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Abstract

Objectives: To examine the effect of two aging protocols on the chemical and phase composition as
well as the surface state of monolithic translucent zirconia ceramics. Material and Methods: Trans-
lucent zirconia ceramics KATANA-Zirconia STML with different surface treatments (no treatment, K1,
K2; glazed, G1-G8; polished, P1-P8) underwent testing in order to examine how the two aging proto-
cols (three-hour hydrothermal degradation in an autoclave at 134 °C and 2 bars: G1-G4, P1-P4, and
sixteen-hour chemical degradation in four-percent acetic acid at 80 °C (ISO 6872): G5-G8, P5-P8) af-
fect chemical composition, particularly the share of stabilizing yttrium oxide (Energy Dispersive X-
Ray Fluorescence — EDXRF), phase composition (X-ray diffraction — XRD) and surface state in terms
of roughness and gloss. Results: Aging protocols did not affect the tested chemical composition sta-
bility of specimens and a high share of stabilizing yttrium-oxide (210% of total content), which corre-
lates with the absence of monoclinic phase. A decrease in gloss on all specimens is statistically sig-
nificant. Chemical degradation substantially increased the surface roughness of tested specimens.
Conclusions: Translucent monolithic zirconia demonstrated a stable chemical composition and resis-
tance to tetragonal-to-monoclinic transformation. Surface gloss was significantly reduced, especially
in polished specimens. Contrary to glazed specimens, the tested polished specimens manifested an
increase in surface roughness. Glazing the surface of translucent monolithic zirconia produces better
esthetic, tribological and hygienic effects than polishing.
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Introduction

For several years, zirconia based ceramics has been the
material of choice in the fabrication of fixed partial den-
tures (FPD), especially for the more strain-prone posterior
region of dental arch, because of its good mechanical prop-
erties (flexural strength 900-1,200 MPa, hardness HV0.1
1200) (1). Due to insufficient translucency, it has been un-
able to meet high esthetic criteria for usage in the restoration
of the anterior part of dental arch (2). For that reason, it has
been veneered with ceramic materials that have better optical
properties (glass and feldspathic ceramics) (1-3).

Two problems have arisen in the clinical application of
this material. One problem is common to all bilayer systems
and is caused by a discord in the thermal expansion coeffi-
cient between the veneering material and the core materi-

Uvod

Cirkonij-oksidna keramika ve¢ je godinama materijal iz-
bora za izradu fiksnoprotetickih nadomjestaka (FPN) s po-
sebnim naglaskom na primjenu u straznjoj regiji zubnog ni-
za zbog dobrih mehanickih svojstava (savojna ¢vrstoca 1200
MPa, tvrdo¢a HV0.1 1200) (1). Zbog nedovoljne translu-
cencije nije zadovoljavala visoke estetske kriterije u sanaciji
prednjeg dijela zubnog niza (2). Zbog toga se oblagala kera-
mikama boljih optickih svojstava (staklokeramike i glini¢na
keramika) (1 — 3).

U klini¢koj primjeni pojavljivala su se dva problema. Je-
dan je zajednicki svim dvoslojnim sustavima i nastaje zbog
neuskladenosti koeficijenata toplinske istezljivosti oblozne
keramike i keramike od koje je izradena osnovna konstruk-
cija. Posljedica te neuskladenosti jest pojava napetosti u sla-
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al. Because of this discord, strain is exerted on the “weak-
er” material, which may result in chipping of the veneering
material (4-6). Another big problem is aging (low tempera-
ture degradation — LTD - spontaneous tetragonal-to-mono-
clinic transformation of crystal structure in a moist medium
at room temperature) (7-10). The transformation of crystal
structure generates the expansion of grain volume (4-5%)
(10-12). Grain growth exerts strain on grain boundaries (11-
14), which may lead to microcracks in the material and, once
critical fracture toughness has been exceeded, prosthetic res-
toration fracture (11-14). Spontaneous phase transformation
of zirconia ceramics is inhibited by adding various shares of
stabilizers (yttrium, calcium, magnesium or cerium oxide) (8,
9, 14). Simultaneously, the expansion of the volume of grains
volume and transformation toughening (closing cracks) pro-
vide these materials with a high value of flexural strength.
The scientific and expert communities have been making ef-
forts to eliminate the aforementioned problems and improve
zirconia materials while maintaining their good properties.
Through multi-parameter experimental protocols, they have
endeavored to examine the long-term behavior of materials
in the oral cavity as realistically as possible by analyzing both
mechanical and esthetic properties. Improving the esthetic
quality of these materials extends their application to the an-
terior region of dental arch. The most recent research studies
indicate that optical properties of zirconia ceramics could be
improved by increasing the share of transformation-resistant
cubic crystalline structure (15-18).

Aside from microstructure, surface state also has a great im-
pact on optical properties (19-22). Due to specular reflection,
shiny and glossy surfaces seem lighter and fresher, whereas un-
polished and rough surfaces appear darker and more saturated
(19-22). Tribological relations of opposite substrates also give
importance to surface state (23-27). Greater surface rough-
ness of previous generations of zirconia ceramics and the con-
sequential greater consumption of antagonists in the chewing
process were caused by phase transformation and the ensuing
presence of the monoclinic phase; as crystals in that phase had
a larger volume than crystals in the tetragonal phase, they rose
above the surface of the material (8-15). In their extensive re-
view of relevant literature, Passos et al. highlighted the impor-
tance of polishing zirconia fixed partial dentures, noting that
enamel abrasion of antagonist teeth in such tribo-pairs is re-
duced to a minimum (23). Sripetchdanond et al. formed a tr-
ibo-pair made up of tooth enamels with monolithic zirconia
ceramics and glass ceramics, respectively, and found that the
former material wore a natural tooth out much less than the
latter (24). Another important factor in plaque control should
not be ignored — the manner and quality of the final surface
treatment on a restoration (28).

The aim of this research was to investigate how aging pro-
tocols affect chemical composition (in particular, the share of
stabilizing yttrium oxide), phase composition and the mani-
festation of tetragonal-to-monoclinic transformation as well as
surface state (conveyed as surface gloss and surface roughness).

The following hypotheses were tested: the new genera-
tion of zirconia material contains a share of yttrium oxide
that correlates with structural stability, i.e. the absence of te-
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bijem materijalu koja moze zavrsiti lomom oblozne kerami-
ke (4 - 6). Drugi veliki problem je starenje (degradacija pri
niskim temperaturama — LTD — spontana transformacija te-
tragonske kristalne strukture u monoklinsku u vlaznom me-
diju pri sobnoj temperaturi) (7 — 10). Posljedica transforma-
cije kristalne strukture volumna je ekspanzija zrna (4 — 5 %)
(10 — 12). Rast zrna stvara naprezanje na njegovim granica-
ma (11 - 14) koje moze prouzrociti mikropukotine u mate-
rijalu, odnosno kada se prekoraci kritiéna lomna Zilavost lom
nadomjeska (11 — 14). Dodavanjem stabilizatora u razli¢i-
tom postotku (itrijev, kalcijev, magnezijev ili cerijev oksid)
sprjecava se spontana fazna transformacija cirkonij-oksidne
keramike (8, 9, 14). Volumna ekspanzija zrna takoder je ra-
zlog za visoke vrijednosti savojne ¢vrstoce prve i druge ge-
neracije materijala zahvaljujuéi fenomenu transformacijskog
oc¢vri¢enja (8 — 14). Pokusavajuci poboljsati postojece cirko-
nij-oksidne materijale, na trziStu se pojavio veci broj sustava
cirkonij-oksidne keramike upitne kvalitete, $to znanstvenoj
i strucnoj zajednici namece potrebu za njihovom kvalitetni-
jom analizom. Razli¢itim eksperimentalnim protokolima na-
stoje $to vjernije, na temelju viSe parametara, ispitati njihovo
ponasanje u ustima tijekom duljeg razdoblja. Uz mehanicka
svojstva u fiksnoj su protetici itekako vazna i opticka svojstva.
Poboljsanje estetike takvih materijala prosiruje njihovu pri-
mjenu i na prednji dio zubnoga niza. Bolja opticka svojstva
novijih cirkonij-oksidnih keramika postignuta su ve¢im udje-
lom transformacijski otpornije kubi¢ne kristalini¢ne struktu-
re (15 - 18).

No na opticka svojstva uvelike utjece i kvaliteta povrsi-
ne (19 - 22). Zbog zrcalne refleksije se sjajne i glatke povrsi-
ne doimaju svjetlijima i svjeZijima, za razliku od nepoliranih
i hrapavih povriina koje izgledaju tamnije i zasi¢eno (19 —
22). Kvaliteta povrsine vazna je i zbog triboloskih odnosa na-
suprotnih supstrata (23 — 27). Veca hrapavost povrsine pret-
hodnih generacija cirkonij-oksidne keramike, te posljedi¢no
vece troSenje antagonista u funkciji nastajalo je zbog fazne
transformacije i posljedi¢no prisutnosti monoklinske faze ¢i-
ji kristali imaju veci volumen od tetragonskih zbog ¢ega su
se izdizali iznad povrSine materijala (8 — 15). Passos i surad-
nici u svojem su istrazivanju istaknuli da je trosenje cakline
nasuprotnih zuba minimizirano u kontaktu s visoko polira-
nim cirkonij-oksidnim nadomjestkom (23). Sripetchdanond
i suradnici pokazali su u svojoj studiji da monolitna cirkonij-
oksidna keramika mnogo manje trosi prirodni zub u odno-
su prema staklokeramickim nadomjestcima (24). Ne smije se
zanemariti da je nadin i kvaliteta zavr$ne obrade povrsine na-
domjestka bitan ¢imbenik u kontroli plaka (28).

Svrha ovog istrazivanja jest ispitati utjecaj protokola sta-
renja na kemijski sastav, osobito udio stabilizatora itrijeva ok-
sida, na fazni sastav i pojavnost tetragonsko-monoklinske
transformacije i na stanje povrine izrazeno njezinim sjajem
i hrapavos¢u.

Testirat ée se sljedeée hipoteze: novija generacija materi-
jala cirkonij-oksidne keramike sadrzava udio itrijeva oksida
koji je u korelaciji sa stabilnos¢u strukture, odnosno s elimi-
nacijom tetragonsko-monoklinske fazne transformacije. Ek-
sperimentalni protokoli starenja neée dovesti do fazne tran-
sformacije, niti ¢e smanjiti udio stabilizatora itrijeva oksida
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tragonal-to-monoclinic phase transformation. Experimental
aging protocols will cause neither phase transformation nor a
decrease in the share of stabilizing yttrium oxide in the mate-
rial. Experimental aging protocols will have an effect on the
surface gloss of the specimens. Experimental aging protocols
will have an effect on the surface roughness of the specimens.

Material and methods

Specimen Preparation

The material employed in this research was a monolith-
ic zirconia based ceramics KATANA-Zirconia Super Translu-
cent Multi Layered - STML (Kuraray Noritake Dental Inc.,
Tokyo, Japan), shade A2. Using the CAD/CAM technolo-
gy (Zenotec Easy Wieland Dental, Pforzheim, Germany), 18
disc-shaped specimens (11 x 11 x 1.5 mm with +5% toler-
ance) were fabricated. The specimens were sintered in a fur-
nace (Wieland, Pforzheim, Germany) at 1,550 °C for two
hours according to manufacturer’s instructions. The tem-
perature was increased until the sintering temperature was
reached and then decreased in the cooling process after the fi-
nal sintering at a rate of 10 °C/min. The specimens were di-
vided into two groups, according to the final surface treat-
ment applied: eight specimens were glazed following the
manufacturer’s instructions (G1-G8), whereas eight speci-
mens were polished with rubber (Ceragloss, EDENTA AG,
Switzerland) accompanied by water cooling (P1-P8). The re-
maining two specimens served as control specimens in the re-
search and received no surface treatment (K1, K2) (Figure 1).

Measurements and Analyses

All measurements and analyses of the specimens were
conducted in two phases: before and after experimental ag-
ing protocols.

Two specimens (K1, P2) were analyzed using Energy Dis-
persive X-ray Fluorescence (EDXRF) (Ruder Boskovi¢ Insti-
tute, Zagreb, Croatia). A Philips W X-ray tube (Philips Co.,
Amsterdam, Netherlands) was utilized as a source. The spec-
imens were irradiated by the secondary Mo target in rectan-
gular geometry. The signal was detected using a semiconduc-
tor SiLi detector (Canberra Packard, Vienna, Austria) with
30 mm? of active surface area and a thickness of 3 mm. The
thickness of beryllium window of the detector was 0.025 mm
and the resolution at 5.9 keV was 170 eV (FWHM). The
working parameters were 35 kV and 5 mA in a 100-bar vac-
uum. The measurement period was 100 s. The samples were
analyzed for Y,O,, ZrO,, HfO, as well as Sr and Zn. Rela-
tive errors of measurement, defined as slope coeflicient errors
for correlation lines were as follows: Y,0, - 2.11%, 7r0, -
1.84%, HfO2 —2.50%, Zn and Sr — 0.1%. Minimum de-
tection limits (MDL) were: Y,0, - 0.11%, ZrO, - 1.35%,
HfO, - 0.10%, Zn and Sr - 0.01%.

X-ray diffraction (XRD) was performed on two polished
specimens (P1, P5) with a diffractometer (Philips PW 1820,
Philips Co., Amsterdam, Netherlands) in order to attain the
initial crystal structure. These two specimens (P1, P5) were
subjected to CuK-alpha radiation in the space between 10°
and 70° of the 2theta angle, with a step size of 0.02° and step
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u materijalu. Eksperimentalni protokoli starenja utjecat ¢e
na sjaj povrsine uzoraka. Eksperimentalni protokoli starenja
utjecat ¢e na hrapavost povrsine uzoraka.

Materijali i postupci

Priprema uzoraka
U istrazivanju je koriStena monolitna cirkonij-oksidna

keramika KATANA-Zirconia Super Translucent Multi Laye-
red — STML (Kuraray Noritake Dental Inc., Tokio, Japan),
boje A2. Izradeno je 18 uzoraka (11 x 11 x 1,5 mm u tole-
ranciji + 5 %) CAD/CAM tehnikom (Zenotec Easy Wieland
Dental, Pforzheim, Njemacka). Uzorci su sinterirani 2 sata
prema uputi proizvodaca u peci (Wieland, Pforzheim, Nje-
macka) na temperaturi od 1550 °C. Porast temperature izno-
sio je 10 °C/min. do temperature sinteriranja te je jednaka
bila i dinamika snizavanja temperature — hladenja nakon za-
vrienog sinteriranja. Ovisno o zavr$noj obradi povrsine uzor-
ci su podijeljeni u dvije skupine: osam uzoraka glazirano je
prema uputi proizvodaca (G1 — G8), a osam polirano gumi-
cama (Ceragloss, EDENTA AG, Svicarska) uz vodeno hlade-
nje (P1 - P8). Preostala dva uzorka bili su kontrolni i nisu po-
vr$inski obradivani (K1, K2) (slika 1.).

Mjerenja i analize

Sva mjerenja i analize na uzorcima provedeni su u dvije
faze — prije eksperimentalnih protokola starenja i poslije njih.

Dva uzorka (K1, P2) analizirana su metodom energetsko
disperzivne fluorescencije X-zraka (EDXRF) (Institut Ruder
Boskovi¢, Zagreb, Hrvatska). Kao izvor koristena je Philips-
ova W rendgenska cijev (Philips Co., Amsterdam, Nizozem-
ska). Uzorci su ozradivani sekundarnim Mo zra¢enjem u pra-
vokutnoj geometriji. Koristen je poluvodicki SiLi detektor
(Canberra Packard, Be¢, Austrija), aktivne povrsine 30 mm? i
debljine 3 mm. Debljina berilijeva prozora iznosi 0,025 mm,
a rezolucija na 5,9 keV iznosi 170 ¢V (FWHM). Radni para-
metri za ozraivanje meta iznosili su 35 kV i 5 mA uz vakuum
od 10° bara tijekom 100 s. U uzorcima su analizirani Y0,
Zr0O,, HfO,, Sr i Zn. Relativne pogreske mjerenja odrede-
ne su kao pogreska koeficijenta nagiba korelacijskog pravca i
iznosile su: Y,0,-2,11 %, Z+O, - 1,84 %, HfO, - 2,50 %,
Zn i Sr - 0,1 %. Minimalni detekcijski limiti (MDL) izno-
sili su: Y,0,-0,11 %, ZrO, - 1,35 %, HfO2 —0,10 %, Zn
iSr—0,01 %.

Na dva polirana uzorka (P1, P5) ucinjena je difrakcij-
ska analiza X-zrakama (XRD) na difraktometru (Philips PW
1820, Philips Co., Amsterdam, Nizozemska) radi dobivanja
pocetne kristalne strukture, uz pretpostavku da je ona ista u
svim uzorcima na pocetku istrazivanja. Dva uzorka (P1, P5)
mjerena su na CuKalfa zracenju u podrudju 2theta kuta: od
10 do 70°, u koraku od 0,02° i vremenom prikupljanja od
Ls/step.
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time of 1 s/step, because it was assumed that the initial phase
composition of all specimens was identical.

A glossmeter (Elcometer 407, Elcometer Inc., Michi-
gan, USA) was utilized in null measurements of the surface
gloss on the specimens. Elcometer is a multiangle glossme-
ter, meaning that light is reflected (detected) off a surface at
20°, 60° and 85° angles (60° being the reference angle). Ten
measurements were conducted on each specimen (Faculty of
Graphic Arts, University of Zagreb, Croatia).

Ten roughness profiles were recorded on specimens G3,
G6, P3 and P6 using stylus instrument Perthometer S8P
(Perthen Mahr, Géttingen, Germany) under the following
conditions:

Gauss filter: / = 0.8 mm
Tip radius: =5 pm
Evaluation length: /z = 4 mm.

Roughness parameters R and R were calculated on the
recorded profiles. The traceability of measurement results was
ensured by Croatian national roughness standards.

Two experimental protocols were conducted in this re-
search. A three-hour hydrothermal degradation was carried
out in an autoclave (SKO 7, Faro, Italy) at a temperature
of 134 °C and under a pressure of 2 bars (six 30-minute cy-
cles), with distilled water. On the other hand, chemical deg-
radation was carried out in a corrosive medium (four-percent
acetic acid (CH,COOH), pH 2.49) at 80 °C over a sixteen-
hour period (ISO 6872). The specimens were divided into
four subgroups according to the experimental protocol they
were subjected to. Four glazed specimens (G1-G4) (first sub-
group) and four polished specimens (P1-P4) (second sub-
group) were sterilized in an autoclave, whereas the remaining
four glazed specimens (G5-G8) (third subgroup) and the re-
maining four polished specimens (P5-P8) (fourth subgroup)
were immersed into a corrosive medium in a 1,000-mL glass
measuring flask. Instead of being subjected to experimental
protocols, control specimens (K1, K2) were kept at a stan-
dard temperature of 20 °C and under a standard pressure of
1 atm (101,325 Pa) throughout the study.

The same measurements and analyses from the beginning
of the research were made after the aging protocols. One
specimen from each subgroup (G2, G6, P2, P6) and control
specimen K1 were analyzed using the EDXRF methodology
so as to identify the chemical composition of the specimens
after aging protocols. The phase composition was determined
with a post-aging XRD analysis of one specimen from each
subgroup (G1, G5, P1, P5). Surface gloss was measured on
all specimens. Post-aging surface roughness was analyzed on
the same specimens as at the start of the research.

Analysis of Results

The results of the research are displayed in tables (chemi-
cal composition) and figures (diffraction analyses). In order
to statistically analyze the results of surface gloss measure-
ments, a Bonferroni test and an ANOVA (Analysis of Vari-
ance) test with a 95 % confidence interval were employed.
All p values under 0.05 were considered to be statistically sig-
nificant. The values of roughness parameters R and R are ex-
pressed as arithmetical means of 10 recorded profiles, with
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Ulinjena su i nulta mjerenja sjaja povrsine svih uzora-
ka glosimetrom (Elcometer 407, Elcometer Inc, Michigan,
SAD). Elcometer je multiangle glosimetar, $to znaci da se
svjetlost s uzorka reflektira (detektira) pod kutovima od 20°,
60° i 85° (60° je koristeno kao referentni kut). U¢injeno je po
10 mjerenja na svakom uzorku (Graficki fakultet Sveucilista
u Zagrebu, Zagreb, Hrvatska).

Na uzorcima G3, G6, P3 i P6 provedeno je snimanje de-
set profila hrapavosti (Fakultet strojarstva i brodogradnje Sve-
uciliSta u Zagrebu, Zagreb, Hrvatska) koriStenjem uredaja s
ticalom (Perthometer S8P Perthen Mahr, Gottingen, Nje-
macka) sa sljede¢im parametrima:

Gaussov filtar: 1C= 0,8 mm
ticalo radijusa: 7 = 5 pm
duljina ocjenjivanja: /z = 4 mm.

Na snimljenim profilima racunati su parametri hrapavo-
sti R iR, Sljedivost rezultata mjerenja osigurana je preko dr-
zavnog etalona hrapavosti RH.

U ovom istrazivanju koriStena su dva eksperimental-
na protokola starenja. Hidrotermalna degradacija provede-
na je u autoklavu (SKO 7, Faro, Italija) na temperaturi od
134 °C, pri tlaku od 2 bara u trajanju od 3 sata (6 ciklusa po
30 min), uz koriStenje destilirane vode. Kemijska degradaci-
ja provedena je u korozivnom mediju (4-postotna octena ki-
selina (CH,COOH)) pH vrijednosti 2,49 na 80 °C tijekom
16 sati (ISO 6872). Uzorci su, ovisno o koristenom eksperi-
mentalnom protokolu starenja, podijeljeni u Cetiri podsku-
pine. Cetiri glazirana uzorka (G1 — G4) (prva podskupina)
i Cetiri polirana uzorka (P1 — P4) (druga podskupina) bili
su izloZeni sterilizaciji u autoklavu, a preostala Cetiri glazira-
na (G5 — G8) (tre¢a podskupina) i éetiri polirana uzorka (P5
— P8) (Cetvrta podskupina) postavljeni su u staklenu mjernu
tikvicu volumena 1000 mL, te im je dodan korozivni medij
do potpunog uranjanja uzoraka. Kontrolni uzorci nisu izlaga-
ni eksperimentalnim protokolima starenja, nego su tijekom
istrazivanja ¢uvani na standardnoj temperaturi od 20 °C pri
standardnom tlaku od 1 atm/SA (101 325 Pa).

Nakon protokola starenja na uzorcima su provedena iden-
ti¢na mjerenja i analize kao i na pocetku istrazivanja. Za odre-
divanje kemijskog sastava nakon protokola starenja metodom
EDXRF analiziran je po jedan uzorak iz svake podskupine
(G2, GG, P2, P6) i kontrolni uzorak K1. Za odredivanje fa-
znog sastava metodom XRD nakon protokola starenja anali-
ziran je po jedan uzorak iz svake podskupine (G1, G5, P1 i
P5). Mjerenja sjaja obavljena su na svim uzorcima. Za odre-
divanje povrsinske hrapavosti nakon protokola starenja anali-
zirani su isti uzorci kao na pocetku istrazivanja.

Analiza dobivenih rezultata

Rezultati ovog istrazivanja prikazani su tabelarno (kemij-
ski sastav) i graficki (difrakcijske analize). Za statisticku anali-
zu rezultata mjerenja sjaja koristena je ANOVA — analiza va-
rijance s 95-postotnom pouzdano$¢u te Bonferronijev test.
Sve p vrijednosti manje od 0,05 smatrane su statisticki zna-
¢ajnima. Vrijednosti parametara hrapavosti R i R iskazane su
kao aritmeticke sredine tih parametara ostvarenih na 10 sni-

mljenih profila te one-way-ANOVA-om.
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Results

The pre-aging examination of chemical composition on
specimens K1 and P2 (Table 1) yielded the following shares
(arithmetic mean + standard deviation) of chemical com-
pounds: yttrium oxide 11.97 + 0.13%; zirconium oxide
85.87 £ 0.19%; hafnium oxide 2.16 + 0.15%. Multiple spec-
imens were not analyzed because the chemical composition
of all specimens was found to be identical at the start of the
research.

The results of chemical composition after hydrothermal
degradation in an autoclave (specimens P2, G2) and chem-
ical degradation in a corrosive medium (specimens P6, G0)
are displayed in Table 2. The difference in the share of chem-
ical elements before and after aging protocols is not a signif-
icant one. On the glazed side of glazed specimens, the dif-

Table 1

Utjecaj starenja na ZrO, keramiku

Rezultati

Rezultati ispitivanja kemijskog sastava na pocetku istrazi-
vanja na uzorcima K1 i P2 (tablica 1.) pokazuju sljedece udje-
le kemijskih spojeva (aritmeticka sredina + standardna devi-
jacija): itrijev oksid 11,97 + 0,13 %; cirkonijev oksid 85,87
+ 0,19 %; hafnijev oksid 2,16 + 0,15 %. Nije analizirano vi-
Se uzoraka jer je kemijski sastav isti u svim uzorcima na po-
Cetku istrazivanja.

Rezultati kemijskog sastava nakon hidrotermalne degra-
dacije u autoklavu (uzorci P2, G2) i kemijske degradacije u
korozivnom mediju (uzorci P6, G6) prikazani su u tablici
2. Dobivena razlika u udjelu elemenata prije eksperimental-
nih protokola i poslije njih nije znacajna. Nesto veca razlika
u udjelu itrijeva oksida uocena je na glaziranoj strani glazira-
nih uzoraka (10,90 + 0,30 %) u odnosu prema neglaziranoj
strani glaziranih uzoraka (11,85 + 0,00 %). Neglazirane stra-
ne glaziranih uzoraka imaju gotovo identi¢ne udjele spojeva
kao i ostali uzorci.

Pre-aging chemical composition of zirconia ceramic KATANA-Zirconia STML (arithmetic mean # standard deviation (AM = SD)).

Tablica 1. Kemijski sastav cirkonij-oksidne keramike KATANA-Zirconia STML prije protokola starenja [aritmeticka sredina + standardna

devijacija (AS = SD)]

Specimen Description » Opis Y,0,(%)  Zr0,(%)  HfO, (%)
Kla Control specimen — upper surface * Kontrolni uzorak — gornja strana 11.79 85.97 2.24
Kib Control specimen — lower surface ¢ Kontrolni uzorak — donja strana 12.10 85.63 2.26
P2a Polished specimen — polished surface ® Polirani uzorak — polirana strana 12.01 86.06 1.94
P2b Polished specimen — unpolished surface * Polirani uzorak — nepolirana strana 11.98 85.82 2.20

AM £ SD * AS + SD 11.97+0.13 | 85.87+0.19 2.16+0.15
Table2  Post-aging chemical composition of zirconia ceramic KATANA-Zirconia STML.
Tablica 2. Kemijski sastav cirkonij-oksidne keramike KATANA-Zirconia STML nakon protokola starenja
Specimen * . . Y,0, 70, HfO, Zn Sr
Uszorak Description ® Opis %) %) %) %) (%)
P Polished specimen — polished surface ¢ Polirani uzorak — 11.91 86.03 206 0 0
¢ polirana strana ) ) ’
Polished specimen — unpolished surface * Polirani uzorak —
P2b nepolirana strana 11.93 85.85 2.23 0 0
6 Polished specimen — polished surface ¢ Polirani uzorak — 1.7 86.31 1.92 0 0
¢ polirana strana ) ) )
Polished specimen — unpolished surface ¢ Polirani uzorak —
P6b nepolirana strana 11.91 86.14 1.95 0 0
AM £ SD ¢ AS + SD 11.88 +£0.07 | 86.08 + 0.19 | 2.04 +0.14
Ki Control specimen — upper surface * Kontrolni uzorak — 1175 86.22 2,04 0 0
¢ gornja strana ) ) ’
Kb Control specimen — lower surface ¢ Kontrolni uzorak — donja 11.74 86.29 1.97 0 0
strana ’ ’ ’
AM £ SD ¢ AS = SD 11.75 £ 0.01 | 86.26 + 0.05 | 2.01 + 0.05
Glazed specimen — glazed surface * Glazirani uzorak —
G2a elazirana strana 10.68 83.23 1.21 3.38 1.5
G6 Glazed specimen — glazed surface ¢ Glazirani uzorak — 1L11 84.36 1.47 )14 0.92
a glazirana strana ’ ’ ’ ' )
AM £ SD * AS + SD 10.90 + 0.30 | 83.80 + 0.80 | 1.34+0.18 | 2.76 + 0.88 | 1.21 +0.41
Gab Glazed specimen — non-glazed surface ® Glazirani uzorak — 11.85 86.35 18 0 0
neglazirana strana ’ ’ '
Glazed specimen — non-glazed surface ¢ Glazirani uzorak —
G6b neglazirana strana 11.85 86.31 1.85 0 0
AM + SD ¢ AS + SD 11.85 + 0.00 | 86.33 + 0.03 | 1.83 + 0.04
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Figure 1 Graphic division of groups of specimens.
Slika 1. Graficki prikaz podjele skupina uzoraka
Figure 2 X-ray diffraction analysis of polished specimens P1 and P5 before aging protocols.

Slika 2. Difrakcijska analiza X-zrakama poliranih uzoraka P1 i P5 prije protokola starenja

Figure 3 X-ray diffraction analysis after aging in an autoclave for glazed specimen G1 (3A) and polished specimen P1 (3B).

Slika 3. Difrakcijska analiza X-zrakama glaziranog uzorka G1 (3A) i poliranog uzorka P1 (3B) nakon starenja u autoklavu

Figure 4 X-ray diffraction analysis after chemical degradation in a corrosive medium for glazed specimen G5 (4A) and polished specimen P5

(4B).
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Slika 4. Difrakcijska analiza X-zrakama glaziranog uzorka G5 (4A) i poliranog uzorka P5 (4B) nakon kemijske degradacije u korozivnom mediju
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Table 3
confidence interval, p<0.05).

Utjecaj starenja na ZrO, keramiku

Inter-group statistical analysis of surface gloss measurements before and after aging protocols (Bonferroni test with 95%

Tablica 3. Statisticka analiza vrijednosti sjaja povrsine prije i poslije protokola starenja izmedu skupina uzoraka (Bonferronijev test s

95-postotnim intervalom pouzdanosti, p < 0,05)

95% Confidence interval ¢

Dependent variable ® Zavisna varijabla Mean difference (GU) *  Std. error ¢ 95 % Interval pouzdanosti
P ) Srednja razlika (GU)  Std. pogreska P Lower bound*  Upper bound *
Donja granica  Gornja granica
G1.G8 P1-P8 2.49 0.70 0.001 0.80 4.18
K1, K2 16.31 1.11 <0.001 13.64 18.98
Gloss before p[otocols . P1.P8 G1-G8 -2.49 0.70 0.001 -4.18 -0.80
Sjaj prije protokola starenja K1,K2 13.82 1.11 <0.001 11.15 16.49
K1.K2 G1-G8 -16.31 1.11 0.000 -18.98 -13.64
P1-P8 -13.82 1.11 <0.001 -16.49 -11.15
P1-P8 3.64 0.31 <0.001 2.90 4.39
G1-G8
K1,K2 13.95 0.49 <0.001 12.78 15.13
Gloss after protocols PLDS G1-G8 -3.64 0.31 <0.001 -4.39 -2.90
Sjaj nakon protokola starenja K1,K2 10.31 0.49 <0.001 9.13 11.48
G1-G8 -13.95 0.49 <0.001 -15.13 -12.78
K1,K2
P1-P8 -10.31 0.49 <0.001 -11.48 -9.13

Table 4  Statistical analysis of results of gloss measurements (GU) in subgroups, with regard to the aging protocol applied (One-way ANOVA,
p<0.05).
Tablica 4. Statisticka analiza rezultata mjerenja sjaja povrsine (GU) za podskupine uzoraka prije i poslije protokola starenja (one-way ANOVA,
p <0,05)
Before AM + SD After AM £ SD
Specimens ® (GU) o . (GU) o AG, (GU)e
Usordi Prije AS  SD Protocol « Protokol PoslijeAS:SD  AG',(GU) P
(GL) (GU)
G1-G4 22.55+2.13 Hydrothermal degradation ® Hidrotermalna degradacija 19.49 £ 1.36 -3.06 <0.001
G5-G8 21.96 +2.73 Chemical degradation * Kemijska degradacija 17.58 + 3.27 -4.38 <0.001
P1-P4 19.43 + 6.49 Hydrothermal degradation # Hidrotermalna degradacija 14.78 + 1.87 -4.65 <0.001
P5-P8 19.96 £ 5.96 Chemical degradation * Kemijska degradacija 14.99 + 1.66 -4.97 <0.001
K1, K2 5.95 + 0.41 Without degradation * Bez degradacije 4.58 +0.36 -1.37 0.263

ference in the share of yttrium oxide (10.90 + 0.30%) was
somewhat larger than on the non-glazed side of glazed speci-
mens (11.85 + 0.00%). Non-glazed sides of glazed specimens
had almost an identical share of chemical compounds as all
other specimens.

Pre-aging recordings of specimens subjected to X-ray
diffractometry (P1 and P2) show the diffraction maximum
of tetragonal zirconia at a position of 30°2Theta and cubic
phase peaks (Figure 2). Phase shares are expressed as percent-
ages: tetragonal phase 62.7%, and cubic phase 37.3%. The
phase composition analysis of specimens subjected to hydro-
thermal degradation in an autoclave (glazed G1, polished P1)
(Fig. 3) revealed a full cubic-to-tetragonal phase transition.
The phase composition of specimens subjected to chemical
degradation in a corrosive medium (G5, P5) was virtually
without change (Figure 4).

Pre-aging surface gloss measurements have manifested
significantly higher gloss values (arithmetic mean (AM) =
22.26 GU) in glazed specimens (G1-G8) than in polished
specimens (P1-P8) (AM = 19.77 GU; p<0.05). After aging

protocols, a statistically significant reduction in gloss value

Snimka uzoraka (P1 i P2) na kojima je provedena difrak-
cijska analiza X-zrakama prije protokola starenja prikazuje di-
frakcijski maksimum tetragonskog cirkonijeva oksida s pozi-
cijom oko 30°2Theta, te pikove kubi¢ne faze (slika 2.). Udjeli
faza prikazani su u postotcima: tetragonske 62,7 %, kubi¢-
ne 37,3 %. Analize faznih sastava uzoraka izlozenih hidro-
termalnoj degradaciji u autoklavu (glazirani G1, polirani P1)
(slika 3.) pokazuju da je kubic¢na faza posve presla u tetragon-
sku. Fazni sastav ostao je gotovo nepromijenjen na uzorcima
izlozenima kemijskoj degradaciji u korozivnom mediju (G5,
P5) (slika 4.).

Mjerenja sjaja uzoraka prije protokola starenja pokazuju
da glazirani uzorci (G1 — G8) imaju statisticki znacajno ve-
¢u vrijednost sjaja povrsine [aritmeticka sredina (AS) = 22,26
GU'] od poliranih uzoraka (P1 — P8) (AS = 19,77 GU; p <
0,05). Nakon protokola starenja dogodilo se statisticki zna-
¢ajno smanjenje vrijednosti sjaja povrSine u objema skupina-
ma uzoraka (glazirani AS = 18,54 GU; polirani AS = 14,89
GU) (tablica 3.). Ovisno o vrsti provedenog protokola sta-
renja, na glaziranim je uzorcima veéa srednja promjena sja-

ja (AG) nastala u podskupini izlozenoj kemijskoj degradaciji

* Gloss units

* Gloss units
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occurred in both specimen groups (glazed AM = 18.54 GU;
polished AM = 14.89 GU). With regard to the aging proto-
cols applied, gloss change (AG) was larger in the subgroup of
glazed specimens subjected to chemical degradation (G5-G8)
(AG,  =-4.38 GU) than in the subgroup subjected to hydro-
thermal degradation (G1-G4) (AG_=-3.08 GU) (Table 4).
In polished specimens, surface gloss ‘reduction after both ag-
ing protocols was nearly identical (average gloss change after
hydrothermal degradation (P1-P5): AG = -4.65 GU; after
chemical degradation (P5-P8): AG, 4g 97 GU) (Table 4).
Control specimens displayed low gloss values from the begin-
ning of the research as they received no surface treatment and
their average gloss change AG,, =-1.37 GU was not statisti-
cally significant.

The arithmetic means of roughness parameters R and R_
on polished specimens P3 and P6 obtained after experimen-
tal aging protocols were higher than the values obtained on

Table 5

Aging Effect on ZrO, Ceramic .

(G5 - G8): AG__, = -4,38 GU u odnosu prema podskupi-
ni izlozenoj hldrotermaanJ degradaciji (G1 - G4): AG__, =
-3,08 GU (tablica 4.). Na poliranim uzorcima nastupilo je
podjednako smanjenje sjaja povisine pri oba provedena pro-
tokola; hidrotermalna degradacija dovela je do srednje pro-
mjene sjaja (P1 — P4): AG_, = -4,65 GU, a kemijska de-
gradacija rezultirala je srednjom promjenom sjaja (P5 — P8):
AG_, =-4,97 GU (tablica 4.). Kontrolni uzorci imaju nizak
sjaj od pocetka istrazivanja jer nisu povrsinski obradivani, a
srednja promjena sjaja AG__, =-1,37 GU nije znacajna.

Aritmeticke sredine parametara hrapavosti R i R na po-
liranim uzorcima P3 i P6 poslije eksperimentalnih protokola
starenja nesto su visih vrijednosti u odnosu prema ostvarenim
vrijednostima na istim uzorcima prije provedenog protokola
starenja (tablica 5.).

Statisticka analiza one-way-ANOVA testom (tablica 7.)

pokazala je statisticki znacajno povecanje procijenjenih stan-

Values of parameters R_and R_on polished specimens (P3 and P6) before and after aging protocols.

Tablica 5. Vrijednosti parametara hrapavosti R i R_poliranih uzoraka (P3 i Pé) prije i poslije protokola starenja

Polished specimens before aging

Polirani uzorci prije starenja
Measurement No. ®

Polished specimens after aging ®
Polirani uzorci nakon starenja

el Specimen P3 ® Uzorak P3 ~ Specimen P6 ® Uzorak P6  Specimen P3 ® Uzorak P3  Specimen P6 ® Uzorak P6
Ra, Rz, Ra, Rz, Ra, Rz, Ra, Rz,
Ll [T il {n i [HT [ [}l
1 0.73 4.5 0.52 3.26 0.71 4.39 0.7 4.48
2 0.56 3.77 0.55 3.64 0.65 4.45 0.66 4.16
3 0.71 4.19 0.53 3.67 0.58 3.9 0.68 4.32
4 0.7 4.11 0.56 3.68 0.62 4.32 0.63 3.96
5 0.62 3.83 0.54 3.5 0.69 4.47 0.64 3.65
6 0.61 3.86 0.58 3.66 0.63 3.89 0.58 3.91
7 0.67 3.84 0.6 3.78 0.63 4.2 0.64 3.75
8 0.57 3.22 0.57 3.41 0.72 4.4 0.63 3.93
9 0.69 4.45 0.65 4.16 0.66 4.28 0.55 3.84
10 0.67 4.52 0.54 3.7 0.69 4.75 0.59 3.41
Ra,Rz 0.65 4.03 0.56 3.65 0.66 4.31 0.63 3.94
5, nm 59 408 39 239 44 260 46 316
Table 6  Values of parameters R_and R, on glazed specimens (G3 and G6) before and after aging protocols.

Tablica 6. Vrijednosti parametara hrapavosti R iR glaziranih uzoraka (G3 i G6) prije i poslije protokola starenja

Glazed specimens before aging ®

M N Glazirani uzorci prije starenja
easurement No. ®

Glazed specimens after aging ®
Glazirani uzorci nakon starenja

S Specimen G3 ® Uzorak G3 ~ Specimen G6 ® Uzorak G6  Specimen G3 ® Uzorak G3 ~ Specimen G6 ® Uzorak G6
Ra, Rz, Ra, Rz, Ra, Rz, Ra, Rz,
[HiTl [Tl [HiTl [Tl [HiTl [HiTl [T A0
1 1.05 3.72 1.01 3.35 0.52 1.83 1.71 5.61
2 0.64 2.43 1.16 3.18 0.47 1.79 1.24 3.44
3 0.92 3.8 1.16 3.93 0.53 2.07 1.35 3.9
4 0.78 2.67 0.76 2.87 0.71 4.27 1.13 3.5
5 0.82 2.94 0.79 2.72 0.7 2.54 1.06 3.41
6 0.95 3.76 0.83 3.33 0.64 2.98 0.86 3.11
7 1.22 4.89 0.89 3.03 0.88 3.28 1.22 3.64
8 0.68 2.31 0.89 2.92 0.66 2.66 1.38 4.74
9 0.86 2.49 0.97 3.12 0.76 3.23 1.42 4.44
10 0.64 2.24 0.82 3.19 0.89 2.93 1.26 4.46
Ra,Rz 0.86 3.13 0.93 3.16 0.68 2.76 1.26 4.03
5, nm 187 876 144 335 144 759 228 773
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Table 7
ANOVA, p<0,05).

Utjecaj starenja na ZrO, keramiku

Statistical analysis of roughness parameters R and Rz, before and after aging protocols on G3, G6, P3 and P6 specimens. (One-way-

Tablica 7. Statisticka analiza vrijednosti parametara hrapavosti R, i R, prije i poslije protokola starenja na uzorcima G3, G6é, P3 i P6. (one-way-

ANOVA, p < 0,05)

Ra Ra Rz Rz
Specimen ¢ Protocol ® AM 1 SD before®  AM + SD after ® AM £ SD before®  AM £ SD after ®
Uzorak Protokol Ra Ra Rz Rz
AS + SD prije AS + SD poslije AS + SD prije AS + SD poslije
G3 HD 0.86 + 0.035 0.68 +0.02 0.03 3.13+0.77 2.76 +0.58 0.33
G6 CD KD 0.93 +0.02 1.26 £ 0.05 0.001 3.16 £ 0.11 4.03 £ 0.06 0.005
P3 HD 0.65 £ 0.004 0.66 + 0.002 0.834 4.03 + 0.166 4.31 £ 0.07 0.09
P6 CD * KD 0.56 + 0.001 0.63 + 0.002 0.003 3.65 £ 0.06 3.94 0.1 0.03

the same specimens before aging protocols were performed
(Table 5).

The results of one-way ANOVA point to a statistically
significant increase in the values of estimated standard devia-
tions for roughness parameters R and R_on polished speci-
men P6 (Table 7).

The arithmetic means of roughness parameters R and
R on glazed specimen G3 obtained after the aging protocol
were lower than before the aging protocol was performed. An
increase in the values of roughness parameters R and R af-
ter the aging treatment was present on glazed specimen “G6
(Table 6).

The results of one-way ANOVA point to a statistically
significant change in the values of estimated standard devi-
ations for roughness parameter R on glazed specimens G3
(decrease) and G6 (increase) as well as for roughness parame-
ter R on glazed specimen GO (increase) (Table 7).

Discussion

Various aging protocols provide an insight into the possi-
ble behavior of the constituent material in the mouth over a
lengthy period of time. This research comprised several con-
temporary and costly protocols. A three-hour period was
chosen for exploring hydrothermal degradation in an auto-
clave because it corresponded to a restoration usage period
of 10-15 years (29-31), which should be the expected res-
toration usage period both from a therapists and a patient’s
point of view. Submersing specimens into a medium of low
pH value (pH 2.49) at a temperature of 80 °C for 16 hours
(ISO 6872) is a method of examining the stability of mate-
rials under the conditions similar to those in the oral cavity,
with constantly changing temperature and pH values (30-
32). Plaque that clings to the surface of dental hard tissue and
dentures has a pH value in its depth similar to the pH value
of the acid utilized in this research; hence the effect of plaque
was simulated in the present study, as well (33). The quantity
of specimens in this research was defined after a pilot study,
in agreement with associates/experts under whose supervi-
sion the tests were administered. The tested number of speci-
mens sufficed for a part of the testing (EDXRE XRD, surface
roughness) because the materials had been manufactured in
a controlled environment. Furthermore, these testing meth-
ods were employed using very expensive, sophisticated appa-
ratuses and methods which would have obtained the results
relevant even on a small number of specimens. It is to be ex-

dardnih odstupanja parametara hrapavosti R i R na uzor-
ku P6.

Ostvarene aritmeticke sredine rezultata mjerenja parame-
tara hrapavosti R i R na glaziranom uzorku G3 biljeze nize
vrijednosti nakon protokola starenja. Na glaziranom uzorku
GG uocen je porast vrijednosti parametara hrapavosti R i R
nakon protokola starenja (tablica 6.).

Statisticka analiza one-way-ANOVA testom (tablica 7.)
pokazala je statisticki znacajno smanjenje procijenjenih stan-
dardnih odstupanja parametra hrapavosti R na glaziranom
uzorku G3 te statisticki znacajno povecanje procijenjenih
standardnih odstupanja parametara hrapavosti R i R na gla-
ziranom uzorku G6.

Rasprava

Razli¢iti protokoli starenja daju uvid u moguée ponasanje
gradivnog materijala u ustima tijekom duljeg razdoblja. Ovo
istrazivanje obuhvatilo je vi$e suvremenih i skupih protoko-
la. Za ispitivanje hidrotermalne degradacije u autoklavu oda-
brano je vrijeme od 3 sata, §to odgovara razdoblju od 10 do
15 godina koristenja nadomjeska u ustima (29 - 31). To bi
trebalo biti o¢ekivano razdoblje primjene nadomjestka za te-
rapeuta i pacijenta. Uranjanje uzoraka u medij niske pH vri-
jednosti (pH 2,49) na temperaturi od 80 °C tijekom 16 sati
(ISO 6872), natin je ispitivanja kemijske postojanosti mate-
rijala u uvjetima konstantnih promjena pH vrijednosti i tem-
perature kakva je u usnoj Supljini (30 — 32). Plak koji adhe-
rira na povrsine tvrdih zubnih tkiva, pa tako i nadomjestaka,
u svojoj dubini ima pH vrijednost vrlo sli¢cnu pH vrijedno-
sti koritene kiseline u ovom istrazivanju, ¢ime se i taj utje-
caj simulira (33). Broj uzoraka za ovo istrazivanje definiran je
nakon pilot-studije u dogovoru sa suradnicima/stru¢njacima
pod ¢ijim su nadzorom provedena testiranja. Za dio testira-
nja (EDXRE XRD, povrsinska hrapavost) bio je dovoljan te-
stirani broj uzoraka jer je rije¢ o materijalu proizvedenom u
kontroliranim uvjetima. Osim toga, koristene metode testi-
ranja provedene su na vrlo skupim i sofisticiranim uredajima
postupcima Ciji su rezultati testiranja relevantni i na malom
broju uzoraka. Moze se o¢ekivati da ¢e mali broj uzoraka biti
reprezentativan za odredenu vrstu testiranja te da ¢e dobive-
ni rezultati biti ponovljivi i primjenjivi na veéem broju uzo-
raka. Za neka testiranja (XRD, povrsinska hrapavost) svaka-
ko bi bilo poZeljno imati vi$e uzoraka, ali potrebno je uzeti u
obzir iznimno visoku cijenu testiranog materijala, vrlo skupu
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pected that a small quantity of specimens would be represen-
tative of a certain test type and that the obtained results could
be repeated and applied to a greater number of specimens. It
would have certainly been desirable to have more specimens
for other tests (XRD, surface roughness), but one ought to
take into account the extremely high price of the tested mate-
rial, great costs for specimen manufacture as well as the cost
and delicacy of measuring instruments.

At room temperature, pure zirconia exists in the mono-
clinic phase and great tension inside the material renders it
unusable in the field of dental medicine, i.e. fixed prosth-
odontics (14). Yttrium oxide is the most frequently used
stabilizer in zirconia ceramics (8-12, 14). When its share is
3-8%, it is possible to stabilize the tetragonal phase of zirco-
nia ceramics, the result being so-called Y-TZP (yttrium-stabi-
lized tetragonal zirconia polycrystal material). In the present
study, the post-aging share of yttrium oxide (polished spec-
imens 11.88 + 0.07%, control specimens 11.75 + 0.01%,
glazed specimens 10.90 + 0.30% - 11.85 + 0.00%) was not
significantly lower than the pre-aging share (11.97 + 0.13%),
i.e. the chemical composition of the specimens was not sig-
nificantly altered (Table 2). A somewhat lower share of yt-
trium oxide on the glazed side of glazed specimens (10.90 +
0.30%) can be explained by the presence of strontium and
zinc in the glaze. Tested specimens manifested the stability of
their chemical composition after being subjected to both hy-
drothermal degradation in an autoclave and chemical degra-
dation in acetic acid. So far, there has been no mechanism for
which one could say with certainty that it ages zirconia, al-
though there have been some theories that could account for
that phenomenon. A theory by Lange et al., based on an anal-
ysis of SEM images, suggests that water reacts with Y,0,, cre-
ating yttrium hydroxide (Y (OH) ), a chemical compound
that prompts the loss of stabilizers in the surrounding grains
and a tetragonal-to-monoclinic transformation (34). Accord-
ing to Yoshimura, water evaporation causes the bond be-
tween zirconium and oxygen in zirconia ceramics to break;
the newly-free -OH ions exert stress and strain on the mate-
rial and the outcome is a tetragonal-to-monoclinic transfor-
mation (35). Chevalier et al. believe that free oxygen radicals
O?, formed as a consequence of water dissociation, destabi-
lize the structure of Y-TZP and trigger LTD (36). It has been
proven that a tetragonal-to-monoclinic transformation starts
on the surface of the material and progresses into its interi-
or (8-14). This transformation leads to an increase in the vol-
ume of surface grains, which rise above the rest of the surface,
create micro-cracks and open up the way for water and there-
by the transformation to penetrate deeper into the materi-
al. Under the strain of e.g. masticatory force in the mouth, a
restoration will ultimately crack (37-39). A greater post-ag-
ing share of stabilizing yttrium oxide calculated in this study
(up to 12%) suffices for maintaining the stability of the crys-
tal structure of specimens (15-17), i.e. for preventing a phase
transformation. The first hypothesis is thus confirmed.

At the start of the present study, two phases were found
to co-exist in specimens: tetragonal (approx. 63%) and cubic
(approx. 37%). After being exposed to hydrothermal degra-

dation in an autoclave, the crystal structure of the specimens
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izradu uzoraka te skupocu i osjetljivost uredaja na kojima su
mjerenja obavljena.

Cisti cirkonij je pri sobnoj temperaturi u monoklinskoj
fazi, pa je neupotrebljiv u podru¢ju dentalne medicine, odno-
sno fiksne protetike, zbog velike napetosti unutar materijala
(14). Ttrijev oksid najcesce je koristeni stabilizator u cirkonij-
oksidnoj keramici (8 — 12, 14). U udjelu od 3 do 8 % mogu-
¢e je stabilizirati tetragonsku fazu cirkonij-oksidne keramike
pri sobnoj temperaturi i dobiti tzv. Y-TZP (itrijem stabilizi-
rani cirkonijev dioksid). U ovom istraZivanju nije se dogodila
znacajna redukcija molekula itrijeva oksida nakon obaju pro-
tokola starenja (11,88 + 0,07 % za polirane uzorke, 11,75 +
0,01 % za kontrolne uzorke, 10,90 + 0,30 % — 11,85 + 0,00
% za glazirane uzorke) u odnosu prema mjerenjima prije sta-
renja (11,97 + 0,13 %), odnosno nije se dogodila znacajna
promjena kemijskog sastava uzoraka (tablica 2). Nesto nize
vrijednosti udjela itrijeva oksida izmjerene su na glaziranoj
strani glaziranih uzoraka (10,90 + 0,30 %), $to se objasnjava
prisutno$cu stroncija i cinka iz glazure. Testirani uzorci poka-
zali su stabilnost kemijskog sastava nakon izlaganja hidroter-
malnoj degradaciji u autoklavu i nakon kemijske degradaci-
je u octenoj kiselini. Dosad nije opisan ni jedan mehanizam
za koji bi se sa sigurno$¢u moglo re¢i da dovodi do starenja
cirkonijeva oksida, no postoje odredene teorije kojima bi se
to moglo objasniti. Lange i suradnici su, analiziraju¢i snim-
ke dobivene SEM-om, predlozili teoriju u kojoj voda reagira
s Y,0, tvoreci spojeve itrijeva hidroksida (Y(OH),) koji do-
vode do gubitka stabilizatora u okolnim zrnima cirkonijeva
dioksida koji se zatim transformiraju iz tetragonske u mono-
klinsku fazu (34). Prema Yoshimuri, isparavanje vode utjece
na vezu cirkonija i kisika u cirkonij-oksidnoj keramici tako
sto dovodi do loma te veze i nastanka slobodnih ~OH iona
koji stvaraju naprezanja i napetost u materijalu te posljedi¢no
tetragonsko-monoklinsku (t-m) transformaciju (35). Cheva-
lier i suradnici miSljenja su da slobodni kisikovi radikali O*
koji nastaju disocijacijom vode destabiliziraju strukturu Y-
TZP te nastaje LTD (36). Dokazano je da t-m transformacija
pocinje na povrsini materijala i progredira u unutrasnjost (8
— 14). Transformacijom povrsinskih zrna povecava se njihov
volumen te se zrna izdizu iznad preostale povrsine materija-
la i stvaraju mikropukotine, ¢ime se otvaraju putovi penetra-
ciji vode dublje u materijal propagiraju¢i transformaciju sve
dublje u unutrasnjost materijala (8 — 14). To ¢e u konacnici,
pod optereéenjem, kao $to su npr. zvaéne sile u ustima, zavr-
Siti lomom nadomjestka (37 — 39). U ovom istrazivanju usta-
novljen je vedi udio itrijeva oksida (do 12 % ukupnog udjela
elemenata/spojeva) nakon provedenih protokola starenja, ¢i-
me je udio stabilizatora dovoljan za odrzavanje stabilne kri-
stalne strukture uzoraka (15 — 17), odnosno sprjecavanja fa-
zne transformacije. Time se potvrduje prva hipoteza.

Uzorci su na pocetku ovog istrazivanja pokazali postoja-
nje dviju faza: tetragonske (oko 63 %) i kubi¢ne (oko 37 %).
Nakon izlaganja uzoraka hidrotermalnoj degradaciji u auto-
klavu, kristalna struktura se promijenila o presla u posve te-
tragonsku strukturu (100 %). Za razliku od prvog protokola
starenja, pri korozijskoj degradaciji nije ustanovljena promje-
na kristalne strukture u uzorcima, odnosno koegzistirale su
tetragonska i kubi¢na struktura u gotovo identi¢cnom postot-
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fully transitioned to a tetragonal structure (100%). Unlike
the first aging protocol, degradation in a corrosive medium
did not bring about a change in the crystal structure of the
specimens, i.e. tetragonal and cubic structures continued to
co-exist in nearly the same ratio as at the start of the research.
These analyses did not establish a phase (tetragonal-to-mono-
clinic) transformation of monolithic zirconia specimens;
therefore the second hypothesis is accepted. A monoclinic
phase in monolithic zirconia with a mixed tetragonal-cubic
microstructure was not manifested in a study by Mufioz et
al., although the share of the cubic phase increased after hy-
drothermal degradation (39). Kolakarnprasert et al. did not
prove the manifestation of a monoclinic phase in the materi-
al after exposing specimens submerged in water to a tempera-
ture of 120 °C for a twelve-hour period; their findings corre-
spond to the results of this study (15).

Long-term stability, smoothness and gloss of a restora-
tion are important from a hygienic (20-23, 28), tribological
(20, 21, 23) and esthetic point of view (19, 22, 40). Surface
roughness and final surface treatment on FPD affect the color
stability of dental materials (40). Discoloration of dentures,
caused by beverages such as coffee and tea, has been described
in literature (41). In the present study, zirconia ceramic was
subjected to two types of final surface treatment — polishing
and glazing. Glazing is a standard surface finishing treatment
which closes any pores left after sintering, allows for a better
aesthetic impression of the restoration and reduces the accu-
mulation of biofilm (42). In this research, surface state was
expressed in terms of two parameters — surface gloss and sur-
face roughness. In the imitation of a natural tooth in fixed
prosthodontic therapy, a lot of emphasis is placed on the suc-
cessful reproduction of surface texture (22). An enamel-like
texture is attained by manually spreading a thin layer of glaze
over a finished restoration (22). Because of divergences in the
refraction of light, differences in texture generate differences
in color perception. In this study, both experimental proto-
cols brought about a statistically significant reduction of sur-
face gloss in both specimen groups (G1-G8, P1-P8), which
prompts the acceptance of the third hypothesis (p<0.05).
From the beginning, glazed specimens manifested signifi-
cantly higher surface gloss values than polished specimens.
This study established that the surface gloss of specimens was
reduced regardless of the final surface treatment applied, with
both subgroups of polished specimens (P1-P4, P5-P8) hav-
ing a higher mean gloss change AG than glazed specimens
(G1-G4, G5-G8). It needs to be noted that surface gloss re-
duction in an oral cavity would unfold at a slower pace than
during experimental protocols. Control specimens (K1, K2)
did not manifest significant surface gloss reduction in this
research, although their gloss values were low from the on-
set because they were not subjected to any surface treatment.
Gloss reduction in glazed specimens is most likely a result
of congruent dissolution of glaze during experimental pro-
tocols, especially during chemical degradation in a corrosive
medium, which is confirmed by the results relating to surface
roughness. A glazed specimen subjected to aging in an auto-
clave (G3) recorded a decrease of parameters R (p=0.03) and
R (p=0.33), while a specimen submerged in a corrosive medi-
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ku kao na pocetku istrazivanja. Ovim analizama nije utvr-
dena fazna (t-m) transformacija u uzorcima monolitne cir-
konij-oksidne keramike, ¢ime je prihvaéena druga hipoteza.
Mufioz i suradnici u monolitnom cirkonijevu oksidu tetra-
gonsko-kubi¢ne mikrostrukture takoder nisu dokazali pojavu
monoklinske faze, ali se u njihovoj studiji, pri hidrotermalnoj
degradaciji, pojavio ve¢i udjel kubi¢ne u odnosu prema tetra-
gonskoj fazi (39). Kolakarnprasert i suradnici, pri izlaganju
uzoraka temperaturi od 120 °C tijekom 12 sati u vodi, tako-
der nisu dokazali prisutnost monoklinske faze u materijalu,
$to je u skladu s rezultatima ove studije (15).

Povr$ina nadomjestka koja je dugoro¢no stabilna, glat-
ka i sjajna vazna je s higijenskog (20 — 23, 28), triboloskog
(20, 21, 23) i estetskog aspekta (19, 22, 40). Hrapavost po-
vrdine i nadini zavr$ne obrade povrine nadomjestka utjecu
na stabilnost boje dentalnih materijala (40). U literaturi su
opisane diskoloracije nadomjestaka pi¢ima poput kave i ¢aja
(41). U ovom istrazivanju povrsina cirkonij-oksidne kerami-
ke zavr$no je obradena na dva nacina — poliranjem ili glazi-
ranjem. Glaziranje je standardni na¢in zavravanja keramicke
restauracije kojim se zatvaraju pore koje su eventualno zao-
stale nakon procesa sinteriranja, omoguc¢ujuéi bolji estetski
dojam nadomjestka, ali i reduciraju¢i akumulaciju biofilma
(42). Stanje povrsine u ovom istrazivanju prikazano je dvama
mjerenim parametrima — sjajem i hrapavo$¢u povrsine. Pri
oponasanju izgleda prirodnog zuba u fiksnoprotetickoj tera-
piji, velik naglasak se stavlja na uspjesnu reprodukciju povr-
sinske teksture (22). Tekstura nalik na zubnu caklinu postize
se ru¢nim nano$enjem tankog sloja glazure na gotovi nado-
mjestak (22). Zbog razlic¢itog loma svjetlosti razlike u tekstu-
1i izazivaju razlicitu percepciju boje. U ovom istrazivanju sta-
tisticki znacajno smanjenje sjaja povrsine nastalo je tijekom
obaju eksperimentalnih protokola u obje skupine uzoraka
(G1 — G8, P1 — P8) u odnosu prema pocetnim mjerenjima,
sto dovodi do prihvacanja tre¢e hipoteze (p < 0,05). Glazirani
uzorci su vec na pocetku istrazivanja imali statisticki znacajno
vecu vrijednost sjaja povrsine od poliranih. U ovom istrazi-
vanju dokazano je smanjenje sjaja povr$ine uzoraka bez obzi-
ra na nain zavr$ne obrade, s tim da je veca srednja promjena
sjaja AG nastupila u objema podskupinama poliranih uzora-
ka (P1 — P4, P5 — P8) u odnosu prema glaziranim uzorcima
(G1 — G4, G5 - G8). Vazno je istaknuti da bi proces sma-
njenja sjaja povrsine nadomjestka u usnoj supljini bio mno-
go sporiji u odnosu prema eksperimentalnim protokolima.
Kontrolni uzorci u ovom istrazivanju takoder pokazuju sma-
njenje sjaja povrsine koje nije statisticki znacajno, iako je sjaj
povrine nizak od pocetka jer nisu zavr$no obradivani. Sma-
njenje sjaja glaziranih uzoraka (G1 - 4, G5 — G8) vjerojat-
no je rezultat kongruentnog otapanja sloja glazure pri ekspe-
rimentalnim protokolima, osobito pri kemijskoj degradaciji
u korozivnom mediju, $to potvrduju rezultati povrsinske hra-
pavosti. Na glaziranom uzorku podvrgnutom postupku stare-
nja u autoklavu (G3) zabiljezeno je smanjenje vrijednosti pa-
rametra R koje je znacajno (p = 0,03) i parametra R koje nije
znadajno (p = 0,33), a na uzorku uronjenom u korozivni me-
dij (G6) uoceno je znacajno povecanje parametara hrapavosti
R iR (p<0,05). Glazura kao amorfni materijal nije otporna
na agresivne vanjske utjecaje niti je kemijski stabilna, odno-
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um (GO6) recorded a significant increase in roughness param-
eters R and R (p<0.05). As an amorphous material, glaze is
not resistant to aggressive external influences nor is it chemi-
cally stable/inert. In an aggressive medium, surface ions per-
ish from glaze, some irregularities appear on the surface and
roughness is increased, which is in agreement with findings of
Manicone et al. (1) and Milleding et al. (43, 44). The reduc-
tion of roughness parameters R and R_in a glazed specimen
aged in an autoclave (Table 6) supports the finding that ag-
ing a specimen in an autoclave “smoothed” its surface, there-
fore mean gloss change AG in those specimens (G1-G4) was
lower than in polished specimens (P1-P4). The effect of hy-
drothermal degradation in an autoclave on glazed specimens
(G1-G4) was reduced by a protective coating on the surface
(glaze) so that the penetration of water and degradation of
base material were inhibited, unlike in specimens without a
protective coating. This was confirmed by Palla et al., who
proved that water infiltrates through the surface of a non-
glazed glass ceramic restoration, which results in the disin-
tegration of the material’s structure (45). Camposilvan et al.
have suggested spreading glaze on all zirconia restorations so
as to inhibit the impact of a hydrothermal aging protocol on
the surface of the material (46). In polished specimens (P1-
P8), surface gloss decreased and gloss change AG was higher
than in glazed specimens (G1-G8), which could be attribut-
ed to an increase in the values of measured roughness param-
eters during both experimental protocols (Tables 5 and 7).
Stefanci¢ confirmed these findings in her doctoral disserta-
tion (47). An increase in roughness was not substantial in a
specimen subjected to hydrothermal degradation (P3), when
compared to a specimen subjected to chemical degradation
(P6), but it undoubtedly had an impact on surface gloss re-
duction in all polished specimens (47). Judging by the results
relating to roughness parameters, the fourth hypothesis can
be partially accepted because a significant change in rough-
ness occurred in specimens G6 and P6, which belong to sub-
groups of glazed and polished specimens respectively, which
were subjected to chemical degradation in a corrosive me-
dium (p<0.05). Surface roughness of control specimens was
not measured using profilometry since these specimens had
not been subjected to any type of final surface treatment and
their surface roughness was high; hence it serves no purpose
to compare it to the roughness of either polished or glazed
specimens.

Relevant literature points to the conclusion that all types
of dental ceramics (silica-based and oxide-based) exhibit reac-
tivity in an aqueous medium, thus a completely inert ceramic
material does not exist (1, 43, 44, 47). Polycrystalline, oxide-
based ceramics also release ions, but to a much lesser extent

than silica-based ceramics (43, 44, 47).

Conclusions

Within the limitations of this study, it can be concluded
that experimental aging protocols do not reduce the share of
stabilizing yttrium oxide and consequently do not generate a
tetragonal-to-monoclinic phase transformation, i.e. aging of
translucent multilayer zirconia ceramic.
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sno inertna. Iz glazure u agresivnom mediju gube se povrsin-
ski ioni, ¢ime se stvaraju povrsinske nepravilnosti koje pove-
¢avaju hrapavost, $to je u skladu s istrazivanjima Maniconea
i suradnika (1) te Milledinga i suradnika (43, 44). Smanje-
nje parametara hrapavosti R i R nastalo na glaziranom uzor-
ku koji je stario u autoklavu (tablica 6.), govori u prilog da je
proces starenja u autoklavu rezultirao zagladivanjem povrsi-
ne uzoraka, zbog ¢ega je i srednja promjena sjaja AG kod tih
uzoraka (G1 — G4) manja u odnosu prema poliranim uzorci-
ma (P1 — P4). Utjecaj hidrotermalne degradacije u autoklavu
kod glaziranih uzoraka (G1 — G4) smanjen je zbog zatitne
prevlake na povrsini (glazure), ¢ime se bilo kakva penetraci-
ja vode u materijal, odnosno degradacija osnovnog materi-
jala nece dogadati, za razliku od uzoraka koji nemaju zastit-
nu prevlaku. Tu tvrdnju potvrduju Palla i suradnici koji su
dokazali da se kroz povrsinu neglaziranoga staklokeramickog
nadomjestka u materijal infiltrira voda, $to rezultira dezinte-
gracijom strukture (45). Camposilvan i suradnici sugeriraju
nanosenje glazure na sve nadomjestke cirkonij-oksidne kera-
mike kako bi se sprijecio utjecaj hidrotermalnoga protokola
starenja na povr$inu materijala (46). Na poliranim uzorcima
(P1 - P8) utvrdeno je smanjenje sjaja povrsine uz ve¢u pro-
mjenu sjaja AG u odnosu prema glaziranim uzorcima (G1-
G8), $to bi se moglo pripisati povecanju vrijednosti mjere-
nih parametara hrapavosti pri oba eksperimentalna protokola
(tablice 5.17.). Stefandi¢ u svojoj disertaciji takoder potvrdu-
je te navode (47). Povecanje hrapavosti nije znacajno za uzo-
rak izloZen hidrotermalnoj degradaciji (P3) u odnosu prema
uzorku izlozenom kemijskoj degradaciji (P6), ali je zasigurno
utjecalo na opée smanjenje sjaja povrsine poliranih uzoraka
(47). Na temelju rezultata parametara hrapavosti moze se go-
voriti o djelomi¢nom prihvacanju ¢etvrte hipoteze jer je zna-
¢ajna promjena hrapavosti povrsine nastala na uzorcima G6 i
P6 koji pripadaju podskupinama glaziranih i poliranih uzora-
ka izlozenih kemijskoj degradaciji u korozivnom mediju (p <
0,05). Na kontrolnim uzorcima nije provedeno mjerenje hra-
pavosti povrsine profilometrijom jer nisu povrsinski obradi-
vani ni jednom metodom, ¢ime je hrapavost povrsine velika i
nema svrhe raditi usporedbu s hrapavos¢u povrsine poliranih,
odnosno glaziranih uzoraka.

Pregledom relevantne literature moze se zakljuciti da sve
vrste zubnih keramika (silikatne i oksidne) pokazuju kemij-
sku reaktivnost u vodenome mediju tako da ne postoji posve
inertan keramicki materijal (1, 43, 44, 47). Polikristalini¢ne,
oksidne keramike, za razliku od onih silikatnih, takoder ot-
pustaju ione, ali u mnogo manjoj kolicini (43, 44, 47).

Zakljucak

Unato¢ ograni¢enjima ove studije moze se zakljuiti da
cksperimentalni protokoli starenja ne rezultiraju redukcijom
udjela stabilizatora itrijeva oksida, $to posljedi¢no ne dovodi
do tetragonsko-monoklinsko fazne transformacije, odnosno
do starenja translucentne multilayered cirkonij-oksidne kera-
mike.

Eksperimentalni protokoli starenja dovode do znacajnog
smanjenja sjaja povrsine svih uzoraka, bez obzira na na¢in po-
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Regardless of the surface treatment applied, surface gloss
on all specimens was significantly reduced by experimental
aging protocols, with surface gloss reduction being somewhat
greater in polished specimens. The reduction of the gloss of
specimens is an indicator of possible repercussions on the es-
thetic properties of dentures, particularly in polished speci-
mens.

In contrast to the changes in the value of roughness pa-
rameters in glazed specimens subjected to aging in an auto-
clave (decrease) and glazed specimens submerged in a corro-
sive medium (increase), a significant increase in the value of
roughness parameters in polished specimens following both
aging protocols is a signal of substantial unwanted changes in
surface state caused by polishing.

Glazing will have better esthetic, hygienic and tribologi-
cal effects on the surface of a FPD than polishing.
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Svrha: Ispitati utjecaj protokola starenja na kemijski i fazni sastav te na kvalitetu povrsine monolit-
ne translucentne cirkonij-oksidne keramike. Materijali i postupci: Translucentna cirkonij-oksidna ke-
ramika KATANA-Zirconia STML s razli¢itom zavrsnom obradom povrsine (bez obrade, K1, K2; glazira-
na, G1— G8; polirana, P1 — P8) podvrgnuta je eksperimentalnim protokolima starenja (hidrotermalna
degradacija u autoklavu na 134 °C, pri tlaku od 2 bara tijekom 3 sata: G1 — G4, P1 — P4 te kemijskoj
degradaciji u 4-postotnoj octenoj kiselini na 80 °C tijekom 16 sati (ISO 6872): G5 — G8, P5 — P8) ka-
ko bi se utvrdio njihov utjecaj na kemijski sastav, osobito udio stabilizatora itrijeva oksida (energet-
sko disperzivna flourescencija X-zraka — EDXRF), fazni sastav (rendgenska difraktometrija — XRD) te
stanje povrsine izrazeno hrapavoscu i sjajem. Rezultati: Protokoli starenja nisu utjecali na stabilnost
kemijskog sastava testiranih uzoraka i visok udio stabilizatora itrijeva oksida (= 10 % ukupnog udje-
la) koji je u korelaciji s odsutnos¢u monoklinske faze. Statisticki je zna¢ajno smanjenje sjaja povrsi-
ne svih uzoraka. Kemijska degradacija u korozivnom mediju znacajno je povecala povrsinsku hrapa-
vost testiranih uzoraka. Zakljuéak: Monolitna translucentna cirkonij-oksidna keramika pokazala je
stabilnost kemijskog sastava i otpornost na tetragonsko-monoklinsku transformaciju. Sjaj povrsine
znacajno je smanjen, osobito na poliranim uzorcima. Suprotno testiranim glaziranim uzorcima, na te-
stiranim poliranim uzorcima uoceno je povecanje hrapavosti povrsine. Glaziranje povrsine translu-
centne monolitne cirkonijeve keramike osigurava bolji estetski, tribolo3ki i higijenski uc¢inak u uspo-
redbi s poliranjem.

Prihvacen: 2. studenoga 2020.
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