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Abstract

This paper studied surface fracture, roughness and morphology, phase transformations, and 

material removal mechanisms of lithium metasilicate/disilicate glass ceramics (LMGC/LDGC) in 

CAD/CAM-milling and subsequent surface treatments. LMGC (IPS e.max CAD) blocks were 

milled using a chairside dental CAD/CAM milling unit and then treated in sintering, polishing and 

glazing processes. X-ray diffraction was performed on all processed surfaces. Scanning electron 

microscopy (SEM) was applied to analyse surface fracture and morphology. Surface roughness 

was quantitatively characterized by the arithmetic average surface roughness Ra and the maximum 

roughness Rz using desktop SEM-assisted morphology analytical software. The CAD/CAM 

milling induced extensive brittle cracks and crystal pulverization on LMGC surfaces, which 

indicate that the dominant removal mechanism was the fracture mode. Polishing and sintering of 

the milled LMGC lowered the surface roughness (ANOVA, p < 0.05), respectively, while sintering 

also fully transformed the weak LMGC to the strong LDGC. However, polishing and glazing of 

LDGC did not significantly improve the roughness (ANOVA, p > 0.05). In comparison of all 
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applied fabrication process routes, it is found that CAD/CAM milling followed by polishing and 

sintering produced the smoothest surface with Ra = 0.12 ± 0.08 μm and Rz = 0.89 ± 0.26 μm. 

Thus, it is proposed as the optimized process route for LMGC/LDGC in dental restorations. This 

route enables to manufacture LMGC/LDGC restorations with cost effectiveness, time efficiency, 

and improved surface quality for better occlusal functions and reduced bacterial plaque 

accumulation.
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1. Introduction

Monolithic ceramic crowns and bridges are proven to be more durable than veneered core 

restorations where brittle fractures frequently occur in the weak porcelain veneers and the 

veneer-core interfaces (Beuer et al., 2009; Guess et al., 2010; Swain 2009; Zhang et al., 

2009; 2013a). Ideal ceramic restorations should be made from durable and highly aesthetic 

materials, such as lithium disilicate (Li2Si2O5) glass ceramics (LDGC) (Reich et al., 2014). 

The high strength and toughness of LDGC arise from ~70 vol. % of interlocking needle-like 

lithium disilicate crystals, which have different thermal coefficients and elastic moduli from 

their glassy matrix (Apel et al., 2008; Denry, 2013; Denry and Holloway, 2010; Höland et 

al., 2006a; Kelly, 2008). These differences result in compressive stresses in LDGC, which 

can deflect advancing cracks (Apel et al., 2008; Denry, 2013; Denry and Holloway, 2010; 

Serbena and Zanotto, 2012).

Due to the high strength of LDGC and the brittleness of its glassy phase, it is very difficult 

to machine using chairside or laboratory CAD/CAM milling systems. Alternatively, LDGC 

restorations are made from low-strength lithium metasilicate (Li2SiO3) glass ceramic 

(LMGC) blocks, which can be easily CAD/CAM-milled to form basic full-contour crowns 

and bridges (Höland et al., 2000). Meanwhile, milled LMGC blocks require sintering to 

transform lithium metasilicate to lithium disilicate for formation of strong LDGC. However, 

the milling process induces surface and subsurface flaws in LMGC, which are difficult to 

diminish by the subsequent heat treatment, and may compromise the strength of LDGC 

restorations and shorten their lifespans (Denry, 2013; Rekow et al., 2011; Rekow and 

Thompson, 2005). Thus, minimization of milling-induced flaws in LMGC is necessary for 

quality assurance for LDGC restorations.

Further, polishing and glazing are also applied to finalize surface texture, reduce roughness 

and enhance light reflection (Boaventura et al., 2013; Höland et al., 2006b). In fact, at many 

dental laboratories or clinics, sintering, polishing and glazing of CAD/CAM-milled LMGC 

contours are arbitrary procedures (Lin et al., 2012), which can result in variable surface 

quality. Currently, there is lack of optimized fabrication process selection and sequence to 

ensure the reliability of LDGC restorations.
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Surface quality, such as phase transformation, surface roughness and fracture morphology, 

plays a critical role in determining the wear and fatigue performance of dental restorations 

(Alao et al., 2017; Currana et al., 2017; Denry, 2013; Peng et al., 2016; Rekow and 

Thompson, 2005; Rekow et al., 2011; Ulutan and Ozel, 2011; Zhang et al. 2013b). Clinical 

studies have shown that CAD/CAM-processed single LDGC restorations achieved 100% 

cumulative survival rate up to two years (Fasbinder et al., 2010) and 96.3% after four years 

according to the Kaplan-Meier survival analysis (Reich and Schierz, 2013). The survival rate 

for three-unit LDGC partial fixed dentures was 93% up to four years (Reich et al., 2014) and 

87.9% for up to ten years (Kern et al., 2012). A five-year clinical study indicates that nearly 

100% survival rate for LDGC crowns but 70% for fixed partial LDGC dentures (Marquardt 

and Strub, 2006). The longest clinical observation of LDGC posterior crowns after 15 years 

reveals 81.9% survival rate (van der Breemer et al., 2017). Clinical analyses of failed LDGC 

restorations have found that fracture and chipping were the root cause of failure, which 

originated from surface damage and flaws (Della Bona and Kelly, 2008; Mores et al., 2017; 

Valentin and Valenti, 2009; van der Breemer et al., 2017; Zhang et al., 2013b). Therefore, 

the diminishment of surface flaws in LDGC restorations is essential to prolong their 

lifespans. In addition, surface quality also critically affects cell adhesion, proliferation and 

protein adsorption (Brunot-Gohin et al., 2013).

In clinical practice, external surfaces of restorations must be finished to a high surface luster 

to reduce fracture risk, bacterial plaque accumulation, tooth stains, and wear on antagonist/

adjacent teeth (De Jager et al., 2000; Jefferies, 2007; Kou et al., 2006; Steiner et al., 2015; 

Whitehead et al., 1995). Intaglio surfaces of restorations are often roughened to improve 

bonding to adhesives (Brunot-Gohin et al., 2013). The surface quality of ground LDGC 

using dental handpieces and diamond burs (Song et al., 2016), and glazed, polished and 

ground LDGC (Boaventura et al., 2013; Kou et al., 2006; Tholt et al., 2006) have been 

individually studied. However, it is unclear how the process selection and sequence will 

influence the surface quality of LMGC/LDGC in CAD/CAM milling, and subsequent 

sintering, glazing and polishing.

This paper, therefore, aimed to investigate the process-quality relation to determine the 

optimized processing protocol for LMGC/LDGC. X-ray diffraction was used to analyse 

crystalline phases and phase transformations. Surface roughness was measured in terms of 

the arithmetic average roughness Ra and the maximum roughness Rz using a desk-top SEM-

assisted morphology analytical software. Scanning electron microscopy (SEM) was applied 

to analyse the material removal mechanisms, surface fracture and morphology. Finally, an 

optimal fabrication process for LDGC restorations was proposed to achieve the improved 

surface integrity.

2. Experimental Procedure

2.1. Materials

LMGC blocks of 14.5 mm × 12.4 mm × 18 mm (IPS e.max CAD, Ivoclar Vivadent, 

Liechtenstein) were selected. The material is fabricated by the manufacturer via melting a 

base glass consisting of 69.3 wt. % SiO2, 15.4 wt. % Li2O, 6.05 wt. % K2O, 4 wt. % ZnO2, 

3.38 wt. % Al2O3, and 3.84 wt. % P2O5 at 1450 °C (El-Meliegy and van Noort, 2012; 
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Höland et al., 2006a). This was followed by subsequent annealing at 480 °C for 1 h to 

precipitate lithium metasilicate crystals (El-Meliegy and van Noort, 2012). After cooling to 

room temperature, the glass ceramic contains approximately 40 vol. %, 0.5–1 μm lithium 

metasilicate crystals (Bühler-Zemp and Völkel, 2005; El-Meliegy and van Noort, 2012). It 

has the biaxial strength of 130 ± 30 MPa, fracture toughness of 1 ± 0.1 MPa m1/2 and 

Vickers hardness of 5.4 ± 0.1 GPa (Bühler-Zemp and Völkel, 2005).

2.2. Chairside CAD/CAM Milling

LMGC blocks were milled using a chairside CAD/CAM milling unit (CEREC MC XL, 

Sirona, Germany) with a step bur 12 S (Ref 6240167, Sirona, Germany) and a cylindrical 

pointed bur 12 S (Ref 6240159, Sirona, Germany), both of which have the same composition 

and properties. The step bur consists of three cutting faces with lengths of 3 mm, 3 mm, and 

6 mm, and diameters of 2.1 mm, 1.7 mm and 1.3 mm, respectively. The cylindrical pointed 

bur comprises of two cutting faces with lengths of 4 mm and 8 mm and diameters of 2.1 mm 

and 1.8 mm, respectively. Both burs are electro-plated with diamond abrasives, and are used 

to generate flat surfaces as schematically shown in Fig. 1. Wet milling was conducted 

following the program recommended by the manufacturer, which simulates surface milling 

of crowns, the most challenging step in the CAD/CAM process (Luthardt et al., 2004). A 

new step bur was gold-coated and observed using scanning electron microscopy (SEM) (Jeol 

JSM5410V, Japan). Fig. 2(a) shows the SEM micrograph of the step diamond bur 

morphology. Fig. 2(b) reveals the diamond cutting edges with an average grit size of 

approximately 50–60 μm.

2.3. Surface Process Protocols

After milling of LMGC blocks, the samples were cleaned in acetone and treated by 

sintering, polishing and glazing to simulate various clinical fabrication processes. These 

process routes are schematically shown in Fig. 3 and designated as CAD/CAM (i.e., 

CAD/CAM milling), CAD/CAM-polish, CAD/CAM-sinter, CAD/CAM-polish-sinter, CAD/

CAM-sinter-polish, CAD/CAM-sinter-glaze, and CAD/CAM-polish-sinter-glaze processes.

Sintering of milled LMGC samples was carried out in a programed dental furnace (P300, 

Ivoclar Vivadent, Liechtenstein) at a stand-by temperature of 403 °C. Then, the samples 

were heated to 770 °C at a heating rate of 60 °C/min and held at the temperature for 10 

minutes. After that, they were heated again to 850 °C at a heating rate of 30 °C/min and held 

for another 10 minutes before cooling to 700 °C. Finally, they were cooled to room 

temperature.

Dry polishing was conducted manually using a clinical dental handpiece with a grey white 

rubber diamond bur (Exa Cerapol UM, ISO 658.900.114.525.060, Edenta, Switzerland) 

operated by a dental clinician. The bur contains dispersed diamond abrasives embedded in a 

softer elastic matrix (Jefferies, 2007) and is used for intermediate finishing, eliminating 

scratches and smoothening surfaces as recommended by the manufacturer. Fig. 4 shows the 

SEM micrograph of the grey-white bur morphology, revealing the average diamond grit size 

of approximately 60–70 μm. Surfaces were polished at a force of approximately 1 N with 

the bur rotating at 5,000 rpm to obtain clinically acceptable surface quality.
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Glazing was conducted by firing samples without glass beads in the programed dental 

furnace at a stand-by temperature of 403 °C. Then the samples were reheated to 820 °C at a 

heating rate 90 °C/min and held for 10 minutes. Next, they were heated to 840 °C at 

30 °C/min heating rate and held for 7 minutes. Finally, the samples were cooled to 700 °C 

and then to room temperature.

2.4. Surface Characterization

X-ray diffraction was performed to all processed surfaces using an x-ray diffractometer (D/

MAX-2500, Rigaku, Japan) with a Cu Kα radiation of 0.15406 nm wave length. The 

scanning rate employed was 4° min−1 over the incident angles (2θ) in the range of 10–80° at 

0.02° scanning step.

All processed surfaces were gold-coated and quantitatively characterized to obtain the 

arithmetic average roughness, Ra, and the maximum roughness, Rz (De Chiffre et al., 2000) 

using desktop SEM-assisted morphology analytical software (Phenom-World BV, 

Netherlands). The software draws lines perpendicular to machining traces and calculates a 

profile for each measurement line. Fig. 5(a) shows the 3D surface roughness measurement 

process where measurements were made across three profiles and their average values 

computed. The cut-off and evaluation lengths were 0.2 mm and 1 mm respectively. Fig. 5(b) 

shows the 2D surface morphology of Fig. 5(a). On each surface, three roughness 

measurements were performed to obtain mean values and standard deviations. Each 

processed surface was also viewed under SEM (JEOL JSM 5410LV, Tokyo, Japan) to study 

surface fracture, morphology and removal mechanisms.

2.5. Statistical Analysis

One-way analysis of variance (ANOVA) was conducted at 95% confidence interval to 

examine the significance of fabrication processes on the average surface roughness, Ra, and 

the maximum height, Rz. Paired t test was also performed at 95% confidence to examine the 

influence of each surface treatment on surface roughness values.

3. Results

3.1. X-ray Diffraction

Fig. 6(a) shows the approximately identical x-ray diffraction pattern for the LMGC surfaces 

produced in the CAD/CAM and CAD/CAM-polish processes, which is similar to the pattern 

for the original LMGC surface from the manufacturer (as a reference). All peaks were 

identified as the lithium catena-silicate (Li2SiO3) or lithium metasilicate crystalline phase, 

matching the published patterns for LMGC in Alemi et al., 2013 and the Joint Committee on 

Powder Diffraction Standards (JCPDS)-file No. 30-0766 for lithium metasilicate crystals 

(Thieme and Rüssel, 2015).

Fig. 6(b) shows the approximately identical x-ray diffraction pattern for the surfaces 

produced in the CAD/CAM-polish-sinter, CAD/CAM-sinter, and CAD/CAM-sinter-polish 

processes. All main peaks were found identical to the theoretical pattern of lithium disilicate 
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crystals published in the JCPDS-file No. 82-2396 (Thieme and Rüssel, 2015). This indicates 

that LMGC was transformed to LDGC in all three surfaces.

Fig. 6(c) shows the approximately identical x-ray diffraction pattern for the surfaces 

produced in the CAD/CAM-polish-sinter-glaze and CAD/CAM-sinter-glaze processes. 

These patterns are similar to Fig. 6(b) and the theoretical pattern of lithium disilicate crystals 

in the JCPDS-file No. 82-2396 (Thieme and Rüssel, 2015), indicating that the phase 

transformation from LMGC to LDGC also occurred in these surfaces.

3.2. Surface Roughness

Fig. 7 shows the results of the arithmetic average roughness, Ra, and the maximum 

roughness, Rz, for different processes and sequences. The smoothest surface with Ra 0.12 

± 0.08 μm and Rz 0.89 ± 0.26 μm was produced in the CAD/CAM-polish-sinter process 

while the roughest surface with Ra 1.11 ± 0.09 μm and Rz 6.46 ± 0.61 μm was generated in 

the CAD/CAM-milling process. The moderate roughness with Ra 0.76 ± 0.08 μm and Rz 

4.03 ± 0.27 μm was yielded in the CAD/CAM-polish process, which is similar to the surface 

with Ra 0.70 ± 0.1 μm and Rz 3.75 ± 0.09 μm obtained in the CAD/CAM-sinter-glaze 

process. The improved surfaces were generated in the CAD/CAM-sinter process with Ra 

0.58 ± 0.07 μm and Rz 0.89 ± 0.26 μm. It was followed by the CAD/CAM-sinter-polish 

process with Ra 0.42 ± 0.12 μm and Rz 2.54 ± 0.88 μm and the CAD/CAM-polish-sinter-

glaze process with Ra 0.25 ± 0.01 μm and Rz 1.55 ± 0.08 μm.

Both the average roughness Ra and the maximum roughness Rz were significantly 

influenced by fabrication processes (p < 0.05). Table 1 summarizes all p-values of paired t-
tests for all fabrication processes. Both polishing and sintering significantly improved the 

roughness Ra and Rz values obtained in milling (p < 0.05). Further sintering of the polished 

surface also significantly reduced both Ra and Rz values (p < 0.05). Further polishing of the 

sintered surface only significantly improved the Ra values (p < 0.05) but did not significantly 

change Rz values (p > 0.05). Glazing did not significantly improve either Ra (p > 0.05) or Rz 

(p > 0.05) obtained in the sintering and the polishing-sintering processes.

3.3. Surface Morphology

Fig. 8 shows the CAD/CAM-milled LMGC surface morphology. Machining grooves and 

traces scratched by diamond abrasives are detailed in Fig. 8(a). Localized irregular fractures 

and cracks, and pulverized/smeared areas caused by shear bands are shown in Fig. 8(b). 

Pulverized or smeared areas with accumulated microchips on the highly fractured areas are 

revealed in Fig. 8(c). Fig. 9 shows the LMGC surface morphology produced in the CAD/

CAM-polish process. Fig. 9(a) shows that polishing smoothened milling traces and 

scratches, and produced residual pulverized debris and glassy networks. Fig. 9(b) details the 

glassy networks.

Fig. 10 shows the LDGC surface morphology produced in the CAD/CAM-sinter process, on 

which the large scale fractures on the milled surface in Fig. 8 disappeared. Fig. 10(a) shows 

the bulging of the milled surface due to the sintering-induced phase transformation from 

LMGC to LDGC, resulting in significantly improved surface roughness than the CAD/
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CAM-milled surface in Fig. 8. Details of the bulged surface in Fig. 10(b) reveal microcracks, 

which indicate that the sintering cannot completely heal milling-induced surface damage.

Fig. 11 shows the LDGC surface morphology produced in the CAD/CAM-sinter-glaze 

process. Fig. 11(a) shows that the glazing has resulted in the recovery of the bulged surface 

prodcued in the CAD/CAM-sinter process in Fig. 10, and made the surface look smoother. 

Fig. 11(b) reveals the residual pulverized debris in the form of very fine particles at the 

micro or submicro scales.

Fig. 12 shows the LDGC surface morphology produced in the CAD/CAM-sinter-polish 

process. Polishing traces, scratches and fractures are visible in Fig. 12(a). Localised 

fractures, enlarged debris and smeared areas are detailed in Fig. 12(b). These indicate the 

polishing after sintering did not significantly improve surface morphology.

Fig. 13 shows the LDGC surface morphology fabricated in the CAD/CAM-polish-sinter 

process, which has the very smooth surface texture without visible machining traces and 

phase-transformation induced crystal bulging. This may be attributable to the combined 

action of polishing and sintering processes on the milled CAD/CAMed surface. Fig. 14 

shows the LDGC surface morphology produced in the CAD/CAM-polish-sinter-glaze 

process. It was similar to the very fine surface produced in the CAD/CAM-polish-sinter 

process in Fig. 13. However, adhesion of fine particle debris was observed on the finally 

glazed surface (Fig. 14(b)).

4. Discussion

This study focused on the phase transformation, roughness and surface morphology in CAD/

CAM-milling, sintering, polishing and glazing of LMGC and LDGC for dental restorations.

The identical x-ray diffraction patterns (Fig. 6(a)) on the surfaces produced in CAD/CAM 

and CAD/CAM-polish processes indicate that simply milling and subsequent polishing did 

not cause any phase transformation of the original main crystal phase of lithium 

metasilicate. The identical x-ray diffraction patterns (Figs. 6(b) and 6(c)) on the surfaces 

produced in CAD/CAM-polish-sinter, CAD/CAM-sinter, CAD/CAM-sinter-polish, CAD/

CAM-polish-sinter-glaze and CAD/CAM-sinter-glaze processes prove that only sintering 

can transform lithium metasilicate to lithium disilicate. Glazing did not cause new phase 

transformations, suggesting that sintering of LMGC produced highly stabilized lithium 

disilicate crystals in LDGC, which has the improved strength to 400 GPa (Denry and 

Holloway, 2010).

The choice of average and maximum surface roughness parameters (Ra and Rz) in Fig. 7 

was based on their frequent use as surface texture characterization parameters that allow 

comparison with previously published work (De Chiffre et al., 2000). Different process 

routes yielded a large range of roughness values with Ra 0.12–1.11 μm and Rz 0.89–6.46 

μm. Such values are comparable with those of the ground-polished surfaces of LDGC with 

Ra 0.7 μm (Kou et al., 2006) and glazed LDGC with Ra 0.64 ± 0.014 μm (Boaventura et al., 

2013).
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The surface fracture on the CAD/CAM-milled LMGC was featured by the SEM 

micrographs in Fig. 8, which was associated with greatest surface roughness in Fig. 7. This 

can be attributed to the diamond penetrating, ploughing and scratching of LMGC surfaces in 

milling, resulting in lateral fracture and localized heat (Jefferies, 2007). Repeated surface 

fractures also resulted in the material pulverization and created smeared surface defects, 

which were the consequence of the intergranular and/or transgranular microcracking. These 

microcracks originated from localized shear stress fields, which were superimposed by 

hydrostatic compressive stresses in diamond-material contact zones (Zhang and Howes, 

1994). The evidence of the transgranular micro-cracking was observed clearly as lithium 

metasilicate crystals fragmented into micro-sized ceramic grains in Fig. 8(c). The pulverized 

surface in Fig. 8(a) emanated from surface and subsurface shear bands that were reported in 

our earlier investigation as the main deformation in nanoindentation of LMGC (Alao and 

Yin, 2015). Shear bands can form the plastic instability that localizes large shear strains in 

relatively thin bands during the material deformation process (Greer et al., 2013). They can 

represent the material plastic deformation or serve as crack-initiating sites (Sergueeva et al., 

2005). In milling, shear bands might have initiated microcracking through extensions of 

subsurface shear bands into underlying tensile matrices or from stress concentration sites at 

intersections of shear bands (Alao and Yin, 2015). Thus, the machining grooves in Fig. 8(a) 

might represent large fragmented shear strains which melted unto the surface due to 

machining-induced high temperatures, roughening the surface (Fig. 7).

Polishing of CAD/CAM-milled LMGC resulted in significant reductions of both surface 

roughness Ra and Rz (Fig. 7, Table 1). This indicates that polishing effectively smoothened 

milling traces and scratches of LMGC by abrasive wear mechanism (Fig. 9). The 

mechanical energy was transferred from abrasives to the LMGC material, removing or 

displacing the material (Evans et al., 2003; Jefferies, 2007). Meanwhile, polishing formed 

debris and produced glassy networks shown in Fig. 9.

Sintering of CAD/CAM-milled surfaces (Fig. 10) also significantly reduced the Ra and Rz 

roughness (Fig. 7 and Table 1), ascribing to the LMGC-LDGC phase transformation (Fig. 

6). Sintering might have also caused the relaxation of machining-induced mechanical 

residual stresses (Zhang and Howes, 1994), which also contributed to the smoothening of 

milled surfaces (Fig. 10). It might have also generated thermal stresses (Denry, 2013), that 

can restrict the thermal expansion of milled surfaces and lead to the surface bulging (Fig. 

10).

The insignificantly different Rz but significantly different Ra values (Table 1) produced in 

CAD/CAM-sinter (Fig. 10) and CAD/CAM-sinter-polish (Fig. 12) processes need an in-

depth analysis. The maximum roughness Rz generally represents the largest peak-to-valley 

surface defect size (Cook, 2006) and can be used as a measure of the subsurface damage 

depth in ceramic grinding and lapping processes (Li et al., 2008). Consequently, polishing 

after sintering was unable to remove surface peaks and valleys of milling-induced ploughing 

grooves or scratches due to the high strength of sintering-transformed LDGC. Instead, it 

only smoothened the average profile to decrease average Ra. Therefore, polishing needs to 

be conducted prior to sintering. Otherwise, polishing of sintered surfaces requires the usage 

of high-stiffness polishing media in multiple-step processes with finer abrasives to improve 
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the roughness and transit the brittle-ductile removal (Schmidt and Weigl, 2000; Yin et al., 

2007). Interactions of finer abrasives with work materials are dominated by normal forces 

resulting from negative rake angles and small undeformed chip thicknesses in abrasive-

material contact regions (Alao and Konneh, 2012; Evans et al., 2003). These high rake 

angles permit necessary hydrostatic pressures/temperatures to enable plastic deformation to 

occur (Evans et al., 2003). However, these multiple procedures would remarkably increase 

manufacturing time and cost for restorations (Steiner et al., 2015).

The CAD/CAM-polish-sinter process (Fig. 13) produced the lowest roughness, in which 

polishing easily removed milling traces and scratches of weak LMGC and the subsequent 

sintering complemented the polishing further for roughness reduction and phase-transformed 

strength increase. The yielded roughness (Ra = 0.12 ± 0.08 μm) was lower than the threshold 

roughness (Ra = 0.20 μm) for bacterial plaque retention (Bollen et al., 1997), suggesting that 

the bacteria accumulation is unlikely to occur. Further, no second step polishing with finer 

grits is needed for structure retention and shininess. Thus, this process route appears to be 

the most practical and cost effective.

The subsequent glazing of the CAD/CAMed-polished-sintered surfaces (Fig. 14) could not 

further improve the roughness (Table 1 and Fig. 7), which is in agreement with that some 

finishing techniques can obtain surfaces equivalent to glaze-fired ceramic surfaces (Tholt et 

al., 2006). Meanwhile, glazing at a high temperature might have induced the thermal 

deformation in LDGC (Denry and Holloway, 2004), which might not be detrimental to the 

mechanical strength (Cattell et al., 2002; Denry and Holloway, 2004; Wen et al., 2007). 

Nevertheless, glazing slightly increased the surface roughness above the bacterial retention 

threshold (Bollen et al., 1997), implying an increased possibility of bacteria accumulation. 

Thus, glazing should be eliminated to polished-sintered surfaces. In addition, thermal 

stresses induced by glazing (Fig. 11) might have restricted the thermal expansion of bulged 

sintered surfaces. This could have caused sufficient hydrostatic compressive stresses to 

recompact surfaces, which generated powder debris to increase the roughness (Fig. 7). Thus, 

glazing improved neither roughness Ra nor Rz of CAD/CAMed-sintered surfaces (Table 1) 

because of the bursting of bulged surfaces to powders.

Comparing all processes, the CAD/CAM-polish-sinter process route proved to be the 

optimized procedure, meeting clinical dental standards and eliminating secondary polishing 

and glazing for time and cost effectiveness. Therefore, this route is proposed for the 

production of LDGC restorations as schematically described in Fig. 15. The CAD/CAM-

milling of LMGC first generates rough restorative profiles. Polishing is only conducted on 

occlusal, facial and lingual surfaces. Then, sintering is applied to strengthen the material. 

Intaglio surfaces produced in the CAD/CAM-sinter process can be etched by hydrofluoric 

acid to roughen surfaces for cementation (Borges et al., 2003; Kelly, 1997). It is likely that 

this optimized procedure may benefit both dental patients and clinicians who routinely use 

LDGC restorations and expect them long-lasting. Given that the long-term (after 15 years) 

survival rate for LDGC crowns achieved only 81.9% (van den Breemer et al., 2017), 

continuing efforts for improvement are needed. An important thrust for these efforts is to 

foster a more analytical engineering approach to clinical manufacturing of restorations. This 
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study has provided a rational understanding of the optimized clinical procedure for LDGC 

restorations which can be practically utilized in restorative dentistry.

5. Conclusions

This work investigated the surface fracture, roughness and morphology, phase 

transformations, and material removal mechanisms of LMGC/LDGC produced in 

CAD/CAM milling, sintering, polishing and glazing. The CAD/CAM-milling process 

produced the coarsest surface roughness due to extensive brittle cracking and pulverization. 

Polishing of CAD/CAM-milled LMGC efficiently improved roughness by wearing the 

milled traces and scratches through abrasive mechanical actions. Sintering transformed 

LMGC to LDGC with increased strength. The subsequent glazing did not change the 

stabilized LDGC but might have induced additional thermal stresses leading to further 

deformation. Polishing of LDGC did not significantly reduce surface roughness because the 

high-strength LDGC makes the material difficult to machine. The CAD/CAM-polish-sinter 

process produced the best roughness, which fulfilled clinical requirements for cost 

effectiveness, time efficiency, and surface quality for occlusal functions and bacterial plaque 

retention. Further studies will be conducted to determine the reliability of the proposed 

process route for LDGC restorations and establish the relations between their surface 

integrity and fatigue behavior.
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Fig. 1. 
Chairside CAD/CAM milling of a LMGC block using two diamond burs.
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Fig. 2. 
SEM micrographs showing (a) the morphology of a step diamond bur 12 S, (b) diamond 

abrasives on the bur with approximately 64-μm grit size.
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Fig. 3. 
Schematic diagram of all fabrication process routes.
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Fig. 4. 
SEM micrograph of the morphology of the grey white rubber diamond bur with 

approximately 60–70-μm grit size.
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Fig. 5. 
A demonstration of surface roughness measurement using the desktop SEM-assisted 

morphology analytical software, in which (a) 3D surface roughness measurement with three 

profiles to be analyzed and (b) 2D surface morphology of (a).
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Fig. 6. 
(a) Approximately identical x-ray diffraction pattern for the LMGC surfaces produced in the 

CAD/CAM and CAD/CAM-polish processes and for the original LMGC surface from the 

manufacturer (as a reference), (b) Approximately identical x-ray diffraction pattern for the 

surfaces produced in the CAD/CAM-polish-sinter, CAD/CAM-sinter, and CAD/CAM-

sinter-polish processes, (c) Approximately identical x-ray diffraction pattern for the surfaces 

produced in the CAD/CAM-polish-sinter-glaze and CAD/CAM-sinter-glaze processes.
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Fig. 7. 
Arithmetic mean roughness, Ra, and maximum roughness, Rz, versus different process 

routes. Each data point is the mean value of three profiles on each processed surface; the 

error bars correspond to ± one standard deviation for the three profiles.
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Fig. 8. 
SEM micrographs of the LMGC surface produced in the CAD/CAM process revealing (a) 

milling traces, fractures and shear band-induced pile-ups leading to the material 

pulverization, (b) details of surface fractures, and (c) details of pulverized/smeared areas.
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Fig. 9. 
SEM micrographs of the LMGC surface produced in the CAD/CAM-polish process 

revealing (a) smootherned milling traces and residual debris, and (b) details of glassy 

networks.
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Fig. 10. 
SEM micrographs of the LDGC surface produced in the CAD/CAM-sinter process, showing 

(a) the bulging of the milled surface and (b) details of the bulged surface.
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Fig. 11. 
SEM micrographs of the LDGC surface produced in the CAD/CAM-sinter-glaze process 

demonstrating (a) residual pulverized debris and (b) details of these powdered debris.
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Fig. 12. 
SEM micrographs of the LDGC surface produced in the CAD/CAM-sinter-polish process 

showing (a) machining traces, scratches and fractures and (b) details of localized fracture, 

enlarged debris and smeared areas.
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Fig. 13. 
SEM micrographs of the LDGC surface produced in the CAD/CAM-polish-sinter process 

revealing (a) a very smooth surface texture and (b) details of the smooth surface without 

visible defects.
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Fig. 14. 
SEM micrographs of the LDGC surface produced in the CAD/CAM-polish-sinter-glaze 

process showing (a) a very fine surface similar to the surface in Fig. 13(a) and (b) details of 

the surface with fine particle debris.
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Fig. 15. 
The optimized fabrication procedure for occlusal/facial/lingual and intaglio (cementation) 

surfaces in LDGC restorations
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Table 1

Summary of the p-values of all paired t-tests for Ra and Rz values of all paired fabrication processes.

Surface treatments

p-value

Ra (μm) Rz (μm)

CAD/CAMed versus CAD/CAMed-polished p < 0.05 p < 0.05

CAD/CAMed-versus CAD/CAMed-sintered p < 0.05 p < 0.05

CAD/CAMed-polished versus CAD/CAMed-polished-sintered p < 0.05 p < 0.05

CAD/CAMed-sintered versus CAD/CAMed-sintered-polished p < 0.05 p > 0.05

CAD/CAMed-sintered versus CAD/CAMed-sintered-glazed p > 0.05 p > 0.05

CAD/CAMed-polished-sintered versus CAD/CAMed-polished-sintered-glazed p > 0.05 p > 0.05
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