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SiC-GRAPHENE COMPOSITES WITH HIGH ELECTRICAL AND THERMAL
CONDUCTIVITY

O.Hanzel, Z. 'lyaemKki®y P. Gajgal 2k

YInstitute of Inorganic Chemistry, Slovak Academy of Sciefcésb r avska cesta 9,
Bratislava, Slovak Republic
? Functional Ceramics Laboratory, Department of Materials Science and Engineering,
University of Seoul, Seoul 02504, Republic of Korea

ABSTRACT
Dense silicon carbide/graphene nanoplatelets (GNPs)sdicdn carbide/graphene oxide
(GO) with yttrium oxide and scandium oxide as sintering additives were prepared by rapid hot
pressing (RHP). Sintering of composites was

30 min under uniaxial pressure of 50 MPdter sintering samples were annealed in gas

pressure sintering (GPS) furnace at 1800AC

atmosphereThe aim of the present contribution was to investigate the influence of the GNPs
and GO additions, orientatis of the graphene layers and effect of annealing on electrical and
thermal properties of such prepared composigdsctrical conductivity as well as thermal
diffusivity measured in parallel direction to graphene layers were significantly increased after
addition of graphene and after pssgttering annealing of samples.

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

INTRODUCTION

Silicon carbide (SiC) is an important structural material due to its exceltantmal
conductivity, wear resistance, oxidation resistance, and -teigperature mechanical
properties [17]. Tailoring of electrical and thermal conductivity of structural ceramics is
important for many applications, for example, static charge dissipatievices,
manufacturing components by eleetfischarge machining, heat exchangers and electronic
substratesFrom this point of view incorporation of graphene into ceramic matrix is very
promising due to its extraordinary electrical and thermal condtyc{B-11]. Polycrystalline

SiC ceramics exhibits wide range of thermal conductivity values from 30 W/m.K to 270
W/m.K. It depends on many factors like specific chemistry of sintering additives,
microstructure and pos$teat treatment conditions. For exae hotpressed SiC sintered with
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BeO yielded a thermal conductivity of 270 W/m.K [12]. A SiC ceramic sintered wiBsAl

Y,03 had aconductivity of 5590 W/m.K [13,14]. There are several strategies for
improvement of thermal conductivity of SiC cerami¢k) decrease in lattice oxygen from

SiC grains by using 03 and SgOs3 as asintering additives, (2) the use of sintering additives
comprising cations insoluble in SiC such as the replacement of the Al compound by sintering
additives with no or low soluliy in SiC, (3) adecrease in grain boundary segregation, which
induces grain boundary scattering [15], (4) annealing of sintered sample in order to increase
grain size and also to anneal defects in structure of graphene incorporated in ceramic matrix.
The aim of the present contribution was to investigate the influence of the GNPs and GO
additions, orientations of the graphene layers and effect of annealfngaiional properties
(electrical conductivity and thermal diffusivitgf such prepared composites.

EXPERIMENTAL

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

with different amount of graphemenoplatelets from 1 to 10 wt. % or 1 wt. % of graphene

oxide were prepared. Firstly, the appropriate amounts of GNPs/GO were dispersed in distilled
water by intense ultrasonication (Sonopuls HD 3200, 20 kHz, Bandelin electronic GmbH,
Germany) through attinium probei( 13 mm) for a duration of 60 min with a sonication

power of 80 W. After that, silicon carbide powdeith 1 vol.% Y,O3i S¢O3; additives were

added into the suspensions and homogenized on magnetic stirrer for 3 h. Every hour
suspension was ultrasonicated for 5 min. The prepared suspensions were then immediately
sprayed into a liquid nitrogen in order to prevent separation ofphages and water was
removed from the frozen powders by a freeze dryer fod@4. Finally, the resultant
composite powders were dried at 80-si@v€lnover ni
case of reference powdavithout any addition of graphenall components were ball milled

together in isopropanol with SiC balls for 24 h. Isopropanol was removed from suspension by
vacuum rotary evaporator. Resulting referenc
sieved through 7 1osterandmefeence mowders wene.placEdbimypaphite

die and surrounded by graphite paper (foil) in order to prevent direct contact between powder
compact and graphite die and sintered in rapid hot press (DSP 507, Dr. Fritsch GmbH.,
Ger many) at holifgaidedot 30 wnintuhiaxial pressure 50 MPa under nitrogen

at mosphere and with heating rates 100AC/ min
made in order to get materials for testing of electrical and thermal conductivity and studying
influence & graphene layers orientations and effect of annealing on properties of such
prepared materials. Final dimensions of prepared samples were 20 mm in diameter and
thickness approximately-8 mm and approximately 10 mm in case of thick samples.

After sinterirg some samples were annealedgas pressure sintering (GPS) furnace at
1800AC for 6 h wunder 30 MPa [Dehsitigs ofepsegated e i n
composites were measured by Archimedes method using mercury as the immersion medium.
Thermal difusivity measurements were done using Laser flash analyser Linseis LFA 1000 in
direction parallel and perpendicular to pressing axis and also before and after annealing. To
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evaluate thermal diffusivity sample 10 x 10 mm and thickness approximateyn2mwere

cut and plane parallel grinded. Data were averaged for each measuring temperature over at
least three measurements.

Electrical conductivity was measured by four point probe methitiier by mechanical
contacts or with indium solder contagtdiredion parallel and perpendicular to pressing axis

and also before and after annealing.

RESULTS

Relative density of prepared composites slightly decrease with increasing content of
graphene. Howeveralmost fully dense composites were prepared by RHP even at high
loading of graphene, in case of sample with 10 wt. % relative density was around 97 %.
Electrical conductivity was investigated aBiaction of amount of graphene, its orientation in
SiIC matix and effect of annealing. With increasing amount of graphene electrical
conductivity increases in both measuring directions. Electrical conductivity measured in
direction parallel t@raphene layers was higher than in perpendicular direction due to the
preferential orientation of graphene in composites. Arrangement of graphene layers in parallel
direction creates more conductive paths and also intrinsic anisotropy of electrical conductivity
of graphene itselfesulted inhigher values of electrical conclivity of composites than in
perpendicular directionThe highest value 12496 S/m was obtained in parallel direction for
sample with 10 wt. % of GNPs after annealiRgstsintering annealing has no significant
influence on electrical conductivity of salag.
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Fig. 1. Electrical conductivity of Sigraphene composites in parallel direction to graphene
layersbefore and after annealing

Thermal diffusivity of SiGgraphene composites was investigated fametion of amount of
graphene, its orientation matrixandeffect ofannealing After addition of graphene thermal
diffusivity measured in direction perpendicular to graphene layers dedngase 334 mnf/s
(for sample with 10 wt. % of GNPs without annealinghere are several reasons for this
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behaviour like higher porosity (around 3 %), preferential orientation of graphemere
boundaries between matrix and graphene in this measurement direction, smaller giain size
higher amount of graphene (10 wt. %) effectively hinders grain growth euengd
annealingThe resulting decrease in thermal diffusivity of §@phene samples measured in
perpendicular direction to graphene layers indicates that phomes, phonowlefects and
phononbondaries scattering as well as intrinsic thermal condtictof graphene layers in
perpendicular direction play dominant role in influencing of thermadliffusivity of
compositesAfter addition of graphene thermal diffusivity measured in direction parallel to
graphene layers increassignificantly up to 1044 mn/s for sample with 5 wt. % of
graphene after annealinghis indicates that graphene layers in parallel direction could be
effectivein formation of conductive phonon channels, moreover annealing of sample leads to
increasing of grain size, decreasiaofj lattice oxygen, healing defects in graphene layers.
Beneficial influence of post sintering annealing in all cases was confirmed.
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Fig. 2. Comparison of thermal diffusivity at RT in parallel and perpendicular direction

CONCLUSION

SiC-Y,03-Sc,03 composites with addition of either GNPs or GO were succesfully prepared.
Almost fully dense composites were prepared by RHP even at high loading of GNPs (RD
were higher than 97 %JY.he thermal diffusivity of sample with 5 wt.% of GNPs in parallel
direction to graphene layers remarkablgiieased after annealing to 194nnf/s from value

72.3 mnt/s measured for the reference sample (without addition of graphene and annealing).
At the same time the electrical conductivity increased from 1400 S/m (formeéesample)

to 9402 S/m for composite with 5 Wb of GNPs
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Ce®* DOPED YTTRIA NANOPOWDERS FOR TRANSPARENT YTTRIA
CERAMICS PREPARED BY PRECIPITATION METHOD

Nibu Putenpurayil Govindatio ni ka MiRwuhgEd rk o@a8l,us ek

Centre for functional and surface functionalized glass, Alexander Dubcek University of
Trencin Studentsk&, 91150 TrencinSlovak Republic

ABSTRACT

In optics, transparency is the physical property of materials allowing light pass through it
without being scattered.ransparent polycrystalline ceramic (TPC) materlave attracted a
significant attention as candidates for various applications, including laser gain media in solid
state lasers, electaptical devices and scintillators. Yttrigr,03) is widely known as a
promising optical material owing to itsroad ange transparency, high melting temperature
(2430 °C), outstanding refractoriness and excellent chemical stability. Therefore,
polycrystalline transparent yttria ceramics have been exploited as perfect candidate to replace
single crystals in various appditons, including transparent windows, missile domes, bulb
envelopes and laser ho§lur results report on preparation®€* dopedY ;O3 nanopowders

by precipitation method using ammonium hydroxide as precipitation agent. The influence of
precipitation agnt and concentration of reactants, morphology, particle size and degree of
agglomeration was evaluated. Partly agglomerated powders with the primary siz&sof Y
nanoparticles ~200 nm with cubic crystal structure were prepared. The optimum
concentration © ammonia precipitation agent was found to be 0.5 M. Ultrasonic de
agglomeration of the powder was most efficient if the pH value was adjusted to 11 through
addition of NHOH water. Stabilisation of the suspension was reached by the addition of
Dolapix CE64 or Darvan CNThe green compact prepared by vacyumssure filtration
method has the relative density about 43 %.

Keywords: Y03, Transparenteramics, Zetaotential

INTRODUCTION

Transparent ceramics are attractive optical materialsoffext many advantages over single
crystals, including greater shape control, higher homogeneity of the dopant, and faster and
lower cost fabrication methods. The field of transparent ceramics starts in1960'swiththe
development of translucent A; for lighting applications [03], and slowly expanded into

other areas including transparent arm [4], lasers [5,6], and scintillatorBq date, various
transparent ceramics with high purity and high density have been produced, including simple
oxides such as §D, Y,O3; and ZnO, composite or complex oxides such as;ZYgDs,
Y3Als0;2, spinel (MgALO,4), and AIN, for applications in soligtate lasers, electaptical

12
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devices, Xray scintillators, and thermally conductive componernitd (3. Among transparent
ceramic materials yttria ceramics has been developed for applications in e.g. solid state lasers.
Y .03 transparent ceramics are also very efficient Migtble upconverters, and can be used

as materials for Xay scintillator applicatins [11]. Our results report on preparation of

Y 1.0a&.0003 nanopowders byprecipitation method using ammonium hydroxide as
precipitation agent. The concentration of reactants, morphology, particle size and degree of
agglomeration was evaluated.

EXPERIMENTAL PART

The aqueous nitrate solution of "Mvas prepared by dissolving yttria powders (99.99 %,) in
diluted nitric acid (HNQ) and deionized water under stirring and heating, then diluted into
0.1M with deionized water. The solution of €avasprepared by dissolving cerium nitrate
(99.99 %,) in deionized water then diluted into 0.1M with deionized water. The mixed metal
nitrate solution was dripped into a 0.5 M ammonium solution, under continuous rapid stirring,
ensuring there was sufficientlyigh excess of ammonia to eliminate any pH fluctuations
throughout the process. The mixed metal nitrate solution was added with the use of peristaltic
pump at 5.0 ml/min, completing the reaction in 24 h. The mixed solution turned to opaque
white slurry. Afer 12 h aging the slurry was vacuum filtered through filter paper and the
resulting white precipitate washed with distilled water. The washed precipitate was dried
overnight in air at 10. The dried precipitate was crushed and ground in an agate mortar
and pestle, and calcined in air foh3at 70°C ( heat i ng rate 10@0C/ mi n)
kHz) was then used to dgyglomerate the nanopowder, using calculated amounts@f Y
powder and ammonium solution to adjust the pH value of the suspension,singd u
Commercial dispersants Dolapix CE 64 (Zauba, Austria) or DarvarMahderbilt Minerals,
Germany. Ultrasonication was applied in order to-agglomerate the suspensioffter
sonication particle size, distribution and Zeta potatioal were determgadunction of pH

and sonication time using particle size analyser (Brookhaven 90PkZet&). Green
compacts were prepared by pressure filtration olittrasonically deagglomerated stabilized

yttria suspensianThe pressure filtration was performedspecial die with the diameter of 15

mm. The suspension (20 wt. % solid loading) was poured into the die and after closing the
mould, pressure 20 bar was applied through a hydraulic press. The water from the suspension
was drained through massive perfechimetal bottom with polymeric membrane (pore size
0.2 Om).

CHARACTERIZATION OF POWDERS

Crystallization temperatures of the gralcined powders were determined by differential
scanning calorimetry combined with and thermogravimetry (Netzsch STA 44Qper TG

/ DTA / DSC). Powder Xay diffraction (XRD) patterns were acquired using powdaaX
diffractometer (Panalytical Empyrean DY1098he Scherrer equation was used to the size of
coherently diffracting domains, which in ideal case can be fikhtas the primary size of
individual particles. The Scherrer equation can be written as:

13
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Particle size distributions and particle morphologies were determined through scanning
electron microscope (JEOL JSK600 F / EDS / WDS / EBSD)

RESULTS AND DISCUSSION

Thermal behaviour of yttria precipitate

Figurelpresents results of DTA and related TG analysis of prepared
[Y2(NO3)sle x Y (3D Wb#] precipitateFi r st br oad endothermic peal
to dehydration of free and physically absorbed molecular water. Similarly as it is in [12, 13]
dehydration of chemisorbed and combined water from Y§@HJU-Y(OH); represents the
endothermic peak at85AC. The dehydration of structur al
around 450AC whi cihat teisstemperature sveab éhdothermid paak can be
found [13, 14]. Because of HNQpresence during dissolving of yttria the basic yttrium
hydroxy-nitrate complex [¥(NOs)sk x Y (3D ¥#@] is formed. Decomposition of such a
compl exes takes place about 530 AC and this
the yttrium oxide crystéikation [12,15].Consequently, according to TG/ DTA decomposition

o f prepared yttria precursor is completed
temperature no exo nor endothermic effect can be detected.
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Fig.1. DTA/TGA data for the pcipitated hydroxide precursor

XRD analysis: determination of phase composition.

Figure 2. shows the XRD patterns ofO4 powder calcined at 78G. As shown in the figure,

the pure cubic ¥O3 phase was obtained with good crystallinity and the primary particle size
of approximately 50nm, as determined from the Scherer equation.
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Microstructure analysis

Figure3. shows the SEM micrograph of synthesisedOyY powder. The powder is
agglomerated with the primary particle size of approximately 55 nm, which is in good accord
with the Xray diffraction data.

60000

N
IN]
«

50000

40000 +

30000 -

Intencity(a.u)

20000 A

10000

04

20 30 40 50 60 70 80
2theta(Degreess)

Fig 2. XRD pattern of preparec@;powder cal cined at 700
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Fig 3. SEM micrograph of the preparedOé powder

Particle size distribution

Figure4.summarizes the changes in particle size of ytader with the sonication time.
Extension of the ultrasonication time results in significant reduction of both the mean size of
powder particles, and the widdf the particle size distribution, indicating-dgglomeration

of the yttria powder. The error bar on graph represents the particle size distribution at
different time interval. As can be seen particle size distribution narrows with the increasing of
the sonication time. The best results were achieved after 32 minutes sonication time.
However, the mean size of 200 nm clearly shows that the powder was-aggldenerated

down to primary particle size, and hard agglomerates with the diameter of about 208 nm
still present.

15
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Fig.5.The results of Zeta potential measurements of yttria suspengith different
dispersants

Zeta potential and stability of suspension

The zetgpotential of .03 as function of pH is indicated in Fig. 5. Two different dispersants
were used with the concentration of 2.0 wt. @olgpix CE 64 and Darvan QNAccocrding

to literature the stability of the particles occurs zeta potential more-8amV [16]. The
ammoniawater based XOs; suspension without dispersant shows zeta potential indicative
values up to almost30 mV. Yet, when the dispersant was used -petantial of the
suspension reaches a maximum of ~35 mV. Both of the dispersant shdar simhies of
zetapotential in tested pH area; howeveedimentation rate of yttria suspensiosing
Dolapix CE64 is lower when compared to Darvan {INM], therefore Dolapix CE64 was
selected for further experiments. Green compacts prepared by vgecessure filtration out

of yttria suspension stabilized with Dolapix CE64 reach relative density 43 %.
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CONCLUSION

Y 1.9L&.0003 nanopowder was synthesized via precipitation metliRadtly agglomerated
powders with the primary size of nanoparticles 55 nm and with cubic crystal structure were
prepared. Ultrasonication of yttria suspension-dgglomerated the particles to timean size

of 200 nm. Stabilization of the yttria suspensias reached in ammonia based water
suspension with the addition of Dolapix CE64 as a disperShatgreen compact prepared by
vacuumpressure filtration method has the relative density about 43 %.
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ABSTRACT

Er*/Yb*" codoped lanthanum zirconate ceramics have been prepared thsingolve

chemical synthesis. The reflections on the XRD patterns indicate on the formation of cubic
La,Zr,0; phase. Effects ofEr*/Yb®" ratio and temperature effect on -opnversion

lumines@nt properties of the ceramic materials prepared were studied. It was found that the

best upconversion efficiency was achieved for the materials sintered at temperatures above
1400AC. RGB <col our coordinates indi uapted tl
conversion changed in the range of green to yellow emission, fromn#%0wards 565m

with increasinger** content.

Keywords: zirconate ceramics, rare earths dopingcapversion, luminescence.

INTRODUCTION

Up-converted luminescence (UCL) is wktlown as anonlinear optical process involving the
absorption of several excitation photons, usually in the IR spectral neggoliing inresonant
nonradiative energy transfét]. The emissions followed by a single photon with a shorter
wavelength in the visible or ultraviolet spectral regiofsis behaviour is typical intrinsic
property of trivalent rarearth ions, such as erbium, thulium, holmium etc., that have a
complex structure of elecnic energy states and can produce visible green, red, blue etc.
emissions under Hexcitation P]. UCL in rareearth doped systems has great interests due of
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its broad applications for phosphpiode and visible lasers, display devises, solar asll,
labels of biomolecules etc. i[3]. Among different host matrix like single crystals,
nanoparticles, glass and glass cerami¢4d.18 up-converting materials based on crystalline
ceramics with pyrochlore/fluorite structure can be prospective matrix foriegffiaup
conversion.Among wide range of pyroclores, 1&,0; based materials are employed in a
variety of different applications thanks their interesting thermal and catalytic propefies [1
14]. However, according to best knowledge ancopversion lumingcence phosphors based
La,Zr,O; matrix have not been reported yétherefore thecurrent work isaimed on
developing of optically active zirconate ceramics with expectedcompositiors
(ErcYby)LaxZr.O; as perspectiveand efficientmateriab for diode lasers, display devices,
detectors and other photonic applications with excitation in the near infrared.region

EXPERIMENTAL

For the synthesis of lantanium zirconate ceramics the blemical procedure was used.

This involves gel formation sy Ln(NGOs)sl. X28 (Ln = La, Er, Yb) and zirconyl nitrate from
starting solutions. Prepared gel was dri ed,
into discs ofless thanl mm thickness. The discs were fired in an electric furnace using
heating ramp of i1DPOACAGIi wi ulp amnddloiOng t i me
erbium oxide concentration and the presence of ytterbium oxide, the samples have been
labelled (ExYbooLZ (x = 0.01; 0.02; 0.05; 0.10X-ray diffraction (XRD) measurements

were done usingTOE Thetalheta diffractometerequippedwi t h  Co KU r adi at i c
Diffraction angl es were set in the rThege fr
dersity of samples was measured by the Archimedes's method using distilled water abHiguid.
infraredto-visible luminescence was studied under 980 nm laser excitation (adjustable
DPSSL Laser MDEW 4W) and UMVVIS spectrometer (Ocean Optics USB4000. Tipe

conversion emission was collected by the WXIS spectrometer in reflection mode,
perpendicular to the sample and in angul ar d
The CIE chromaticity coordinates (X, y) values for studied samples were calcirated
correctedohoteluminescence emission spectra.

RESULTS

XRD patterns of Exp1Ybg o2 Ceramics obtained at 11i0D5 0 O AC are present or
observed that all diffraction peaks aregmodagreement with the formation of single phase

LaxZr,0;. With the increase of the temperature, the intensity of the peaks becomes stronger,
indicating a better crystallization that correlates well with density of ceramics (density of the
ceramics slightly increased with temperature in the range 05.4.§/cnt) andthe results of

Raman spectroscopy. Fig. 2 presents the XRD patterns,8bdmelZ ceramics obtained at

1400 AC/ 3h. AIlI di ffraction pea&®;, are simil a

19



Processingand-Prepeérties of Advanced-Ceramics-and=6lasses

222

400
222

511

i— 331
ip 531
) S
; 71
- 642
i» 800

1!111

L™

440

La,Zr,0,

622

{

i

1%‘

f 1M
1?—400
i-

531
& 444
1 71
1»642
i»800

662

0
(4]

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
20, ..° 20, ..°

Fig. 1. XRD patterns for Bp,Yyod Z Fig. 2. XRD patterns fot.Z (1); EforYtyodZ
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The UCL spectra of lanthanum zirconate ceramics prepared at various temperatures are
shown inFig. 3 for samples with different EfYb®" ratios. For all sampleshé emission in

the green region at 525 nm and 545 nm is related to’HhgY *lis, and *SzY 4lise
transition of Ef* ions respectively10, 15]

Red emission in the 65680 nm range is related to tffey,Y “l1s: transition of E¥* [10, 15]

With the increase of temperature, UCL intensity increase for the green region and for the red
region in the casEr,YboodZ. The heatreatment of ceramiasiduces structuring of the UCL
spectra, confirming the fact that*Erions enter the crystalline phasthe UCL intensity
ErYbooldZ ceramicso bt ai ne d wadintefratedl @verAh@ emission bands (green and
red) andisted in table 1. To evaluate theramics performance on colour UCL emission, CIE
chromaticity coordinates were evaluated (table 1).
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Table 1. Calculated G/R or R/G integrated intensity ratios and colour coordinates (CIE
1931)

Samples G/R ratio | R/G ratio | Colour coordinates (x, y),| ¥—
Ero.00Ybo.0dZ 2.983 0.335 (0.301, 0.685)
Ero.02Ybo.odZ 1.439 0.695 (0.324, 0.663)
Ero.05Ybo.0dZ 0.646 1.548 (0.360, 0.629)
Ero.1Ybo ol Z 0.464 2.157 (0.382, 0.608)

It can be observed thatd increase of the Ercontent in obtained ceramics results in the
proportional increase of red emission. However, for all samples green emission are
dominated.

CONCLUSION

Lantanium zirconate ceramics materials with varying'/Eb®" rations and wgonverting
properties was successfully produced using sohemical synthesis. The optimal ceramics
sintering conditiorfor bestluminescenceéntensities observediere achieved fol 4 0 (B C
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treatment XRD patterns indicate the formationof pure LayZr,O; phase.Simultaneous
presence of the green and rechission bands in the luminescence spectra makes the
lantanium zirconate structure attractagup-converting phosphor materials.
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PREPARATION AND STUDY OF MICROSTRUCTURE OF YTTRIA AND CERIA
STABILIZED TETRAGONAL ZIRCONIA POLYCRYSTALS FOR DENTAL
APPLICATIONS

A. Nowicka', H. F. EfMaghraby’, D. G a,IDuCGalksekv §

'FunGlass, Alexander Dublek University of Tr
Dpt. VILAiJoi n Gl ass Centre of the 11 C SAS, TnuUA
Trenl 2n, Slovakia
FunGl ass, A. Dubl ek University of Trenl|l 2n,
ABSTRACT

The overall aim of this workvas the preparation of two different zirconia cerannizgerial

stabilized in their tetragonal form by 3mol% of Yttria (3¥P) and 12mol% of Cerria
(12CeTZP), study the different sintering paramaters and their influence of the phase
transformation, deni and microstructure. 3YZP and 12C&ZP powders after freeze
granulation an freeze drying by 48h were subjected for unaxial pressing with pressure of
50MPa and then for Cold Isostaficessingwith pressure of 350MPa. Preparethterials

were sintered idour differe nt t emper at ur els4 508Y00D ATHihGhW&®© 0 A C,
dwell time 2h. After sintering the phase and microstrucamedysiswere carried oufTheaim

of the experiments is to select the best singe method in order to obtain thinest
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microstructureof prepared ¥TZP and CelZP ceramics and to evaluate their resistance for
Low Temperature Degradation (LTD) and corrosion tests in acetic environment.

Keywords: Y-TZP, CeTZP, microstructure, sintering

INTRODUCTION

The excellenmechanical properties of zircoAmased materials combined with their superior
aesthetics and biocompatibility characteristics have encouraged their application as
bioceramics, particularly in the dental field. Yttria stabilized zirconia ceramie$ZfY)
compared to other bio ceramics is characterized by its superior flexural strength and high
fracture toughness, thus becoming very interesting materials for dental applications. In
addition, it can be accurately processed to complex geometries usingCBRND
Technologies ordw pressurénjection moulding.However, this ceramic can undergo Low
Temperature Degradation (LTD) which refers to a spontaneous zirconia phase transformation
from the metastable tetragonal (t) phtséhe stable monoclinic (m) Jthatcan cause micro
cracking, loss of strength, roughness inceeasd the device destruction].[Eor this reason,
research focused on cestabilized zirconia (G&ZP) is gaining a lot of interest. Our latest
studies on two commercial -YZP dental ceramicand CeTZP ceramics prepared by
MATEIS laboratory of Insa Lyon have shown that-T&P is the most resistant for LTD.
However, in the case of-YZP we have subjected two materials with similar composition but
with different microstructure. MZP ceramics Wh the finest grairsize was much less
vul nerabl e for LTD. The presence of grain s
microstructure more sensitive to LTD. It is very necessary to find out the rules controlling the
grain size, phase content asidtered density. Low density, especially the presence of open
porosity, offers to water molecules an easy access to the bulk of the njajerial

The aim of this our studys to select the best simieg method in order to obtain thmest
microstructue of prepared 3YTZP and 12C&ZP ceramics. Our next step will be the
evaluation of their resistance for Low Temperature Degradation (LTD) and corrosion tests in
acidic environment.

EXPERIMENTAL

Powders using in this experimen8 mol% Yttriastabilized zirconia and 12 mol%
Cerriastabilized zirconiavere prepared using hydrothermal techniqlige precursors were
zirconium oxychl 09%%BDH Clhemical® Ctd, Emgiamt2 Ya)ium oxide

(Y203), 99.9%, Fluka AG; Cerium (Il) chl ori de hydrate (CeCl 3TE¢
Co. 3Y-TZP and 12CaZP powders after being freeze granulate and freeze dried were
pressed unaxialy (p=50 MPa) into disc compacts and then Cold Isostatic Pressed with
pressure of 350MPa, dwell time: 3murain time: 50s and the slow decompression. Such
preparednat eri al s were burning out in T1 = 400AC
were increased to T2= B800AC (heating rate:
experiments were performed &ur di f f er ent temperat urbe@ 1300C
1500AC i n air with 2 h soaking JEOLMSM76Bc anni r
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F/EDS/WDS/EBSD was performed to observe the microstructures of the sintered samples,
and the average grain size wasmeated from the SEM micrographs by the intercept method.
X-ray diffractionanalysis was carried out usixgray diffractometer, Panalytical Empyrean
DY1098 to measure the phase content. The phase content were evaluated by Highscore
HighScore Plus (v. 3.0.4with the COD crystallographic open database COD 2017.

RESULTS

The SEM micrographs of sintered choosed temperaturepolished and thermally etched

samples are shown below respectively3grTZP ceramics (fig 1.) anti2Ce-TZP ceramics

(fig 2.). Inthecaseof 3¥XT ZP ceramics the high dense micro
with the measured average grain sizes of 382 nmTZP cer ami ¢cs sisntered
characterized by firgrained microstructuréfig. 1 c). The grains are isometric in &

There is no visible porosity. However withe increasing of the sintering temperature to

1 5 0 Gh& Bigger grains with the average size of 487 nm were obtained.

X 10,000 1.00kV LABE GB_HIGH WD 5.

Fig 1. SEM micrographsmicrostructure of 8Y-TZP with different sintering temperatures:
a) 1450AC b) 1500AC

In 12CeTZP ceramics, the grain boundaries were clearly visibléhe highest sintering
temperature (fig 2. d). Howeveahe grainsize was not uniform and was higher than 1000nm.
X-ray diffraction analysis have shown that monoclinic phase occured only after polishing
treatment in 3YTZP ceramic, sinteredin TE4 50 AC.
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— " 1pm  JEOL 9/14/2018 " 1pm  FunGlass
X 10,000 15.0KkV SEI SEM WD 14.0mm 11:11:04 X ’ . 'V LABE GB_HIGH WD 6.3mm

ipm FunGlass 8/30/2018 — 1pm  JEOL 9/14/2018
X 10,000 1.00kvV SEI GB_HIGH WD 5.7mm 14:55:36 X 10,000 15.0KkV SEI SEM WD 13.6mm 11:36:56

Fig 2. SEM micrographsmicrostructure of a 12G&ZP with different sintering
temperatures: a) 1300AC b) 1400AC ¢)

CONCLUSIONS

In order to obtain thdéinest microstructureof prepared YTZP and CeTZP thesintaing in
145 0mAQ 1 foobothaterials were selected-TZP ceramics haveuchmore fine
grained microstructure than G&P. It is thus very difficult to obtain a firgrained, fully
dense CeZP. Chevalier etal [4] reported that standard O&P achieve more extensive
grain coarsening after sintering in comparison t®AP. The mobility of grain boundaries is
much higher in CeTZP than in ¥TZP. The experimental data will be expdos next
evaluatenig resisteefor Low Temperature Degradation (LTD) and corrosion tests in acetic
environment the YTZP for both material sintered with selected method.
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ABSTRACT

This paper is focused on study of the adhesion and the dynamic impact wear of the nanocompo:
nc-TiC/aC:H coatings preparetty hybrid PVBPECVD process. Two series of coatings with
different amount of carbon were deposited on the cemented tungsten carbide substrates by the
Magnetron Sputtering (DCMS) and the High Power Impulse Magnetron Sputtering (HiPIMS)
processes. Seriedf the DCMS and HiPIMS prepared coatings behaved differently. The HiPIMS
prepared coatings exhibited increase oh the adhesion with increasing carbon content. On the of
hand, dependence of the adhesion on the total carbon content of the DCMS preptingd coa
exhibited local maximum. Dynamic impact testing revealed different response of the DSMD an
HIPIMS prepared coatings on dynamic impact load. The adhesion and the impact wear behavic
depended on mechanical properties of the coatings such as adH/Bhratio and on the coatings
surface morphology.
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Keywords: dynamicimpact test, scratch test, titanium carbide, nanocomposite, HiPIMS

INTRODUCTION

Nanocomposite n@iC/a-C:H coatings consisting of nanocrystalline titanium carbide grains
embedded in amorphous hydrogenated carbon matrix. This type of coating was widely studied due
advantageous combination of physical, chemical and mechanical fesprch as high hardness,
and low wear [13]. The neTiC/a-C:H coatings are usually prepared using a hybrid FRHZVD
process of sputtering of titanium target in hydrocarbon containing plasma [4, 5]. In previous wor
was shown, that using high power inlggimagnetron sputtering (HiPIMS) is possible to prepare the
nc-TiC/a-C:H coatings with the same chemical composition as by direct current magnetron sputterir
(DCMS) but with different microstructure and thus with different mechanical properties (higher E
and higher E in the case of HiPIMS) [4, 6]. The chemical composition, microstructure anc
mechanical properties of the -iaC/a-C:H coatings are well described literature. However,
systematic analysis of the adhesion and the impact wear of {fhie&Cf&eC:H coatings has not yet
been reportedThe aim of this work is to systematically investigate the impact wear resistance an
the adhesion of these coatings. Two series of tiB@-C:H coatings with different carbon content
were prepared by both the D@vand HiPIMS. The scratch tests and the dynamic impact tests were
carried out on all of the coatings. Differences in the dependencies of the adhesion and the dynar
wear behaviour on the coatings mechanical properties, microstructure and surface mpnpleotog
discussed.

EXPERIMENTAL

Nanocomposite nrtiC/aC:H coatings were deposited by hybrid PNMMECVD process. Titanium
target was driven by H¢gttinger TruPl asma Bi
Melec SIPP 2000 generator in the HiPIM&se. The cemented tungsten carbide was used as a
substrate. Acetylene was used as a source of carbon; argon was used as a buffer gas. Due to I
deposition rates was used a longer deposition time in the HIPIMS mode. The @8 wfwas used

in the cas of DCMS depositions, in the HIPIMS case was the substrate left on the floating potentia
For detailed description of the deposition process sed@lf@]adhesion of the coating to the substrate
was analysed by scratch test. Scratch test was realizeckdtgh tester from Anton Paar. The tester
was equipped with a 200 Om Rockwell i ndent e
samples (rate of 15 N/min in the range from 1 N up to 51 N on a 4 mm path). Behaviour of th
coatings under dynamic pact load was investigated using impact tester developed at the ISI in
Brno. A ballshaped cemented tungsten carbide with diameter of 5 mm was used as an impe
indenter. Frequency of impact testing was set to 8 Hz; impact testing was catwethaan mpact

load of 600 N.The thickness of coatings was determined using a calotester. Tescan MIRA SEN
equipped with an EDX detector was used to determine the chemical composition. Fischerscope H]
depth sensing indenter with a Berkovich tip was used to nedsmndness and effective elastic
modulus. The indentation load of 40 mN was chosen in order to avoid the influence of the substra
Depth and radius of the impact craters were measured by profilometer Talystep and confoc
microscope Lext OLS 3100.
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RESULTS

A set of the n€TiC/a-C:H coatings with ~ 30 at. %~ 65 at. % of C was prepared by the DCMS
process. Another set of the-mcC/a-C:H coatings with ~ 25 at. %~ 70 at. % of C was prepared by
the HiPIMS process. Thickness of the DCMS prepared coatitagsin the range of 313 . 8 Om
whereas in the HiPIMS case the thickness of coatings, even though deposited for twice as long tir
was in the range of 242 . 8 Om. Scratch adhesion generall
coatings. The ndiC/a-C:H coatings prepared by DCMS exhibited different thickness than the
HiIPIMS prepared coatings. Therefore, dependencies of the adhesion will be discussed separately
the DCMS case and for the HIPIMS case.

29.5at. % C

Fig. 1. Comparison of the failure modestibé DCMS prepard coatings under a scratch load

The DCMS prepared coatings with ~ 30 at. % and ~ 50 at. % of C exhibited smooth surface, surfac
of coatings with higher amount of C were more rough, as can be seen in Fig. 1. Dependence of
critical load L¢ (the value of the scratch load when failure occurs) on the total carbon content in th.
DCMS case is shown on Fig. 2a. Critical load increased from ~ 6 N for the coating with ~ 30 at. % «
C up to maximal value of ~ 37 N for the coating with 49 at. f%& 0As the total carbon content
increased further, the critical load decreased to ~ 18 N.

50
a) *1poMs b) * THiPIMS

20 - +

10 1 § : 10 | +

0 T T T T
0 T T T T
20 30 40 50 60 70 20 30 40 50 50 70

C (at. %) C (at. %)

Lc (N)

20 4

Lc (N)

Fig. 2: Critical load Lc of the a) DCMS ant) HiPIMS prepared coatings

The HiPIMS prepared coating with the lowest amount of carbon (25.0 at. %) exhibited the highe:
surface roughness. All of the other HiPIMS prepared coatings exhibited smooth surfaces (see Fig.
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Evolution of dependence ot:lon the total carbon content coatings prepared by HiPIMS is shown
in Fig. 2b. HIPIMS coatings exhibited increase of tlhidrom ~ 10 N for the coating with ~ 25 at. %

of C up to ~ 40 N for the coating with ~ 68 at. % of carbon.

25.0at. % C

Te0 pm

§7.0at. % C

T80 pm

Fig. 3: Comparison of the failure modes of t

he Hl® prepard coatings under a scratch load

Volume of the impact craters was calculated using crater radius and average depth. Shape of
impact crater was approximated by a rotational parabqidTypical result of dynamic impact
analysis is a loadingurve, a dependence of the crater volume on the number of impact cycles
Loading curves of the DCMS and the HiPIMS prepared coatings with the same carbon content
49.0 at. % are compared in Fig. 4. In the DCMS case, the volumes of impact craters r@adelb§
000 impacts were lower than volumes of the impact craters in the HiIPIMS case. Then, after reachi
a critical number of impactscn(the highest number of impacts before coating fajlufe5 000,
volume of the DCMS prepared coating rapidly increas@dding curve of the HiPIMS prepared
coating exhibited highergibetween 5 000 and 20 000, accurate value of gheannot be clearly
seen from the loading curvie. some cases, determination gffrom loading curve is ambiguous.

0.0007

0.0008 -

impact crater volume (mm?3)

0.0001

0.0000

* DCMS (49.0 at. % C)
= HIPIMS (49.0 at. % C)

0.0005 4

0.0004 4

0.0003 -

0.0002 -

100 1000
number of impacts

10 000

100 000 1000 000

Fig. 4. Comparisorof loading curves of the DCMS (black) and HIPIMS (red) prepared
coatings. Both curves were prepared using the impact load of 600 N. Dot lmedded as a guides
for the eye
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Therefore, optical investigation of impact craters is often used for estimaftiopn Such impact
craters of the coatings with total carbon content of 49.0 at. % are shown in Fig. 5. In the DCMS ca
(Fig. 5a), the coating exhibited almost no impact crater after 1 impact cycle. After 1 000 cycles wz
the edge of the impact crater weisible. Finally, after 10 000 cycles an@®@ 000 cycles coating
exhibiteduncovered substrate on the crater bottom and sharp edges of the impact craters.

The HiPIMS prepared R€IC/a-C:H coating (Fig. 5b) also exhibited almost no impact crater after 1
impact cycle. The impact crater after 1 000 and 10 000 cycles exhibited less sharp edges. Uncove
substrate was observed on the bottom of the impact crater made by 100 000 cycles. From opti
investigation was value otrfor the HiPIMS prepared coatirgpecified as 10 00020 000.

100.000 Impacts

Fig. 5: Impact craters of the ATIC/a-C:H coating with 49.0 at. % of C ppared by a) DCMS
and b) HiPIMS

Impact resistances of the DCMS and the HiPIMS prepared coatings are compared in Figure 6.
general, impactesistance was higher for low number of impact cycles due to the low crater volume:
and low volume increase (see Fig. 4). As number of impact cycles increased, impact resistar
decreased. After exceeding,rcrater volume increased and impact resistaapédly decreased.
Both, the DCMS and the HiPIMS prepared coatings with the amount of carbon of ~ 30 at. % (Fic
6a) exhibited lower impact resistance than coatings with 49 at. % of C (Fig. 6b) and coatings with tt
highest amount of C (Fig. 6c). All of th&iPIMS prepared coatings exhibited better impact resistance
than the corresponding DCMS coating@$ie - for all coatings were set using methods of loading
curves, impact crater comparison and impact wear resistance dependencies. In cases, where valt
nc determined from stated methods were ambiguous, a final value was estimated as an average v
of nc. According to this approach, the of the HiIPIMS prepared coating with 49 at. % C was
estimated as 15 000 N 3 000.
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Fig. 6: Impact resistance of coatings prepared by the DCMS and the HiPIMS. Comparison of
the coatings with athe lowest, b) mediuand c) the highest amount of C

The - of all of the tested coatings is depicted in Fig. 7. Thefrthe DCMS and HiPIMS coatings
increased directly with total carbon content (Fig. 7a). Thefrthe DCMS and HiPIMS coatings also
increased with the H/Eatio (Fig. 7b). All of the DCMS prepared coatings exhibited lowethan
the corresponding HiPIMS prepared coatings, that they were even thinner.

3 25000 k)
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C (at. %) HIE

Fig. 7: Dependence ofrof the DCMS and the HiPIMS coatings on a) tatalbon content
and b) H/E rato

DISCUSSION

Valueof critical load Lc decreases with increasing surface roughness as well as with increasing valu
of coffitient of friction (CoF)[3]. In case of the DCMS prepared coatings, adhesion represented by
Lc increased with increasing total carbon content up to the valueb0fat. % and then decreased.
Thickness of all tested DCMS prepared coatings was approximately the same. The coatin@®with
at. % of C and- 65 at. % of C exhibited higher surface rbngss and CoF higher than coatings with
lower amount of C. Higher surface roughness was reason of the observed decrease of thilzarbon
DCMS coatings adhesion. The: lof the HIPIMS prepared coatings increased with total carbon
content. Thickness of atested coatings was similar. All of the coatings exhibited smooth surface
with low roughness. Moreover, coatings with smooth surfaces exhibited decrease of CoF with carb
content[1]. Thus it can be excepted that CoF of the HIPIMS prepared coatingsiglitiamount of

C was lower than CoF of the coatings with lower amount ofT@Berefore, smooth surface
morphology and associated low CoF were the reasons of the observedchajhtHe HiPIMS
prepared carbench coating. Coatings prepared by the HIPIMS bibd higher impact resistance
than the corresponding coatings prepared by the DCMS. JB2 tdtio is related to the resistance of
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material against the plastic deformati@h. Thus, better impact resistance, i.e. resistance against the
plastic deformatin caused by impact load, of the HiPIMS prepared coatings can be explained by th
higher ratio of F/E? in comparison with the DCMS case. Critical number of impacts of both the
DCMS prepared and the HiPIMS prepared coatings increased with increasincatbt@h content

and with increasing ratio of H/E. Ratio of H/E is related to the toughness and wear resistance of t
coating and to the wear behaviour under dynamic impact [9]. Observed increase of the critic
number of impacts is thus connected with @ase of the H/E. Coatings prepared by HiPIMS
exhibited higher wear resistance even with 30 % lower thickness than the DCMS coatings.

CONCLUSION

The neTiC/a-C:H coatings with different amount of carbon were prepared on the tungsten carbid:
substrates byhe hybrid PVDPECVD process by both the HiPIMS and the DCMS. Adhesion and
dynamic impact wear were analysed and discussed. Results can be concluded in this points:

- DCMS prepared coatings with higher content of carbon exhibited higher surface roughnes
and thus lower critical load and lower adhesion, the HiPIMS prepared eddbocoatings exhibited
smooth surface and thus good adhesion

- HIPIMS prepared coatings exhibited better impact resistance than corresponding DCM
coatings due to the higher valaBH*/E?, related to the plastic deformation resistance

- critical number of impacts in both the HiPIMS and the DCMS prepared coatings increase
with increasing value of the H/E ratio
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TiO21 SiO, T Al,O3 FILMS FOR HUMIDITY SENSORS
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ABSTRACT

The influence of precursor sols composition on the properties of humidity sensors films
prepared by sdl gel method was studied. The compositiompdpared layers, expressed by
SiOxTiO2:Al,O3 molar  ratio, was: 0:0.95:0.05;0.32:0.63:0.05; 0.475:0.475:0.05;
0.63:0.32:0.05; 0.95:0:0.05. The suitability of studied layers for humidity sensors was
investigated by impedance spetroscopy. Complex impedance spectra of thin film sensors for
relative humidity ranging from 0.1% to 977 % were measured with the frequency ranging
from 1kHz to 1 MHz. Equivalent circuits consisting from serial connection of different
number of -(R/C) , -(R/ICPE} and -R- were used to analyse obtained spectra. The
compositional dependence of the humidigtettion ability was evaluated on the basis of the
dependecne of parameters of equivalent circuits on the relative humidity value.

Keywords: solgel, coatings, physisorption of water, impedance spectroscopy
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INTRODUCTION

Humidity sensors based on metalides have wide range of application. Their main
advantages are high lifetime and temperature stability. Materials based on metal oxides, used
either as bulk or as films, are characterized by change of material properties induced by
adsorption of air humitly [1]. This type of material surface adsorption is called physical
adsorption and it is reversible [2]. The creation of adsorbed water layer on the material
surface depends on the concentration of water vapour in the surroundings of sensor and
surface cooentration ofi OH groups, which depends on the type of material used as the
sensitive layer of sensor [3]. Thes®H groups act as reaction centres on which water
molecules are attached by hydrogen bonds.g8bimethod is based on controlled hydrolysis

of alkoxide precursors, M(OR)where M OH groups are created:

M(OR)+yH,O 7z M ((DR)),+yROH (2)
M7 OH or Mi OR groups are subsequently chained in condensation reactions:

M(OR),(OH), + M(OR)y(OH), 2 ( QEOH),M-O-M(OR)(OHy1 + HO  (2)
M(OR)(OH), + M(OR)y(OH), 2 ( QR(DH)M-O-M(OR):y(OH),1+ROH  (3)

where M Oi M bond as well as $0 or ROH molecule are created [4].

Properties of substrate and requirements for prepared film (porosity, concentration of residual
M7 OH groups anddegree of water chemisorption during cooling of film from thermal
treatment temperature to room temperature) are limiting factors. Films prepareddsy sol
method have wide range of applications in optics, protection of materials and humidity
sensors [5]Their dielectric properties are investigated by impedance spectroscopy. Measured
impedance spectra can be studied by the method of equivalent circuits by serial and parallel
connection of several substitute circuits. More advantageous are models tltt afoserial
connected resistance an@R/C) or -(R/CPE} elements, where R is the resistance, C the
capacitance, CPE is the Constant Phase EI em
For examined Si@TiO,-Al,03 films we have studied the depamte of the amount and
parameters of equivalent circuits, which depends on the process of adsorption and on the
relative humidity values.

EXPERIMENTAL

SiOx-TiO,-Al,0O5films were prepared by sgiel method using the digoating technique. Five
different ®©I compositions (Tablé) were used. For synthesis sbls titanium(lV)tetra
isopropoxide (Ti(iPr), isopropylalcohol (IPA), acetylacetone (AcAc), nitric acid (HRO
and distilled water (kD) were used. For the Sil,03; sol the molar ratios HNESIO, = 1
and HO/SIO, =2 were used. For the T¥AI,Os; sol the molar ratios AcAc/Ti©= 0.6,
HNO3/TiO, = 0.5, and HO/TIO, = 1 were used.
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Table 1Molar composition of solutions for preparation of sols.

SiO, : TiO,: Component molar amount / mol

Sampl Al>O3

e / molar ratio SiO, | TiO, | Al,O3 | AcAc | HNO3 | H20 IPA
SO0T1 0.0[{0.0/0.0/0.0[0.0

A 0:0.95:0.05 0 5 5 5 8 5 0.8
SiT2 | 0.317:0633: | 0. 0/ 0. 0|0.0|0.0|0.0]0.0O0

A 0.05 9 7 5 0 7 4 0.8
S1T1| 0.475:0475:|0. 0/ 0. 0|0.0|0.0|0.0]0.0O0

A 0.05 8 8 5 3 6 3 0.8
S2T1| 0.633:0317:|0.0/0.0{0.0/0.0/0.0]0.0O0

A 0.05 7 9 5 5 6 2 0.8
S1TO 0.0 0.0/0.0/0.0]0.0

A 0.95:0:0.05 5 0 5 0 5 0 0.7

The films were applied on the golden interdigital celikb electrodes on ADs; substrate.
Before the application, electrodes were cleaned in ammonia solution with hydrogen peroxide
(1:3). Subsequently they were washed with distilled water, sonificated faninL@es and
washed by isopropylicohol. Electrodes were coated with sol by the rat®@0ahm.miri™.

Then they were dried at $0C f minuted &d annealed at 5&0C  f minutes. Bleating

rate was 10A C. TiAfier heating process the electrodes were left in oven until the
temperature decreasedto 25C and t hen t h &ours iw place witk relative f o r
humidity of 52.9%.

Impedance spectra were measured at room temperature and relative humidity (RH) 0.13
11.3%, 23.1%, 33.1%, 43.1%, 52.9%, 59.1%, 69.9%, 75.5%, 85.1 %, and 97.6 % in
frequency interval from kHz to 1MHz, at voltage U =1.0V by the Fluke RCL Meter
PM6306. Particular relative humidity were obtained in closed PE containers above saturated
solution of salts, except the RH 0.9 which was obtained above the siliddeasured
dependences of complex impedance requdency were evaluated by complex nonlinear least
squares method. Serial connection with different countR9#(R/C)- and -(R/CPE})
equivalent circuits was used. The impedance was calculated by

RCPE
R

oo & L RFC
Z(f)_;Rp—l_;l—l—Jf/(fﬁ_x F+Z[;1 (f/ RCPE )
4)

whereP, L, K is count of-R- , -(R/C), -(R/CPE} equivalent circuits in model,is frequency

K
e

[Hz], Q is frequency of maxi mu«R/CEHHZ], Roris equi v
frequency of egavalénnciromt(RIGPE) [Hzp R> 'Y Y are values
of ideal rezi stances of corresponding equiva

Then the least squares problem can be formulated
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il J' ' ¥ = ¥ cle 2 n A n\&le 2 .
S= -l“-,. (Z) —(Z,-) + v (Z) —(Z,-) =min
=1
(5)
where ¢J | stand for experimental and calculated real part of complex impedance,
J 7 , @7 represent experimental and calculated imaginary part of complex impedance,
0J o Lol @l are statistical weights of experimental data real

and imaginary part of complex impedance ands number of frequencies of digitized
impedance spectrum.

RESULTS AND DISCUSION

Measured impedance spectra were analyzed by equivalent cifitugtsoptimal model was
determined by testing a set of models with different numbers of compoientsK). The

model with minimal value of objective functiddwas chosen. Within the set of measured
spectra, we found out that mod&-(R/C)-(R/CPE), further marked as 3, was suitable for

low RH values. At higher humidity values, the best results were observed with the model
-R-(R1/C1)-(R2/Cy)-(R/ICPE}), further marked as 4. In some cases, at the highest RH values, it
was necessarp tapply more complicated models, further marked as 5. AtRH.3%, some

of the prepared samples showed impedance values beyond the apparatus range, further
marked as OAccording to data in the TaB, measured dependence of the amount of circuit
elements on the composition and on the air humidity values can be clarified in pursuance of
these following assumptions. There are three cognizable stages of process of physical
adsorption of water on the materials surfaces, in our case dn@a&SiO,-Al,O3 layers. In

the first stage, at low RH values, adsorbed water creates islets which probably affect only the
dielectric properties of layer. These islets are created on swafacéhey will not become
evident within individual relaxation process@$e second stage is observed for higher RH
values. In this stage, coherent layer of adsorbed water is formed. Water molecules in this layer
are relatively tightly bounded with theyker surface by hydrogen bonds therefore their
mobility is limited. The coherentlayer of adsorbed water wilbecome evident within
individual relaxation process. In the third stage, at the high RH values, more layers of water
molecules are adsorbed on thger which was created in the second stage. Water molecules

in these layers are bounded among them and therefore they have relatively high mobility. This
leads to the creation of another polarization proc@ssording these assumptions, it is
possible toexplain the fact, that it was necessary to use model 4 or 5 for evaluation of
impedance spectra at higher RH values. Presence of second and third stage of water
adsorption depends on the properties of layer surface. Using the assumption of previous facts,
it is possible to assume that for examined compositions SOT1A, S1T2A, S2T1A and S1TOA
(SiO, molar fraction 0, 0.317, 0.633 and 0.95), the transition between the second and the third
stage of water adsorption (creation of coherent water layer) occues RHtalue of 33.%.

For the composition S1T1A (Si@nolar fraction 0.475), this transition occurs at the RH value

of 43.2%. Observed transition to the third stage can refer to known fact, that on the surface of
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S1TOA layer (i.e. SiI@Al,O3 layer), thereis relatively high concentration afOH groups
(compared to other layers) [3]. That creates good conditions for the adsorption on the surface.

Table 2Dependence of the amount of circuit elements on the composition and on the air
humidity values.

RH [%)] SOT1A S1T2A S1T1A S2T1A S1TOA
0.13 3 0 3 3 0

11.3
23.1
33.1

43.2
52.9
59.1

69.9
75.5
85.1

rlalaln]n]n]r]lw|lw|lw
ol sl x|l w|w
rlalaln]r]prlw|w|w|w
rlalaln]n]n]prlw|lw|lw
aloa|loa|lalslslsrlw| w|w

97.6

CONCLUSION

Using the impedance spectroscqmarticular stages of physical adsorption of water and the
transitions between them were identified for the examined compositions TERIQAI O3

films. In relation to SOT1A, S1T2A, S2T1A and S1TOA compositions {&iOlar fractions

0, 0.317, 0.633 and @b) it was observed the transition between the first and the second stage,
and the creation of compact water layer on surface occurs at the RH value @. 4
transition is at 52.96 for the S1T1A (Si@molar fraction 0.475). The significant differee

in the course of physical adsorption onto the S1TOA layer »(Bi0O,:Al,O3 molar ratio
0.95:0:0.05) is clarified by higher concentratiori @H groups on the surface.
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PREPRAVA, CHARAKTBRIDBCNA BPRCVANI E KERAMI C
POVLAKOV PRI PRAWORNGIAGKKREMI LI ThCH PREKURZOR(
SPASCVNY MI PLNI VAMI

PREPARATION, CHARACTERIZATION AND OXIDATION BEHAVIOR OF
POLYMER DERIVED CERAMIC COATINGS WITH PASSIVE FILLERS

|l vana P#litakoParichBei amn’s@ihtarMbt’ Dagrkar
Gal us,kovi8gan® Gal usek

FunGlass Centre for Functional and Surface Fureth a | i zed GI as s, Gt uder
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University of Bayreuth, Ceramic Materials Engineeringd®40 Bayreuth, Germany

ABSTRACT

The work is aimed athe development of an oxidation/corrosion resistant environmental

barrier coating system on steel swates.After stabilizing the coating slurries, double layers
consisting of a bond coat applied by dip coating and a topwdtapassive fillerdeposited

by spray coating were prega@r on stainless steslibstrates. After thermal treatment in air at
800AC, uni f o+free canpasite coatings bon stainless steel with a thickness up to 90

em wer e The leigh éeempeture oxidation bef@mvof coated and uncoated samples

i n atmosphere of synthetic air was investige

| ayers provide effective pdo®B6t AGpn fwhomeorom
corrosion damage was observed.

Keywords: polymerderived ceramics, passive filldhigh-temperature oxidation
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INTRODUCTION

Recently polymer derived cerami@@DC) have gained attention as promising candidates for
preparation of an environmental barrier coati(fg8C). Advantages opreceramic polymers

are based on the use of cost efficient manufacturing routes from polymer processing
technologies such as dgmating or spray coating, low conversion temperaturesdiesaed
atmosphere, tailoring of the microstructure and resultingpgrties as #&unction of
composition and thermal treatment parametdis The major disadvantage of the used
precursor, however, is ahrinkage of more than 50 vol. % occurring during transformation
from polymer to an amorphous ceramic. To overcome dngsvback passive fillers are
applied to control the shrinkage and the porosity of the pyrolyzed ceramics by utilizing
different filler combinations 4, 3. Moreover, the additiorof glasses has shown to be
asuitable approach to obtain thick and denseilcgst The glass fillers should be responsible

for densification and sealing of the system, increasing the efficiedeB@$4]. In this work,

a nowel EBC system for steel consisting of a perhydropolysilazane (PHPS) bond coat and a
polysilazanebased glass/ceramic composite top coat has been develdpegrotessing
route, microstructure and higamperature oxiden behavior of the coatingre presented.

EXPERIMENTAL

The preparation of the coatings consists of the two main steps: the synthesis of the powder
filler AYZ20 (Al,03-Y,03-ZrOy) via Pechini soelgel route and the processing of the coatings.
The composition of the AYZ20 filler is derived from,03-Al,O3 eutectic (76,8nol. %

Al,0O3 23,2mol. % Y,03) and modified by the addition of 20 mol. % ZtOhe PDC system
consists of two layers that were consecutively applied to stainless steel (AISI 441) substrates.
The bondcoat was prepared from peeramc polymer PHPS by dipoating of the
ultrasonically cleaned metal sheets. The pyrolysis of the-boatiwas performed in air at the
temper at ur e o The ®@dat wasBreparedrfromithe ceramic matrix forming
polysilazane HTT180Q filled with YSZ (yttria-stabilized zirconia) and AYZ2@owderas
passive fillers, and the commerdiarium silicate glass particl¢6018311,G018385 Scott

AG) as sealing agent3.he resulting mixture was applied onto beswht by spray coating
technique and theuring of the composite coatings was performed in air at the temperature of
800 AC wit h ah. Ahekothpositipn df themagpatasflistedl in Tab 1.

Tab. 1: The composition of the composite coadiftgr pyrolysis

YSZ AYZ20 G018385 G018311 HTT 1800
(vol. %.) (vol. %.) (vol. %.) (vol. %.) (vol. %.)
30 21 16 14 19

High temperature oxidation tests were carried out in a high temperature horizontal electric
tube furnace (Clasic 0213T, Clasic, Praha, Czech Republic) aeriygeratures of 904 C ,
950 AC &rcd ah@0Ot he exposur e it48 hoars in flowingt h e
atmosphere of synthetic air (purity 99.5%, Linde, Slovakide SEM/EDS eamination of

the coatings before and after oxidation te&s conducted wh the use of a FEG SEM JEOL
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7600f. X-r ay powder diffraction-8@&mMal yEsmpsyr@@@umKLUUDY
PANalytical B.V., Netherlandswas used to investigate the phase composition of the
coatings.

RESULTS

In aFig. 1a, 8SEM micrograph of &ITT 1800/glass composite coating after pyrolysis in air

is presented. Micrograph of the cresection shows that the softening of glass additives leads

to the formation of &omogeneous glassfeenic matrix with evenly distributed filler
particles. After therma | treat ment in air at 8 00 -fréeC, uni
composite coating on stainless steel were prepared. It can be concluded that the addition of
powder filler AYZ20 was effective at preventing the formation of cramkd pores. The
addition of the filler enable the formation @frigid skeletal structure in the coating thus
facilitating escape of gases during the gbytic conversionof the organosilicon precursor.

XRD pattern of the coating is displayed in the Fig. 2. Aftgrolysis n ar the polysilazane

based coatingontairs threecrystalline phases, namefyonoclinic and tetragonal ZgDand

yttrium aluminum garnet, origating from the powder filler AYZ20.

* m-Zro, = tZrO,
L A YAG

“orcon TR

-

I/a.u.

10 20 30 40 50 60 70 80

2a/ —
Fig. 1: Crosssectional SEM image of the  Fig. 2: X-Ray diffraction pattern of the
coating after pyrolysis n  ai r a coating after pyrolysis n  ai r a

Fig. 3ashows the weight gais of the uncoated steel samples as a function of time during
high-temperature oxidatiorlUncoated steel substrates atéhjected to significant oxidation
due to the surface oxide scale growthRay diffraction along with SEM/EDS analydisot
shown) confirmed extensive caoosion of the uncoatedteel accompanied by formation of
oxide layer canprised C§O3; sublayer and MRCr spinel crystals top laye©n the contrary,
Fig. 3b distinctly shows that the PDC coating system is able to efficietiyce the weight
gain due to oxidation at elevated temperatuil€@smpared to uncoated samples, only
negligible mass loss was observed at all oxidation temperature. This can bataedsath
the releasefaesidual hydrogen from cleageof Sii H and G H bonds [6].Prior to longterm
oxidaion tests, coating systems were pyrolyzed for only, ind this may not necessarily
lead b fully transformed and stable ceramic produttewever,at the temperature of 1000
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AC and afterl2 hoursof oxidation a significantweight losswas observed due to the gradual
peeling off the protective layer.

0.8 0,21
[ — ,
0.7 a) * T 0,01 e—e o b)
il € -0,24e A", . .
NE 0,6+ A % -0,44/ " - *"
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Fig. 3: Weight gain at various temperatures and different holding times: a) steel
substrate, b) coated steel

From the weight gain measuremeiit is obvious that the tested layers provide effective
protection from oxidation of stainless steel at 90C @B @ A Significhint corrosion
damage wasbserved by SEMnalysis (Fig. 4a, b), coating appeared to be well adherent at
these temperatures

steel AISI441 steel AISI441

coating

Fig. 4. SEM crosssections of the coating afterx i dati on tests: a)

Moreover, the cracks present on the surface gfregared coatings gradually healed due to
the softening of the used glass additivEse surface obxidized specimens was analyzed by
XRD to identify new phases formed during oxidatigkfter longer period of oxidatign
crystallization of the glass fillers lead to the formation of new crystgtiveeses (Ba(AlSig),

i celsian, hexacelsianput also to the formation of other phag@sSiO,;, YZrsO.4) as a
consequence of chemicakactions between thkeyer componentsAt higher oxidation
temperature (1000 AC) and after 24 h of
(MnCrQy, Cr,0O3) in XRD patterns (Fig. 5) was observed.

42



Processing and-Propérties of Advadd@eramics and Glasses

X m-Zro, O Sio, Zrsio, YZrO, * YAG ® tZiO,
€ hexacelsian & celsian (Mn,Cr) O, ® Fe » Cr0,
S

|/ a. u.

2a |
Fig. 5: XRD patterns of the coating after oxidationtests &80 0 A C

CONCLUSION

A novel polymerderived ceramiccoating systemas an environmental barrier coatifay
stainlesssteel wasdeveloped, using tilored combinatin of pre-ceramic precursor with

passive fillers and glass fritsed as sealanfBhe protective effect of the PDC coating system

i n oxidative atmosphere was observed at t he
samples were strongly oxidized.
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NOVEL ALKALI -ACTIVATION BASED PROCESS FOR THE MANUFACTURING
OF SODA-LIME GLASS FOAMED PANELS AND GRANULES

A. R B 8ermardd

'Department of Industrial Engineering, University of Padova, M&azolo 9, 35131 Padova,
Italy

ABSTRACT

A new technique for the production of foamed glass foams and granules, was developed. The
alkali activation of soddime waste glass allowed for thabtainment of weldispersed
concentrated suspensions, undergoing progressive hardening by treatment at low temperature
(75 AC), owi ng t o -fichslicatedydnatadt congpaunds. fThe eartially i u m
gelified suspensions can be foamed througbhasical stirring, also comprising a surfactant

for the production of lightweight panels. The hardened suspensions could also be broken into
fragments, and cast onto a rotating drum for the production of granules. Finally, a sintering
treatment, at 70800 A C, was applied, obtaining sampl ec:c
remarkable compressive strength.

Keywords: Gel casting; Alkali activation; Glass foams

INTRODUCTION
The recovery of glass in the urban waste collection, in order to manufacture new glass
containeteoeopdédceogedi ngd) , has been successfu

reaching a rate of 73% of the overall volume of glass packaging in the European[1}nion
The recovery is beneficial, due to the significant savings in tefmenomaterials and energy
consumption upon melting (pfermed glass acts as a flux for the reaction of mineral raw
materials)2], albeit with significant limitations. In fact, a complete reuse of glass cullet in the
manufacturing of the original glasstiales is far from being feasibléslass foams are a
valuable product used as thermal insulator in the building industry. The increasing demand for
netzero energy buildings along with their nlammable properties make glass foams the
perfect candidatéo be used in the near future. However, their production is still expensive
and quite difficult to control, and for this reason new and alternative fabrication techniques
are needed to reduce production cost and increase environmental sustaifabillistantial
change in the production approach of glass foams is offered by the separation of foaming and
sintering steps, obit@able by gel casting technology [3hat may be applied to solutions
(from solgel processing|], as well as to suspensions oagg powderfs,6]. In the present
investigation, the gel provided by the alkali activation of sade glass powders is used as

an intermediate product for the foaming.
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EXPERIMENTAL

Sodal i me gl ass (Il ater referred t a=7h®Wt%,6 SL G6 ;
NaO = 14.4%,K,0 = 0.4%, CaC= 7.5%, MgO=4.0%, FgOs;=0.4%, AbOs3 = 1.2%) from

municipal waste collection of glass containers was used as starting material. It was provided

by SASIL S.r.l. (Brusnengo, Biella, Italy) in the form of fnegbwr s (75 & m) . Th
fine powders were added to an aqueous solution containing 2.5 M KOH {S#jairich,

Gillingham, UK), for a solid loading of 65 wt%. The glass powders were subjected to alkaline
attack for 3 hours, under lespeed mechanical siimg (500 rpm). After alkaline activation,

the obtained suspension of partially dissolved glass powders was cast in closed moulds and
cured at -45Thefy€s obtaimed & different curing times were first added with 4

wt% Triton X-100 then foamedby vigorous mechanical mixing (2000 rpm). Foamed gels
were kept at 75 AC for 24 h, in order to co
were fired at 700 and 800 AC for 1 Akaliwith a
activated glass suspsion was not subjected to mechanical foaming, at the early stage of
gelification. After 3 hours of activation the suspension was poured into closed plastic moulds
and |l et harden for 4 hours at 75AC. The har
aggregates through fragmentation and successive casting on a rotary drum, using dry glass to
avoid amalgamatior-i nal | y, hardened granules were fir
heating rate of 10 AC/ min.

RESULTS

The suspensions, before foaming, tluéhe gelification process at low temperature, present a
different rheological behaviour, which can be seen as a tuning parameter for the
microstructure of the hardened foams as shown Figure 1.

s 9

Figure 1. Hardened foamed gelsaftifferent gelification times

The hardened foams obtained after 2 hours exhibited a quite coarse microstructure, with many
big interconnect pores surrounded by smaller ones, as an effect of a limited coalescence
between adjacent bubbles (Fig. 1a). The higher viscosity ofubpension after a longer
curing step, of 3 and 4 hours (Fig. 1b,c), progressively reduces the coalescence, and the
hardened foams obtained present further spherical cells in a more homogeneous cell structure.
In particular, a curing step of 4 h was foundenhance the uniformity of foams.
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Figure 2. FTIR spectra of selected materials

Some indications relating to the nature of the compounds developed upon curing and the
related transformations, upon firing, may come from the F3pRBctra of selected samples
shown in Figure 2. The initial glass presents the characteristic symmetric and asymmetric
stretch as well as the bending bands efSgroups centred at 1000, 700 and 450'cm
respectively. A broad band in the 368800 cn* interval is detected in the hardened foams,
and corresponds to the-i symmetric stretch. The band at 1628 ' generated by the
bending vibrations of the OH groups. Both bands indicate the presence of hydrated
compounds after alkali activation. A newnilacentred at 1450 crhis produced by the
stretching vibrations of €-O groups indicatetheformation of carbonate compounds [7].

Figure 3. Microstructural details of heat treated glass foams

The pore structures of the samples produced after 4shafupregelation obtained after
treatment at 700 and 800 AC, at 1 AC/ min (Fi
in Figure 3. In all samples an enlargement of the pores can be noticed, and the sample treated
at 700 AC shows sastruniwoe mesehtiagnaelts evithe spherical shape,
meanwhil e the distortion of the initial por e
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more evident, showing very large cells that lost their spherical fohm.transformations of

the cellularstructure are likely due to the decomposition mentioned above of hydrated
compounds, which determined a O0secondary f o
determines the enlargement of the pore structure. The effect is more evident in the foams
treatel at a faster heating rate

Table 1. Density, porosity and mechanical properties of the heat treated foams.
curing F i r i Densityd) 1 ( Porosity (%) Ocomp
(hours) ( AC geometric apparent true total open closed (MPa)

Slow heating rate A C/ mi n)
700 0.30N0.01 0.43N0.06 2.50N0.02 88N1 31N2 57N1 4.8N0.3

4 800 0.28N0.01 2.41N0.05 2.66N0.03 89N1 88N2 1N1 29K0.4
Fast heating rate (10 AcC/
4 700 0.34N0.03 0.48N0.08 2.48N0.08 86N1 29N2 57N3 3.3N0.5

800 0.17N0.01 2.41N0.06 2.66N0.04 93N2 84N4 9N2 0.4N0.1

The density data in Table 1 confirm the microstructural changes that occur upon firing. After
the thermal treatment, all the samples present an increment of the total porosity achieving
values close to 90%, and this increase could be explained by the pesittom of the
hydrates compounds with gas evolution, which promotes the foaming of the softening glass.
The open porosity returned dominant at 800 .
some closed porosity is formed. It is evident that the rhoraogeneous samples, with 4h

pref oaming curing, fired at 700 AC in both he
exhibited a crushing strength of more than 3 MPa with an overall porosity well above 85%.
Figure 4 shows the morphology of single granules of different sizes. The firing of green
granules was accompanied by significant foaming, due to the decompositiorSéf C
compounds developed during alkali activation. It can be noticed a highly porous core
surrounded by a relatively dense thin shell. The granules contain a significant volume of
isolated pores of an approximately spherical shape. The formation of the outer layer plays
crucial role in the final properties of the LWA as can be seen in Tabib&ge the density

and porosity of heareated LWA are reported-he produced granules present relative low
densities, and can be noticed a continuous decrease of the geometrical density with increasing
granule size. This fact suggests more effective fogrm the bigger granules. The granules
present very high porosities, all above 70%. It can be noticed an increase of the porosity with
the bigger granules size. However, the most significant changes can be detected between the
incidence of open and clasgorosity. Bigger granules present higher open porosity, which
indicate a higher degree of coalescence between the bubbles during the fire treatment.
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Figure 4. External aspect and cross section of waste glass derived granules

Table 2. Density, porayi and mechanical properties of hdegated granules

Fraction Density? 3 ( Porosity (%)

(mm) geometric  apparent True total open closed
2-4 0. 73 0.98 12.49 | 70 25 145 |
4-63 0. 74 0.98 245N 0. 70 25 145 |
6.3-8 0.61 0.98 [2.48 | 75 37 137 |
8-10 0.56 1.12 [2.49 | 77 49 127 |
10-125 0. 51 0.98 [12.41 | 76 44 135 |
125-14 0. 51 0.98 [2.48 | 79 49 130 |

CONCLUSION

It can be concluded that a new generation of glass andademsic foams may be obtained
by alkali activation of suspensions of the sHrazh materials and gedasting,sintered later.
The hardening of gladsased slurries is caused by the formation of calcium alusilivate

hydrate (CS-H)
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NANOSTRUCTURED CATALYTIC THIN FILMS PREPARED BY SOLUTION
COMBUSTION SYNTHESIS ON MULLITE -CORDIERITE CERAMICS

H. ShymanskayaR. Papot; N. Sdobnyako¥ D. Sokolo¥, V. Myasnichenkd
! Belarusian State Technological University, Belainsk, 220006, Sverdlova str.13a.

2 Tver State University, Russia, Tv&r0100, Zhelyabova S3.

ABSTRACT

Solution combustion synthesis (SCS) is typically used to produce nanostructured oxides and
bulk metallic materials for a variety of application including catalysis. Here, weti8g& of

thin films catalysts supported on mulliterdierite ceramics. The catalysts were characterized

by XRD, SEM/EDX, and their catalytic activity has been determined in CO oxidation. Also,
the effect of different types of fuels (urea, citric acid &eckamethylenetetramine) on the
combustion process and characteristics of resultant solid products were investigated.

Keywords: nanopowders solution combustion synthesis, catalyst, muititedierite
ceramics, metateramic catalyst
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INTRODUCTION

CO oxidation is a process widely used for neutralization of exhaust gases of internal combustion
engines and in various industries such as metallurgical, petrochemical dag Zt. Many
researchers note that the catalytic activity of the bimetallitysata higher than the activity of the
monometalic ones [®]. At the present time solution combustion synthesis is used for the
preparation of oxiddased catalysts with a surface area higher than those obtained by co
precipitation methods. Recently, seal metals (Ni, Cu, Fe, Co) have been synthesized by this
method [67]. The aim of this work is to investigate the possibility of bimetatitalysts
synthesis by SCS in normal air atmosphere without additional post reduction and study of
catalytic activity in CO oxidation. The effect of the different fuels on the combustion
synthesis process and structure of metallic nanoparticles was also investijalie -
cordierite ceramics werehosenas the catalyst carriebecause of chemical inertness
mechanical strength and stability

EXPERIMENTAL

Preparation of reactant solutions for SCS

The following materials were used the experiments: copper nitrate Cu(NG;),L3H,0,
"analytical grade"GOST 416378 (content of the main component is ®3vt%), cobalt
nitratei Co(NOz3).l6H,0, "analytical gradeGOST 452878 (content of the main component
is 996 wt%), nickel nitratei Ni(NOg3).l6H,0, "analytical gradeGOST 405578 (content of
the main component is wt%), citric acid hydratd CgHgO;L FD, "analytical grade"
GOST9082004 (content of the main component is Wt%), ureai CHyN,O, "analytical
grade” GOST 669177 (content of the main component is 29.wt%) and
hexamethylenetetramirie CsH12N,4, "analytical grade'GOST 1381-73 (content of the main
component is 99.wt.%). The quantities of used reactant are summarized in Table 1.

Table 1.Quantities of reactants used in preparation of reactive solutions

No. Fuel / oxidizer Reactant (wt.%)
solution rati os Cu(NOy), Ni(NO3),» Co(NGy), CH4N,O CeHsOy CgH1oN4
1 1.25 2797 27.25 ) 44.78 T T
2 1.75 23.72 23.11 ) 53.17 T T
3 1.25 27.16 26.46 T | 46.38 |
4 1.75 2291 22.32 T T 54.77 T
5 1.25 38.51 37.51 T | T 23.98
6 1.75 35.14 34.2 T | | 30.64
7 1.25 25.66 T 25.03 49.31 | T
8 1.75 22.04 T 21.50 56.46 | i
9 15 24.85 ) 24.24 ) 50.91 I
10 2.0 21.5 T 20.72 | 58.03 i
11 15 36.73 ) 35.82 ) ) 27.45
12 2.0 33.65 T 32.82 | | 33.53
13 2.0 22.50 21.92 21.95 | | 33.63
14 4.0 16.84 16.40 16.42 i i 50.34
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The reactive mixturés g) was dissolved in distilled water (5 ml). Ammonia was added to the
resultant solution to adjust the pH value at about 7.

Process for producingnetallic nanopowders

The obtained solutionaere ignited and burned in thermal explosion mode in preheated t
500AC a muffle furnace in air atmosphere, | €
was rapidly cooled in air in a quenching mode to prevent metal oxidation.

Synthesis of mullitecordierite ceramics

The starting materials used to prepare mutiedierite ceramics wereVeskoGranitik
refractory clay (TU U 1400282049003 2007, Ukraine), Onotsky talc (GOST 21235,
Russia), GK1 alumina (GOST 305598, Russia), aluminosilicate fireclay. The chemical
composition of used raw materials summarizedable 2.

Table 2.The chemical compositis of used raw materials (wt.%)

SiO, Al,04 TiO, FeO, CaO MgO Na,O+ Calcination

K,0 loss
Ezgacwry 50.19  26.72 123 081 0.28 0.50 2.08 9.19
Talc 6045 068 006 086 013 3004 i 778
Alumina 030 9930 i 0.03 0.06 i 0.18 0.13
Fireclay 3256 6409 040 067 0.14 0.06 208 i

The raw materials mixed in ratio, which corresponded to the stoichiometric composition of
cordi er it i 5SMeEslipAvAad prepared by wet grinding of the components in

a ball mill (Speedy, Italy) to 0iD.3 wt.% residue in a No. 0056 sieve with material : milling

body : water ratio 1 : 1.5 : 0.5. Polyurethane reticulated foams were used as porous matrices,
which were completely burnt out during sintering. The polyurethane matrices were
substantially impregnated with obtained ceramic slip. The ceramic suspension settled on the
matrix surface and repeated the matrix structure. The samples were dried At2100 A C
during 3 h and sintered in a | aboratory kiln
Fabrication of thin films on mullite-cordierite ceramics

The samples of mulliteordierite ceramics wembstantially impregnated with obtained solutjons

then burned in thermal explosion mode i~
preheated to 500 AC &8
atmosphere andapidly cooled in air The @&
photos of final materials are presented in Fig.
Methods

The catalytic actity of SCS catalysts was
studied on the installation shown in the

researcH1]. X-ray phase analysis was performed with a D8 ADVANCE (Bruker, Germany)
setup. A JSMb610 LV scanning electron microscope with an EXS<P2D1 JEOL chemical
analysis systenfJapan) was used to investigate the microstruciioedetermine the size of
crystalline blocks, we used the Scherrer equation

Fig.1. Photos othesynthesizethetalceramic
catalyss
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RESULTS

Metal NPs were synthesized by SCS metthodng the first phase of the research. The results
of X-ray diffraction analgis of the powders produced by SCS from the initial mixtures, at a
different ratio of components, are shown in Table 3

Table 3.Phase compositioandaverage particle size of tegynthesizegowders.

No. Phase composition Average sizes of
catalyst nanoparticles, nm
1 CuO, NIiO 50i 60
2 NiO, CugeNipz7( @a =3 . 5811( 20 ), 50i 60
3 CugeNipz3( @ =3 . 5 8,Hi0D,(CaAQ CuP ) 50i 60
4 CupedNig24( @ =3 . 5 9,8liB,(Ca0, Cu® ) 50i 60
5 CupsNips2( @ = 3 . 5 6 NiD(CR,)Cuq Qup 50i 60
6 CugsiNipge( @a=3. 57C€d ( 2) i), 50i 60
7 Cu, CuO, Co0, Co0,4 50i 60
8 Cu, CuO, Co0, Co, Ca0, 501 60
9 Cu, CuO, Co0, Coz04, Co 501 60
10 Cu, Cu0O, Co0, Co, Ca0, 20i 25
11 Cu, CuO, Co0, C030,4 50i 60
12 Cu, Cu0O, Co0, Co, Ca0, 50i 60
13 CugeNigzs( @ = 3 . 5C8®, CyO)Cui Nii Co solid solution 50i 60
(a=3.740 ;)
14 CuiNii Co solid solution( a=3 . /C40 ) 40i 50

Diffraction peaks of metal oxide phases were also detected for this sample. It is evident, that

the using of nonmodified SCS method doest yield pure metallic nanoparticles under

normal air atmosphere without additional post reduction. All powders formed during the
combustion had foartike microstructure. SEM images pbwders obtained in the systems
CUu(NGgs)2 T Co(NGs)2 T Ni(NO3)2 T CeH1oN14 (G = 4,.sé@mple of mullitecordierite ceramics

and synthesized mulliteordierite catalysts, prepared using the solutiorafel shown in Fig.

2. As seen in Fig2 (c),the product formed during the combustion of the impregnated meda had
highypoous nanoparticul ate structure. Therefore,
the combustion front oxidized evenduring the relatively short duration of the postcombustion zone

[6]. Thesynthesized metaleramic catalyst had #50 % CO conversioat 100 AC.
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Fig. 2. SEM images and EDS spectrum of the: a) catalyst 14, b) redirtBerite ceramics,
c) metalceramic catalyst.

CONCLUSION

For the first time, there has been shows the availability of the SCS technique for production of
bimetallic Cu-Ni nanoparticles and Ciii Co solid solutiorby onestep synthesis in a normal air
atmosphere without any post reduction processing. The faetsebn theophase composition and

grain size have been investigated. The formation g&fip 49 Solid solutionandCu was observed

in the case of using ofs8::N4 fuel ( G = 1 . Cui Blij Co solid solution and Clu CgH12N4 fuel

( G = dit.was)found thathe product formed during the combustion of the impregnated media were
metal oxideslue to rapid oxidatioformed metallic particles
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VPLYV PRC DA®KASPEKANIE
A UPCONVERSION VLASTNO STI CaZrOg3

INFLUENCE OF A 1,03 ADDITION ON SINTERIN G BEHAVIOUR
AND UPCONVERSION OF CaZrOs3

P. Vét ek.kaT § mazn o H&'j d &4c Ve datfeh

'Oddel eni e anorganickich materi §lov, FC

ABSTRACT

This work is aimed at using ultrafine alumina as sintering agent for calcium zirconate material
doped with Yb and Er for archieving upconversion properties using sintering temperatures
bel ow 1500AC. Sever al |l evel s o0f0,08Lluy30ianda add
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5.0 mol %). Correlation between alumina addition and changes in phase composition of
samples have been observed. The positive effect of alumina addition to upconversion
properties of prepared powders was confirmed for samples anreedled 1 4 00 AC wher ¢
addition of small amount of ultrafine AD; leads to slight increase in upconversion
intensities.

Keywords: upconversion, alumina, calcium zirconate, sintering, perovskite

INTRODUCTION

Calcium zirconate, CaZr{ds the most stable coropnd in the quadbinary system Zr@-
CaO. Calcium zirconate has becom&ystem of considerable interest due to its high melting
point, good thermal shock resistance and its excellent chemical st@bjlit€azrQ-based
doped oxides belong to the class of higmperature perovskitype proton conductors and
are therefore applicable as electrolytes in solid oxide fuell Gl<Gas and humidity probes
and upconversion phosphors are another of the most frequently studied appbcati
calcium zirconate systef3]. Calcium zirconate ceramic as host for luminopkdraving of
upconversion properties is often paired with Er EF*/Yb**. The EF* can replace the €&

in the CaZrQ structure or preferably(if present usually in systems with eutectic
composition) calcisstabilized zirconia(CaSZ, 5]. Upconversion is a process where the
absorption of two omore lowerenergy photons leads to the emission of a higher energy
photon. Most upconversion materials are based onftt@affsitions of rareearth dopants e.g.
EF*, Nd®*, PP*, Dy** and otherg6]. Er*" is one of the most frequently used doping agents as
its absorption and emission spectra allow the use in various types of host materials to produce
luminescence in the red and green spectral range. Due to low probahbiktytransitions in

Er*, codopants are often employed to increase the efficiency of upconversion phdsphors
7].

EXPERIMENTAL

Calcium chloride dihydrate (CaLl 2H,O, 99%, Sigma&Aldrich), Zirconium (IV) nitrate
hydrate (Zr(NQ). . xH,O, SigmaAldrich, 99%) Erbium (lll)nitrate pentahydrate (Er(NO3)3

. 5H,0, 99.99%, Treibacher Industrie AG) and Ytterbium (lIl) nitrate pentahydrate
(Yb(NOs)s . 5SH,0O, 99.99%, Treibacher Industrie AG) were used as the starting materials. For
the synthesis of CazZeEn Yb, Pechini method wassed, which include chelating of water
dissolved salts by citric acid and esterification by ethylene glycol. Resulting gel was at first
calcined at 600AC for 1h in air. After ann
mortar,calculated amount of wlifine alumina powder TMDAR (Taimicron, Japan) ranging

from 0,5mol.% to anaximum of 5mol.% was added and the powders were thoroughly
homogenized. List of prepared powder samples is showabid. Specimen were pressed to
pellets using uniaxial press (pressure=5MPa) with the diameter of 10 mm and then sintered in
supercantal furnace at 1400AC and 1500AC,
holding time 60 minutes)The density was calculated based on Archimedes law from mass
values measured in mercuryhe presence of crystalline phases in the samples was
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determined by XRD analysis (STOE Thetal/ Thet ¢
operding at 40 kV and 30 mA). The upconversion luminescence was studied under 980 nm
laser excitation (adjustable DPSSL Laser MIDL4W) and UMWVIS spectrometer (Ocean

Optics USB4000).

Tabl. Overview of sample designation and thelative densities with respect to the pure
orthorhombic CazZr@with the density of 4.63g.¢in
Sample name Al,O3 content

Relative Density

(mol. %) . 1400AC/ 1500AC/
AO | 0 67.2 736
A0S 05 78.9 -
A10 1.0 85.6 94.6
A30 3.0 735 92.5
A50 5.0 61.9 61.8
RESULTS

The upconversion (UC) emission spectra of undoped and alumina doped ;EaX )
samples sintered at 1400AC and 1500AC for 1t
laser diode operating at 1=980nm with the power of 300nDWe to absgtion of laser

energy, YB" ions are excited from ground st&fe, to ?Fs, level. Large part of this energy is

efficiently transfered to Bf ions due to the similarity between ¥bemission and Ef

absorption. As aesult of this transfer three main excited states OfiEns are preseang/z,

?Hy15, and Sz, showing green emissions due d:11/(*Ss2) Yliss transition and the red

emission from théFy,Y *l15/, transition.
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5000 6000
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5000 - 84000 AL0 5000 | 3
23000 3, 200 e
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Fig. 1. Upconversion emission spectra of undoped and alumina doped €BZ1 T,
samples sintered at 1400AC (left) and

The green emissions take place betweenrBiSo 560nm and red one in the range of
640nm to 690nm. The relative densise o f samples sintered at
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densification independently on the dopant concentration. At this temperature UC spectra show
that the intensity of luminescence is the best for A10 sample followed by sample A05 and AO.

An increase of sinteringtep er at ure to 1500AC caused the in
undoped AO sample, however drop in the samples A10 and AO5 in spite of improvement of
relative density to 94.6% for A10 sample. It is interesting to note that the relative density of
sampeés doped with highest amount of alumina (A50) showed similar, poor densification as
undoped one (A0). The phase analysis of uhdoped and alumina doped CagiEd;Yb,
samples sintered at 1400AC and 1500AC for 1h
of CazrG (JCPDS 3851790) in all samples (Fig. 2.). In addition to CaZfihases such as

free CaO and carbon were identified as major impurities. These phasesosbencrucial
during the densification process. °lBleancubi c
react with humidity to form trigonal Ca(Owi t h uni t c e F[p]and thisecane 54 .
considerably change not only the densification prodasgsalso the luminescence properties.

On the other side the luminescence of samples is also affected by presence of carbon
impurities coming the most probably from incomplete combustions of organic rest.

0 - 0-Cazro, 0-0-Cazro,
o
|- CaO ° |- Ca0O
S A 2 ¢ - carbon o bl \ S G- lc%.;gon
3 —--JL - fCJt o R aso 3 o -2 ASO
© <
2 0 h o > ? l 6 o |ge
B o c o = ]
2 | ° [ A30
5 o A A30 S Ji
= < ? | c
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[i2 I c o | g0 o 2 AO5
1 S S LR =
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T
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2q/° (Co) 2q/°

Fig. 2: XRD patterns and alumina doped Cagf,;Ylbs amp|l es at 1400AC (
1500AC (right)

Presence of CaO is clearly visible in the diffraction patterns of AO samples without alumina.

As the amount of alumina increases, the intensity of Qifi@ction peaks decreases. Visible

drop in CaO peak intensity is visible for s,
CaO remains unreacted inspite of i ncreasing
intensities assigned to CaO also dechwith the concentration of alumina and for samples

A30 and A50 only very small peak of CaO can be found. The poor sintering behaviour of
studied upconversion material can be attributed to the high melting point of calcium
zirconate, however also impurisidound. Alumina with the max 3 mol.% addition seems to

be good alternative for improving of sinter:i
further progress in the densification of CaZdd studied temperatures.

CONCLUSION
A series of samples was prepared to examine the sintering behaviour of calcium zirconate
ceramic when subjected to ther mal processi:t

1500AC. XRD analysis confirms that @to® cont €
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of ultrafine alumina powder . Sintering proc
residual CaO even with only 0.5mol% addition of alumina, while for samples annealed at

1400AC higher amount of addit i vleo ofi utrafinfee qui r e
alumina powder to CaZrfEnYb,t he r el ati ve density reached a
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ODLI EVANI E A BEZTL AK®@MGEKERRMIKYA NHOBMODELU
PRE PRCEPRAVU 3D OBJEKTOV
CASTED ALUMINA CERAMICS AS A MODEL FOR SINTERING OF 3D PRINTED
OBJECTS PREPARED BY FFF
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ABSTRACT

For three commercial alumina powdegrain size, density and porosiyereinvestigated on

samples prepared by casting. Relative dersdiigher than 95% otheoretical densityT(.D.)

and zero open porosies were obtained after conventional sinteringla# 0 0 AC thfeer a | |
alumina powdertypes, butwith significant changes in microstructure. Grain growth
depending on sintering temperatsieep t o 1 ev&@udtAd§tatistically by least square
method. As a future outlook, thetwdied alumina powders clolibe used as a potential
candidate for preparation of high purity alumina filansenitable for 3D printing by fused

filament fabricationFFF).

Keywords: grain growth, alumina, microstructure, conventional sintering, casting

INTRODUCTION

Bulk densty, porosity and graisizesare major keys in investigation of sintering behaviour.
In the literature, high purity alumina powdesalled TMDAR is usedmostly for the
experiments because of its small particle sizes (012 km). Thanks to its properties and
many types of sintering conditioralmost fully dense samples can be prepared at relative low
temperatureqgl - 2]. Also, translucent alumina can be prepared if requirements as high
relative density 99 % of T.D.) andgrains of diametebelow 0.5 xm are kept In that casge
conventional sintering in aigt high temperatures in vacuumlgy hot isostatic pressingre

used [3- 4]. Correspondingto the literaturewhere sintering of alumina is studjed is
assumed that eettain energetic barriebetweenthe densification process and the grain
growth can exist. Presence of the barrier could explain almost similar results achieved by
using different sintering temperaturastwo step sintering procesgés 7].
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For commercialapplications ti is often aprerequisite to use different high purity alumina
powders as potential and cheaperreplacement of TMDAR powder In this work,
conventional sinteringn air is used to achieve relative densities higher tHaf%nd zero
open porosity for three different powders described beld@vain sizes of the selected
powders as a function of sintering temperatusepresented besides scanning electron
microscopyandstatisticaldata evaluation

EXPERIMENTAL

Green bodies were preparey casting of water suspension containing of 74 wt.% of alumina
powder (TMDAR, AA-04 or PG4N25) and 0.8 wt.% of dispersant Dolapix CEg4
Particle sizes of used alumina powders are in Tabld-idstly, the suspension was
homogenized on rollers for 8 tws and then poured into plastic moulds. Drying was done
in vacuum for 12 hourat room temperatur@t ambient conditions for 1L 3 days (depending

on the type of alumina powder) aimdthe drierat 4 0 A C First, the tBmpératuneros .
8 5 0 &S wsedfor presinteringfollowed by sintering step in the temperature rang&2so

i 1 4 5 0 both@ginies aregivenin Table2, Table3 shows the final sintering temperatures
and corresponding open pore volume).

Tablel Properties of alumina powders

AA-04 powder TM-DAR powder PG4N25 powder

Particle size 04i0. 7 O 01i0. 2 O 0510. 8 O

Purity 99.99 % 99.99 % 99.99 %

The basic properties, such as bulk density and open porosity were measured in mercury and
according to ISO 5017:2013, respectively. The microstructure was characterized by scanning
electron microscop@EOL 7500equipped with SE and BSE detectors. Statistical analysis of
grain diameters was done by least square method while ImageJ program helps with the
diameter calculations.

Table 2 Presintering and sintering regime

Dwell time
Final temperature Heating rate at final Atmosphere
temperature

Presintering 850 AC é ﬁg ; 2: 1h air

12007 1 4 5 0Oin sfefs

o f 50 A 5 AC |/ 1h air

Sintering
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RESULTS

Open porosity and relative density auaction of the sintering temperature foc@mmercial
alumina powderswith different primary particle sizeare shown in Tabl& and Fig. 1,
respectively.

Table 3 Results of volume of open pores’cm

ARAT DAOAQ 'ty PIxj 4-$12 Pix 0'yY. ow DI
ypnc/ nonorTy neénnmrt nodéndnn
MHAnNCcC/ noénnpy noénnyc ndénpor
MHpAnc/ ndnonn ndénnno noénndn
mMonnc/ nonmp g noénnno ndénmMmHnN
Mopnc/ noénnH® noénnnn ndénnyc
mnnnc/ noénnnwm noénnnn noénnnwm
mnpnac/ nénnnwm nénnnn nénnnwm

m AA-04 powder = TM-DAR powder PGAN25 powder

100

9

9

8

8

7

| I
1 |

850 400

1200 1250 1300 1350 1 1450

Relative density / %
a @
o U O i © »n o W«

w
93]

Sintering temperature / °C

Fig. 1 Relative density asfainction of sintering temperature
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Absorptivity measurements revealed that the open porosity disappéar sintering at

1 4 0 0 (1hAf@ AA-04 and PG4N25 powders, but for TAR powdera lower sintering
temperaturef 1 2 5 Ois s@iffitient The same trend is observed in the results of bulk density
measurementshownin Fig. 1 Relative density is calculatéal relation totheoretical density

of 3.99 g.crt. It can be assumed that A% orPG4N25 powdercould replace TMDAR in
preparation olmost fully denseeramics but the sintering temperatures need to be increased
by 15 OhisAa&umption is confirmed by results from SEM in Fg.where the
comparison of samples sintered at definemperatures is showth 4 0 0 A SA-04,01250

AC f oDARANNML 450 AC f or Pre3peblizely powder

" RS 4 Ol VG - DO TSN DA CR T RS TR YR DR W
1 0.23 pm, RD 97

Fig. 2 SEM micograph for ABA4, TMDAR and PG4N25 powder sintre t desire
temperatures, respectively. Relative density (RD) is kept be®&esmd 97 % for all three
powder types

Average grain sizes, given in Fi@. have only informative character about grain diameters in
the samples but do not inform aerrectly about the sintering process andhaprocess of

grain growth. For this purposeart of theWeibull statistical analysis with least square
method as criteria was done on A4 powdersamples Over 500grain diameters ) for

every sample have undergone mathematical operations to find an appropriate number of
formula members and ifgarametersa b, 9 which shouldfit experimental data. Basic form

of the formula iggivenin Equation 1.

Equation 1
QQ —Q w Qwn —
W ()
Results from the statistical analysis are illustrated in the Figs afunction of grain
diametersThis diagram provides more information about grain size distribution compared to
the average size only. It i s seen, that al
have narrow distribution of grains with thearimum at 0.25m and from this temperature

ur

upwards grain sizedi st r i buti on spreads to hi gher v al

polydispersion system is observed with its maximum akth6
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—850"°C 1200°C 1250°C 1300°C 1350°C 1400°C ——1450"C

f(d)
g
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d/pm

Fig. 3 Grain size distribution as a function of sinterbegnperature

CONCLUSION

In this work, three commercial alumina powders (84, TM-DAR, PG4N25) with various

particle sizes were used to compare their sintering behaviour. Following sintering
temperatures were found to be necessary to reach relativeydeghier than 95% with zero
openporositfy 1250 ACDARrpdWMder and at -OfandBG4N25400 A
powders. Weibull statistical analysis was used for determination of grain size distribution of
sintered AAO4 alumina samples. Statistical arialgé grain growth and its distribution was

based on the SEM image analysis. Results revealed narrow distribution of grains in samples
densified at temperatures up XmnoAtténp&diuredC wi t |
1 4 0 Oghalh size distribution was shifted to higher values. In the case of sintering
temperature of 1450 AC a polydisperseamdistr.i
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ABSTRACT

The formation of thin layer utilizing of high thermal treatment of dense silicon nitride with
different grain boundary phase (SiCIO, + CaO or CgPQy),) by oxyacetylengorch was

studied. The structural and phase composition changes of surfaces of particular studied
substrates after acetylenex ygen f |l ame t her mal bLCeatliment (1
ratio; dwell time up to 60s) and their bioactivity was discussekisnpaper.

Keywords: SisNg4, oxyacetylene torch, surface layer, bioactivity
INTRODUCTION
Silicon nitridebased ceramics are characterized especially by high chemical resistance,

superior combination of mechanical properties. Recently, silicon nitrsdeadiracts interest
for bio-applications in the human bodgs bioinert material. However, the biological
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applications often require additional properties, e.g. bioactivity, enabling stronger bonding to
the host tissue. The possibilities how to enhanceddtivity of bioinert materials like silicon

nitride is surface engineering and different coating technique3 ig] oxidation behaviour of
StNyceramics i s process (annealing at hi gh
markedly changed a surface. There are two mechanisms responsible for the phase change: i)
oxidation, which changes the surface composition of specimens, ii) the crystailiaithe

grain boundary glassy phase. The literature shows some databd$ebfi2it SN, oxidation

in different test conditions. Thick layer of glassy phase can be seen on the oxidized surface in
the dependence on these different conditions. Aftertrdietment the scale is brittle, large
cracks are present and adhesion is low. Therefore is oxidatiogNafsbirface by annealing at

high temperature is not interesting for bioaplications for these reasons. However, exist the
materials used in high tempg¢ure environment such as rocket engines and other thermal
protection systems for space vehicles/[5These materials (ultrahigh temperature ceramics
UHTC) are tested by oxyacetylene torch test
relatively shorttime (120300s) the thin protective oxide layers (a few microns) with high
oxidation resistance are formed unlike traditional loogtinuing annealing process (few

hours or days)In this work, we would like to prove that by using the controlled thermal
treatment it is possible to prepare on the surfacesdl;Substrate an oxidic layer with certain
thickness, porosity and phase/chemical composition, which can satisfied all conditions for
surface bioactive ceramics.

EXPERIMENTAL

Preparation of dense $i, substrates

Substrates were prepared using commercig,Spowder grade SNE10, Ube Industries
Ltd., Japah and SiQ (Aerosil OX-50, Degusa, Germany, 50°ng?) with using different

bioactive phases that act also as sintering aid, i.e. CaO a(fiGk)a. Chemical compositions
of the initial powder mixtures are summarized in Table 1.

Table 1Chemical composition of the initial powder mixture

samples SizNg4 SiIO, CaO Ca(PQy): Sintering | com

Wt% Wt% Wt% Wt% T AC |wt%
SNSi 90 10 - - 1750 5.24
SNSiCa 90 6.4 3.6 - 1600 3.8
SNCaP 90 - - 10 1630 6.8

Samples with diameter of 20 mm and height of approx. 5 mm were prepared by hot pressing
up to 1750AC (Table 1) at 3atmddghere. The densBigs mi n
of as prepared samples determined using Archimedes method were above 97 % of
corresponding theoretical density (Table Bhe microstructures were observed by scanning
electron microscopy (EVO 40HV, Karl Zeiss, Germany). For fhspose, the sintered
samples were cut, polished and plasma etched (Diener Fep@F,& 1:9). Prior a further
treat ment the samples were ground and pol i
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standard ceramographic meth@xkyacetylene torch was uséat thermoeoxidative treatment

of substrate surfaces using constant O;H,= 1:1.1 ratio and dwell time up to 60 sec.
Temperature of surface in the range of 1475/
was controlled by changing the distance betwibemozzle tip of burner and treated surface.

X-ray diffraction (Bruker AXS D8 Discover Xay diffractometer) and scanning electron
microscopy/energy  dispersive spectroscopy (SEM/EDS) (JEOL -703M
F/IEDS/WDS/EBSD) were used to characterize respectiiedy ghase composition and
microstructure of the surface, chemical composition and cross section of the tested samples.
Bioactivity determination

The in vitro bioactivity of the samples was determined applying procedure described in detail

in [8]. The samps were inserted into prepared SBF at pH 7.32 and left in incubator for four
weeks at constant temperature (36.5 N 0.1AC
from the fluid, washed with destilled water and the surfaces were studied by SEM (JEOL
JSM7600). Bioactivity should be proved by formation of HA on the surface of the samples

and so by decrease of concentration of'Gad PQ* ions in SBF solution after soakirig
concentration of G4 andPQO,> ions were measured, using the optical emission spectroscopy

with inductively coupled plasma ICP OES (5100 SVDV {0ES, Agilent).

RESULTS

The microstructure of all three prepared substrates consists mainly from elongited Si
grains with hexagonal striige and minor grain boundary phdfég. 1). The results of Xray
powder diffraction analysis (XRD) of prepared samples are present in Table 2.

Fig.1 Microstructure of prepared substrates

Except of initial components, the presence oNgD formed during the sintering, was also
confirmed.Despite the fact that initial mixture of SNSiCa contains relatively higher amount

of CaO (3.6 wt%) no phase containing Ca was confirmed by XRD in this substrate. Molar
ratio of calcia to silica of 0.6within the initial mixture was chosen in order to minimize the
temperature of sintering {T= 1437 AC) and to possi hdatdthe i n s
grains' boundaries during the sintering (this phase is considered to be highly bioaetiVe) [9
However, the amount of created CagSid with the highest probability either under the
detection limit of used method or it is a phase in amorphous state. This assumption is
confirmed by EDX analysis of prepared samples; the results are shown in Table 3. The
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presence of calcium (1.87 wt%) in SNSiCa creates the assumption of presence of a certain
amount of CaO (or CaSH) which plays a key role in further processing of the substrate.

Table 2Density and phase composition of prepareflSsubstrates

SNSi SNSiCa SNCaP
pm [ %] 5.24 3.80 6.8
density [g.cm?] 3.05 3.07 3.11
TD [ %] 97.13 97.15 97.49
Phase analysis by XRLC SisNg, SbN2O, SIG, | SisNg, Si0; SizNg4, SIG,, CaO

The substrate marked as SNCaP was prepared with the aim to gain the phase based on
calcium phosphate at the grain boundaries @fiSiXRD analysis again did not confirmed

the presence of such phase, but EDX analysis of grain boundary confirms the presence of Ca
and P (Table 3). The presence of CaO (Table 2) indicates that the inig@Ck)a is
dissociated during sintering..®s with SiO, either becomes a part of glassy phase at the
boundariesof gN,gr ai ns, or | eaves the system in the

Table 3Chemical composition (EDX analyses)substrate (wt%)

Substrate N @) Si Ca P

SNSi 36.99 15.98 47.02 0.00 0.00
SNSiCa 28.44 14.89 54.79 1.87 0.00
SNCaP 14.55 8.21 68.26 4.25 4.73

The structural changes of surfaces of studied substrates after acetygee flame thermal
treat ment ( 14 THACLINati@ BwelCtime @ to 60s) are shown in SEM
micrographs (Figure 24&). The front faces of substrates were covered with a white layer
adhered on the surface, indicating that the expected oxidation had occurred. Moreover, these
surface layers werbighly eroded and porous, Fig Z&. Based on the analysis of SEM
results, the lowest effect of thermal treatment conditions, in terms of microstructural changes
of surface, was observed in SNSi system where grain boundaries consist,qfT$i©
1660AMISpM@® (oxi dative resistant phase up to

=" |c)sncap

B) 500x ~ C)500x
Figure2St ructure of substrate surfaces af
C,Ho= 1:1.1 ratio; dwell time up to 60s.)
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Surface of th&SNSiCa sample after the flame thermal treatment has evidently different nature

of erosion compared to SNSi (in Fig. 2. the
two images). Due to the presence of CaO that significantly changes the grain bqinadary

and its high temperature resistance resulted to different damaged of surface (Fig. 2B). The
surface damage of sample SNCaP (Fig. 2C.) is after flame thermal treatment similar than
SNSiCa surface (big interconnected droplets, broken/rough sur@osgsectional analysis

of tested samples was performed to compare the thickness of formed layers and the chemical
and phase compositions (Fig. 3 and Table 4).

R eoiias]

SizN, substrate

Figure 3 Cross section of the sub%3AG;
CoH,= 1:1.1 ratio; dwell time up to 60s.)

The different protective effect (passivation) of as formed melt on the sample's surfaces against
oxidation/dissociation of &N, is evidently present (Fig. 3.). Wide size distribution,
interconnectivity as well as irregularity of pore shape results due to the rapid evolution of
gaseous products related to the decomposition of nitride phase of substrate matrix. The
thickness of asrte at ed (eroded) surface | ayers are at
grain boundary composition of substrates. In case of SNSi eroded sample clear interface
between formed layer and original substrate is present contrary SNSiCa or SNCaP {Fig. 3B

C.). The phase composition of the layers was measured bygrdmng incidence Xay

diffraction measurement(=6 A) wi th aim to catch mainly th
the samples, results are summarized in Table 4. In case of SNSi, the phasetmmnygiidsi

not change compared to the reference state. The phaseSiNgappears on the surface of

sample SNSiCaThe presence of calcium silicate (Cagi@as not confirmed in the surface

layer, which is not suitable from the perspective of biologpraperties. Also in the third

case, there was not achieved the initial intention to gain the surface layer rich in bioactive
calcium phosphate (G@Oy)2). The surface layer of sample SNCaP compared to reference

state except g4, SiO, andCaO (Table 2) lso SisPs andSi (Table 4). Based on such
products it is obvious that used conditions were too extreme for this system and several
dissociative reactions took place. The initial3@&y), dissociates during the sintering

process into crystalline CaO aptbbablyP,Os is present in amorphous state because was not
confirmed by XRD method.
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Table 4Phase composition of substrate surface after thermal treatment testing measured by

the grazing incidence-K a y

di ffracti

on

measur ement

(U=6A)

SNSi

SNSiCa

SNCaP

composition

SisN4, SbN2O, SIG

Si3N4, SiZNZO, S'Q,

Cag,SizNe

Si3N4, Si]_zps, SI, SIQ, CaO

This statement is confirmed also by the result of EDX analysis of the samples' surfaces after
oxidation (Table 5). The surface of all three tested samplepmwasd to contain carbon in
relatively high amount @wt%). The combination of the gases and their ratip(gpi,) in

the flame that was used results in formation of reducing environment.

Table 5 EDX analysesf substrate surface after therntedatment (wt%)

Layer C @) Si Ca

SNSi 7.9 51.2 40.9 X X
SNSiCa 6.0 51.1 37.2 5.7 X
SNCaP 8.2 52.9 10.6 14.6 13.7

Given conditions at acetyleraxygen flame treatment result in many chemical reactions and

end with oxidation of $N4 (or SpEN,O phasan SNSi system)2SiN4(s) + 3Q(g) = 6SiO (g)

+ 4N, (g) and SiN,O(s) + 3/2Q(g) = 2SiQ (s) + N (g), or dissociation of SN4 SisN4(s) =

3Si (1) + 2N (9).

During the flame thermal treatment of surfaces, two processes occur parallel: i.) mklting
oxide phases at the grain boundaries gN&iits viscous flow or diffusion of cations (from

the sintering aids or impurities) towards the surface and solidification on cooling, and ii.)
oxidation/dissociation of g, that results in formation of gasus phases and thus the pore
formation. In all three cases there was due to thesgses created a porous laydl three

systems were oxidized under the same conditions, which is not ideal in terms of creating the
optimal structure of pores and theinmber. The conditions of oxidation (temperature of the
flame and exposure time) needs to be adjusted based on the composition of the phase on the
boundariesof SNsgr ai ns. The cooling rate of 500 AC/r
formed meltsin amorphous state (without negligible crystallization) with preserved pore
structure. The change of concentration of‘Gad PQ* ions after 21 days in SBF solution is
shown in Fig. 4. The concentration of both measured ions in SBF solution is dimassine

as in the reference SBF solution (i.e. without presence of the same kind of sample). Also the
SEM analysis has not confirmed any change of the surface of SNSi sample and the results
confirm inert character of silicon nitride with addition of SiO
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Fig.4 Change in concentration of €aand PQ%ions in SBF solutionafter21 days of
sample i mmersion (test of bioact

In case of sample SNSiCa there is a more significant change. Much higher concentration of
Ccd" ions (in comparison with SBE) suggests that calcium is released to the solution during
the test (probably by dissolution of £S&Ng phase, see Tab. 3). Detailed SEM analysis has
shown the occurrence of small areas of precipitates (seeds) of phase surface, which

were not present before the bioactivity test. From the results it is obvious that the conditions
for formation of HA were not idealalthough there can be observed some nucleation of small
rudiments, there are no noticeable higher unit€aP phasdn case of SNCaP sample there

has been measured the highest concentration dfi@ss in SBF solution. This is in accord

with the results from EDX analysis of substrate surface after thermal treatment (14.6 wt%;
Tab.5). On the contrary, theoncentration of P§J in extract of this sample has rapidly
decreased (in comparison with SBBut also in the SNSiCa extract). In spite of the fact, that
the surface of the sample already contains a certain amophosphorus (13.7 ¥4; Tab.5),
additional consumption of P ions from SBF solution arises during the incubation. The reason
for such phenomenon is the formation of nanocrystals, whose structure is typical for calcium
phosphate in the form of HA.

CONCLUSION

The dense silicon nitride netals with different grain boundary phase (§iSiO, + CaO or
Ca(PQy),) were prepared by hot pres method. The surfaces of substrates after acetylene
oxygen flame thermal treatment were highly eroded and porous. The different protective
effect (passivatin) of as formed melt on the sample's surfaces against oxidation/dissociation
of SNy is evidently present. The thickness of as treated (eroded) surface layers are at the
level from 2 to 100mm accordance grain boundary composition of substrates. Theatsul
bioactivity test in SBF confirm inert character of silicon nitride with addition of, Sl
SiO,+CaO0 respectively. The surface of the SNCaP sample (with additions(@@p) is
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bioactive because considerable formation of HA nanocrystalsolsearved on the surface
after bioactivity test in SBF.
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ABSTRACT

Electrophoretically deposite@PD) layers prepared from plasma activated powders gDAl

or ZrO, exhibit a substantiallysmaller surfacaoughnesshan EPD layers prepared from

pristine powdersPerformed analysis of plasma induced changes on powder surface pointed

out a possible importance of physisorbed species generated within the plasma itself. In the
presented work, the amount plasma introdyslegsisorbed species was gradually reduced by
parti al t her mal desorption at successively i
effect of plasma activation was lost completely. This particular temperature was in excellent
agreement with the acation temperature for desorption of plasma introduced adsorbed
species, found by thermal desorption spectroscopy in our previous work.

Keywords: electrophoretic deposition, plasma treatment, DCSBBOALZrO,

INTRODUCTION

Electrophoretic deposition (EPD) is a versatile shaping method used for fabrication of
ceramic films. During the EPD charged ceramic particles dispersed in a liquid medium
(typically a noraqueous organic solvent) are attracted and deposited onto a cemduct
substrate of opposite charge due to an applied electric field. In our most recent paper [1] we
havereported the discovery of positive changes in EPD process mdethermal plasma
activatedAl ,O3; powderis used Plasmgowder activatiomesulted in aubstantidl smoother

EPD layer(Fig. I-right), smaller mean grain size and slightly higher relative denshg.

effect of plasma activation was fully comparable, or even better, than the known use of
monochloroacetic aciddditive [2]. The dynamics oEPD was affected significantiypo, as

the process had switched to the opposite polarity electrode. In our dgtlomork we were

able to show, that EPD from plasma {meated ZrQ powders exhibits the same positive
effect too ([3, 4], Fig.Lleft). Thorowgh analysis of plasma treated surfaces (FTIR, XPS,
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thermoluminescence, TGA and TDS) pointed out the importance of plasma originated
molecular gases being adsorbed on the powders surface [1].

The main arguments supporting this hypothesis are as follows: (1) the effectniateotl

specific, as it manifested itself on both,®@% and ZrQ powders; (2) more than 200 fold
increase of specific conductivity of EPD dispersion from plasma treated powders suggests an
release of powders surface adsorbed species into the solutiofD&3fthermal desorption
spectroscopy) analysis of powders revealed an ample amount ehdteeular weight

species present on the plasma activated powders, which were desorbed at temperatures above
3 0 0 ¢kig. 2). The aim of presented work ie prove thecausality relationship between the

plasma introduced adsorbed species and the positive EPD effect we have carried out series of
thermal desorption experiments.

Al 203 ZroO 2 (YSZ)
Fig.1. Improvement in the surfaceughness of EPD deposit. L&fAl,O3 reference vs.
plasma treated. Righit YSZ reference vs. plasma treated

ALO, + plasma

Temperature [°C]

Temperature [*C]

Mass [u]

Fig.2. Pair comparison of 2D TDS maps of untreated and plasaaded A}O; powders
(top) and untreated and plasnrtieated yttrium stabilized Zr{powders (bottom)
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Protective mesh —\

N
N

Cooling system -
Diel. barrier of 96% Al,O,

Treated powder

Embeded powering electrodes

Fig. 3. Schematics (left) and actual appearance (right) of DCSBD system with protective
screen printing mesh

Plasma treated AD; and ZrQ powders were gradually heated to facilitate a partial
desorption of gases from powder surface. The impacdsorbed gases removat EPD
deposition rate watheninvestigated.

EXPERIMENTAL

Submicron alumina powder (TMDAR, Taimei Chemicals, Japan) and yttrium stabilized

zirkonia powder (TZYS-E, Tosoh, Japan) was plasma treated by the Diffuse Coplanar
Surface Barrier Discharge (DCSBD). The DCSBLI
thermal plasmabove the flat dielectric panel made of 96%@l The system was energized

by a pair of embedded cortlike high voltage electrodes Fig. 3 [1]. The width of electrode
strips was 1.5 mm, their mutual di stance wa:
HV of 30 Kk Hz ftopaeta k2 0a nkdv 5p0efa kW i n p uhbusepboild e r s
power generator. Discharge was operated in still (no flow) atmospheric pressure air of
absolute humidity within the range of 8 ¢./Aative area of generated plasma usfed

DCSBD unit was 8 I 20 cm. Maximum temperatur
70 AC. The treatment was done in a discont.
0.4 g) of alumina powder was sifted@1500hr ough
48/12370W) on the surface of DCSBD panel, to form a thin powder layer. After the set
treatment time of 30 sec, the treated powder was scraped away, collected for further
processing, and the whole process was repeated again. Treated powderderbitstatic

charge on its surfac@artial thermal desorption was done by exposing treated powders to the

set temperature (140AC, 200AC and 300AC) for

air. EPD solutions were pr erped in€upropanal (pm., 15 wt
Lachner, Czech Republic). The dispersions were mechanically stirred in an ultrasonic bath for
30 mi n. The deposition took pl ace on the

(D=12mm, I=20 mm) of a ceaxial deposition cellThe deposition was made at constant
current of 5 mA (current density 0.66 mA®m. The total ti me of depo
deposition was interrupted at 5 min interval
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RESULTS

Resulting deposition rates are shown in BigTo take into account the loss of powder which
stayed adhered to the walls of mixing beaker (sediment), the deposition rate was expressed as
a relative reduction of fraction of dispersed powder, using theularm

o V)
Ya e mnb
) V) :p

whereMge, states for the mass of deposited powdldy, is total mass of initially dispersed
powder andViseqis mass of powder losb the walls oimixing beaker.

ALO, YSZ

4 T T T T T 8 T T T
—=— air/24h —=—air/24 h

1 —»— 140°C/4h 1 —e—200°C/4 h
3] ——200°C/4h 4 61 —*—300°C/4 h |
——300°C/4h
E S
< <
14 .
2 i
0 4
0 - P A .
0 5 0 15 20 25 30 o 5 1 15 20 25 2
t [min] t [min]

Fig. 3. The effect of gradual hiag on the EPDOdeposition rate

Thermally desorbed samples were compared with the reference samples, which were left
exposed for 24 hours to room temperature ambient air. Such reference was adopted to address
the aging effect of plasma treatment. For both typepasiders, 4 hours lasting thermal
exposure of 300AC removed the positive EPD
gradual for AOspowder s, and steep for YSZ powder s.
is in excellent agreement with the onset terapge of adsorbed species identified by TDS

(Fig. 2).

CONCLUSION

Exposing plasma treated powders to the tempe
positive EPD effect brought by tipeeviousplasma treatment. Almost identical value of onset
temperature for plasma introduced species observed by TDS provides a strong supportive
evidence for the hypothesis of critical role played by physisoffpledma introducedspecies

during the EPD.
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ABSTRACT

Terahertztime domain spectroscopy (THDS) is a novel spectroscopic experimental
technique covering far infrared region with low frequency and phonon lattice vibrations
response. However, it is not quite frequenthpléed for characterisation of ceramic and glass
materials. THZTDS offers systematic study of solid phase with increased sensitivity towards
dielectric and spectral changes in far infrared region. For the first time we have characterised
absorption coeféiient and refractive index frequency dependence St/ &** co-doped
Lay,Zr,O; ceramics. Such type of ceramic has distincicapverting properties and can be

used for detector materials. Clear dependence of low frequency band detected as function of
Er** doping element concentration was found at about 0.9 THz.

Keywords: Terahertztime domain spectroscopy, Fafrared, Dielectric properties, Rare
earths doping, Lanthanumirconates

INTRODUCTION

The ceramic materials are frequently used as insulatatsdaectrics not only in the
conventional household/industrial electexhnical applications, but are utilised in car or air
transportation industry, as special and functional devices. As such functional devices can be
considered the temperature sensamd IR detectors for specific military applications. The
Terahertztime domain spectroscopy (THADS) has found applications in fields such as
material quality checks and tomography imaging including chemical sensing, which can be
applicable successfullynithe studies of ceramic materials 1. Thanks to the coherent
detection of THz radiation, it is able to extract from one sample measurement, including the
determination of a background spectrum, the frequency dependence of the complex refractive

index (N, =n,- ik,) of the investigated material. Herg, is the real part of the refractive

index, and &, the absorption index as the imaginary part. Under specific conditions the

thickness], of the absorbing medium can be determined from one sample measurement too,

if multiple FabryP ®r o't oscill at i o-NDS isatheeonlyd expeenuenta d . T
technique, which allows direct determination of material absorption coefficigriirom the

known frequency dependent refractive inded absorption index can be found the material

complex dielectric permittivitye, = €j - i€j, while €] =n52- ksz, and €j=2nk,. The real
part of dielectric permittivityej characterise material polarisability and propagation of the
radiation through material. The imaginary part corresponding to loss feictoepresents the

material ability to absorb electromagnetic radiation aemgivrequency. Rare earths (Re)
doped ceramics draw much attention due to their practical applications in the fields of optical
phosphors in modern energy saving light bulbs and interesting optical, electrical, magnetic
and catalytic properties. Lanthanurircenate ceramics with the pyrochlore structure co
doped with E¥'/Yb®" are efficient mediators for radiationgpnversior4i 5]. Therefore, the

main objective for our study was the determination of the dielectric and frequency response of
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lanthanurrzirconate materials with uponverting properties after their doping win**/Yb®*
cations

EXPERIMENTAL

Synthesis of lanthanum zirconate (LZ) ceramics was done using thecbanocal synthesis

from Re nitrates Re(N§kAH,0 (Re = La, Er, Yb) and zirconyl nitrate. The nitrate salts were
dissolved in aqueous solution along with nitric acid to suppress hydrolysis at pH
Homogeneous precipitation of respective hydroxides was induced using ammonia solution
after adjusting ta pH ~ 8. TheEr/Yb*" co-doping was recalculated to final composition
ErcYboolZ where x = 0.005; 0.010; 0.020; 0.050. Additional compositions were prepared
using lithium nitrate salt by the same procedure to induce excess of Lithium as structural
atomsat the level of y = 0.050; 0.100; 0.200 to verify its effect on optical properties in the
UV-VI S region. Prepared gel was dri ed, cal ci |
discs of aboutinm t hi ckness. The discs welemmbering ed at
is shown in the Table 1.

Table 1. Composition of lanthanum zirconate samples prepared bydwvacal sgthesis

Sample number Chemical composition
La,Zr,07
Ero.01Ybo.0d-a2Zr,0
Ero.02Ybo.od-a2Zr,0
Ero.05Ybo.0d-a2Zr,0
Ero.10Ybo.0d-a2Zr,07
Ero0.01Ybo.0d-a2Zr,07:Lig.05
Ero0.01Ybo.0d-a2Zr,07:Lio.10
Ero0.01YDbo.0d-a2Zr,07:Lig 20

0N W NP

The Xray powder diffraction (XRPD) of all E#Yb®* codoped calcined lanthanum

zirconate materials was determined using Stadi Stoe P diffractometer equipped with theta
theta goniometer and linear position sensitive detector using @d(Kadiation & =
0.1788965 nm). Patt er n $ stepeir 28 1Q0Q lthetae rangee he u s i n ¢
pyrochlor structure had matched to XRPD card nc2@82249. The structure represents
facecentred cubic (fcc) conventional unit cell, corresponding to the space @& and

crystal structure shown in the Figut.
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Exp 10Ybp ppL2,Z1, 05

Erg sYbg o L2, Zr, O

Exp 02Ybg pL2,Z1, 05
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e i La** 7"t 48f O 8 O O vacancy
@ : 0 @0

30 40 50 60 70 80 90 100

Figure 1. Typical XRPD patterns of 2,0 (left) and structure projection (right)

The THzTDS measurements were obtained on laboratory built equipment based on
femtosecondaser driven photoconductive emitter and eleciptical detection, with typical
components shown in Figure I2s, beam splitterlp, linear polarizerdl, optical delay linel,
lens;te, terahertz emittepm, parabolic mirrors, sample positioneog electreoptic crystal,

<4, quarter wave platayp, Wollaston prismpdd, photoconductive detection)i[8].

"3

4

S

[
2 R==
fs Laser .:. / //
pml eoc HE

«

Fig. 2. Schematic representation of teralz¢ime domain spectrometer

Frequency dependences of refractive index and absorption coefficient of all studied materials
listed in Table 1 are shown in the Figure 3. The refractive indexes can be observed in the
range of 3.1i 3.9, absorption coefficienshows broad absorption bands with increasing
intensity growth for the samples 5.
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Fig. 3.Frequency dependences of refractive index (left) and absorption coefficient (right) of
Lay,Zr,0O; samples (solid lines represents just the estimates to guigsetier the
dependences observed)

RESULTS

There is well accepted mechanism of energy transfer -@baperting processes which may
occur without charge transport. One can distinguish between radiative and nonradiative
resonant energy transfers, whilee transfer is radiative when the photons emitted by the

fisensi

ti

zer o

ons

ar e

absorbed

by

any facti

arrangements of emitter and receiver in the crystal structure [9]. As it was found by the XRPD
analysis,all materials prepared had facentred cubic structure shown in the Figure 1. The
location of the structural cations and the dopants in the structure has essential effect on final
up-converting and luminescence properties. Depending on the concentrtBAEYb®" in

the pyrochlor lattice structure, these trivalent cations can substitute most probably the
occupancy sites for lanthanum cations, but at higher concentrations zirconium replacements
and self interstitial positions cannot be excluded. TheP®RJid not found changes in
diffraction intensities of observed peaks, however, small changes in their positions can be
detected with changes of Yb®" concentrations. The faamntred cubic crystal structure
indicate an isotropic material propertiesigéhcan be preferred for electron energy transfer by

any

mechani

sm

consi

der ed,

such

as

F-NET  t er r

phononassisted nonradiative energy transfer {RET) or cooperative luminescence
sensitization (CLS) and the qoerative energy transfer plus photon absorption (BRJ.

From these mechanisms, the contribution fromNEAT mechanism could be investigated
using phonon sensitive technique detecting vibrations of elastic structures of structural atoms
of investigated miarial. From this reason the investigation of low frequency vibrations of
preparecEr*/Yb** co-doped lanthanum zirconasing THzTDS was performed for the first

time. The experimental investigation was done on laboratory build TIH& spectrometer
schenatically shown in the Figure 2. The results achieved represent frequency dependence of
refractive index and absorption coefficient of investigated material infi@red region
(Figure 3).The values of refractive index were observed in the range 3.8, with distinct
inflection point indicating the presence of absorption band in the frequency range
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investigated. Th&'Hz-TDS is the only spectroscopic technique able directly determine the
frequency dependent absorption coefficient for known thickneseanaterial, thanks to its
coherent detection scheme. Indeed, there can be seen broad low frequency bands observable
for the absorption coefficient in dlla,Zr,O; doped materials investigated (Figure Bght).

The most striking feature found is the shift of the absorption band of phsent,O;
observedat ~1.00 THz towards lower frequencies affet’/Yb®* structure cedoping in the
range of ~ 0.8% 0.95 THz. Such frequency shift is in good agreement with theoretical
change of the molecular vibration oscillator, if mass of one of the atoms is increlased,

if EF" is replacing either LH or Zr**, observed shift of low frequency bands can be good
indicator for the replacing process and/Br’* incorporation into the_a,Zr,O; structure. In
addition, the fact that peak position change is associated witrthdoping is supported by
the observation of gradual peak intensity increase, accordifg’ t@rowing concentration
used for the doping (Table 1). The addition of ktions into the material structure,
decreased the peak intensity for the given leveEdf and indicate that presence of small
cation e.g. in the interstitial positions affects the nietgltingmolecular vibration oscillations
(Figure 3- right).

CONCLUSIONS

The Terahertzime domain spectroscopy was used for the first time foinhestigation of
low frequency vibrations of preparét®*/Yb** co-doped lanthanum zirconate material with
facecentred cubic structure. It was found thatdmping of the La,Zr,O; using EF*/Yb**
cations result ithe shift of the absorption band of paremdterialtowards lower frequencies.
At the same time the peahtensity can be used for the monitoring of #8" incorporation
into the structure. The addition of accessorydations to the material structure, decrease the
peak intensity at the given level Bf**. This indicates that presence of small cation in the
interstitial positions affects the neighbourivigration of structural cations in the investigated
pyrochlor structure.
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MI KROGTRUKT ®DIRASTNASTITI-B,C KOMPOZI TOV PRI PRAVENH
PROCESOM ADI TEVNEJ VHhROBY

MICROSTRUCTURE AND PROPERTIES OF Ti -B,C COMPOSITES PREPARED
BY ADDITIVE MANUFACTURING
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ABSTRACT

Titanium 7 boron carbide composites have been manufactured by additive manufacturing
using plasma transfer arc (PTA) process. In this process plasma trangferAyas used as

a heat source for imitu reaction between Ti andi®, which allows a formation of TiB and

TiC phases during the deposition. Additive layer manufacturing using Machine for Multi
MateriatMa nuf act u-Sy s g e id)4 Md e v eTechipegy Gnibly off&rd B
production of large and complex 3D components on one side and a gradient structures or
multi-material concepts on the other side. Fully dense and crack free Ti specimens with 10
vol. % of B,C were obtained by additive manufacturing witie optimized deposition
parameters. In comparison to the pure titanium Grade 1.0 the Ti with 10 veC%eBt
samples show higher Young's Modulus (IE8a against 103 GPa of the pure Ti) as well as

hi gher hardness values (37878 R848VMPand Tka
break however, is very low showing ceramic like behaviour.
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Keywords: Titanium, Boron Carbide, Composite, Plasma Transfer Arc (PTA), Additive
Manufacturing

INTRODUCTION

Within the past years a strong trend towardsube of additive layer manufacturing processes
has been observed. Especially space industry and aeronautic industry are the markets and
application areas where this technology is of significant interest due to possibilities for weight
saving, integratiorof functionalities in components, reduction of processing steps and of
course the availability of components at more competitive costs especially when it comes to
the manufacturing of prototypes and small series.

Multi-material manufacturing has been desivated at R&D level where blown powder or
wire-feed systems have been used in combination with PTA welding [1, 2], Tungsten Inert
Gas (TIG) Welding [3], Gas Metal Arc Welding (GMAW) [4, 5], Plasma Arc Wire (PAW)
Welding and Electron Beam (EB) Welding [B, Titanium matrix composites have several
beneficial properties over the unreinforced metals, such as corrosion resistance, heat
resistance, high specific modulus and high specific strength [8,,8]r&nforced Titanium

matrix composites exhibit sigmantly enhanced properties, such as higher hardness,
improved corrosion and wear resistance since it serves as precursor for TABn@iBiC

phases [10, 11]. For producing 3D particle reinforced composites, the most commonly used
techniques are sinteg, hot pressing, hot isostatic pressing and casting [12].

EXPERIMENTAL

The 4M system with the PTA as a heat source was used for deposition of biBy@ Ti
powder mixture to createlayer of T+ B,C composite on the substrate. At the subsequent
layers tle heat source creates again a welding pool with the blown mixture of powders, which
then solidifies on the previously deposited layer. In this way, layer by layer are built up to a
complete 3D structure of a required material with selected parameterd (JTab.

Calculated amount of boron carbide powder (10 vol.%) with the grain size-3f545 Om an d
Titanium Gradel powder with the grain size of/8 0 Om wnxedas 500y patch for

one hour in a Turbular Powder Mixer (Sintris 43TM). Ti Grade2 platés svmensions of
200x200x10 mrwere used as substrates. Samples were then cut by Wire Electric Discharge
Machining (W.EDM) for microstructure analysis and determination of mechanical properties.
The microstructural characterization was carried out uaiight microscope Leica DM and
scanning electron microscope coupled with EDAX analysis (FESEM, Carl Zeiss SUPRATM
40VP). The hardness was measured using a Vickers indenter of a Qness 10 M hardness test
machine. Tensile test specimens were tested accaliBl 2561 using a universal testing
machine type Shimadzu AGTD/TC with a maximum load of 100 kN.
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Tab. 1. Welding parameters of the test seams with Ti+10ve®®pBwder.

Seam Pilot  Welding End Powder  Travel Seam Layer
Nr. arc current current feed speed length  number
[A] [A] [A] [g/min] [mm/min] [mm]
S274 30 120 110 10 120 50 5
S275 30 120 110 10 140 50 5
S276 30 120 110 10 160 50 5
S277 30 120 110 10 180 50 5
S279 30 120 110 10 220 50 5
S283 30 120 110 10 260 50 5
S284 30 120 110 10 260 120 47
RESULTS

For the deposition ofTi- B,C composite on the Ti substratedravel speed as one of
processing parameters was regularly modified to obtain dense, pore and crack free material.
Following the calibration of the powder feed rate, 50 mm long, single layered seams were
deposited as the first optimization steffter optimization of the deposition parameters
multilayers up to 5 layers were manufactured. Table 1 summarizes processing parameters
used during the deposition of 5 layers with the length of 50 mm. In case of multilayers,
additional requirements had to be optimized, such as theupuitist structure has to keep the
required geometry without losing the original dimensions throughiapaun-off) or
complete melting (loss of layered structure). From first test campaign the best parameters for
the manufacturing of F¥iB,C composite (Fig.1a) which consisted of 47 layers with the length

of 120 mm were selected. Out of this wall, 8 piegktensile samples (Fig. 1b) were cut by
EDM taking into account the deposition history.

Fig.1. Layered structure of a)-B4C composite prepared by additive manufacturing and b)
cutting plan for preparation of tensile samples.
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Youngos utimateuténsils strength (UTS) and Vickers hardness (Hv) were measured

and evaluated. Testing of tensile samples of BLIC composite revealed enhancement of
Youngdés modulus (1.4 times), UTS (2.8 times)
minimum required properties of Titanium Gradel. On the other hand the improvement of
these properties by addition of 10 vol.% affBcaused loss of elongation.

Tab. 2 Summary of properties ofB4C composite.

Densit Ultimate .
y Young's . Total strain .
tensile Vickers
modulus at break
strength hardness
[GPa] [9%0]
[MPa]
Ti Gd1
. 451 105 240 24 122
minimum

The crosssection analysis of microstructure revealed that unreacted boron cpartades

were layer wise distributed in the matrix. It seems that they followed layer by layer
manufacturing steps. The detailed insight showed that the matrix is composed of titanium
with new phases such as TiB and TiC. These phases appear due tesitheréaction as

follows: 5Ti+ BC Y 4TiB + TiC. [14, 15] In te Fig
particle surrounded with the reacted phase in the forms of thin, thick laths and/or prisms.

Fig. 2. Microstructure of TB4C composite a) layereardering of unreacted /&£ and b)
phases formed during reaction of Ti with(B

According to binary B phase diagram the eutectic composition occurs at B content of 1.6
wt . % at temperature 1540AC. On the &t her h
combi nation is produced at approximateBy 100

Considering the boron to carbon ratio in th&€Band reaction mentioned above the primary
TiB phase is formed.
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