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Abstract  

ZrO2 based ceramics are widely used in biomedical applications due to its colour, 

biocompatibility, and excellent mechanical properties. However, low temperature degradation 

(LTD) introduces a potential risk for long-term reliability of these materials. The development 

of innovative non-destructive techniques, which can explore LTD in zirconia-derived 

compounds, is strongly required. Yttria stabilised zirconia, 3Y-TZP, is one of the well-

developed ZrO2 based ceramics with the improved resistance to LTD for dental crown and 

implant applications. Here, 3Y-TZP ceramic powders were pressed and sintered to study the 

LTD phenomenon by phase transition behaviour. The LTD driven tetragonal-to-monoclinic 

phase transition was confirmed by XRD. XPS analysis demonstrated the LTD induced the 

reduction of oxygen vacancies to support these findings. It is proved that after the degradation 

the 3Y-TZP ceramics show the decreased dielectric permittivity at terahertz frequencies due to 

the crystallographic phase transformation. Terahertz non-destructive probe is a promising 

method to investigate LTD in zirconia ceramics.  

 

Key words:  3Y-TZP, low temperature degradation, THz radiation, dielectric properties, phase 
transition  
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1. Introduction 

Zirconia bioceramics have attracted great attention owing to vast applications in dental 

restorations and orthopaedic implants.1–3 Yttria-stabilised tetragonal zirconia polycrystal (Y-

TZP) shows the ultimate combination of physical and mechanical properties due to phase 

changes in the crystal structure triggered by an applied mechanical force, the process known 

as the transformation toughening mechanism.3 Upon mechanical loading, Y-TZP ceramics 

undergo a tetragonal ‘T’ to monoclinic ‘M’ phase transformation. The phase transition results 

in the increased internal volume by ~ 4 - 5%, which in turn retards the formation and 

propagation of cracks.4 On the other hand, the spontaneous T-to-M phase transformation in 

humid environment above room temperature can give rise to the Low Temperature Degradation 

(LTD) phenomenon, which causes formation of the surface and sub-surface cracks and hinders 

the use of Y-TZP ceramics.1,5 The rate of LTD depends on various parameters, such as sintering 

temperature, density, grain size and added  oxides (e.g., Y2O3, MgO, CaO, CeO2, Al2O3).3,6 

Therefore, LTD can be suppressed at a certain level by optimizing the above factors. As they 

are coupled together, a clarification of the origin of LTD is challenging in the field. 

A few studies have been carried out to elaborate on the LTD mechanism.7–10 For 

instance, reaction of H-OH (water) molecule with Y2O3 on the surface of Y-TZP materials, 

producing Y-(OH)3 micro-grains, was found to reduce the concentration of Y2O3 in the 

tetragonal phase and transform the T-phase to M-phase.7 Sato et al.8 have reported on the 

displacement of OH- ion with ZrO2 to form Zr(OH) bond, whereas  Yoshimora et al.9 and Guo 

et al.7 suggested the simultaneous formation of both Zr(OH) and Y(OH) bonds on the surface 

of zirconia, which causes the internal strain and triggers the T to M transformation. Another 

model in reference10  shows the possibility of reaction between OH-
 ions with Y2O3 at the 

hyperactive sites to produce YO-(OH) molecule and refers this reaction as degradation 

mechanism in Y-TZP.  Very recently, LTD in Y-TZP has been described as penetration of H2O 
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into zirconia surface by adsorption, forming OH- ions due to the reaction with surface oxygen 

ions (O2-).7 OH- ions further diffuse into grain boundaries and annihilate oxygen vacancies and 

destabilise the tetragonal phase at the expense of the monoclinic structure, which leads to 

LTD.7 This mechanism was revisited by Gou et al.7 which employed impedance spectroscopy 

to confirm the annihilation of oxygen vacancies. It is demonstrated that the electrodes made of 

3Y-TZP and annealed at 252 oC in water for 29 hours exhibit the increased resistance due to 

reduction in the oxygen concentration on the surface of bulk ceramics.7 However, a solid 

evidence supporting such a degradation mechanism is missing.  

It is obvious that the extent of LTD in ZrO2 based ceramics specifically that used for 

implant components should be monitored before and/or during service, optimally non-

destructively. Among diagnostic tools in dentistry, Cone-Beam Computed Tomography 

(CBCT) is widely used for inspection of the internal structure of living tooth in terms of 

identifying caries and planning the implant placement.11,12 However, X-rays in the CBCT 

visualization method are highly ionizing and detrimental to health, if used frequently.  

Terahertz (THz) radiation, which lies in the frequency domain of 0.1 to 10 THz, has 

shown great potential in clinical diagnosis due to its non-ionization and non-invasive detecting 

characteristics.13,14 Previously, THz technology has been used to analyse biomolecules and 

biomaterials as it can stimulate low-energy processes such as intra- and inter- molecular 

vibrations.15–18 THz radiation is accessible to a variety of physical properties of ceramics, such 

as complex refractive index and complex dielectric permittivity, making it possible to probe 

phase transitions of polar ceramics by the simultaneous measurement of the temperature 

dependencies of the dielectric permittivity and dielectric loss.19,20 However, in bioceramics, the 

application of THz technology has been rarely reported.  

In this work, THz technology is used to investigate the phase transition induced changes 

in the dielectric properties of Y-TZP ceramics, which would enable to understand and describe 
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LTD processes often occurring in dental and orthopaedic implants. The main goal is to propose 

a fast, non-destructive, and reliable method for probing the spontaneous degradation of Y-TZP 

ceramics. 

2. Materials and methods 

Yttria stabilised zirconia, TZ-3Y-E (3Y-TZP), 40 nm powder from Tosoh Japan was 

used to produce the disk-shaped samples of ~ 12 mm in diameter and ~ 1 mm in thickness by 

pressing at a pressure of 200 MPa. The samples were fully densified at 1500 oC and 1700 oC, 

with dwell time of 2 hours by using Carbolite1800 Box furnace. Low temperature degradation 

(LTD) was introduced into the material in an oven at a temperature of 134 oC and pressure ~ 

0.2 MPa for 5 hours using a hydrothermal chamber, as per ISO standard ISO 13356:2008.21 

The samples sintered at 1500 oC and 1700 oC, before and after LTD, are respectively denoted 

hereafter as 1500 Non-LTD, 1500 LTD, 1700 Non-LTD and 1700 LTD. Density of the sintered 

ceramics was determined by the Archimedes’ method. The X-ray diffraction (XRD) data were 

collected at room temperature on a Panalytical X’Pert Pro CubiX3 diffractometer using the Ni 

filtered Cu-Kα radiation (λ = 1.5418 Å). The XRD measurement was carried out in a flat plate 

θ/θ geometry over the 2θ range of 15o - 70°, with a step width of 0.0315° and an effective count 

time of 200s per step.  

The as-prepared disks were Au-coated to analyse the surface morphology by using a 

scanning electron microscope (SEM, FEI Inspect-F, Oxford, UK). An X-ray photoelectron 

spectrometer (Nexsa, XPS system) was used to evaluate chemical states of elements. The 

hardness was determined on a Vickers hardness tester (Zwick/Roell, Indentec hardness testing 

machines, 8187.5A/B, West Midland, UK) at the 0.98N mm-2 load. For low-frequency 

dielectric measurements, the samples were coated to form an electrode on major surfaces by a 

silver paste (Gwent Electronic Material Ltd., C2011004D5, Pontypool, UK) with the firing 

temperature of 300 0C. The frequency dependency of the dielectric permittivity and loss was 
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measured from 100 Hz to 1 MHz using a low-frequency impedance analyzer (Agilent, 4294A, 

Hyogo, Japan). The dependencies of the dielectric permittivity and loss on temperature at 

different frequencies were measured using an LCR meter (Agilent Technologies Ltd, 4284A, 

Kobe, Hyogo, Japan) connected to a furnace. According to several previous LTD models,7,8 

the T-to-M transition of zirconia ceramics under hydrothermal pressure can be attributed to -

OH species. Therefore, we have acquired FTIR spectra on 3Y-TZP ceramics to probe the 

existence of the -OH type vibrations. Fourier transformed infrared FTIR spectroscopy   peaks 

were obtained by using Bruker Tensor-27 attached with attenuated total reflection ATR 

(A225/Q Platinum ATR) accessary at 4 cm-1magnification from 4000cm-1 to 400cm-1 stretch 

range. As can be seen in FIGURE S1, there is no evidence of –OH stretching modes in the 

range of 3800 - 3600 cm-1 on the FTIR spectra for both Non LTD and LTD samples, which is 

in agreement with the results of other researchers.22,23 The dielectric properties of the ceramics 

in the THz region were measured by Terahertz Time-domain Spectroscopy (THz-TDS, 

TeTechs Ltd, Canada) in transmission mode. Schematics of the THz-TDS setup are shown in 

FIGURE 1. The thin wafers with 1mm in thickness and 12mm in diameter were illuminated by 

electromagnetic radiation from 0.3 THz to 1.1 THz. The acquired THz time domain spectrum 

are converted to get both amplitude and phase information in frequency domain by Fourier 

transformation. These information in the frequency domain were used to extract the samples’ 

permittivity and loss tangent.24 
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FIGURE1 Schematic diagram of Terahertz time domain spectroscopy (THz-TDS). M and 

M1-M4, flat reflection mirrors; GPM1-GPM5, parabolic mirrors to focus and collimate THz 

beams; BS, beam splitter to separate 780 nm laser into pump and probe beams with 9:1 ratio; 

E, THz photoconductive emitter; S.H., sample holder; S, silicon wafer; RM, retroreflection 

mirror; SK, shaking mirror; D: THz photoconductive detector. The black lines guided by 

arrows are transmission THz beam and blue lines guided by arrows are 780 nm probe beam. 

 

3. Results and discussion 

FIGURE 2 shows the XRD patterns of the 3Y-TZP samples sintered at 1500 oC and 

1700 oC before and after LTD. All the samples consist of two phases, tetragonal (T) phase and 

monoclinic (M) phase, with T phase being the dominate structure. The M phase ratio was 

determined by an equation proposed by Toraya et al.25 and using the ISO standard (EN ISO 

13356:2015) for testing Yittria-Zirconia materials:   

𝑀𝑀𝑓𝑓 =
𝑀𝑀𝑎𝑎(1�11) + 𝑀𝑀𝑎𝑎(111)

𝑀𝑀𝑎𝑎(1�11) + 𝑇𝑇𝑎𝑎(101) + 𝑀𝑀𝑎𝑎(111)
 

where Mf is the monoclinic phase fraction, Ma and Ta  represent the area under the curve of the 

monoclinic phase diffraction peaks and tetragonal phase diffraction peaks, respectively, as 

obtained by fitting of the XRD profiles using a Gaussian function. Compared to the non-LTD 

samples, a ratio of the M phase of 0.021 increased to 0.261 after LTD for the 1500 oC samples, 
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while in the 1700 oC samples the M phase ratio increased from 0.077 to 0.360 after LTD. The 

increased M phase ratio is manifested by the increased intensity of the M phase diffraction 

peaks. The increase in the M phase after LTD implies the phase transition from T phase to M 

phase in both samples. Although there is an increase in the M phase after LTD in both cases, 

the sample sintered at 1700 oC shows a more pronounced enhancement. This can be attributed 

to the movement of yttrium towards grain boundaries, known as grain boundary segregation, 

driven by the higher sintering temperature and grain size effects.10,26 

 

FIGURE 2 XRD patterns of the 3Y-TZP ceramics sintered at different temperatures before 

and after LTD. (a) Samples sintered at 1500 oC, and (b) Samples sintered at 1700 oC. 

The T-to-M phase transition can be linked with the change in the concentration of 

oxygen vacancies.9 FIGURE 3 shows the XPS spectra of the 3Y-TZP ceramics before and after 
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LTD. The O1s spectra were fitted with the three subpeaks centred at 530.0 eV, 531.6 eV, 532.5 

eV, which can be assigned to the lattice oxygen (Olat), oxygen vacancy (Ovac) and absorbed 

oxygen (Oabs), respectively.27 The binding energy and values of the area ratio of each peak are 

summarized in Table 1. From the table, the oxygen vacancy concentration after LTD is 

decreased, which is supportive of the phase transition from T to M phase. Comparing the XPS 

spectra in FIGURE 3a and FIGURE 3c, one can deduce that the 1700 Non-LTD sample has a 

lower concentration of oxygen vacancies than the 1500 Non-LTD sample. This reduction can 

be is attributed to the precipitation of Y2O3 from the lattice and its aggregation at grain 

boundaries at high sintering temperature.28 As a result, the stabilization effect of Y is weakened, 

thus less tetragonal phase is retained in the material, which is in good agreement with the XRD 

study. 

 

FIGURE 3 XPS O1s spectrum for (a) 1500 Non-LTD; (b) 1500 LTD; (c) 1700 Non-LTD and 

(d) 1700 LTD ceramics. 
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TABLE 1 Binding energy and the peak area ratios of the XPS spectra of Olat, Ovac and Oabs 

for the 3Y-TZP ceramics sintered at different temperatures before and after LTD. 

 Binding Energy (eV) Area ratio (%) 
Olat Ovac Oabs Olat Ovac Oabs 

1500 Non-LTD 529.9 531.4 532.3 73.0 17.5 9.5 
1500  LTD 530.0 531.5 532.6 91.7 5.5 2.8 
1700 Non-LTD 530.1 531.9 532.7 92.6 4.6 2.8 
1700  LTD 530.1 531.9 532.7 90.9 3.6 5.5 

 

FIGURE 4 shows SEM images of the samples sintered at 1500 oC and 1700 oC before 

LTD; photographs of the 0.2 mm and 1 mm thick samples demonstrating the transparency level 

of the samples are displayed in FIGURE 4c and FIGURE 4d, respectively. The microstructure 

and morphology of the ceramics are similar to those reported in the literature.10,29Apparently, 

the average grain size of the sample sintered at 1700 oC is larger than that of the sample sintered 

at 1500 oC. The calculated densities are 6.019 g/cm3 for the 1500 oC Non LTD sample and 

6.250 g/cm3 for the 1700 oC Non LTD samples, respectively. The respective values of hardness 

for the Non LTD samples sintered at 1500 oC and 1700 oC were 12.27±0.06GPa and 

11.21±0.05 GPa. These values are in accordance with the density and hardness data provided 

by the manufacturer of the 3Y-TZP powder and reported in the literature.2,30–32 
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FIGURE 4 (a,b) SEM images of the 3Y-TZP samples: (a) 1500 Non-LTD ceramic, and (b) 

1700 Non-LTD ceramic; (c, d) Transparency difference for the 1500 Non-LTD sample with a 

thickness of (c) 0.2 mm, and (d) 1 mm. 

 

FIGURE 5 shows the temperature dependency of the relative dielectric permittivity (𝜀𝜀𝛾𝛾) 

and loss tangent (tan δ) of the ceramics before and after LTD at six different frequencies (1 

kHz, 10 kHz, 50 kHz, 100 kHz, 500 kHz and 1 MHz). In the temperature range of 100 – 650 

0C, several anomalies are observed, and they are frequency and temperature dependent. Similar 

behaviour has been reported in literature for a variety of oxide ceramics, such as TiO2,33  
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SrTiO3,34 Bi4Ti3O12.35 The frequency dependent behaviour originates from  thermal activated 

relaxation processes contributed by oxygen vacancies 36 and/or space charge polarization.37 

The dielectric relaxation is more pronounced in dielectric losses (tan δ). The relationship 

between the relaxation time τ and temperature T at the maximum of tan δ was fitted by the 

Arrhenius law:38 

𝜏𝜏 = 𝜏𝜏0exp (
𝐸𝐸𝑎𝑎
𝑘𝑘𝑇𝑇

) 

where k is the Boltzmann’s constant (8.6175x10-5 eV K-1), T is the temperature at the maximum 

of tanδ, and 𝜏𝜏0  is the time constant. The plots of the relaxation time vs. reciprocal peak 

temperature for the 1500 Non-LTD, 1500 LTD, 1700 Non-LTD and 1700 LTD samples are 

shown in FIGURE 6. The values of the relaxation time and activation energy, as obtained from 

the fitted plots, are given in Table 2. The relaxation times are of the order of 10-12 s ~ 10-11 s 

and the corresponding frequencies are in the frequency range of 1010 - 1011 Hz. The permittivity 

of a dielectric material comprises of four different components - space charge polarization, 

dipolar polarization, ionic polarization and electronic polarization, which occur at distinct 

frequency ranges below 102, 109, 1013 and 1017 Hz, respectively.39 In Yttria-stabilised 

tetragonal zirconia, the relaxation peak cannot be attributed to the space charge polarization 

neither dipolar effects due to the short relaxation time. The replacement of Y3+ for Zr4+ in 

zirconia gives rise to the formation of oxygen vacancies:40 

𝑌𝑌2𝑂𝑂3
𝑍𝑍𝑟𝑟𝑂𝑂2�⎯�2𝑌𝑌𝑍𝑍𝑍𝑍

′ + 3𝑂𝑂𝑂𝑂𝑋𝑋 + 𝑉𝑉𝑂𝑂.. 

Hence, the dielectric relaxation can be attributed to the movement of oxygen associate (𝑌𝑌𝑍𝑍𝑍𝑍′ −

𝑉𝑉𝑂𝑂..) dipoles under an external field. The calculated activation energies of about 0.8 eV are in 

good agreement with previously reported data for oxygen vacancy-related relaxation 

processes.33   
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FIGURE 5 Temperature dependence of the dielectric permittivity (𝜀𝜀𝛾𝛾) and loss (tan δ) of the 

3Y-TZP ceramics. (a) 1500 Non-LTD, (b) 1500 LTD, (c) 1700 Non-LTD and (d) 1700 LTD 

samples. 

 

FIGURE 6 The Arrhenius law fitting of the 3Y-TZP ceramics. (a) 1500 Non-LTD, (b) 1500 

LTD, (c) 1700 Non-LTD, and (d) 1700 LTD samples. 
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TABLE 2 Activation energies and relaxation times of 3Y-TZP ceramics, as obtained from 

fitting by the Arrhenius law. 

 1500 Non-LTD 1500 LTD 1700 Non-LTD 1700 LTD 
𝜏𝜏0 (s) 3.3 × 10-12 3.7 × 10-12 2.1 × 10-11 1.5 × 10-11 
𝜔𝜔0 (Hz) 3 × 1011 2.7 × 1011 4.8 × 1010 6.7 × 1010 
𝐸𝐸𝑎𝑎 (eV) 0.82 0.82 0.77 0.78 

 

FIGURE 7 shows the frequency dependence of the dielectric permittivity and loss of 

the 3Y-TZP ceramics before and after LTD at room temperature. The relative dielectric 

permittivity of all the samples ranges between 30 and 45, which is close to the value reported 

in the literature.41,42 In the measured frequency range, both the extrinsic (defect related dipoles) 

and intrinsic (lattice, electronic vibrations) effects contribute to the polarization dielectric 

permittivity. The frequency dependence of the dielectric permittivity, characterized by the 

decreasing permittivity with the increasing frequency, can be attributed to the contributions of 

oxygen vacancy associated (𝑌𝑌𝑍𝑍𝑍𝑍′ − 𝑉𝑉𝑂𝑂..) dipoles. For Y (8 and 9 mol%) doped ZrO2, it was 

reported that these defect dipole pairs are responsible for the dielectric relaxation at radio 

frequencies.22,43 There is 2.1% and 7.7% of the monoclinic M phase in the non LTD 1500 and 

non LTD 1700 samples. The lower percentage of the M phase, the higher concentration of the 

oxygen vacancy related associates. The increased number of the charged defect dipoles would 

result in a higher dielectric permittivity. However, as demonstrated in FIGURE 7, the dielectric 

permittivity of non LTD 1500 is lower than that of the non LTD 1700 sample. This finding can 

be attributed to differences in the average distance between the defects, namely 𝑌𝑌𝑍𝑍𝑍𝑍′  and 𝑉𝑉𝑂𝑂... It 

is anticipated that, the 𝑌𝑌𝑍𝑍𝑍𝑍′ − 𝑉𝑉𝑂𝑂.. distance in the non LTD1700 ceramics will be greater than that 

in the non LTD 1500 sample, which is related to the fact that the higher sintering temperature 

allows for larger translational movements of oxygen vacancies. Oxygen associates with the 

different distance between 𝐶𝐶𝐶𝐶𝑍𝑍𝑍𝑍′′  and 𝑉𝑉𝑂𝑂..  have been reported in Ca doped ZrO2 ceramics.43 

Therefore, the higher dielectric permittivity and loss of the non LTD 1700 ceramics can be 
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attributed to a possible long distance between 𝑌𝑌𝑍𝑍𝑍𝑍′  and 𝑉𝑉𝑂𝑂.. in the oxygen vacancy associated 

(𝑌𝑌𝑍𝑍𝑍𝑍′ − 𝑉𝑉𝑂𝑂..) dipoles. Zhang et al. 20 have shown that a longer dipole (e.g., a longer distance 

between 𝑌𝑌𝑍𝑍𝑍𝑍′  and 𝑉𝑉𝑂𝑂..  in our samples) may produce a higher permittivity under the same AC 

electric field. The long 𝑌𝑌𝑍𝑍𝑍𝑍′ − 𝑉𝑉𝑂𝑂..  distance is also related to a loosely packed structure of dipoles 

in the ceramic sintered at 1700 °C,39 which was found to exhibit high dielectric losses, as shown 

in FIGURE 7. The decrease in the permittivity of the 3Y-TZP ceramics after LTD can be 

explained by the reduction of vacancy associated dipoles and/or the change of the M phase 

fraction.44,45  

 

FIGURE 7 Frequency dependence of the relative dielectric permittivity (𝜀𝜀𝛾𝛾)  and loss tangent 

(tan δ) for the 3Y-TZP ceramics sintered at 1500 0C and 1700 0C before and after LTD. 

 

At THz frequency, the dielectric permittivity is contributed by both the electronic and 

lattice (phonon) polarization effects. According to the results of numerical simulations, the 

permittivity of zirconia is about 34.5 ∼39.8 for the tetragonal T phase and 19.7 ∼ 25.27 for the 

monoclinic M phase,41,46,47 which indicates that the dielectric permittivity decreases as the T 

phase transforms into the lower symmetry M phase. To study the intrinsic effects solely, the 

dielectric properties of the 3Y-TZP ceramics were investigated by the THz technique. The 

frequency dependence of the dielectric permittivity and loss tangent in the region of 0.3 – 1.1 



16 
 

THz is shown in FIGURE 8. Obviously, at THz frequencies, the dielectric response originates 

only from the electronic and ionic polarizations at the lattice level. This explains the lower 

value of εr when compared to that in the kHz range. From FIGURE 8, one can infer that the 

dielectric permittivity of the samples after LTD is smaller than that of the non-LTD samples, 

which is consistent with the reported decrease in permittivity of zirconia when the tetragonal 

phase transforms into monoclinic phase.21,46,47 It is worth noting that a continuous increase in 

dielectric permittivity with increasing frequency in the investigated THz interval is caused by 

resonance vibrations. 

 

FIGURE 8 Frequency dependence of the dielectric permittivity (𝜀𝜀𝛾𝛾) and loss tangent (tan δ) 

in the THz region for the 3Y-TZP ceramics sintered at 1500 ºC (a, b) and 1700 ºC (c, d) 

before and after LTD. 

 

From the above results, the decrease in the THz dielectric permittivity of the 3Y-TZP 

ceramics can be linked with the T-to-M phase transition, as observed by XRD. Thus, the THz 

technique is demonstrated as a reliable, non-destructive method to detect the T to M phase 

transition in electrode-free Yttria stabilised zirconia ceramics, paving a way for THz radiation 
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to probe low temperature degradation in materials used for dental restorations and orthopaedic 

implants. Furthermore, reflection based THz technology has been developed to investigate the 

feasibility of diagnosing skin-cancer and burn48 which is in good agreement with this research for 

alternative applications of THz technique. Recently, a few of terahertz scientific apparatus suppliers 

such as Teraview Ltd49 and Menlo Ltd50 have made the efforts to make the THz reflection system 

commercially available through optical fibre connected THz probe, which is small, thin, flexible, and 

easy to handle. These reflection-based THz arm probe would help to assess zirconia ceramics (e.g., 

LTD in Y-TZP) in situ in clinical dentistry once it is in the affordable economic cost. 

 

4. Conclusions 

THz technology was employed to investigate Yttria stabilised zirconia (3Y-TZP) ceramics for 

low temperature degradation. The decreased THz permittivity of the ceramic samples after the 

degradation was attributed to the lattice-level structure change, namely to the structural 

transition from tetragonal to monoclinic phase. The phase transformation was evidenced by 

XRD and XPS characterization.  The THz technique is proved to be a useful tool for probing 

low temperature degradation in zirconia ceramics. Moreover, it is a non-invasive harmless to 

health approach, making THz radiation favourable for probing bioceramics. A further 

development of THz technology supported by a reflection-based THz probe would enable 

detailed monitoring of low temperature degradation of dental materials during the service.        
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