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PREDSLOV

Pokrocilé keramické materidly st triedou materidlov, ktoré nachéadzaju stdle viac aplikacii
Vv priemyselnej praxi. Nie st to len ich vynimocné mechanické vlastnosti, ktoré ich predurcuju na
pouzitie v strojarskych aplikdcidch, ale Coraz viac sa vyuzivaju ich fyzikdlne vlastnosti. Su to
predovsetkym optické, elektrické a tepelné vlastnosti, ktoré¢ sa dosahujii manipulovanim Struktiry
samotnych bazalnych zlucenin alebo modifikovanim mikrostruktiry keramickych telies z nich
zloZenych.

Pracovnici Oddelenia konstrukénej keramiky Ustavu materialového vyskumu SAV
v Kogiciach, pracovnici Spoloéného pracoviska VILA Ustavu anorganickej chémie SAV, Fakulty
chemickej a potravinarskej technologie STU a Trenc¢ianskej univerzity Alexandra Dubceka v Trencine
a pracovnici Oddelenia keramiky Ustavu anorganickej chémie SAV sa stretli v penzione Lesanka,
Ruzin uz po piaty raz. Vzajomne sa informovali o dosiahnutych vysledkoch vyskumu od posledného
stretnutia a vypoculi si prezentacie, predovsetkym doktorandov, ktori s vychovavani na tychto
pracoviskach. Uroveli prezentacii bola vysoka a v diskusii odzneli namety na budficu spolupricu
tychto skupin.

Komplementarita v§etkych troch skupin tykajuca sa navrhu zlozenia a pripravy materialov ako
aj merania ich vlastnosti sa pri vhodnej spétnej vidzbe prejavuje v synergii dosiahnutych vysledkov.
Takymto iteracnym cyklom a vzijomnym ovplyvilovanim sa jednotlivych skupin boli pripravené
mnohé materialy s vynikajucimi vlastnostami a vzniklo mnoho kvalitnych prac publikovanych
v $pickovych Casopisoch alebo prezentovanych na najvyznamnejsich podujatiach na svete z oblasti
keramickych materidlov.

Tohtoro¢nej konferencie sa zucastnilo 30 ucastnikov a prezentovalo svoje vysledky v 18
oralnych vystapeniach.

prof. RNDr. Pavol Sajgalik, DrSc.
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PRIPRAVA A VLASTNOSTI PROGRESIVNYCH KERAMICKYCH MATERIALOV

OPOTREBENIE KOMPOZITOV Si3N4/GR€&FEN PRI IZBOVEJ
A ZVYSENYCH TEPLOTACH

WEAR DAMAGE OF SI;N,/GRAPHENE COMPOSITES AT ROOM
AND ELEVATED TEMPERATURES

Jan Balkol, Pavol Hvizd0§1, Csaba Baldzsi’

1Ustav materidlového vyskumu, Slovenskd akadémia vied, Kosice, SK

2Bay Zoltan Nonprofit Ltd for Applied Research, Institute for Materials Science and
Technology, Budapest, HU

ABSTRACT

Tribological properties such as coefficient of friction and wear rate of silicon nitride based
composites with admixed two kinds of graphene platelets are measured by pin-on-disc technique in
dry sliding conditions. The wear tracks are observed by scanning electron microscopy and
mechanisms of wear and damage are identified. It is shown that addition of carbon phases does not
lower the coefficient of friction. Graphene platelets seem to be integrated into the matrix very strongly
and they do not participate in lubricating processes. Their presence in higher volume fractions leads to
reduced wear rates. The best performance at room temperature offer materials with 3wt% of graphene
platelets, which have the highest wear resistance due to enhanced fracture toughness. With increasing
temperature, particularly above 500°C wear rates increase.

Keywords: friction coefficient, wear rate, silicon nitride, graphene multilayers

UvVoD

Materialy na baze nitridu kremicitého boli vyvinuté ako materialy pre vysoko teplotné
aplikacie z dovodu jeho vysokej pevnosti a huzevnatosti pri zvySenych teplotach [1]. V poslednych
desatro¢iach boli studované sposoby ako znizit' krehkost’ a zvysit' huZevnatost' tychto materialov.
V poslednom obdobi boli dosiahnuté urcité uspechy pridavkom grafénovych multivrstiev[2]. Do
dnesného obdobia vSak existuje malo Studii ktoré by sa zaoberali tribologiou tychto materidlov, z
pohl'adu koeficientu trenia a Specifického opotrebenia. Ciel'om tohto prispevku je preskiimat’ vplyv
pridavku réznych druhov grafénovych platniciek na tribologické spravanie a mechanizmy poskodenia
kompozitov s matricou Si3N.,.

EXPERIMENTALNA CAST

Experimentalny material bol vyrobeny v MFA Budapest’ a jeho zaklad tvori zmes komeréne
dostupnych praskov: SizN4 (Ube , SN - ESP) s 6 % Y,0; (HC Starck , trieda C) a 4 % Al,O3 (Alcoa ,
A16), ktoré boli pouzité ako spekacie prisady. Ako pridavky grafénu boli pouzit¢ dva komercne
dostupné prasky: xGnP-M-5 — vel’kost’ Castice Sum (vyrobca xG Sciences), Angstron N006-010-P —
velkost’ Castice 14 pm. Praskové zmesi boli zmieSané s grafénom a spolocne mleté. Nésledne boli
spekané metodou ziarového izostatického lisovania (HIP) po dobu 3h pri tlaku 20MPa a teplote 1700
°C[3]. Oznacenie a mechanické vlastnosti materialov s v tabul’ke 1.

Tabulka 1 Oznacenie a zakladné mechanické viastnosti materialov[4]
Material wit% C Typ grafénu HV5 [GPa] | Kic [MPa.m™?] | Oznagenie
SizNy 0 ——- 154+04 69+04 M
SigNg+ x5um 1 graphene - xG5um 14.6 £0.2 7.8+04 1G
SizN4+1Angstron 1 graphene - Angstron 14.6 £0.6 89+04 1A
SizNg+ x5um 3 graphene - xGn5pum 7.7+0.1 3G
SizN4+3Angstron 3 graphene - Angstron 8.1+0.2 3A
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Tribologické merania boli realizované na zariadeni High Temperature Tribometer THT (CSM
instruments) metddou ball-on-dics pri nasledujicich podmienkach: draha 300 m, rychlost 0,1 m/s,
zatazenie 5 N, gul'dcka SizN, S priemerom 6 mm (Spheric Trafalgar Ltd.). Testy boli vykonané pri
teplotach: 25, 300, 500, 700 °C, na vzduchu.
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Obr. 1 Specifické opotrebenie pri réznych teplotich. Obr. 2 Koeficient trenia pri roznych
teplotdach.

Na obr. 1 je zndzorneny teplotny priebeh Specifického opotrebenia. Material 3G ukazal
zavislost’ rasticeho opotrebenia s teplotou. U ostatnych materialov Specifické opotrebenie rastlo od
teploty 300 °C. EDX analyzy potvrdili zvySeny obsah kyslika v povrchovych vrstvach. To naznacuje
vznik vrstvy oxidov kremika v zéone kontaktu. V pripade monolitného materialu to viedlo k znizeniu
koeficientu trenia v teplotnom intervale 300 — 500 °C az na hodnoty blizke 0,2. Na obr. 2 je
znazornena teplotna zavislost koeficientov trenia. Koeficient trenia materialov s pridavkom 1%
grafénu sa pohybuje v intervale 0,6 — 0,7. U materialov 3% pridavkom 0,7 — 0,8.

ZAVER

Z nameranych hodnot koeficientu trenia vyplyva, ze pridavok grafénovych multivrstiev
neprispieva K jeho zniZeniu. Pri meraniach vykonavanych pri teplote 700 °C podiel grafénu klesol
ateda aj koeficienty trenia kompozitov si velmi podobné referenénému monolitu. Specifické
opotrebenie je pri izbovej teplote podobné pre vsetky materidly a ma stipajucu tendenciu s rastom
teploty z dovodu postupného oslabovania struktary.

PODAKOVANIE

Praca bola realizovana s podporou projektov NanoCEXmat II: ITMS No: 26220120035;
NanoCEXmat I: ITMS No: 26220120019; a CEKSIM: ITMS No: 26220120056; ktoré su
podporované z Opera¢ného programu "Vyskum a vyvoj" financovany prostrednictvom Europskeho
fondu regionalneho rozvoja a projektu APVV s ¢islom 0161-11.
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VPLYV ORIENTACIE ZRN NA ICH TVRDOST V SYSTEME WC-9CO

EFFECT OF GRAIN ORIENTATION ON THEIR HARDNESS IN
WC-9CO SYSTEM

. Tamas Csanddil, Annamaria Duszovdl, Pavol Hvizdoil, Jan Duszal,

3

Marek Bl’anda]"2

Marek Faryna™, Jerzy Morgiel3

1 Ustav materidlového vyskumu, Slovenska akademie vied, Watsonova 47, 040 01 KoSice, SK
2 Materialovotechnologicka fakulta STU v Trnave, Bottova 25, 917 02 Trnava, SK

3 Institute of Metallurgy and Materials Science of Polish Academy of Sciences, Reymonta 25,
30 059 Krakow, PL

ABSTRACT

The mechanical properties of WC-9Co hardmetal were investigated by nanoindentation
method. The crystallographic orientation of WC grains was investigated using EBSD analyses. Grains
with basal and prismatic planes on the polished surface were identified. Indentation tests were
performed with maximum applied load of 10 mN to determine the hardness values. Their evaluation
was performed according to Oliver&Pharr method. The results deriving from nanoindentation test
show significantly higher hardness on basal planes (H|T=37 + 2.1 GPa) than the prismatic planes

(HIT=27 £ 2.4 GPa) and of binder phase (H|T=7 + 1.4 GPa).

Keywords: nanoindentation, hardness, grain orientation, basal and prismatic planes

UVOD

Spekané karbidy maju Siroké uplatnenie v priemysle hlavne ako rezné nastroje. Je to dosledok
ich vybornych mechanickych vlastnosti, hlavne vysokou pevnostou, tvrdostou a dobrou
oteruvzdornostou. NajCastejSie pouzivanym pojivom pre spekané karbidy je kobalt v rdéznych
objemovych podieloch. Zrna karbidu volframu maji hexagonalnu $trukturu, kde bazalne roviny maja
oby&ajne tvar zrezaného trojuholnika a prizmatické roviny st charakteristické obdiznikovym alebo
Stvorcovym tvarom (Obr. 1). To priviedlo niektorych autorov [1-5] k §tadiu mechanickych vlastnosti
v zavislosti od orientacie WC zfn. Nasledné indentacné $tadie potvrdili vyrazny vplyv orientacie zin
na mechanické vlastnosti WC zfn. Vo viéSine pripadov sa ukazuje, Ze bazalne orientované WC zrna
maji vyrazne vysSiu tvrdost’ ako prizmaticky orientované zrna [2-5], avSak vysledky niektorych
autorov [1] viedli k opa¢nému zaveru.

Basal plane

{Qoory* .-

-

Prismatic planes
Obr. 1 Bazdlne a prizmaticky orientované roviny WC zrna
Nasim cielom bolo tento fakt preskiimat’, prispiet’ k potvrdeniu toho ¢ onoho zaveru. Dal§im cielom

bolo zmapovat’ zmenu mechanickych vlastnosti v zavislosti od postupnej zmeny orientacie WC zin od
bazalnej k prizmatickej.
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EXPERIMENT

Pre tento experiment bol vybrany spekany karbid s 9 % objemovym pridavkom kobaltu (WC-
9Co). Vyrobca uvadza velkost zin 3 — 25 pm a tvrdost’ 9,82 GPa (zat'azenie 30 Kg).

Povrch vzorky bol pripraveny leStenim. Finalna faza leStenia bola realizovand vibraénym
leStenim (dosiahnutd drsnost < 5 nm) anéasledne bola vykona EBSD analyza rastrovacim
elektronovym mikroskopom (Philips XL 30) na IMMS v Krakove. Na EBSD analyzu boli vybrané
Styri oblasti na vzorke. Nanoindentacné meranie bolo realizované za pouzitia Nanoindentoru Agilent
G200 v standardnom mode zat'azenie-odlahenie s Berkovicovym typom indentoru. Pred meranim
sme si vybrali jednu oblast’ na vzorke, kde bola vykonana EBSD analyza a vytvorili sme v tejto oblasti
matricu 20x20 vpichov s maximalnym zatazenim 10 mN, rychlostou zat'aZzenia 20 mN/min a vydrzou
5 s na maximalnom zat'azeni.

VYSLEDKY A DISKUSIA

Vysledky hodnét tvrdosti zo vietkych 400 vpichov si uvedené na Obr. 2. Statisticky sme
dostali vel'mi velky rozptyl hodndt tvrdosti od 5 GPa az po 38 GPa. Z toho grafu nie je mozné urcit’
aku tvrdost’ maju typické bazalne a prizmaticky orientované roviny.

40

Twrdost [GPa]

i

T T T T T T T T T
oo 100 140 160 180 00O 2200 40D M0 ZED0 200

Hibka wpichu [nm]

Obr. 2 Zavislost indentacnej tvrdosti na hibke vpichu

Nésledne sme pomocou SEM nasnimali vSetky vpichy a ku kazdému sme priradili
zodpovedajicu hodnotu tvrdosti. EBSD analyzou sme ur¢ili orientaciu jednotlivych zin. Potom sme si
legendu pre EBSD analyzu (Obr. 3) rozdelili na 8 typickych oblasti (farieb) a pre kazd(i sme vybrali
niekol’ko zfn. V tychto zrnach st uhly medzi bazalne a prizmaticky orientovanymi rovinami
nasledovné: od (0001) k (2-1-10) 1- 0-10°, 2 — 10-40°, 4 — 40-80°, 6 — 80-90° a od (0001) k (10-10) 3
— 10-40°, 5 — 40-80°, 8 — 80-90°. Hodnoty tvrdosti sme Statisticky vyhodnotili a vytvorili zavislost
tvrdosti na orientacii zfn (Obr. 4). Pre porovnanie sme pridali typickl hodnotu tvrdosti pre kobaltovii
fazu. Hodnoty tvrdosti pre bazélne orientované zrna boli 37 = 2,1 GPa a pre prizmaticky orientované
zrna 27 + 2,4 GPa. Pre kobaltov( fazu boli hodnoty tvrdosti 7 &+ 1,4 GPa.
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Obr. 3 EBSD mapa s legendou
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Obr. 4 Zavislost indentacnej tvrdosti na orientacii WC zin

ZAVER

Experimentalne merania systému WC-9Co potvrdili, Ze bazalne orientované zrna maju
vyrazne vys§iu tvrdost’ ako prizmaticky orientované WC zrna, a to priblizne o 10 GPa. Z tohto zistenia
vyplyva, Ze ak by bolo mozné usporiadat’ mikrostruktaru tak, ze bazalne orientované WC zrna by
tvorili funkény povrch rezného nastroja, bolo by mozné zvysit jeho tvrdost’ az 1,5 nasobne.

PODAKOVANIE

Tato praca bola realizovana s podporou projektov APVV-0161-11, NanoCEXmat II: ITMS
No: 26220120035, NanoCEXmat I: ITMS No: 26220120019 a CEKSIM: ITMS No: 26220120056.
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STUDIUM MONOKRYSTALOV WC VO WC-Co KOMPOZITOCH
POUZITIM NANOINDENTACIE A AFM TECHNIK

INVESTIGATION OF WC MONOCRYSTALS IN WC-Co COMPOSITE
USING NANOINDENTATION AND AFM TECHNIQUES
1,2

Tamas Csanddil, Marek Bl’andal’z, Annamaria Duszovdl, Pavol Hvizdos* and Jan Dusza™
YInstitute of Materials Research, Slovak Academy of Sciences, Watsonova 47, Kosice,
Slovak republic

2Faculty of Materials Science and Technology, Slovak University of Technology, Paulinska
16, Trnava, Slovak republic

ABSTRACT

Elastic and plastic properties of WC-9%Co hardmetal were investigated by nanoindentation
and the resulted hardness values were checked by means of atomic force microscope (AFM) at room
temperature. Two crystallographic planes were investigated, namely the basal and prismatic planes, on
which nanoindentation tests were performed with different applied load from 1 mN to 50 mN.

The results determined by nanoindentation show higher indentation hardness on basal planes
(H;1=28.9+0.1 GPa) than on prismatic ones (H;1=21.94+0.1 GPa) over 10 mN load. For loads below 10
mN the results for H+ were inconsistent. The corresponding indents were checked by AFM and correct
values of hardness were found. It is pointed out that below 50 nm contact depth the applied built-in
contact area-contact depth function is not appropriate and a new corrected contact area-contact depth
function is proposed, thus the resulting recalculated hardness values are in good agreement with the
AFM measurements.

Keywords: nanoindentation, hardmetal, basal plane, prismatic plane, AFM

INTRODUCTION

Cemented carbides are widely used as machining tools because of their excellent mechanical
properties [1]. One of the most commonly used hardmetal is the tungsten carbide-cobalt composite.
For more than fifty years, several indentation studies on tungsten carbide single crystals have shown
considerable anisotropy depending on the orientation of the facets [2-5]. Even though a number of
experimental and theoretical studies have been carried out on WC-Co cemented carbides [6-9]
concerning the description of the elastic and plastic behaviour, these measurements could have given
an account of only the common effect of the deformation of WC particles and the cobalt binder during
microindentation. After the development of nanoindentation technique it has been possible to
investigate both tungsten carbide and cobalt phases individually, but until now only few studies exist
in this field from only very shallow indentation region [10,11] or from relatively deep penetration
region [12]. Moreover, the results are contradictory. Bonache and his colleagues made the very first
paper [10], where the differently orientated WC grains and the cobalt binders have been investigated
and it was claimed that the prismatic facets are harder than the basal ones. These results are
inconsistent with the earlier studies [2-5] and with some recent papers [11,12] on WC single crystals
grains, where the opposite was experienced.

This paper addresses this problem in order to reveal the real anisotropic behaviour of elastic
and plastic deformation induced by nanoindentation in wide range of depth.

EXPERIMENTAL

In this paper, tungsten carbide-cobalt composite was investigated containing 9 vol.% of cobalt
(WC-9Co). In brief, the WC grain size was 3-25 pm and the Vickers macrohardness (HV30) was
around 982. The sample was prepared properly for nanoindentation and its surface was checked by
scanning electron microscope (SEM). Additional details about the microstructure and the sample
preparation can be found elsewhere [11].

11
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The nanoindentation tests were carried out on Nanoindentation Tester NHT-TTX made by
CSM Instruments (Switzerland) at room temperature. Indentations were performed using Berkovich
indenter on the basal and prismatic planes. The orientations of facets were checked by means of
electron backscattered diffraction technique (EBSD). Due to the relatively big WC particle size, it was
possible to perform all of the indentations in the same grain but at distances large enough from each
other to avoid the influence of the crystal orientation and to minimize the effect of the mutual stress
fields on hardness. Two indentations were made with the same load in each grain applying single
loading-unloading cycles using 1 mN, 2 mN, 3 mN, 5 mN, 10 mN, 25 mN and 50 mN loads.

Atomic force microscopy (AFM) investigations were performed on the indents to study the
resulting cross profiles and to verify the reliability of the calculated hardness values by
nanoindentation technique in the shallow depth regime.

RESULTS AND CONCLUSIONS

NANOINDENTATION MEASUREMENTS

The results determined by nanoindentation show considerable indentation size effect (ISE),
but over 10 mN load the hardness can be considered constant and its value is significantly higher on
basal planes (H=28.9+£0.1 GPa) than on prismatic ones (H=21.9+0.1 GPa),see in Fig. 1a. These results
are in good agreement with some recent papers, where similar WC-Co composites were investigated
[11,12]. In the latter paper [12] the hardness values are slightly lower, 25.6 GPa for basal and 17.2GPa
for prismatic planes, which can be explained by ISE, because of the higher applied load. The former
paper [11], in which much lower loads were used, reports higher hardness 40.4 GPa and 32.8 GPa on
both basal and prismatic planes, respectively. The deviance from our measurement can be also
explained by the indentation size effect. It is clearly seen in Fig. la that our measurements coincide
with those results in the low applied load region over 5 mN. However, according to the paper by
Bonache et al. [10], in the very shallow depth regime (below 30 nm) which corresponds to the region
of lower loads than 5 mN the opposite behaviour was experienced. According to our measurements in
this force region a sudden drop-off can be observed in the tendency of hardness (Fig. 1a), therefore
first we had to analyse and clarify the physical background of this behaviour.To this end, careful AFM
studies were carried out on each indent in the whole range of applied loads from 1 mN up to 50 mN.
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Fig.1. Hardness values of basal and prismatic planes obtaining from a) nanoindentation, b) AFM.

AFM MEASUREMENTS

Using AFM cross profiles, the contact projected areas were calculated and then the hardness
values were evaluated. This calculation is based on that the projected contact area remains constant
during unloading [13]. The results show a strong indentation size effect and higher harness values
corresponding to the basal plane than the prismatic one in the whole investigated depth regime, as it is
shown in Fig. 1b. These results are inconsistent with those published by Bonache et al. [10], but they
are in good agreement with some other recent nanoindentation studies on WC-Co composites [11,12]
and many earlier microindentation investigations on WC single crystals [2-5].

However, the experienced drop-off behaviour below 5 mN is still an open question in spite of
the fact that the nanoindentaion machine has been carefully calibrated. To ascertain the origin of it,
calibration data on fused silica has been precisely analysed. The fitting procedure of contact area
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function revealed that original built-in function was not appropriate in the whole depth range in spite
of the fact that the best fits were used. This is summarized briefly in the following section, suggesting
a new area calibration function.

NEW CONTACT AREA FUNCTION

The routine machine calibration is based on individual single cycle indentations on fused
silica using loads from 0.1 mN to 100 mN. The contact area values were calculated by Oliver Pharr
method assuming that the Young modulus of fused silica is constant in the whole investigated load
region. Finally it was plotted as function of the contact depth and was fitted using the built-in contact
area functions (Eqg. 1) to obtain the best fit.

A(hc) — 245hc2 + alhc + azhcllz + a.3hC1/4 + a.4h01/8 + a5h01/16 + a.thl/32 + a7h01/64 + a.8hcl/128 (1)

In spite of the best fit was used, the above function (Eg. 1) was not able to fit properly the
calculated area values in the shallow depth regime. This observation requires the definition of a new
contact area function which fits properly the whole analysed load or depth region. It can be shown that
the A(h.) function deviates from the parabolic behaviour but adequately can be fitted by the following
simple power-law function (Eq. 2) with 1.8 exponent instead of 2.

A(h.) = 85.1h.'® (2)

Using this new contact area function the resulting hardness values for both basal and prismatic

planes are in good agreement with the AFM measurements in the whole investigated depth region (see
in Fig. 2).
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Fig. 2. Hardness values of a) basal and b) prismatic planes derived from nanoindentation, AFM
measurement and calculated by the new contact area function.
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ABSTRACT

Porous silicon nitride ceramics having properties similar to the human trabecular bone has
been sintered and characterized in order to develop a material applicable as bone substitute. At first,
human trabecular bone was characterized especially in term of pore structure which is, besides the
non-toxicity, the most critical for acceptation of the substitute. The pore network of highly porous
trabecular bone is formed by interconnected large pores of approximately 300 — 1000 pm. Similar pore
structure of silicon nitride-based ceramics was attained by the replica method with polyurethane
sponge as pore forming agent. Porous ceramics were prepared in two ways, namely as air-sintered
silicon nitride and sintered reaction-bonded silicon nitride. The materials were characterized using the
same methods as for the bone samples. Both types of the materials fulfilled the microstructural
requirements for bioapplications, moreover their non-cytotoxicity was proved by measuring yellow
tetrazolium MTT proliferation assay using human fibroblast cell line.

Keywords: porosity, mechanical properties, silicon nitride, biomedical applications

INTRODUCTION

Progress in orthopedic surgery is inevitably related to the development of new biomaterials
appropriate as bone substitutes in terms of structure, mechanical and biological properties. General
requirements involve specially high chemical inertness in corrosive body fluids, high wear resistance,
sufficient mechanical properties and biocompatibility.

In the process of development of the new biomaterials for tissue replacement must be taken
into account structure and properties of the tissue, which has to be replaced. If the properties of new
material significantly differ from the host tissue, the material will cause dynamic changes of the host
tissue after implantation. Silicon nitride based ceramics fulfill all mentioned conditions and it
represent a promising alternative to metals or polymers [1].

This work is focused on preparation and characterization of porous silicon nitride with
properties similar to the human trabecular bone. The prepared porous ceramics were characterized
using the same methods as for bone samples — density measurement, SEM, XRD analysis, XRD-
micro-tomography and mercury porosimetry. Also the mechanical properties as hardness (H), elastic
modulus (E) and compressive strength (o) of prepared materials have been measured and the obtained
values were compared with the values of bone samples.

EXPERIMENTAL

The silicon nitride-based samples were prepared by replica method using polyurethane sponge
as pore-forming agent by two different methods. In the first one, suspension with 35 vol. % of Si3N4
powder (Yantai, Tomley Hi-Tech Ind. & Tra. Co., Ltd., D90=10.0 um, O < 1.5%) was prepared. The
polyurethane sponges (Bulpren S, average pore size 0,48 mm,) were dipped into slurry and
compressed while submerged, to fill all the cells in the sponge and achieve good wetting between
sponge and slurry. The impregnated sponge was then passed through rollers to remove the excess
suspension. After drying the sponge was burnt out at 600 °C for 1 h on air (heating rate: 1 °C-min-1).
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Then the sintering at 1250 °C on air was performed. These samples are depicted as air-sintered silicon
nitride (ASSN) [2].

In the second method sintered reaction bonded silicon nitride (SRBSN) samples were
prepared. Suspension with 48 vol. % of powder mixture consisting of silicon (grade 4D, dsp= 7 um,
Sicomill, Vesta Ceramics AB, Ljungaverk, Sweden) and a-Si3N4 (SN-E10, Ube Ind., Japan) in a
weight ratio of 4:1 was prepared in deionised water. The polyurethane sponges (Bulpren S, average
pore size 0,62 mm) were impregnated with the slurry and the excess of suspension was removed by
roll-press processing. After drying, the sponge was burnt at the same conditions as in the first method.
The nitridation of Si-based porous structure was carried out at 1400°C for 3 h followed by sintering at
1750 °C for 2 h in nitrogen atmosphere.

The results show that the mechanical properties of air-sintered silicon nitride (H = 0.46 +
0.07 GPa; E=11.4+0.9 GPa; 6 = 3.2 + 1.8 MPa) are very close to the values measured for bone (H =
0.51 £ 0.03 GPa; E=11.2 + 0.9 GPa; ¢ = 4.7 + 1.6 MPa) contrary to reaction bonded silicon nitride
ceramics (H=6.3+2.3GPa; E = 92.1 + 21.3 GPa; o= 5.95 + 0.4 MPa). However mechanical
properties can be modified by changing of sintering regime.

Obr. 1 Sections from XRD microtomography of bone (64 vol% pores)—(A), air-sintered
Si3N4 (65 vol% pores)—(B), SRBSN (73 vol% pores)—(C).

CONCLUSION

Porous silicon nitride-based ceramics with structure similar to the trabecular bone structure
consisting of interconnected macroporous network was prepared using replica method. The
mechanical properties of air-sintered silicon nitride were very close to the bone properties. In the case
of sintered reaction-bonded silicon nitride the preparation method requires decrease the hardness and
Young’s modulus values. The non-cytotoxicity of porous silicon nitride-based ceramic materials was
confirmed by MTT proliferation test.
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EFFECT OF ACIDIC BEVERAGES ON THE MICROMECHANICAL
PROPERTIES OF HUMAN TOOTH ENAMEL
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ABSTRACT

The influence of corrosion in acid beverages (white wine, pH~3.5) on micromechanical
properties of human teeth was studied. Simultaneously, the effect of fluorine-containing mouthwash
Elmex (pH~4.4) and of artificial saliva (Biothene, pH~5.3) in terms of their protective action against
corrosion, and the recovery of mechanical properties through fluoridation and re-calcification was
studied. The influence of the solutions on Vickers hardness of dental enamel was monitored on the
basis of results from the tests carried out under dynamic conditions. The dynamic tests were performed
at temperature corresponding to the temperature of human body (37°C). The polished surfaces of
human enamel were exposed to corrosion solution from 10 to 60 minutes, the hardness testing was
performed in 10 minutes intervals at the load of 0.2 N. The measurements confirmed a significant
deterioration of microhardness with prolonged exposure to white wine. The Vickers hardness
decreased from 347 HV0.2 in uncorroded specimens to 186 HV0.2 in samples corroded for 60 minutes
in white wine. Significant recovery of Vickers hardness was observed after 60 minutes exposition time
in the Elmex fluoridation solution, with the increase from 186 to 372 HV0.2 (Fig. 1). Similar effect
was observed in the artificial saliva Biothene solution, with observed hardness increase from 186 to
320 HVO0.2 (Fig. 2). Healing of corrosion-induced defects by the action of both the Elmex and
Biothene solutions was observed by SEM, and associated with observed increase of hardness.

Keywords: human tooth enamel, microhardness, corrosion, recovery
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Fig. 1: Variation of enamel surface microhardness as a function of the exposure time,

a) Corrosion White wine, b) Fluoridation EImex
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ABSTRACT

In recent years, rare-earth ions doped yttrium aluminum garnet (Y3Als0.,, YAG) has been
widely applied as a luminescent material due to its excellent mechanical properties, transparency,
thermal conductivity and chemical stability. YAG represents a host matrix with very good structural
compatibility. Y** and AI** in the structure of YAG can be replaced by various other cations with
different valency and size within a suitable range. Many previous works investigated the effect of host
substitution on the luminescence properties of usual luminescent centres in YAG. It is common that
only one cation is substituted in YAG, however it is also possible that two or more different cations
are co-doped into YAG at the same time. Trivalent rare-earth ions (e.g. La**,Gd** Tb**, Nd** and
others) can be used to replace Y**. The boron family elements (e.g. B**, Ga*") can be used to replace
AI** homogeneously. When only one kind of cation is built into the YAG structure, trivalent cations
are optimal because both substituted and replaced cations have the same valence. It is not suitable to
use only one type of divalent or tetravalent cation for replacement of Y** or AI*": the content of a
substituent must be small for the sake of charge balance, otherwise new phases appear, which destroy
the single garnet structure of the material.

The YAG phase as a host doped by various cations (e.g. Ce*"), has been widely used for
preparation of phosphors for LED applications, especially white light emitting diodes (LEDs).
However, red emission deficiency still persists in these phosphors.

In the present work we report on the results of preliminary study of photoluminescence
properties of Mn”" doped glasses and their crystalline counterparts in the systems Y,05;—Al,O; and
Y,0;-Al,05:—Si0, as potential candidates for efficient red light emitting phosphors. The glasses were
prepared in the form of glass microspheres with composition derived from Y,0;—Al,O; eutectic
(76.8 mol. % Al,O3, 23.2 mol. % Y,03), and modified by the addition of 5, 10, 15 and 20 mol. % of
SiO,. The doping level of Mn** was maintained at 0.5 mol. %. The effect of SiO, content on the red
emission of prepared phosphors was studied in detail.

Keywords: Photoluminescence, Mn®* doped glasses, aluminate/low silica aluminosilicate glasses,
LED, red phosphors
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ELEKTRICKA A TEPELNA VODIVOST Al,Os-MWCNTS
KOMPOZITOV

ELECTRICAL AND THERMAL CONDUCTIVITY OF ALUMINA-
MWCNTS COMPOSITES
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ABSTRACT

Alumina — multi-wall carbon nanotubes composites were studied with respect to obtain the
homogeneous distribution of nanotubes within the alumina matrix. New approach comprises
stabilization of alumina/CNT dispersion with subsequent freezing has been used, which resulted in
formation of homogenous mixture. The ceramic composites were prepared by hot pressing at 1550°C
using these mixtures. Microstructural analysis, electrical conductivity measurements as well as
thermal diffusivity measurements has been used for observation of distribution of nanotubes within
composites. Electrical conductivity, as an indicator of homogeneity of conductive network
distribution, increases from 6 to 1140 S/m when compared the conventional process and approach
presented in this work at the same volume fraction of MWCNTSs 10 vol. %. Moreover, homogeneous
distribution of CNTs resulted in refinement of microstructure measured with respect to the average
grain size of alumina particles (~1pum) compared to conventional powder mixing by only ball milling
(~ 5um) at the same MWCNTs loading.

Keywords: Al,Qs, carbon nanotubes, freeze granulation, microstructure, electrical conductivity

INTRODUCTION

Alumina ceramics, one of extensively utilised structural ceramics, have great potential to be
used in many special applications where low density, high hardness, chemical inertness and good
high-temperature properties are required. However, alumina is a brittle material with poor fracture
toughness and low thermal and electrical conductivity and thermal shock resistance. Carbon nanotubes
(CNTs) have excellent mechanical properties. Therefore, they are attractive candidates for
reinforcement of various materials. Except their reinforcing effect, they have extraordinary thermal
and electrical conductivity and thus can improve also functional properties of alumina ceramics.
However, CNTs tend to agglomerate due to the attractive van der Waals forces and thus have a
detrimental effect on the mechanical and functional properties of composites. To avoid these problems
it is necessary to ensure the homogeneous distribution CNTs in ceramic matrix. In order to reach
homogenous distribution of CNTs in alumina matrix the novel approach of processing has been used.
This approach comprises acid treatment of CNTSs, their homogenous dispergation and freeze drying of
this state.

EXPERIMENT

Multi-wall carbon nanotubes (MWCNTS) with outer diameter of 8 — 15 nm and length of 50
pum (Chengdu Organic Chemicals Co. Ltd., China) were stirred in a mixture of concentrated sulphuric
and nitric acids. Afterwards, the CNTs were filtered from this mixture and thoroughly washed by
distilled water to be acid-free and then finally dried at 80° C overnight. Water based dispersion of as
treated MWCNTSs have been prepared with addition of stabilizing agent of sodium dodecyl sulphate
(SDS, Alfa Aesar GmbH, Germany). Alumina powder (Martoxid MR-70) was added into the
stabilized dispersion of MWCNTS in order to prepare mixtures with various content of nanotubes in
the range of 2,5 to 10 vol. %. Obtained dispersions were rapidly frozen in liquid nitrogen (LS-2,
PowderPro AB, Sweden) and subsequently lyophilised (Unicryo MC2L, UniEquip Laborgeritebau-
und Vertriebs GmbH, Germany) to dry the granulate. Alumina-CNTs composites were then densified
at 1550°C for 1 hour and load of 30 MPa under inert atmosphere of argon.
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Figure 1. Granulated alumina/CNT composite powder and detail of granule surface with distribution
of MWCNTSs and alumina grains

Raman spectra of raw as well as acid treated MWCNTSs were recorded using Micro-Raman
spectrometer (Horiba HR800, Germany) equipped with an Ar laser (irradiation wavelength 633 nm).
Zeta potential of MWCNT and alumina dispersions has been measured at various pH in the range of 2
to 11 (Zetasizer Nano Malvern Instruments Ltd., United Kingdom). Densities of ceramic composites
were measured using Archimedes method by weighing in water. Scanning electron microscopy (EVO
40HV, Carl Zeiss, Germany) was used for microstructural analysis of prepared powder mixture as well
as final composite bodies; grain size of alumina matrix was estimated by the linear interception
method. Microstructural evolution and MWCNTSs distribution within the alumina matrix was
compared with composite counterparts prepared by conventional powder processing and densified
under the same condition. Electrical resistivity was measured by 4-point method using compensated
RLC bridge.

—&— AlLLO,-MWCNT (new approach)
—4& -AlLLO,-MWCNT (conventional processing)

Electrical conductivity [S/m]

" r r I .
0,0 25 5,0 75 10,0
Content of MWCNTS [vol.%]

Figure 2: Comparison of electrical conductivity of alumina-CNT composites prepared by conventional
process and new approach

CONCLUSION

Multi-wall carbon nanotubes are attractive materials for reinforcement (strength and
toughness) and also improvement functional properties of ceramics. The most important prerequisite
for improvement mechanical and functional properties of ceramics is uniform distribution of carbon
nanotubes in ceramic matrix. This work focuses on new approach for preparation of alumina
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composites with homogeneously distributed MWCNTS. This approach results in a granulated powder
in which MWCNTs were homogeneously distributed and individually isolated and thus to more
homogeneous ceramic composites. The preliminary results of microstructural evolution and electrical
properties seem to be very promising. From comparison of fracture surfaces of composites prepared
by conventional and this new process is clearly seen significant differences in microstructure,
especially in the distribution of nanotubes, grain size and presence of agglomerates. Electrical
conductivity, as indicator of creation conductive network, increases significantly also due to the better
distribution. Thermal conductivity decreases with increasing content of MWCNTSs in alumina matrix.
More investigation in thermal properties of alumina-MWCNTSs will be necessary in order to better
understanding of this behaviour.
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LAMINARNA KERAMIKA - KONT,AKTNA PEVNOST A TVORBA
TRHLIN

LAMINAR CERAMICS - CONTACT STRENGTH AND CRACK
FORMATION

Lucia Hegediisova, Jan Dusza

Institute of Materials Research, Slovak Academy of Sciences, Watsonova 47, Kosice, SR

ABSTRACT

The paper deals with the determination of contact strength of laminar composite ceramics by
opposite rollers and spheres. Results of the single-cycle contact tests are compared with those of the
standard bending test. Parameters of the Weibull analysis which is considered for the determination of
strength of ceramic materials are presented.

Keywords: contact test, microstructure, cone cracks

INTRODUCTION

Conventional tests for determination of strength of ceramics describe failure behaviour related
to a simple stress state which is mostly uniaxial with insignificant gradients. Considering practical
applications, mechanical loading leads to an inhomogeneous multi-axial stress state which can be
simulated, regarding laboratory measurements, by contact line or point loading. The contact line/point
is induced by two opposite rollers and spheres. Weibull analysis is commonly used for describing the
values of the bending strength results which are characterized by the characteristic strength oy and the
Weibull parameter m which is the measure of the scatter in strength values. The Fett’s theory [1] which
defines relationships between parameters of the Weibull analysis for the four-point bending test
(0v.pends Mpeng) @nd single-cycle contact test using rollers (oo contr Meont) 1S derived as

Mpend™ 2Meontr s T0pend™ T0,contr - 1)

The characteristic strength oo peng @aNd o contr results from experimental values of openg and
Ocontr» FESPECtively, defined as [2]
3P(S,-S 1.96P
% 1+ Ocontr :W' (2)
S; and S, represent outer and inner spans, respectively. W and t are dimensions of a sample
along directions parallel and perpendicular to a direction of the applied force P at failure, respectively.

Finally, the stress ogons along with the Young’s modulus E have the forms [2]
,71/3 2 4
_1—2vm[6PE } e Y @

Obend =

Teonts =3 | TR E E E

where E,, v, and E,, v, are the Young’s modulus, the Poisson’s ratio for the spheres and a
ceramic material, respectively. The paper deals with the determination of contact strength of laminar
composite ceramics by opposite rollers and spheres. Results of the single-cycle contact tests are
compared with those of the standard bending test, and an analysis concerning the Fett’s theory is
presented.

S m

EXPERIMENTAL PROCEDURE AND RESULTS

An experimental material is represented by Al203-ZTA laminar composite ceramics which is
made by tape casting followed by binder burn-out and sintering, where
ZTA=60vol.%AI203+40vol.%ZrO2. This 9-layered material of five layers of Al203 and four layers
of ZrO2.was prepared at the Institute of Science and Technology for Ceramics, Faenza, Italy. The
bending test was applied at S1 = 40, S2 = 20 (mm). The single-contact mode by rollers of a standard
hardened steel was performed in such way that the load P increased to a value of failure of specimens,
where D = 3 mm is a diameter of the rollers, L = 10-15 mm is length of specimens, and W =3 mm, t =
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4 mm. The contact modes by standard hardened steel spheres with the radius R = 2.5 mm were applied
to specimens with the dimensions W =3 mm, t =4 mm, L = 25 mm, at a loading range of 0-5 kN.

RESULTS AND DISCUSSION

Microstructure of the materials was studied by scanning electron microscopy of polished and
etched samples. Microstructure of the ZTA layer (see Fig.1) consists of relatively large Al,O; grains
and small ZrO,. grains as dark and bright phases with size of 1 um and 0.3 pum, respectively, where
both phases exhibiting equiaxed shapes are uniformly dispersed throughout the ZTA layer with
thickness of 529 um. The Weibull characteristics for the investigated material are as follows: o peng =
650 MPa, Myeng = 19.8; ovcontr = 715 MPa, Meoner = 7.9; Oeonts = 3453.3 Mpa, Meones = 21.6; 0 contr
I 0o,pend = 1.1, Mpeng / Meont,r = 2.5.

Fig. 1 SEM micrograph of microstructure of the Al,Os-ZTA interface.

Fig. 2 SEM micrograph of a large processing flaw in the ZTA layer.

Fig. 3 SEM micrograph of a cross-section view with a cone crack induced by the single-cycle contact
test using spheres.

Fig.2 shows a fracture surface of AlI203-ZTA loaded by rollers of the single-cycle contact test along
with a large processing flaw in the ZTA layer. Such flaws along with the large grains of Al,O; in the
Al,O; layer might be assumed to be a reason of a deviation from the Fett’s theory regarding the ratio
Mpena/Meont IN CONtrast to the ratio oy contr / Gopens Which corresponds to the Fett’s theory. Additionally,
due to the difference aapos<azra in thermal expansion coefficients, the Al,O; and ZTA layers are
loaded by compressive and tensile thermal stresses acting in a plane of a layer, respectively. These
stresses in each layer exhibit a significant distribution along the plane normal. This distribution might
be assumed to be also a reason of the deviation from the Fett’s theory.

Fig.3 shows SEM micrographs of a cross-section view of Al,0s-ZTA with a cone crack which is
formed during the single-cycle contact test by spheres. The cone crack as a reason of failure and
strength degradation of the material exhibits a perpendicular course below the contact surface,
followed by a linear course.

CONCLUSIONS

Results of this paper concerning the Al,0;-ZTA laminar composite ceramics are as follows.
The characteristic strength by the Weibull analysis of the bending test and contact test by rollers are in
an agreement with the Fett’s theory. The disagreement of the Weibull moduli of these tests with the
Fett’s theory is assumed to be caused by (1) the presence of large processing flaws; (2) much greater
grains in the Al,O3 layer than those in the ZTA layer; (3) a significant distribution of thermal stresses,
where the distribution is related to a normal of a plane of the Al,Os-ZTA layers. The contact test by
spheres in a single-cycle mode induces a single cone crack.
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VPLYV PODMIENOK DEPOZICIE NANOKOPOZITNYCH WC-C
POVLAKOV NA ICH NANOTVRDOST A TRIBOLOGICKE
VLASTNOSTI

INFLUENCE OF DEPOSITION CONDITIONS OF NANOCOMPOSITE
WC-C COATINGS ON THEIR NANOHARDNESS AND
TRIBOLOGICAL PROPERTIES
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ABSTRACT

The aim of the present contribution is to investigate the influence of deposition conditions
of PECVD WC-C coatings on their mechanical properties. The additional gasses including Ar, C,H,,
H,, N2, No+SiH, influenced the indentation hardness (H,r) and coefficient of friction (COF) of WC-C
coatings. The highest hardness of WC-C coatings of around 28 GPa was obtained with Ar addition.
The lowest COF of around 0.12 was obtained with C,H, addition. Addition of N,+SiH, mixture
increased H,r to 27 GPa and simultaneously decreased COF from 0.71 to 0.35 in comparison with
additional gasses.

Keywords: WC/C coatings, PECVD, nanohardness, coefficient of friction

UVOoD

Karbid volframu je pre svoju vysoku tvrdost’ s nizkym koeficientom trenia Siroko pouzivanym
materialom v aplikacidch pre rezné nastroje, vrtaky pripadne tvarniace zariadenia. WC povlaky je
mozné pripravovat magnetronovym napraSovanim z ter¢ov volframu alebo karbidu volframu [1],
alebo depoziciou pomocou metddy PECVD (Plasma Enhanced Chemical Vapour Deposition)
z karbonylu volframu [2,3]. Optimalizaciou podmienok depozicie a pridavnych plynov je mozné
dosiahnut’ d’alSie zlepSenie vlastnosti povlakov. Reaktivne procesy takto umoziuji zabudovat' do
povlaku v procese depozicie pridavné prvky, alebo regulovat’ ich mnozZstvo. Tym vieme ovplyviiovat’
Struktiru aj mechanické vlastnosti nanesenych povlakov a vybrat’ na zaklade podmienok depozicie
pozadované mechanické vlastnosti pre konkrétnu aplikaciu a pouzitie. Ciel'om prispevku je objasnit’
vplyv pridavnych plynov (C,H,, Ar, Ha, Ny, No+SiH,) na tvrdost’ a koeficient trenia WC/C povlakov
deponovanych metodou PECVD. Ziskané data boli pouzité na optimalizaciu podmienok depozicie
nanokompozitnych WC/C povlakov.

EXPERIMENT

Povlaky WC,-C (x~0.8) boli nanasané metédou PECVD na ocelové podloZzky z materialu
C45. Ako prekurzor bol pouzity hexakarbonyl volframu W(CO)s bez a s pridavnymi plynmi (acetylén,
vodik, argon, dusik a zmes 1,4 % silanu v dusiku). Depozi¢ny tlak v komore bol v intervale 1 — 6 Pa,
zaporné predpdtie na vzorke bolo 0 az -5 kV. Indenta¢na tvrdost’ (Hr) bola merana nanoindentorom
NTH, CSM Instruments s Berkovichovym diamantovym hrotom v sinusovom mode s maximalnou
zatazujucou silou 50 mN. Koeficient trenia bol merany metoédou ,,pin-on-disc* na tribometri CSM
Instruments. Ako protikus bola pouzitd ocelova gulicka 100Cr6 so zatazujucou silou 0,5 N,
rychlostou pohybu guli¢ky 10 cm/s a dizkou drahy do 200 m.

VYSLEDKY A DISKUSIA

Optimalizaciou bola pripravena séria WC-C povlakov. Cielom tejto optimalizacie bolo
dosiahnutie najvysSej tvrdosti WC-C povlakov. Tabul’ka 1 sumarizuje optimalizované vzorky WC-C
povlakov pripravenych len zpar karbonylu anasledne aj s pridavnymi plynmi, s ohladom
na dosiahnutu tvrdost’ a koeficienty trenia.
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Tabul’ka 1. Porovnanie WC-C povlakov optimalizovanych s ohl'adom na tvrdost.

G0 | amae | g | wicon| S|, cor
[Pa] [Pa] [Pa]
#1 - - 3 3 16,5+0,4 0,7140,06
#2 Ar 1 1 2 28,5+0,8 0,82+0,08
#3 C;H, 1 1 2 14,6+0,5 0,12+0,05
#a H, 2 2 4 15.741.1 0.85+0,07
#5 N, 2 2 4 19,7408 0,7120,11
#6 SiH; + N, 1 1 2 26,9+0,9 0,35+0,07

Tvrdost’ vzoriek pripravenych len z par karbonylu je na urovni 16,5 GPa, co je priblizne

zhodné s tvrdostou dosiahnutou priddvanim dodato¢nych plynov. Vzorky s pridavkom acetylénu (14,6
GPa) avodika (15,7 GPa) st mierne pod touto hodnotou, vzorka s pridavkom dusika (19,7 GPa)
vykazuje mierne vys$iu tvrdost’. Najvyssiu, takmer dvojnasobnu tvrdost’ dosahuje povlak nanasany s
pridavkom argonu. Ziskané vysledky su porovnatelné s autormi Mrabet a spol. [4], ktori vo svojej
publikacii uvadzaji porovnavaci prehl'ad hodnét tvrdosti a koeficientov trenia WC/C povlakov
Cerpajuc z viac ako Sestnastich literarnych zdrojov. Abad a kol. [5] dosiahli priemerna tvrdost WC/C
povlakov deponovanych pomocou magnetronového naprasovania v rozmedzi 16 az 25 GPa, ¢o je
V uplnej zhode s nami pripravenymi povlakmi.
Z vysledkov optimalizacie depozi¢nych procesov uvedenych v tabulke 1 je zrejmé, Ze hodnoty
koeficientov trenia si pre procesy s Cistym karbonylom, pripadne s pridavnym vodikom, dusikom
aargébnom v intervale 0,71 — 0,85. Koeficient trenia bol priblizne 0,12 v désledku zvySeného
mnozstva uhlika z acetylénu. Ten sice spOsobil vyznamné zniZenie koeficientu trenia, ale aj znizenie
hodnoty tvrdosti (14,6 GPa). Silan v zmesi s dusikom spdsobuje nepatrné znizenie tvrdosti oproti
povlakom pripravenych s argonom z 28,5 GPa na 26,9 GPa, ale dochadza aj k znizeniu koeficientov
trenia az na hodnotu 0,35.

ZAVER

Vysledky prace ukazuju, Ze najvyssia hodnota indenta¢nej tvrdosti WC/C povlakov 28,5 GPa
bola ziskana depoziciou pri pridavani argonu. Pridavok zmesi silanu v dusiku spdsobuje zvysenie
tvrdosti na 26,9 GPa oproti Hit na arovni 19,7 GPa v pripade ¢istého dusika a k poklesu koeficientu
trenia z 0,7 na 0,4. Tento pokles pravdepodobne suvisi s pritomnostou kremika v povlaku, ktory
ovplyvituje mechanizmus opotrebenia pri tribologickych skigkach. Dalgie pridavné plyny (Ar, Ny,
N,+SiHy) zvySujt hodnoty tvrdosti WC-C povlakov v porovnani s povlakmi pripavenymi len s ¢istym
karbonylom (16,5 GPa) na hodnoty 28,5 GPa, 19,7 GPa a 26,9 GPa. Najnizsia hodnota koeficientu
trenia COF (0,12) bola ziskana depoziciou s pridanim acetylénu (C,H,). Toto sposobuje pritomnost'ou
vécsieho mnoZzstva uhlika v povlaku, ktory svojim mazacim G¢inkom spdsobuje pokles COF.

PODAKOVANIE

Tato praca bola realizovana s podporou projektov NanoCEXmat II: ITMS ¢&: 26220120035;
NanoCEXmat I: ITMS ¢: 26220120019; a CEKSIM: ITMS ¢: 26220120056; ktoré st podporované
z opera¢ného programu “Vyskum a vyvoj” financovaného z Programu Europskeho regionalneho
rozvoja a projektov APVV-0161-11, APVV 0520-11 a VEGA 2/0108/11.

LITERATURA

[1] F. Lofaj et al.: Nanohardness vs. friction behavior in magnetron sputtered and PECVD W-C
coatings, Key Eng. Mat. 586 (2014), 35-38
[2] F. Lofaj et al.: Nanoindentation, AFM and tribological properties of thin nc-WC/a-C coatings, J.
Eur. Cer. Soc. 32 (2012) 2043-2051
[3] F. Lofaj et al.: Transfer film in a friction contact in the nanocomposite WC-C coatings, J. Austr.
Cer. Soc. 49[1] (2013), 34-43
27



PRIPRAVA A VLASTNOSTI PROGRESIVNYCH KERAMICKYCH MATERIALOV

[4] S.El Mrabet et. al.: Identification of the wear mechanism on WC/C nanostructured coatings, Surf.
Coat. Technol. 206 (2011), 1913-1920

[5] M.D. Abad, M.A. Munoz-Marquez et.al.: Tailored synthesis of nanostructured WC/a-C coatings
by dual magnetron sputtering, Surf. Coat Technol. 204 (2010), 3490-3500

28



PRIPRAVA A VLASTNOSTI PROGRESIVNYCH KERAMICKYCH MATERIALOV

LUMINOFOR NA BAZI LaSisNs: DOPOVANY PRVKY VZACNYCH
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ABSTRACT

The aim of this work was the preparation of lanthanum silicon nitride-based phosphors doped
with lanthanoides (Eu, Ce, Sm) which activate the luminescence. Ternary silicon nitride (LaSisNs) was
prepared by nitridation of LaSi and Si. The dopant elements, i.e. europium, cerium and samarium were
added in a form of oxides in amount from 1 to 6 mol%. The starting powder mixture composed of
LaSi/Si/SigN4/Eu,03 was nitrided in graphite resistance furnace at 1390°C and afterwards annealed in
gas pressure furnace at 1650°C for 4 hours. The LaSi3Ns:Eu phosphors emit light in the green-
yellowish region with a maximum at 560 nm. The highest intensity of photoluminescence was
observed for the phosphor with 4 % of added europium. The LaSisNs:Ce phosphors show emission in
the blue region with maximum photoluminescence intensity at 417 nm. The LaSisNs:Sm phosphors
emit light in the orange-red region. The photoluminescence intensity decreased with higher molar
concentration of samarium and maximum photoluminescence intensity was observed for phosphors
doped with 2% of samarium.

Keywords: Lanthanum silicon nitride, nitridation, luminescence, phosphors

INTRODUCTION

The grid-based electric lighting consumes worldwide about 3 TWh of electricity, amount
close to 20% of total electricity consumption. Moreover, the demand for lighting is increasing rapidly
in countries with large population like China, India or Brazil. Except of large energy consumption
lighting is one of the biggest causes of greenhouse gas emissions [1,2]. For this reason a considerable
attention is given to the research focused on the development of efficient and economical light
sources. One of the alternatives is the efficient white LED, preferably with warmer (more yellow-red)
light, with a colour close to daylight. Except of the sulfides (CaS:Eu, SrS:Eu, etc.), garnet and non-
garnet oxide-based phosphors, also the nitride and oxynitride-based phosphors are intensively studied.
The majority of these phosphors are Eu®* or Ce**-doped silicon based compounds, due to the high
covalency of the crystal lattices and strong crystal fields of the host lattices [3]. Generally they have a
superior chemical and thermal stability.

There is still a demand on efficient red and green phosphors prepared by cost-effective synthesis route.
This work deals with the preparation of europium, cerium and samarium doped LaSizNs phosphors by
nitridation of metal silicide and silicon-based starting powder mixtures.

EXPERIMENTAL PROCEDURE

The starting powder compositions for the synthesis of LaSi3Ns ternary nitride were calculated
according to the equations used in our previous works [4,5]. In the general equation for the synthesis
of LaSisNs:

LaSi + (2‘3X) Si+x Si3N4 + (5/2'2X) N2 = LaSi3N5, (1)

the optimized ratio of reactants was x = 0.55.
The europium content in LaSisNs phosphors was calculated according to the following reactions:
(1'2) LaSi3Ns + z/2 Eu,03 + z SizN, = La;,Eu,SizNs.,030, (2)

The europium content was in the range of z € (0.01; 0.06) with a step of 0.01. Similar reaction was
used also for the calculation of samarium content.
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The cerium content in LaSizNs phosphors was calculated according to the following equations:
(1-2) LaSi3N5 +Z C802 +Z Si3N4 = La]__zcezSi3N5_zOZZ (3)

The cerium content was in the range of z € (0.01; 0.06) with a step of 0.01.

For the synthesis of LaSizNs-based phosphors the following starting powders were used: LaSi
(High Purity Chemicals, Japan), Si (grade 2C, SicoMill, Vesta Ceramics, Sweden), a-SizN, (grade SN-
E10, Ube Industries, Ltd, Yamaguchi, Japan), Eu,O3, CeO, and Sm,03 (99,99%, Treibacher Industries
AG, Austria).

The powder mixtures were homogenized in agate mortar in a dry state. From the powders
pellets were pressed (diameter 8 mm) with a pressure of 100 MPa. The tablets were placed in a BN
crucible without powder bed, and afterwards nitrided in a graphite resistance furnace (Centorr, USA).
The nitridation was performed up to the temperature of 1390°C with a dwell time for 4 hours. After
the nitridation the crushed samples were additionally annealed in a gas pressure furnace at 1650°C
(samples LaSisNs:Eu) under nitrogen pressure of 1.5 MPa for 4 hours and at 1700 °C (samples
LaSi3Ns:Ce and LaSi3Ns:Sm) under nitrogen pressure of 4.0 MPa for 5 hours. Phase composition was
determined by XRD analysis (D8-Discover, Bruker, Madison, WI, CuKao radiation).
Photoluminescence spectra of the powders were investigated by a fluorescence spectrometer
(Fluorolog 3-11, ISA/Jobin Yvon-SPEX, Longjumeau, France).

RESULTS AND DISCUSION

According to the results of DTA/TG measurements the nitridation condition of LaSis;Ns-based
phosphors was optimized. Due to the presence of iron impurity in the silicon powder, the eutectic
temperature of silicon and silicide (LaSi) and the added dopant (Eu,Os;, CeO, and Sm,03) three
exothermic peaks were observed during the DTA-TG analysis of the starting powder mixture in N2
atmosphere. The exothermic peaks were accompanied by weight gain, i.e. nitridation of silicon and
respective silicide. To avoid the melting of silicon or silicide due to the exothermic reaction a short
dwell time, or slow heating rate was applied close to the observed exothermic peaks. By the
application of these nitridation steps a full conversion of silicon and silicide to LaSizNs was achieved.
The nitrided product had a grey colour, while after additional annealing at higher temperature the
colour was yellowish for all samples.
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Figure 1 shows the emission spectra of Eu-doped LaSizNs phosphor. These phosphors emit
green-yellowish light after excitation with 350 nm UV light. Maximum photoluminescence intensity
was observed for the phosphor with 4% Eu from the tested compositions. The small red shift is visible
for phosphors doped with 2% Eu.

Figure 2 shows the emission spectra of LaSizNs phosphors doped with several molar
concentration of cerium after excitation wavelength 350 nm. Contrary to the previous phosphors, these
phosphors emit light in the violet-blue region. Maximum intensity at 417 nm was obtained for
phosphors doped with 6 mol% of cerium. The photoluminescence intensity increased with increasing
molar concentration of cerium.

30



PRIPRAVA A VLASTNOSTI PROGRESIVNYCH KERAMICKYCH MATERIALOV

3,0x10°

e = 3500 600 645
2,5x10°

610 B15
2,0x10° |

1,5x10° |

Intensity [a.u.]

1,0x10° -
565

5,0x10° |

0,0 L L L L L
550 575 600 625 650 675

% [nm]

Fig.3. Emission spectra of LaSisNs: Sm phosphors.

Figure 3 shows the emission spectra of LaSisNs doped with several molar concentration of
samarium. These phosphors emit light in the orange and red region. The highest intensity was obtained
for 2 mol% of samarium with a maximum at 645 nm. The photoluminescence intensity decreased with
higher molar concentration of samarium, i.e. concentration quenching was observed.

CONCLUSION

By the nitridation of LaSi/Si/SizN,4 starting powder mixtures doped with Eu,O3;, CeO, and
Sm,0; additives LaSisNs-based phosphors were prepared. The photoluminescence measurements
showed that the LaSizNs:Eu-based phosphors emit green light with maximum PL intensity at 560 nm.
Phosphors LaSisNs doped with cerium show emission in the violet-blue region with maximum PL
intensity at 417 nm. In these phosphors the PL intensity increased with increasing molar concentration
of cerium. On the other hand the LaSisNs-based phosphor with samarium dopant emits light in the
orange and red region with a maxima at 600 nm and 645 nm, respectively. The maximum PL intensity
was obtained for the phosphor doped with 2 mol% of samarium. The PL intensity decreased with
higher molar concentration of samarium.
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POROVNANIE NANOTVRDOSTI A TRENIA POVLAKOV NA BAZE
WC ACrN

COMPARISON OF NANOHARDNESS AND FRICTION BEHAVIOUR
OF WC AND CrN COATINGS

Petra Hvi§éovdl, Michal Novdk™? , Frantisek Lofajl’2
YUstav materidlového vyskumu SAV, Watsonova 47 Kosice

2 Materidlovo technologicka fakulta STU, Bottova 25, Trnava

ABSTRACT

The nanohardness and coefficient of friction of DC magnetron sputtered Cr-N and W-C
coatings deposited from Cr and WC targets, respectively, in the reactive atmospheres with various
fractions of reactive gases were investigated to determine the influence of pressure, reactive gas
content and negative bias. The hardness was measured by nanoindenter G200 (Agilent) and the
coefficient of friction (COF) by nanotribometer NTR2 (CSM

Instruments). In the case of 50 vol.% of N, added into Ar atmosphere under working pressure
of 0,5 Pa and negative bias of -30 V, CrN coating hardeness increased from 11-14 GPa for pure Cr
coating up to ~ 27 GPa. The highest hardness of W-C coatings was 28 GPa (at 0,25 Pa and 2% of
C,H,). The COF values of W-C coatings were slightly lower (0.25-0.45) than those measured for CrN
coatings (0.3-0.5).

Keywords: nanohardness, friction coefficient, DC magnetron sputtering, CrN, WC

UvVoD

WC a CrN povlaky sa v stc¢asnosti stavaji vel'mi vyuzivanymi v priemyselnych aplikaciach,
najmi kvoli ich odolnosti vo¢i opotrebeniu a zvySenej tvrdosti. CrN povlaky dosahuju relativne
vysokt tvrdost’ (20 — 25 GPa), dobrt adhéziu k podlozke a dobrt kordznu odolnost’. Aj napriek tomu,
7e dosahuju lepsie vlastnosti ako TiN, povlaky, s podstatne menej $tudované [1-5]. Struktura, fazové
zloZenie, velkost’ zfn, textura a ich vlastnosti zavisia od mnoZstva obsahu dusika privadzaného do
komory pocas depozicie, teploty podlozky a privadzaného zaporného predpétia. V zavislosti na obsahu
dusika, CrN povlaky mdzu pozostavat’ z niekol’kych faz Cr, B-Cr,N, c-CrN a/alebo zmesi tychto faz
a dosahuju tvrdost’ 21 — 23 GPa [6-9]. Druhou skiimanou skupinou povlakov st WC povlaky, ktoré sa
vyznacuju vysokou tvrdostou (~ 40 GPa), pripadne nizkym koeficientom trenia (~ 0,2). Jednym zo
sposobov ako dosiahnut’ takéto vlastnosti WC povlakov je vytvorit nanokompozitni Struktiru
pozostavajucu z vel’kého mnozstva nanokrystalitov WC v amorfnej matrici z uhlika alebo DLC [10,
11]. V pripade DC magnetronového naprasovania dostdvame podstechiometrické WC;, povlaky
a preto je nutné pridavat’ uhlik z reaktivnych plynov. Napriklad Czyzniewski a kol. [12, 13] pouzili
pre tvorbu WC/a-C:H povlakov reaktivne napraSovanie a ako reaktivny plyn pridavali acetylén.
Dosiahli tvrdost’” az 45 GPa a sucasne pomerne nizky koeficient trenia (~ 0,18). Cielom prace bolo
stanovit vplyv celkového tlaku, dodatocnych reaktivnych plynov a biasu na dosahovani tvrdost
a koeficient trenia WC a CrN povlakov.

EXPERIMENTALNA CAST

Povlaky boli nanaSané v zariadeni Cryofox Discovery 500 DC magnetronovym naprasovanim
pri konstantnom vykone (WC — 150 W, CrN — 700 W). WC povlaky boli naprasované z WC terca
Vv Cistej Ar atmosfére pri tlaku 0,25 — 1,2 Pa, alebo pridanim reaktivnych plynov C2H2, N2, N2+SiH4
aich kombinaciou pri konStantnom tlaku 0,5 Pa a dobe depozicie 20 minit. MnoZstvo reaktivnych
plynov bolo od 1 — 5 % z celkového prietoku plynov privadzanych do komory a zaporné predpitie
privadzané na podlozku bolo 0 - -300 V. CrN povlaky boli nanasané z Cr terca pri tlaku 0,2 — 1,2 Pa
$20 % reaktivneho dusika. Vplyv obsahu dusika bol stanoveny zo série vzoriek pripravenych
s variabilnym prietokom od 0 — 70 % z celkového prietoku plynov. Zaporné predpétie bolo v intervale
0 - -300 V. Tvrdost’ povlakov bola merana nanoindentorom Agilent G 200 pouzitim CSM modu pre
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tenké povlaky s maximéalnou hibkou penetracie 600 nm, konstantnou rychlostou zat'azovania 0,05 s-1
a frekvenciou 45 Hz. Koeficient trenia bol merany pomocou NTR 2 CSM Instruments so zat'azenim
300 mN, polamplitidou 1 mm, rychlost'ou pohybu 3 cm/s a dlzkou drahy 1 m (250 cyklov).

VYSLEDKY A DISKUSIA

Tlak v komore je jednym z parametrov, ktoré ovplyviiuju tvrdost’ povlakov. Z literatary je
zname, Ze optimalnym tlakom pre DC magnetronové naprasovanie WC povlakov je z hladiska
dosahovania zvysenej tvrdosti tlak do 0,7 Pa. Zavislost’ tvrdosti na tlaku v komore je zobrazena na
obr. 1. Z danej zavislosti jasne vyplyva, Ze s rastiicim tlakom v komore klesa tvrdost WC povlakov.
Najvyssia tvrdost WC povlakov (20,5 GPa) bola dosiahnuta pri tlaku 0,25 Pa. V pripade CrN
povlakov maji hodnoty tvrdosti klesajuci charakter nad 0,7 Pa, pri ktorom bola namerana najvyssia
tvrdost’” CrN povlakov ~22 GPa. Pridanim 20 % dusika do pracovnej atmosféry pocas depozicie doslo
k narastu tvrdosti (18 — 22 GPa) oproti ¢istému Cr povlaku, ktorého tvrdost’ bola na urovni 11 — 14
GPa.

0,60
24
» o CrN povlaky 055 m  WC povlaky
B m  WC povlaky ™7 | o CrN poviaky
22 0504
= <
S 201 \\\ i} 0,45
O, 101 by WL .
4 ] AN o .
2 18 N @ o035 e
5 17 B R o B
E 16 "‘qoj 0,30 4 ’___.-"/
15 X 0,25
14
0,20
13 T T T T T T T T T T T T
0,2 0,4 0,6 0,8 1,0 12 02 04 06 038 1,0 12
Tlak v komore [Pa] Tlak v komore [Pa]

Obr. 1. Vplyv tlaku v komore na tvrdost poviakov. — Obr. 2. Zavislost’ CoF na tlaku v komore.

Obr. 2 zobrazuje zavislost’ koeficientu trenia na pracovnom tlaku v komore, z ktorej vyplyva
narast koeficientu trenia s rastucim tlakom. CoF WC povlakov bol na tarovni 0,27 — 0,4 a CoF CrN
povlakov dosahoval hodnoty 0,27 — 0,5. Mierny pokles CoF WC povlakov oproti CrN povlakom méze
byt spdsobeny pritomnostou volného uhlika, ktory ma lubrikacny efekt. Obr. 3 znazornuje
porovnanie zavislosti tvrdosti jednotlivych sérii CrN a WC povlakov od druhu napuastaného
reaktivneho plynu a biasu. NajvysSia tvrdost’ 28 GPa bola namerana na vzorke WC 19 pripravenej pri
tlaku 0,25 Pa s pridanim 2% acetylénu. Nasledny pokles na ~ 15 GPa pri tlaku 0,5 Pa, je v zhode
s predchadzajicimi vysledkami, ked’ s rastacim tlakom v komore klesala aj tvrdost WC povlakov.
Pridanie dusika a zmesi dusika so silanom (SiHy) viedlo kK zvySeniu tvrdosti povlakov az na 20,6 GPa.
To mozno vysvetlit’ pravdepodobne tvorbou karbidov kremika a dusika avSak je potrebné povlaky
dodatocne analyzovat’. Dopovanie kremikom sa prejavi na zvySenej tvrdosti v pripade ak je zaroven
pridavany aj acetylén. Vplyv biasu sa v pripade WC povlakov pripravenych pri danych podmienkach
vyrazne neprejavil. V pripade CrN povlakov vSak malo zaporné predpédtie pozitivny vplyv na
dosahovanu tvrdost’, ktora sa zvysila z 22 GPa az na 27 GPa.
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Obr. 3. Zavislost tvrdosti na podmienkach depozicie.  Obr. 4. Vplyv depozicnych podmienok na CoF.
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Koeficient trenia (obr. 4) WC povlakov dosahoval takmer vo vsetkych pripadoch hodnotu ~
0,35. CrN povlaky mali koeficient trenia o nie¢o vyssi (~ 0,5) a v pripade biasovanych vzoriek az 0,7.
Takyto vysoky koeficient trenia moéze byt spdsobeny agresivnym abrazivnym mechanizmom
opotrebenia tvrdymi nitridickymi fazami.

ZAVER

Najvyssia tvrdost’ dosiahnuta pri DC magnetronovom naprasovani CrN povlakov bola
namerana 27 + 1 GPa (0,6 Pa, 700W, 50% N,, -300 V) a koeficientom trenia 0,68. Pre WC povlaky to
bolo 28 + 1,5 GPa (0,25 Pa, 150 W, 2% C,H,) s koeficientom trenia ~ 0,35. Z hladiska hodndt
tvrdosti a koeficientu trenia, ktoré su pozadované pri aplikaciach tenkych povlakov —mdzeme
konstatovat’, ze WC povlaky st vhodnejsie, nakol'ko obvykle dosahuju vyssiu hodnotu tvrdosti a nizsi
koeficient trenia ako CrN povlaky.
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SAMARIUM-DOPED LaSi3Ns: COMPUTED ELECTRONIC
STRUCTURE AND BAND GAPS
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ABSTRACT

First-principles density-functional theory (DFT) calculations are performed using Vienna Ab
initio Simulation Package (VASP) to enhance the understanding of the electronic structure of the
stoichiometric LaSi3Ns and Sm-doped LaSi;Ns. Electronic structure and band gaps are calculated in
2x1x2 super-cell with 144 atoms using the more precise screened Coulomb hybrid functional HSEQ6.
Both La*/Sm®* and La*/Sm?" substitutions were calculated. The stoichiometric LaSisNs is an
insulator with band gap value of 4.78 eV. The calculated band gap of Sm"'-doped LaSi;Ns is 2.01 eV
in good agreement with the experimental value of 2.12 eV. However, the calculated electronic
transition will be from p band of N and Si to unoccupied Sm spin-up 4f states that does not match up
with the experimentally observed 4f" — 4f¥'5d transition. The calculated band gap of Sm'"-doped
LaSisNs is 1.43 eV and the calculated electronic transitions are from occupied Sm spin-up 4f states to
La 5d, La 4f, or Sm 5d states in good agreement with the experimentally observed electronic
transitions from Sm 4f states to La 5d states.

Keywords: electronic structure; band gap; silicon nitride; plain DFT; hybrid functional HSE06

INTRODUCTION

Development of efficient and economic luminescence materials has received a great attention.
Samarium activated nitride compounds have attracted considerable interest due to their excellent
efficient luminescence properties. The crystalline structure and the high thermal and chemical stability
of lanthanum silicon nitride (LaSisNs) allow its application for conversion phosphors in solid state
lighting. Most of UV chip-based commercially available white LEDs adopt a wavelength range from
390 to 410 nm for pumping phosphors. Recently a tendency emerged to shift the excitation
wavelength of phosphors to around 400 nm. The calculation of the influence of the dopant on the band
gap of the host lattice is a useful tool for reducing the number of necessary experiments for the
development of phosphors with required excitation wavelength range. In this work, the optical
properties of Sm-doped LaSisNs are complemented with ab initio DFT calculations of the electronic
structure and band gap of stoichiometric LaSizNsand Sm-doped LaSisNs

RESULTS

The electronic structure of stoichiometric LaSisNs calculated using HSEQ6 is shown in Fig. 1.
The valence band is composed of N p-orbitals and Si p-orbitals. The bottom of the conduction band
consists of La 5d states at 4.78 eV. The calculated band gap is 4.78 eV. This value compares well with
the experimental value of 4.5 eV.

In case of Sm"'-doped LaSi;Ns, the calculated electronic structure is displayed in Fig. 2. The
Sm spin-up 4f states are splitted to occupied and unoccupied states resulted from the configuration of
Sm®* [Xe] f°. The occupied states are shifted down to -5 eV and the unoccupied states are located at
~2.0 eV. In this case, the valence band is still composed of N p-orbitals and Si p-orbitals. The bottom
of the conduction band consists of unoccupied Sm spin-up 4f states. The possible electronic transitions
will be from N and Si p bands to unoccupied Sm spin-up 4f states that does not match up with the
experimentally observed 4f" — 4f¥'5d transition. The calculated band gap is 2.01 eV, this value is in
good agreement with the experimental value of 2.12 eV.

In order to have a good explanation to the electronic transition of Sm-doped LaSisNs that
observed experimentally, we investigated the doping scheme of Sm'"-doped LaSi;Ns. The calculated
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electronic structure is displayed in Fig. 3. The Sm spin-up 4f states are also split to occupied and
unoccupied states resulting from the configuration of Sm2+ [Xe] f6. The occupied states are located at
the Fermi level and the unoccupied states are shifted up to ~5 eV. It is observed that the unoccupied
Sm spin-down 4f states are located out of the presented scale. In this case, the top of the valence band
will be compose of occupied Sm spin-up 4f states. The bottom of the conduction band consists of La
5d, La 4f, and Sm 5d states, so the possible electronic transition will be from occupied Sm spin-up 4f
states to La 5d, La 4f, or Sm 5d states. This is in good agreement with the experimentally observed
electronic transitions from Sm 4f states to La 5d states. The calculated band gap is 1.43 eV, smaller
than for Smill-doped LaSi3N5 (2.01 eV) and the experimental value of 2.12 eV.
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CONCLUSION

The electronic structure and band gaps of the stoichiometric LaSizNs and Sm-doped LaSisNs
are calculated using HSEO6. The stoichiometric LaSisNs is an insulator with band gap value of 4.78
eV separating the occupied states of the p-band and the unoccupied La states (4f and 5d orbitals). The
calculated band gap of Sm(lll)-doped LaSi3Ns is 2.01 eV. This value is in good agreement with the
experimental value of 2.12 eV. The calculated electronic transition will be from p band of N and Si to
unoccupied Sm spin-up 4f states, what does not match with the experimentally observed transition
from Sm 4f to La 5d states.

The calculated band gap of Sm"-doped LaSisNs is 1.43 eV and the calculated electronic
transition is from occupied Sm spin-up 4f states to La 5d, La 4f, or Sm 5d states, in good agreement
with the experimentally observed electronic transitions from Sm 4f states to La 5d states.
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PEVNOST V STVORBODOVQM OHYBE MATERIA’LOV SisN,-
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BENDING STRENGTH OF Si3gNg-7WT.2%GNP PREPARED BY
DIFFERENT PROCESSING ROUTES
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ABSTRACT

The bending strength of silicon nitride with the addition of 7 wt.% of graphene nanoplatelets
(GNP) prepared by the different processing routes have been determined. The mean strength of the
prepared composites varied for different processing routes from 400 MPa to 750 MPa. It has been
shown that composites contain two kinds of the processing flaws — agglomerates of graphene platelets
as well as the large grains of the silicon carbide. Taking into account the results of the fractographic
analysis and bending strength of the composite prepared by the ultrasonic mixing of graphene and
subsequent ball milling constitutes a promising composite for further investigation and optimization of
the processing routes.

Keywords: silicon nitride, graphene platelets, mechanical properties

INTRODUCTION

Graphene is the atractive nanofiller among carbon based filler thanks to the mechanical,
electrical and thermal properties. The positive influence of graphene platelets as a filler in different
kind of polymeric materials has already been proved. During the last few years the addition of
graphene platelets into the different ceramic and glass matrix has been extensively studied. However,
there is a huge discrepancy in the published results concerning the influence of graphene multiplatelets
on the mechanical properties of the ceramic composites. Some authors observed the significant
improvement of properties others observed no or negligible improvement in mechanical properties.

EXPERIMENTAL MATERIALS AND METHODS

SigN,-7wt.GNP were prepared by five different processing routes and compared with a monolithic
silicon nitride. The processing routes can be briefly decribed as follows:

PBM planetary ball mill 4 h, 250 rpm, slurry dried in a rotary evaporator and powder sieved through
125 pm screen.

U-PBM GNPs dispersed in isopropanol by ultrasonification (200 W input power, frequency 20 kHz,
amplitude 30 %, 5 min). Then silicon nitride with sintering additives were added and homogenized in
planetary ball mill at speed 250 rpm for 4 hrs. Slurry was dried in a rotary evaporator and sieved
through 125 pum screen.

U-BM GNPs were dispersed in isopropanol by ultrasonification. Silicon nitride with sintering
additives was inserted and mixture was homogenized in ball mill for 24 hrs. Slurry was dried in a
rotary evaporator and sieved through 125 pm screen.

U-A  GNPs were dispersed in isopropanol by ultrasonification. Later on silicon nitride with
sintering additives were inserted and mixture was homogenized in attritor at speed 250 rpm for 4 hrs.
The slurry was dried in a rotary evaporator and the powder was sieved through 125 um screen.

D-BM Homogenisation of SisN4:Al,O3:Yb,O; in attritor for 4 hod, 250 rpm, The slurry was dried in
a rotary evaporator and the powder was sieved through 125 pm screen. GNPs were added into dried
sieved mixture of silicon nitride with sintering aids and homogenized in ball mill for 24 hrs

Ref. SiN reference sample homogenized in attritor without graphene, were homogenized in
isopropanol using attritor at speed 250 rpm for 4 hrs. The slurry was dried in a rotary evaporator and
the powder was sieved through 125 pm screen.
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The strength was estimated in four point bending test at the cross-head speed 0.5 mm/min.
The distance of the outer and inner spans was 40and 20 mm, respectively. Fracture surface was
investigated using SEM with EDX analyzer.
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Fig. 1 Bending strength with the characteristic processing flaws

CONCLUSIONS

Material prepared by ultrasonic mixing of graphene and subsequent planetary ball milling has
best bending strength with the very small processing flaws. Prolonged ball milling will be used to
prevent agglomeration of graphene nanosheets and to decrease the thickness of graphene nanosheets.
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ABSTRACT

In recent decades, great challenges related to development of high performance materials with
excellent high-temperature strength have been encountered. Because of the advantages in superior
oxidation resistance, outstanding flexural strength, thermal stability and creep resistance at elevated
temperatures, directionally solidified oxide ceramic eutectic in situ composites have attracted a lot of
attention, and are considered to be the most promising structural materials for high-temperature
structural applications such as turbine blades in oxidizing environments. This promotes a wide search
and development of new eutectic oxide ceramics on a global scale. Among a series of single crystal
oxides and oxide/oxide eutectics, directionally solidified Al,Os/YAG, YSZ/IYAG (YSZ = Y,0;-
stabilized Zr0O,), Al,04/ZrO, and Al,03;-Y,03;-ZrO, eutectic ceramics have been demonstrated as the
most promising candidates for a new generation of ultra-high temperature structural materials suitable
for oxidative environments over a long period of time [1-3]. In the present study, we report on the
physical-chemical properties of glasses in the system Y,03;—Al,0s—ZrO,. These are studied from the
point of view of their structure, crystallization and thermal properties, as promising starting materials
which, under suitable temperature-pressure regime, can be compacted to bulk materials with eutectic
microstructure, and excellent mechanical properties [4]. The glasses were prepared in the form of glass
microspheres with composition derived from Y,0;—Al,O3 eutectic (76.8 mol. % Al,Os, 23.2 mol. %
Y,03) and modified by the addition of 5, 10, 15 and 20 mol. % of ZrO,. The precursor powders for
glass microspheres preparation were synthesized via Pechini sol-gel route.

The optical microscopy revealed spherical particles of prepared glasses with diameter up to
30 um. However, closer inspection by SEM shows regular features (facets) at the surface of some
microspheres indicating that some of them were at least partially crystalline, especially those with
higher ZrO, contents. The composition of prepared glasses was verified by SEM-EDS: the measured
values were found to be close to the theoretical (calculated) values. The powder XRD patterns of the
glass microbeads are shown in Fig. 1A. Apart of broad amorphous background the XRD patterns of
the samples AYZ15MSG and AYZ20MSG revealed also the presence of YAG (Y3Als0;,) and YSZ
phases. Samples AYZ5MSG and AYZ10MSG were found to be XRD amorphous. The DSC records
of the glasses microbeads are shown in Fig. 1B. The glass transition temperature (T,), onset of
crystallization temperature (Ty), and the temperature at maxima of the exothermic crystallization peak
(Tc) were estimated from DSC curves. The Ty of studied glasses was found to be in the range 865 —
870 °C. As shown in the Fig. 1B, two major crystallization peaks were observed in DSC records; the
first sharp peak at temperature ~ 930 °C and the second one broader peak which position is
composition dependent. As documented by HT XRD experiments, the first sharp peak found in the
DSC curves of prepared glass microspheres with T, at ~930 °C and T, at 940 °C corresponds to
crystallization of YSZ phase, except of the sample AYZ5MSG. The second crystallization peak,
observed for the samples AYZ10MSG, AYZ15MSG and AYZ20MSG, which position is
compositional dependent, corresponds to the crystallization of YAG phase, as documented by the
results of HT XRD experiments. YAG was the only phase found to crystallize from the AYZ5MSG
glass. The results of HT XRD by means of the temperature intervals of crystallization of individual
phases are in excellent agreement with crystallization temperatures determined by DSC measurements.
Detailed analysis of the HT XRD patterns of all studied systems, together with the results of the study
of crystallization kinetics of one selected system AYZ15MSG, are presented.
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Fig.1 The XRD diffraction patterns of glass microbeads prepared from Pechini sol-gel method (A)
and corresponding DSC traces of the glasses.

The structure of prepared glasses has been examined by Al MAS NMR spectroscopy. The
spectra of all studied AYZ glasses show very similar features and contain three broad lines observed at
~76 ppm, ~45 ppm and ~14 ppm, corresponding to four (1Al), five ('Al) and six-coordinated (Al
Al species, respectively. For the sample AYZ20, another signal of Al species at ~85 ppm was
observed. The broad lines are due to the distribution of quadrupolar coupling and chemical shifts
inherent to the structural disorder that is observed in glasses. The simulation of the NMR spectra
(including quadrupolar broadening of the central lines) revealed that relative abundance (based on the
integral intensity of spectral lines) of the /Al BIAI and Al species change with composition of the
glasses and the predominant Al species are MAI. With increasing content of ZrO, increases also the
abundance of P!Al and Al species, while abundance of /Al species decreases. This indicates that
ZrO, behaves as glass modifying oxide that stabilizes the aluminate structure network.

Keywords: Aluminate glasses, ZrO,, thermal properties, crystallization kinetics, HT XRD
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ABSTRACT

Silicon nitride materials containing 1-5 wt % of hexagonal boron nitride were prepared by hot-
isostatic pressing at 1700°C for 3h. Different type of BN powder (micro BN or nano BN) has been
used as reinforcement material. Effect of BN content on microstructure, mechanical and tribological
properties has been investigated. As expected, the increase of BN content resulted in a sharp decrease
of hardness (from 14 to 7.5 GPa), Elastic modulus (from 240 to 170 MPa) and strength (from 600 MPa
to 300 MPa) of BN/SisN4 micro/microcoposites and BN/SisN4 nano/microcomposites. In addition, the
fracture toughness of BN/SisN, ceramics is similar to monolithic SizN, (in interval of 6.5-7 MPa.m*?).
The friction coefficient slightly decrease in the case of BN/SisN; micro/microcoposites. An
improvement of wear resistance (one order of magnitude) occurs when the BN was added to SisN,
matrix.

Keywords: BN/Si;N, composite, microstructure, mechanical properties, wear resistance

INTRODUCTION

Silicon nitride has very good combination of mechanical, physical, and chemical properties.
The high strength, hardness, and toughness at room and elevated temperatures, the high thermal shock
and wear resistance make it suitable for use in several structural and tribological applications. It is well
known that h-BN offers a number of interesting properties such as lubrication action, low hardness and
low friction coefficient. Hexagonal boron nitride has also excellent machinability due to a plate-like
structure similar to that of graphite. To improve the machinability and tribological properties of SisN,4
ceramics at elevated temperatures, hexagonal boron nitride particles were introduced as second-phase
dispersions into the SisN, matrix.

RESULTS

The microstructure of BN (1wt %) /SisN, nano/micro composite consisted mainly of
elongated [-SizN, grains, equaixed [-SizN,4 grains, BN particles and intergranular phase. Different
from the BN/SizN, micro/microcomposite, no large BN platelets or aggregates were found in the
nanocomposites. The microstructure of BN (5 wt %) /SisN, micro/micro composite consisted of large
h-BN platelets. The distribution of h-BN was quite uniform but the agglomeration of bundles of micro
BN were still observed. Micro BN added samples had significantly larger porosity than reference
monolithic sample and nano/microcomposite. As expected, the Vickers hardness, Elastic modulus and
bending strength of the composites significantly decreased with increasing content of BN. The fracture
toughness of BN/SizN4 micro/microcomposites was slightly improved, mainly at 5 wt% BN addition,
fig.2. The fracture toughness of nano/microcomposite was comparable with monolith. In our case the
addition up to 5 wt% of BN had a positive effect on wear resistance of BN/SisN, composite ceramics,
fig.3.
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UMV SAV SEI  100kV X5000  1gm

Fig.1 SEM micrographs of a) BN (1wt %) /SisN4 nano/micro composite; b) BN (5wt %) /SisNg4
micro/micro composite
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Fig.2 Coefficient of friction versus BN content of experimental materials
Fig.3  Specific wear rate versus BN content of experimental materials

CONCLUSION

The homogenous dispersion of BN particles into the matrix is probably an effective way to
ensure the mechanical properties of BN/SisN, composite ceramics. The positive effect of BN on
friction is accompanied by an increase in wear resistance only when low BN content (up to 5 wt %) is
added to the Si3N,4. The addition of small quantity of BN can increase the fracture toughness of SizNg4
ceramic matrix because different type of toughening mechanisms could be observed in these
microstructures.
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ABSTRACT

Silicon nitride + 1 wt% graphene platelet composites were prepared using various graphene
platelets (GPLs) as a filler. Two different sintering routes were applied: the hot isostatic pressing
(1700 °C/3h/20 MPa) and the gas pressure sintering (1700°C/0h/2 MPa). In this work, an influence of
the GPLs addition and of processing routes on the fracture mechanism of SisNs,+GPLs was
investigated. In the both sintering routes, the main toughening mechanisms which originated from the
presence of the graphene platelets are crack deflection, crack branching and crack bridging. These
mechanisms are responsible for an increase of fracture toughness which is higher than that of monilitic
SisNy4. The highest value of fracture toughness was obtained in case of the hot isostatic pressing.

Keywords: HIP, GPS, graphene platelets, SizN,

INTRODUCTION

During the last few years new cost effective, high quality carbon based filamentous was
developed in the form of graphene platelets (GPLs), also called graphene nanoplatelets (GNP),
multilayer graphene nanosheets (MGN) or graphene nanosheets (GNS). These platelets demonstrates
exceptional high thermal and electrical conductivity and an exceptional combination of mechanical
properties [1]. Number of authors have reported improved mechanical and functional properties in the
case of these composites compared to the monolithic ceramics. Graphene, as a monolayer of sp2-
hybridized carbon atom arranged in a two-dimensional lattice, has attracted tremendous attention in
recent years owing to its exceptional mechanical, thermal and electrical properties. Graphene has been
produced by several routes [2], including growth by chemical vapor deposition, micro-mechanical
exfoliation of graphite, and growth on crystalline silicon carbide. These platelets usually contain
several graphene layers in contrast to the mono-layered graphene. Nano-scaled graphene plates of
several desired size ranges (e.g., length and width of approximately 0.05 to 10 microns and thickness
of approximately 1 to 10 nm). There are up to now only a few reports used of graphene platelet
additives to improve the mechanical properties of bulk silicon nitride ceramics. Walker et al [3] used
spark plasma sintering for preparation of SisN, + GPLs composites with fracture toughness of 6.6
MPa.m®* for the systems with 1.5 vol% of GPLs.

The aim of this work is to investigate the HIP and GPS processing route for the preparation of
dense SisN, based ceramics at the addition of several types of graphene platelets and their effect on
fracture toughness this way prepared composites.

EXPERIMENTAL PROCEDURES

The starting powders were: 90wt%SisN, (Ube, SN-ESP), 4wt%Al,0; and 6wt%Y,034 wit%

Al,O3 (Alcoa, A16) and 6 wt% Y,03; (H.C. Starck, grade C) to aid the sintering process.
Polyethylenglycol (PEG) surfactants and deionized water were added to the powder mixture.
These mixtures were milled in high efficient attritor mill (Union Process, type 01-HD/HDDM)
equipped with zirconia agitator delta discs (volume of 1400 cm?®) and zirconia grinding media
(diameter of 1 mm) in a 750 ml silicon nitride tank. Each batch contained zirconia as
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contamination from media and discs. This milling process has been performed whith high
rotation speed 3000 rpm until 4.5 h. [4].

Four types of Grapnene platelets were used: GPL — 1: Multilayer graphene nanosheets
prepared by mechanical milling method with average thickness of 14 nm and average particle
diameter 3 um; [5]; GPL — 2: Commercially available GNPs (Angstron Materials LLC, USA):
exfoliated graphene nanoplatelets xGnP-M-5 with average thickness of 7 nm and average particle
diameters of 5 um, GPL-3: exfoliated graphene nanoplatelets xGnP-M-25 with average thickness
of 7 nm and average particle diameters of 25 pm and a typical surface area of 120 to 150 m?/g
[6]; and GPL- 4: nanographene platelets Angstron N0O06-010-P with average thickness of 15 nm
and average particle diameters of 14 um [7]. These types of GPLs are illustrated at Fig.1.

ol

2

Fig. 1b Type of used GPLS: GPL-2:
Exfol. graphene nanoplatelets xGnP-M-5

Fig. 1a Type of used GPLs: GPL-1:
Multilayer graphene nanosheets

e UMV SA\ 1gm
UMV SA\ SEI  100kv X2500  10pm WD 11.1mm

Fig. 1c Type of used GPLs: GPL-3: Fig. 1d Type of used GPLs: GPL-4:
Exfol. graphene nanoplatelets xGnP-M- | Nano graphene platelet Angstron NOO6-
25 010-P

Fig. 1 Used Type of GPLs

Two different processing routes have been applied for the densification. Hot isostatic
pressing (HIP) was performed at 1700°C at 20 MPa pressure of high purity nitrogen, with a 3 h
holding time in BN embedding powder. Gas pressure sintering (GPS) was employed at 1700°C
at 2 MPa pressure of high purity nitrogen, without holding time in BN embedding powder. The
heating rate did not exceed 25°C/min.

The experimental materials were characterized by SEM (JSM — JEOL 7000F). Indentation
fracture toughness testing was performed at loads of 147 N using a Vickers indenter (Leco
Instruments), and the K¢ calculation was calculated using the Shetty equation (1) [8].

Klgnd = 0.0899(H.P/41)*2 (1)

where H is the hardness, P is the indentation load and | = c-a isthe length of the
indentation crack.
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RESULTS AND DISCUSSION

Characteristic fracture surface of the two monolithic materials is illustrated in Fig. 2.

Fig 2a Fracture surface of SigN, - Fig.2b Fracture surface of SizN, -

processed processed
by GPS by HIP

The hardness and indentation fracture toughness of the investigated materials are listed in
Table 1.

Table 1 The hardness and indentation fracture toughness of the GPS investigated materials

Composition of Fracture
investigated materials GPLs Hardrg;s HV1 Toughness K,
[Wt%] aditives [GPa] [MPa.m"]
SisNg  ALO; Y,0; C GPS HIP GPS HIP
90 4 6 0 - 162+03 164+04 6302 65+£0.2
90 4 6 1 GPL-2 149+05 146+03 67+04 78+0.4
90 4 6 1 GPL-3 147+04 151+03 6.1+£03 8.6+0.2
90 4 6 1 GPL-4 153+02 146+04 7.6+02 89+04
90 4 6 1 GPL-1 163+04 164+04 85+04 99+04

Beside the system reinforced by multilayer graphene nanosheets GPL1 all composites exhibit
lower hardness in comparison to the hardness of monolith. This is a result of the un-sufficient sintering
and the present porosity around the graphene platelets. The density of the sintered materials
measured by Archimedes method were 3,32 — 3,37 g/cm’[4]. The GPS monolithic silicon nitride
show slightly lower fracture toughness in comparison to the silicon nitride prepared by HIP. This is
connected with the different microstructure of these systems. The differences in microstructure and
properties of the sintered bodies, prepared by GPS and HIP, can be attributed to the dissimilar
techniques as well as to the different sintering conditions. The monolithic SisN, and
composites prepared by GPS exhibit smaller grain size in comparison to HIP materials with an
average grain diameter/width of SizN, matrix grains of all composites approximately 0.2 pm.
The average grain width of Si3N, grains in HP composites is in the interval from 0.3 to 0.5
um. The toughening mechanisms on the fracture line and fracture surface during the crack
propagation was observed.

CONCLUSION

Graphene platelets added silicon nitride (GPL/SizN4) composites with various GPLs have been
prepared and the influence of the type of GPLs and processing on the fractography, toughening
mechanisms and fracture toughness was studed.

» The matrix of the composites prepared by GPS consist of SisN, grains with smaller diameter
and aspect ratio in comparison to the composite prepared by HIP.

« The indentation fracture toughness of the composites was in the range 6.69 — 9.92 MPam’?,
which is significantly higher compared to the monolithic silicon nitride 6.9 and 6.8 MPam®®,
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respectively.The highest value of K,c was 9.92 MPam®* in the case of composite reinforced by
smallest multilayer graphene nanosheets, prepared by HIP. The composites prepared by GPS
exhibit lower fracture toughness from 6.69 to 8.1 MPam °°.
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ABSTRACT

The aim of this work is the modeling of the stress distribution in cortical and trabecular bone
of model frontal part of mandible by FEM analysis using linear static methods applying monocortical
and bicortical fixation of dental implant. Depending on the position of the screw thread with regard to
the bone surface, three different cases were simulated: exactly on the bone surface, 1,5 mm above and
0,5 mm below the surface of the cortical bone. It was found out that the stress field in the cortical part
and the implant are cobsiderably lower in the case of slightly recessed position in contrast with the
above and normal position of the implant in both, monocortical and bicortical fixations. However, the
bicortical fixation in this case generates slightly lower stress field in the bone and implant parts than in
monocortical fixation. Monocortical fixation is otherwise slightly more favorable from the viewpoint
of maximum stresses in the bone in the case of exact and above positions of the implant.

Keywords: modelling, stress distribution, implants, bone, FEM analysis

UVOoD

Aplikacia implantatu v prednej casti dolnej sanky je problémom nielen chirurgickym,
biochemickym, biofyzikdlnym, ale tiez biomechanickym. Zuvacie sily, pdsobiace na zubné
implantaty, mézu vyvolavat’ neziaduci tlak v prilahlych kostiach, coho nasledkom moéze byt
poskodenie okolitého kostného tkaniva a nasledné zlyhanie implantatu, pripadne poskodenie vlastného
tela implantatu. Z toho hladiska je dolezité poznat’, aké napidtia vznikaji pri zatazeni implantatov
roznej geometrie v kosti. Na rozlozenie napiti v kosti a implantate sa pouzivaju metody numerickej
aproximacie konec¢nych prvkov aplikované na samotny implantat, ako aj kortikdlnu aj spongioznu
kost’. Implantaty byvaji v kosti uchytené dvoma spésobmi: monokortikalne alebo bikortikalne (obr.1).
U mono-kortikalneho zat’aZenia dochadza k spojeniu implantatu s hustou a pevnou kortikalnou kost'ou
len v oblasti kréku implantatu. Jeho dolna Cast’ je ulozena len v miksej a poérovitej spongioznej kosti.
Takéto spojenie kladie vysoké naroky na prenos zuvacieho tlaku v kortikalnej kosti zvlast pri
vertikalnom zatazeni. Bikortikalne kotvenie, kedy je implantat uchyteny do kortikalnej kosti aj
Vv oblasti hrotu implantatu, predpoklada zvysenie odolnosti voci vertikalnemu zataZeniu a kvoli tomu
aj proporcionalnejsie rozdelenie zat'aZenia.

Cielom danej prace je porovnanie rozloZenia napiti v Kortikalnej kosti pri mono a
bikortikdlnom fixovani implantatu ako aj uréenie vplyvu hibky zavitania implantatu vzhladom na
okraj kortikalnej kosti.

EXPERIMENT

MATERIAL A METODA

Pre tento experiment sa pouzila metéda konecnych prvkov (MKP) s linearne statickou
analyzou. Vypoctové modely sa vytvarali v programe Solidworks pre monokortikalne a bikortikalne
upevnenie implantatu. Pri tychto upevneniach sa simulovali tri pripady vnorenia implantatu vzhl'adom
na kortikalnu kost’: situovanie zavitu implantatu presne po okraj kosti, 1,5 mm nad uroven a 0,5mm
pod troven povrchu kortikalnej kosti. Vypoctové modely boli zostavené pre implantat, kortikalnu aj
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spongioznu kost. Na modelovanie implantatu bol pouzity realny typ implantatu
SVMB 3,0-14D (firma Martikan, SR). Tento implantat je Specificky tym, ze su na fiom vytvorené tri
vyrezy, aby dochadzalo k lepSiemu obrastaniu implantatu kostou. Rozmerové charakteristiky pre
jednotlivé &asti boli nasledovné: dizka implantatu 17 mm, stGpanie zavitu implantatu 1,25 mm,
priemer implantatu 3 mm, hrubka kortikélnej kosti po celom obvode bola 2 mm a vyska kosti pre
bikortikalne upevnenie 13,5 mm. V pripade monokortikadlneho upevnenia bola vyska kosti 14,5 mm,
aby sa zabezpeCilo upevnenie implantatu iba v hornej Casti kortikalnej kosti. Materidlové
charakteristiky implantatu a kosti potrebné pre MKP st v tab. 1.

Tabulka 1 Materidlové charakteristiky pre MKP.

o, , Spongidzna Implantat
Kortikdlna kost kost Ti-AI6-V4 Gr.5
Modul pruznosti E [MPa] 13,7x10° 2,3x10° 1,14x10°
Poissonov sucinitel’ p [-] 0,3 0,3 0,3

Geometrické okrajové podmienky simulovali upevnenie kosti v prednej Casti sanky. Fyzikalne
okrajové podmienky definovali zataZovanie implantatu vertikdlne na sanku, kolmo na sanku a pozdiz
sanky. Ako sily posobiace v jednotlivych smeroch boli pouzit¢ F,=114,6N; F,=17,1IN; F,=23,4 N,
ktoré boli vybraté na zaklade literarnych zdrojov [2,3]. Zlozky sily pdsobili 11 mm nad kostou
(obr. 2). Po urceni vSetkych potrebnych parametrov nasledovalo vytvorenie siete kone¢nych prvkov.
Siet’ bola vytvorend z 356734 tetrahedralnych elementov a 483353 uzlov.

Implant

Cortical bone

Trabecular bone

a)

Obr. 1 Upevnenie implantdtu a) bikortikdalne
b) monokortikalne.

Obr. 2 Geometrické a fyzikdlne okrajové
podmienky

VYSLEDKY

Na obr. 3 a obr. 4 je zobrazené koncentracia napati v implantate a kosti v bi resp.
monokortikalnom upevneni v pripade mierneho zapustenia implantatu 0,5 mm do kosti.

von Mises (NAnm"2 (MPa) von Mises (NAnm*2 (MPa))
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Obr. 4 Monokortikdlne upevnenie implantdtu
do kortikalnej kosti.

L

Obr. 3  Bikortikdalneupevnenie implantdtu do
kortikalnej kosti
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Zo stupnice vidno, Ze rozdelenie napdti je v bikortikdlnom pripade homogénnejSie
a maximalne napétia su nizSie, ako v pripade monokortikadlneho upevnenia implantatu. Maximalne
napitia bikortikdlne upevneného implantatu boli 6y=168,6 MPa zatial ¢o v monokortikalnom
pripade  om= 170,1 MPa. Koncentracia tychto napdti v implantate je detailne zobrazend na obr. 5 a
obr. 6. Ako je vidiet, maximalne napétia sa koncentruji v miestach, kde implantat vystupuje z kosti
von. To je zapri¢inené tym, Ze implantat sa v tychto miestach sprava ako votknuty nosnik.

Na obr. 7 je zobrazeny priebeh napiti pozdiZ implantatu smerom k spodnej &asti. Uzli boli
vybraté na linii od miesta kde implantat vystupuje z kosti von po prvy zub smerom na dol, ked’ze v
tejto oblasti bola koncentracia napéti najvacsia.

won Mises (Nimm"2 (MPa) von Mises (NAnm*2 (MPa))
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Obr. 5 RozloZenie napiti v implantdte pri Obr. 6 RozloZenie napiti v implantdte pri
bikortikilnom upevneni. monokortikdlnom upevnent.
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Obr. 7 Porovnanie priebehov napdti v implantate a kortikdalnej kosti pri bikortikdlnom a
monokortikdalnom upevneni.

Hodnoty maximalnych napéti v kortikalnej kosti pri bikortikalnom upevneni boli 6y = 105,2
MPa (obr. 8) a pri monokortikalnom o, = 126,1 MPa (obr. 9). Rozdiely v napétiach st teda podstatne
vacsie. Tak ako v pripade implantatu aj u kortikalnej kosti sa najvac¢sie napatia sustredili v hornej Casti
kosti. RozloZenie napiti pozdiZ linie maximalnych napiti st porovnané na obr. 7.
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von Mises (Mmm*2 (MP&)) won Mises (NAnm*2 (MPa))
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Obr. 8 RozloZenie napiiti v kortikalnej kosti pri~ Obr. 9 RozloZenie napiiti v kortikalnej kosti pri
bikortikdlnom upevneni. monokortikdlnom upevnent.

Hodnoty maximalnych napiti v implantate, kortikalnej a spongidznej kosti pre vsetky Studované
pripady st v tab. 2.Maximalne napétia v implantate pri bikortikdlnom upevneni st menSie oproti
monokortikalnemu, iba ked je kr¢ok implantatu 1,5 mm nad povrchom a 0,5 mm pod povrchom
kortikalnej kosti. U kortikalnej kosti si napédtia menSie pri bikortikdlnom upevneni implantatu, ak
zapustenie krcku implantatu je 0,5 mm pod povrch kortikalnej kosti. V pripade zapustenia krcku
implantatu po okraj a 1,5 mm nad povrch kosti si menSie napidtia v kortikalnej kosti pri
monokortikalnom upevneni implantatu. V spongidznej Casti vznikaju napdtia minimalne o rad nizsie,
ako v kortikalnej kosti a implantate, preto nie st podstatné.

Tabulka 2 Maximalne napdtia v implantate, kortikalnej a spongioznej kosti pre tri Studované
pripady vnorenia implantatu do kosti.

Bikortikalne upevnenie implantatu
- Spongioza
Implantat 6max[MPa] [ Kortikal max|[MPa
mplantat Gpax[ ] ortikaliS Gmax| ] 6 [MPa]
Implantat 0,5 mm pod povrch 168,6 105,2 8,2
Implantat 1,5 mm nad povrch 856,7 333,2 10,8
Sltuf)vanle zavitu po okraj 2407 1543 7
Kosti
Monokortikalne upevnenie implantatu
I Spongioza
Implantat 6 [MPa] | Kortikalis oma[MPa] Giax[I%/IPa]
Implantat 0,5 mm podpovrch 170,1 126,1 1,7
Implantat 1,5 mm nad povrch 954,9 262,1 12,7
Sltuf)vanle zavitu po okraj 232.2 143.4 7.2
Kosti

DISKUSIA

Tabulka 2 v sulade s inymi autormi [1] potvrdila, Ze vo vicsine pripadoch situovania
implantatu Vv kortikalnej kosti pri pouziti monokortikdlne uchyteného implantatu vznikaju mensie
napidtia, ako u bikortikdlneho uchytenia implantatu. NizSie napétia v kortikalnej kosti pri
bikortikalnom uchyteni boli zistené len pri miernom vnoreni kréku implantatu 0,5 mm pod povrch
kortikalnej kosti. Napétia namerané v implantate boli pri bikortikalnom upevneni implantatu mensie v
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dvoch pripadoch, ale kritickou oblast'ou pre porovnanie napiti nie je implantat ale kortikalna kost’. Z
toho vyplyva, ze napriek prvotnym o¢akavaniam je z hl'adiska maximalnych napéti v kortikalnej kosti
vo vacsine Studovanych pripadov vhodnejsie pouzivat’ monokortikalne uchytenie implantatu.

ZAVER

Rozdelenie napéti v implantate a kosti ukazuje, Ze mensSie napétia vznikaju v kortikalnej kosti
pri pouziti implantatu zapusteného mierne pod povrch. Tento pripad zapustenia implantatu je vhodny
pouzivat’ pri monokortikdlnom a bikortikdlnom upevneni. Z hl'adiska situovania zavitu po okraj
respektive nad povrch je vhodnejSie pouzivat monokortikalne upevnenie, pretoze napitia s mensie,
ako u bikortikalneho upevnenia.
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HIL.BKOVE PROFILY NANOTVRDOSTI TENKYCH W-C POVLAKOV

DIFFERENT INDENTATION CONDITIONS AND THEIR INFLUENCE
ON NANOHARDNESS DEPTH PROFILES OF THIN W-C COATINGS
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ABSTRACT

Nanohardness depth profiles from dynamic indentation analysis were studied with the aim to
find the influence of different indentation parameters, such as loading/strain rate, sinus frequency and
sinus amplitude on their shape and maximum nanohardness values. The experimental procedures were
carried out using nanohardness tester G200 (Agilent Technologies) in dynamic CSM (Continuous
stiffness measurement) mode. Firstly, series of single load indents in different penetration depths were
carried out for obtaining reference nanohardness depth profile. Another series of experiments were
performed using CSM mode and CSM mode upgraded for measurements of properties in thin films,
respectively. The analyses were performed using different indentation conditions (sinus amplitude,
frequency and strain rate). It was found out that the increase of strain rates causes apparent decrease of
nanohardness values. Increase of sinus frequency causes the reduction of the maximum and widening
of the corresponding plateau of nanohardness depth profile. In contrary, the increase of sinus
amplitude causes the shift of the profile maximum to higher values.

Keywords: nanoindentation, continuous stiffness measurement, frequency, amplitude, strain rate

UVOoD

Pri vyvoji a aplikacii tenkych povlakov pre inZinierske aplikacie je kladeny vysoky doraz
hlavne na ich odolnost’ proti opotrebeniu, koréznu a oxida¢ni odolnost’, ale aj tvrdost' a modul
pruznosti. Pre meranie tvrdosti tenkych povlakov s hribkami v rozsahu stoviek nanometrov bola
vyvinutd technika nanoindentécie, ktord sa odliSuje od klasickych metdéd merania tvrdosti, ktoré
nemaju na takychto tenkych vrstvach dostatocni1 presnost’ [1,2]. Prvii ucelenu tedriu o moznostiach
merania tvrdosti vel'mi tenkych vrstiev priniesli Dorner a Nix [2], ktora viedla po dopracovani
Oliverom a Pharrom[3]k vzniku novej vedeckej oblasti — inStrumentovanej indentacie. V pripade
merania tvrdosti tenkych povlakov na podlozkich s odlisSnou tvrdostou metodami
inStrumentovanejindentacie je kvoli oddeleniu vplyvu podlozky vhodné pouzivat dynamické
indentacné skusky, ktoré maji na maximalnu hodnotu zataze este aplikovani dodato¢ni modulaciu
so zadanou amplitidou a frekvenciou [6]. Na rozdiel od indentacie s klasickym jednoduchym
spOsobom zat'aZovania je v tomto pripade z jedného merania ziskany celkovy hibkovy profil tvrdosti
a indentaéného modulu [4-6]. Z hibkového profilu tvrdosti je mozné oddelit vplyv podlozky na
merané vlastnosti povlakov a urcit’ jeho skutocnt tvrdost’ [6]. Zakladny priebeh zatazovania sa robi
dvomi réznymi spOsobmi: s linearnou rychlostou zatazovania (linear loading rate — LLR), alebo
v rezime konstantnej rychlosti deformacie (constant strain rate — CSR). Ciel'om tejto Studie je skimat’
vplyv rozliénych indentaénych parametrov na vyvoj hibkovych profilov nanotvrdosti na tenkych
povlakoch na baze W-C [7,8].

EXPERIMENTALNA CAST

Vyskum bol zamerany na vplyv rezimu, rychlosti zatazovania/deformacie, amplitidy
a frekvencie pocas dynamickej indentacie. Experimentalne meranie boli vykonané za pouZitia
nanoindentora G200 od Agilent Technologies. Skusky jednotlivych indenta¢nych parametrov boli
vykonané v troch réznych rezimoch zataZovania, v statickom rezime jednoduchej zataze (single load
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— SL) a v rezimoch dynamickej indentacie (tzv. CSM — continuous stiffness measurement), resp. jeho
§pecialneho rezimu CSM urceného pre meranie tenkych povlakov [7]. Merania boli vykonané na
tenkom povlaku na baze W-C pripraveného pomocou DC magnetronového naprasovania na
depozi¢nom zariadeni Cryofox Discovery 500 (vzorka oznacend ako WC34) [8].Tabul’ka 1 zobrazuje
pouzité indentacné mody a popis jednotlivych experimentalnych parametrov.

Tabulka 1. Podmienky indentacnej analyzy na vzorke WC34.

Parametre
Indentaény rezim - ;
Skratka Rychlost’ Amplitada Frekvencia
Single load SL 1min. to - -
max/1min. to min
CSM mode CSM 0.01-0.2s" 1nm-12nm 10 - 80 Hz
CSM forthinfilms CSM coatings 0.01-0.2s" 1nm-12 nm 10-80 Hz
VYSLEDKY A DISKUSIA

Referenény hibkovy profil nanotvrdosti bol ziskany zanalyzy Vrezime jednoduchého
zatazovania (single load - SL) zo série individudlnych vpichov v roznych hibkach (od 20 nm do 900
nm). Meranie zo SL analyzy bolo nasledne overené meranim v dynamickom indentacnom rezime
(CSM aCSM pre tenké povlaky). Bolo zistené, Ze hodnoty tvrdosti, ako aj ziskané profily
nanotvrdosti sa vramci jednotlivych rezimov odliSovali. V pripade analyzy v ,single load” boli
namerané vys$ie hodnoty nanotvrdosti v malych hibkach v porovnani sobomi dynamickymi
reZimami. V pripade analyzy v jednoduchom reZzime bol zaznamenany aj vy$$i rozptyl okolo strednej
hodnoty nameranej nanotvrdosti. Namerané maxima sa vsak lisili aj v rdmci jednotlivych sinusovych
rezimov (obr.1). Bolo zistené, Ze pouzitie CSM rezimu pre klasické materidly vykazuje mierne vysSie
stredné hodnoty nanotvrdosti, ako to bolo v pripade CSM rezimu upraveného pre tenké povlaky.

Single load/unload cycle

30 o \ CSM mode standard

H, (GPa)

LIS BN S B B B SR B SR L LI L N N L N N R |
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

P, (nm)

Obr. 1. Porovnanie hibkovych profilov pri pouziti réznych rezimoch indentdcie.

Obr. 2a znazorujuci vplyv sinusovej amplitady preukazal, e so zvySujicou sa hibkovou
amplitadovou modulaciou dochadza k posunu hibkového profilu doprava a k umelému poklesu hodnot
nanotvrdosti. Bolo tiez zistené, Ze s narastajucou amplitidou dochadza k rozSireniu platdé profilu
nanotvrdosti v oblasti zodpovedajucej tvrdosti tenkého povlaku na miksej podlozke. Vo viésich
hibkach profily konvergovali k rovnakej hodnote, ktora zodpoveda tvrdosti samotného podkladu.
V pripade sledovania vplyvu sinusovej frekvencie bol zisteny opacny priebeh vyvoja profilov
nanotvrdosti, ako to bolo v pripade amplitady. Zavislost’ vplyvu rychlosti deformacie preukazala
(obr.2b), Ze so zvySujicou sa rychlostou vrozsahu od 0.02 do 0.05 s-1 dochadzalo k poklesu
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nameranych maximalnych hodnét nanotvrdosti a kumelému narastu maximalnych hodnét
nanotvrdosti v pripade rychlosti vyssich ako 0.07 s-1. V pripade nizsich rychlosti doslo aj k rozsireniu
platé na profiloch nanotvrdosti. V tomto pripade tiez bol pozorovany vyrazny rozptyl v hodnotach
nanotvrdosti v oblastiach prisluchajucich tvrdosti sklenej podlozky.

—m—1mN
—e— 3 mN
14 4 5mN
—v—7mN

10 mN

T T T T T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
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—e—0.05s™
0.07s™
—v—0.09s™

H,, (GPa)
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Obr. 2. Vplyv amplitudy (a) a rychlosti deformdcie (b) na vyvoj profilu nanotvrdosti v tenkom
povlaku na baze W-C.

ZAVER

Na zéklade pozorovania zavislosti hibkovych profilov tvrdosti pri réznych moédoch
zatazovania (jednoducha zataz, CSM a CSM pre tenké povlaky) boli zistené vyrazné rozdiely.
V pripade merania v dynamickych rezimoch sa maximéalne hodnoty pohybovali v mensich hibkach
Vv niz§ich maximalnych hodnotach nanotvrdosti, ako v pripade hodnét ziskanych z analyzy v rezime
jednoduchej zataze. Analyza vplyvu frekvencie preukazala klesajtci trend v nameranych hodnotach
nanotvrdosti s rozsirenim platd v oblasti prislichajicej tvrdosti naneseného povlaku. ZvySovanie
sinusovej amplitidy sposobuje pokles nameranych hodnét nanotvrdosti s postupnym rozsirenim
a vyhladenim platd v oblastiach zodpovedajicim tvrdosti povlaku. Z merani vplyvu rychlosti
deformacie bol pozorovany mierny pokles nameranych maximalnych hodnot nanotvrdosti: v pripade
nizkych a strednych rychlosti deformacie bolo pozorované rozsirenie oblasti platd prislichajiiceho
nanotvrdosti povlaku. V pripade vysSich rychlosti deformicie bol preukazany opacny trend. Na
zéklade uvedeného je pre meranie tenkych povlakov W-C typu odporucany sinusovy (CSM) rezim pre
tenké filmy s rychlostou deformécie 0,05 s™, frekvenciou 45 Hz a amplitidou 5 nm.
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ABSTRACT

Al,O4/SiC micro/nano composites are much more resistant materials than monolithic alumina
ceramics regarding some mechanical properties, functional properties and creep resistance. In this
work the Al,04/SiC micro/nano composites were fabricated by hot pressing at 1740 °C for 1h and 30
MPa in argon atmosphere. Various aspects of the hot pressed composites, including starting materials,
microstructure, mechanical properties (hardness, fracture toughness, flexural strength), functional
properties (thermal and electrical conductivity) and creep behaviour were studied. To clarify the role
of particle size of SiC on the properties of composites two kinds of SiC powders with micron (200 nm)
and nano-size (50 nm) were selected, together with the high purity Al,O; powder with mean particle
size of 150 nm. Different Al,O3/SiC compositions with SiC content in the range of 3 — 20 vol.% were
prepared. The properties of the composites were compared to the monolithic Al,O; reference. By XRD
analysis only a-Al,O3 and B-SiC crystalline phases were detected before and after sintering. This is an
important observation, because the persistence of the SiC phase in the final composite is necessary
condition for the improvement of the mechanical and functional properties, and higher creep resistance
of the AIl,O,/SiC micro/nano composite. Significant attention was paid to investigation of the
influence of the size of SiC nanoparticles (micro vs. nano) on the properties of composites prepared
under identical conditions and containing equivalent volume fractions of the SiC particles. The
flexural strength increased with increasing volume fraction of SiC particles. The maximum flexural
strength (655 £ 90 MPa) was achieved for the composite containing 20 vol.% of micro SiC particles,
which is more than twice as high as the strength of Al,O; reference. Vickers hardness improved
moderately, but the fracture toughness was lower when compared to the monolithic Al,Os. The
observed improvement of mechanical properties (hardness, fracture strength) was mainly attributed to
the refinement of the alumina matrix, grain boundary reinforcement, and the related change of fracture
mode from intergranular in the alumina reference to transgranular in the composites. SEM analysis
confirmed the transformation of fracture mode from intergranular in monolithic Al,Oj3 to transgranular
in the composites. The creep behaviour at temperatures up to 1350 °C, and mechanical load of 200
MPa of the composites was also studied, and compared to the monolithic Al,Os reference. The studied
parameters include volume fraction, size, distribution of SiC particles, and the presence/absence of
silica as the result of surface oxidation of SiC. To clarify the influence of silica, which is always
present in the form of oxide layer at the surface of SiC particles, on creep resistance, the composites
were also prepared from the SiC powder washed in HF in order to remove SiO, impurity. The
Al,O/SiC nanocomposites with 5 vol.% of SiO,-free SiC, and with deliberate addition of 0.5, 1 and 5
wt.% of SiO, were also prepared. Tetraethylortosilicate was used as the source of SiO,. However, the
expected positive effect of SiO, removal on creep resistance of the composites was not confirmed. In
the Al,O3/SiC nanocomposites the creep rate was influenced by the volume fraction of SiC particles
and the size of alumina matrix grains. The creep resistance of Al,O4/SiC composites was significantly
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higher when compared to the creep resistance of the monolithic Al,Qs. Particularly, the Al,O3/SiC
nanocomposite with 10 vol.% of micro-SiC exhibited excellent creep resistance. The material was able
to withstand the stress of 200 MPa at 1350 °C and 1400 °C for 150 h, while the monolithic Al,O5
reference failed already after 0.8 h at 75 MPa and 1350 °C. Long loading time before mechanical
failure suggests diffusion controlled creep behaviour. The improvement of the creep resistance was
attributed to pinning effect of the SiC particles at grain boundaries, which inhibited grain boundary
sliding, and reduced the creep strain rate. Thermal and electrical conductivity were also modified in
the composites, and increased with increasing volume fraction of SiC. The maximum value of thermal
conductivity at room temperature was reached in the samples containing 20 vol.% of micro or nano
SiC particles (38 W/m.K), while the value of the thermal conductivity of monolithic alumina was only
28 W/m.K. It was also found, that the thermal conductivity decreased with increasing temperature.
This fact is most likely due to the fact that with increasing temperature increases the intensity
oscillations of the crystal lattice, which then interact with the proliferation of phonons. The increasing
of electrical conductivity by adding micro/nano SiC particles into Al,O; matrix was more pronounced
as in the case of thermal conductivity. Experimental results revealed that electrical conductivity
increased with increasing volume fraction of SiC. The composite AS20c showed the highest value of
electrical conductivity (4.05x10 S/m), whereas the electrical conductivity of monolithic Al,O; was
only 7.80x10° S/m. Concerning the Al,04/SiC nanocomposites with the same volume fraction of SiC,
but different particle size of SiC, no statistically significant deviation of electrical conductivity could
be identified.

Keywords: Al,O4/SiC micro/nano composites, mechanical properties, functional properties, creep
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PHOTOLUMINISCENCE PROPERTIES OF (ZnO)x.2(SiO)y:(MnO);
PREPARED BY DIRECT THERMAL SYNTHESIS

FOTOLUMUNISCENCNE VLASTNOSTI (ZnO)x.z(SiO2)y:(MnO);
PRIPRAVENEHO PRIAMOU VYSOKOTEPLOTNOU SYNTEZOU

Peter Svancarek, Robert Klement and Dusan Galusek

Vitrum Laugaricio - Joint Glass Center of the 11C SAS, ThUAD, and FChPT STU, 911 50
Trencin, Slovak Republic

ABSTRACT

Willemite based compounds were prepared by thermal synthesis from mixed powders with
different ratios of ZnO, SiO, and with addition of MnO, as optically active dopant. Using coarse
grained, precipitated SiO, resulted in a heterogeneous product where unreacted SiO, was detected.
Nevertheless strong photoluminescence in green (523nm) region of electromagnetic spectra was
detected. The strongest excitation peak was observed at 277 nm and is attributed to the charge transfer
transition of the Mn*" ions.

Keywords: willemite, Mn?*-dopant, green emission, photoluminescence

INTRODUCTION

High efficiency of light sources depends on high quantum efficiency of the phosphor.
Willemite based manganese doped phosphor (Zn,SiO,:Mn?*) is used due to its properties for longer
than 180 years. Its chemical and thermal stability plays also important role why this phosphor is often
selected as a phosphor of choice. X-Ray, UV light or electron irradiation are used as energy carriers to
charge willemite crystal lattice, and Mn?" ions, which are incorporated into the lattice as a substitute
for small fraction of Zn** ions are used as photoluminescence activator for the green phosphor. They
are widely used in plasma display panels, cathode ray tubes, oscilloscopes and fluorescent lamps [1].

Phosphors are prepared by various methods:

For preparation of thin films, laser deposition [2], spray pyrolysis [3] and dip-coating [4, 5] of
the material intended as a carrier of the photoluminescent film, are used. Low temperature
hydrothermal synthesis from aqueous solution at temperatures as low as 230 °C [6-8] is also possible,
although the photoluminescence efficiency without further annealing is rather poor (about 11% of
similar commercial photoluminescent [7]). Low luminescence efficiency was attributed to short crystal
formation times [9].

For preparation of bulk fluorescent materials, sol-gel techniques [10, 11] and direct thermal
synthesis [1, 11] are used. High temperature (1000 - 1400 °C) is often required to obtain ordered
willemite structure even in the case when the phosphor is prepared by sol-gel methods or
hydrothermal synthesis.

In order to improve the emission characteristics of current willemite based phosphors,
compositional variations of ZnO, SiO, and MnO, were examined. According to literature, MnO, is
reduced to MnO at temperatures higher than 1000°C, regardless of the furnace atmosphere [11]. This
is important because the light emission occurs due to non-radiative energy transfer from the host
lattice of Zn,SiO, through formation of electron-hole pairs, which recombine at the luminescent
centers (Mn®*) and give visible luminescence [1]. In the present paper we report on the preparation and
luminescence properties of Mn** doped zinc silicate as a green light emitting phosphors.

EXPERIMENTAL

Three sets of luminescent materials were prepared by mixing and annealing the powders of
Zn0O, SiO, and MnO; at the compositions corresponding to Zn,,SiO, - XMnO,, Zn;,SiO; - XMnO,,
and Zny,Si,Os - XMnO,, where x = 0.01, 0.03 and 0.05. All chemicals used were of analytical grade.
The coarse grained SiO, (AFT — Bratislava, precipitated) and fine grained powders of ZnO (AFT —
Bratislava, 99.5 %, average grain size 300 nm) and MnO, (ACROS ORGANICS, 99 %, average grain
size 1 [’m) were milled and homogenized together in vibratory mill for 30 minutes. Obtained mixture
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of fine powders was calcined at 1300°C for 2 h in air. After calcination second milling (and
homogenization) took place to obtain fine powder of average grain size about 10 "'m. For the SEM
analysis (JEOL JSM-7600 Thermal FE SEM) the powder was cast into phenolic conductive compound
and polished by diamond polishing disc. Both the emission and excitation fluorescence spectra were
measured by Fluorolog 3 (FL3-21, Horiba) fluorescence spectrometer. The phase composition was
determined using powder X-ray diffraction (PANalytical Empyrean Series 2 X-ray diffractometer).

RESULTS AND DISCUSSION

The SEM examination of the powder revealed that even after 2 hours of annealing the solid
state reaction was not completed and chemically and structurally homogenous powder was not formed

(Fig.1).

25um | 251m '25um'
Fig. 1. Map of elements in Zn,SiO, : 5at% Mn?%". * Unreacted SiO, core of large silica
particles.

Larger particles contained a core of pure SiO, surrounded by rim containing SiO,, ZnO and
MnO,. For completion of the diffusion process longer time of annealing will be needed, because
higher annealing temperatures would lead to undesirable melting of the system. Irrespective of the
composition, the X-ray powder diffraction patterns show the presence of willemite (Zn,SiO,) as a
major phase, unreacted Zn0O, and traces of SiO,.
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The excitation and emission spectra of all Mn?*-doped phosphors were similar. Figure 2 shows
the excitation and emission spectra of Zn; ¢;Mng3SiO4 (Aem = 523 NM, Aexe = 277 NmM). The strongest
excitation peak was observed at 277 nm and is attributed to the charge transfer transition of the Mn**
ions. Under sample excitation at 277 nm intense broadband emission at 523 nm was observed, which
is due to a d-level spin-forbidden transition of Mn*" ion (*Ty4 - °A;g). The mechanism involved in the
generation of a green emission from Zn,Si0,:Mn?" under UV excitation is well understood, and can be
described as follows [Error! Bookmark not defined.]: the electron from the Mn** ground state °A,
is excited to the conduction band (CB) of willemite by UV photons, and the free electrons in the CB
can relax to the “T,, excited state of Mn?* through non-radiative processes, which is then followed by
radiative transitions from the “Ty, excited state to the GAlg ground state giving green emission. The
emission intensities for all studied phosphors are depicted in Fig. 3.

Ayn= 523 NM
L]
3 - :
& S .
z > ZnSi0q zn,Si0,
g g |znsi0q .
= £ * 1 mol.% MnO, .
= 3mol.% MnO,
@ ® 5mol.% MnO, *
150 200 250 300 350 400 450 500 550 600 650 700 750 0,30 0,135 0'20 0;15 0,'50 0’155 o’go 0}55 0,70
Wavelength (nm) X(ZnO)
Fig. 2. Excitation and emission spectra of Fig. 3. Corrected emission intensities of studied

ZN1.97MnNg03Si04 (Aem = 523 NM, Agye = 277 NM). phosphors at Aex = 277 nm.

The highest emission intensity was found for the phosphor of starting composition of
ZnSiOz:Mn?*". The concentration quenching effect, which often occurs in the ZnSiO;:Mn* and
ZnSi,0s:Mn** phosphors, was not observed in the Zn,SiO,:Mn*" system in given Mn?* concentration
range.
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PRIPRAVA OBRABATELNYCH KOMPOZITOV NA BAZE Si;N,
S PRIDAVKOM POLYMERNYCH PREKURZOROV AKO SPEKACICH
PRISAD

PREPARATION OF MACHINABLE SILICON NITRIDE-BASED
COMPOSITES WITH PRECERAMIC POLYMERS AS SINTERING
ADDITIVES

Michal Vetrecin, Zoltan Lencés, Pavol §ajgalz’k

Institute of Inorganic Chemistry, Slovak Academy of Sciences, Dubravska cesta 9, 84536
Bratislava, Slovakia

ABSTRACT

Conventional sintering additives (MgO, Al,Os, Y,03) used for the preparation of SizN,-based
ceramic materials by pressureless sintering or hot-pressing were replaced in this work by SiAIOC
polymer precursors. The green bodies were prepared by uniaxial pressing and/or cold isostatic
pressing (CIP) from three kinds of powder compositions with the addition of 23.3, 30 and 40 wt.% of
SIAIOC to the SisN4 matrix. Samples were crosslinked and/or pyrolysed in quartz tube furnace to 1100
°C with a controlled flowing atmosphere of argon. The machinability test shown us that it is easier to
machine crosslinked samples as pyrolyzed and samples prepared by mixed pressing method shown us
best machinability. The machined samples were pressureless sintered at 1750 °C for 1 hour in mixed
atmosphere of nitrogen and carbon monooxide. The sintered samples were characterized in terms of
density, phase composition and microstructure.

Key words: silicon nitride, machinability, SIAIOC, SiAION

UvVoD

Keramické kompozity nitridu kremicit¢tho maji nizku hustotu a tepelnu roztaznost
vV porovnani s kovmi, maju aj vysoku pevnost’ a odolnost’ voci tepelnym Sokom. Tieto kompozity sa
pripravuji hutné (napr. rezné néstroje na obrabanie kovov) ako aj porovité materidly (filtre plynov
alebo kvapalin). Vo vicsine pripadov st pripravované spekanim v pritomnosti kvapalnej fazy, ktora
vznika v procese zhutiiovania. Kvapalna faza je obycajne tvorena eutektickou taveninou ktora vznika
z oxidu kramicitého (hlavna necistota vo vychodiskovom SisN, prasku) a z in¢ho oxidu pouzité¢ho ako
pridavok spekania.
V predlozenej praci sme nahradili konvenéne pouzivané pridavky spekamnia (MgO, Al,Oz, Y,03)
polymérnymi spekacimi polymérmi, ktoré pri teplotach nad 1000 °C vytvéraji kvapalnu fazu, ktora
podobne ako konven¢né spekacie prisady urychl'uju spekanie. Podl'a druhu pouzitych polymérnych
prekurzorov mozeme ovplyviiovat chemické zloZzenie na hranici zfn pocas procesu zhutnenia a tak
ovplyvnit' nielen vysledné vlastnosti materialu, ale aj jeho vlastnosti v procese ich polymerizacie
prekurzorov.
Pre pripravu kompozitov nitridu kremicitého bol pouzity hlinikom modifikovany SiOC polymérny
prekurzor s cielom urychlit' proces spekania a modifikovat’ chemické zloZenie na hranici zin.
Vyhodou tohto postupu je nielen potencialne zniZenie teploty spekania, ale predovsetkym fakt, ze po
zosietovani polyméru na hraniciach zfn je mozné pripravit’ teleso, ktoré ma dostatoéni pevnost’
a hiizevnatost’ na mechanické opracovavanie. Tymto by bolo mozné pripravovat’ keramické vyrobky
sustruzenim, bez vyznamnych narokov na ich finlne opracovanie po spekani.

EXPERIMENT

Na pripravu kompozitov nitridu kremicitého bol pouzity prasok nidridu kremicitého (SN-E10,
UBE Industries, Ltd., Tokyo, Japan) s vel'kost'ou zfn 0,5 um a vysokym obsahom o fazy (o pomer >
95 %). Ako spekacia prisada bol pouzity SiAIOC polymérny prekurzor. Tento polymérny prekurzor
bol pripraveny modifikaciou polymetylsilsesquioxanu (Wacker-Belsil™ PMS, MK;(CH3s-SiO3zp)y)
Alumatranom (Al(OCH,CHy)3N) s obsahom 23,6 hm.%. MK polymér a Alumatran boli rozpustené
V izopropanele, zmieSané a mieSané 12 hodin za vzniku gélu, ktory sa po odpareni izopropanolu susil
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pri izbovej teplote 48 hodin. VysuSeny SiAlOC bol mlety v planetovom mlyne PM100 30 mint.
Pripravili sa 3 zmesy nitridu kremicitého a SiAIOC s 23, 30 a40 hm.% obsahom polymerného
prekurzoru (tabulka 1).

Tabulka I Obsah SIAIOC v zmesi SND23, SND30 a SNDA40.

SIAIOC [hm. %] | SiAIOC [obj. %]
SND23 23 51.5
SND30 30 60.0
SND40 40 70

Z tychto zmesi boli pripravené vylisky jednoosovym lisovanim (UC), izostatickym lisovanim (CIP)
a pouzitim oboch lisovacich metod (UC). Tieto vylisky boli tepelne upravené pri teplotach 300, 500
all00 °C vrurovej peci vatmosfére argoénu. Cielom bolo zistit ich vlastnosti v procese
polymerizacie a moZnosti ich opracovania.

Tabulka 2 Zobrazenie voriek po jednotlivych krokov tepelného spracovania 300, 500 a 1100 °C
a naslednom mechanickom opracovani jednotlivych vzoriek.

uc
1100 °C

Takto tepelne upravené vylisky boli mechanicky opracované na suastruhu. Po mechanickom
opracovani boli vzorky beztlakovo spekané pri teplote 1750 °C 1 hodinu v zmieSanej atmosfére dusika
a oxidu uhol'natého. U spekanych vzoriek bola merana hustota archimedovou metédou a sledovana
mikroStruktira na polaziro¢nom a elektrénovom mikroskope (SEM).

Graf 1 Hustota SND23, SND30 a SND40 podla pouZitej metddy lysovania.

Hustota

p [g/cm3]

1,7 :;

UP ucC CIp

—4—SND23 —E—-SND30 SND40
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ZAVER

Najlahsie opracovatelné vzorky boli s obsahom 30 hm.% polymérneho prekurzoru. Pri
nizSom obsahu spekacej prisady dochadza k nedostatoénému spevneniu a nizSiemu obsahu polymérnej
siet’e, ktora drzi zrna SizN,4 pohromade po tepelnej uprave do 1100 °C a pri mechanickom opracovani
dochadza k odstepovaniu kusov vzorky (tabulka 2), pripadne k poskodeniu v drziaku sustruhu.
Vzorky s vys$§im obsahom polymérneho prekurzoru vytvaraju polymérnu siet’ s vy$Sou pevnost'ou
a mechanické opracovanie s ocelovymi nozmi je naroénejSie pri pouziti rovnakého tlaku, pripadne
dochadza k odstepovaniu kusov zo vzorky (tabul’ka 2). VSetky vzorky boli dobre opracovatelné po
Siastocnom alebo Uplnom zosietovani (300 az 500 °C), po uplnej pyrolyze je vytvorena polymérna
amorfna siest’ a vo vSetkych pripadoch dochadza k odStepovaniu kusov vzorky. Pri pouziti nizkeho
obsahu polymérneho prekurzoru, do 30 hm.%, je mozné pripravit mechanicky opracovatelné
produkty s otvorenou poérovitostou (viac ako 90% z celkovej porovitosti). Velkost’ porov sa pohybuje
do 20 um. Vzorky s vy$§im obsahom polymérneho prekurzoru, 40 hm.%, pocas pyrolyzy maja vyssiu
tenteciu praskat’ v dosledku nizsej otvorenej porovitosti. Pocas spekania vytvaraju viac kvapalnej fazy
a dochadza k vdcSiemu zmrasteniu a zhutneniu, ¢im sa dosiahne omnoho vysSia hustota (graf x)
V porovnani sO vzorkami s niz§im obsahom polymérneho prekurzoru. Pocdas spekania dochadzalo
k minimalnemu rastu zin s prevaznou vel’kostou do 500 nm, ¢o bolo dokazané zo zabarov pomocou
skenovacej elektronovej mikroskopie (SEM, obr. 1).

WD = 85mm | Mag= 40.00KX [ &

Obr. 1 Mikrostruktura volne spekaného jednoosovo lysovaného a cipovaného SND40.
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MIKROéTRI,JKTI'JRA A MECHANICKE VLASTNOSTI
BIOMATERIALOV NA BAZE NITRIDU KREMICITEHO

MICROSTRUCTURE AND MECHANICAL PROPERTIES OF SILICON
NITRIDE BASED BIOMATERIALS
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ABSTRACT

Microstructure and mechanical properties, particularly Young’s modulus, hardness and
compressive strength of silicon nitride based biomaterials were studied in this work. Silicon nitride
samples were prepared using polyurethane foam replication method to obtain appropriate cellular
structure for bio-application. This method is based on infiltration of silicon nitride slurry into the
polyurethane sponge. The aim of this work is to present different ways for the preparation of these
materials and study their mechanical properties. Measurements of hardness and Young’s modulus
were performed using instrumented indentation with Berkovich diamond indenter. Two types of the
polyurethane foams were used with average pore size 0.48 mm and 0.62 mm. The effects both of
structures, temperature of pre-sintering, volume fraction of SisN, powder and number of the
infiltrations on the local mechanical properties were investigated and compared with human trabecular
bone.

Keywords: silicon nitride, biomaterials, polyurethane foam, human trabecular bone

UVOoD

Biomaterialy patria medzi materialy, ktoré st vdaka svojim netoxickym a biokompatibilnym
vlastnostiam ur¢ené najmé pre pouzitie v 'udskom tele. Dodnes este nebol vyvinuty dokonaly kostny
implantat, ktory by svojimi vlastnostami zodpovedal vlastnostiam l'udskej kosti. Vsetky existujuce
biomaterialy, pouzivané ako kostné nahrady, maju tendenciu v priebehu ¢asu sa opotrebovavat’ alebo
uvoliovat’. Ako sa predlzuje dizka Zivota, tak sa zvySuje aj podet nevyhnutnych reviznych operacii.
Interakcie medzi implantovanym umelym materidlom a zivymi tkanivami v organizme st velmi
zlozité a menia sa v zavislosti od druhu pouzitého materialu a rovnako od druhu ciel'ového tkaniva v
tele. Aj napriek tomu, Ze principy procesov, ktoré sa odohravaji na rozhrani biomaterialu a tkaniva st
zname, podrobnosti a detaily st este stale do istej miery nejasné [1].

Keramické materialy ako SisN; sa vyznacuju velmi dobrymi mechanickymi vlastnostami, ¢o im
umoziuje vyuzitie v roznych multifunkénych aplikdciach. Nitrid kremicity ma nizku hustotu a s fou
stivisiacu hmotnost’, vysoku tvrdost’ a pevnost’, ma vyborna odolnost’ proti kordzii a tepelnym sokom
a v porovnani s hydroxyapatitom ma aj vyssiu lomovu huzevnatost’. SizN,4 sa taktiez vyznacuje dobrou
oteruvzdornostou a necytotoxicitou, z ¢oho vyplyva aj jeho bioinertnost. Vdaka tymto vybornym
vlastnostiam mdze mat’ nitrid kremicity Siroké vyuzitie v bioaplikaciach, napriklad na vyrobu umelych
nahrad kosti, zubnych implantatov alebo biocementov [2, 3].

Hlavnym ciel'om tejto prace bola priprava a charakterizacia vhodného porovitého biomaterialu na baze
nitridu kremicitého, ktory by sa svojimi vlastnostami ¢o najviac podobal I'udskej trabekularnej kosti
a nasledne ho vyuzit' v bioaplikaciach, napr. ako umelé nadhrady kosti.

EXPERIMENT

Experimentalny material bol pripraveny replika¢nou metédou v UACh SAV, Bratislava. Tato
metdda je zalozena na infiltracii suspenzie SizN4 do polyuretanovej (PU) $pongie, pricom boli pouzité
dva typy PU S$pongii so strednou velkostou porov 0,48 mm a 0,62 mm. Vzorky s ozna¢enim 1 boli
pripravené infiltraciou suspenzie s obsahom 40 obj.% SizN4 do PU S$pongie, nasledne bola Spongia
vypalena pri 600°C a vzorky boli predspekané pri teplote 1000°C po dobu 30 minit. Po kalcinacii boli
znova infiltrované suspenziou s obsahom 15 0bj.% SisN, a 5 hm.% SiO, a spekané pri teplote 1200°C
v ochrannej dusikovej atmosfére. Vzorky s oznaenim 2 boli pripravené rovnakym postupom ako
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vzorky s oznaenim 1, avSak boli predspekané pri teplote 1100°C pocas 1 hodiny. Vzorky
s oznacenim 3 boli pripravené rovnakym spdsobom ako vzorky s oznacenim 2, s tym rozdielom, Ze
suspenzia pouzita pri druhej infiltracii obsahovala 25 obj.% SizsN4 a 5 hm.% SiO,. Vzorky oznacené 2i
boli infiltrované dvakrat a vzorky oznacené 3i boli infiltrované trikrat. Oznacenia 48 a 62 symbolizuju
vel'kost’ porov v pouzitych polyuretanovych penach.

Vzorky mali tvar kvadra s rozmermi 50x20x15 mm®. K dispozicii bolo aj niekolko vzoriek
T'udskej trabekularnej kosti s rozmermi 10x10x20 mm®. V3etky $tudované vzorky boli brisené a
lestené pouzitim SiC papierov so zrnitostou 500, 800, 1200, 2500 a vody. Priklady mikrostruktar
Studovanych vzoriek st uvedené na obr. 1.
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Obr 1. Charakteristicke mzkrostruktmy studovanych vzoriek.

Na meranie mechanickych vlastnosti boli pouzité inStrumentovana indentacia a skuska v tlaku.
Nanoindentaciou bol namerany modul pruZznosti a tvrdost’ vzoriek. Merania boli uskutocnené na
mikronanotvrdomeri G200 od firmy Agilent Technologies. Z merani boli ziskané typické zat'azujiico-
odlahéujuce krivky, zktorych boli metodou Olivera&Phara [4] vypocitané hodnoty tvrdosti a
modulov pruznosti. Pri meraniach bol pouzity Berkovichov diamantovy indentor, maximalna
zatazujlica sila bola 100 mN, rychlost zatazovania a odl'ahCovania bola 200 mN/min a vydrz v
maximalnom zat'azeni bola 10s, aby sa zamedzilo vzniku visko-elastického toku, ktory sa vyskytuje
pri nanoindentacii kosti. Testom v tlaku boli namerané hodnoty pevnosti jednotlivych vzoriek.
Merania boli uskutoénené na pristroji od firmy LLOYD Instruments. Posuv prie¢nika v priebehu
merani bol 1 mm/min a vzorky mali rozmery 10x10x15 mm?®. Vysledky nameranych hodnét su
uvedené v tabulke 1.

Tabulka 1. Mechanickeé viastnosti Studovanych vzoriek.
Tvrdost’ (GPa) ‘ Modul pruznosti (GPa) Pevnost’ v tlaku (MPa)

kost’ 0,59 +0,08 14,5 £ 0,85 4,87 + 1,31
1-3i-48 0,58+ 0,13 12,0 £2,23 1,07+0,13
2-3i-48 1,30 £ 0,24 18,2 £ 4,09 1,27£0,15
1-3i-62 0,77 £ 0,30 16,2 = 3,88 0,81+0,43
2-3i-62 0,90 £ 0,29 18,8 £4,09 1,05 +£0,24
3-3i-62 1,15+0,13 21,8+1,35 2,09 +0,42
2-2i-48 0,40 £ 0,09 11,7 £ 1,80 0,25+ 0,09
1-2i-62 0,75+0,14 14,6 £ 2,57 0,49 £0,16
2-2i-62 0,85+ 0,46 15,3+ 4,62 0,82 +0,20
3-2i-62 1,47 £ 0,21 25,2 +2,43 0,97 £0,24

ZAVER

Z nameranych vysledkov je mozné usudit, Ze s narastom teploty predspekania sa zvySuje
tvrdost’, modul pruznosti a rovnako aj pevnost’ Studovanych vzoriek. Hodnoty rasti aj so zvySenim
0bj.% SisN, po dvojnasobnej a trojnasobnej infiltracii. Vysledky taktiez ukazali, ze PU Spongia
s velkostou porov 0,48 mm ma lepSie mechanické vlastnosti ako Spongia s 0,62 mm pormi a ze
viacnasobna infiltracia zvySuje hodnoty meranych mechanickych vlastnosti. Na zaver mozZno
zhodnotit’, Ze na pripravu vzoriek je vhodnejSia polyuretanova pena s 0,48 mm pormi, trojita infiltracia
a teplota predspekania 1100°C. Dalej mozno skonstatovat, e 40% obsah SisN, a 5% pridavok SiO,
do suspenzie je postacujuci, nakol’ko so zvySujucim obsahom tuhej frakcie v suspenzii sa zhorSuji
vysledné mechanické vlastnosti porovitych keramickych materialov.
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