due to polymer-to-ceramics conversion is the incorporation of active or
passive fillers. Active fillers, which are based on metals, intermetallics or ceramics (e.g. Fe,
Si, Al, Cr [7], ZrSi; [8], TiSi, [9]), may increase their volume during pyrolysis by reacting
with the products released during the polymer decomposition. The main functions of active
fillers are to provide a stabilizing network of filler reaction products and to increase the
ceramic yield. As the name implies, passive fillers remain completely inert throughout the
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PDC preparation process. Their function is to eliminate the presence of macro-defects by
filling the free space in the material without changing its volume. Typical examples of passive
fillers are YSZ [10], SisN4 [11], Al,O3 [12] and BN [13] or various types of commercially
available glass frits [7]. By incorporation of glass fillers, it is also possible to generate
coatings with additional functionalities and increase the efficiency as environmental barrier
coating (EBC).

The presented work is focused on the preparation of passive fillers loaded glass/ceramic
composite coatings on stainless steel substrates by a hybrid process of the preparation of
ceramics from organosilicon precursors based on polysilazanes. The influence of different
cleaning procedures on the adhesion of the PDC coating to the stainless steel substrates was
also examined.

EXPERIMENTAL

Stainless steel (AlS1441) plates were cut into 10 x 15 mm sheets. In order to achieve
well adherent coatings without failures, stainless steel substrates were cleaned by three
different cleaning procedures, such as 3-steps ultrasonic vibration cleaning in acetone, ethanol
and deionised water, sandblasting with glass beads and chemical etching with Kroll's reagent.
The pre-treated substrates were then dip-coated (dip-coater RDC 15, Relamatic, Switzerland)
in perhydropolysilazane (PHPS, Merck KGaA, Germany) solution to obtain bond-coat. The
annealing of the PHPS bond-coat was carried out in air at 450 °C for 1 h with heating and
cooling rates of 5 °C/min (Nabertherm® N41/H, Nabertherm, Germany). The subsequently
applied top-coating, denoted as D2-AYZ, consisted of defined volume fractions (see Tab. 1)
of ceramic, matrix forming liquid, polysilazane HTT1800 precursor (Merck KGaA,
Germany), ceramic filler particles yttria-stabilized zirconia (YSZ, H. C. Starck GmbH,
Germany), Al;03-Y,03-ZrO, powder (AYZ) prepared via Pechini method and commercial
glass frits (G018-281, Schott AG). The resulting mixture was applied by spray-coating
technique. All coated samples were heat treated in air at 850°C for 1 h with heating and
cooling rates of 5 °C/min.

Table 1: Compositions of the D2-AYZ coating before pyrolysis (vol. %) and estimated thermal
expansion coefficient (10°°/K)

HTT1800 YSZ G018-281 AYZ CTE
D2-AYZ 25 20 35 20 8.7

The surface morphology of pre-treated samples was examined by scanning electron
microscopy (SEM, JEOL JSM 7600 F) and roughness parameters were observed using atomic
force microscope (Renishaw InVia). For detailed examination of the coating/metal interface,
the samples were cold-mounted in polymeric resin and carefully polished to prepare cross
sections. Then the examination of the coatings was conducted with the use of SEM and was
focused at evaluation of adhesion, homogeneity and possible failures of the coatings.

RESULTS

In order to achieve well adherent and homogeneous coatings without failures, different
cleaning procedures of the steel substrates were investigated. The results of SEM analysis
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(Fig. 1) showed that chemical etching results in a surface with irregular morphology with
slight roughening of the surface (Rz = 0.88 um) compared to ultrasonically cleaned substrates
(Rz =0.27 um). More uniform and compacted surface was achieved by the sandblasting with
glass beads, while the average surface roughness Rz increased to a value of 1.7 um.

Figure 1: SEM micrographs of steel surfaces treated by different cleaning procedures: a) ultrasonic
cleaning, b) chemical etching, c) sandblasting

To investigate the bonding between the bond coat and steel substrate treated by different
cleaning procedures, cross-sections of the optimized composition D2-AYZ were prepared for
SEM examination (Fig. 2). The chemical etching with the Kroll’s reagent caused considerable
changes in the microstructure and the chemistry of stainless steel and as a result, the bond coat
peeled off the substrate (Fig. 2b). In the case of sandblasted samples, the sharp borders and
peaks initiated the formation of cracks and spallation of the bond coat in the coatings (Fig.
2¢). On the other side, pre-treatment by ultrasonic cleaning in acetone, ethanol and deionized
water was found to be the most effective, since no spallation or cracking was observed in the
whole cross section (Fig. 2a). Moreover, ultrasonically cleaned steel surface is uniformly
wetted and covered by the about 1 pm thick PHPS bond coat. In order to clarify the bonding
between the coating and steel, the D2-AYZ coating was tested under prolonged static
exposure for 24 hours in air at 850 °C. After heat treatment, all D2-AYZ coatings, except for
those applied to substrates cleaned in ultrasonic bath, delaminated or significant cracking was
observed in the bond coat.

a)

Top-coat
top-coat

PHPS bond-coat top-coat

/ '\’

10 ym delamination  steel

Figure 2: SEM cross-sectional micrographs of the coating D2-AY Z applied to different pre- treated
steel substrates: a) ultrasonic cleaning, b) chemical etching, c) sandblasting

As can be seen in Fig. 2a), the resultant coating with the thickness up to 41 um applied
to ultrasonically cleaned substrates is almost fully dense, with no cracking or delamination
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and it is expected to prevent the access of aggressive environment to the steel substrate at
elevated temperatures. The PHPS-based bond coat increased the adhesion of top coatings and
acted as a diffusion barrier against oxidation during the pyrolysis of the coating system due to
the formation of a SiON-based ceramics [5]. Additionally, this microstructure system with
residual porosity is beneficial to the thermal stability of the coatings, as it contributes to the
reduction of the thermal stresses during heating and cooling cycles.

CONCLUSIONS

The investigations showed that the pre-treatment as well as the application of a PHPS
bond coat on stainless steel substrates are very important to achieve well adherent composite
coatings. It was found that the most effective pre-treatment is 3-steps ultrasonic vibration
cleaning in acetone, ethanol and deionized water. The results confirmed that the combination
of PDC with tailored fillers and glass systems enable the processing of dense and crack free
coating system on stainless steel.
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ABSTRACT

In this study, the effect of different solution media to the corrosion behavior of 45S5
bioactive glass (BG) and 45S5 dopped with boron (4 wt%) or zinc (4 wt%) was investigated.
In vitro tests were carried out in the following solutions: simulated body fluid (pH 7.4),
deionized water (pH 6.5, conductivity 0.054 ps/cm?), acetic acid buffered with sodium acetate
(pH 4) solution simulating inflammatory environment. The fastest ion release from glass was
observed in acidic environment. The release of zinc as a potential antibacterial inhibitor, was
detected mainly in acetic acid/sodium acetate solution, in other solutions was meeting the
limit of quantification.

Keywords: bioactive glass, dissolution, acetic acid/sodium acetate buffer, simulated body
fluid

INTRODUCTION

The 45S5 bioglass (BG) by Hench [1] with weight composition 45% SiO,, 24.5%Ca0,
24.5 Na,O and 6% P,0Os is a bioactive material that stimulates bone repair. In aqueous
environment, this material undergoes a series of reactions to create a surface layer of hydroxy-
apatite (HA) and hydroxy-carbonate apatite [2]. The incorporation of ions in BG can enhance
the therapeutic effects of material. For example, zinc is important element of enzyme alkaline
phosphataze and co—factor for over other 400 enzymes. Zinc is also key mediator of bone
matrix mineralization [3] and plays significant role in bone formation [4]. Additionally, zinc is
well known for its antibacterial effects. Boron represents a potential element to improve the
properties of bioglass. In some studies was reported that deficiency of boron resulted in the
alteration or loss of important physiological functions associated with the metabolism of
calcium and formation and remodeling of bone tissue [5, 6]. Recent studies showed the
increasing of angiogenesis in bioglass containing boron [7]. The objective of this study is
therefore to characterise the behavior of the bioglass 45S5 as a model glass system as well the
bioactive glass dopped with therapeutic ions in different environment simulating either human
plasma or inflammantory environment.
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EXPERIMENTAL

Glass preparation

Glass powders with theoretical composition (in wt%) described in Tab.l. were
fabricated by conventional melting. Bioactive glass of 45S5 composition, 45S5+4B and
45S5+47Zn were prepared by mixing raw materials of the analytical grade purity (=99%):
Si0,, CaCOs3, Zn0O, Na,CO3; H3BO3; and NasP3019. The mixture was melted in Pt-10%/Rh
crucible in a furnace at 1300°C for two hours in ambient atmosphere. The homogeneity was
ensured by repeated hand mixing of the melt. Then the molten glass was poured onto a
stainless steel plate. The sample was tempered in a muffle furnace for 30 min at 560°C
(45S5+ 4B and 45S5 + 4Zn glass 1 hour at 540°C) and then the furnace was switched off. The
prepared bulk glass was crushed and sieved to achive particle size < 25um. Schott Vitrixx®
Bioactive Glass with the grain size 4-20um was commercially purchased.

Table 1: Comparison of the theoretical and experimental composition (ICP OES analyses of samples
decomposed in mineral acids) of tested bioactive glass in wt%.

wt% 45S5 Schott 45S5 45S55+4B 45S5+47Zn
Oxide | Theor Experim | Theor. Experim. | Theor. Experim | Theor. Experim
Comp. .comp. | Comp. comp. Comp. .comp. Comp. .comp.
SiO, 45 | 453x1"| 45 42+5 445 | 42942 | 445 | 423+2"
P,0s 6 6+l 6 6.1+1 5.9 8.543 5.9 9+3

CaO 24.5 25.6+2 24.5 23.5+2 21.4 21.7+1 21.4 21.7+1
Na,O 24.5 23.1+4 24.5 23.4+2 24.2 23.1+1 24.2 23.3+2
Zn0O - - - - - - 4 3.7£0.8
B,Os - - - - 4 3.9+0.6 - -

“normalized to 100%

Dissolution experiments

Dissolution studies were performed at the static conditions in the neutral and acidic
environment. Acetic acid/sodium acetate (HAc/NaAc) buffer solution was prepared according
to Blochberger [8] by adding 6.03ml of 99.5% acetic acid to 900 ml of deionized water with
the conductivity 0.054us/cm3 and adjusting the pH value to 4+0.05 by adding 1M NaOH
solution and filling the volume to 1 liter. The SBF solution was prepared according to Kokubo
and Takadama [9]. The 35 mg of glass powder was immersed in 25 ml of solution at 37°C for
1, 2, 4, 8 and 24 hours. After each time period, samples were filtred through porosity filter
paper and concentrations of corrosion solutions were analysed using inductively coupled
plasma optical emission spectrometer (ICP-OES, Agilent 5100). Each experiment was
performed in three parallels and released ions (in mg/L) were also presented as normalized
leached values of elements -NL (in mg of element/g of element in initial powder).

NL values were calculated based on the following equation:

c; *V 1)
wW; * My

NL =
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where NL is the normalized leached value of element (i) in mg.g?, V is volume
of corrosion medium, w; - mass fraction of an element in sample, c; - concentration of an
element in sample and ms - is weight of the initial powder.

RESULTS

In deionized water, we observed increase of Na, Si and Ca into solution (Fig.1).
Phosphorus concentration decreased gradually during dissolution process in all studied glass
systems. For the sample 45S5 dopped by Zn was observed the slowest ion release comparing
to undopped systems. Sodium was released from the tested glass at the high speed, this trend
has occurred in all materials. It could be caused by rapid exchange of Na* with H or H30"

from solution, typical for bioglass in aqueous solutions:
Si~O-Nagaqy+ H'(ag) + OH (ag) = Si~OHgag) + Na'(ag) + OH (g

results in producing silanols [2]. The pH value increased quickly at the beginning of the
test in deionized water to the value 10.4 due to increase of OH™ groups in the solution.
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Figure 1: Time dependence of the ions released from the studied glass systems into deionized water
of a) Schott, b) 45S5, c) 45S5+4Zn, d) 45S5+B.
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In SBF solution, silicon concentration increased in all material rapidly during the first 1-
2 h (Fig.2). This initial faster release of Si occurs during the second stage of the deposition of
HA layer on the surface of BG [10]. During this second stage Si—O-Si bonds are broken and
soluble silica is release to the solution. Rapidly release of Na” ions to solution in the first step
we did not monitor because of problem to analyze sodium in SBF trustworthy. The main
cause is the high sodium content in the solution of simulated body fluid. The third stage of the
surface deposition of HA consists form of a hydrated silica-rich layer on the surface. The
reason for decrease of phosphorous in solution is the strong adsorption of phosphorus ions
from SBF solution to the glass surface [11]. Adsorption of phosphorus ions from SBF is due
to exceeding solution saturation concentrations necessary to form Ca—P rich reaction layer
(the fourth stage of the deposition of HA layer [10]). In samples 45S5+Zn or in 45S5+B we
did not observed so significant decrease of phosphorus. The reason can be higher content of
phosphorus in this untreated samples (Tab.1), also it is not necessary to pump so much ions of
phosphorus for creating HA layer from the SBF.
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Figure 2: Time dependence of the ions released from the studied glass systems into SBF a) Schott,
b) 45S5, ¢) 45S5+4Zn, d) 45S5+B.

In HAc/NaAc buffer, all tested bioglasses showed the fastest ion release (Fig.3). Only
silicate network looks quite stable in acidic enviroment while network modifiers Na, Ca, P
and Zn or B leached out from the material very quickly. This behaviour is very favorable to
cure and stop the inflammation process in the body through rapid dissolution of the bioactive
glass and releasing the zinc to fight bacterial infection. Incorporation of zinc to the glass
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structure increase its network connectivity [8], however when zinc is leached out already in
the early stage, the glass tends to dissolve rapidly in acidic enviroment. We observed silicon
concentration increased in all bioglass during the first 1-2 h (Fig.3) like in SBF. Silanol
formation can be the key step to create inter-bond between substrate and apatite phase formed
on the surface also in acidic environment. Some studies confirmed HA layer formation on the
45S5 surface in HAc/NaAc buffer at the static condition [8,12].
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Figure 3: Time dependence of the ions released from the studied glass systems in acetic acid/sodium
acetate buffer (pH4) of a) Schott, b) 45S5, ¢) 45S5+42Zn, d) 45S5+B.

CONCLUSIONS

Interaction of studied glass systems based on the 45S5 bioglass composition, in the
acidic enviroment resulted in rapid release of all network modifiers and dopped ions. Stable
behaviour of the glass dopped with Zn was observed in neutral media (pH 6.5 — 7.4). Zinc
release was detected only in acidic environment. Therefore, the glasses dopped with Zn show
interesting behaviour to be useful dealing with the inflammatory process, when the pH value
of the body environment decreases.
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CORROSION

In several studies [8] has been found that zinc enters the silicate network to a much
larger extent, with most or possibly all zinc forming Si-O-Zn bonds, thereby increasing the
silica network polymerisation. This fact we noticed in SBF and deionized water when the
elution of ions was the slowest in 45S5+Zn. In SBF and acetic acid/sodium acetate buffer we
can expect HA layer formation.
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ABSTRACT

The fluorescence properties of the Y,0O3; ceramic materials doped with ZnO were
investigated. We observed high intensity broad emission band in visible part of
electromagnetic spectra centered at 534 nm (warm white light). The detailed study of
microstructure revealed ZnO grains dispersed in Y,O3; matrix. The possible fluorescence
mechanism is based on electrons that are excited to conductive band of ZnO and subsequently
relax through energy levels made by oxygen vacancies to valence band.

INTRODUCTION

Modern and more energy saving light sources depend on research of new materials.
Other than for special applications the polychromatic light (e.g. visible part of
electromagnetic radiation consisting of a broad range of wavelengths) is usually desired.
There are two ways how to produce white light using fluorescent materials:

1. Using a mixture of three phosphors- one emitting blue, one green and one red
radiation when irradiated by UV radiation. Alternatively a blue light source can be
used to produce fluorescence in green and red part of spectra which together with
excitation source produces white light emission [1].

2. Using fluorescent materials able to emit broad range of wavelengths in visible part
of electromagnetic spectra under UV excitation [2].

In this work we investigated fluorescence (white light emission) produced by yttrium
oxide (Y,03) ceramic materials modified by various amounts of zinc oxide (ZnO).

EXPERIMENTAL

The Y,03; green bodies were prepared by pressure filtration of isopropanol
((CH3),CHOH, p.a., 99.7%+, CentralChem, Slovakia) based suspension containing 5 vol%
of Y,03 (PENGDA, 150 nm Fig. 1.), stabilized by 1 wt.% of PEG (Polyethylene Glycol
400 Ultra-pure, Fluka, Germany) based on the Y,03 mass.
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Figure 1: Y,03 PENGDA. a) 250- 400nm aglomerates, b) 1.1um compact agglomerate.

After drying, the green pellets were pre-sintered using the following regime: ramp
10°C/min to 1000°C with 1 hour holding time followed by free cooling in furnace as to obtain
porous but sufficiently stable pellets able to withstand infiltration procedure in water based
solutions. The density of pre-sintered samples was determined using mass (balance)
and dimensions  (micrometer  screw) measurements. Water solutions of zinc
acetate (Zn(CH3COO), . 2H,0 p.a.,. CentralChem, Slovakia) with concentrations calculated
individually according to porosity of pre-sintered pellets to obtain 0.25, 0.5, 1.0, 2.0, 3.0, 3.5
and 4 atomic percent of Zn** dopant were used for infiltration of pre-sintered pellets. The
infiltrated pellets were then sintered in ambient atmosphere using superkanthal furnace
(Classic, Czech republic) using the following regime: ramp 10°C/min to 80°C with 2 hours
holding time, then ramp 10°C/min to 250°C with 2 hours holding time and finally, ramp
10°C/min to 1400°C with 2hour holding time followed by free cooling. To confirm the role of
vacancies on fluorescence intensities, the final sintering step temperatures 1300°C and
1500°C were also used for the sample compositions with the strongest fluorescence activity.
Density of sintered specimens was determined using Archimedes method by weighing the
specimens in air and in water.

X-ray diffraction (XRD) was performed using a PANalytical Empyrean DY 1098 X-ray
powder diffractometer with Cuk,—radiation in the 6-20 arrangement.

Cross sections for SEM were prepared by cutting the pellets in half and embedding
them in Buehler KonductoMet (pressure molding at 150 °C for 1 min). The cross sections
were ground and polished on diamond wheels using decreasing grain sizes from 45um down
to 0.5 um in a Buehler AutoMet 300 polisher. A final finish of 2-6 h of vibration polishing
was applied using a Buehler VibroMet 2 (200 g static load) and a MasterPrep polishing
suspension (50 nm sol-gel alumina). Polished cross sections were coated by thin layer of
Au/Pd (80/20) alloy at about 5 Pa to avoid surface charging.

SEM analyses were performed using a Jeol JSM 7600F SEM equipped with an X-Max
50mm? EDXS detector (Oxford Instruments) and a Nordlis Max EBSD-camera. EDXS-spot
measurements were acquired using acceleration voltages of 15-20 kV. EBSD-scans were
performed using an acceleration voltage of 15 kV and a current of up to ca. 3 nA. The EDXS
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and EBSD scans were captured using the Oxford Instruments software Aztec 3.1 coupled with
Channel5 software for more detailed evaluation.

Both emission (PL) and excitation (PLE) fluorescence spectra were measured using a
Fluorolog 3 (FL3-21, Horiba) fluorescence spectrometer in the front-face mode with a Xe-
lamp (450 W) as the excitation source.

RESULTS

The relative green body (37.5% +0.2) and presintered (40.2% + 1%) sample density was
determined from mass and dimensions of pellets. Sintered specimens reached average relative
density of 98.7% + 0.6% when measured in water by Archimedes method. The phase
composition was determined by XRD measurements: cubic Y,0; was the only identified
crystalline phase. The SEM examination revealed porous cross section of polished sample
(Fig 2a).

Figure 2: a) SEM, b) EBSD phase map and EDXS element mapsc) Y Lal,d) ZnLa 1_2

The same region mapped by EDXS (Fig 2c, d) shows zinc concentrated in the form of
ZnO grains randomly distributed in the Y,03 matrix (probably localized in former pores, no
zinc signal was observed in intergranular boundaries) indicating that ZnO does not react with
Y,03 forming additional phases. The EDXS element mapping shows mainly random signal of
zinc where Y,03 grains are located, attributed to instrumental noise, and indicating low
solubility of Zn in Y,03 matrix. The EBSD (Fig 2b) identified two crystalline phases, namely
cubic Y,03 and hexagonal ZnO (zincite). Several places were detected where EDXS revealed
the presence of zinc but no zincite was indexed by EBSD. The result was attributed to greater
volume and measurement depth of EDXS. In some cases, the superposition of Y,03 and ZnO
Kikuchi patterns during EBSD measurements made the phase indexing impossible. To avoid
the necessity of thermal etching at high temperature Band Contrast maps from EBSD
measurements for determination of the grain size distribution were used (Fig. 3). The median
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grain size grows with increasing sintering temperature from 0.84 um (1300°C/2h) through
1.38 um (1400°C/2h) to 3.10 um (1500°C/2h).

Figure 3: Y,0; : 3.5 at% Zn?**- Microstructure vs sintering temperature. a) 1300°C/2h, b) 1400°C/2h,
c) 1500°C/2h

The PLE and PL spectra were measured in a backscattering mode. Emission spectra
were corrected for spectrometer optics and excitation lamp response, while PLE spectra were
corrected only for spectrometer optics. All spectra were recorded at the same conditions (slit
width, integration time, monitored wavelength, cut-off filter). The Fig. 4 represents emission
spectra of specimens with different content of Zn?* sintered for 2h at 1400°C. It should be
noted that Zn-free sample (pure Y,03) was found to be PL silent and no signal was observed.
From SEM/EDXS/EBSD analyses and from fluorescence spectra measurements we
tentatively deduce that the luminescence is produced by the same mechanism as found in
Zn0:Zn [3]. The mechanism of luminescence consists most probably of excitation of
electrons from valence band to conductive band and then relaxation through intermediate
states of oxygen vacancies Vo', Vo™ and Vo™ These vacancies emerge at the interface
between ZnO and Y,03 grain. As documented in Fig. 4, the highest emission intensities
were observed for specimens with Zn concentration between 3 and 4 at. %.

a Excitation spectrum 374 Amon =528 nm b 1.2x10°+ Emission spectra
3.0x10°1 0.25 at. % Zn A =374nm
N 1.0x10°
:: = 5 - (.25 at.% Zn
© > 8. r . g
< 2.0x10° 3 80x10 ——0.5at.% Zn
= = s —— 1.0 at.% Zn
2 £ 6.0x10°1 —2.0at%2n
8 c i 3.0at% zn
£ 1 ox10°- g 4.0x10" 1 = 4.0 at.% Zn
2.0x10°
0.04 0.0

250 300 350 400 450 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4: Excitation (a) and emission spectra (b) of Zn?* doped Y,0; sintered for 2h at 1400°C.

The photoluminescence intensities for different dopant concentrations at emission
wavelength of 534 nm are shown in Fig. 5.
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Figure 5: A comparison of emission intensities in dependence of Zn** additive concentration.

The maximum intensity of luminescence was achieved at 3 to 4 at.% of Zn®" additive.
The emission decay times could not be measured due to short decay times which, according to
the literature range in the order of magnitude of nanoseconds or less [3].

CONCLUSIONS

The Y,03 ceramic material doped by ZnO was prepared and tested. The microstructural
characteristics as well as luminescence properties were investigated. Microstructure
examination revealed discreet ZnO grains distributed at boundaries between Y,03 grains. No
other ZnO containing phases were detected. The material shows strong emission in broad
range of electromagnetic wavelengths in visible part of spectra centered around 534 nm. The
observed photoluminescence is attributed to similar mechanism as in the system ZnQO: Zn due
to similarities in luminescence spectra.
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ABSTRACT

Transparent Cr¥*-doped alumina ceramics was prepared by slip casting, followed by
pre-sintering in ambient atmosphere and hot isostatic pressing. The effect of dopant
concentration on optical (transmission and photoluminescence-PL) properties was studied.
Two approaches were used for treatment and comparison of the transmission data, one based
on simple total background correction and other based on Rayleigh-Gans-Debye
approximation that includes birefringent grain scattering effect. The PL spectra of studied
samples exhibit intensive deep red narrow emissions under violet/green light excitation, R-
lines (2E9—>4Azg transition), observed at 692.5 and 693.8 nm, that are very close to ruby single
crystal. The highest emission was achieved at the Cr** concentration of 0.4 at. %. The
luminescence decay curves exhibit single-exponential behaviour with decay times of ~3.6 ms.

Keywords: Cr**-doped Al,Os, transparent polycrystalline ceramics, optical properties,
luminescence

INTRODUCTION

Single crystals doped with various rare earth (RE = Yb**, Nd**, Er*") or transition metal
ions (TM = Ti**, Cr¥*****) have been widely applied in solid state lasers for applications in
optics and photonics. The most important host materials are yttrium aluminium garnet (YAG,
Y3Als01,), sapphire (AlyO3), yttrium vanadate (YVO,). Tungstates and fluorides have been
also used. However, the main disadvantage of single crystals is that large size and high quality
crystals with homogeneous distribution of optically active ions in a host are still difficult and
expensive to produce. This opens space for alternative approach based on preparation of
transparent polycrystalline ceramics (TPCC) for a wide range of applications, from
mechanically strong, hard, abrasion and corrosion resistant materials suitable for extreme
conditions to optical components and ceramic laser materials. Moreover, compared to single
crystals, polycrystalline ceramics (PCC) also provides the flexibility in preparation of
products with various size and shape design at reduced cost. On the other hand, difficulties
connected with preparation of high quality transparent ceramics still limit this approach, and
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preparation process of TPCC has to be carefully adjusted and optimized; the optical properties
strongly depend on final microstructure. The crucial problem is the light scattering in
prepared PCC that significantly affects the final transparency. The main factors affecting the
degree of transparency are residual porosity and pore size (especially in isotropic ceramics
e.g. YAG), second phase inclusions, grain size, grain boundary misorientation (small
differences in refractive indices at interfaces of optically anisotropic crystallites). For
example, only 0.1 % of residual porosity can completely eliminate the transparency of a
material. In case of optically anisotropic materials like a-Al,O3 the degree of birefringence,
i.e. the difference from ordinary to the extraordinary refractive indices, is small, An =0.008
(no =1.7638, n =1.7556 at 700 nm), but sufficient to turn most alumina ceramics opaque.
Highly transparent polycrystalline alumina ceramics (PCA) with good mechanical properties,
must simultaneously meet the following requirements: extremely low porosity (< 0.05 %) and
fine grain size (< 1um).

Recently, several studies on PCA doped with Cr** ions (Ruby) using different
preparation techniques were reported, however, only very few of them provide the accurate
information on the material transparency that is significantly related to the Cr** dopant
concentration [1]. Detailed analysis of optical properties, including calculation of
absorption/scattering coefficients, was described only by Penilla etal. [2] for two
concentrations of Cr** ions in a ruby (0.5 and 1.0at. %).

In the present work, we report on the analysis of optical properties of Al,O3
polycrystalline ceramics doped with Cr®* ions at different concentration level ranging from
0.1 up to 0.5 at.%. Two approaches have been applied to obtain the absorption coefficients for
optical transitions of the Cr** ions in the visible spectral range. The first is based on the total
background correction of the measured transmission spectra corrected for reflection losses
from 2 surfaces of polished samples, the second approach relies on the Rayleigh-Gans-Debye
(RGD) approximation previously used by Apetz and Van Bruggen and others [3-4] for
transparent non-doped PCA and Penilla et. al. [2] for polycrystalline ruby ceramics. The
absorption parameters are compared with those obtained for Cr-doped PCA and also single
crystals. Moreover, the luminescence properties of prepared Cr®*-doped PCA was studied in
detail as a function of dopant concentration.

EXPERIMENTAL

Chromium doped alumina was prepared from commercial high purity Al,O3; powder
(TM-DAR, Taimei Chemicals Co., Japan, purity of 99.99%) with the primary particle size of
~150 nm and nano-Cr,03 powder (purity of 99%, GNM — Getnanomaterials, USA) with the
primary particle size of ~60 nm. The content of chromium ranged from 0.10 to 0.50 at.% with
respect to Al,O; (Fig. 1). Preparation of the samples was carried out according to the
procedure described in detail in our recently published papers [5-6]. The designation of the
samples in the work reflects the content of Cr®"; e.g. Cr 0.1 means 0.10 at.% of Cr with
respect to alumina.
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Figure 1: The photographs of the Al,04:Cr** ceramics at different Cr** doping level

The UV-VIS-NIR spectra (optical transmission spectra) of the polished samples were
measured on a Cary 5000 spectrometer (Agilent, USA) in the spectral range of 200-2500 nm.
The samples were placed at normal incidence to the beam path. The spectra were obtained at a
scan rate of 300 nm/min. The transmission spectra were corrected for the reflection losses that
in the case of alumina corresponds to ~ 14 %, and recalculated to the 0.8 mm sample
thickness to compare experimental data with literature reported data.

The photoluminescence excitation and emission spectra were recorded using a
Fluorolog FL3-21 spectrometer (Horiba, Japan). The Xe-lamp (450 W) was used as an
excitation light source. The luminescence spectra of studied samples presented herein were
recorded at room temperature in backscattering geometry. The luminescence decay curves
were recorded at room temperature with the same instrument using a phosphorescence
module of the spectrometer. The flash Xe-lamp was used as an excitation source.
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Figure 2: Tanabe-Sugano energy level diagram for Cr®* ions in an octahedral crystal field. The vertical
black line corresponds to Dg/B = 2.8 for ruby; B =918 cm-1. Taken form ref. [2].
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RESULTS AND DISCUSSION

In terms of Tanabe-Sugano energy level diagram (Fig. 2) that shows the splitting of the
Cr®* free ion levels (d® configuration) in an octahedral crystal field as the ratio of crystal field
strength to interelectronic repulsion (measured in Dy/B units), five absorption transitions are
possible for the ruby with Dg/B value of 2.8 and B =918 cm™; five absorption lines
correspond  to  ‘Ay('F) = Ti('F),  ‘Ay('F) > *T(’G),  *A(‘F) - ‘To(*F),
“Axg(*F) = *T14(’G), *Axy(*F) = *E4(°G) electronic transitions [2, 7]. Three dominant bands
commonly observed in absorption spectra are violet, green and red centred at ~400, 555 and
692/694 nm (R-lines). The violet (*Axg(*F) = *Ti(*F)) and green (*Axg(‘F) — *T2(*F))
transitions as a spin-allowed transition result in intensive broad absorption bands; the red
4Azg(“F) —>2E29(ZG) is spin-forbidden transition of much lower intensity. The weak spin-
forbidden quartet-doublet transitions *Ay(*F) — *T14(*G)/*T14(°G) are rarely observed and
resolved in the absorption spectra [2, 7].

60 -
—Cr0.1
—Cr0.2

Cr0.3
—Cr04
40 + Cr0.5

50

30
20

10 - /
/ 4 4.

0 -

Transmission (%)

L] L] L] L] L] L] L] L] L] L] L]
200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 3: Transmission spectra of polycrystalline Cr**-doped alumina transparent ceramics
recalculated for sample thickness of 0.8 mm, prepared using pre-sintering regime
1380°C/2min and HIP 1200°C/3h.
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Figure 4: Absorption spectra of Cr**-doped transparent PCA.
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The optical transmission spectra of the studied Cr**-doped transparent alumina with
various Cr** concentrations pre-sintered at 1380°C are shown in Fig. 3. The transmission
spectra exhibit two broad bands with the maxima at 403 and 558 nm and one “line” band of
low intensity at 694 nm corresponding to absorption of Cr®" ions.

Compared to the alumina single crystal with almost constant transmission (~86%) in the
whole visible spectral range, the transmission of prepared transparent polycrystalline Cr*-
doped alumina samples decreases with decreasing wavelength due to the scattering of the
incident light at grain boundaries, which is wavelength dependent. The transmission of
prepared samples was found to be similar to the data published previously on the Al,O5:Cr**
doped transparent polycrystalline ceramics [1, 2]. Samples pre-sintered at 1390°C exhibit
lower transmission compared to the samples pre-sintered at 1380°C because of larger grain
size and larger scattering affect. The transmission spectra were corrected for reflection losses,
converted into absorbance scale and normalised to 1 cm thickness. Then, the background
correction applying the exponential function in the range of 350-800 nm was used to
eliminate the light scattering effects at grain boundaries and at pores. The absorption spectra
are shown in Fig.4. The absorbance increased with increasing Cr®" concentration and
calculated molar absorption coefficients, &, (using the linear fit according to the Lambert-Beer
law A/l = ec, with Adj. R% = 0.99 or better) for violet and green absorption were found to be
3.8+0.1x10* mol*em?® (38 L™ 'mol™cm) and 2.4+0.1x10* mol cm? (24 L' -mol™*cm),
respectively. It should be noted, that sample containing 0.4 at.% of Cr** was excluded from
the linear fit due to the lower absorption than sample with 0.3 at.% of Cr**. This is most likely
due to the lower overall transparency of the sample. Almost identical values were found for
samples pre-sintered at 1390°C (36 and 24 L™**mol™-cm). The red absorption was too weak to
determine the molar absorption coefficient reliably. Absorption cross-section (ACS) values,
o, for violet and green absorption were calculated (from molar absorption coefficients) to be
1.45x10™"° cm? and 9.22x10%° cm?, respectively. The absorption coefficient o (in cm™), as
defined in Eqgn. (1), for each sample was also calculated from experimental transmission data
and the values are summarised in Table 1. The o values can easily be converted to the ACS
for particular concentration of a dopant (o = a/c). As follows from Table 1, the data for ACS
calculated form each value of o are very similar for different Cr®* concentration in the
sample. The obtained absorption-cross section data corresponds quite well with the average
ACS data reported by Dodd et at. [8] for ruby single crystal doped with different
concentration of Cr** ijons; 1.98x10™*° cm? and 1.20x10™ cm?. Somewhat higher ACS data
for ruby single crystal was reported by Cronemeyer [9]. The differences between our data and
data reported by Dodd et al. and Cronemeyer are most likely due to sample processing, either
caused by Cr loss and/or by partial reduction of Cr®* species to Cr?* [2]. The peak absorption
coefficients of our sample Cr 0.5 obtained from background corrected absorption spectra are
in a good agreement to those reported by Penilla et.al. [2] for the same concentration of Cr**
in Al,O3 polycrystalline transparent ceramics (see Table 1).
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Table 1: Optical data for ruby samples. The peak absorption coefficients were obtained from measured
data and absorption cross-section were calculated using relation o = a/c.

Cr concentration Grain size Peak absorption Peak absorption cross-
(hm) coefficient section (cm?)™*
) ) (cm™y*$
c(at.%) c(ions/cm®)
Oly Ol Ov Og
0.1 2.370x10% 450+80 3.954 2.983 1.668x10™%°  1.259x107%
(7.899) (5.425) (3.333x10™)  (2.889x10
19
0.2 4.737x10"° 420460 6.186 4.131 1.306x10™%  8.719x107%
(11.139) (6.992) (2.351x10™%)  (1.476x10
19
0.3 7.102x10% 420+60 10.978 7.197 1.546x10"°  1.013x107™"
(17.286) (11.049) (2.434x10™)  (1.556x10°
19
0.4 9.464x10% 390+40 9.249 6.359 0.977x10"  6.719x107%
(17.072) (11.287) (1.804x10™)  (1.193x10
19
0.5 1.182x10%° 380+50 16.894 10.448 1.429x10"°  8.837x107%
(21.580) (13.137) (1.825x10™)  (1.111x10°
19
-19 -19
Average 1.49%10 " 1.00x10 N
+0.16x10 +0.18x10
Least squares 1.45x10™° 9.22x10%
+0.04x10"°  +0.45x10%
Data Penilla [2]
0.5 1.180x10%° 344+43 14.2 9.0 1.09x107* 7.03x10%
1.0 2.357x10% 337+46 27.7 16.9 1.12x107%° 6.87x10°%
Data Dodd [8]” 1.98x10™ 1.20x10%°
Data Cronemeyer 2.78x107 1.76x10%°

[91°

"The data obtained from background corrected absorption spectra (in bold).
“The data in parentheses refer to a calculation of absorption coefficient o and « using RGD approximation, eqn.

(1) and (3).
The data were calculated from single crystal absorption coefficients (o and o, using equation a=c,/3+20,/3)
and are averaged from values for several concentrations

Penilla et al. [2] reported detail analysis of transmission spectra of polycrystalline
Al,O3:Cr®" transparent ceramics at Cr** doping level of 0.5 and 1.0 at.% and grain size similar
to our samples. The applied modified analytical model is based on Rayleigh-Gans-Debye
approximation, that was already employed for transparent alumina ceramics [3-4].

Generally, for light transmitted through material, including the effect of light reflection
at sample surface, scattering and absorption, can be written as:
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T(A) = [1 — 2R]e"lx+®) 1)
i—1\2 2)
- (ﬁ n 1)

where | is the sample thickness, R is the reflectivity, « is the scattering coefficient, and
a is the absorption coefficient. In terms of RGD approximation, the scattering coefficient, x;
can be expressed by the formulae

3m? 3)

where d is maximum grain size, 4n =0.008 for alumina, and y is a texture parameter
that depends on the degree of texturing in the ceramics. When there is no texture and grains
are randomly oriented, as expected for PCA, the texture parameter y = 0.28.

0.0

024 ) —Cr0.1
—Cr0.2

0.4 4 Cr0.3
—Cr0.4

-0.6 \ Cr0.5

\/ \ —— Sapphire

-0.8 4 /\ monocrystal

1.0 \

1.2 4 \/

1.4 J

L] L] L] L] L]
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10°

1* (nm?)

log T

Figure 5: Logarithm of transmittance (absorbance) vs. the inverse of the wavelength square. The green
dots denote the wavelength range that was used for linear fit.
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—Cr0.1
20 « ——Cr0.2
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Figure 6: Absorption, o, and scattering, «, coefficients of Cr**-doped alumina ceramics.
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Excluding the absorption by optically active species and taking into account only
scattering at the grains, the Eqn. (1) can be rearranged to Eqn. (4)

3m? 4
logT (1) = logTy(A) — A—ZdAnz)( @)

so that, a fit of logT(4) vs. A should produce aline. The slope of the line is
proportional to the value of y and because other quantities in Egn. (4) can be experimentally
measured, the texture parameter can be estimated. The intercept, logTy, thus represents the
logarithm of the transmittance of scattering-free sample.

The logT(4) vs. A2 plot for all studies samples including sapphire single crystal is
presented in Fig. 5; the wavelength range for linear fit was selected as 315-340 and 660-
800 nm so that the range is not affected by the Cr** absorption. Very good linear fit (with Adj.
R2~0.99) suggests that transmission is most likely dominated by birefringence scattering,
although also residual porosity may play some role. The Ty values determined from the
intercept for sample thickness of 1 mm was found to be around 75% while the typical value
for optical quality sapphire is 87%. The texture parameter was estimated to be ~0.17, which
means that the preferential texture angle is 38°that is not so far from the random grain
orientation (45°) [4]. The absorption (o) and scattering (k) coefficient obtained using Eqgn. (1)
and (3) from measured transmission spectra are shown on Fig. 6. The grain size used in the
calculations were the maximum values (average plus standard deviation, see Table 1) for the
corresponding sample. The texture parameter for random grain orientation (y = 0.28) and the
experimental transmission spectra corrected for reflection losses and recalculated for the
sample thickness of 1 mm were used for estimation of coefficients o and x. So that absorption
coefficients are corrected both for reflection and scattering. Especially scattering correction is
often omitted in spectra treatment in the literature. This approach is acceptable only in the low
porosity isotropic polycrystalline materials, while in the case anisotropic ceramics scattering
correction is necessary. Otherwise, the analysis leads to the overestimation of absorption in a
sample. The values for particular Cr** concentration in the sample are summarised also in
Table 1. Obtained o values are however significantly higher than the values obtained by the
spectra treatment using exponential background correction. As seen in the Fig. 6, the
absorption curves still have significant non-constant (exponential like) background that
overestimates the absorption coefficients. This is most likely due to the scattering effect of
pores that are usually present in low amounts and dimensions in polycrystalline ceramics. As
theoretically analysed by Peelen and Metselaar [10], who applied the Mie theory of light
scattering in the case of PCA, the porosity and pore size significantly affect the scattering
coefficient especially at lower wavelength below 1000 nm, i.e. in the visible range. The other
reason is also the absorption of the pure host matrix (Al,O3) that was not subtracted. The
transmission data obtained from the measurements of polycrystalline transparent/translucent
ceramics have to be carefully evaluated and critically reviewed. In this light, the simple
background correction using exponential function that eliminates matrix absorption,
birefringent grain and pores scattering (see Fig. 4) is more plausible method for transmission
data treatment than the second method based on RGD approximation, especially when
material contains strongly absorbing species like Cr** ions.
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Figure 7: Emission spectra of Al,05:Cr®" ceramics with different concentration of Cr** ions (0.1-0.5
at.%) in host matrix under excitation at 404 nm..

The photoluminescence emission (PL) spectra Cr** doped Al,O; under excitation at
404 nm (Fig. 7) exhibited very narrow (with FWHM 23 and 19 cm™) so-called zero-phonon
R-lines (Raman lines R; and Ry) at 692.5 nm (14442 cm™) and 693.8 nm (14412 cm™)
assigned to spin-forbidden 2E@,(ZG) - 4Azg(“F) transition originating from isolated Cr** ions in
octahedral sites, [11,12] e.g. Cr** ions substituting AI** ions in the a-Al,O; lattice. Two
observed R-lines, the Ry and R lines, are separated by 30 cm™. For comparison, the R line
positions of Cr®* ions in bulk ruby single crystal are 694.3 nm (R1) and 692.9 nm (R,) with
separation of 29 cm™. It is evident that emission intensity strongly depends on doping
concentration. The PL intensity increases with increasing Cr** concentration approaching the
maximum at 0.4 at.% (Fig. 7). At higher chromium concentration the PL intensity decreases
due to the concentration quenching as the distance between Cr**-Cr** ions decreases and
energy transfer between the Cr®* ions becomes more favourable. The fitted fluorescence
lifetime values for Al,O3:Cr®* transparent ceramics samples are about 3.60 + 0.05 ms and are
not significantly affected by the Cr®* concentration in the host matrix within the studied
concentration range. The values are similar to the value reported in literature of about 3 ms at
300K for ruby single crystal.

CONCLUSIONS

Transparent polycrystalline Cr**-doped alumina (ruby) with photoluminescent
properties were prepared and characterised. The optical transmittance is strongly related to the
grain size: proper adjustment of sintering conditions limiting the grain growth is crucial for
achieving the transparency. Even mild grain size increase results in the significant
transparency decrease. The transmission spectra exhibit two broad bands with the maxima at
403 and 558 nm and one “line” band of low intensity at 694 nm corresponding to absorption
of Cr** ions. The absorbance increases with increasing Cr** concentration in the samples and
calculated molar absorption coefficients (using the linear fit) for violet and green absorption
were found to be 3.8x10* mol™*cm? (38 L™-.mol™.cm) and 2.4x10* mol™cm? (24 L™.mol™.cm),
respectively. Absorption cross-section values, o, for violet and green absorption were
calculated to be 1.45x10™ cm? and 9.22x10° cm?. The simple background correction using
exponential function, that eliminates matrix absorption, birefringent grain and pores scattering
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is more plausible method for transmission data treatment especially for materials containing
strongly absorbing species like Cr** ions. The intensive deep red narrow emissions under
violet/green light excitation, R-lines (2Eg —>4A2g transition), were observed at 692.5 and
693.8 nm, that are very close to ruby single crystal. The optimal Cr** doping concentration
was found to be 0.4 at.%. The luminescence decay curves exhibit single-exponential
behaviour with decay times of ~3.6 ms, similar to ruby single crystal, and decay is only
slightly affected by the Cr** concentration.
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ABSTRACT

The work deals with the preparation of bulk glass with yttrium aluminium garnet
(YAG) composition from glass microspheres prepared by flame synthesis. Viscous flow
sintering of the microspheres was performed to prepare bulk glass in a SPS. Dense translucent
YAG glass were successfully prepared at temperatures below 950°C without isothermal
heating.

Keywords: flame synthesis, microspheres, glass-ceramic, SPS, YAG

INTRODUCTION

A glass, whether in bulk, fibre, or film form, is a non-crystalline solid (NCS) which
undergoes a glass transition, to which a glass transition temperature- T, is associated. In
principle, any substance can be vitrified by quenching from the liquid state into a solid glass,
with the melt structure becoming “frozen” below T4 [1]. Sintering of conventional glass frit
into coherent, dense, bulk forms is a well-known method in which free surfaces are eliminated
by viscous flow, at temperatures above Tgy. For glasses that do not devitrify, there is little
restriction on the sintering temperatures. However, many quenched glasses, including YAG,
crystallize rapidly at their crystallization temperatures - Ty, when the supplied thermal energy
mobilizes the structure and the latent heat previously trapped during quenching is released.
The working temperature of such glasses is thus restricted to the temperatures between T4 and
onset of the crystallization temperature Ty [1] (kinetic window), which is, in the case of glass
with YAG composition, very narrow (between 20 and 25 °C) [2-5]. Due to the narrow kinetic
window and rapid crystallization of YAG the densification of glass with pure YAG
composition was up to now not successfully prepared by viscous-flow sintering. Therefore,
the presented work deals with the preparation of bulk YAG glass and glass-ceramic from
glass microspheres by pressure assisted viscous-flow sintering in SPS. The main aim of the
work is to overcome the problem of narrow kinetic window by using high heating and cooling
rate in SPS and consequently prepare bulk glass with YAG composition.

EXPERIMENTAL

Glass microspheres with YAG composition were prepared according to process
described elsewhere [6]. Dense YAG glass and glass/ceramic samples were prepared by SPS
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(spark plasma sintering technique Dr Sinter SPS-625 from Fuji Electronic Industrial CO.,
LTD.). Carbon foil (0.5 mm thick) cladded graphite dies were filled with prepared YAG glass
microspheres and sintered under vacuum at different conditions (see Tab. 1).

Table 1: Summary of SPS sintering conditions and dilatation of the samples.

Pressure Heating rate Dilatation of

Sl [MPa]  [°C/min] sample [mm] SIS
SPS 921 60 50 1.91 902.1
SPS 922 70 50 2.02 898.9
SPS 924 80 50 2.28 904.1

The density of sintered samples was measured by Archimedes’ method in water.

The phase composition of sintered samples was determined by X-ray powder diffraction
(XRD) using a Panalytical Empyrean DY 1098 diffractometer, operated at 40 kV and 45 mA
with Cu Ka radiation (A = 0.15405 nm). The data were acquired over a 20 range of 10-80°
(step size 0.01 °, 50 s/step). The data were evaluated using the High Score Plus software with
the crystallographic open database (COD 2018).

RESULTS

The XRD analysis of SPS sintered samples at different uniaxial pressures (60, 70 and 80
MPa) revealed that all samples are XRD amorphous (Fig. 1). Hence, the densification
temperature was set below the onset of the crystallization temperature. The shrinkage of the
samples mentioned in Tab. 1 together with XRD analysis leads towards the conclusions that
the densification was successfully done by viscous-flow sintering.

- — 80 MPa
— 70 MPa
— 60 MPa

Intensity [a.u.]
—

oo

10 20 30 40 50 60 70 80
Pos. [°2Th.]

Figure 1: XRD patterns of glasses with YAG composition SPS densified at different pressures.
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Additionally, Fig. 2 presents the photography of prepared translucent YAG
glass/ceramic samples with diameter of 12 mm placed directly on the text. The translucency
was achieved in two cases: (a) at the pressure of 60 MPa and temperature 902 °C and (c) 80
MPa and temperature 904 °C. Opacity in the sample shown in Fig. 2 (b) was ascribed to the
lower densification temperature 899 °C compare to the 902 °C used in the (a) case despite of
the fact that higher pressure of 70 MPa to the 60 MPa between the (b) and (a) trials, was
applied.

unGlass

‘unGlass

centre for functional and ;':f::: Wm‘: centre for functional and

surface functionalized glass surface functionalized glass

Figure 2: The photograph of the prepared translucent YAG glass/ceramic with diameter 12 mm placed
on the text. Pressure used during densification a) 60 MPa; b) 70 MPa; ¢) 80 MPa.

CONCLUSIONS

This work describes successful preparation of translucent glass with YAG composition
at temperatures below 950 °C without dopants widening the kinetic window. Lower
temperature leads to opaque white sample while increasing of the densification temperature
resulted in translucent samples.
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ABSTRACT

The sintering by viscous flow at temperatures above glass transformation temperature
Tg, in the so called kinetic window between Ty and Ty (onset of crystallization) was used to
prepare the bulk glass/glass-ceramics phosphors from glass microspheres, emitting blue and
yellow light when excited by UV or blue light. The effect of processing temperature/dwell
time and glass composition on luminescence of compact bulk samples prepared by hot-press
technique from glass microspheres was studied in detail.

Keywords: Ce**, phosphors, solid state lighting, pc-WLED

INTRODUCTION

White light-emitting diodes (LEDs) are realised via combination of blue LED chip
covered with yellow-emitting Y3Als0:,:Ce** (YAG:Ce) phosphor powder dispersed in
organic binder. However, commercial LEDs are currently limited due to the efficiency drop
when increasing input current density. As a result it is difficult to realise high-brightness
white light sources using laser diode excitation chips. To survive from high-flux laser
irradiation and thermal attack, the thermal performance of the phosphor converter is a
principal technical parameter for the laser lighting. The excellent phosphor for white lighting
application is YAG:Ce having many favourable properties, such as efficient absorption of
blue light (also possibility of excitation in UV range), broadband emission in the visible
spectral range with high quantum yield, good thermal quenching properties up to 200°C and
excellent chemical and thermal stability. The current phosphor converter is made by
embedding YAG:Ce powders in organic binders, but the low heat-resistance (polymer resin
degradation at higher temperatures/light flux in LEDs) and thermal conductivity (0.1-0.4 Wm’
K™ of this mixture greatly hinder its application in high-power, high-brightness solid state
lighting (SSL). To overcome these problems, composite phosphor-in-glass (PiG), where the
phosphor is dispersed in a glass, has been developed [1]. Later on, the ceramics attracted
increased attention due to its excellent thermal and mechanical properties. One of the most
versatile ceramics in structural and optical applications is Al,O3; because of its unique
properties, and thus alumina may serve as a matrix in combination with luminescence active
phase e.g. YAG:Ce in composite. For example Al,O3 has a higher thermal conductivity (32-
35 Wm™K™) at room temperature than YAG (9-14 Wm™K™) and thus alumina may
effectively dissipate heat from the heat source such as YAG:Ce [1]. In addition, Al,O3 and
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YAG have similar thermal expansion coefficients (the linear thermal expansion coefficient is
8.4x10° K™ for Al,O3 and 8.0x10° K™ for YAG, respectively). The good match between
these two components will not cause imperfect mechanical contact or interfacial separation.
The other key parameter for SSL is a luminous efficiency that is determined by the quantum
efficiency of the phosphor ceramics. This impose some requirements on matrix material that
should not have absorption in the visible spectral range and after sintering provides
transparency or translucency; e.g. Al,O3 ceramics prepared by the spark plasma sintering
method provide the maximum transmittance of 85%, that is very close to the theoretical value
of 86% for Al,O3 single crystal [1]. Based on these facts it is reasonable to expect that YAG-
Al,O3 composites will be promising candidates for SSL applications with good thermal and
optical properties.

In the present work we report on preparation and preliminary characterisation of
compact samples prepared by hot pressing of glass microspheres powders in the Ce** doped
Y,03-Al,03 system with different ratio of YAG to Al,O3; phase in a composite. First, the
thermal properties of prepared glass microspheres were studied by differential scanning
calorimetry (DSC). Based on the thermal behaviour, the hot press conditions were selected
and luminescent properties of prepared compacts have been investigated.

EXPERIMENTAL

The precursor powders for preparation of glass microspheres were synthesised by
modified Pechini method and glass microspheres by flame spraying technique as described
elsewhere [2]. The composition of prepared samples are summarised in Tab. 1.

Tab. 1: Theoretical composition of prepared glass

Glass composition

Sample® Y,05 Al,O5 Ce,05 ce® Ce* in YAG
(mol.%)  (mol.%)  (mol.%) (at.%) (at.%)"
30%YAG : 70%Al,05 (eut.) 22.64 76.86 0.50 1.00 3.48
50%YAG : 50%Al,0, 18.25 81.25 0.50 1.00 2.00
70%YAG : 30%AIl,04 25.75 73.75 0.50 1.00 1.42

“Denotes composition of YAG/AI,O; phase in the whole sample in mol.%
*Recalculated under assumption that all Ce* ions are hosted in YAG phase after crystallization (heat
treatment)

The phase composition was examined using powder diffractometer Panalytical
Empyrean DY 1098 operating with CuKa radiation. The thermal properties of prepared glass
microspheres were studied by differential scanning calorimetry (DSC) in the temperature
range between 35 and 1200°C, at a heating rate of 10°C/min, in nitrogen atmosphere using the
Netzsch STA 449 F1 Jupiter simultaneous thermal analyser. Approximately 15 mg of glass
microspheres was weighed into Pt crucibles and used for DSC experiments. The individual
records were evaluated by the Netzsch Proteus (version 6.0.0.) software.
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Table 2: Experimental conditions for hot pressing experiments

Sample denote Temperature  Pressure  Dwell time
°O) (MPa) (min)
840°C / 0 min 840 40 0
1000°C / 30 min 1000 40 30
1000°C / 60 min 1000 40 60
1100°C / 60 min 1100 40 60

The glass microspheres powder, without any treatment in reducing atmosphere was
used for hot-press experiments. The compact samples with diameter 1cm and thickness of
about 1Imm were prepared by hot pressing (Clasic 0220 ZL) at temperatures and isothermal
dwell time as summarised in Tab. 2, and with the maximum applied pressure of 40 MPa in the
vacuum. WC foil was used as a high temperature protection and an interface between the
sample and the graphite die. The luminescence spectra were measured using a Fluorolog FL3-
21 spectrometer equipped with the photomultiplier tube R928 detector (VIS range). The Xe-
lamp (450 W) was used as an excitation light source. The luminescence spectra of studied
samples were recorded at room temperature in front face mode (backscattering geometry).

RESULTS

The composition of prepared Ce**- doped glasses is derived from the corresponding un-
doped system (Fig.1) by equimolar substitution of Y,03 by Ce,O3 and is summarised in Tab.
1. The concentration of Ce** ions in a glass was kept at constant level of 1.0 at.%. However,
the dopant concentration change in particular system after crystallization due to much better
solubility of Re** ions in YAG than in Al,O5 phase (see Tab.1). The composition of basic
glasses were selected in order to change the YAG:AI,O3 phase molar ratio and to test
behaviour during hot pressing and compacting of a glass powder. As documented in our
previous work [2], when these glasses are crystallised at lower temperature up to 1200°C only
YAG phase precipitate from the yttrium-aluminate glass as nano/microcrystals embedded in
the Al,O3 enriched amorphous matrix. The Al,O3 phase starts to crystallize over 1300°C as
documented by HT XRD scan [2]. Also due to higher thermal conductivity of Al,O3; phase
compared to the YAG phase, the Al,O; enriched matrix may serve as heat absorber and
dissipate the heat from YAG:Ce*" crystals (worming due to the non-radiative transitions), that
is common problem in LED devices emitting the white light; increasing temperature
significantly affects the luminescence intensity (thermal quenching).
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Figure 1: Experimental Y,05-Al,O3 phase diagram with the studied compositions. Adopted from
ref. [3].

The prepared glass microspheres of given compositions were found to be XRD
amorphous within the detection limit of the XRD diffractometer. Thermal properties of
prepared glass compositions were examined by DSC analysis. The DSC records for studied
samples are shown in Fig. 2. Two exothermic effects are clearly observed in DSC traces, the
first one at temperatures around 940°C and the second effect, ranging from 965°C up to
1060°C, that is significantly dependent on the composition of the glass. Based on our previous
studies, both effects correspond to the crystallization of the YAG phase, as documented also
by high temperature XRD, however, each step takes place through different mechanism [2].
In fact, the peak temperature of the second exothermic effect increases with increasing Al,O3
content in glass (see Tab. 1), which point to the important role of matter diffusion in the glass
during the crystallization process of the YAG phase from amorphous matrix. In general,
closer the glass composition is to the pure YAG phase closer is second peak is to the first
exothermic effect. The Al,O3 phase as corundum start to crystallize over 1300°C [2]. The T,
temperature estimated from DSC data was found to be around 890°C.
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Figure 2: DSC traces of Ce**-doped glasses recorded at the scan rate of 10°C/min with indicated peak
temperatures.

The hot-press experiments were conducted at conditions summarised in Tab. 2. The
sintering by viscous flow at temperatures above glass transformation temperature Tg, in the so
called kinetic window between Ty and Ty (onset of crystallization), is well-know method to
prepare coherent, dense, bulk forms form glass powders e.g. conventional glass frit. This
method was also applied by A. Rosenflanz et.al. [4] to prepare bulk glasses and ultrahard
nanoceramics based on alumina and rare-earth oxides; the prepared rare-earth aluminate glass
microbeads were consolidated by hot-pressing into the bulk glass. The bulk glass from
microspheres with eutectic composition was prepared at temperature 840°C with dwell time
0 min, applying the pressure of 40MPa (Fig. 3). These hot-pressing conditions were selected
based on preliminary experiments, when at lower temperatures than 840°C almost no bulk
samples was possible to prepare, while at higher temperatures the glass starts to crystallise
under the applied pressure even at temperatures below the crystallization onset (Tx) estimated
from DSC records. Due to high tendency of these type of glasses to crystallize rapidly at and
even below Ty, almost zero dwell time (based on the dilatation curve) was selected to retain
the consolidated sample in the glassy state. The glass-ceramic samples with YAG crystals
embedded in residual glass matrix were prepared at temperatures 1000°C and 1100°C with
the dwell time 30 and 60 min. The yellow colour of the consolidated bulk samples (Fig. 3)
typical for the YAG:Ce phosphor was observed, indicating crystallization of YAG:Ce from
the glass during hot-pressing of glass microspheres. It should be noted, that for hot-press
experiments, glass microspheres without any treatment in reducing atmosphere was used. In
case when glass was treated before compacting in reducing N,:10 vol.%H, atmosphere (to
convert Ce** to PL active Ce®*" ions) the compact bulk samples were visibly contaminated
with carbon, that significantly affect their luminescence. Moreover, the composition
70%YAG: 30%Al,03 was not possible to prepare in compact form due to low amount of
residual glass phase that holds YAG crystals together.
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Figure 3: The compact samples (eutectic composition, & 1cm, thickness 1mm) prepared by
hot-press of glass microspheres at 840°C/0 min (upper left) and at 1000°C/30 min
dwell time and pressure 40MPa (upper right). The compact samples excited by UV
light at 350 nm (middle) and 455 nm (down right) blue light.
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Figure 4: (A) The excitation and emission (PL) spectra of sample with composition 30%YAG-
70% Al,O5 (eutectic composition) prepared by hot-press of glass microspheres at
840°C/0 min. (B) The PL spectra of sample with composition 30%Y AG-70% Al,O5
prepared by hot-press of glass microspheres at different temperature and dwell time.
Inset represent emission spectra under sample excitation by UV and blue light. (C)
The PL spectra of sample with different composition prepared by hot-press of glass
microspheres at 1000°C/60 min.
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The excitation (PLE) and emission (PL) spectra of the glass bulk sample with eutectic
composition is depicted on Fig. 4A. The excitation spectrum was monitored at wavelength
430 nm. The strong absorption with maxima at 355 nm can be ascribed to 4f-5d transition in
Ce®" ions. The emission spectrum of the glass compact recorded under UV excitation at
350 nm exhibits broad emission band in spectral range of 365-550 nm with the emission
maximum at 430 nm. This emission corresponds to the 5d—*Fs, and 5d—°F7, transitions that
are not clearly resolved as in the other Ce®* doped systems with blue emission [5]. This is
most likely due to the close energy of the 4f (°Fsy, “F7) ground states in Ce** ions in the
yttrium aluminate glass; Ce®* with 4f* electron configuration has two ground states of *Fsy,
and °Fy, due to the spin-orbital coupling. Visible blue light emission from glass compact
under UV excitation is clearly shown in Fig. 3. The blue emission point to the weaker crystal
field strength around Ce®" ions in prepared glasses compared to the crystal field strength
around Ce®" ions in YAG phase (green-yellow emission).

The PL emission spectra (Aexc =455nm) of hot-pressed samples with eutectic
composition at different temperatures and dwell time are depicted in Fig. 4B. A typical broad
emission band centred at ~550 nm is seen in spectra of samples. The PL emission curves can
be deconvoluted into two broad Gaussian bands centred at ~527 nm (peak 1) and ~577 nm
(peak 2). These two peaks correspond to the typical 5d*-4f* (°Fs,) and 5d*-4f' (3F7p)
transitions of Ce®" ion, the energy difference between the two energy levels is ~1600 cm™* due
to of the spin-orbital coupling in crystal-field [6]. The PL emission intensity depends on the
treatment temperature. As the temperature increases from 1000°C to 1100°C, the PL emission
intensity significantly increases. The increase of emission intensity with treatment
temperature is due to the improvement of crystallinity of samples; most likely more Ce**
doped YAG crystalline phase is formed in the residual glass matrix. The PL spectra of
compact samples prepared from different compositions of starting glass sintered at
1000°C/60 min are depicted in Fig. 4C. The emission intensity increases with expected
concentration of Ce®* ions in YAG phase for 1.42 and 2.00 at.%, than for concentration
3.48 at.% decreases, most likely due to the energy transfer between Ce®** ions and non-
radiative transitions, the effect well known as concentration quenching. Yellow light emission
from glass compact under UV/blue light excitation is clearly shown in Fig. 3. The testing of
mechanical properties and microstructural study of compact bulk phosphors is currently in
progress.

CONCLUSIONS

The sintering by viscous flow at temperatures above glass transformation temperature
Tg, in the so called kinetic window between Ty and Ty (onset of crystallization) was used to
prepare the bulk glass/glass-ceramics phosphors from glass microspheres, emitting blue and
yellow light when excited by UV or blue light. The thermal properties of prepared glass
microspheres were studied by DSC analysis. Two exothermic effects are clearly observed in
DSC traces, the first one at temperatures around 940°C and the second effect, ranging from
965°C up to 1060°C, that is significantly dependent on the composition of the glass. Both
exothermic effects correspond to the crystallization of the YAG phase. The peak temperature
of the second exothermic effect increases with increasing Al,O3 content, which point to the
important role of matter diffusion in the glass during the crystallization process of the YAG
phase from amorphous matrix. The blue emission point to the weaker crystal field strength
around Ce** ions in prepared glasses compared to the crystal field strength around Ce®" ions
in YAG phase (green-yellow emission). The green-yellow emission intensity form glass-
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ceramics compacts depends on temperature treatment and composition of glass microspheres
(YAG:AI,O3 ratio). The highest emission intensity for the given composition (30%YAG-70%
Al;0O3) was found for sintering at 1100°C/60 min, and for constant sintering conditions for
composition 50%YAG-50% Al,O3. The testing of mechanical properties and microstructural
study of compact bulk phosphors is currently in progress. However, the optimisation of Ce3*
concentration in host matrix is further necessary to obtain the higher emission intensity.
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ABSTRACT

A flame-spraying technique was applied for preparation of Ni-doped (0.5, 1.0 and 3.0
mol. %) aluminate glass microspheres with gehlenite matrix. In the first step, the precursor
powders were prepared from high-purity CaCO3;, Al,O3, SiO, and NiO by a solid-state
reaction. The glasses were prepared in the form of microspheres by melting precursor
powders in CH;-O, flame and by quenching micro-droplets of the melt by spraying them with
deionized water. The structural, photoluminescence and magnetic properties were studied by
optical microscopy (OM), scanning electron microscopy (SEM), photoluminescence (PL)
spectroscopy and Quantum Design SQUID magnetometer. Phase composition was
determined by X-ray diffraction (XRD). The PL emission properties of prepared glasses and
their polycrystalline analogues (glass crystallized at 1000 °C for 10 h) were studied in the
near-infrared (NIR) spectral range. Glass microspheres did not exhibit luminescence. The
polycrystalline samples (excited at 335 nm) exhibited emission band around 1180 nm. The
undoped and Ni-doped gehlenite microspheres showed complex magnetic behaviour, which
depend on temperature and the magnetic field.

Keywords: Gehlenite, Flame synthesis, Ni**-doped glasses, PL properties, magnetic
properties

INTRODUCTION

The melilites are a large family of tetragonal, non-centrosymmetric materials with a
general formula M,T 1T (2207 (M are usually the alkaline-earths metals and Ty and T are
usually Al, Ga, Si or Ge) [1]. Since the nineties, the melilite compounds have been intensively
studied due to their interesting electrochemical- [2], magnetic- [3, 4], luminescence- [5, 6] and
structural-properties [7]. Due to their tetragonal and non-centrosymmetric crystal structure
lanthanides can be accepted easily as constituents or dopants by the melilites. Rare-earth (RE)
ions doped melilite-type materials represented by gehlenite (Ca,Al,SiO;) 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 [8].
Ca,Al,SiO7:Eu®*, Tb* as potential candidates for phosphor converted light-emitting diodes
was reported by Yang et al. [9]. Bernardo et al. compared amorphous gehlenite-based Eu®*-
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doped phosphor materials with polycrystalline phosphors of the same composition [10]. It
was determined that amorphous phosphor materials contain much more homogeneously
distributed dopants (or activators), because they have no grain boundaries to accumulate the
dopants.

Currently, most inorganic phosphors contain a significant amount of RE elements.
However, the use of RE elements recently threatens the production of inorganic phosphors,
due to a sharp increase in their prices, market scarcity and limited raw material resources. The
use of RE is also expensive due to the conditions of production (high temperature, high
pressure or reducing condition) [9].

3d transition metal ions (Ni**, Co®*, Cr*"), due to broad photoemission bands in the
NIR, have significant and continuous attention for potential applications in tunable lasers,
broadband optical amplifiers and optical communications. Nickel takes the divalent state in
almost all the hosts, as the divalent nickel is extremely stable [11]. Nickel imparts to oxide
glasses probably the widest range of coloration (green, yellow, brown, purple and blue). Ni*
may be present in an inorganic matrix in three different coordination states: tetrahedral
(fourfold, "Ni?"), trigonal (fivefold, YNi?*) and octahedral (sixfold, Y'Ni?*): the modification
of the glass colour is related to these three kinds of coordination. NIR luminescence is
typically observed in oxide matrices only when a specific coordination is provided, e.g.
octahedral for Ni** [12].

In recent years various materials (glasses, transparent glass-ceramics, ceramics and
crystals) were considered for Ni?* doping. The change of Ni** coordination was found in the
case of Li,O-Al,03-Si0,, MgO-Al,03-SiO, ZnO-Al,05-SiO glasses doped with TiO, and NiO
with the increase of the heat-treatment temperature [13]. In parent glasses five-fold
coordinated Ni?* sites are present, which are the most reactive species upon liquid phase
separation and crystallization. During heat-treatment VNi®* sites disappear and new distorted
VINi#* are formed within aluminotitanate, Mg (or Zn) aluminotitanate and Mg (or Zn)
aluminate amorphous regions. Botao et al. measured broadband near-infrared emission
centred at 1220 nm for Ni**-doped silicate glass ceramics, with the following composition:
MgO-A|203-G8.203-SiOZ-TiOQ [14]

In this work, we investigated the luminescence and magnetic properties of Ni-doped
gehlenite glass microspheres, which have been prepared by solid state reaction followed by
flame synthesis, and of their polycrystalline analogues.

EXPERIMENTAL

Powder precursors were prepared by solid state reaction, from high-purity SiO, (p.a.,
Polske odczynniki chemiczne, Gliwice), Al,O3 (p.a., Centralchem, Bratislava), NiO (99.9 %,
STREM Chemicals, USA) and CaCOg; (p.a., Centralchem, Bratislava). The compositions of
prepared systems are summarised 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. The synthesized precursors powders were then crushed, and sieved through a
40 um polyethylene sieve. Flame synthesis was used to prepare glass microspheres from
powder precursors. The powders were fed into methane-oxygen flame. The molten particles
were quenched by spraying them with distilled water, separated, dried and calcined at 650 °C
in air for 4 hours.
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To study the influence of crystallinity on magnetic and luminescence properties of
prepared glass microspheres and crystallized samples an isothermal crystallization
experiments at 1000 °C for 10 h under ambient atmosphere were performed.

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 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. Diameter size
distribution of glass microspheres was determined with the use of Mastersizer 2000
instrument (Malvern Instruments).

Phase composition of glass microspheres and of their polycrystalline analogues were
studied by X-ray diffraction (Pananalytical Empyrean, CuKo radiation, at ambient
temperature in the 20 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.

Magnetic properties were measured by the Quantum Design MPMS XL-7AC SQUID
magnetometer. The DC mass magnetization M(H) was measured at 300 K and 2K.

The photoluminescence spectra were recorded by Fluorolog FL3-21 spectrometer
(Horiba Jobin Yvon) using Xe (450W) arc lamp as an excitation source.

Table 1: Composition of prepared glass microspheres

Sample Theoretical composition (mol. %)
CaO Al,O3 SiO; NiO
GNi0.5 49.76 24.87 24.87 0.5
GNil.0 49.50 24.75 24.75 1.0
GNi3.0 48.50 24.25 24.25 3.0

RESULTS

Optical micrographs of Ni-doped gehlenite microspheres are shown in Fig. 1.
Polydisperse systems have been prepared, with spherical particles transparent in the visible
region of the spectrum. A detailed examination of the morphology of the prepared systems
was performed by scanning electron microscopy (Fig. 2).

The amorphous character of the prepared glass microspheres was indicated by
examining polished cross-sections that contained no morphological features suggesting the
presence of crystalline phases.
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Figure 2: The results of SEM examination of a polished cross sections of (a) GNi0.5; (b) GN1.0; (c)
GNi3.0 microspheres.

The particle size distribution analysis (Fig. 3) has shown relatively broad particle size
distribution for each sample. The mean particle diameter (dso) was the highest for the GNi0.5
sample and the lowest for the GNi1.0 sample (Table 2). The di and dgo values were obtained
from the cumulative diameter distribution curve (the d, percentile indicates that n % of the
particles have a size smaller than shown value). The width of the particle size distribution was
the largest for GNi0.5 samples.
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Figure 3: Particle size distribution of Ni doped gehlenite microspheres.
Table 2: Particle diameter for Ni doped gehlenite glass microspheres.
Sample dio / pm dso/ pm dgo / pm dgo-d10 / pm
GNi0.5 8 21 64 56
GNil.0 5 12 26 21
GNi3.0 6 14 29 23

The phase composition of the prepared Ni doped glass microspheres was studied by X-
ray diffraction analysis. The absence of peaks indicating crystalline phases and presence of
broad amorphous shoulder (in the range 26 24 ° - 36 °) in the XRD diffraction patterns of the
prepared microspheres confirmed that the microspheres were X-ray amorphous and the
content of any crystalline phase was below the detection limit of X-ray diffraction (Fig. 4).

The XRD patterns of crystallized microspheres (Fig. 5) revealed polycrystalline nature
of samples with the presence of gehlenite as the only crystalline phase present (01-074-1607
COD) in case of all samples.
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Figure 4: XRD patterns of Ni doped gehlenite glassy particles after flame synthesis.

DY ¢ Gehlenite (01-074-1607 COD)

‘0 T ’.’0. o o 0t B 1GN|30
5
s
oy ‘
£ I sssho__GNi1.0
E

A ~__GNi0.5

20 40 60 80
26(°)

Figure 5: XRD patterns of crystallized Ni doped gehlenite microspheres (1000 °C/10 h).

The PL emission properties of prepared Ni doped glasses and their polycrystalline
analogues (glass crystallized at 1000 °C for 10 h) were studied in NIR spectral range. The
excitation spectra of the prepared microspheres were monitored at emission wavelengths of
997 nm and 1020 nm. The excitation spectra comprise two individual bands, which are
located at about 330 nm and 678 nm, and a shoulder at about 450 nm (Fig. 6a). These
excitation bands are assigned to spin-allowed *T,(°P) = *A.(’F), *T»(*D) — *A,(F) and spin-
forbidden *T:(*F) — A,(F) transitions, respectively, in V'Ni**. In case of Ni doped glass
microspheres no NIR luminescence was detected (Fig. 6b).
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In case of crystallized samples, the excitation spectra (Amon =1182 nm) show broad
absorption bands with maxima at approximately 335 nm and 590 nm. These excitation bands
are assigned to spin-allowed *T:(P) — *A,(F) and *T»(*D) = *A.(’F) in VINi** transitions
(Fig. 6¢). The absorption band centred at about 335 nm is slightly shifted as the concentration
of Ni?* ions increases (from 331 to 337 nm). The most intense excitation band
CT1CP) = *Ax(°F)) was initially used for recording the NIR emission spectra. Then an
emission band was detected with amaximum at 1180 nm. The emission intensity is
significantly influenced by the concentration of Ni*": with increasing concentration the
intensity decreases, probably due to concentration quenching (Fig. 6d). Similar results are
published in Gao et al. [12], who prepared glasses with the composition (mol. %) of 30TiO,-
30Ba0-30Si0,-10Al,03-xNi (x = 0; 0.05; 0.1; 0.2; 0.4 and 0.8) by conventional melting.
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Figure 6: The photoluminescence excitation - PLE (a,c) and emission — PL spectra (b,d) of Ni** doped
samples; (a, ¢) gehlenite glass microspheres; (b, d) crystallized microspheres
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Figure 7: M(H) dependences of Ni-doped gehlenite glass microspheres measured at the temperature
of 300 K (a) and 2 K (b).

Magnetization vs. applied field dependence (M(H) curve) measured at 300 K (Fig. 7a)
shows for the undoped GNi0.0 and doped GNil.0 gehlenite glass microspheres prevailing
diamagnetic state, with small ferromagnetic contribution visible in the low field part of the
curve. The influence of the diamagnetic component is significantly lower for the GNi0.5 and
GNi3.0 samples. The magnetization significantly increased, when the temperature changed to
2 K. The M(H) curve for 2 K clearly shows paramagnetic state for all the samples (Fig. 7b).
There is slight curvature and hysteresis for the GNIi0.5, which could be the sign of the
ferromagnetic ordering in this sample.
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Figure 8: M(H) dependences of Ni-doped gehlenite crystallized microspheres measured at the
temperature of 300 K (a, b, ¢) and 2 K (d).
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The effect of crystallization on the magnetic properties is shown in Fig. 8.
Magnetization of crystalline GNi1.0 sample is 10 times higher than magnetization of all other
samples. The effect of the diamagnetic component is present in the case of undoped (GNi0.0)
and doped GNi0.5 (Fig. 8b), GNi3.0 (Fig. 8c) crystalline samples, with ferromagnetic
contribution visible in the low field part of the curve. In case of GNil.0 sample, there is a
significant influence of paramagnetic component in the high field part of the curve. In case of
crystallized samples, as well as for amorphous samples, the influence of the paramagnetic
component of magnetization is dominant at 2 K. Diamagnetism of the samples originates
probably from the gehlenite host matrix, while the paramagnetism and the weak
ferromagnetism originate from Ni doping.

CONCLUSIONS

Three Ni-doped gehlenite precursor powders with different concentration of Ni®* ions
(0.5, 1, 3 mol. %) were prepared by a solid-state reaction from powder raw materials. X-ray
amorphous glass microspheres, with diameters up to 100 um and transparent in visible light,
were then prepared from the precursor powders by flame synthesis.

The PL emission properties of prepared glasses and of their polycrystalline analogues
(glass crystallized at 1000 °C for 10 h) were studied in NIR spectral range. For glass
microspheres, no NIR luminescence was observed due to predominance of nonradiative
relaxation. Crystalline analogues an emission band was detected with a maximum at 1180 nm.
The emission intensity is significantly influenced by the concentration of Ni?".

The Ni doped glass microspheres and their crystallized analogues exhibited complex
magnetic properties, which depend on temperature and the magnetic field. Almost every
sample showed a relatively strong diamagnetic contribution at the temperature of 300 K.
At 2 K the influence of the paramagnetic component of magnetization was dominant.
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PRiIPRAVA NANOVLAKIEN Al,0; A ICH POVRCHOVA UPRAVA PLAZMOU

PREPARATION OF Al,O; NANOFIBRES AND THEIR SURFACE PLASMA
TREATMENT

G. Zrubcova!, D. Pavlinak®

1Department of Physical Electronic, Masaryk University, Kotlarska 2, 611 37 Brno, Czech
Republic

ABSTRACT

In this work, electrospinning method was used for preparation of ceramic nanofibres
from PVA/AI(NO3)3-9H,0 precursor solution. Six solutions with different concentration of
PVA/AI(NO3)3-9H,0 were prepared and nanofibres from each solution were spun. Precursor
nanofibres were treated in DCSBD plasma (diffuse coplanar surface barrier discharge) for 10
minutes. Later were fibres thermally treated in furnance till 100/250/1000 °C. Calcinated
nanofibres were studied by FTIR analysis, scanning electron microscopy and
thermogravimetry.

Keywords: electrospinning, alumina, nanofibres, plasma

INTRODUCTION

The Al,O3 inorganic fibres are widely employed as engineering material used in various
application mainly due to high ratio of the surface area to the volume and high desirable
porosity. Al,O3 nanofibres play an important role as a promising material for a filtration [1],
bio-template [2] and catalyst support in high temperature reactions [3]. Nanomaterials in the
fibrous form have low basis weight, high permeability and small pore size that make them
appropriate for the wide range of filtration application for example reducing NOx and CO
emission [4]. However, more often are Al,O3 nanofibres used in high-temperature composites
with elastic modulus, thermal and chemical stability as a streighteners [5].

Nowadays, plasma treatment is widely used as an effective tool for physical and
chemical modifications of polymer surface, leaving the bulk material unchanged [6-8]. It is
afact that plasma treatment leads to degradation of polymeric chains, chemical bond
cleavage, creations of free radicals and release of gaseous degradation products due to
irradiation by highly energetic photons (UV, soft X-ray) and substrate bombardment with
electrons, ions excited species and radicals. Subsequent chemical reactions of transient, highly
reactive species can result into formation of double bonds, large cross-linked and oxidized
structures [9].

A needle-free technique was used for preparation nanofibres in this work. Nanofibres
were prepared in Nanospider™ NS LAB 500 (Elmarco, Czech Republic), which provides
high voltage electrospinning process, spun from free liquid surface
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EXPERIMENTAL

Six different polymeric solutions were prepared for spinning. Each solution had
different weight concentration of PVA/AI(NO3)3-9H,0 respectively (see table 1).

Table 1: Sample labelling and composition

Sample labelling PVA [wt%]  AI(NO3);'9H,0 [wt%]  Voltage

[kV]
16 PVA, 20 ml 16% 0 45
14 PVA, 23 ml 14% 0 65
16 PVA;s 20 ml 16% 15 60
14 PVA;5 23 ml 14% 15 55
16 PVAy 20 ml 16% 20 60
14 PVAy 23 ml 14% 20 56

Precursor solutions were mixed at 80°C over the night by magnetic stirrer till complete
homogenization. Applied voltage varied according to concentrations of solution from 45-
60 kV. Distance between electrodes was fixed to 140 mm. Spinning was performed at
ambient air, temperature and humidity between 40-60 % RH. Plasma process was held in
experimental reactor equipped by a non-isothermal source of plasma (DCSBD electrode).
Experiments were done with input power 400 W to electrode at air with flow of gas 5
mL/min. Samples were treated by plasma for 10 minutes before calcination. The calcination
process was studied in 100, 250 and 1000 °C temperature steps. The final alumina fibres were
obtained by calcination (fig. 1B) in furnace at 1000 °C with the heating rate 9 °C/min.

Figure 1: Nanofibres after calcination process till 1000 °C A) without plasma treatment B) with
plasma treatment
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RESULTS

Non-treated and plasma-treated samples were analysed and compared before and after
the calcination process. Due to the plasma etching originally round fibres gradually flattened
resulting in increase of their diameter. This phenomenon was explained as a “baking or
melting” of nanofibres during plasma process. In case of nanofibres containing aluminium
nitrate nonahydrate it was possible, that the water bonded in crystalline structure was released
and diluted with PVA like it’s solvent. This could be a key step in the formation a membrane-
like structure. Plasma had also a low impact on alumina fibres composition where an increase
of oxygen-bonded chemical groups was observed (confirmed by EDX and ATR-FTIR
analysis). Furthermore, plasma has a significant effect on the calcination process.
Thermogravimetric analysis showed acceleration of calcination in case of plasma treated
samples. This effect is not yet fully explained, however, it is assumed that it is caused by
reactive groups (radicals, metastable groups) generated by plasma and trapped in the fibre
structure. This phenomenon then results in a significant decrease in the temperature required
for calcination. Material analysis showed that calcination process up to 1000 °C could not
remove all of polymer content. Some carbon (apparently in the graphitic form) remained
trapped inside the material.

CONCLUSIONS

In this work were prepared ceramic Al,O3 nanofibres using electrospinning method and
thermal calcination. Water containing precursor results in formation of alumina nanofibers
with membrane-like structure. It was found that, plasma treatment had a significant impact on
final structure of material, final composition of nanofibres and it also accelerated the
calcination process. Plasma treatment can be considered as a novel method for preparation of
ceramic materials.
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ELEKTROLYTICKY NANASANE KOMPOZITNE KovoyE VRSTVY SPEVNENE
PLAZMOVO AKTIVOVANYMI KERAMICKYMI PRASKAMI Al,0; A WC

ELECTRODEPOSITED METAL MATRIX COMPOSITE LAYERS REINFORCED
BY PLASMA ACTIVATED Al,0; AND WC CERAMIC POWDERS
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ABSTRACT

Plasma activated tungsten carbide and alumina ceramic powders were evaluated for
their impact on electrochemical deposition of Cu and Ni metal matrix composite layers on
steel substrate. Plasma activation was done by coplanar dielectric barrier discharge, operating
in air at atmospheric pressure. In all experiments surface microstructure involving plasma
activated powders was altered. More importantly, plasma treatment provided a statistically
significant change in hardness of deposited layers. The effect was most pronounced for Cu
metal matrix.

Keywords: electrodepositon; MMC layers; DBD plasma

INTRODUCTION

Electrochemical deposition can be used to fabricate metal layers with fine particles
purposely incorporated into the metal matrix. The terms of composite plating, inclusion
plating or dispersion coating are commonly used to name this process [1]. The coating itself is
often referred to as metal matrix composite (MMC) layer. Polymer particles in metal matrix
are used to achieve the effect of self-lubrication, corrosion resistance, or specific structures,
e.g. for electrodes of modern batteries or ion membranes of fuel cells. Electrodepositions with
dispersed ceramic particles have already found significant technological applications, mostly
due to their improved abrasion resistance [2, 3] which may become an alternative to
carcinogenic Cr(V1)-based electrolytes required to electrodeposit hard chromium coatings [4].
However, technological production of metallic coatings with dispersed ultra-fine particles
suffers from problems associated with the aggregation of nanoparticles and their
morphological changes in the aquatic environment. This limits seriously the reproducibility
and long-term stability of MMC plating baths. The search for functional solutions to the
outlined problems requires verification of new, innovative procedures.

To our best knowledge, the use of plasma activated ceramic powders for the
electrodeposition of MMC has not been tested before. However, from the examples below one
can reasonably expect that plasma activated powders have a potential to deliver some
application-interesting results. Sub-micron Al,O3 powders activated in coplanar dielectric
barrier discharge (DBD) showed improved aqueous suspension stability by a factor of 1.5 [5].
Multi-walled carbon nanotubes activated in an oxidizing atmosphere showed a zeta potential
shift comparable to that achieved by standard chemical functionalization, i.e. 2 hours
functionalization in 65% HNO3 solution at 80°C vs. 20 sec with plasma activation [6]. Our
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study of electrophoretic deposition (EPD) of sub-micron Al,O; powders dispersed in
isopropanol revealed complete reversal of surface charge on plasma activated particles [7]. In
addition, obtained internal microstructure of the deposit and its surface morphology improved
dramatically.

In the presented contribution we shall report on our first results indicating that the use of
plasma activated ceramic powders of Al,O; and WC can have a significant effect on final
structure of deposited Ni and Cu layers, and can affect positively the MMC resulting
hardness.

EXPERIMENTAL

Plasma activation was performed by Diffuse Surface Dielectric Barrier Discharge
(DCSBD) plasma generator [7]. Activation was done at atmospheric pressure air with
following set of operational parameters: input power 500 W, discharge excitation frequency
30 kHz, treatment time for single powder batch 30 s, approx. weight of single batch of raw
material 0.25 g. Al,O3; powders (TM-DAR, Taimei Chemicals Japan, specific surface area
13.7 m?/g, mean particle size 110 nm) and WC (Nanografi Nanotechnology Co. Ltd., Turkey,
99.99%, 50 nm) were used for the treatment. Electrodepositions were done on steel
(34CrMo4) coupons of 60x20x5 mm.

All steel coupons samples were first electrolytically degreased in ENPREP 1012
following the manufacturer instructions. Then pure Ni sub-layer from NiCl, electrolyte
(t=15 min; j=5 A/dm?) was electrodeposited on all steel coupons. MMC coatings with Cu and
Ni metal matrix were investigated on these pre-treated substrates. Ni plating was made from
the Watts bath (t=30 min; j=5 A/dm? T~59-64°C); Cu plating from CuSO, electrolyte (t=30
min; j=3 A/dm?; ambient temperature). Exact composition of both plating solutions was
proprietary. Tested Al,O3 or WC powders of 10 g/l were added into the given plating solution
15 min before the actual deposition and dispersed by ultrasonic cleaner. The MMC plating
conditions were identical to those of reference pure metal plating specified above. After the
deposition, samples were rinsed by deionized water and left to dry at ambient air conditions.
Eight sets of distinct deposit compositions were prepared by mutual combination of [Ni; Cu
plating matrix] x [Al,Os. WC powders; no powders] x [untreated; plasma treated powders].
Scanning electron microscope TESCAN Mira 11l equipped with EDX was used to observe
microstructure and elemental chemical composition of prepared samples. The thickness of
deposited layer was not determined. Hardness measurement were done by Hysitron T1950
(Bruker) dual head nanoindentor equipped with Berkovich diamond tip. The tip was
calibrated immediately before the hardness measurement using certificated fused silica
substrate. The High-Load (maximum load of 2.5 N) measuring head was used. The quasi-
static loading function with 20 partial-unloading segments mode was applied in the load range
from 5 to 500 mN. The measurement was done by 16 indents and the final value of hardness
was determined by statistical data processing.

RESULTS

No apparent improvement in dispersion stability had been observed for any tested
combinations of plasma activated powders and/or metal plating bath. Also, there was no
change in particle deposition polarity present like in [7]. A control experiment with EPD
deposition of plasma activated Al,O3 powders in pure water (i.e. not isopropanol like in [7])
revealed, that the presence of aqueous medium removed the reverse polarity deposition effect
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too. Nevertheless, SEM images of all deposited samples demonstrated some noticeable
differences in obtained morphology. Fig.1 shows some representative images illustrating the
difference for the Cu + WC system.

SEM HV: 16.0 kV WD: 8.00 mm
View field: 554 pm Det: SE
SEM MAG: 500 x  Date(midly): 04/26/19

SEM HV: 16.0 kV WD: 9.00 mm | R/ N| SEM HV: 16.0 kV WD: 9.00 mm

View field: 554 pm Det: SE 100 pm View field: 554 pm Det: SE
SEM MAG: 500 X Date(m/diy): 04/26/19 Oepariment o Physica Eeckrics, CEFLWT SEM MAG: 500 X Date(midiy): 04/26/19

(a) (b)

Figure 1: SEM images for Cu+WC system: (a) Cu layer only; (b) Cu + WC; (c) Cu + plasma activated
WC.

Actual impact of these structural changes on hardness and reduced elastic modulus is
summarized in Table 1.

Table 1. Hardness and reduced elastic modulus for metal layers doped with ceramics components

H [GPa] E, [GPa] H [GPa] E, [GPa]

Ni 6+1 90+ 10 Cu 1.8+0.3 80£5

WE Ni + WC (ref) 0.25+0.05 15+5 Cu + WC (ref) 1.5+0.5 50+5
Ni + WC (plasma) 3+1 40+10 Cu + WC (plasma) 3.0+0.7 125+15

ALO, Ni + Al,Oj5 (ref) 11+1 250+ 10 Cu + Al,O3 (ref) 1.5+1 80+ 10
Ni + Al,O; (plasma) 3+1 100+ 10 Cu + Al,O3 (plasma) 2.6+0.5 140+ 10

For nickel MMC we found that only Al,O3 particles led to improved elastic modulus in
comparison to pure Ni layer. MMC layers prepared from suspension with WC component
exhibited a substantial decline in both hardness and elastic modulus. For both types of
particles plasma activation had a noticeable impact, in both positive and/or negative way.
Plasma activated WC particles provided layers possessing higher hardness, although not as
high as the reference Ni layer. Plasma activated Al,O3; showed negative impact on final
hardness.

For copper MMC, plasma activation had a pronounced positive effect for both WC and
Al,O3 powders. Direct addition of non-modified reinforcing particles led to the softer
deposited layer in comparison with the pure Cu layer. With plasma activation the obtained
hardness was approx. 50% higher than the Cu reference. The reason behind this positive
effect is unclear yet, and requires further more detailed study.
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CONCLUSIONS

Our pilot set of experiments with electrochemical preparation of plasma assisted metal
matrix composite (PAMMC) layers provides a strongly supportive evidence, that further
investigation of PAMMC may lead to results of technological significance. The study of
actual mechanisms behind the observed improvement would require better control on actual
composition of all chemical components. One of the surprising results is that Al,O3 particle
addition performed better than more common used WC. However, it should be noted that
actual deposition process has been realized without any optimization of working conditions,
since the work was primary focused on evaluating the impact role of plasma activation only.
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