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This study aimed to validate the Optical coherence tomography (OCT) for the analysis of the transformed zone of
two dental zirconia-based materials after hydrothermal ageing and correlate the values with biaxial flexural
strength. Kinetics of tetragonal to monoclinic phase transformation (t—m) was calculated. X-ray diffraction
(XRD) results showed a sigmoidal transformation rate over time due to the limited X-ray maximum penetration
depth. Scanning electron microscope (SEM) and OCT showed a linear relationship between the thickness of the
transformed layer and the ageing time. The apparent activation energy was 104.5 kJ/mol and 106.7 kJ/mol
(SEM) and 106 kJ/mol and 99.4 kJ/mol (OCT) for the infrastructure and monolithic dental zirconia, respectively.
Mechanical strength decreased after 150 h. of ageing at 150 °C for both materials showing a correlation with the
depth of the transformed zone observed by OCT. Therefore, both monoclinic phase percentage and the depth of
the transformed layer are critical concerning zirconia mechanical properties upon hydrothermal ageing. OCT is a
non-destructive, fast, innovative, and accurate method for the analysis of zirconia’s t—m phase transformation
depth kinetics after hydrothermal ageing.

1. Introduction

The increased esthetic demand in fixed prosthodontics has led to the
use of all-ceramic crowns with emphasis on yttria-partially stabilized
zirconia (Y-PSZ) [1,2]. This type of material combines a whitish color
with superior mechanical properties and is used for infrastructures
(substructure or core material) or monolithic restoration [3].

The high fracture strength of Y-PSZ is a consequence of its tough-
ening mechanism [4,5], resultant from the tetragonal to monoclinic

transformation (t—m), which may halt a crack from propagating due to
local granular volumetric expansion in the range of 3-5% [6]. However,
in a humid environment at body temperature, Y-PSZ presents an accel-
erated t—m phase transformation denominated “low temperature
degradation” (LTD) [7-9], uncontrolled phase transformation may lead
to grain pull-out and microcracks [7]. This phenomenon can decrease
the Young’s modulus, hardness and biaxial flexure strength and even-
tually lead to the catastrophic failure of the material [7,10-12]. How-
ever, the literature is conflicting concerning the increase/decrease of the

Abbreviations: t—m, tetragonal to monoclinic phase transformation; SEM, Scanning electron microscoe; XRD, X-ray diffraction; OCT, Optical coherence

tomography.
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Y-TZP mechanical strength after short periods of LTD [13-16]. The
correlation between LTD and mechanical resistance of Y-TZP is still
unclear.

Chevalier et al. (1999) [7] calculated the activation energy for the
t—m phase transformation of one biomedical yttria-stabilized tetragonal
zirconia (Y-TZP), and observed that 1 hour of hydrothermal ageing at
134°C was theoretically related to 3-4 years of in vivo ageing at 37°C [7,
9]. However, the authors suggested that microstructure, amount of
yttria, residual stress, finishing procedures, grain size and other factors
may affect the LTD behavior of different Y-PSZ materials [7,14,17].

X-Ray Diffraction (XRD) results indicate that Y-TZP t—m trans-
formation follows a sigmoidal behavior upon ageing, where the trans-
formed monoclinic phase reaches a saturation point, stabilizing the
percentage of final monoclinic phase as a function of the ageing time [7].
This sigmoidal behavior of Y-TZP ageing seems to be related to the XRD
technique [18], which is limited by the X-ray maximum penetration
depth. Studies have suggested that LTD t—m transformation follows a
linear behavior [18-20]. Scanning Electron Microscopy (SEM) coupled
with Focused Ion Beam (FIB) was reported as one of the techniques for
Y-TZP microstructure analysis upon ageing [18]" Nevertheless, the
sample preparation procedures, such as cutting and polishing, may have
an effect on the final Y-TZP microstructure. Therefore, a non-destructive
technique that requires no sample preparation would be more reliable
for Y-TZP t—m analysis.

Optical Coherence Tomography (OCT) is a non-destructive and non-
contact image technique based on light backscattered from a surface
[21]. OCT produces cross-sectional tomographic high-resolution images
(usually in the range of a few micrometers) with good penetration depth
(in the order of a few millimeters). OCT systems are compact, and the
wavelength range of operation is usually on the near infrared range (750
— 1400 nm), which means it employs non-ionizing radiation. OCT is
usually mounted on a Michelson interferometer, in which a broadband
light source is split by a Beam Splitter (BS) into two optical paths, one
directed to a mirror (reference arm) and the second to the sample
(sample arm). The reflected and backscattered beams are recombined
and directed to a detector, which produces an interferometric signal.
The key of OCT analysis is that the intensity of the detected interfero-
metric signal (light backscattered from different depths of the sample)
will induce a predictable oscillation on the OCT signal, and each depth
can be recovered by an inverse Fast Fourier Transform (FFT) [22]. With
the information of each depth, a tomographic profile (directly under-
neath the point illuminated by the beam), is obtained. By scanning the
beam through different adjacent locations, 2D images (or 3D volumes)
of tomographic structures are generated [23-25]. Thus, OCT systems
can produce high-resolution tomographic images in real time (or even
entire volumes, using modern systems), without any need of additional
sample preparation, enabling a high volume of analysis in a short time.

The aim of this study was to validate the OCT method for the t—m
analysis of different zirconia materials upon hydrothermal ageing. The
kinetics of t—m transformation was also calculated. Specifically, the
objectives were: a) To compare the activation energy of t—m trans-
formation calculated by XRD, SEM, and OCT; b) To evaluate the corre-
lation between the percentage of monoclinic phase, depth of the
transformed zone as a function of hydrothermal ageing time and biaxial
flexural strength. The study null-hypotheses were: the activation energy
calculated for both zirconia-based materials would not be affected by
the method employed (XRD, SEM or OCT); the biaxial flexural strength
of both materials would not be affected by different ageing times at
150°C.

2. Materials and methods
2.1. Experimental materials

Pre-sintered blocks of 3 mol% Y-TZP for infrastructure (VITA In-
Ceram YZ, VITA Zahnfabrik, Germany) and for monolithic (LAVA
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Plus, 3M-ESPE, USA) restorations were machined and they were
sectioned to the following dimensions: @ 15 mm x 2 mm thickness. The
samples were ground and polished using 400-, 600-, 1200-, 2400- and
3000- grit silicon carbide paper (Norton Saint-Gobain, Brazil) under
water cooling and were ultrasonically cleaned in isopropyl alcohol for
15 min. Specimens were sintered following manufacturers’ instructions
in an electrical box furnace (Lindberg/Blue M, Asheville, NC, USA). The
density of the as-sintered ceramics was determined by the Archimedes
Method. One sample of each material was polished with ceramographic
cloth and 15, 9, 6, 3 and 1 pm diamond suspensions (Mecapol P320,
Presi, Grenoble, France), respectively, for post-sintering microstructure
morphology analysis. The specimens were subjected to thermal etching
at 1400°C for 1 hour and were analyzed by a field scanning electron
microscopy (FEG-SEM, JSM-6701F, Jeol, Japan) and X-ray energy-
dispersive fluorescence spectroscopy (RX-3000, Rigaku, Japan).

2.2. Accelerated ageing

The specimens (n=4 per material) were aged in a hydrothermal
pressurized reactor (4566 Minireactor, Parr Instrument, USA) as a
function of temperature (100°C, 120°C, 130°C and 150°C). A prior pilot
study was performed with different Y-TZP materials in order to establish
the different ageing times (h) presented in this study according to the
t—m phase transformation kinetic curve. Different methods were used
to determine the ageing kinetics as a function of t—m increase mode: a)
Sigmoidal behavior: XRD; b) Linear behavior: XRD, SEM and OCT.

2.3. Sigmoidal model - XRD

XRD analysis (X’pert Powder, PANalytical, Netherlands), Cu-Koa (A =
1.54060 A), 45 kV, 40 mA was used to calculate t—m transformation
rate. Scans were performed from 20, 20° to 80°, step size of 0.02°% 10 s
per step. The maximum X-ray penetration depth was calculated using
the density of the tetragonal, monoclinic and cubic phases Eqs. 1 and (2)
[26].

—2ux
K= (1) &)

e _In(1 — K,)sind o)
2y

Where:

x — Depth of x-ray penetration (cm)
Ky — Total diffracted intensity (95%)
p — Linear absorption coefficient

0 — Incident and refracted angle

The mass absorption coefficient (uy) was obtained from the Eq. 3
[27].

Ny
Hy = MW inaui 3)
Where:

Ny - Avogadro’s number,

MW - molecular weight

x; - number of i-type atoms per molecule

04 - atomic photo absorption cross section of the i-type atom.

The linear absorption coefficient (y) was calculated using the
weighted average of the mass absorption coefficient (uy) multiplied by
the density of each phase. The py, values used in this present study for
the tetragonal, monoclinic and cubic phase were 647.88, 616.01, and
646.81, respectively.
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The percentage of tetragonal, monoclinic and cubic phase was
calculated through the Rietveld refinement using the program General
Structure Analysis System (GSAS) [28]. The crystal structure data (atom
coordinates, thermal parameters and unit cell parameters) were ob-
tained from the Inorganic Crystal Structure Data Base — ICSD. The
computation adjustments were the scale factors, unit cell parameter,
pattern background polynomial parameter, 26-scale offset, peak profile
functions (pseudo-Voigt with asymmetry), and texture.

The Mehl-Avrami-Johnson equation modified by Kolmogorov
(Johnson-Mehl-Avrami-Kolmogorov — JMAK) was used based on the
finding of Chevalier et al. (1999) [7] to calculate the correlation be-
tween ageing time (t) and monoclinic phase content (Vp,), assuming
values lower than 100% of monoclinic saturation for all the tempera-
tures studied (Eq. 4):

Vie = Vo + (Vir — Vo) {1 —exp{ — [(b1)"]}} C))

Where:

Vmy  Amount of initial monoclinic phase

Vg Amount of monoclinic phase saturation

b Parameter dependent of the rate of nucleation and monoclinic growth speed
n Avrami exponent — type of spatial grain growth

2.4. Linear Model

2.4.1. XRD analysis

For XRD analysis, the infrastructure Y-TZP was aged at 130°C for 20,
30, 40 and 84 h.. The relative vertical t—m depth was analyzed by XRD
with fixed incidence angles (2°, 3°, 5°, 7° and 12°) [18], and the X-ray
penetration depth was calculated according to Eqs. 5 and 6 [26].

—px *+*)
K.= 1—e¢ <’ ! )

X

x= _In(l-K) 6)
(i + )
Where:

X — Depth of X-ray penetration (cm)
Ky — Total diffracted Intensity (95%)
p — Linear absorption coefficient

Y - Incidence angle

B — Diffraction angle

2.4.2. SEM analysis

One sample of control and aged groups (120°C, 130°C and 150°C in
different times) (N=14 insfrastructure, N=10 monolithic), were
perpendicularly cross-sectioned and sequentially polished with 15, 9, 6,
3 and 1 pm diamond suspensions deposited over a ceramographic cloth
(Mecapol P320, Presi, Grenoble, France). Back-scattered SEM (TM 3000,
Hitachi) was used to calculate the depth of t—m transformed zone with
an image analysis software (Image J, Public domain, USA).

2.4.3. OCT analysis

Four samples of each group (control, 120°C, 130°C and 150°C in
different ageing times) (N=36 infrastructure, N=36 monolithic), were
analyzed under optical coherence tomography (OCP930SR, Thorlabs
Inc.) as follows: A= 930 nm, spectral band (FWHM) of 100 nm, nominal
resolution of 6 pm (lateral and axial) in air, declared digital resolution
3.09 pm (axial). The refractive index of each material was calculated and
used to correct the resulting images, as the optical path of the OCT beam
inside the sample is affected by refraction. Five areas of 3 mm (lateral)
were obtained in each sample to calculate t—m transformed zone depth
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using Image J. The speed of the transformation zone (pm/h) was
determined plotting the t—m phase transformation depth versus ageing
time for the SEM analysis and for the OCT analysis through the angular
coefficient of the linear adjustment in all studied temperatures.

2.5. Activation energy analysis

The angular coefficient data In(b) and In(s), obtained for the
sigmoidal (XRD) and linear models (SEM and OCT) for each studied
temperature (1000/T) (K), were used to calculate the t—m energy of
activation following Arrhenius model (Eq. 7) [7]. The activation energy
(Ea) is defined as the energy barrier that the tetragonal phase needs to
overcome to transform to monoclinic phase [29].

—Ea
b = byexp| — 7
PURT
Where:
b Speed constant
bo Pre exponential factor
Ea Activation energy
R Gas constant
T Temperature (K)

The XRD data of t—m rate and the SEM and OCT data of the speed of
the transformed zone increase (pm/h) were extrapolated to body tem-
perature (37°C). The comparison of the results between SEM and OCT
were used to validate OCT as a method of analysis for the calculation of
depth and speed of t—m transformed zone.

2.6. Biaxial flexural strength

The as-sintered specimens (n=10 infrastructure/n=8 monolithic),
12 mm of diameter and height of 1.2 to 2 mm, were aged at 0, 5, 25, 70,
and 140 h. (150°C/3.01 bar) and submitted to biaxial flexural strength
test, according to the ISO 6872, 2008 [30]. The disc-shaped specimens
were positioned on three support balls (¢= 1.88 mm), positioned 10 mm
apart of each other. An increasing load was applied (1 mm/min cross-
head speed, water, room temperature) in a universal testing machine
(Instron 8501, USA) until fracture. Biaxial flexural strength (MPa) was
calculated using Egs. 8, 9, and 10.

6= 023977 E Y
b

(8
Where:
6 = maximum tensile stress (MPa)

P = total load causing fracture (N)
b = specimen thickness at the origin of the fracture (mm)

()]
)

2
X=(1 +v)1n(9> +
3

Y=(1+v) +(1—v)(:—;>2 (10)

Where:

v = Poisson’s ratio (0.31)

rl = radius of the support circle (mm)
r2 = radius of the loaded area (mm)
r3 = radius of the specimen (mm)
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Table 1

Phase fraction (Rietveld refinement), theoretical density, apparent density,
grain size, and biaxial strength of the infrastructure and monolithic Y-TZP sin-
tered at 1530°C for 2 h and 1450°C for 2 h, respectively.

Infrastructure Monolithic
Tetragonal phase content (wt%) 81.21+4.1 77.41 £4.6
Monoclinic phase content (wt%) - -
Cubic phase content (wWt%) 18.79+4.1 22.59 +4.2
Ptheoretical (§ cm ™) 6.1 6.1
Papparent (g cm ™) 6.01 6.0
Prelative (%) 98.5+0.1 98.72+0.1
Grain size (nm) 705+0.3 778+0.8
Biaxial strength (MPa) 1053+76.8 1059+135.8

To establish a correlation between t—m transformation growth and
mechanical properties, data of OCT (n=10 infrastructure/n=8 mono-
lithic) and biaxial flexural strength test were analyzed as a function of
ageing time: 0, 5, 25, 70 and 140 h. (150°C/3.01 bar) [30].

2.7. Data analysis

Data was subjected to descriptive and inferential statistical analysis
(IBM SPSS Statisticsversion 21.0, 2012, IBM Armonk, New York, USA).
Flexural strength data (MPa) was analyzed by one-way Analysis of
Variance (ANOVA) and Tukey’s test for the infrastructure groups and
Welch’s ANOVA and Dunnett T3 for the monolithic groups (a= 0.05).
Normal distribution of data and homogeneity of variance were checked
using the Shapiro-Wilk and Levene tests, respectively (a= 0.05). Pear-
son’s chi-squared test was used at a significance level of p<0.05 to
correlate the depth of t—m transformed zone and flexural strength for
both materials.

3. Results
3.1 Zirconia characterization

Both as-sintered materials showed similar apparent densities, grain
size and biaxial strength (Table 1). Figs 1a and 1b show similarities at
the insfrastructure and monolithic Y-TZP microstructures, respectively.

According to the manufacturer, both ceramics present 3mol% of Y-TZP
and < 0.1 wt% of AlyOs.

3.2. Analysis of Sigmoidal Model by XRD

The results of the kinetics of phase transformation for both materials
as a function of the amount of monoclinic phase calculated by XRD

X25,000 WD 13.7mm 1um

LEI 5.0kvV
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results are presented in Table 2 and Fig. 2a-b. Amongst the temperatures
analyzed in this study, the higher the temperature, the faster the t-m
transformation rate and the monoclinic phase stabilization occurred
around 60-67% for both materials. Table 2 also shows a constant speed
(percentage of monoclinic phase transformation), as a result of JMAK
equation for each studied temperature. The activation energy was 93.16
kJ/mol and 107.58 kJ/mol for the infrastructure and monolithic Y-TZP,
respectively (Fig. 2¢-d).

The activation energy values allowed the prediction of the t—m at
37°C for both ceramics. Theoretically, one year of hydrothermal ageing
at 37°C will result in approximately 12.3 (£5.7) % and 4.30 (£1.3) % of
monoclinic phase for the infrastructure and monolithic zirconia,
respectively. Based on the extrapolated data, in humid environment at
37°C, infrastructure zirconia will present 33.2 (+11.7)% of monoclinic
phase after 5 years and 45.6 (+12.1) % of monoclinic phase after 10
years; and monolithic zirconia will present 15.3 (+4.4) % of monoclinic
phase after 5 years, and 24.9 (£6.3) % of monoclinic phase after 10
years.

Fig. 3a shows the maximum X-ray penetration depth according to
Egs. (1) and (2). Higher peaks of the tetragonal and monoclinic phases
are located in the range of 28-31° (20 analysis). Therefore, the angle 30°
(26) was selected to evaluate the maximum X-ray penetration depth; for
a sample containing 100% of monoclinic phase, the maximum X-ray
penetration is 6.3 pm. The impact of the 6.3 pm XRD penetration on the
percentage of monoclinic phase for infrastructure Y-TZP aged at 130°C
is presented in a schematic drawing (Fig. 3b). After 25 h. of hydro-
thermal ageing, the XRD penetrated deeper than the transformed layer
(2.6 pm observed by SEM). Then, the percentage of monoclinic phase
was the weighted average between the transformed and untransformed
layer, resulting in a lower amount of monoclinic phase (observed in the

Table 2
Parameters of the JMAK equation obtained by the experimental data fitting,
showing the t—m kinetics at different temperatures (mean+SD).

100°C 120°C 130°C 150°C
Infrastructure n 0.82(0.19) 0.77 (0.10) 0.63 (0.03) 0.83 (0.09)
b 0.006(0.0) 0.02(0.00) 0.07 (0.003)  0.21 (0.01)

> 0.96 0.96 0.99 0.99
Monolithic n  0.67(0.16) 0.99 (0.21)  0.97 (0.25) 0.59 (0.15)
b 0.005(0.0) 0.02(0.0) 0.05 (0.10) 0.36 (0.06)

097 0.98 0.95 0.99

b - Parameter dependent of the rate of nucleation and monoclinic growth speed
parameter.

n- Avrami exponent — type of spatial grain growth (Eq. 4).

> chi-square adjustment.

X25,000 WD 14.9mm 1um

LEI 5.0kV

Fig. 1. FEG-SEM micrographs of the cross section showing the microstructure of the infrastructure (a) and monolithic (b) ceramics sintered at 1530°C for 2 h and

1450°C for 2 h, respectively.
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Fig. 2. Kinetic curves of phase transformation (a, b) of the infrastructure and monolithic ceramics calculated through Johnson-Mehl-Avrami-Kolmogorow — JMAK
equation and respectively Arrhenius plot of In(S) vs. 1000/T (c, d) allowing the determination of the apparent activation energy of the ageing process and

extrapolation of ageing kinetics to a body temperature of 37°C.
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Fig. 3. XRD analysis for Y-TZP infrastructure ceramic: a) Depth of X-ray penetration (pm) where values were calculated for the Y-TZP tetragonal, cubic and
monoclinic phase with 30° (20) and CuKu irradiation; b) Sigmoidal effect due to the limitation of the X-ray penetration in relation to the t—m transformed zone.

kinetic curve of t—m). When the depth of the transformed zone is equal
to the XRD maximum penetration, the first saturation point of the
monoclinic phase is observed on the curve. After 48 h. of hydrothermal
ageing, the transformed zone (10.2 pm) is deeper than the XRD pene-
tration (6.3 pm) and, therefore the analysis shows a stabilization of the

monoclinic phase percentage, known as “saturation point”. Despite the
increasing depth of the transformed zone over time, the amount of
monoclinic phase detected by XRD stabilizes (~65%). These results
were a critical evidence that the sigmoidal behavior of zirconia materials
after LTD were a result of the limited depth of penetration of the XRD.
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infrastructure according to the X-ray incidence angle and ageing time at 130°C.

Fig. 4 shows the comparison of the XRD sigmoidal effect and the SEM
linear results.

3.3. Linear behavior

The depth of XRD penetration varied between 1.55 pm and 5.96 pm,
when varying the incidence angle from 2° to 12° (Fig. 5a schematic
drawing), with lower angles presenting lower analytical depth. The XRD
analysis at 2° (maximum X-ray penetration of ~1.55 pm) showed 65-
68% of monoclinic phase for insfrastructure Y-TZP aged during 20 h. at
130°C (transformed zone ~2.6 pm measured by SEM) (Fig. 5b). This
result is reached after 40 h. of hydrothermal ageing, from 20° to 80° at
the 20 analysis (Fig. 3b). Moreover, for specimens aged for 20 h.
measured with lower incidence angles, and consequently lower pene-
tration depth, XRD indicated higher amounts of monoclinic phase.
Nevertheless, higher incidence angles (higher X-ray penetration)
showed lower amounts of monoclinic phase. This effect is related to the
average between the amount of transformed and untransformed layer,
which is characteristic of the XRD analysis. The same results were
observed at 30h and 40h (transformed zone = 3.70 pm and 5.21 pm,
respectively). However, longer times, such as 84 h. of hydrothermal
ageing (transformed zone =10.25 um), decreased the variation of the

monoclinic phase concentration, resulting in similar amount of trans-
formed phase regardless of the X-ray incidence angle (Fig. 5b). The
distribution of monoclinic phase was homogenous through the whole
transformed zone, and the transformed layer started at a fixed amount of
monoclinic phase at 2° that was the same throughout the layer (from 4-
12°) in function of ageing time (Fig. 5b).

SEM of cross-sectioned control and hydrothermally aged (120°C,
130°C and 150°C) specimens indicated a linear growth of the trans-
formed zone from the surface to the bulk of both materials (Fig. 6). At a
larger magnification, pores and grain pullout associated with a
“microcracked” zone were observed (Figs. 7 and 8). SEM showed that
the growth of the transformed zone was still not stable after 15 h. of
ageing.

When the transformed zone depth of infrastructure and monolithic
Y-TZP were analyzed by OCT (Fig. 9) and SEM (Fig. 6), no trans-
formation was observed for 5h at 150°C. After 25 h and 35 h of ageing,
an opaque layer, which indicates t—m transformation, was detected and
showed to increase over time. The layer was more evident at 70, 140 and
280 h., indicating the linear growth of the transformed zone. The same
behavior was observed when the same materials were aged at 130°C and
120°C (Figs 6 and 9).

To assess the transformed layer depth by OCT, the measurements
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Fig. 6. SEM comparing the depth of the transformed zone of the infrastructure and monolithic group after hydrothermal ageing at 120°C, 130°C and 150°C at

different ageing times.

were corrected by the refractive index of the materials. The ratio be-
tween the physical distance of the transformed layer (measured by SEM)
and the optical distance (observed depth in the OCT), yields the
refractive index of interest, which resulted in 2.09 (& 0.39) and 2.17 (&
0.39) for the infrastructure and monolithic zirconia, respectively. OCT
values were, henceforth, divided by the refractive index, and the real
value of the transformed zone depth was calculated (pm) for each
sample. The transformed zone depth values obtained by SEM (cross-
sectional) and OCT for both materials are presented in Fig. 10 (a and b).
Both techniques indicated similar transformation kinetics, with the
depth of the transformed zone increasing as a function of ageing time
and temperature regardless of the material. Transformation depth
values were used for calculating the speed rate of the t—m growth for
each temperature (Fig. 10a-b). Based on SEM, Ea were 104.5 kJ/mol and
106.7 kJ/mol, while OCT indicated 106 kJ/mol and 99.4 kJ/mol for
infrastructure and monolithic Y-TZP (Fig. 10c and 10d), respectively.
When the results were extrapolated to body temperature (37°C), the

ageing rate was 0.07 (£0.016) pm/year and 0.17 (+0.05) pm/year
based on SEM data and 0.08 (+0.04) um/year (OCT data) for both ce-
ramics. Table 3 shows a summary of the transformation kinetics based
on SEM and OCT data.

3.4. Biaxial flexural strength after hydrothermal ageing

For the infrastructure zirconia, one-way ANOVA assumptions of
homoscedasticity indicated that the residues were normally distributed
(Shapiro-Wilk>0.05) and presented homogeneity of variance (Lev-
ene=0.3). ANOVA results indicated that infrastructure Y-TZP flexural
strength was significantly affected by hydrothermal ageing time
(p=0.001) (Fig. 11a and Table 4). Tukey test (Table 5) results showed
that samples aged at 140 h. at 150 °C (849456 MPa)® presented the
lowest values of flexural strength.

Fig. 11b shows the flexural strength values of the monolithic zirco-
nia, which were also normally distributed (Shapiro-Wilk: p>0.62);
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Fig. 7. SEM and FEG-SEM micrographs of an infrastructure cross-sectioned sample aged for 140 h at 150°C, comparing the transformed layer, the interface between

the layers and the non-transformed layer.

however, they did not present homogeneity of variance (Levene:
p=0.04). Therefore, one-way ANOVA was performed with a Welch
correction (p= 0.011) that showed a significant effect of ageing time
(Table 4). Table 5 shows the Dunnett T3 test indicating that samples
aged for 140 h. presented the lowest flexural strength (883+53 MPa)¢,
but the results were similar to samples aged for 5 h and 70 h.. The
estimated time at body temperature (37°C) hydrothermal ageing to
achieve the depth of the transformed zone observed by SEM and OCT at
150°C is shown in Table 5.

The Pearson correlation of transformed zone depth (OCT) and biaxial
flexural strength showed a significant negative correlation (a#=0.00* and
a=0.01%) for both materials (r= -0.78 and r= -0.66), infrastructure and
monolithic, respectively indicating that the higher the depth of the
transformed zone, the lower the flexural strength.

4. Discussion

Y-TZP was initially used as an infrastructure material in single or
multi-element fixed dental prosthesis, veneered with a porcelain.
However, problems with the veneering material [31,32] and the inter-
face between porcelain and Y-TZP prompted the development of the
monolithic translucent Y-TZP [12,33,34]. To increase Y-TZP trans-
lucency it is necessary to decrease the light scattering around grain
boundaries [35,36]. However, this procedure may decrease the me-
chanical strength of the ceramic [37]. The addition of dopants that may
segregate to the grain boundary, the sintering protocol, and the grain
size can also influence the translucency [35,38,39].

Both materials analyzed in the present study presented similar den-
sity value and an average of 700-800 nm grain size, which makes the

microstructure very similar between the two materials. Despite of the
difference in sintering temperature, both ceramics presented high
densification (~98%) when compared to the Y-TZP theoretical densifi-
cation. The monolithic Y-TZP presented lower concentration of alumina
in comparison to the infrastructure material to improve the translucency
[40].

XRD is the most frequently used technique to evaluate the tetragonal-
to-monoclinic Y-TZP phase transformation. It is a non-destructive
method suggested by the ISO standard #13356 for crystalline phase
identification [41]. However, its accuracy to identify small amounts of
monoclinic phase (lower than 2%) is questionable, due to the similarity
between the intensity and the noise ratio. Furthermore, XRD is a su-
perficial analysis, limited to the X-ray penetration depth (~5 to 10 pm)
depending on the material [9]. Y-TZP transformation kinetics analyzed
by XRD has shown a sigmoidal t—m transition as a function of time [7,
42-46]. However, previous studies have shown that the kinetics of phase
transformation follows a linear model, where the thickness of the
transformed layer increases linearly with time into the bulk of the Y-TZP
[18-20]. When one does not take into consideration the depth of anal-
ysis, the sigmoidal curve presented by XRD is a consequence of the
maximum penetration depth of the X-ray (6.3 pm) [26,47], which leads
to an erroneous interpretation of the amount of transformed monoclinic
phase. When the transformed layer is greater than the maximum X-ray
penetration depth, the degradation cannot be further detected by the
XRD technique, indicating a saturation [41]. Fig. 3b shows how the
limited XRD penetration depth affects the detection of monoclinic
phase. Varying the grazing angle allows the analysis of the depth profile
of the amount of monoclinic phase [41,47,48]. Decreasing the analysis
depth allowed a signal rate increase at the specimen surface, and a
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Fig. 8. SEM and FEG-SEM micrographs of an infrastructure cross-sectioned sample aged for 140 h at 150°C comparing the non-transformed layer and transformed

layer microstructure, especially the porosity and grains dimensions.

higher apparent amount of monoclinic phase was detected. Within this
depth range (2-12° angle, 1.55-5.96 um penetration depth) XRD results
showed that the Y-TZP hydrothermal ageing is a uniform evolution
process (Fig. 5b). The determination of the monoclinic phase depth
profile can be calculated using the methodology proposed by Gremillard
et al. (2010) [47]. Keuper et al. (2013) [18] hydrothermally aged Y-TZP
specimens and varied the XRD incidence angle from 1-10°, observing the
same t—m phase transformation behavior presented in this study.
Despite the possible stabilization of the monoclinic phase at 65% after
15 h. of hydrothermal ageing at 150°C, as shown by XRD, a linear in-
crease of the thickness of the transformed monoclinic phase was
observed at different temperatures using SEM (Fig. 4) and OCT tech-
nique (Fig. 9). The cross-section of the transformed layer presented grain
pullout and pores as a result of the polishing. However, polishing did not
affect the surface of the non-transformed zone (Fig. 7 and 8). Chevalier
et al. (2011) [19] observed the same linear growth in an aged porous
Y-TZP although XRD results indicated a t—m sigmoidal behavior.
Either Garvie and Nicholson equation or the Rietveld refinement
method may be used with XRD diffractogram data to calculate the
amount of monoclinic phase [28,49,50]. The Garvie and Nicholson
modified by Toraya equation is the method frequently used in the
literature since it enables direct comparison between many results
exposed, however, it is not the most accurate method, especially when
the material presents texture. In the present study, the Rietveld refine-
ment technique was used to decrease the error related to the monoclinic
phase plane preferential orientation [50], when using the Garvie and
Nicholson equation solely. The Rietveld refinement technique integrates
the area underneath the peaks from 20-80° (20) to calculate the amount
of tetragonal, monoclinic and cubic phases. This leads to a more accu-
rate percentage of each phase in comparison to the Garvie and Nicholson
equation. However, for the Rietveld refinement it is necessary to in-
crease the time of analysis in order to raise the number of counts per
seconds to obtain a more precise diffractogram. For this purpose, a linear

detector was used in the present study. Nevertheless, even with this
modification, each analysis took 15-20 minutes per specimen.

The Avrami exponent (n) for the process that occurs in one dimen-
sion is expected to be one, and in the present study, the “n” values were
slightly less than 1 for both infrastructure and monolithic Y-TZP. Starink
(1997) states that if certain preconditions are met, the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) kinetic equation is precisely accurate for
nucleation and growth reactions with linear growth [51]. These pre-
conditions include randomly distributed product phases, isotropic
growth and a constant equilibrium state. The tetragonal to monoclinic
transformation in the ZrO; system is an anisotropic martensitic trans-
formation, where the orientation relationship for planes, (100)m / (110)
t is established as observed by Arata et al. (2014) for a dental 3Y-TZP
ceramic using the Rietveld refinement method [50]. Besides, it is
accompanied by volume expansion around 0.05 that causes internal
stress, and both indicated the impingement causing deviation of Avrami
exponents.

The activation energy for LTD based on SEM data were 104.5 kJ/mol
and 106.7 kJ/mol for the infrastructure and monolithic Y-TZP, respec-
tively. The ageing rate was 0.07 (£0.016) pm/year and 0.17 (£+0.05)
pm/year for the infrastructure and monolithic Y-TZP, respectively.
Chevalier et al. (1999) reported an activation energy of 106 kJ/mol for a
biomedical 3Y-TZP [7]. For a dental monolithic Y-TZP an activation
energy of approximately 98 kJ/mol was calculated [12,52]. The previ-
ous studies used the Garvie and Nicholson equation to calculate acti-
vation energy, while in the present study the calculation was based on
the Rietveld refinement method. The difference among the activation
energy could be a result of the methods used to quantify the monoclinic
phase and as well be a consequence of the microstructure of the mate-
rials analyzed [7].

p-Raman, SEM, and focused ion bean (FIB) coupled to SEM [9,18,20]
are some of the techniques used to show the linear growth of the
monoclinic transformed zone [18,20]. However, all of them present
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Fig. 9. OCT images of Y-TZP ceramics comparing the depth of the transformed zone of the infrastructure and monolithic group after hydrothermal ageing at 120°C,

130°C and 150°C at different ageing times.

inherent limitations associated with the preparation of Y-TZP speci-
mens, such as cross-sectioning and polishing [53]. Moreover, these are
destructive, time-consuming methods.

The OCT is a fast method that may be used for real time analysis and
it has been previously used in dentistry for microleakage and bond
strength test studies [54,55], but it has not been used for t—m quanti-
fication so far. In comparison to SEM, the OCT allowed for faster im-
aging and analysis, with the only downside of needing a correction for
the refractive index (described below). Nevertheless, our OCT images
did not reach the same resolution afforded by SEM, which prevented the
observation of finer structures. However, newer commercial OCT sys-
tems achieve higher resolutions (and better penetration depths) than the
system employed in this study. Additionally, the ability to generate 3D
tomographic volumes at once enables fast sampling at varying special
positions, in contrast to SEM imaging which is limited to a single face of
the sample.

OCT showed an “opaque” layer, which is a result of the variation of
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grain size and spacing in the t—m transformed zone as function of time
and ageing temperature. This region with structural changes is detected
by the OCT technique since they produce different backscatter in-
tensities, which directly affects the interferometric signal and the cor-
responding reconstructed sample profile. Therefore, the different grain
distribution results in different OCT images. Since OCT is an optical-
based technique, it is subject to distortions caused by media with
different refractive indexes as it alters the optical path of the beam inside
the sample. Therefore, structures on a sample with higher refractive
index (RI) appear longer (extended in depth) than the ones on a sample
with lower RI. Thus, the determination of RI for the sample under
analysis is mandatory to correct the measurements. To obtain the RI for
a sample, one only needs to calculate the ratio between the optical path
(the one distorted by the RI) and the physical path (the correct mea-
surement) for a known object. Due to the limitations of the OCT
equipment used in this study, the refractive index (RI’s) were calculated
in conjunction with the SEM data. However, if an OCT image can cover
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Table 3
Comparison of XRD, SEM and OCT data for the infrastructure and monolithic ceramic.
Infrastructure Monolithic
XRD SEM OCT XRD SEM OCT
Stabilization of the t—m phase transformation ~65-70 - - ~65-67 - -
Apparent Activation Energy (kJ/mol) 93.16 104.5 106 107.58 106.7 99.4
Hydrothermal ageing at 37°C* 12.3 (+£5.7) - 4.3(+1.3) - -
Ageing rate at 37°C** - 0.07 (£0.01) 0.08 (+0.04) - 0.17 (£0.05) 0.08 (+£0.04)

" percentage of monoclinic phase (% in one year).
" depth of the transformed zone (um/year).

the complete sample (the whole depth is included in the image, from top
to bottom) and its dimensions are known (i.e., by measuring with a
caliper), no further data is required for RI determination — this method
is, in fact, preferred as it directly yields the RI for the wavelengths of
interest [56]. In any case, once the RI is known, the correction consists of
a simple division of the measurement made on the image (the optical
path) by the RI, which will result in the (correct) physical path.

The kinetic behavior of the t—-m growth measured by SEM and OCT
was similar, confirming that the opaque layer observed by OCT

11

represents the same t—m layer observed by SEM. However, OCT mea-
surements were not feasible for depths lower than ~5 pm. This is due to
the axial resolution of the OCT system used in this study and the high
reflectivity of the samples’ surface. The OCT data of t—m transformation
zone depth was used to calculate the ageing rate of 106 kJ/mol and 99.4
kJ/mol for infrastructure and monolithic, respectively.

According to the data of the linearity adjustment (r-square), the OCT
presented a better fit compared with SEM (Fig. 10). The sample prepa-
ration procedures, and lower number of specimens may have influenced
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Table 4
Values of one-way ANOVA for flexural strength (p < 0.05) of the infrastructure ceramic.
Source df SS MS F P
Infrastructure Hydrothermal ageing 4 313480 78370.05 11.25 <001*
Error 45 314176 6981.68
Total 50 48957765
Monolithic Hydrothermal ageing 4 146031 36507.92 4.609 =0.01*
Error 35 277230 7920.87
Total 40 37004701

" Statistically significant difference at the level of 5%.

Table 5

Results of t—m phase (%), depth of the transformed zone (pm), flexural strength and respective standard deviation (MPa), respective confidence intervals (CI) of the
infrastructure, and monolithic ceramic submitted to hydrothermal ageing at 150°C, 3.01 bar as a function of the ageing time, and lifetime estimation for a similar depth

of the transformed zone at 37°C.

Ceramic Ageing time M phase % Depth of the transformed zone (SEM) Biaxial Flexural strength Estimative
EH 37°C**
(% t—-m) (pm) (MPa) SEM OCT
(year) (year)
Infrastructure 0 0 0 10532
(n=10)
5 49.72 2.87 10722 41 35.9
25 63.93 11.96 981%° 170.8 149.5
70 68.55 32.8 958° 468.5 410
140 65.8 62.67 849°¢ 895.2 783.3
Monolithic 0 0 0 1059% - -
(n=8)
5 50.36 - 954%¢ - -
25 64.61 5.83 989 72.9 34.3
70 64.64 46.76 902%¢ 584.5 275
140 67.14 85.55 883°¢ 1069.4 503.2

*Different lowercase letters indicate statistical difference among each ceramic group.

" Thickness estimation depth calculated in pm.

SEM results. Moreover, lower variations of the transformed layer depth
obtained by SEM and OCT would propagate an exponential error
resulting in different activation energy values, thus, different speed rates
of the t—m transformed zone aged at 37°C.

The decrease of hardness and Young’s modulus values, as well as the
decrease in mechanical flexural strength, have a strong correlation with
the increase of monoclinic phase [14,46,57]. The monolithic Y-TZP is
also susceptible to LTD, and hardness and elastic modulus may be
affected [12]. Premature failure of Y-TZP is related to microcracks and
grain pullout from a damaged Y-TZP with high values of surface
roughness [8,58,59]. Changes limited to Y-TZP surface caused by
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hydrothermal ageing are also reported in literature [60] However, the
literature also shows studies demonstrating that t—m phase trans-
formation of LTD Y-TZP did not decrease the material strength [13,16,
61,62], and small periods of hydrothermal ageing time (5 h, 134°C) did
not affect the Y-TZP hardness and fracture toughness [63]. Furthermore,
an increase in Y-TZP strength after hydrothermal ageing have been
described [53,64-66].

In this study, despite the high values of mechanical strength, both
ceramics presented a decrease of strength after 140 h. of hydrothermal
ageing at 150°C with a transformed layer depth of 62.67 pm (infra-
structure Y-TZP) and 85.55 pm (monolithic Y-TZP) (Table 5). Twenty-
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five and 70 h. of ageing resulted in t—m transformed zone depth of 12
pm and 32 pm, respectively, for the infrastructure zirconia. Similarly, for
the monolithic zirconia, transformed layer depths of 5.8 pm (25 h. of
ageing) and 46.7 pm (70 h. of ageing) did not affect flexural strength.
According to the literature, the ageing time calculated for the biomed-
ical Y-TZP (134°C for 5 h.) corresponds to 15-20 years of ageing at 37°C
[67]. However, this result superestimates the ageing for the dental
monolithic Y-TZP, where hydrothermal ageing of 134°C for 5 h. corre-
sponded to 2-5 years at 37°C [12]. The variation of the results shows that
the activation energy should be calculated to each Y-TZP material.

After initial ageing, it was possible to establish a negative correlation
between the monoclinic phase content and mechanical strength of both
Y-TZP materials. Microstructure, grain size, composition, sintering pa-
rameters, polishing procedures and density of the Y-TZP materials
studied may have an effect on t—m transformation kinetics and on
mechanical properties [7]. Divergences in literature concerning the
strength of Y-TZP t—m phase transformation may be related to varia-
tions in the t—m transformation depth [68]. According to the results of
the present study, it was possible to estimate that approximately 783
years (infrastructure) or 503 years (monolithic) of exposure at 37°C
would be necessary for the materials to reach a level of t—m trans-
formation that would lead to a significant decrease in flexural strength.
However, these numbers do not take into account variations in pH,
mechanical cycling, parafunctional habits and even bacteria coloniza-
tion, challenges that are present in the oral environment and should be
analyzed in future studies.

5. Conclusion

The findings of the present study indicate that:

During hydrothermal ageing, there is a linear relationship between
the thickness of the transformed layer and the ageing time observed
by SEM and OCT.

The sigmoidal behavior of the transformed layer is related to the

penetration depth of the X-ray in the XRD technique.

e Y-TZP flexural strength is directly affected by the depth of the
transformed layer. Infrastructure and monolithic zirconia presented
19.37% and 16.62% decrease in flexural strength after 140 h. of
hydrothermal ageing at 150 °C, respectively.

e Based on the OCT results, the rate of Y-TZP transformed layer
propagation at 37°C was calculated as 0.08 (+0.04) pm/year for both
infrastructure and monolithic zirconia.

e OCT may be considered a reliable method to analyze Y-TZP t—m

phase transformation kinetics upon hydrothermal ageing.

This conclusion concerns the specific dental Y-TZP materials tested
in this study and may not be valid for other 3Y-TZP materials processed
with different parameters, additives since the LTD is dependent of the
ceramic microstructure.
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