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ABSTRACT
Statement of problem. Zirconia is a widely used restorative material, yet its white color does not
meet esthetic requirements and coloring is needed. However, the effects of different durations of
coloring have not been thoroughly investigated.

Purpose. The purpose of this in vitro study was to evaluate the effects of coloring liquid immersion
of different durations on the flexural strength, Vickers hardness, and color of zirconia.

Material and methods. Fifty bar-shaped and 60 disk-shaped zirconia specimens were milled from
nonshaded (Copran Zri) and preshaded (Copran Zri Precoloured Medium) disks by using a
computer-aided design and computer-aided manufacturing (CAD-CAM) system. Preshaded
specimens were assigned to the group PS and received no further immersion. Nonshaded
specimens were divided into 4 subgroups as per immersion time in coloring liquid (Copran Color
A2 Shade): control (C; no immersion), G45 (45 seconds of immersion), G90 (90 seconds of
immersion), and G135 (135 seconds of immersion). Bar-shaped specimens were subjected to a 3-
point flexural strength test by using a universal testing machine (Lloyd LRX), following the
International Organization for Standardization (ISO) 6872:2015 specification. Color coordinates of
disk-shaped specimens were measured with a spectrophotometer (VITA Easyshade Advance 4.0)
over a gray background. Color differences were calculated by using both CIE76 and CIEDE2000
formulas, followed by a comparison of obtained values with perceptibility (CIE76: 3.7, CIEDE2000:
0.8) and acceptability (CIE76: 6.8, CIEDE2000: 1.8) thresholds of each formula. Subsequently,
Vickers hardness measurements were conducted. The data were statistically analyzed by using
the Shapiro-Wilk test, 1-way ANOVA, and the Tukey HSD test (a=.05).

Results. Immersing zirconia specimens in coloring liquid decreased the flexural strength and hardness
values, as group C presented the highest values for both parameters. In addition, prolonged duration
had a negative effect on mechanical properties. The flexural strength of groups PS and G45 (P=.993)
and groups G90 and G135 (P=.999) was statistically similar. For Vickers hardness, group G135
presented the lowest values with the difference between groups G90 and G135 being statistically
similar (P=.061). Color differences among groups varied from 2.49 to 27.33 for DE*, whereas DE00
values ranged from 0.58 to 8.26. Compared with group C, DE* values of all shaded specimens
exceeded the acceptability threshold of 6.8. The color difference between each group was higher
than the acceptability threshold values of both DE* and DE00 except for groups G45 and PS.

Conclusions. Colored zirconia specimens had lower flexural strength and Vickers hardness values
than nonshaded specimens, regardless of the immersion time or coloring technique. (J Prosthet
Dent 2021;126:589.e1-e6)
In recent years, the demand
for ceramic restorations has
increased considerably be-
cause of their excellent es-
thetics.1,2 However, as many
ceramics have poor mechani-
cal properties,3 zirconia, high
flexural strength and fracture
toughness, has become an
attractive treatment option.4-9

The major drawback of zirco-
nia is its white color,5 and
several methods have been
developed for coloring zirco-
nia, including adding colored
metal oxides to the zirconia
blocks during manufacture to
produce a precolored green-
stage zirconia block.10 An-
other way of coloring zirconia
is by immersing it in or paint-
ing it with coloring liquids
containing metal oxides
such as CeO2, Fe2O3, and
Bi2O3

3,10,11 before drying and
sintering.5,12,13

Coloring liquids for zirconia
can be classified as acid-based
or aqueous.10 Acid-based col-
oring liquids contain a strong
acid (pH 1 to 3) which,
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Clinical Implications
Regardless of the technique, coloring significantly
reduced the mechanical properties of zirconia.
However, similar results were obtained for colored
zirconia as per the manufacturer’s instructions and
for preshaded zirconia; therefore, the clinical
outcomes of restorations colored with these
methods may be similar.
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through an acid-base reaction, colors the zirconia.14 In
contrast, aqueous coloring liquids impart the color by
filtering metal cations into porous zirconia frameworks.10

They can be considered a safer choice for the dental labo-
ratory technician, as acidic fumes are minimized.10,14 The
mechanical properties of zirconia colored with liquids have
been investigated,4,5,10-12,15-17 but consensus regarding its
effect is lacking. Moreover, few studies have investigated
the effects of immersion time or number of coloring
applications,3,5,10,12,16,18-21 and only 1 of these studies has
evaluated the flexural strength of colored zirconia speci-
mens by using a 3-point flexural strength test.12

The Commission Internationale de l’Eclairage (CIE)
Lab system22 has been used to quantify tooth and
restoration color.23 The CIE76 formula has been used to
measure restoration color18,19,21,24 with a threshold value
of DE>3.7, reported to be a clinically distinguishable
intraoral color difference.25 In addition, a range of
acceptable color difference values from 2.72 to 6.8 has
been reported.23,24,26,27 A recent study by Sharma et al28

has reported on the CIEDE2000 formula, an advanced
color difference formula that correlates better with hu-
man perception. To evaluate the color difference between
dental materials or dental structures, the perceptibility
threshold (PT) and acceptability threshold (AT) are
commonly used visual tools. These 2 parameters are
indicated through their 50%:50% values; the
PT represents the detection of color difference between a
tooth and an adjacent colored restoration by 50% of the
observers, while the AT represents the smallest color
difference clinically acceptable by 50% of the observers.22

According to Paravina et al,29 CIEDE2000 50:50% PT is
set at 0.8, while CIEDE2000 50:50% AT is set at 1.8.

The objective of the present study was to assess the
effects of coloring liquid immersion of different durations
on zirconia frameworks. The null hypothesis was that the
coloring liquid immersion would not affect the flexural
strength, Vickers hardness, or color of zirconia.

MATERIAL AND METHODS

A commercially available nonshaded CAD-CAM zirconia
disk and its preshaded form, Copran Zri and Copran Zri
Precolored Medium (Whitepeaks Dental Solutions
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GmbH & Co KG) were used. The coloring of nonshaded
specimens was conducted by using Copran Color A2
shade coloring liquid. The materials used in the study are
listed in Table 1.

Fifty bar-shaped specimens were manufactured from
monolithic zirconia disks (n=10). The number of speci-
mens in each group was determined based on a power
analysis as per previous studies with 80% power and 5%
significance level.30,31 The specimens were designed
(Auto CAD 2020; Autodesk) as per the International
Organization for Standardization (ISO) 6872:2015 stan-
dard32 and were prepared by using a milling unit (CEREC
MC X5; Dentsply Sirona) and considering the shrinkage
percentage. Specimens were ground with SiC abrasive
papers to provide a uniform surface profile until final
measurements of 25×4×1 ±0.2 mm were achieved.
Another 60 disk-shaped specimens with a final dimen-
sion of Ø10×1 mm were fabricated for color measure-
ments and Vickers hardness testing.

The nonshaded specimens were divided into 4 groups
as per the immersion times of no immersion (control), 45
seconds (the manufacturer’s recommendation), 90 sec-
onds, and 135 seconds of immersion. Immersion times
and group abbreviations are summarized in Table 2. The
specimens were dried in an oven at 150 �C for 15 minutes
after the coloring procedures and sintered as per their
manufacturer’s recommendations.

The flexural strength of the zirconia specimens was
measured by using a universal testing machine (Lloyd
LRX; Lloyd Instruments) with the span set at 20 mm. The
vertical load was applied at the center of the specimen
with a crosshead speed of 1 mm/min. The load at fracture
(N) was recorded, and the flexural strength (s) was
expressed as MPa by using the equation s=3Pl/2wb2,
where P is the fracture load (N), l is the span (distance
between the center of the supports) (mm), w is the width
(mm), and b is the height (mm).

The color of each disk-shaped specimen was
measured over a gray plate as previously described,33 as
per the CIE system based on 3 coordinatesedL*a*b*
with a spectrophotometer (VITA Easyshade Advance 4.0;
Vita Zahnfabrik). Before each measurement, the spec-
trophotometer was calibrated as per the manufacturer’s
guidelines. The same investigator (E.O.) repeated the
measurements for each specimen 5 times, and mean
values were calculated. The color difference (DE*) of each
group was calculated as per the CIE76 formula13: DE*=
[(DL*)2 + (Da*)2 + (Db*)2]1/2, where DL*, Da*, and Db*
were the differences between the CIELab color parame-
ters of 2 specimens.34 Subsequently, the color difference
was measured by using the CIEDE2000 formula28:

DE00=[(DL’/kLSL)2 + (DC’/kCSC)2 + (DH’/
kHSH)2 +RT(DC’/kCSC)(DH’/kHSH)]

1/2, where DL’, DC’,
and DH’ were the differences in lightness, chroma, and
hue between specimens of each different group,
Donmez et al



Table 2. Experimental groups

Groups Coloring Procedure

Control No coloring

G45 45 seconds of immersion

G90 90 seconds of immersion

G135 135 seconds of immersion

PS Preshaded

Table 4. P values obtained by Tukey HSD tests applied on flexural
strength and Vickers hardness values

Groups Flexural Strength Vickers Hardness

C-G45 .003 .409

C-G90 <.001 .001

C-G135 <.001 <.001

C-PS .011 .126

G45-G90 <.001 .095

G45-G135 <.001 <.001

G45-PS .993 .962

G90-G135 .999 .061

G90-PS <.001 .336

G135-PS <.001 <.001

G45, 45 seconds of immersion; G90, 90 seconds of immersion; G135, 135 seconds of
immersion; PS, preshaded. P<.05 indicates significant differences between groups.

Table 1. List of materials used

Material Classification Manufacturer

Copran Zri Green-stage nonshaded
zirconia

Whitepeaks Dental
Solutions GmbH & Co KG

Copran Zri Precoloured
Medium

Green-stage preshaded
zirconia

Whitepeaks Dental
Solutions GmbH & Co KG

Copran Color A2 Shade Aqueous immersion
liquid

Whitepeaks Dental
Solutions GmbH & Co KG

Table 3. 1-way ANOVA results of flexural strength and Vickers hardness

Flexural Strength Sum of Squares df Mean Square F P

Between Groups 652 167.299 4 163 041.825 14.601 <.001

Within Groups 502 490.210 45 11 166.449 d d

Total 1 154 657.509 49 d d d

Vickers Hardness Sum of Squares df Mean Square F P

Between Groups 1 025 420.899 4 256 355.225 30.142 <.001

Within Groups 382 722.370 45 8504.942 d d

Total 1 408 143.269 49 d d d
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respectively. The rotation function (RT) can be defined as
the interaction between the chroma and hue differences
in the blue region. Furthermore, SL, SC, and SH are
weighting functions used to adjust the total color differ-
ence. For the present study, parametric factors kL, kC,
and kH in this color difference calculation were set to
1.11,22 CIEDE2000 50% PT and 50% AT values provided
in the study by Paravina et al29 were accepted as the
thresholds. Surface hardness values were measured 3
times from the center of each specimen by using the
indentation technique on the application of a load of 9.81
N, and the average hardness value was calculated.10

Statistical analyses were conducted for all the ob-
tained flexural strength, Vickers hardness, and color
difference (DE* and DE00) data. The distribution of the
data was analyzed by using the Shapiro-Wilk test. As the
data were normally distributed, they were analyzed with
1-way ANOVA and the Tukey HSD tests (IBM SPSS
Statistics, v23.0; IBM Corp) to compare the flexural
strength and Vickers hardness of zirconia specimens
(a=0.05).

RESULTS

Results of the 1-way ANOVA tests for mechanical pa-
rameters are presented in Table 3 and Table 4. Statistical
analysis displayed the adverse effects of prolonged im-
mersion in coloring liquids, as test groups showed sig-
nificant differences. Table 5 represents mean values,
standard deviations, and respective confidence intervals
(95%) of both flexural strength and Vickers hardness. The
mean flexural strength of group C (1384.0 ±87.6 MPa)
was statistically higher than that of other groups,
whereas groups G90 (1020.2 ±94.3 MPa) and G135
(1008.5 ±104.4 MPa) produced the lowest fracture
strength values (Table 4). No significant difference were
Donmez et al
found between groups G45 (1225.6 ±78.8 MPa) and PS
(1242.9 ±94.1 MPa) (P=.993) or between G90 and G135
(P=.999).

Vickers hardness values obtained from group G135
(1103.1 ±113.8 Vickers hardness) were the lowest, but
no statistical difference was observed compared with
group G90 (1233.6 ±124.4 Vickers hardness) (P=.061).
Group C (1437.81 ±86.5 VHN) presented the highest
Vickers hardness values, but no statistically significant
difference was found between groups C, G45, and G90
(Table 4).

The analysis of color difference revealed results
ranging from 2.49 to 27.33 when using the CIE76 formula
and 0.58 to 8.26 when using the CIEDE2000 formula, as
seen in Table 6. The highest DE* and DE00 values were
observed between groups C and G135, while the lowest
values were obtained from groups G45 and PS.

DISCUSSION

This study was designed to analyze the flexural strength,
color, and Vickers hardness of zirconia specimens colored
with different durations of coloring liquid immersion. The
null hypothesis was rejected as statistical analysis de-
tected differences among testing groups for all
parameters.

To be classified as an International Organization for
Standardization Class 6 ceramic (substructure ceramic for
prostheses involving 4 or more units), a material needs to
exhibit flexural strength values higher than 800 MPa.
Although the present study identified negative effects of
coloring liquid immersion on the flexural strength of
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 6.Mean color differences ±standard deviations between each
group

Group set Mean DE* Mean DE00

C-G45 16.56 ±0.05 6.09 ±0.55

C-G90 22.14 ±0.04 7.98 ±0.64

C-G135 27.33 ±0.04 8.26 ±0.37

C-PS 17.13 ±0.02 6.58 ±0.45

G45-G90 9.43 ±0.06 3.31 ±0.23

G45-G135 12.78 ±0.06 5.16 ±0.4

G45-PS 2.49 ±0.05 0.58 ±0.15

G90-G135 11.74 ±0.03 4.17 ±0.33

G90-PS 11.37 ±0.05 3.82 ±0.38

G135-PS 13.57 ±0.05 5.48 ±0.32

G45, 45 seconds of immersion; G90, 90 seconds of immersion; G135, 135 seconds of
immersion; PS, Preshaded. Color differences lower than perceptibility and acceptability
thresholds in bold (DE*<6.8 and DE00<1.8).

Table 5.Mean ±standard deviations and confidence intervals of flexural
strength (MPa) and Vickers hardness (HV)

Flexural
Strength (MPa) 95% CI (MPa)

Vickers
Hardness (HV) 95% CI (HV)

C 1384 ±87.6a 1321.3-1446.7 1437.8 ±86.5a 1375.9-1499.7

G45 1225.6 ±78.8b 1169.2-1282 1354.6 ±67.4ab 1306.4-1402.9

G90 1020.2 ±94.3c 952.7-1087.6 1233.6 ±124.4bc 1144.6-1322.6

G135 1008.5 ±104.4c 933.8-1083.2 1103.1 ±113.8c 1021.7-1184.5

PS 1242.9 ±94.1b 1175.6-1310.2 1323 ±124ab 1234.3-1411.8

G45, 45 seconds of immersion; G90, 90 seconds of immersion; G135, 135 seconds of
immersion; PS, Preshaded. Different superscript lowercase letters in same column
indicate significant differences among groups (P<.05).
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zirconia, the materials tested had high flexural strength
values that exceeded 800 MPa, fulfilling the requirements
of International Organization for Standardization
6872:2015 even after coloring procedures.32 In the pre-
sent study, no statistical difference was found between
groups G45 (1225.6 ±78.8 MPa) and PS (1242.9 ±94.1
MPa) or between groups G90 (1020.2 ±94.3 MPa) and
G135 (1008.5 ±104.4 MPa), while nonshaded zirconia
sections presented the highest flexural strength values
(1384 ±87.6 MPa). These results were consistent with
those of the study by Hjerppe et al,5 who reported sta-
tistically higher flexural strength values for nonshaded
zirconia specimens and a significant decrease in flexural
strength with prolonged immersion and also those of the
study by Liu et al.35 However, Sedda et al,12 Pittaya-
chawan et al,16 and Sen et al36 reported no significant
differences among nonshaded, preshaded, and liquid
infiltrated groups. These contradictory findings may be
associated with the different testing methods, coloring
liquids, or the type of zirconia tested.

Coloring oxides have been reported to alter the grain
size of zirconia, thus decreasing phase transformation, or
to increase the monoclinic phase and present a less stable
prosthesis.17 Copran Color liquid contains several metal
oxides, including bismuth chloride. The flexural strength
of zirconia specimens colored with different types and
concentrations of metal oxides and bismuth chloride
have been examined, and no statistical difference was
reported between the nonshaded and 1wt% bismuth
chloride group.17

In the present study, an aqueous coloring liquid was
used as acid-based liquids release acid vapors14 and have
been shown to reduce the mechanical strength of zirco-
nia.5 Yu and Park4 reported that the type of coloring
liquid did not affect the flexural strength of multilayered
zirconia. Conversely, Nam and Park10 showed signifi-
cantly lower Vickers hardness of specimens colored with
acid-based than aqueous coloring liquids. However, re-
petitive coloring of zirconia using aqueous coloring liquid
had no effect on the hardness. These findings are
consistent with those of Hjerppe et al5 and Liu et al,35

who reported that the duration of coloring liquid
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applications did not affect Vickers hardness. However,
prolonged duration had a statistically significant effect on
hardness values in the present study. This contrast be-
tween studies may be the result of the different durations
tested. In the present study, the shortest coloring appli-
cation was 45 seconds (as per the manufacturer’s
recommendation), whereas the longest duration of
application was 60 seconds in the studies of Hjerppe
et al5 and Liu et al.35 Furthermore, no statistically sig-
nificant difference was found between groups G45 and
PS in the present study, which is consistent with the
findings of Nam and Park10 and Sedda et al.12

Kim and Kim18 examined the optical properties of
coloring liquid applied to zirconia and concluded that
further applications resulted in increased b* and
decreased L* values. This alteration reduced the lightness
and opalescence of zirconia, producing a darker and
more yellowish zirconia, which is consistent with the
findings of Giti and Hojati.21 In the present study, DE*
values of all shaded specimens, regardless of coloring
technique, exceeded the PT value of 3.7 and the AT value
of 6.8 compared with group C (Table 6). This result is
consistent with those of previous studies.18,19 Further-
more, only the color difference between groups G45 and
PS (DE: 2.49) was lower than the threshold. When
comparing color differences by using the CIEDE2000
formula, DE00 values varied from 0.58 to 8.26. Similar to
the results obtained by using the CIE76 formula, only the
difference between groups G45 and PS was lower than
the PT of 0.8 set by Paravina et al.29 All the other DE00
values exceeded the AT of 1.8. Based on these results, the
color difference between zirconia specimens other than
groups G45 and PS could be distinguished easily.

A recent study by Revilla-León et al33 reported that
the DE* AT value of 6.8 corresponds with the DE00
value of 4.6. In the present study, the color difference
between G45 and PS, G45 and G90, G90 and PS, and
G90 and G135 was lower than the threshold value of
Donmez et al
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4.6. However, these findings should be supported with
further research as the approximate equivalent of a
CIE76 threshold value in terms of CIEDE2000 is rela-
tively new. In the present study, color differences were
consistently lower for the CIEDE2000 formula
compared with the values obtained by using CIE76.
This result is consistent with that of the study by
Revilla-León et al.33

Limitations of this in vitro study include the use of a
spectrophotometer for color coordinate measurements
and measuring these coordinates using a neutral gray
background instead of a natural oral environment.
Moreover, this study was limited only to the A2 shade,
no mechanical or thermal aging was simulated, and the
shape of the zirconia specimens did not resemble the
anatomic form of a natural tooth. Broadening the
testing parameters in further studies with the addition
of immersion liquids with different shades or chemical
compositions, using different types of zirconia and
aging methods may help us thoroughly understand
and clarify the mechanical and optical effects of col-
oring procedure. Moreover, the literature lacks in vivo
studies examining the effects of prolonged coloring
liquid immersion, and this may be an interesting sub-
ject for future research.
CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. Coloring zirconia statistically reduced its flexural
strength and Vickers hardness regardless of the
coloring method used. Similarly, prolonged im-
mersion resulted in the statistically significant
decrease in flexural strength and Vickers hardness of
zirconia.

2. Compared with the nonshaded specimens, coloring
liquid immersion yielded DE* and DE00 values
higher than the PT, which could be interpreted as
clinically distinguishable, regardless of the duration
of the treatment.

3. Zirconia dipped in coloring liquids as per the
manufacturer’s instructions or preshaded zirconia
presented similar flexural strength and Vickers
hardness values for Whitepeaks Copran Zri.
Furthermore, only the color difference between
these 2 groups was clinically perceptible.
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