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[Abstract] Objective To investigate the effects of grain size and immersion dyeing time on the dye penetration
depth and color parameters of zirconia, and analyze the dyeing behavior in relation to the material s pore characteris-
tics to provide experimental evidence for developing personalized immersion staining protocols for clinical applications
targeting zirconia with different microstructures. Methods A total of 135 pre-sintered zirconia specimens with three

different grain sizes were fabricated using computer aided design/manufacturing technology and divided into three
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groups (S1, S2, S3; n = 45). Randomly select 6 specimens from each group, among which 3 zirconia pre sintered speci-
mens are soaked in 10 mL. A2 staining solution for 60 s, dried and sintered, and the other 3 are not treated. Observe the
microstructure of the outer surface and bonding surface of the specimen under SEM, and use Image J software to count
and measure the grain size. From each group, three randomly selected specimens were subjected to mercury intrusion
porosimetry to analyze porosity and pore size distribution. For the remaining specimens, the bottom surface (10 X 10
mm) was designated as the staining surface and immersed in 10 mL of A2 staining liquid. The remaining specimens
were stained at six time gradients (10, 20, 30, 60, 90, 120 s). After staining, half of the specimens were sectioned per-
pendicular to the stained surface and fully sintered to measure the staining penetration depth. The other half were di-
rectly fully sintered. A spectrophotometer was used to measure the color parameters (L*, a*, b*) of the stained surface,
and the color difference (AE,) relative to a standard A2 shade tab was calculated. Results The average grain sizes
(G) for the three groups were G, = (221.64+62.16) nm, G, = (197.80£46.72) nm, and G, = (150.21+42.11) nm; the av-
erage porosities (P) were Py, = 37.82%, P, = 46.02%, and P, = 47.36%. Both grain size and staining time significantly
affected the staining outcome of zirconia (P < 0.001), with a significant interaction effect (P < 0.001). Staining penetra-
tion depth increased with prolonged staining time and decreased grain size (P < 0.001). All fully sintered specimens ex-
hibited a perceptible color difference (AE, > 0.8) compared with the standard A2 shade tab (VITA, USA). Specifically,
specimens from group S1 stained for 20 s, group S2 stained for 60 s, and group S3 stained for 10 s exhibited color dif-
ferences below the clinically acceptable threshold (AE, < 1.8), meeting clinical thickness requirements. Specimens
stained for other time intervals exceeded the clinically acceptable color difference threshold (AE, > 1.8). Conclusion
The porosity of pre-sintered zirconia with different grain sizes varied. Higher porosity correlated with deeper staining
penetration. The staining time required to achieve the standard A2 shade differed among zirconia materials with differ-
ent grain sizes. In clinical applications, the immersion dyeing protocol for zirconia should be optimized based on the
grain size and pore characteristics of zirconia with different grain sizes, so as to avoid color deviations caused by im-
proper dyeing time.

[Key words] zirconia; immersion staining; grain size; immersion time; porosity; mercury intrusion porosim-
etry; penetration depth; color difference
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Table 1 ~ Composition, sintering protocol, and grouping of zirconia with different grain sizes

Group Composition (%) Sintering program Immersion duration time/s Sub group
Sl 7r0,+ Y,0,: >94 (Y,0,=8.1); Maximum temperature: 1 385 °C 10 S1-10
(5Y-TZP) HIO, < 5; Fe,0,<0.05; Na,0<0.1; AL0,<0.5 Holding time: 2 h 20 $1-20
30 S1-30
60 S1-60
90 S1-90

120 S1-120
S2 Zr0,+ Y,0,>94 (Y,0,=6.9); Maximum temperature: 1 507 °C 10 S2-10
(3Y-TZP) HfO,<5; Fe,0,<0.05; Na,0<0.1; A1,0,<0.5 Holding time: 2 h 20 S2-20
30 S2-30
60 52-60
90 52-90

120 S2-120
s3 710,+ Y,05: >94 (Y,0, 4.5~6.0); Maximum temperature: 1 507 °C 10 $3-10
(3Y-TZP) Hf0,<5; Fe,0,<0.05; Na,0<0.1; AL,0,<0.5 Holding time: 2 h 20 $3-20
30 S3-30
60 S3-60
90 S3-90

120 S3-120

The zirconia composition and sintering program are provided by the manufacturer
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{ a-c: surface morpholo-
 gies of zirconia pre-
: § sintered  bodies  in
Gt & oroups S1, S2, and S3;
% a: group Sl: dense sur-
3 face with sparse pores;
b: group S2: increased
=\ number of pores with a
network-like  distribu-
tion; c: group S3: fine
grains  with abundant
and interconnected
nanopore networks; yel-

low arrow: pores on the

surface of the pre-sintered body; d-f: surface morphologies of final sintered zirconia bodies after immersion staining for 60 s in groups S1, S2 and

S3. The surfaces of the final sintered bodies in all three groups exhibited a dense structure with pores substantially closed

Figure 1  Scanning electron microscopy observations of surface morphology of zirconia pre-sintered bodies and final sintered bod-

ies with different grain sizes (x50 000)
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Table 2 Average grain size and porosity of zirconia specimens

in each group n=3, x+s
Pre-sintered body Post-sintered MIP
Group
grain size/nm grain size/nm porosity (%)
S1 221.64+62.16 1 188.91+488.12 37.82
S2 197.80+46.72 793.16+237.54 46.02
S3 150.21+42.11 581.22+139.64 47.36

Data are expressed as means. Intergroup comparisons were analyzed by
one-way ANOVA, and correlations were assessed by Pearson’s correla-

tion coefficient

S5 RN 3 R, AN A ok ROSE (F=2 352,06, P<
0.001 ) FI= o i [a] (F=2 358.67, P<0.001 ) ¥ X} {1, 2%
(AE) FATESZ A, JF Hfobr KT AR i g a1k 2
8] A7 7E 3 28 HAE I (F=1 971.38, P<0.001 ) .

3 W

AAbss R WP A AR LR R AR T &R
BT RN IR B E Y R, O R 2 E o
T8 5 [ U 1 ok R, 320 R 52 4 R BOUE 445 A A
o Bof [ e [ R 4 L A SR A T R RS
AR DO RPN ol € K- A1 0 YN N [ T A AN = R £
B Y R TR A AL IR AN [R5 Y £ B JR) S Y
L' a b fH .2 (AE,) QL (B B IR E , #8578 =2
ge o X EAL B VE AL . A TR 58 25 R Bow | i
L RS IS 9 e £ st ] X i 28 A998 B TR I e £
MRARER, I AR ELEEM,

X — 25 SR, A A 1) SO 5 A RR AR L U
T B SRR R A R

ARG LS R W, Bl A AR TR 45 K 5 R
RT3/, FLFL R A R AH 1S K . SEM IR, A
A 485 T e 45 1R 1) 2 1T A7 A2 FL B, 00 6 T A5 1) T e
SEPRSE 24 fi b R~k S1>82>83 , MIP fL B 280 o 45
R S1<S2<S3, 75 #H [] 12 0 G o i) [1] 4L (0 % 32 3% 1Y
TR S1<S2<S3, iX — &5 S R W Bl 2 Aok R 1
N R R T G e B R Y E G, S B R A B B TR
Bl 2 I o o, ST Ak 4 TR 45 1R LB R
1%, 5K i 48 0 i I 9 T AR R A RR R i R
AL PR LS 52 2% | A7 A 3 38 PR A A 09 LR I 453X
ARERR I T Y AR W B S . M, S3 A A Ak
EEWR A IR B AR & i B AL A JLFLBR LT 4
K 6~50 nm YA FL o R il 4 5 2 AL /D B
P 0 R D B , R A AL B R R B 3 3 PR A,
XATRE N PR T 2B E W, Yo ]
DL P | B R B A S3 4L AL B AR N
Huang 85 58 45 S E 52 73X — 40, A AT T 04 F 5%
R /N 1 R R ST 38 R 5 55 e 1 L R SR A G
FER M B ALA B m  URM B siis 2
AL, BE e 2 AR AR B R B e 2
TENn (= A g e (BF ) s f b, Hos  — 14k
N N E e I | 3 e i ST N T A 14
K, 38 H 2R LB 45 b R A 4, L B O T
2 Y & P I AR Y-TZP (1) B 43 ok i AR



AfEgmiiE 2026588 $£34% £8H
* 776 +  Journal of Prevention and Treatment for Stomatological Diseases, Aug. 2026,Vol.34 No.8 https://www.kqjbfz.com

&3 HARMELFR AR G Qa5 A g @B BRI  Lab £ AE,,

Table 3 Staining penetration depth, Lab values, and AE,, of zicronia specimens in each group after different staining durations x+s

Immersion duration /s

Group
10 20 30 60 90 120
Penetration depth / mm

S1 0.85+0.03% 1.14+0.05% 1.55+0.07" 1.88+0.11% 2.17+0.07% 2.5+0.03™
S2 0.86+0.08"" 1.23+0.12% 1.58+0.04% 1.92+0.04% 2.74+0.05" 3.18+0.05"
S3 1.36+0.08" 1.73+0.06 2.10+0.08™ 2.46+0.03" 2.95+0.02"" 3.15+0.05"
L*

S1 83.13+0.15% 81.40+0.10* 80.20+0.10* 78.93+0.15M 77.23+0.06* 76.37+0.06
S2 81.27+0.12% 80.23+0.06"" 79.03+0.06" 77.87+0.06™ 76.70+0.10% 75.13+0.06"
S3 79.10+0.10% 77.80+0.10% 76.07+0.06% 74.97+0.06% 73.30+0.10% 71.07+0.06%
a*

S1 0.57+0.06" 1.47+0.06™ 2.30+0.10™ 3.00+0.10* 3.53+0.06"" 4.23+0.06™
S2 -0.70+0.00“ -0.53+0.06" -0.33+0.06“ -0.10+0.10% 0.17+0.06" 0.40+0.10%
S3 -0.43+0.06™ -0.20+0.00™ 0.10+0.00" 0.67+0.06™ 0.93+0.06"™ 1.27+0.06"
b*

S1 14.40+0.36™ 17.90+0.20" 18.70+0.17% 20.90+0.26" 22.77+0.12% 23.7020.10%
S2 10.13+0.06 12.47+0.06% 14.77+0.15% 16.27+0.06% 17.87+0.06° 18.70+0.17%
S3 19.63+0.06" 21.23+0.06" 23.23+0.15M 25.07+0.15* 27.33+0.06"" 28.17+0.15*

AE,,
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S2 5.20+0.02% 3.55+0.07"" 2.12+0.08™ 1.65+0.07% 2.01+0.08% 3.14+0.05%
S3 1.38+0.04 2.22+0.04% 3.67+0.08™ 4.83+0.07*¢ 6.43+0.04"" 7.93+0.07*

N = 3, each specimen is tested three times repeatedly. Intergroup and intragroup comparisons were performed using Two-way ANOVA, followed by

post-hoc pairwise comparisons using the least significant difference (LSD) method under the condition of homogeneity of variances. Different uppercase

letters in each column indicate statistically significant differences, and different lowercase letters in each row indicate statistically significant differences.

L* represents brightness, and 0-100 represents the brightness and darkness of colors; a* and b* represent hue and saturation, determining the hue of an

object. +a* represents red, -a* represents green; +b* represents yellow, and - b * represents blue; Using color difference (AEy,) to analyze color differ-

ences, the clinically perceptible color difference threshold is AE;<0.8, and the acceptable color difference threshold is AE<1.8
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Zirconia specimens with three distinct grain sizes (S1, S2, S3)
were subjected to staining immersion for durations of 10, 20, 30,
60, 90, and 120 s, respectively, followed by sintering. The result-
ing surface color changes were subsequently evaluated. As the
immersion time increased, the staining depth and color saturation
gradually increased across all experimental groups

Figure 2 Surface color changes of sintered zirconia bod-

ies with different grain sizes
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