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Abstract
Objective  To evaluate the effect of adjustment and finishing procedures and thermal aging of monolithic zirconia on the 
surface roughness, phase transformation, and flexural strength.
Material and methods  One hundred disk-shaped monolithic zirconia specimens were randomly divided into 5 groups: 
control, received only glazing; group Gr, was grinded; group GrP, was grinded and polished; group GrG, was grinded and 
re-glazed; group GrPG, was re-glazed after grinding and polishing. Half of the each group were stored in distilled water 
for 24 h and the remaining were thermocycled for 5000 cycles. Topographic evaluations were done with profilometer and 
scanning electron microscope. Phase changes were assessed through X-ray diffractometer. The biaxial flexural strength test 
was calculated by universal test machine. Statistical analysis was performed by using two-way ANOVA and Tukey multiple 
comparison test (p < 0.05).
Results  Group Gr showed statistically higher surface roughness and flexural strength values than the other groups (p < 0.001). 
However, no significant differences were observed between finishing groups (p >0.05). Phase transformation was occurred 
in all groups but the differences were not statically significant (p >0.05). Artificial aging had no effect on surface roughness, 
flexural strength, and phase transformation (p >0.05).
Conclusion  Surface roughness significantly increased after grinding, but finishing procedure approximated it to the control 
group. Glazing after grinding decreased the flexural strength, but polishing did not. Zirconia polishing system may be an 
alternative to re-glazing for monolithic zirconia.
Clinical relevance  Polishing is one of the most effective finishing procedures that can improve the physical properties of the 
material without damaging its mechanical properties.
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Introduction

The popularity of zirconia restorations has increased for 
dental applications because of their superior mechanical 
and chemical properties, biocompatibility, and estheti-
cal advantage compared to conventional metal-ceramic 
restorations [1–4]. Currently, zirconia restorations can be 

used in two different methods; these are zirconia-based 
porcelain restorations and monolithic zirconia [5]. Two 
layer restorations commonly cause bonding issues which 
are concluded with fracture and chipping of porcelain. 
However, monolithic zirconia is an anatomic-contoured 
restoration without esthetic material fabricated by the 
computer-aided design and computer-aided manufac-
turing systems (CAD/CAM) which often eliminate the 
clinical complications of zirconia-based porcelain res-
torations [5, 6]. Although CAD/CAM technology works 
precisely, the intraoral adjustments are necessary to 
optimize occlusal, axial, and proximal contacts [7, 8]. 
But intraoral adjustments cause loss of glaze layer and 
increase surface roughness of restorations. Roughness can 
lead to the plaque accumulations, dental caries, gingi-
val inflammations, or wear of the opposite tooth surface 
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[9, 10]. Re-glaze process or intraoral polishing has to 
be used for smoothing the irregular and rough structure 
on the surface. As is known, irregularities and surface 
flaws are filled by glazing and zirconia is strengthened 
by compressive stress that occurs during cooling pro-
cess. However, re-glaze means multiple office visits and 
extra firing process which may cause catastrophic effect 
on zirconia surface and reverse phase transformation [5, 
6, 10, 11]. Also, some studies stated that heat treatment 
triggers the phase transformation of zirconia and dam-
age the flexural strength of restoration [11–13]. Besides 
these, intraoral zirconia polishing systems may reduce the 
surface flaws without extra firing requirement and office 
visits and studies asserted that polishing improves the 
flexural strength and longevity of restorations [5, 14, 15].

Zirconium, a polymorph material, can be found in 
3 different phases (monoclinic, cubic, tetragonal) with 
transformation toughening ability. External stimula-
tions induce compressive stress on the surface which 
is attended by volume expansion that prevent the crack 
the propagation [2, 16–18]. Microcracks can improve 
the strength of zirconia by phase transformation, but the 
depth of the crack should not exceed the compressive 
stress layer. From this point of view, clinical adjustment 
and finishing procedure conditions may affect the phase 
transformation in parallel to strength of the zirconia res-
torations [12–20].

The purpose of the present study was to evaluate and 
compare the effect of adjustment and finishing procedure 
and thermal aging of monolithic zirconia on the surface 
roughness, topographic properties, phase transformation, 
and flexural strength. The null hypothesis was that adjust-
ment and finishing procedures and thermal aging do not 
affect the surface roughness, phase transformations, and 
flexural strength of monolithic zirconia.

Material and methods

A hundred disks (15 mm diameter × 1.2 mm thickness) 
were prepared from monolithic zirconia blocks (Ceramill 
Zolid fx White; Amann Girrbach GmbH, Pforzheim, Ger-
many) by milling machine (Yenadent DC40, Yenadent Ltd., 
Istanbul, Turkey). The specimens were finished by silicon 
carbide paper (600, 800, 1200 grit, Struers A/S, Cleveland, 
USA) for 15 s in one direction before sintering in a furnace 
(Everest Therm; KaVo Dental GmbH, Biberach, Germany). 
Each specimen’s size was controlled by digital caliper (TorQ 
150 × 0.001 mm Digital Caliper, China). The untreated sur-
face of the specimens was marked and the unmarked surface 
of each specimen was glazed (Ceramill Stain and Glaze, 
Amann Girrbach GmbH, Pforzheim, Germany) in a furnace 
(Ivoclar Vivadent AG, Liechtenstein, Germany) for 1 min at 
850 °C (Table 1).

The specimens were randomly separated into 5 groups 
(n = 20):

Group C, control. No process was applied to the speci-
mens in this group after glazing.
Group Gr, grinding. Grinding process was performed 
with 100 μm diamond particle blue band bur (881Z4, 
Meisinger, Neuss, Germany). Grinding was applied with 
sweeping motion continuously in forward–backward for 
20 s at 20,000 rpm under water coolant. Bur was changed 
after every 5 specimens.
Group GrP, grinding + polishing. Specimens were 
grinded as previously described for group Gr. An intraoral 
zirconia polishing kit (EVE Diacera RA 322, EVA Ernst 
Vetter GmbH, Pforzheim, Germany) was used by the 
same examiner in a 3-step procedure: gray blue rubber 
(removing), green rubber (smoothing), and orange rubber 
(high-luster polishing). Polishing was carried out in one 

Table 1   Description of materials used in the study

* ZrO2 zirconium dioxide, Y2O3 yttrium oxide, HfO3 hafnium oxide, Al2O3 aluminum oxide

Material Main composition Manufacturer

Presintered monolithic zirconia block ZrO2 ( >%99)
Y2O3 (%4–6)
HfO2 (≤ %5)
Al2O3 (≤ %0.5)

Amann Girrbach

Silicon carbide grinding paper Silicon carbide (grit size 600, 800, 1200) Struers A/S
Cylindrical blue band diamond rotary instrument Diamond particles (100 μm) Meisinger
Zirconia polishing kit
1. Pregrinding (gray-blue)
2. Smoothing and prepolishing (green)
3. High-gloss polishing (orange)

Silicon dioxide matrix and diamond abrasive EVE Diacera, EVE 
Ernst Vetter GmbH

Glaze Ceramic powder and pigments
Propylene glycol

Amann Girrbach GmbH
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direction for 30 s by using low-speed handpiece (Ti-Max 
X600L; NSK, Tochigi Ken, Japan) and then was con-
tinued at an angle of 90° for 30 s by the same examiner. 
Polishing was performed for a total 3 min in the same 
specimen, and 1 min for each polisher of the polishing kit. 
After polishing, specimens were ultrasonically cleaned 
(Bandelin Sonorex, Bandelin Electronic GmbH & Co., 
Berlin, Germany) in distilled water for 1 min and then 
air dried.
Group GrG, grinding + glaze. Specimens were grinded 
as previously described for group Gr and then re-glazed.
Group GrPG, grinding + polishing + glaze. Specimens 
were grinded and polished as previously described for 
group GrP and then re-glazed.

Thermal aging process

Each group (n = 20) was divided in two subgroups accord-
ing to thermal aging process. Half of the specimens of the 
groups (n = 10) underwent 5000 thermocycles (between 5 
and 55 °C) with a 30-s dwell time in each water bath by 
using an thermocycling machine (Gökçeler Machines, Sivas, 
Turkey) after adjustment and finishing process. And the 
other specimens (n = 10) were stored in distilled water at 
37 °C for 24 h after adjustment and finishing process.

Surface roughness measurements and SEM 
evaluations

Surface roughness of the monolithic zirconia specimens was 
evaluated with a stylus profilometer (Perthometer M2, Mahr 
GmbH, Göttingen, Germany). Three individual measure-
ments at different locations were recorded from each speci-
men. The Ra value of each specimen was calculated by the 
arithmetic mean of the measurements. An additional speci-
men was prepared for each group to evaluate the topographi-
cal surface with scanning electron microscopy (JSM-6610, 
Jeol Ltd., Peabody, USA) at × 2000 magnification.

X‑ray diffraction analysis

X-ray diffractometer (XRD, Smartlab-201307, Rigaku Cor-
poration, Tokyo, Japan) was used to examine the crystal-
lographic phase change of the specimens. Irradiation was 
performed at 0.02°/step between the intervals of 20–40° 
(2Ɵ). Garvie-Nicholson [21] method was used to calculate 
the relative amount of the monoclinic phase (XM) of zirconia 
specimens:

XM =
IM(111−) + IM(111)

IM(111−) + IM(111) + IT(111)

I	� intensity detected by the detector at angular 
position

M(111)	� major monoclinic peak
M(111 −)	� major monoclinic peak
T(111)	� tetragonal peak

Biaxial flexural strength text

Specimens were subjected to a biaxial flexural strength 
test (piston on three ball) according to the Internal Organi-
zation for Standardization (ISO) 6872–74 [22] standards 
using a universal test machine (Instron 3340, Wycombe, 
UK). Biaxial flexural strength test was performed on a 
10 mm diameter metallic platform that contains three 
3.2 mm diameter spherical stainless steel balls at equal 
distance supporting the specimens. The load was applied 
to the center of the specimen with a flat piston (1.4 mm 
diameter). The crosshead speed was set at a 0.15 mm/min 
and the failure stress was calculated using the following 
equation.

where S is the maximum center tensile stress (MPa) and P 
is the total load causing fracture.

Ɣ	� Poison ratio (0.25)

where r1 is the radius of support circle, r2 is the radius of the 
loaded area, r3 is the radius of the specimen, and d is thick-
ness of the specimen.

Statistical analysis

Statistical analysis was performed with Statistical Package 
for Social Sciences statistical software Graduate Package 
20.0. (SPSS Inc., Chicago, IL, USA). The power analysis 
was calculated according to the previous article [23] by 
considering the effect size = 2, beta error = 0.80, and alpha 
error = 0.95. Finally, it was decided to use 20 specimens for 
each group that could be adequate for statistical evaluation. 
Two-way ANOVA and Tukey’s post hoc were used for pair-
wise comparisons at a significance level of p < 0.05.

S =
−0.2387P(X − Y)
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Results

Surface roughness and SEM evaluations

Table 2 presents the mean and standard deviation (SD) 
values of surface roughness. While the highest surface 
roughness values were found for group Gr, the lowest sur-
face roughness values were found in group C for both aged 

and non-aged groups. All finishing procedure (groups GrP, 
GrG, and GrPG) exhibited a smoother surface than group 
Gr (p < 0.001). No statistically significant differences were 
found in surface roughness after thermal aging (p  > 0.05).

SEM evaluations verified the results of the surface rough-
ness test. SEM results showed that control group (group 
C) showed smooth surface without grooves or scratches 
(Fig. 1A). The images of the grinding group (group Gr) 
showed that the homogeneous structure in the control groups 
was destroyed by grinding. Scratches parallel to the grind-
ing direction was clearly observed (Fig. 2A). The images 
of group GrP showed that the image formed by grinding is 
partially smoothed but deep grooves and scratches could not 
entirely removed, and striations were observed (Fig. 3A). 
The images of group GrG and group GrPG showed similar 
surface properties with control group (Figs. 4A and 5A). The 
aging process did not affect the SEM images (Figs. 1B and 
5B).

XRD analysis

Means and standard deviations of relative amount of mono-
clinic phase for all groups are presented in Table 3. The fin-
ishing and grinding procedure increased the relative amount 
of monoclinic zirconia but the differences were not statis-
tically significant (p  > 0.05). The higher XM values were 

Table 2   Mean and standard deviations of surface roughness values 
(μm)

The same uppercase letter indicates the values were not statistically 
different in horizontal (p >0.05)
The same lowercase letter indicates the values were not statistically 
different in vertical (p >0.05)
* SD standard deviation
** C control, Gr grinding, GrP grinding + polishing, GrG grind-
ing + glaze, GrPG grinding + polishing + glaze

Groups Mean ± SD

Non-aged Aged

C 0.17 ± 0.11a,A 0.22 ± 0.15a,A

Gr 1.47 ± 0.84b,B 1.33 ± 0.88b,B

GrP 0.28 ± 0.28a,A 0.26 ± 0.12a,A

GrG 0.18 ± 0.12a,A 0.24 ± 0.18a,A

GrPG 0.19 ± 0.13a,A 0.24 ± 0.19a,A

Fig. 1   a SEM image of group 
C. b SEM image of group C 
after thermal aging

Fig. 2   a SEM image of group 
Gr. b SEM image of group Gr 
after thermal aging
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found in group Gr and the lowest values were found in the 
control group.

Aging process caused degradation of XM values but the 
differences were not statistically significant (p  > 0.05).

Flexural strength test

Means and standard deviations of biaxial flexural strength 
for all groups are presented in Table 4. Among the non-aged 
groups, group C showed the lowest flexural strength values 
while group Gr showed the highest mean value. Among the 
aged group, group GrG showed the lowest flexural strength 
values while group Gr showed the highest mean value.

Both aged and non-aged grinding groups showed sta-
tistically significant higher values than the other groups 
(p < 0.001). Finishing groups (groups GrP, GrG, and GrGP) 
showed similar values to the control group. It was shown that 
aging process had a negative effect on flexural strength but 
it was not statistically significant.

Discussion

The present study investigated the effect of adjustment and 
finishing procedures and thermal aging on surface rough-
ness, phase transformation, and flexural strength of mono-
lithic zirconia. The null hypothesis that adjustment and 

Fig. 3   a SEM image of group 
GrP. b SEM image of group 
GrP after thermal aging

Fig. 4   a SEM image of group 
GrG. b SEM image of group 
GrG after thermal aging

Fig. 5   a SEM image of group 
GrPG. b SEM image of group 
GrPG after thermal aging
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polishing procedures and thermal aging do not affect the sur-
face roughness, phase transformation, and flexural strength 
of monolithic zirconia was partially rejected because only 
intraoral adjustment significantly affected the flexural 
strength and surface roughness of monolithic zirconia.

Precise preparation of CAD/CAM for monolithic zir-
conia restorations does not eliminate the requirement of 
chairside adjustment procedure. Grinding which is done 
for establishing optimal occlusal contacts leads to remove 
the glaze layer and creates a very rough surface with deep 
surface flaws. Resultant rough surface causes bacteria 
accumulation and antagonistic tooth wear. Bollen et al. 
[24] emphasized that surface roughness of hard tissues 
in oral environment had a significant effect on the forma-
tion of subgingival and supragingival plaques and they 

claimed that the Ra value of 0.2 μm was the threshold 
value. In the present study while grinding increased the 
surface roughness, all finishing procedures (groups GrG, 
GrP, and GrGP) revealed surface roughness values below 
the threshold values of Bollen et al. [24] which means 
that the surface roughness values are clinically acceptable.

Studies have investigated the surface roughness and 
wear behavior of polished and glazed monolithic zirco-
nia and they stated that the glaze process eliminates the 
surface irregularities ideally but durability of glaze layer 
is suspicious under function [5, 25]. The duration of this 
smoothness is as important as the surface roughness value. 
For this reason, the studies have concluded that polished 
zirconia is more wear-friendly for the opposing teeth [25, 
26]. In the present study, the aging process showed the 
longevity of glaze layer. The aged re-glaze groups (groups 
GrG and GrPG) showed higher surface roughness values 
than the non-aged re-glaze groups. It may be due to dam-
aged glazing layer on the surface. However, the non-aged 
polishing group (group GrP) showed similar surface 
roughness values to the aged polishing group.

In the present study, phase transformation was observed 
in all test groups, especially group Gr and group GrP 
showed higher XM values than the other groups. However, 
no statistically significant differences were found among 
the groups. Similar to the present study, Huh et al. [23] 
and Al-Haj Husain et al. [27] stated that neither grinding 
nor polishing cause statistically significant differences in 
phase transformation. However, Lee et al. [28] stated that 
phase transformation was occurred after grinding with 
different diamond burs. The reason of discrepancy of the 
studies is about grinding parameters. Lee et al. [28] used 
150 μm particle coarse bur for grinding but other stud-
ies [23, 27] prevented the phase transformation by using 
100 μm particle bur. Also studies [5, 7, 9, 13] stated that 
phase transformation may occur to a larger extent when 
zirconia polishing or grinding treatments are carried out 
without water. In the present study, grinding was applied 
with 100 μm particle diamond bur under water cooling 
for preventing the reverse phase transformation. However, 
Park et al. [7] indicated the increase of monolithic phase of 
monolithic zirconia when polishing procedure was applied 
for 8 min under water cooling. They also stated that the 
time range of polishing should be limited within 2 to 8 min 
for clinical polishing. In light of these results, polishing 
application time was restricted for a total of 3 min to pre-
vent the reverse phase transformation in the present study. 
Lee et al. [29] also studied about polishing and grinding 
of zirconia and remarked that polishing ground monolithic 
zirconia caused reduction of XM values similar to the pre-
sent study. It is because polishing removed the monoclinic 
phase transformed from tetragonal phase by coarse bur 
grinding on the zirconia surface [28, 29].

Table 3   Mean and standard deviations of relative amount of the mon-
oclinic phase (XM)

The same uppercase letter indicates the values were not statistically 
different in horizontal (p >0.05)
The same lowercase letter indicates the values were not statistically 
different in vertical (p >0.05)
* SD standard deviation
** C control, Gr grinding, GrP grinding + polishing, GrG grind-
ing + glaze, GrPG grinding + polishing + glaze

Groups Mean ± SD

Non-aged Aged

C 25.05 ± 14.21a,A 24.61 ± 12.08a,A

Gr 28.64 ± 10.63a,A 27.67 ± 11.96a,A

GrP 27.26 ± 12. 74a,A 26.07 ± 14.41a,A

GrG 25.96 ± 8.05a,A 24.37 ± 4.49a,A

GrPG 25.55 ± 3.57a,A 24.32 ± 3.56a,A

Table 4   Mean and standard deviations of biaxial flexural strength val-
ues (MPa)

The same uppercase letter indicates the values were not statistically 
different in horizontal (p >0.05)
The same lowercase letter indicates the values were not statistically 
different in vertical (p >0.05)
* SD standard deviation
** C control, Gr grinding, GrP grinding + polishing, GrG grind-
ing + glaze, GrPG grinding + polishing + glaze

Groups Mean ± SD

Non-aged Aged

C 924 ± 100.66a,A 923 ± 150.29a,A

Gr 1199 ± 185.37b,B 1173 ± 168.69b,B

GrP 1033 ± 198.66a,A 1030 ± 233.72a,A

GrG 928 ± 43.86a,A 920 ± 38.25a,A

GrPG 926 ± 102.35a,A 922 ± 56.86a,A
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Grinding process create a compressive stress layer on 
monolithic zirconia surface that is assumed to increase flex-
ural strength by transformation toughening mechanism. Kos-
mac et al. [30] advocated that fine grinding process improved 
the flexural strength and reliability of zirconia. However, 
Xu et al. [31] emphasized that coarser grinding resulted in 
strength diminution. In the present study, the highest flexural 
strength value was found in grinding groups. It is because 
grinding causes residual surface compressive stress, which 
can increase the mean flexural strength of monolithic zirco-
nia. Finishing groups also showed higher flexural strength 
values than the control group but differences were not statis-
tically significant. Among the finishing groups, it stood out 
the reduction of flexural strength values after glazing. The 
reason for this reduction can be explained as the exposure of 
monolithic zirconia to heat during the glaze process. Local 
temperature increase during glazing may be the reason of 
reverse transformation. Although it is suggested that glaz-
ing improves the flexural strength by decreasing the depth 
of cracks on zirconia layer, Mohammadi-Bassir et al. [13] 
reported that zirconia was exposed to heat and moisture dur-
ing the glazing which made zirconia susceptible to degrada-
tion. Guazzato et al. [32] also remarked that grinding with-
out heat treatment may have improved the flexural strength 
of zirconia but heat treatment after grinding or polishing 
decreased the flexural strength by impairing the compres-
sive stress layer and triggering the reverse phase transfor-
mation. It means that smoothness of the material surface 
should not always be the only feature to be considered for 
finishing processes. Even though the lowest surface rough-
ness was obtained in the over-glazed groups (groups GrG 
and GrPG), it was observed that the polishing group was 
better in mechanical properties in the present study.

There are some limitations in the present study. The 
study is based on the use of a single zirconia block and 
cannot be generalized to other zirconia brands. Different 
brands may include different grain sizes which affect the 
mechanical properties. Also, different zirconia polish-
ing kit may have different polishing stages that can affect 
the mechanical and physical properties of the zirconia. 
The study was evaluated under in vitro conditions which 
exclude most variants occurring in the mouth such as par-
afunctional habits or dynamic occlusal load. Further stud-
ies should be structured by different brands of monolithic 
zirconia and polishing kit under clinical conditions.

Conclusion

Within the limitations of the study, the following conclu-
sions were drawn:

1.	 Intraoral adjustment increased the surface roughness but 
all finishing groups diminished it to the control group.

2.	 Grinding increased the flexural strength of monolithic 
zirconia and finishing groups had no unfavorable effect 
on flexural strength of ground monolithic zirconia.

3.	 Polishing may be an alternative finishing technique 
of monolithic zirconia instead of over-glazing after 
intraoral adjustments.

4.	 Aging had no significant effect on surface roughness, 
flexural strength, and phase transformation.
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