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Abstract: This study aims to evaluate the fitness, surface microhardness, and trueness of crowns
fabricated from three types of dental ceramic blocks (HASS Rosetta, IPS e.max CAD, and VITA
Suprinity) and analyze the correlations between them. A crown was first designed in computer-aided
design (CAD) software. To create a crown designed model (CDM), the design file was extracted
from the CAD software, and a lithium disilicate block was processed from the file with a milling
machine. To create a crown scanned model (CSM), the inside of the fabricated crown was digitized
using a contact scanner. Using three-dimensional (3D) inspection software (Geomagic Control X;
3D Systems), the CDM and CSM were then superimposed, and their 3D trueness was analyzed.
To measure the surface microhardness of the blocks, the specimens were polished and subjected to
the Vickers hardness test. The fitness of the fabricated crowns was evaluated by applying a modified
silicone replica technique. Pearson correlation analysis was performed to assess the correlations
between trueness, surface microhardness, and fitness. In addition, the significance of differences
between the three types of dental ceramic blocks was analyzed using one-way analysis of variance
(ANOVA). Significant differences in the trueness, surface microhardness, and marginal fit were
observed between ceramic blocks of different types. There were also positive correlations between
trueness, surface microhardness, marginal fit, and internal fit. While the marginal fit of crowns
fabricated from each of the three types of ceramic blocks was in the clinically permitted range
(<120 µm), there were differences in the trueness and surface microhardness, depending on the type
of block. However, crowns fabricated from each of the three materials have surface microhardness
that is clinically applicable.

Keywords: trueness; marginal and internal fit; surface microhardness; ceramic; dentistry

1. Introduction

The introduction of intraoral scanners and their combination with dental computer-aided design
and computer-aided manufacturing (CAD/CAM) systems has enabled the chairside production of
prostheses [1–4]. As such CAD/CAM systems do not require a working model to be fabricated,
prostheses are produced rapidly, which reduces the patient treatment time [1–3]. Lithium disilicate
ceramics are widely used for dental prostheses because they are aesthetic materials with a short sintering
time [4,5]. Four-axial milling units are also preferred to minimize patient treatment time [4–8]. Crowns
fabricated from lithium disilicate materials have shown a high survival rate [6]. However, lithium
disilicate materials are reported to have low strength under occlusal forces [5–7]. Therefore, zirconia
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is used to reinforce lithium disilicate materials [8]. However, studies comparing zirconia-reinforced
lithium silicate glass ceramics with zirconia-free lithium silicate glass ceramics are lacking.

When using dental CAD/CAM systems, it is important to evaluate the consistency between the
designed crown and the fabricated crown [4,5,9,10]. Low consistency may affect the marginal and
internal fit of a prosthesis [4,9,10]. Trueness indicates the similarity of the prosthesis designed first
in CAD software (CAD reference model) with the fabricated prosthesis (CAD test model) [4,9,10].
A prosthesis exhibiting excellent trueness may offer the advantage of time for the patient to adjust
to the prothesis [4,10]. The trueness of the fabricated crown may differ depending on the type of
lithium disilicate block used due to the differences in processability [10]. However, few studies have
investigated the correlation between the surface microhardness of the ceramic material and the trueness
of the resulting crown.

The marginal and internal fit of a fixed prosthesis are important predictors of successful prosthetic
treatment [4,11–14]. An excellent marginal fit allows the maintenance of a healthy periodontal status
and prevents the dissolution of resin cement [11,12,14]. An excellent internal fit increases the dropout
resistance of the prosthesis [11,14]. Therefore, many studies have focused on the marginal and internal
fit parameters that affect prostheses prognosis [4,5,11–14]. Currently, fixed prostheses produced with
dental CAD/CAM systems have reported marginal fit values that are typically less than 100 µm,
and marginal gap values below 100–120 µm have been reported to be clinically permissible in most
studies [11,14,15].

Although there are various methods of evaluating the marginal and internal fit, the silicone replica
technique is recommended as a reliable method [5,14]. This method involves injecting silicone to
measure the rim and inner space of the prostheses by replication [5,14]. The thickness of silicone
replicas can also be measured by optical scanning [16].

Many previous studies have evaluated the marginal and internal fit of the crowns fabricated
from lithium disilicate materials and verified their stability [5,6,11,15]. In addition, long-term clinical
studies with these crowns have yielded promising results [6]. However, there is insufficient evidence
regarding the correlation between the trueness of the crowns and their marginal and internal fit.

This study aims to evaluate the fitness, surface microhardness, and trueness of crowns fabricated
from three types of dental ceramic blocks and to analyze the correlations between them. The first null
hypothesis is that there is no difference between the fitness, surface microhardness, and trueness of
crowns and the type of dental ceramic block used for fabrication. The second null hypothesis is that
there is no correlation between fitness, surface microhardness, and trueness.

2. Materials and Methods

This study was performed as shown in Figure 1. First, to measure the trueness of the crowns,
a crown designed model (CDM) was created using CAD software, and the crowns were fabricated
using a milling unit. To obtain a crown scanned model (CSM), the inside of a crown was digitalized
using a contact scanner. The CDM and CSM were superimposed using testing software, and 3D
analysis was performed (Figure 1). The marginal and internal fit were also evaluated using a modified
silicone replica technique (Figure 1). To measure the surface microhardness, specimens were polished
and subjected to the Vickers hardness test (Figure 1).

A pilot experimental procedure was conducted five times using power analysis software (G*Power
v3.1.9.2, Heinrich-Heine-Universität, Düsseldorf, Germany) to determine the appropriate sample size,
which was calculated to be 20 (actual power = 97.8%; power = 97.8%; α = 0.05). This finding indicated
that the proposed study required a minimum of 20 subjects to ensure a power > 97.8%. The actual
power achieved with N = 20 (97.8%) was slightly higher than the requested power. The production and
evaluation of the specimens were conducted by a single skilled investigator (K.S for consistency [17,18].
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Figure 1. Experimental design.

2.1. Sample Preparation

For the main digitized model, single crowns were designed and retrieved in CAD software
(EZIS VR, DDS, Seoul, Korea). The crowns were designed to default values (cement space: 80 µm).
The designed virtual crowns were extracted as stereolithography (STL) files to be used as reference
data for the evaluation of trueness.

Each STL file was transferred to the milling unit (EZIS HM, DDS, Seoul, Korea) for production.
EZIS HM is a chairside four-axial milling unit, and according to the manufacturer, it has a processing
accuracy of ±1 µm and a maximum spindle speed of 63,000 rpm; the milling time was 15 min/unit [5].
To fabricate more precise prostheses, the milling unit was calibrated by the manufacturer. Three types
of lithium disilicate blocks (HASS Rosetta, IPS e.max CAD, and VITA Suprinity) were used (Table 1).
To fabricate each crown, the lithium disilicate blocks were milled using a milling unit. The pilot
test for crown processing was performed five times using a single bur instrument (Step Bur 12 and
Cylinder Pointed Bur 12 s, Dentsply Sirona, York, PA, USA), and the text crowns exhibited no difference
in trueness (p = 0.162). Therefore, the bur was replaced after five crowns were processed with the
bur instrument.

Table 1. Datasheet of lithium disilicate block testing.

Lithium Disilicate Block Material Type Lot Number/Manufacturer

HASS Rosetta Lithium disilicate glass ceramic ABD06KE1502/HASS
IPS e.max CAD Lithium disilicate glass ceramic V36449/Ivoclar vivadent
VITA Suprinity Zirconia reinforced lithium silicate glass ceramic 46191/VITA

2.2. Trueness

Residue was removed from each fabricated crown using an ultrasound cleaner for five minutes in
distilled water. After drying, each crown was connected to a stationary jig, and the inside was scanned
using a contact scanner (DS10, Renishaw, Gloucestershire, UK) (Figure 2A,B). For precision scanning,
the scanner was calibrated before each use. Each scan (virtual crown) was extracted as an STL file to be
used as test data for the evaluation of trueness (Figure 2C).

The 3D inspection software (Geomagic Control X v2018.0.0, 3D Systems Inc., Rock Hill, SC, USA)
recommended by ISO-12836 was used in this study. To retrieve the CDM file from the 3D inspection
software and perform a 3D comparison, only the inside area of the crown was segmented, using the
margin as a boundary (Figure 2D). After the CDM file was prepared, the CSM file was retrieved,
and the initial alignment was conducted. The inner region of the segmented crowns was designated,
and the two files were superimposed in the point cloud by best fit alignment (Figure 2E). The sampling
rate was specified as 100%.
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Figure 2. Procedure for evaluating trueness. (A) The contact scanning procedure. (B) A 3D modeling
result of contact scanning. (C) A crown scanned model (CSM). (D) A crown designed model (CDM).
(E) A CSM and CDM superimposed. (F) A color difference map.

The dimensional differences between the CDM and CSM files were calculated for all data points
in the segmented inner region. Each data point consists of three coordinate values (X, Y, Z), and the
distance between each corresponding data point in the CDM and CSM files was calculated as a trueness
value. The root mean square (RMS) was then calculated using the following formula [10]:

RMS =
1
√

n
·

√∑n

i=1
(X1,i −X2,i)

2.

For all data points, X1,i is the position of the measurement point i in the reference scan data; X2,i is
the position of the measurement point i in the evaluation scan data; and n refers to the number of data
points measured in each analysis.

The RMS value indicates the degree of deviation in the scan data. A low RMS value indicates a
good 3D agreement of the superimposed data. Each 3D comparison is shown as a color difference map,
having a range of ±100 µm (20 color segments) and an allowable tolerance range (green) of ±10 µm
(Figure 2F). The red zone (10 µm to 100 µm) indicates that the CSM data are located above the CDM
data, implying that the milling failed to reach the target position. The blue zone (−10 µm to −100 µm)
indicates that the CSM data are located below the CDM data, implying that the milling exceeded the
target position. The green zone (±10 µm) corresponds to areas that were milled precisely. A high RMS
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value indicates poor 3D agreement of the superimposed data; visually, this results in larger areas of
red and blue in the color difference map. Relative comparisons of the extent of the red and blue areas
in the color difference maps for samples with high RMS values and the trend of these results were
evaluated as in previous studies [4,5,7–10].

2.3. Surface Microhardness

After crowns were fabricated, 20 specimens were prepared from each type of ceramic block and
polished with SiC paper (Allied High Tech Products, Rancho Domingues, CA, USA) and diamond
paste (Allied High Tech Products, Rancho Domingues, CA, USA) under a load of 100 g and wheel
speed of 100 rpm. The surface microhardness was measured using a microhardness tester (HMV-2,
S Shimadzu, Tokyo, Japan) following the ASTM C1327-03 Standard [10]. Vickers indentations per
specimen were introduced using a diamond indenter and a load of 9.8 N for 20 s. Vickers hardness
was calculated as follows [19]:

H = 1.8544
P
d2 ,

where H is hardness (GPa); P is the load applied (kg); and d is the mean diagonal length of the
indentation (mm).

2.4. Marginal and Internal Fit

The marginal and internal fit of the ceramic crowns were evaluated as shown in Figure 3.
The marginal and internal fit can be assessed by measuring the thickness of the replicated silicone
material between the crown and the abutment [4,14]. A silicone-based indicator paste (Fit Checker,
GC, Leuven, Belgium) was used to fill the inside of a crown, which was then carefully seated on the
abutment teeth. After checking to see whether the crown was positioned accurately, it was loaded
with finger pressure. As the thickness of the silicone material may vary with different pressures, the
60 crown specimens were loaded using the following procedure: gauze was placed on a ceramic
crown specimen and positioned so that a binder clip held the occlusal surface and the bottom of
the model. After the silicone was completely polymerized, the crown was carefully removed so
that the silicone material would not fall onto the abutment teeth. Using a desktop optical scanner
(E1, 3Shape, Denmark), scans were taken of the abutment teeth with and without silicone material
(Figure 3A,B, respectively). The STL files of the CDM and CSM were retrieved from the 3D inspection
software (Geomagic Control X) (Figure 3C,D), and the initial alignment and best-fit alignment were
superimposed (Figure 3E). After checking whether the files were accurately superimposed, virtual
planes were established, as shown in Figure 3F. The same virtual plane coordinates were used for
each corresponding specimen, and the fitness was measured. The fitness was measured in the margin,
chamfer, axial, angle, and occlusal areas of the virtual planes (Figure 3F). The thickness of the replicated
silicone material was measured by the 3D inspection software (Figure 3F).

2.5. Statistical Analysis

Data were analyzed using SPSS statistical software (release 25.0, IBM, Chicago, IL, USA),
and α = 0.05 was considered significant. The normal distribution of the data was investigated
using the Shapiro–Wilk test, which demonstrated that the data formed a normal distribution. The
equality of the dispersion was evaluated using the Levene test, and the differences between groups
were analyzed using one-way ANOVA, and Tukey’s honestly significant difference test was used as a
post hoc test. Statistically significant differences between experimental groups (p < 0.05) are indicated
by different capital letters; groups with the same capital letter are not statistically different (p ≥ 0.05).
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Figure 3. Procedure for measuring marginal and internal fit. (A) A fabricated model without silicone
material. (B) A fabricated model with silicone material. (C) A scanned model without silicone material.
(D) A scanned model with silicone material. (E) Superimposition of (B,D). (F) Marginal and internal fit
measurements on virtual planes by measuring the thickness of the replicated silicone material.

Pearson correlation analysis was used to analyze correlations between trueness, surface
microhardness, and fitness. According to previous studies, correlations can be categorized according
to the magnitude of the pearson correlation coefficient (PCC). Correlations between variables can be
described as perfect (PCC = −1 or 1), strong (PCC = −0.7 to −0.9 or 0.7 to 0.9), moderate (PCC = −0.4 to
−0.6 or 0.4 to 0.6), or weak (PCC = −0.1 to −0.3 or 0.1 to 0.3) [20].

3. Results

3.1. Trueness

The trueness values measured for the crowns fabricated with the three ceramic materials are
shown in Table 2. The first null hypothesis was rejected for trueness (p < 0.001) because the trueness
values varied according to the ceramic material. Crowns fabricated with HASS Rosetta had the lowest
trueness value (26.5 ± 2.5 µm), which was significantly different from the crowns fabricated with IPS
e.max (33 ± 8.8 µm) or VITA Suprinity (38.4 ± 5.4 µm) (p < 0.05); however, trueness values were not
significantly different between crowns fabricated with IPS e.max CAD and VITA Suprinity (p ≥ 0.05).
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Table 2. Comparison of the trueness according to the type of lithium disilicate block.

Experimental Groups Trueness (µm)
Mean (SD) Group Comparisons

HASS Rosetta 26.5 (2.5) A *
IPS e.max CAD 33 (8.8) B *
VITA Suprinity 38.4 (5.4) B *

p <0.001

* Different capital letters indicate that the difference between the groups is significant by Tukey’s honestly significant
difference post hoc testing (p < 0.05); identical capital letters indicate that the difference between the groups is not
significant (p ≥ 0.05).

Comparisons of trueness using color difference maps (Figure 4) showed the same trend as the
data in Table 2. Crowns fabricated with HASS Rosetta had the smallest area of blue and red, while the
extent of blue and red in the color difference maps from crowns fabricated with IPS e.max CAD and
VITA Suprinity were similar to each other, but greater than that of HASS Rosetta (Figure 4).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 12 

3. Results 

3.1. Trueness 

The trueness values measured for the crowns fabricated with the three ceramic materials are 
shown in Table 2. The first null hypothesis was rejected for trueness (p < 0.001) because the trueness 
values varied according to the ceramic material. Crowns fabricated with HASS Rosetta had the lowest 
trueness value (26.5 ± 2.5 µm), which was significantly different from the crowns fabricated with IPS 
e.max (33 ± 8.8 µm) or VITA Suprinity (38.4 ± 5.4 µm) (p < 0.05); however, trueness values were not 
significantly different between crowns fabricated with IPS e.max CAD and VITA Suprinity (p ≥ 0.05). 

Comparisons of trueness using color difference maps (Figure 4) showed the same trend as the 
data in Table 2. Crowns fabricated with HASS Rosetta had the smallest area of blue and red, while 
the extent of blue and red in the color difference maps from crowns fabricated with IPS e.max CAD 
and VITA Suprinity were similar to each other, but greater than that of HASS Rosetta (Figure 4). 

Table 2. Comparison of the trueness according to the type of lithium disilicate block. 

Experimental Groups 
Trueness (μm) 

Mean (SD) Group Comparisons 

HASS Rosetta 26.5 (2.5) A * 

IPS e.max CAD 33 (8.8) B * 

VITA Suprinity 38.4 (5.4) B * 

p <0.001  
* Different capital letters indicate that the difference between the groups is significant by Tukey’s  
honestly significant difference post hoc testing (p < 0.05); identical capital letters indicate that the 
difference between the groups is not significant (p ≥ 0.05). 

 
Figure 4. Comparison of the color difference map according to the lithium disilicate block. (A) HASS 
Rosetta. (B) IPS e.max CAD. (C) VITA Suprinity. 
Figure 4. Comparison of the color difference map according to the lithium disilicate block. (A) HASS
Rosetta. (B) IPS e.max CAD. (C) VITA Suprinity.

3.2. Surface Microhardness

The results of the microhardness test are shown in Table 3. The first null hypothesis was rejected
for surface microhardness (p < 0.001) because the surface microhardness values varied according to the
ceramic material. Crowns fabricated with HASS Rosetta showed the lowest surface microhardness
(5.29 ± 0.13 GPa), which was significantly different to the crowns fabricated with IPS e.max CAD (5.8 ±
0.21 GPa) or VITA Suprinity (5.94 ± 0.32 GPa) (p < 0.05); however, the surface microhardness values
were not significantly different between the crowns fabricated with IPS e.max CAD and VITA Suprinity
(p ≥ 0.05).
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Table 3. Comparison of the surface microhardness according to the type of lithium disilicate block.

Experimental Groups Hardness (GPa)
Mean (SD) Group Comparisons

HASS 5.29 (0.13) A *
IPS e.max CAD 5.8 (0.21) B *

VITA 5.94 (0.32) B *
p <0.001

* Different capital letters indicate that the difference between the groups is significant by Tukey’s HSD post hoc
testing (p < 0.05); identical capital letters indicate that the difference between the groups is not significant (p ≥ 0.05).

3.3. Marginal and Internal Fit

The marginal and internal fit of the ceramic crowns determined by measuring the replicated
silicone material thickness are shown in Tables 4 and 5. Crowns fabricated with HASS Rosetta showed
the lowest marginal fit (68.8 ± 8.1 µm), which was significantly different to crowns fabricated with
VITA Suprinity (98.6 ± 26.2 µm) (p < 0.05), but not IPS e.max CAD (80.1 ± 27.2 µm) (p > 0.05); however,
marginal fit values between the crowns fabricated from IPS e.max CAD and VITA Suprinity were
not significantly different (p > 0.05). No significant differences in internal fit were observed between
crowns fabricated from any of the three ceramic materials (p = 0.14), so the null hypothesis was not
rejected for internal fit; however, the null hypothesis was rejected for marginal fit (p = 0.003).

Table 4. Comparison of the marginal fit according to the type of lithium disilicate block.

Experimental Groups Marginal Fit (µm)
Mean (SD) Group Comparisons

HASS 68.8 (8.1) A *
IPS e.max CAD 80.1 (27.2) AB *

VITA 98.6 (26.2) B *
p 0.003

* Different capital letters indicate that the difference between the groups is significant by Tukey’s HSD post hoc
testing (p < 0.05); identical capital letters indicate that the difference between the groups is not significant (p ≥ 0.05).

Table 5. Comparison of the internal fit according to the type of lithium disilicate block.

Experimental Groups Internal Fit (µm)
Mean (SD) Group Comparisons

HASS 161.9 (5.4) A *
IPS e.max CAD 165.8 (15.7) A *

VITA 170.8 (12.6) A *
p 0.14

* Different capital letters indicate that the difference between the groups is significant by Tukey’s HSD post hoc
testing (p < 0.05); identical capital letters indicate that the difference between the groups is not significant (p ≥ 0.05).

3.4. Correlation Analysis

The results of the Pearson correlation analysis are shown in Table 6. In descending order of
positive pearson correlation coefficient (PCC) value, strong correlations were found between trueness
and surface microhardness (0.845), trueness and marginal fit (0.844), trueness and internal fit (0.822),
surface microhardness and marginal fit (0.828), and surface microhardness and internal fit (0.764).
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Table 6. Pearson correlation coefficient (PCC) values for trueness, surface microhardness, marginal fit,
and internal fit.

Trueness Surface Microhardness Marginal Fit Internal Fit

Trueness
PCC 1 0.845 0.864 0.822

p − <0.001 <0.001 <0.001

Hardness
PCC 0.845 1 0.828 0.764

p <0.001 − <0.001 <0.001

Marginal fit PCC 0.864 0.828 1 0.929
p <0.001 <0.001 − <0.001

Internal fit
PCC 0.822 0.764 0.929 1

p <0.001 <0.001 <0.001 −

4. Discussion

In this study, crowns fabricated with three types of ceramic blocks (HASS Rosetta, IPS e.max
CAD, and VITA Suprinity) showed significant differences in the presented evaluations (trueness,
surface microhardness, and marginal fit) (Tables 2–5). In addition, the trueness, surface microhardness,
and marginal and internal fit showed strong positive correlations (p < 0.001) (Table 6). Therefore, the
two null hypotheses of this study were rejected according to the results, and the following conclusions
can be drawn: the ceramic block material affects the marginal fit, surface microhardness, and trueness
of the prostheses, and poor trueness and surface microhardness adversely affect the marginal and
internal fit.

A previous study also observed differences in trueness values according to the three types of
ceramic blocks [10], and its findings agreed with those of this study: There was a significant difference
in trueness according to the ceramic block material [10]. However, investigations of the correlation
between trueness and hardness and their further impact on the marginal and internal fit are lacking.
The findings of this study showed that poor trueness and hardness of a ceramic block material could
adversely affect the marginal and internal fit of the prostheses.

This study suggests that although low trueness and hardness values may result in excellent
marginal and internal fit, the clinical environment should be considered. A low value of hardness for
a ceramic may indicate that the material is inappropriate for use in the oral cavity [19,21] due to the
possibility of fracture as a result of high occlusal loads [19]. A high hardness value means that the
ceramic material can bear high occlusal loads [19]; however, a ceramic crown with a high hardness
value may cause abrasion of the antagonist [19]. Moreover, as observed in this study, high hardness
values may adversely affect the marginal and internal fit. Thus, a ceramic crown must have a clinically
acceptable hardness value that is not too high or too low and that provides excellent marginal and
internal fit.

Previous studies showed that the crowns fabricated with CAD/CAM systems had small marginal
fit values of <100 µm [11]. The long-term stability of a fixed prosthesis with a marginal fit value
of >120 µm may be affected due to periodontitis, cement dissolution, and secondary caries [11,14].
Therefore, there is a consensus that marginal fit values less than 100–120 µm are clinically permissible
for fixed prostheses [11,14]. The marginal fit values of crowns fabricated for this study were <100 µm
and were in the clinically permissible range for all three types of ceramic blocks. Although the three
types of ceramic blocks showed differences in surface microhardness values, all were considered to be
appropriate for clinical use in terms of their marginal fit.

This study had several limitations. First, only three types of ceramic blocks were evaluated.
New ceramic materials have been developed recently, and it will be necessary to evaluate prostheses
fabricated with such products in the future. Second, this study used a four-axial milling unit, which is
the type most widely used in chairside CAD/CAM. As previous findings showed that trueness
evaluations might vary depending on the number of axes [7,22,23], it is necessary to compare these
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findings with a five-axial milling unit. Finally, the trueness of the outer surface of the crown was not
evaluated because regions with an undercut and narrow, deep shape such as the outer shape of the
crown could not be scanned using a touch-probe scanner. However, additional studies should be
undertaken to analyze the trueness of the outer surface.

5. Conclusions

The type of ceramic block affected the trueness, surface microhardness, and marginal fit of the
fabricated prosthesis. Ceramic blocks with high surface microhardness values may yield fabricated
crowns with poor trueness. Poor trueness may adversely affect the marginal and internal fit. To fabricate
a crown with an excellent marginal and internal fit, the ceramic block must have low surface
microhardness; however, additional studies are needed to evaluate the optimum surface microhardness
considering clinical conditions such as occlusal load. Although the marginal fit values of crowns
fabricated with the different types of ceramic blocks (HASS Rosetta, IPS e.max CAD, and VITA
Suprinity) were within the clinically permitted limit (<120 µm), there were differences in the surface
microhardness, depending on the type of block. However, all three types were found to have surface
microhardness values that are clinically applicable.
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