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Abstract


Dental ceramic restorations are widely spread nowadays due to their aesthetics and biocompatibility. In time, the colour and structure of these ceramic materials can be altered by aging processes. How does artificial aging affect the optical and surface roughness of ceramics? This study aims to assess the effect of thermocycling, surface treatments and microstructure upon translucency, opalescence and surface roughness on CAD-CAM and heat-pressed glass-ceramic. Forty-eight samples (1.5 mm thickness) were fabricated from six types of A2 MT ceramic: heat-pressed and milled glass-ceramic (feldspathic, lithium disilicate and zirconia reinforced lithium silicate). The samples were obtained respecting the manufacturer’s instructions. The resulted surfaces (n = 96) were half glazed and half polished. The samples were subjected to thermocycling (10,000 cycles) and roughness values (Ra and Rz), colour coordinates (L*, a*, b*) and microstructural analyses were assessed before and after thermocycling. Translucency (TP) and opalescence (OP) were calculated. Values were statistically analysed using ANOVA test (one way). TP and OP values were significantly different between heat-pressed and milled ceramics before and also after thermocycling (p < 0.001). Surface treatments (glazing and polishing) had a significant effect on TP and OP and surface roughness (p < 0.05). The heat-pressed and milled zirconia reinforced lithium silicate glass-ceramic experienced a loss in TP and OP. Ra and Rz increased for the glazed samples, TP and OP decreased for all the samples after thermocycling. Microstructural analyse revealed that glazed surfaces were more affected by the thermocycling and especially for the zirconia reinforced lithium silicate ceramic. Optical properties and surface roughness of the chosen ceramic materials were affected by thermocycling, surface treatments and microstructural differences. The least affected of the ceramics was the lithium disilicate ceramic heat-pressed polished and glazed.
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1. Introduction


Increased aesthetic requirements for dental restorations have led to a rapid evolution in the field of glass-ceramic materials. These are known for their excellent optical properties, biocompatibility and smoothness of their surface, an essential factor in controlling the plague [1,2]. Monolithic ceramic restorations can be obtained in their final form using a hot pressing technique, or by using CAD-CAM technologies. Both methods use ceramic materials such as feldspathic glass-ceramic, lithium disilicate glass-ceramic and zirconia reinforced lithium silicate glass-ceramic [3]. One of the significant benefits in pressing technique is the lower shrinkage during the process, which leads to less surface porosity and higher strength [4]. The CAD-CAM method does not require multiple firings and the blocks have several advantages, such as fast milling and increased fracture resistance [5].



The optical properties of ceramics are influenced by intrinsic factors, such as the ceramic microstructure and surface layer and also by extrinsic factors [6,7,8,9,10]. Besides colour, translucency and opalescence are essential factors during the functional period of restorations because they affect the aesthetic outcome [11]. Quantification of these parameters and correlating them with intrinsic and extrinsic factors is a challenge to follow the evolution of optical properties and the possibilities to act for their preservation. Relative translucency and opalescence of ceramics can be determined by the translucency parameter (TP) and opalescence parameter (OP) [12,13].



The opalescence of the ceramic samples can be calculated using two indexes, the first one is OP-RT, meaning opalescence in reflected and transmitted light and the second is OP-BW, meaning the opalescence against a black and white background [14,15]. Ceramic translucency and opalescence can be affected by grain size, ceramic thickness, crystalline structure and the surface of the material [16,17]. The processing procedures could influence all this. Surface texture can modify the optical properties of the dental materials [18]. Surface treatments of ceramic include glazing and polishing; their indications depend on the ceramic microstructure. Glazing before cementation is significant in protecting the restoration from staining and maintaining the colour stability [19]. A glazed ceramic surface reduces roughness and the potential abrasiveness by sealing the pores that appear on the surface of ceramics and it is known to increase the strength of ceramic [20]. In clinical practice, it is common to adjust the glazed ceramic surface for correcting the occlusion [21]. The resulted rough surface of ceramic is more susceptible to staining [22]. On the other hand, surface staining affects colour perception meaning that it is less reflectance of light from a rougher surface [23].



Ceramic materials have a different microstructure, grain size and distribution of the grains. Their different microstructure has a significant impact on their clinical performance. A useful tool in quantifying the microstructure and evaluation of the ceramic samples surfaces is Scanning Electron Microscopy (SEM).



Thermocycling is a popular method of artificial accelerated aging of ceramics because it reproduces the oral environment as an extrinsic factor [24,25,26]. The water aging method includes standardized thermal variations with baths ranging from 5 to 55 °C for several cycles. The thermocycling method can affect the longevity of the restoration and using it can simulate the behaviour of the ceramic material in the oral environment [27].



This study aimed to investigate the effect of thermocycling, different surface treatments (polishing and glazing) and microstructure (SEM) have on the relative translucency (TP), opalescence parameter (OP-BW) and roughness (Ra and Rz) related to the type of ceramic and processing method.




2. Materials and Methods


2.1. Specimens Preparation


Six types of glass-ceramic (N = 48) were obtained by pressing and milling. A feldspathic heat-pressed glass-ceramic (Vita PM9, Vita Zahnfabrick, Bad Säckingen, Germany), a feldspathic milled ceramic (Vita Mark II, Vita Zahnfabrick, Bad Säckingen, Germany), a lithium disilicate heat-pressed glass-ceramic (Emax Press, Ivoclar Vivadent, Ellwangen, Germany), a lithium disilicate milled glass-ceramic (Emax CAD, Vita Zahnfabrick, Bad Säckingen, Germany), a heat-pressed zirconia reinforced lithium silicate heat-pressed glass-ceramic (Celtra Press, Dentsply, Hanau, Germany) and a milled zirconia reinforced lithium silicate glass-ceramic (Vita Suprinity, Vita Zahnfabrick, Bad Säckingen, Germany) were tested for their optical and roughness properties before and after thermocycling. The compositions of the tested materials are presented in Table 1 and Table 2.



CAD-CAM blocks were sectioned to obtain rectangular plates of 1.5 ± 0.03 mm thickness. Respecting the manufacturer’s instructions, the pre-crystalized specimens (lithium disilicate and zirconia reinforced lithium silicate glass-ceramic) were cleaned and then fully crystallised in a ceramic furnace (Multimat Touch and Press, Dentsply, Hanau, Germany) at 850 °C for 25 min respectively 30 min.



Ceramic ingots were used to obtain the disk-shaped pressed ceramic samples with a thickness of 1.5 ± 0.03 mm. The samples were obtained following the manufacturer’s instructions. The parameters used for each ceramic are presented in Table 3.



The thickness of the samples was processed using a grinding machine (Mecatech 264, Presi, Eybens, France) and with 600–2000 grit silicon carbide abrasive papers under running water. The final thickness of each sample was measured using a calliper (1.5 ± 0.03 mm). All the specimens were glazed (G) on one side and polished (P) on the side resulting in 96 surfaces, that were analysed. The glazed samples received two thin layers of specific glaze, according to the manufacturer’s recommendations (Table 4).




2.2. Optical Properties Measurements


Values for the evaluated specimens were measured on each side for three times with a spectrophotometer (Vita Easyshade, Vita Zahnfabrick, Bad Säckingen, Germany) using a grey card (WhiBal G7 White Balance Pocket Card) to set the neutral white and black area at illuminant D65 and values for L*, a* and b* were assessed. L* representing the lightness of the samples with values between 0 and 100. a* represents the axis green-red and b* present the axis blue-yellow axis of the colours. The obtained values were used to calculate the following parameters.



The translucency parameter was obtained calculating the formula:


TP = [(LB* − LW*)2 + (aB* − bW*)2 + (bB* − bW*)2]1/2,



(1)




where the subscript B refers to the colour coordinates against a black backing and subscript W refers to those against a white backing [28].



Opalescence parameter OP – BW was calculated using the formula:


OPBW = [(aB* − aW*)2 + (bB* − bW*)2]1/2,



(2)




where the subscript B refers to the colour coordinates against a black backing and subscript W refers to those against a white backing [29].




2.3. Surface Roughness Measurements


Surface roughness was measured on each side of the samples using a contact profilometer Surftest SJ-201 (Mitutoyo, Kawasaki, Japan) with a diamond stylus of a 2 µm. Five measurements were taken in five random areas of the ceramic samples. Values Parameters Ra (µm) and Rz (µm) were obtained. Parameter Ra (µm) meaning average surface roughness and parameter Rz (µm) was maximum surface roughness. The sampling length was 0.08 mm.




2.4. Artificial Ageing of the Samples by Thermocycling


A thermocycler (Thermocycler, SD Mechatronik, Feldkirchen-Westerham, Germany) with distilled water baths of 5 and 55 °C was used. After baseline measurements for optical and roughness parameters, the samples were aged for 10,000 thermocycles in distilled water. Samples were subjected to 10,000 cycles to estimate ten years of oral conditions [26].




2.5. Scanning Electron Microscopy (SEM)


In the present study, the samples were evaluated using SEM (San Francisco Estuary Institute, Richmond, CA, USA), which provided a qualitative analysis of the surface characteristic. The studied ceramic samples were samples with different surface treatments before and after thermocycling. The surfaces, both glazed and polished, were evaluated.




2.6. Method of Statistical Analysis


The data were analysed with a one-way ANOVA test and the correlation between the TP parameter and surface roughness was statistically analysed using a Pearson’s correlation analysis. The Pearson correlation was mostly used to assess the relationship between two variables. The correlation was made between ∆TP (TP before and after thermocycling) and ∆Ra (before and after thermocycling).





3. Results


3.1. Translucency Parameter


Translucency parameter values are summarised in Figure 1.



The one-way ANOVA test revealed significant differences between the translucency parameter before and after thermocycling the samples (p < 0.05).



Before thermocycling, the milled samples had higher TP mean values compared to the heat-pressed samples. The highest TP values were registered for the FM ceramic. In the heat-pressed group, the TP mean values were FP (12.87 ± 1.4) > ZLS (12.59 ± 0.6) > LDP (12.2 ± 1). In the milled group, mean values for TP were FM (15 ± 1.2) > LDM (14 ± 1.1) > ZLS (13 ± 1).



Regarding the surface treatments in the heat-pressed group, the values were ZLSPG (zirconia reinforced lithium silicate glass ceramic heat-pressed glazed) (13.1 ± 0.6) > ZLSPP (zirconia reinforced lithium silicate glass ceramic heat-pressed polished) (12.59 ± 0.95) > FPG (feldspathic heat-pressed glazed glass ceramic) (12.87 ± 1.04) > LDPG (lithium disilicate heat-pressed glazed glass ceramic) > LDPP (lithium disilicate heat-pressed polished glass ceramic) > ZLSPP > LDPP. In the milled group, the mean values were FMG (feldspathic milled glazed glass ceramic) (15.89 ± 1.03) > FMP (feldspathic milled polished glass ceramic) (14.80 ± 1.37) > LDMG (lithium disilicate milled glazed glass ceramic) (14.61 ± 0.95) > ZLSMP (zirconia reinforced lithium disilicate milled polished glass ceramic) (13.59 ± 0.9) > ZLSMG (zirconia reinforced lithium silicate milled glazed glass ceramic) (13.36 ± 1).



After thermocycling, the differences between the heat-pressed and milled samples maintained, for the feldspathic ceramic and lithium disilicate ceramic, but the ZLSM ceramic experienced a more significant loss in translucency compared to the ZLSP.



Regarding their surface treatments, the glazed samples were more affected by thermocycling in the heat-pressed group and the milled group, the polished samples. The only exception in the milled group was the ZLSG which were more affected by the aging process than the ZLSMP samples. The most affected ceramics were the ZLSM and ZLSP (p < 0.001) and followed by the FM and FP (p < 0.05) (Table 5).




3.2. Opalescence Parameter (OP)


Opalescence parameter values are summarised in Figure 2.



Before thermocycling, the heat-pressed FP (8 ± 0.79) and ZLP (9 ± 0.85) displayed higher opalescence values. The ZLSM (12 ± 1) ceramic presented higher values for the OP parameter than the ZLSP (9 ± 0.62). Especially the glazed surfaces for the FP (8.44 ± 0.79) and LDP (7.91 ± 0.5) ceramic as well for the FM (4.8 ± 0.44) and LDM (8.1 ± 0.85) had higher values for opalescence. In the ZLS group, both ZLSP (9 ± 0.62) and ZLSM (12.2 ± 0.5), the polished samples had greater opalescence.



After thermocycling, significant changes were found among the samples: ZLSP, LDM and ZLSM (p < 0.001). The values for these ceramics dropped and especially for the ZLSM ceramic, which was the most affected by all. The FP (and FM experience a rise in the mean values for opalescence. Regarding their surface treatments in the heat-pressed group.



The most affected after thermocycling was the ZLSM (6.38 ± 1.26) and ZLSP (6.89 ± 1.29) ceramic, both glazed and polished (p < 0.001) (Table 6).




3.3. Roughness measurements


3.3.1. Arithmetic mean surface roughness (Ra)


Ra parameter values are summarised in Figure 3.



Before thermocycling:



Significant differences (p < 0.001) were found between the LDPG (0.04 ± 0.001) < FPG (0.08 ± 0.036), LDPP (0.033 ± 0.012) > ZLSPP (0.027 ± 0.014), LDPG (0.046 ± 0.01) > LDPP (0.033 ± 0.012), ZLSMG (0.029 ± 0.011) > ZLSMP (0.022 ± 0.018), FPP (0.09 ± 0.55) > FMP (0.028 ± 0.017), LDMG (0.023 ± 0.025) < LDPG (0.046 ± 0.01). Before thermocycling, the highest Ra parameter was in the FP group and in the milled group the same.



Regarding the surface treatments: For the heat-pressed feldspathic ceramic, the polished samples were rougher and in the milled group, the glazed samples. ZLSPP and LDPP were smoother than the glazed surfaces of the ceramics.



The polished samples were smoother compared to the glazed samples for all the samples, the only exceptions were FP, LDM and ZLSM.



After thermocycling, significant changes occurred both in the heat-pressed and milled ceramic. LDPP (0.083 ± 0.07) > ZLSPP (0.073 ± 0.024), ZLSPG (0.05 ± 0.017) < ZLSPP (0.073 ± 0.024), FMP (0.1 ± 0.03) > FMG (0.09 ± 0.06), ZLSMP (0.03 ± 0.01) < ZLSMG (0.04 ± 0.02), ZLSMG (0.04 ± 0.02) < ZLSPG (0.05 ± 0.017), FPG (0.098 ± 0.051) > FPP (0.095 ± 0.083), FPP (0.095 ± 0.083) > FMP (0.09 ± 0.061), LDMG (0.03 ± 0.069) < LDPG (0.09 ± 0.08). In the milled group, the most affected was the feldspathic ceramic and in the heat-pressed the lithium disilicate glass-ceramic.



Regarding the surface treatments:



Both FMG and FPG glazed samples presented high Ra values. The ZLSPG was smoother after thermocycling compare to the ZLSPP samples. The same aspect was found for the ZLSM samples. In the heat-pressed group, another aspect was found; the FPP samples were smoother than the FPG samples. The LDMG samples were as well smoother than the LDPG samples.



This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation as well as the experimental conclusions that can be drawn.




3.3.2. Maximum Surface Roughness (Rz)


Rz parameter values are summarised in Figure 4.



Before thermocycling, significant differences were found between LDPP (0.04 ± 0.14) < FPP (0.14 ± 0.1), LDPG (0.06 ± 0.1) > LDPP (0.04 ± 0.1), ZLSPG (0.1 ± 0.03) < FPG (0.13 ± 0.05), ZLSPP (0.045 ± 0.02) < FPP (0.14 ± 0.01), ZLSMP < ZLSPP, FPG (0.13 ± 0.05) > FMG (0.05 ± 0.022).



Before thermocycling, the maximum surface roughness was obtained in the feldspathic heat-pressed group.



In the milled group, the highest value was obtained for the ZLSMG samples.



After thermocycling, significant differences were found between LDPG (0.1 ± 0.01) < ZLSPG (0.12 ± 0.04), LDPG (0.09 ± 0.01) > LDPP (0.08 ± 0.05), ZLSPG (0.12 ± 0.04) < FPG (0.15 ± 01). High differences were found between ZLSMG (0.12 ± 0.01) > ZLSPG (0.1 ± 0.01).



The maximum surface roughness was obtained for FPG (0.15 ± 0.1) and FPP (0.14 ± 0.01) samples, in the milled group highest value was obtained for the FMG (0.11 ± 0.08), LDMG (0.11 ± 0.09) and ZLSMG (0.12 ± 0.01).



The glazed surface-displayed rougher surfaces after thermocycling for all the tested samples, this leading to the conclusion that aging affects and degrades the glaze layer first.



The 2 dependent variables were ∆TP and ∆Ra. The Pearson correlation showed a moderate to strong correlation = −560) before and after thermocycling. The results show that translucency decreases and the surface of the samples become rougher after thermocycling for all the samples.





3.4. Scanning Electron Microscopy (SEM)


Before thermocycling:



The aspect of samples before thermocycling in the heat-pressed group is shown in Figure 5.



The feldspathic glass-ceramic Figure 5a,b (Vita PM9) is made of a uniform structure of leucite crystals in proportions of 50% with a crystal size of 10–20 µm. On the polished surfaces marks from the polished instruments and leucite crystals can be seen. On the glazed surface, the glaze appears in round-shaped forms.



The heat-pressed lithium disilicate glass-ceramic in Figure 5c,d (IPS Emax Press) is composed of crystals that have a needle-like structure embedded in a matrix. The dimension of the crystals is 3 to 6 µm for the heat-pressed ceramic. On the glazed surface, the glaze appears as small round-shaped forms.



Heat-pressed zirconia reinforced lithium silicate glass-ceramic (see Figure 5e,f (Celtra Press)) consists of a glass matrix and lithium silicate crystals that have a crystal length of approximately 1.5 µm and additionally nanoscale lithium crystals with a size of 0.5 µm. The nanocrystals cannot be seen in this magnification. On the polished samples, the marks form the preparations and are seen and as well as the crystals. The glaze covered the surfaces entirely and it is hard to distinguish.



The aspect of the samples before thermocycling in the milled group is shown in Figure 6. The milled feldspathic glass-ceramic in Figure 6a,b (Vita Mark II) contains a glassy matrix in a proportion of 80% and only 20% leucite crystals. The size of the crystals can measure up to 30 µm. The glaze distribution is uniform on the surface.



The milled lithium disilicate glass-ceramic in Figure 6c,d (Emax CAD) has needle-like crystals with dimensions between 0.2 to 1.0 µm.



The milled zirconia reinforced lithium silicate glass-ceramic in Figure 6e,f (Vita Suprinity) is composed of a homogeneous crystalline fine structure with the crystal size of approximately 0.5 µm.



The aspect of the samples after thermocycling in the heat-pressed group is shown in Figure 7. The surfaces of the feldspathic heat-pressed glass-ceramic (Figure 7a) changed and leucite crystals cannot be distinguished from the glassy matrix. The glazed surface (Figure 7b) was more affected by the thermocycling and the glaze cracked in several places. In the lithium disilicate heat-pressed ceramic group (Figure 7c,d), the needle-like crystals remained the same, but the glazed surfaces were affected, all the round-shaped forms were altered.



In Figure 8, the aspect of the milled samples after thermocycling can be seen.



The glaze on the milled lithium disilicate samples (Figure 8c,d) were more damaged compared to the heat-pressed ceramic. In the milled samples, both surfaces suffered visible damage. The needle-like crystals cannot be seen clearly and the glaze was damaged, similar to the heat-pressed ceramic.



The milled zirconia reinforced lithium silicate samples (Figure 8e,f) and the heat-pressed (Figure 7e,f) samples showed cracks on both surfaces. The crystals cannot be seen after thermocycling. The glaze surface was affected by the aging process. The milled samples showed visible cracks on the glazed surfaces.



Moreover, the surface was affected as it could be seen in the SEM images, especially the glazed samples of each sample, both heat-pressed and milled groups, suffered a significant change.



In the heat-pressed group, the polished feldspathic and the glazed lithium disilicate ceramic changed significantly. The heat-pressed polished and glazed samples displayed more significant changes after thermocycling.



In the milled ceramic group, significant changes were seen in the ZLS glazed samples and polished samples, as well in the feldspathic polished and glazed samples.





4. Discussion


The results from this study showed that the colour coordinates of the samples before and after thermocycling differed from each other and that thermocycling had a significant impact on translucency and surface roughness. These materials were chosen because of their frequent use among practitioners. Colour measurements of the samples with spectrophotometer showed that all tested materials had different colour coordinates even though they were all chosen A2 MT and this means that the colour coordinates are more related to the material. These results were also found in the literature [29]. Of the hot-pressed materials before thermocycling, the ceramic that had higher translucency is Emax Press polished and the lowest is Celtra Press glazed. Emax Press has lithium disilicate crystals with a dimension between 3–5 µm and it is easy to be polished and light can pass easily. Celtra Press contains 10% zirconia particles that increase opacity and decreases translucency. In the CAD-CAM group before thermocycling, the highest TP was Vita Mark II glazed and the lowest Vita Suprinity glazed [30]. Thermal aging caused a decrease in all ceramics for TP and especially for feldspathic and lithium disilicate heat-pressed ceramic. A translucency change was also seen in the milled ZLS group.



In this study, the system CIELab was chosen for analysis for TP and OP parameters through 3D coordinates. This system was selected because it can identify any small colour differences and it is also used in measuring optical properties [31]. A white and a black background were elected to analyse the samples; the black one represents the clinical situation on the anterior teeth and the white one is used for the posterior teeth [32].



Studies that evaluate the optical properties of the ceramics often immersed the samples in artificial saliva and other beverages, but additional studies used thermocycling the materials at different temperatures and for several cycles simulating the oral environment [33,34]. For this study, 10,000 cycles were elected to represent ten years of oral environment [35,36,37].



In literature, the translucency of human teeth ranges from 15–19 at a thickness of 1 mm and for the restorative materials, the TP values can increase until 25 [38]. In this study, the TP parameter ranged from 12–16 at a thickness of 1.5 mm. This thickness was elected because, for most of the ceramics; tooth structure restorations need a 1.5 mm reduction. The opalescence parameter situates for the human teeth up to 22 [39]. In this study, the OP BW parameter situated between 3–13 before thermocycling and after thermocycling between 13–15.



The ceramic microstructure influences the properties of ceramic. Grain size and porosity are significant microstructural parameters that can a significant impact on the mechanical and optical properties of ceramic [40,41]. The results suggested that the ZLS ceramic surface presented fewer changes in the optical and surface roughness compared to the lithium disilicate and feldspathic ceramic. The heat-pressed ZLS group presented a better resistance to the thermocycling compared to the milled ceramic. In the lithium disilicate group, the milled samples of Emax CAD presented more significant changes after ageing.



Feldspathic ceramic contains larger grains with a size of between 2–4 µm, which are held in a glassy matrix and are susceptible to wear and cause the surface to become rougher and potential to affect the optical properties [42]. The zirconia reinforced lithium silicate ceramic has the smallest grain size 1µm for the heat-pressed ceramic and 0.5 µm for the milled ceramic, compared to the other ceramic included in this study. He at all reported that the materials with 0.7 µm or smaller crystals sizes are more resistant by increasing the energy required to remove the grain contained in the matrix. Lithium disilicate displayed fewer differences, both milled and heat-pressed. These findings are similar to those of another article in press that situates this ceramic to a gold standard for aesthetics [43]. The surface roughness of the pressed and milled samples situated below the value 0.2 µm after thermocycling and this aspect has an impact on the colonization of bacteria. Surface roughness has a direct impact on biofilm development. This process can lead to periodontal inflammation, but also, it can increase the staining of the ceramic restorations [44]. Results in this study showed that the milled ZLS ceramic displayed fewer changes after thermocycling in terms of surface roughness. The heat-pressed ceramic displayed more significant changes after thermocycling compared to the first one; this is explained by the grain size that is almost triple for the heat-pressed ceramic.




5. Conclusions


	
The ageing processes affected the milled ceramic more than the heat-pressed. From both groups, milled and heat-pressed, the zirconia reinforced lithium silicate glass-ceramic experienced a more significant change in translucency and opalescence parameter values.



	
The glazed samples on all of the samples were affected by the ageing process; the glaze changed its structure and became rougher. The only exception was for the feldspathic heat-pressed glass-ceramic.



	
The zirconia reinforced lithium silicate glass-ceramic and feldspathic glass-ceramic were the most affected by the ageing process; the lithium disilicate glass-ceramic ceramic kept their properties close to the initial ones. From the lithium disilicate glass-ceramic ceramic, the milled one experienced more significant change compared to the heat-pressed in terms of optical properties and roughness.
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Figure 1. Mean values for the translucency parameter before and after thermocycling. 
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Figure 2. Mean values for the opalescence parameter before and after thermocycling for the hot-pressed and milled ceramics. 
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Figure 3. Mean values for Ra parameter before and after thermocycling for the hot-pressed and milled ceramics. 






Figure 3. Mean values for Ra parameter before and after thermocycling for the hot-pressed and milled ceramics.



[image: Materials 13 00381 g003]







[image: Materials 13 00381 g004] 





Figure 4. Mean values for the Rz parameter before and after thermocycling for the hot-pressed and milled ceramics. 
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Figure 5. Image of the heat-pressed samples before thermocycling. (a) FPP samples; (b) FPG samples; (c) LDPP samples; (d) of LDPG samples; (e) ZLSPP samples; (f) ZLSPG samples. 
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Figure 6. SEM images of the milled samples before thermocycling. (a) FMP samples; (b) FMG samples; (c) LDMP samples; (d) LDMG samples; (e) ZLSMP samples; (f) ZLSMG samples. 
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Figure 7. SEM images of the heat-pressed glass-ceramic specimens after thermocycling. (a) FPP samples; (b) FPG samples; (c) LDPP samples; (d) of LDPG samples; (e) ZLSPP samples; (f) ZLSPG samples. 
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Figure 8. SEM images of the milled glass-ceramic specimens after thermocycling. (a) FMP samples; (b) FMG samples; (c) LDMP samples; (d) LDMG samples; (e) ZLSMP samples; (f) ZLSMG samples. 
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Table 1. Pressed materials.






Table 1. Pressed materials.





	Material
	Composition
	Manufacturer
	Translucency/Shade





	1. Vita PM9 FP (heat-pressed feldspathic glass-ceramic)
	50% of Leucite reinforced glass-ceramic (size 10–15 µm).
	Vita Zahnfabrick,

Bad Säckingen,

Germany
	MT/A2



	2. IPS Emax Press LDSP (heat-pressed lithium disilicate ceramic)
	lithium disilicate crystals (approx. 70%), Li2Si2O5 crystals measure 3 to 6 µm in length.
	Ivoclar Vivadent,

Ellwangen,

Germany
	MT/A2



	3. Celtra Press ZLSP (zirconia reinforced lithium silicate glass-ceramic)
	a glass matrix and lithium disilicate crystals 1.5 µm plus nanoscale lithium 10% zirconia (ZrO2)
	Dentsply,

Hanau,

Germany
	MT/A2










 





Table 2. CAD-CAM materials.






Table 2. CAD-CAM materials.





	Material
	Composition
	Manufacturer
	Translucency/Shade





	1. Vita Mark II FM (milled feldspathic glass-ceramic)
	<20 wt% feldspathic particles (average particle size 4 µm)

>80 wt% glass matrix
	Vita Zahnfabrick,

Bad Säckingen,

Germany
	MT/A2



	2. IPS Emax CAD LDM (milled lithium disilicate glass-ceramic)
	70 vol% of the crystalline phase incorporated in the glassy matrix the average particle size 0.2–1.0 µm
	Ivoclar Vivadent,

Ellwangen,

Germany
	MT/A2



	3. Vita Suprinity ZLSM (milled zirconia reinforced lithium silicate glass-ceramic)
	The silica content of 55–65 wt% the lithia (15–21 wt%) zirconia (8–12 wt%) nanoparticle size 0.5–0.7 µm
	Vita Zahnfabrick,

Bad Säckingen,

Germany
	MT/A2










 





Table 3. Parameters for pressing ceramic.
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	Vita PM9
	Emax Press
	Celtra Press





	Starting temperature
	700 °C
	700 °C
	700 °C



	Hold time
	20 min
	29 min
	30 min



	Vacuum level
	47 hPa
	47 hPa
	45 hPa



	Press time
	10 min
	1 min
	3 min



	Heat rate
	50 °C/min
	60 °C/min
	40 °C/min



	Press temperature
	1000 °C
	915 °C
	860 °C



	Press pressure
	3 bar
	3 bar
	3 bar










 





Table 4. Particular glaze for each ceramic.






Table 4. Particular glaze for each ceramic.





	Type of Ceramic
	Type of Glaze





	1. Vita PM9 FP
	Vita Akzent Plus Glaze LT (Vita Zahnfabrick, Bad Säckingen, Germany)



	2. IPS Emax Press LDP
	Emax Ceram (Ivoclar Vivadent, Ellwangen, Germany)



	3. Celtra Press ZLSP
	Dentsply Universal stain (Dentsply, Hanau, Germany)










 





Table 5. TP values before and after thermocycling.






Table 5. TP values before and after thermocycling.





	Type of Ceramic
	p-Value





	FPG
	0.001



	FPP
	0.7



	LDPG
	0.03



	LDPP
	0.5



	ZLSPG
	<0.001



	ZLSPP
	<0.001



	FMG
	<0.001



	FMP
	0.3



	LDMG
	0.06



	LDMP
	0.02



	ZLSMG
	0.001



	ZLSMP
	0.01










 





Table 6. Mean values for OP parameter.






Table 6. Mean values for OP parameter.





	Type of Ceramic
	p-Value





	FPG
	0.28



	FPP
	0.56



	LDPG
	0.46



	LDPP
	0.41



	ZLSPG
	<0.0001



	ZLSPP
	<0.0001



	FMG
	<0.0001



	FMP
	<0.0001



	LDMG
	0.0002



	LDPP
	0.0001



	ZLSMG
	0.0108



	ZLSMP
	0.3308











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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